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Abstract

Photocatalytic alcohol reforming is prospective for providing ’green’ hydrogen and value-
added oxygenates. However, heterogeneous photocatalysis is currently neither efficient nor
selective enough to be applied on industrial scale. The aim of this thesis is to elucidate
individual reaction steps in the photocatalytic conversion of alcohols on an atomically
defined model system: size-selected Pt or Ni clusters on TiO2(110). Surface science
methods in combination with catalytic concepts enable for the disentanglement of reaction
pathways and the establishment of a complete catalytic cycle for alcohol photoreforming.

The photo-conversion of large alcohols on bare titania is investigated and the fundamental
process leading to a limited conversion is elucidated. It is found that the temperature
is a key factor to determine selectivity. A new mechanism for alcohol photoreforming
on metal-loaded TiO2(110) is established: the hole-mediated oxidation proceeds on the
semiconductor surface, whereas the metal clusters act as thermal recombination centers.
The mechanism is validated for various alcohols and a detailed analysis of the surface
species provides further evidence for the mechanism. The photocatalytic conversion
of tertiary alcohols involves a selective C-C bond cleavage by abstracting a radical.
Whereas the methyl radical is directly ejected into the gas-phase, ethyl- or propyl-radicals
recombine with a hydrogen atom to an alkane.

While Pt clusters exhibit a long-term stability and a specific size effect in the photocatalytic
hydrogen evolution, Ni clusters are less efficient and deactivate over reaction time.
However, bigger Ni clusters are more resistant against photo-corrosion than smaller
ones. Finally, a perspective on protecting Pt clusters by exploiting the strong metal-
support interaction is presented.
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Zusammenfassung

Photokatalytische Alkoholreformierung ist eine äußerst vielversprechende Herstellungsmeth-
ode von "grünem" Wasserstoff und wertvollen sauerstoffhaltigen Chemikalien. Die
heterogene Photokatalyse ist derzeit jedoch weder effizient noch selektiv genug, um
im industriellen Maßstab angewendet zu werden. Ziel dieser Arbeit ist es, einzelne
Reaktionsschritte in der photokatalytischen Umsetzung von Alkoholen auf einem atomar
definierten Modellsystem bestehend aus größenselektierten Pt- oder Ni-Clustern auf
TiO2(110) aufzuklären. Methoden der Oberflächenwissenschaften in Kombination mit
Konzepten der Katalyse ermöglichen es, Reaktionsschritte zu identifizieren und einen
vollständigen Katalysezyklus für die Photoreformierung von Alkoholen zu entwickeln.

Es werden Photoreaktionen größerer Alkohole auf Titandioxid untersucht und der grundle-
gende Prozess, der zu einer limitierten Umsetzung dieser führt, aufgeklärt. Es zeigt sich,
dass Veränderungen der Temperatur einen maßgeblichen Einfluss auf die Selektivität
haben. Außerdem wird ein neuer Mechanismus für die photokatalytische Umsetzung
von Alkoholen auf metallbeladenem TiO2(110) postuliert: Die lochgetriebene Oxidation
verläuft auf der Halbleiteroberfläche, während Metallcluster die thermische Rekombination
von H2 ermöglichen. Der Mechanismus wird für verschiedene Alkohole bestätigt, und eine
detaillierte Analyse der auftretenden Oberflächenspezies liefert weitere Belege für das
Vorherrschen dieses. Die photokatalytische Umsetzung von tertiären Alkoholen beinhaltet
eine selektive Spaltung einer C-C-Bindung durch Abstraktion eines Radikals. Ethyl-
oder Propylradikale rekombinieren mit einem Wasserstoffatom zu einem Alkan, während
Methylradikale direkt in die Gasphase übergehen.

Pt-Cluster weisen eine Langzeitstabilität und einen spezifischen Größeneffekt bei der
photokatalytischen Wasserstoffentwicklung auf, wohin gegen Ni-Cluster weniger effizient
sind und ihre Aktivität sich über die Reaktionszeit verringert. Hinzu kommt, dass
größere Ni-Cluster aktiver und widerstandsfähiger gegen Photokorrosion sind als kleinere.
Abschließend wird noch eine Möglichkeit zum Schutz der Pt-Cluster unter Ausnutzung
der starken Wechselwirkung zwischen Metall und Träger präsentiert.
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1. Introduction 1

1
Introduction

Photocatalysis facilitates an exceptional way for chemical transformations. It exploits
the energy supplied by light to drive reactions that would only be possible in the dark
under harsh conditions or sometimes even impossible. Applications range from the
renewable energy sector, over waste-water treatment and self-cleaning devices, to a
selective synthesis of fine chemicals.

The German Federal Government introduced the National Hydrogen Strategy in 2020 to
initiate the energy transition towards a ’clean, secure and affordable energy supply’.[1]
Hydrogen can be used as a renewable energy source, e.g. in fuel cells, or as an energy
storage medium to ensure a flexible and transportable energy supply. Furthermore,
many industrial processes require hydrogen as base substance, as e.g. the ammonia
production. However, up to now most of the hydrogen is produced in carbon-emitting
processes like steam reforming of natural gas.[2] Therefore, alternative ways must be
found to generate ’green’ hydrogen. The National Hydrogen Strategy envisage to produce
this ’green’ hydrogen through electrolysis from renewable electricity. This means that
electricity produced with e.g. a wind turbine or photovoltaics drives the electrolyser that
splits water into hydrogen and oxygen. Photocatalysis would skip the detour of electricity
production and directly convert photonic energy into hydrogen with solar light.[3–5]

Unfortunately, the concept of photocatalytic hydrogen production has not been integrated
into the National Hydrogen Strategy due to low solar-to-hydrogen conversion efficiency and
the high costs, which currently hamper it from being applicable on a large-scale in the near
future.[6–8] Yet, photocatalysis has already demonstrated that it can be utilised in common
applications: nanoparticle photocatalysts are often used in products like self-cleaning
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glasses with a hydrophilic coating based on titania that degrades dirt, or in self-sterilising
photocatalytic or anti-fouling coatings.[9–11] Moreover, organic contaminations in waste-
water are decomposed with photoactive catalysts.[12] The coatings and the waste-water
treatment processes are based on the photocatalytic transformation of organic compounds.

The ’Holy Grail’ in photocatalysis is the overall water splitting, but the potential
for a selective synthesis of organic compounds should not be underestimated. For
instance, photocatalysis allows for a selective oxidation of biomass-derived substances
into value-added chemicals.[13, 14] A selective synthesis increases the yield and prevents
expensive and complex purification processes. In addition, a controlled oxidation avoids a
partial over-oxdiation and thus the formation of toxic CO and climate-damaging CO2.
Moreover, photocatalysis may facilitate the production of food additives, pharmaceuticals
and fine chemicals under mild and energy-saving conditions in contrast to thermal
catalysis with its harsh conditions. For example, the selective oxidation of glucose
over a titanium photocatalyst supplies valuable glucaric acid, gluonic acid and arabitol
at 30◦ C and atmospheric pressure.[15] Though, underlying reaction pathways must
be understand for a precise and controlled selective up-conversion of biomass-derived
chemicals, such as alcohols.

Unfortunately, the research over the past 30 years was not able to achieve a successful and
commercially competitive application in the photocatalytic hydrogen production and the
selective synthesis of chemicals. One reason might be that the research mainly focused
on material screening, so that the photocatalysts become more and more complex.[3,
8, 16, 17] Simultaneously, the underlying mechanisms were usually neglected. Only in
recent times, the concept of ’photocatalysis by design’ has emerged.[18] Even though
almost the entire periodic table has been applied in the design for photocatalysts, only
one picture is considered to explain the photocatalytic reactivity: a mechanism derived
from electrochemistry based on two electrochemical half-cells for which only the energetics
of the materials are considered.[19] Although some publications include a chemical point
of view, they mainly focus on the analysis of the observed intermediates and products
based in this ’electrochemical’ picture.[20–22] Instead, the surface chemistry of the applied
photocatalyst should also be taken into account in order to increase the efficiency and
especially the selectivity of photo-reactions. The identification and comprehension of
individual reaction pathways may enable to ’design’ a synthesis. For example, the
temperature controls the residence time of a substance on the surface and its variation
may change dramatically the selectivity.

Therefore, the goal of this thesis is to understand the photochemical and photocatalytic
conversion of various alcohols on bare and metal-loaded TiO2(110). Surface science
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methods are utilised on the one hand to illustrate reaction pathways of different alcohols
on bare titania, and on the other hand to elucidate a completely new mechanism that fully
explains the photocatalytic conversion of alcohols and hydrogen evolution on metal-loaded
TiO2(110). The influence of different parameters, such as temperature, pressure and
light intensity, on the reactivity of alcohols is also investigated. For this purpose, a
model system that consists of size-selected metal clusters deposited on an atomically
controlled surface is applied to gain insights on a fundamental level. The choice of the
semiconductor is a single-crystal of TiO2(110) because titania is one of the most applied
and at the same time, the most studied metal oxide.[23, 24]

The present work reveals, that the oxidation of tertiary alcohols is facilitated on the
semiconductor surface upon illumination. For different tertiary alcohols, either the
temperature or the addition of a Pt co-catalysts influences the overall selectivity, which
demonstrates the complexity of alleged ’simple’ systems. The photo-conversion of primary
and secondary alcohols is limited without a metal co-catalyst because titania is not able to
evolve H2 and thus the thermal back-reaction towards the reactant is eventually favoured at
prolonged illumination. Therefore, size-controlled Pt clusters are deposited on TiO2(110)
as Pt is commonly used as ’benchmark’ co-catalyst in the photocatalytic hydrogen
evolution. This helps to initially understand the system and establish a mechanism
that completely explains the catalytic cycle by accounting for all related fields as e.g.
surface chemistry and semiconductor physics. This understanding sets the stage for an
investigation of the use of more abundant materials, as Ni clusters, which are studied in a
second part before specific cluster size-effects of Pt and Ni clusters are investigated.
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2
Literature Review

This chapter gives an overview of the known literature. In a first section, the physical
and surface properties of rutile titania is discussed, especially with a focus on the relevant
properties in heterogeneous photocatalysis. Then, the morphology and reactivity of size-
selected Pt and Ni clusters on TiO2(110) is elucidated before a general overview of the pho-
tochemical reaction pathways of alcohols, aldehydes and ketones on TiO2(110) is presented.

2.1 Properties of Titania

Titania is one of the most studied semiconductors in the form of nanoparticles and
crystals in heterogeneous photocatalysis.[23, 24] Especially, the rutile (110) surface,
which is the most stable facet, is thoroughly investigated for its surface structure and
properties, and its thermal and photochemical reactivity. Therefore, it is a good model
system to elucidate fundamental photoreaction pathways. The surface structure and
properties are described in detail in the review by Diebold[23], while a review about
the photocatalysis of TiO2 for example is given in [24].

2.1.1 Surface and Defects

As written above, TiO2(110)-(1x1) is the most stable crystal facet.[23] Two different kinds
of Ti atoms form alternating rows, one of them are 5-fold coordinated Ti3+ atoms (also
referred as Ti5c) with a dangling bond perpendicular to the surface. The other ones are
6-fold coordinated Ti atoms underneath the BBO row, as they are found in the bulk
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structure. The BBO rows consist of out-of-plane oxygen atoms located on top of the
6-fold coordinated Ti atoms. A surface model is shown in figure 2.1.

A perfect stoichiometric surface is never obtained; different kinds of defects are always
present, such as bridge-bonded oxygen vacancies, oxygen adatoms, hydroxyls or Ti-
interstitials.[23] The preparation method determines the majority defect, but it never
produces only one kind of defect. BBO vacancies are created through annealing the
crystal in vacuum, but Ti3+ interstitials also diffuse from the bulk to the sub-surface or
surface above 400K.[25–27] Thus the creation of BBO vacancies is always accompanied
by the emergence of Ti3+ interstitials. Consequently, the interstitials are present to
a certain degree on all TiO2(110) surfaces since every preparation method involves an
annealing step.[28] Furthermore, interstitials and BBO vacancies may influence themselves;
for example the group of Lyubinetsky showed that BBO vacancies are virtually absent
near a subsurface point defect as Ti-interstitial.[29] In addition, Ti-interstitials can have
an effect on bonding geometries or the formation of intermediates.[30] For example,
they are relevant in reductive coupling reactions or in the high temperature reactivity
of alcohols.[31–34] Furthermore, the O2 adsorption and dissociation is driven by Ti-
interstitials from the near-surface region, as they may provide the necessary charge for
the O2 adsorption and dissociation.[35] That is why during annealing in O2 atmosphere,
Ti-interstitials from the bulk react with oxygen to grow new islands and strands that
finally lead to a complete (1x1) surface.[25, 27, 36–38]

Oxygen adatoms are created by adsorbing O2 in BBO vacancies at room temperature,
which fill the vacancies and leave one oxygen atom on top of a Ti5c.[25, 39] Though,
O2 does not fill every vacancy at room temperature.[35, 40] The same phenomenon is
observed for the formation of hydroxyls. Water is adsorbed in BBO vacancies creating
two distinct hydroxyls, but water does not fill every vacancy.[39, 41] Different preparation
methods vary the relative amount of different defects, so that the active site for a reaction
may be identified, but it is not possible to create solely one defect species.

2.1.2 Band Bending in Photocatalysis

In the Dark

Titania is a semiconductor with a band gap of 3.0 − 3.2 eV which corresponds to a
wavelength of 387− 413nm.[42] In this work, the semiconductor is a bulk material with
an extended surface, that is why a band bending model from semiconductor physics is
considered. Band bending towards the surface may be induced by adsorbates, metal
contacts, field effects or surface states.[43] The latter stem from dangling bonds of
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Figure 2.1. Ball model of the rutile TiO2(110)-(1x1) with different surface defects. BBO
vacancies are missing one BBO oxygen atom. Oxygen adatoms are located on top of
5-fold coordinated Ti atoms. Hydroxyls are formed with BBO atoms.

the 5-fold coordinated Ti3+ surface atoms and surface defects. The under-coordinated
Ti5c atoms are formally negatively charged, which makes TiO2(110) an intrinsic n-type
semiconductor. In fact all different types of defects presented above have in common
that they are negatively charged. BBO vacancies are assumed to be double-negatively
charged and may add to the surface band-gap states.[44–46] Ti3+ interstitials are under-
coordinated and may, thus be single-negatively charged and contribute to the Ti3d defect
state in the band gap.[26, 35] Different studies debate, whether the Ti-interstitials or the
BBO vacancies are the dominant origin for the surface band-gap state.[35, 46] Hydroxyls
are formed through adsorption in a BBO vacancy which is believed to not affect the
charge of the vacancy, so that it correlates them to a negative charge.[35, 46]

In any case, all these negatively charged defects contribute to the upward band-bending in
the semiconductor towards the surface.[42] The dangling bonds of the 5-fold coordinated
Ti3+ surface atoms and surface defects introduce states in the band gap of titania. Both
contribute to an accumulation of electrons in the surface region what causes a local
imbalance in charge neutrality compared to the bulk. An electric field is established
in the space charge region and causes the electrostatic potential to go up towards the
surface; this is called band bending.

Under Illumination

Upon illumination with a photon energy above the band gap of titania, an electron is
excited from the valence band into the conduction band creating a photo-hole in the
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valence band. Photo-electrons preferentially flow to the bulk, because they are repelled
by the negative surface states. Whereas, the upward band-bending favours the hole
migration to the surface, because the negative surface charges, e.g. BBO vacancies or
Ti-interstitials, attract the positively charged holes. The holes may recombine with
these surface charges and neutralises them. This charge recombination in the surface
region causes that bands are flattened, so that the photo-holes and photo-electrons are
experiencing a reduced driving force.

Alternatively, the photo-holes migrating to the surface may interact with an adsorbate to
drive a photo-reaction or photo-desorption. It is generally accepted that the photo-hole
initiates the photo-oxidation of organics, or neutralises a negative surface charge, which
e.g. leads to the desorption of specific O –

2 species.[30, 47–52] However, the electrons
may also play a role in the O2 photochemistry; e.g. the dissociation of molecular oxygen
is attributed to be caused by electrons.[53–55]

Band bending, band flattening and surface states can be measured with surface photo-
voltage measurements.[43, 56] The photo-electron and photo-hole move in opposite
directions under illumination due to electric field in the space charge region and the
photo-holes neutralise negative charges on the surface. This causes a band flattening and
a change of the surface potential. This surface potential is measured before and during
illumination and determines the change in SPV. Ideally, the bands may be completely
flattened for a high enough photon flux and the resulting SPV may indicate the initial
band bending. Typical band bending values for titania are in the range of several hundred
meV and strongly depend on adsorbates and the surface preparation.[43, 57]

2.2 Size-selected Pt and Ni Clusters on TiO2(110)

Studies of size-selected Pt or Ni clusters on titania single crystals so far, mainly address
the morphology and stability of the clusters. Reaction studies are limited to CO oxidation
reactions. This section outlines the main results from those studies.

The group of Watanabe studied the morphology and CO oxidation of size-selected
Pt clusters (Pt4,7-10,15) on r-TiO2(110) using STM and XPS.[58–60] Pt clusters were
synthesised with a DC-magnetron sputter source and were randomly deposited on r-
TiO2(110). Atomic-resolution STM shows that the clusters do not diffuse at 300K and
do not occupy a specific site.[61, 62] Small clusters as Pt4 and Pt7 have a planar structure
and lie flat on the surface. A DFT study by Jiang et al. confirms a preferential flat
structure of Pt4 but claims that larger clusters Pt5-8 prefer a two-layered structure.[63]
STM studies by Watanabe reveal a geometric transition from planar-to-3D transition



2. Literature Review 9

that occurs between Pt8 and Pt9. Both cluster sizes have isomers and are present as
both, flat and two-layered clusters. Larger clusters as Pt10 and Pt15 are only found as 3D
structures with two atomic layers. XPS studies confirm the planar-to-3D transition; an
inflection point of the Pt core-level is observed at Pt8.[59] The geometric transition is also
reflected in the CO oxidation activity in a high-pressure reaction cell.[60] The activity1

increases up to Pt8 and has its maximum at Pt7, which are all planar clusters. Watanabe
and co-workers attribute this behaviour to the presence of a second layer of Pt atoms.
They speculate that the second layer, consisting of low coordinated Pt atoms, decrease
the activation energy for the CO oxidation but, simultaneously, block the reaction sites
of the first layer. The reaction rate decreases as soon as a second layer occurs, so that
they assume that the site blocking effect dominates.

Bonanni et al. deposited Pt3, Pt5, and Pt10 on r-TiO2(110) and found an opposite
trend: the catalytic CO oxidation activity2 decreases with increasing cluster size.[62] This
differences may have other origins than a specific size effect. The significant pressure
difference of 10−7 mbar[62], compared to tens of mbars[59] may change the reactivity
and is a good example for the need to close the pressure gap. Another source might
be the difference in cluster coverage, Bonanni et al. deposited 2.5%ML3 whereas the
group of Watanabe loaded titania with 5 − 10%ML3 of clusters.

Thirdly, the reduction degree of titania may play a critical role as the group of Harbich
has demonstrated. The CO oxidation rate with Pt7 is strongly enhanced on a slightly
reduced crystal in comparison to highly reduced TiO2(110).[64] Ti3+ interstitials, mobile
at the reaction temperature, consume the spilled-over oxygen atoms and form TiOx

structures. Consequently, less reactant O2 is available and the reaction rate decreases.
As the bulk reduction degree increases the amount of Ti3+ interstitials, the effect is
more pronounced on highly reduced supports.[65]

Another discrepancy concerns the stability of Pt10 clusters. Watanabe et al. reports
no shift in the Pt 4f XPS spectra before and after CO oxidation, which indicates no
cluster ripening.[60] In contrast, Bonanni et al. demonstrate with STM that a morphology
change upon annealing in CO and O2 atmosphere results.[62] Monodisperse Pt clusters
sinter to larger clusters during the oxidation of CO. CO and O2 induce the ripening
process because the Pt clusters are otherwise stable upon annealing to 600K in UHV.
A theoretical study by the group of Alexandrova supports the Ostwald ripening of
monodisperse Pt clusters on TiO2(110).[66] Size-selection is thought to suppress the
1The production rate of CO2 is related to the total number of Pt atoms.
2The activity is related to the total number Pt atoms.
3With respect to a closed-packed monolayer.
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Ostwald ripening, but small clusters Pt1-8 may populate many low-energy metastable
isomers at 700K which favours the sintering process.[66]

However, those groups completely neglected the potential encapsulation of Pt clusters
by a thin TiOx layer.[67] The strong metal-support interaction, where platinum group
metals supported on reducible oxides are overgrown by a thin reduced support-oxide
layer, is commonly known since its oberservation by Tauster et al. in 1978.[67] Many
studies focused on the high-temperature behaviour of Pt/TiO2 systems and all observed
the encapsulation of Pt particles.[68–72]

Yet a few years earlier, the same group of Harbich studied the strong-metal support
interaction on the Pt1/TiO2(110) system.[73] Deposited Pt atoms on a strongly reduced
rutile (110) are annealed to 1100K and form two-layered clusters that are encapsulated
by a reduced titania layer. The thin titania layer suppresses the CO oxidation activity
completely. A sputter-anneal procedure removes the titania overlayer and re-establishes
the oxidation reactivity.

Only one group has investigated hitherto the behaviour of size-selected nickel clusters on
titania.[74] Ni1,2,5,10,15 are synthesised with a laser vaporisation cluster source and landed
with different impact energies (soft-landing or hard-landing conditions) on TiO2(110).
XPS shows that soft-landed Ni clusters are stable on the reduced TiO2(110), but increasing
impact energies oxidise the Ni clusters upon deposition. Further, Aizawa et al. suggest
that the clusters do not fragment or agglomerate upon deposition at room temperature.
Low energy ion scattering spectroscopy shows a preferential adsorption of small clusters
on oxygen sites and a 3D structure for larger ones. No significant CO desorption features
from Ni clusters are observed in a TPD. The authors attribute this to a strong Ni-TiO2

binding. XPS data before and after TPD indicate that a little fraction of Ni is oxidised
to +3, but > 90% remains in its metallic state. Comparable to the strong metal-support
interaction fo Pt, Ni might undergo encapsulation with a thin titania layer. Low energy
ion scattering spectroscopy before and after TPD suggests that Ni clusters are partially
encapsulated and are significantly sintering. The authors speculate that the sintering is
more pronounced than the encapsulation and is the dominant effect leading to the data.

In summary, even though size-selected clusters on single crystalline surface in UHV
conditions is one of the best achievable model systems, it is very difficult to compare
qualitatively, and even harder quantitatively, different data. The data is very sensitive
to preparation methods and reaction conditions. It is established that Pt clusters do
not occupy a specific site and that small clusters prefer a flat structure while larger ones
exhibit a two-layered structure. This structural behaviour is comparable for Ni clusters.
A size effect in the CO oxidation on Pt clusters is not evident and Ni ones do not even
bind CO significantly. Sintering and the encapsulation of Pt or Ni clusters are playing
a role at higher temperature but the exact mechanism remains elusive.



2. Literature Review 11

2.3 Photochemistry on TiO2(110)

This section discusses the photo-active site on rutile (110), as well as the photo-active
species in alcohol photochemistry. A short overview of the photochemical conversion of
alcohols, aldehydes and ketones on TiO2(110) is presented in the second part.

2.3.1 Alcohols

Active Species and Active Site

An ongoing discussion addresses the photo-active species and photo-active site on
titania.[75] The debate mostly involves the simplest alcohol, namely methanol. Methanol
adsorbs molecularly and dissociatively on TiO2(110).[41, 76] There is consensus that
methanol thermally dissociates in BBO vacancies to methoxy and BBO-H.[76–80] Yet,
the dissociation degree of methanol on regular Ti5c is unclear. Coverage-dependent TPD
series show a peak shift characteristic for second-order kinetics that is possibly caused by
the co-existence of molecular and dissociated methanol.[76, 81] Certainly, the dissociation
equilibrium between methoxy and methanol depends on the coverage as SFG vibrational
spectroscopy studies suggests.[82, 83] The temperature also has a strong effect on the
methoxy formation, as e.g. methanol diffuses above 200K on the TiO2(110) surface
and is able to ’find’ a site for its thermal dissociation to form methoxy.[84] In addition,
co-adsorbed O2 promotes methoxy formation on regular Ti5c sites as an oxygen adatom
may catch a hydrogen atom and break the O–H bond.[48, 76]

The groups of Yang and Huang claim that the O–H bond dissociation in methanol and
ethanol is a photon-driven process.[79, 85–87] These groups have conducted several studies
supposedly demonstrating the photon-induced O–H bond cleavage using amongst others
PI-TPD, XPS, STM, SFG vibrational spectroscopy, TD-2PPE, and isotopic labeling
methods.[79, 85–91] They assume a two-photon process in the reaction from methanol
to formaldehyde: a first photon cleaves the O–H bond and a second photon oxidises
the methoxy to formaldehyde by breaking the C–H bond.

Though in recent publications, Yang and co-workers refrain from this interpretation and
follow the interpretation that methanol is thermally dissociated into methoxy and that
a photo-hole oxidises this methoxy.[92] They claim that the methoxy species formed
in BBO vacancies are not photo-active, whereas methoxys formed on Ti5c are photo-
active.[92] The group by Yang demonstrated with UPS that the thermally formed methoxy
species are favoured over methanol to trap holes by increasing the band bending on the
TiO2 surface.[93] In the photoconversion of methanol on Pt- or Au-loaded TiO2(110),
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the authors suggest that the metal-TiO2 interface promotes the thermal formation of
the photo-active methoxy species.[94, 95] These recent publications do not mention a
photon-induced O–H bond cleavage anymore.

This interpretation goes more in line with Henderson, Friend and other groups.[48, 80,
84, 96–100] Henderson and co-workers convincingly identified thermally methoxy as the
photo-active species, that undergo a hole-mediated oxidation.[48] The purely methoxy-
covered surface is prepared by co-dosing O2, which promote the O–H bond cleavage,
and annealing the surface to 350K so that undissociated methanol desorbs.[48, 76, 101]
Further, Henderson points out that molecular methanol is not photo-active.[96] The group
around Idriss also speculates that thermally formed ethoxies are the photo-active species
in the photo-oxidation of ethanol on TiO2(110).[99, 100]

Summing up, these different groups generally agree that methoxy (or alkoxide) is the
hole-scavenging intermediate to yield formaldehyde (or aldehyde), though they do not
completely agree if the O–H bond cleavage is a purely thermal or photon-induced process.
The photo-active site at which the methoxy is adsorbed is also still controversial.

Several studies show that methanol adsorbs dissociatively in BBO vacancies yielding
methoxy and a BBO-H, as already mentioned above.[41, 102, 103] The group by Henderson
follows the interpretation that those methoxy species in BBO vacancies are photo-active.
In contrast, Ren and co-workers claim in a study using SFG that exactly those methoxys
are not photo-active.[92] According to them, only methoxy formed on regular Ti5c sites
are photo-active.[92] Oxygen adatoms promote the methoxy formation on regular Ti5c
sites. The group of Ren state that these are more prone to get photo-oxidised than
’normal’ methoxy species.[104] This argumentation line is not conclusive as it is not clear
how to distinguish between these two methoxy species. However, it is undisputed that
an oxidative surface preparation leading to adsorbed oxygen, i.e. oxygen adatoms on
Ti5c, enhances the amount of methoxy species. That is why oxidised TiO2(110) surfaces
exhibit a higher photochemical activity in alcohol conversion.[48, 80, 96, 105] Hansen
et al. reveal in an STM study that ethoxy species on Ti5c have a higher probability to
get photo-oxidised than ethoxies adsorbed in BBO vacancies.[105]

To conclude, there is still a controversial discussion about the exact photo-active site, but
the literature agrees that methoxies are the photo-active species to yield formaldehyde.
However, it remains to be seen, how methoxies have been formed. These insights may be
adapted to other alcohols as already studies show a comparable adsorption behaviour of
all relatively simple alcohols.[106–109] Therefore, this thesis follows the interpretation
of Henderson and Friend, that alkoxides are formed thermally and that they are the
photo-active species. These interpretations are adapted for metal-loaded TiO2(110) as
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well, since results indicate that the photo-oxidation itself takes place on the titania
surface and is not influenced by metal clusters.

A profound discussion about the photo-active species and site is found in the review
by Walenta et al..[75]

Reactivity

Primary and secondary alcohols adsorb on TiO2(110) and thermally dissociate to a certain
degree to form alkoxides and BBO-Hs (see Active Species and Active Site for details).[41]
The alkoxide formation takes place either on regular Ti5c sites or in BBO vacancies where
in each case an adjacent BBO atom captures the hydrogen atom to form a hydroxyl.
Or, the alkoxide formation is assisted by Oad atoms where Oad forms a hydroxyl with
the abstracted hydrogen.[41, 76] In the following reaction equations, O(ad) stands for a
surface oxygen atom that includes a BBO or oxygen adatom.

R2HCOH(ad) + O(ad)
∆T−−→ R2HCO(ad) + OH(ad) (2.1)

Upon UV illumination, an electron-hole pair is created and the hole migrates to the
surface (see subsection 2.1.2). The alkoxide is oxidised via a direct hole transfer that leads
to an α-H abstraction and the formation of an aldehyde or ketone.[48] The abstracted
hydrogen again forms a surface hydroxyl with a BBO. Both hydroxyls desorb from the
surface as H2O by leaving a BBO vacancy behind in the case of a reduced surface and
an oxygen adatom on a Ti5c site in the case of an oxidised surface.[85, 110–112]

R2HCO(ad) + O(ad)
hν−−→ R2CO(ad) or (g) + OH(ad) (2.2)

2OH(ad)
∆T−−→ H2O(g) + O(ad) (2.3)

For the photochemical conversion of methanol, the primary photo-product, formaldehyde,
either remains intact or partially undergoes a consecutive photo-reaction.[50, 80, 111,
113] Guo et al. irradiated the methanol-covered reduced-TiO2(110) surface at cryogenic
temperatures with UV light.[50] As a result, formaldehyde is thermally trapped on the
surface and partially further reacts in a second photo-oxidation.[50] The second photo-
reaction is a hole-driven coupling between formaldehyde and residual methoxy to produce
methyl formate.[50] Both photo-products only desorb upon heating in a subsequent PI-
TPD.[50] The yield of methyl formate increases and the yield of formaldehyde decreases
with UV-illumination time.[50] Friend and co-workers observe the same cross-coupling that
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yields methyl formate on oxidised-TiO2(110) during illumination at cryogenic temperatures
(PI-TPD) and at room temperature (PSR).[80] For the latter one, formaldehyde and
methyl formate desorb immediately upon illumination whereas the irradiation at cryogenic
temperatures again traps both photo-products on the surface.[80] Formaldehyde is
identified as an intermediate in the photo-coupling reaction and both groups agree
that it forms a photo-activated H2CO−O complex, either with a BBO or an Oad.[50, 80]

H3CO(ad) + H2CO(ad)
hν−−→ HCOOCH3(ad) or (g) (2.4)

Ethanol reacts in the first photo-oxidation analogously to methanol. Ethoxy is photo-
oxidised via an α-H abstraction to acetaldehyde.[110, 114] In contrast to methanol, ac-
etaldehyde does not undergo a consecutive photo-reaction in an anaerobic environment.[85,
105, 110] Walenta et al. and Hansen et al. do not observe any side-products expect of
the concomitant hydroxyls and the resulting water formation on reduced- and oxidised
surfaces.[105, 110]. Both groups agree that the thermally formed ethoxy is the photo-active
species and that the overall reaction from ethanol to acetaldehyde is a 1-photon process.

In contrast, Yang and co-workers argue with 2PPE experiments and DFT calculations
in addition to PI-TPDs that the reaction from ethanol to acetaldehyde is a 2-photon
process where the O–H and α-C–H bond cleavages are photo-induced.[85] Furthermore,
they observe an increased yield of the typical thermal deoxygenation product ethylene, at
around 600K in the PI-TPD.[85] The abstracted hydrogen atoms from the photo-oxidation
recombine to water and create a BBO vacancy by desorbing at 450K. Unreacted ethoxy
residing on BBO rows may diffuse to those BBO vacancies and desorb at around 600K
as ethylene what may increase the yield. In TPDs, ethoxy typically recombine with a
hydroxyl leaving the surface as ethanol. According to the authors, the increased yield
of ethylene is also due to insufficient hydroxyls available for the ethanol recombination.
However, the photo-reaction from ethanol to acetaldehyde and water is stoichiometric
and should not deplete hydroxyls.

The group of Idriss follows the 2-photon process interpretation in studying the photo-
reactivity of ethanol on TiO2(110) in an O2 atmosphere.[99, 100, 112] Contradicting Yang
and co-workers, Idriss and co-workers are congruent with the other works mentioned in
this section that the dissociative adsorption , i.e. O–H bond cleavage, is a thermal process.
Though, they state that a first hole is needed to form an ethoxy radical and a second
hole is required for the α-H abstraction to yield acetaldehyde.[99] The presence of O2

under illumination enables a consecutive reaction under the consumption of one hole. In
contrast to methanol photochemistry, acetaldehyde does not couple with an ethoxy but a
fraction of the molecules follows the acetaldehyde photochemistry. Acetaldehyde forms
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a photo-active carboxylate on the surface involving oxygen species, wherefore the yield

increases with O2 partial pressure. The carboxylate traps a hole and ejects a methyl

radical into the gas-phase leaving behind a formate species.[112] An increased partial

pressure of O2 shifts the selectivity of the gas-phase products towards methyl radicals.[112]

Engel and Brinkley investigated the photochemical conversion of iso-propanol on TiO2(110)

in an O2 atmosphere, which yields acetone and water.[115, 116] The photochemical

dehydrogenation may involve an electron trapping of molecular oxygen. However, the

presented mechanism stems from early stages and is nowadays not convincing anymore.

The ethylene glycol photochemistry on reduced-TiO2(110) exhibits a coverage-dependent

reaction behaviour.[117] Ethylene glycol possesses two alcohol groups which dissociatively

adsorb by cleaving two O–H bonds. At high coverages (> 0.6ML), ethylene glycol domi-

nantly reacts to acetaldehyde and water under UV illumination at cryogenic temperatures.

Acetaldehyde formation involves a −CH2−CH2−O− intermediate that is yielded through

a C–H and C–O bond scission in the deprotonated ethylene glycol.

OH−CH2−CH2−OH hν−−→ CH3CHO + H2O at high coverages (2.5)

A second reaction channel opens up at low coverages (< 0.2ML): the two alcohol groups

of the dissociatively adsorbed ethylene glycol are oxidised leading to a C–C bond cleavage

and the formation of two formaldehydes. At low coverages, the selectivity of the first to

second reaction pathway is 1:1. At high coverages, the production of acetaldehyde and

water significantly prevails the formation of formaldehyde. The dominance of the first

reaction pathway yielding acetaldehyde at high coverages is attributed by the authors to

an increased coverage of hydroxyls and the steric hindrance of ethylene glycol.

OH−CH2−CH2−OH + O hν−−→ 2CH2O + 2OH at low coverages (2.6)

The photochemistry of the presented alcohols have in common that its first photo-reaction

involves an alkoxide that is oxidised via a C–H or C–C bond scission. A possible consecutive

reaction strongly differs for the alcohols and no conclusive trend is observed. This extract

from the alcohol photochemistry on titania demonstrates the complexity of reaction

pathways under highly-defined conditions of even presumed simple alcohols.
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2.3.2 Aldehydes and Ketones

Aldehydes and ketones adsorb via the oxygen atom from the carbonyl group to the Ti5c
sites in an η1-configuration.[118–120] On the oxidised surface containing Oad atoms the
η1-configuration may thermally react with an Oad to form a bridging diolate species,
in an η2-configuration.[113, 119] In the absence of Oad atoms on a reduced titania
surface, the bidentate species is formed with BBO atoms.[120] According to Henderson,
the η1-configuration is photo-inactive whereas the diolate species may undergo a hole-
mediated reaction.[113, 119]

η1−R1R2O + O ∆T−−→ η2−R1R2O−O

with R1 = alkyl chain and R2 = alkyl chain or H
(2.7)

Upon UV illumination, the diolate is decomposed with a hole via the ejection of an
alkyl radical into the gas-phase. The remaining species forms a carboxylate on the
surface. This η2-configuration and radical ejection has been described for acetalde-
hyde[119, 120] and various ketones[113, 119], e.g. acetone[121–123], butanone [124],
or butyrophenone[125]. The radical abstraction may be highly selective, as e.g. the
butyrophenone-O bidentate selectively abstracts the propyl radical upon UV illumination
and leaves behind a benzoate species.[80]

η2−R1R2O−O hν−−→ η2−R2O−O + R·
1

with R1 = alkyl chain and R2 = alkyl chain or H
(2.8)

Petrik et al. identified a second photo-active species next to the η2-diolate that abstracts
a radical in the photochemistry of acetone using angle-resolved PSR and IRRAS. The
η1-acetone that thermally forms a η2-diolate with an Oad atom ejects the methyl radical
off-normal at ∼ ±66◦ to the surface normal upon UV illumination. The second species
in contrast ejects the methyl radical normal to the surface into the gas-phase. The
authors assign this species to a photo-produced η2-enolate that stems from the reaction
of η1-acetone and an Oad atom. In the η2-enolate, the oxygen atom from the carbonyl
group and a β-C bind to a Ti5c site respectively. The η2-diolate dominates at low acetone
coverages (< 0.2ML) and remains constant with higher coverages whereas the η2-enolate
becomes important with higher coverages up to 0.6ML.

The photo-oxidation of formaldehyde on TiO2(110) does not lead to a desorption of
any photo-products due to the lack of an alkyl chain.[30, 126, 127] Instead, the main
reaction channel is the photo-decomposition of formaldehyde to formate by abstracting
a hydrogen atom that forms a hydroxyl with a BBO.[126] Both products, the formate
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and the hydroxyl, remain on the surface.[30] In a subsequent TPD, formate decomposes
thermally, analogously to the thermal formic acid chemistry.[30, 127, 128] Similar to
higher aldehydes, formaldehyde forms a photo-active η2-diolate species (H2CO−O) either
with an Oad on the oxidised surface or with a BBO on the reduced surface.[30, 126] The
oxidised surface is significantly more efficient than the reduced one.[30] Xu et al. observes
a second and minor photo-reaction pathway: the methylene group from the η2-diolate is
transferred to a BBO atom whereas the oxygen atom from the carbonyl group remains
on the Ti5c site.[126] In a subsequent TPD, the second BBO-methylene species couples to
form ethylene or decompose by leaving the surface as methyl radical.[126]

In general, the photochemistry of aldehydes and ketones follows a trend. The main
photo-reaction channel involves a thermal activation leading to a η2-diolate. Upon UV
illumination, the α-C–C bond is cleaved leaving a formate species behind and ejecting
an alkyl radical into the gas-phase. In the absence of an alkyl chain, which is the
case for formaldehyde, the α-H is abstracted. It forms a hydroxyl and the remnants
stay on the surface as formates.
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3
Experimental

The chapter describes the experimental setup and the utilised techniques and procedures.
An overview of the UHV setup is given in figure 3.1. The setup consists of a high-frequency
laser evaporation cluster source for the synthesis of atomically precise nanoparticles and an
analysis chamber for the characterisation of the catalyst and the reactivity measurements.
The synthesised clusters are deposited on a single crystal in the analysis chamber. Both
chambers are separated by a vacuum gate except for the time of deposition to ensure UHV
conditions in the analysis chamber. The whole setup is differentially pumped, ranging
from a pressure of 10−1 mbar at the skimmer to 10−7 mbar in the analysis chamber during
cluster deposition. The UHV analysis chamber with a base pressure of < 8.0 · 10−11 mbar
is equipped with a liquid-N2 cooled (x, y, z, φ)-manipulator (VAB Vakuum) with three
substrate holders, an Ar+-sputter gun (IQE 11/35, SPECS) for crystal cleaning, an
Auger Electron Spectrometer (CMA 100, Omicron Nanotechnology), a quadrupole mass
spectrometer (QMA 430, Pfeiffer Vacuum) for thermal and photon-stimulated desorption
and reaction studies, leak valves (Pfeiffer Vacuum), a molecular beam doser and a home-
built gasline. A Nd:YAG (Innolas, Spitlight 1200, 20 Hz) pumped optical parametric
oscillator (GWU, premiScan ULD/400) laser system can be used as light source for
photo-experiments. More details are given in the following.

3.1 Cluster Source

The metal co-catalysts are synthesised with a laser vaporisation cluster source. The setup
allows for a formation of atomically-precise clusters in the range of 1 to ∼ 100 atoms, de-
pending on the atomic mass (1−16000 amu). The clusters are deposited on a single crystal
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IRRAS

Figure 3.1. Schematic overview of the experimental setup from a top-view. The
setup is divided into two parts: the laser vaporisation cluster source for the synthesis of
the metal co-catalysts (top) and the analysis chamber for the surface preparation and
characterisation and the reactivity measurements (bottom). Adapted with permission
from [129]. Copyright 2018 American Chemical Society.

under soft-landing conditions (1 eV/atom).[130] The deposition time governs the cluster
coverage so that cluster size and coverage can be chosen independently from each other.

The high-frequency laser evaporation cluster source is based on the design by Heiz et
al. which has been adapted from a cluster source developed by Smalley.[131, 132] The
2nd harmonic (532nm) of a diode-pumped solid state Nd:YAG laser (DPPS Spitlight,
InnoLas, 100Hz, 6 W, 9 ns pulse width) enters the chamber counter-propagating to the
cluster beam through a viewport and is focused onto a metal target (Pt > 99.95% purity,
ESG Edelmetalle; Ni with a high purity1). The metal target is rotated in a hypocycloidal
way and the speed is altered during one rotation to ensure a uniform ablation.[133] The
produced metal plasma is cooled by two processes: through collisions with He atoms and
by adiabatic expansion leading to a supersonic jet.[134, 135] The helium (He 4.7 or 6.0
Westfalen Gas2) gas pulse (40µs), generated with a piezo-valve3, is introduced in the
thermalisation chamber directed to the target with a delay to the laser pulse (8.828ms
with respect to the previous laser pulse4). The helium gas enables the cluster formation.
1The mass scan shows no impurities apart from nickel oxides (see figure 3.2).
2The 6.0 gas purity is used for Ni clusters because they might be more prone to contaminations. 4.7 gas
purity is used for Pt clusters.

3The back-pressure of the piezo valve varies from 3− 5bar and is one parameter to regulate the cluster
size distribution during their formation.

4Such settings are required because the laser trigger is used as pulse generator and the piezo valve features
rather long times.
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A possible mechanism is that He atoms catch the released binding energy during cluster
formation and prevent fragmentation. The He-metal plasma adiabatically expands through
a nozzle (3 mm) into the vacuum typically leading to clusters below room temperature.[136]

The cluster beam is comprising positively and negatively charged, and uncharged clusters
and passes through a skimmer. Further, the cations are guided through a differentially
pumped vacuum system to reduce the pressure from 1.18 · 10−1 mbar at the skimmer to
10−7 mbar in the analysis chamber during cluster deposition. The ion beam is guided
through a radio-frequency driven linear octupole (Kenwood HT Transceiver, TS-5700) in
the first pumping stage before it reaches the bender passing three stacks of ion optics,
each containing 3− 4 electrostatic lenses. The bender is a 90◦ quadrupole deflector and is
operated to separate positively charged clusters from neutral ones. Subsequently several
stacks of electrostatic lenses direct the positively charged ion beam into a QMF (Extrel,
150 QC). The QMF allows for the selection of one single cluster size in the mass range
from 1 − 16000m/z. It can also be operated as high-pass mass filter in the RF-only
mode. Thereby, masses with more than 7

9 of the preset m/z-ratio are able to pass the
QMF.[137] This RF-only mode is used for the deposition of a distribution of clusters sizes
rather than one single size, and is denominated as ’unselected clusters’ in the following.
Additional stacks of electrostatic lenses guide the mass-selected cluster beam through a pin
hole (6 mm) after which the clusters are soft-landed on the single crystal in the analysis
chamber. The soft-landing condition (1 eV/atom) ensures an intact cluster deposition
and prevent the clusters and the substrate from fragmentation upon impact.[130] The
kinetic energy distribution is determined by a retarding-field analysis, where the cluster
current is measured as a function of the applied voltage on the sample holder5. The
positively charged clusters are neutralised with an electron from the TiO2 support. This
neutralisation current is measured with a picoammeter (6487 Picoammeter/Voltage,
Keithley GmbH), monitored and evaluated with a home-written LabView program in
order to determine the amount of deposited clusters. The cluster coverage is given in
%-ML with respect to the total number of surface atoms. The accessible surface area for
the clusters is estimated to be about the size of the pin hole (6 mm) and thus does not
change for different samples. The total number of surface atoms for TiO2(110)-(1x1) is
1.56 · 1015 surface atoms per cm2, thus 4.42 · 1014 surface atoms in total. Typical currents
during the deposition are in the range of 100 − 300pA for size-selected and 1 − 2nA
for unselected clusters. The optimisation of the cluster current is a multi-parameter
problem with i.a. the voltages of the lenses, bender, skimmer, octupole or the He back
pressure, the delay and pulse width of the laser and He. During the optimisation process,
5The retarding-field analysis is performed on the molybdenum sample holder without a titania crystal in
order not to contaminate the sample.
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the cluster current is measured on an electrostatic lens with an applied negative voltage
(−200V) and a positive voltage (+500V) on the subjacent lens to attract on respectively
repel the cationic clusters. More details about the experimental setup can be found in
[135, 137] and in [138, 139] for this specific cluster source.

3.1.1 Ni and Pt Cluster Size Distribution

Size-selected and various size distributions of Pt and Ni clusters are used in the experiments.
The size distribution is determined by the nucleation conditions, in particular the He buffer
gas, laser power and He-laser pulse delay. The cluster size distribution is manipulated
through an interplay with the He back-pressure and the opening of the piezo valve6 so that
the pressure of 1.1−1.3 ·10−1 mbar is kept at the skimmer to ensure a high cluster current.
Mass scans are recorded by measuring the current on an electrostatic lens as function of
size. The QMF is operated to scan over a size distribution during such measurements.
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Figure 3.2. Ni1-15 mass scan with settings for small Ni clusters shortly after having
switched on the cluster source. a) gives an overview of the mass scan ranging from Ni1 to
Ni15 after which the peaks are not resolved sufficiently. NixOx peaks are next to the sharp
metallic Ni peaks. b) is a zoom showing Ni2, Ni3, Ni4 and their oxides. The NixO are
separated by 16 amu from their metallic cluster confirming the assumption of monoxide
formation.

Even when the metal targets are stored in high-vacuum (∼ 10−8 mbar), a native oxide
layer is formed on the surface. Figure 3.2 shows a mass scan of Ni1-15 clusters and their
oxides immediately after turning on the cluster source. The small clusters Ni2-4 form an
oxide containing one single oxygen atom. This is demonstrated in figure 3.2b), where
the oxide peaks are next to the sharp metallic Ni peaks and are separated by a multiple
of 16 amu. The oxide peaks vanish after running the cluster source for ∼ 30min. The
6The opening of the piezo valve is controlled by the applied voltage.
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Figure 3.3. Ni1-17 mass scan with settings for small Ni clusters after operating the
cluster source for > 30min. The scan gives an overview ranging from Ni1 to Ni17 after
which the peaks are not resolved sufficiently. No significant NixO peaks are observed.

laser may ablate the native oxide layer resulting in a pure metallic Ni1-15 mass scan,
shown in figure 3.3. Therefore, the cluster source is operated for > 30min prior to cluster
deposition. The resolution7 of the QMF is adjusted so that the desired single size cluster
peak is completely resolved, which means that the baseline reaches 0pA between two
peaks. The peak width originates from slightly different trajectories, but is mostly caused
by the isotopic distribution of nickel (58Ni, 60Ni, 61Ni, 62Ni, 64Ni).
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Figure 3.4. Pt1-4 mass scans with settings for small Pt clusters. a) shows a mass scan
after operating the cluster source for > 30min. Only peaks assigned to pure Pt clusters
are observed. b) shows a mass scan briefly after having turned on the cluster source.
Different PtxO1-4 peaks appear at higher masses next to their respective metallic peak,
identified by their separation by multiples of 16 amu from their metallic cluster.

A similar behaviour is observed for Pt clusters, the mass scan shows platinum oxides
shortly after having turned on the cluster source. An exemplary mass scan for small
7The set value given on the instrument for the resolution is typically varied from 5.0− 6.0.
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Figure 3.5. Pt1-6 mass scans with settings for small Pt clusters. a) Pt1-6 mass scan
operating the cluster source optimised for the deposition of Pt5. b) Pt1-19 mass scan
operating the cluster source optimised for the deposition of Pt10.

Pt clusters is given in figure 3.4, where even different oxides are resolved. Pt +
2 clusters

form different oxides containing one to three oxygen atoms whereas for Pt +
3 only oxides

with three oxygen atoms are observed. The peaks broaden towards higher masses as can
be seen in figure 3.5 due to the natural isotope distribution of Pt (194Pt, 195Pt, 196Pt,
198Pt). The mass scans in figure 3.5, only showing clean metal clusters, are recorded prior
to the deposition of Pt5 or, respectively, Pt10 used in the experiments. The nucleation
parameters are optimised for each cluster size in order to maximise its current.

3.2 Analysis Chamber

All experiments have been performed in the home-built ultra-high vacuum chamber at a
base pressure below 8.0 · 10−11 mbar. Briefly summarised, the surface of the single crystal
TiO2(110) is prepared by sputter-anneal cycles and analysed with different methods,
prior to any experiments to ensure comparable conditions. Most of the experiments
consist of thermal- and photo-induced reactivity measurements with a quadrupole mass
spectrometer as main tool of investigation. The chapter is divided into a methodological
and technical part including all the details. For more information, the analysis chamber
is described extensively in previous dissertations.[138–141]

3.2.1 Technical Setup

Sample Holders and Sample Transfer

A single crystal TiO2(110)-(1x1) is mounted on molybdenum rods of a liquid-N2 cooled
(x, y, z, φ)-manipulator (VAB Vakuum). Two different sample holders are used in the
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course of this work, one for a fast sample transfer and one for a permanently installed
crystal. Both sample holders are heated up to 1000K indirectly via resistive heating
with tungsten-26% rhenium (W-26%Re) wires with a thickness of 0.35mm. Besides the
heating, the W-26%Re wires clamp the sample holders to the Mo rods.

A permanently installed TiO2(110)-(1x1) (∅10mm×2mm, SurfaceNet) crystal with a
cylindrical shape is fixed with two Ta clamps on a Ta base plate, shown in figure 3.6a).
For an optimal heat transfer, a gold foil is placed between the crystal and the Ta base
plate. The W-26%Re heating wires fix the Ta-crystal mounting on the Mo rods. Type-C
thermocouples are twisted and inserted into a hole in the crystal. This sample mounting
allows for a fast liquid-N2 cooling down to 90K.

Figure 3.6. a) A fresh cylindrical TiO2(110) crystal is permanently mounted on a Ta
heating plate. The twisted thermocouples are inserted into a hole in the crystal. The
crystal is completely transparent because it has not been bulk-reduced yet.[65] b) The
transfer sample holder with a square shaped reduced TiO2(110) platelet allows for a fast
sample exchange. The thermocouples are spot-welded beneath the fixed base plate. The
light blue colour of the crystal results from several sputter-anneal cycles which increases
the degree of reduction.[65]

The transfer sample holder shown in figure 3.6b) allows for a fast exchange of samples
without venting the entire chamber. The sample holder is made completely out of Ta
and is composed of two parts: one part is fixed on the Mo rods (called the ’garage’) via

the heating wires and consists of a Ta base plate with type-C thermocouples spot-welded
beneath and retaining springs. The second part (called ’car’) contains a square-shaped
TiO2(110)-(1x1) crystal (9.95× 9.95× 0.3mm3, SurfaceNet) and can be removed with
a transfer manipulator. A thin gold foil (0.025mm) is placed between the crystal and
the car to ensure an optimal heat transfer. One drawback of this sample holder is the
desorption of reactants and its outgasing during the thermal- and photo-measurements.
Another one is a slower cooling process down to only 130K.
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Table 3.1. Summary and application of the rutile TiO2(110)-(1x1) crystals employed
during this thesis.

Type Nickname Project

cylindrical platinisiert different alcohols with unselected Pt on TiO2

cylindrical virgin tertiary alcohols on TiO2

platelet Plättchen 1 bad heat transfer and broke eventually

platelet Plättchen 2 Ni clusters on TiO2

platelet Plättchen 3 size-selected Ptx on TiO2

The transfer procedure starts with removing the car from the garage with a transfer
manipulator (z, φ)-manipulator (Ferrovac MDG40). The car is picked up with a rotation-
locking mechanism (SH2/12 ISR from SPECS Surface Nano Analysis) from the garage
and moved to the transfer chamber. The gate between the analysis chamber and transfer
chamber is closed and the transfer chamber is vented either with air from the lab or
synthetic air via a venting valve. After the crystals have been exchanged, the transfer
chamber is pumped down to < 1.0 · 10−8 mbar to not contaminate the analysis chamber.
The car is then transferred back to the garage. The sample holders and transfer system
have also been described in detail in previous dissertations.[138–140]

Five different rutile TiO2(110) crystals were employed in the course of this thesis, which
were all purchased from SurfaceNet. Table 3.1 gives an overview of the crystals and
their applications. Cylindrical crystals are fixed permanently to the W-26%Re wires and
platelet crystals are mounted on the transfer sample holder.

Reactant Dosage

The molecules required for the sample preparation or the reactivity experiments are
introduced into the analysis chamber either via a leak valve or a molecular beam doser.
The gas bottles are connected with pressure regulators to the gasline and liquids are
stored in glas fingers whereby their vapour pressure is employed for the dosage. The
liquids are degassed and purified by several pump-thaw-freeze cycles until no bubbles are
evolving during the thawing. The gasline is able to carry five different reactants which can
also be mixed in the gasline. Prior to any dosage, the gasline is flushed three times with
the reactant. A base pressure of 5.0 · 10−9 mbar can usually be obtained in the gasline.

For the dosage via the leak valve, a defined pressure ranging from 5.0 · 10−10 − 1.0 ·
10−5 mbar is set whereby the entire analysis chamber is filled with the reactant. Therefore,
the reactant is not only adsorbing on the crystal surface but on every component inside
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the chamber in particular on the LN2-cooled sample holder and manipulator. For the
Langmuir dosage, that is the dosage via filling the background with a reactant, the
defined pressure is hold for a certain time8. For the continuous catalytic experiments, the
background is filled with the reactant over the whole course of the experiment.

The molecular beam doser enables for a directed dosing onto the sample surface via a
micro capillary plate, whereby the pressure in the analysis is not significantly increased
at all. This is in particular necessary for water to avoid an increasing partial pressure
of water in the chamber. The MBD can be calibrated and allows for the dosage of a
defined amount of molecules. Further details can be found elsewhere.[137]

In this work, all the reactants except of water are dosed via a leak valve.

QMS

The main tool for investigation in this thesis is a differentially pumped electron-impact
quadrupole mass spectrometer (QMA 430, Pfeiffer Vacuum) monitoring the reactants and
products. The sample is placed in line-of-sight to the QMS at a distance of ∼ 2− 10mm
to the entrance skimmer in order to reach the highest sensitivity and to minimise signals
from the background. For photochemical experiments, the distance between the sample
and the skimmer is higher than for thermal experiments because the laser beam must
be able to illuminate the entire crystal surface. During a day of measurements, water
and hydrogen accumulate in the QMS chamber. Although the QMS is differentially
pumped, the background of those mass fragments is constantly rising. Water and
hydrogen are originating from the outgasing of the ionization filament and additional
hydrogen stems from the reaction and alcohol fragmentation upon ionization. The QMS
is equipped with a secondary electron multiplier (here a channeltron) where the very
low ion currents (ionised mass fragments) are physically pre-amplified and detected,
subsequently the signal is amplified electronically. In this work, the amplifier is set
to either 10−9 for high signals or 10−10 for low signals. The SEM amplification is
changing due to contaminations and a chemical change in the active layer. Therefore,
the voltage is increased from 1800V to 2000V in the course of the thesis. One must
thus pay attention when comparing quantitatively data from a prolonged period and
frequent calibration is needed when doing so.

The QMS is operated in two different modes: mass scans and mass monitoring. In the
first mode, all masses (usually 1 − 200 amu) are recorded successively. Therefore the
reaction and conditions must be very stable. The different mass scans reveal that the
8A pressure of 1.0 · 10−8 mbar is held for 2 min 13 s for dosing 1L.
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amplifier settings from 10−9 to 10−10 do not change the intensity of the resolved peaks.
The sole difference is that mass fragments with a high intensity reach the saturation of
the detector while low signals get resolved. Under stable conditions9, one can record two
comparable mass scans with amplifier settings of 10−9 and 10−10 to resolve all signals. In
the second mode, preset masses are recorded as a function of time so that the QMS is
only switching between those mass channels during one its measurement cycles.

Laser System

A laser system is used for a defined illumination of the crystal surface for photochemical
experiments. The setup allows for a tuneable wavelength range in the UV/VIS, as well
as NIR. The third harmonic of a Nd:YAG laser (355nm, 20Hz, 7ns pulse width, 4W
at 355nm, Spitlight HighPower 1200, Innolas) pumps an optical parametric oscillator
(premiScan ULD/400, GWU, with modifications from Innolas) with a β-bariumborate
crystal as active laser medium for wavelengths between 420− 500 nm. The OPO process
is a second-order non-linear optical interaction in which pump photons cause the emission
of two types of other photons (signal and idler) with different energies lower than that of
the pump photons. Phase matching thus governs the signal and idler wavelengths and
their tuning is achieved by varying the angle of incidence (by rotating the β-bariumborate
crystal). Afterwards the idler beam is finally separated from the signal beam by a Pellin-
Broca prism. For this work, the OPO is adjusted in order to emit a wavelength of 480 nm
with an energy of 20± 2mJ per pulse for the idler laser beam. The idler beam enters a
second harmonic generation unit equipped with another non-linear crystal, in order to
double the photon frequency and attain a UV laser beam. This means that two pump
photons are converted to one photon with twice the energy. The 241nm beam, which is
separated by the same Pellin-Broca prism again from the pump wave, has a pulse energy
of 500− 1000± 100µJ and can be adjusted to lower energies with grey filters. The UV
beam is guided into the UHV chamber with different mirrors and a periscope (CVI Melles
Griot) onto the crystal surface at an angle of 30◦ with respect to the surface normal. The
resulting energy on the crystal surface is approximatively 1/3 of the energy measured after
the laser housing output. The OPO and the SHG units are controlled by an in-house
built LabView program, which controls the motor positions of the crystals and the prism
in order to adjust the transmission of the wavelength of interest.

For the purpose of maintaining a constant laser power, the flash lamps of the Nd:YAG
pump laser need to be changed after approx. 1 mio. shots or every second year. Therewith,
the deioniser cartouche is also replaced and highly deionised water (Milli-Q water) must
be filled into the cooling system to prevent a short circuit between the flash lamps.
9The background pressure must be highly stable as it has a tremendous effect on the signal intensity.
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3.2.2 Methodological Part

This part describes the different experimental working principles and the crystal prepara-
tion. The measurement principles are either of a thermal or photochemical nature, or a
combination of both, to disentangle thermal and photochemical pathways. Furthermore,
photo-reactions are conducted either in a discontinuous, with a single adsorbate coverage,
or continuous manner. For the latter, the reaction is conducted in a continuous alcohol
background so that the reactant is constantly replenished.

Temperature-programmed desorption and reaction

Temperature-programmed desorption (TPD) and reaction experiments (TPR) are ex-
perimental techniques observing the desorbing molecules from a surface as function of
temperature.[142, 143] With the TPD, the desorption temperature of an adsorbate is
monitored while the TPR additionally is investigating a chemical reaction. The TPD
gives access to the type of bonding of molecules to the surface, bonding strength and
adsorption site. In addition, the TPR provides information about the thermal reaction
pathways and products formed on the surface.

A defined amount of adsorbates for TPD/R experiments is dosed on the substrate at
cryogenic temperatures via background dosing or in case of water with the MBD. The
sample is placed underneath the skimmer of the QMS. The crystal is heated via resistive
heating with a linear heating ramp of 1− 2K/s from the adsorption temperature to 800K.
The linear heating ramp is realised by a current gradient which is programmed manually
due to the non-linear thermal behaviour of oxides.[139] The desorbing species enter the
skimmer and are detected with the QMS. The measurement principle is shown in figure 3.7.

Photon-stimulated desorption and reaction

Photon-stimulated desorption (PSD) and reaction experiments (PSR) are investigating
photo-activated processes on the surface upon illumination and in this work with a
photon energy higher than the band gap of the semiconductor. Upon illumination, an
electron-hole pair is excited and the minority charge carrier, in the case of titania the
hole migrates to the surface where it initiates a desorption or reaction.[24, 52, 144–146]
The PSD might reveal informations about the photo-activity, photo-active surface sites
and surface composition. Insights about photochemical pathways and processes are
additionally gained with the PSR. For the PSD, the desorption itself is photon-stimulated
while for the PSR the formation of the product is photon-driven, but the desorption
itself may also be thermally-driven.[52, 110, 147]
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Figure 3.7. a) Sketch of the TPD and TPR measurement principle. Methanol is
adsorbed on the single crystal. Upon heating of the crystal with a linear ramp, methanol
undergoes either desorption (TPD) or reaction with subsequent desorption (TPR). The
desorbing species diffuse to the skimmer and into the QMS. Note that the sketch is solely
illustrative and not chemically correct. b) Photo of the TPD/R setup inside the UHV
analysis chamber.

The experimental procedure is similar to the TPD/R ones, the surface is covered with a
defined amount of adsorbates at cryogenic temperatures. The sample is placed underneath
the skimmer of the QMS so that the laser beam is able to illuminate the crystal surface.
For the O2 PSD, the surface is illuminated at LN2 temperatures for a certain amount
of time. O2 then desorbs and is recorded by the QMS.[42] In the case of PSR, two
measurement procedures are distinguished. In the first case, the surface is illuminated for
variable times at cryogenic temperatures that means below the desorption temperature of
the products. This leads to an accumulation of the products on the surface depending
on the illumination time. The photo-products are desorbing thermally or undergo a
potential consecutive thermal reaction in a subsequent TPD/R. This procedure is also
denominated as post-illuminated TPD/R (PI-TPD/R). In the second case, the sample is
heated to a temperature above the desorption temperature of at least of the products and
below the desorption temperature of the reactant. In an illumination step at isothermal
conditions, the photo-products are formed and desorbing. The isothermal PSD/R at
different temperatures and subsequent TPD/R elucidate photochemical reaction pathways
and disentangle thermal from photochemical reaction steps. The temperature influences
the adsorption coverage, possibly the site and geometry, and the diffusion of reactants.
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Figure 3.8. Sketch of the isothermal PSR measurement principle. Methanol is adsorbed
on the surface. Upon UV illumination, methanol is photo-oxidised to formaldehyde and is
thermally desorbing and diffusing to the QMS. Note that, the sketch is solely illustrative
and it is not chemically correct.

Photocatalytic Measurements

The photocatalytic measurements are conducted analogously to isothermal PSR experi-
ments. The sample is kept at a certain temperature above the desorption temperature
of all the products and is illuminated for a certain amount of time. In contrast to
PSR experiments, the sample is illuminated in a constant reactant background so that
the surface is constantly refilled with reactants. This might mimic a flow reactor with
very low reactant pressures because a re-adsorption of product is very unlikely. The
background pressure is established at least 10 minutes prior to the start of the reaction
in order to ensure a saturation coverage of the adsorbate. The reactant consumption
and the products evolution is monitored with the QMS as a function of time. A turn-
over-frequency can be calculated from the integration of the product signals. A detailed
description is given in the section 3.3.

3.2.3 Crystal Preparation

In order to ensure reproducible and comparable data, the crystal surface is controlled on
an atomic level and prepared constantly to the same condition. A new untreated rutile
crystal has several contaminations like cerium, carbon and calcium as can be seen in the
AES in figure 3.9a) which are removed by several sputter/anneal cycles. Figure 3.9b)
shows a typical AES of a clean TiO2(110) revealing only characteristic Ti and O peaks.
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Figure 3.9. a) AES of a new untreated TiO2(110) with significant cerium, carbon
and calcium contaminations. b) AES of a prepared rutile TiO2(110) after several
sputter/anneal cycles shows no significant contaminations. The Ar peak stems from
Ar embedded due to Ar+-sputtering.

One sputter/anneal cycle consists of 30min Ar+-sputtering (1 keV, 5 · 10−6 mbar Ar,
Isample = 13µA, T= 150 − 300K) and 20min O2-annealing (800K, 1.0 · 10−6 mbar
O2). The reduced surface (r-TiO2(110)) is received through vacuum annealing (800K,
10min) after the last sputter-anneal cycle. The oxidised titania surface (o-TiO2(110))
is achieved by adsorption of > 10L O2 at cryogenic temperatures on the r-TiO2(110)
followed by an annealing step to 300K, which leads to Oad on Ti5c rows and some filled
bridge-bonded oxygen vacancies.[148, 149]. The hydroxylated surface (h-TiO2(110)) is
realised by dosing a multilayer of H2O at cryogenic temperature on the r-TiO2(110).
The sample is subsequently annealed to 300K to desorb molecular water and leaving
behind only surface hydroxyls.[150, 151]

A fresh crystal is transparent (figure 3.6a)) and has no significant Ti3+ related bulk
defects.[65] The bulk reduction state, that means the bulk defect concentration, is
increased through Ar+-sputtering and annealing in vacuum (800− 900K) leading to a
colour change to light blue (figure 3.6b)).[65] The bulk reduction correlates somehow with
the concentration of surface oxygen vacancies in the bridging oxygen row, which play an
import role for the reactivity and are indispensable for the photo-activity. [23, 33, 65, 75]
The bridge-bonded oxygen vacancy concentration is determined and monitored constantly
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Figure 3.10. H2O TPD from a highly reduced rough r-TiO2(110) surface. A multilayer
of water is dosed at 120K. Water adsorbs dissociatively at BBO vacancies leading to the
formation of two hydroxyls, which are desorbing at 450K as water. Higher coordinated
molecular water is desorbing at 300K from step-edges and kinks. Molecular water bound
to Ti5c sites desorbs at 250K. The second monolayer and the multilayer called ’ice’ are
desorbing < 200K. The peak assignment is following that of Henderson.[152, 153]

by the evaluation of the high-temperature feature in the H2O TPD.[138, 152, 154] Water
adsorbs dissociatively in BBO vacancies forming two hydroxyls by healing the vacancy.
Two hydroxyls recombine at 450K leaving the surface as water. The relation of the area
underneath the high-temperature signal with the area of molecular adsorbed water at Ti5c
lattice sites gives the concentration of BBO vacancies. The defect concentration in this
work varies for different crystals from 1−6±1%ML. The cleaning procedure leads to stable
BBO vacancy concentration over a long period. A new crystal is used for each project
and is employed for the entire project; a summary of the crystals is found in table 3.1.

The cleaning procedure is applied extensively to fully remove metal clusters. Especially Pt
clusters are persistent towards Ar+-sputtering. H2O TPDs serve as detection tool for Pt
residues. Even smallest amounts of Pt lead to H2 evolution in the course of a H2O TPD,
similar as shown in figure 3.11b).[155] Up to 15 sputter/anneal cycles are employed until
no H2 feature is detectable (figure 3.11a)). This leads to a rougher surface morphology,
islands are formed and the size of terraces are reduced and thus the amount of step-
edges and kinks are increased.[36, 65, 156] This ’highly’ reduced rough surface shows an
additional H2O desorption feature at slightly higher temperatures than 300K with respect
to molecular water desorbing from regular Ti5c sites shown in figure 3.10. Molecular
water is stronger bound at kinks and step-edges due to a higher coordination.[124]
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Temperature /K
Figure 3.11. H2O TPDs from a) r-TiO2(110) and b) 2%ML Pt5/r-TiO2(110). A
multilayer of water is dosed at 180K. Water adsorbs dissociatively at BBO vacancies
leading to the formation of two hydroxyls, which are able to recombine on Pt clusters to
form H2.
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Figure 3.12. TPDs of 1.5L methanol from a) a rough highly reduced TiO2(110) and b)
re-structured TiO2(110) surface. On the highly reduced surface, methoxys are decomposed
to CH3 or CH3 containing species, where as on a flat re-structured surface methoxys are
disproportionated to formaldehyde (m/z 30) and methanol (m/z 31).

Furthermore, this rough surface exhibits a different high-temperature reactivity of
methanol. Dissociatively adsorbed methanol, resulting in a methoxy and hydroxyl,
decomposes at 700K to a species containing a CH3-fragment (m/z 15). On a rough
surface, no features in m/z = 16, 29, 30, 31 are observed10, as can be seen in figure 3.12a).
This indicates that methoxy is deoxygenated into a methyl radical. In contrast, methoxy
is disproportionated to formaldehyde and methanol at 700K on a flat (110)-(1x1)
surface.[152] Several re-oxidation sputter/anneal cycles (1min Ar+-sputtering, 1h O2-
annealing) re-establish the flat surface. Figure 3.12 shows a methanol TPD of the re-
10A feature in m/z = 16, 29, 30, 31 would be observed if methane, formaldehyde or methanol respectively
would be desorbing.
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structured surface and shows the typical methanol disproportionation reaction occurring
at high-temperatures.

The photoconversion of 2-methyl-2-pentanol to acetone and propane (more informations
are found in the results section) on a rough highly reduced TiO2(110) and a re-structured
TiO2(110) demonstrates that the roughness does not influence the photo-activity of the
sample. Figure 3.13 shows that the TOFs are unaffected by the surface condition.
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Figure 3.13. TOF of the photocatalytic conversion of 2-methyl-2-pentanol on highly
reduced r-TiO2 and re-structured r-TiO2 through several re-oxidation sputter/anneal
cycles. The photoactivity towards the oxidation of 2-methyl-2-pentanol is independent of
the surface condition. 2-methyl-2-pentanol is converted to acetone and propane at 330K
with a background pressure of 5.0 · 10−8 mbar, more informations are presented in the
results in section 4.7.

3.3 Data Evaluation

Discontinuous Measurements

In TPD/R and PSD/R, the QMS records an ion current of specificm/z-ratios as a function
of temperature or time. In order to obtain qualitative and quantitative informations
from the ion current, the QMS signal is processed and calibrated. A detailed description
of TPD/R data analysis is found in a previous dissertation, wherefore this section in
this thesis only outlines the main points.[139]

The ion current is evaluated to take into account the fragmentation pattern FP , the
electron-impact ionisation cross-section σ and the transmission coefficient T and is
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Table 3.2. Transmission probability of m/z-ratios for the apparatus Hiden Analytical
at Harvard University.

m/z T

0-20 1.5

21-30 1

31-40 0.9

41-50 0.8

51-60 0.7

61-70 0.6

corrected for contributions from other molecules. The neutral molecule fragments into
cationic fragments upon electron-impact ionisation. The fragmentation pattern and the
ionisation probability upon electron-impact are substance-specific. The transmission
through the QMS decreases exponentially for higher m/z-ratio fragments. First, the ion
current (m/z = a) of substance A is deconvoluted from contributions from substance
B, which is only possible if substance B fragments into a unique m/z = i fragment.
The mass scans from the NIST database or self-recorded mass scans are exploited as
to determine the fragmentation pattern and the contribution to one mass signal of a
specific substance. In this way, the ratio of (m/z = a :)(m/z = i) = a

i
(> 1) gives the

contribution of substance B to the mass signal m/z = a. Thus the intensity arising from
substance A to the mass signal m/z = a is given by equation 3.1.

I(A) = I(m/z = a)− a

i
· I(m/z = i) [A] (3.1)

The deconvoluted mass signal is further corrected for its fragmentation pattern, ionisation
cross-section and transmission probability through the QMS. The transmission function
is determined experimentally. It is given by equation 3.2 for the apparatus at the TUM
and listed in table 3.2 for the apparatus at Harvard University.

T = 3.198 · e−0.034·m/z (3.2)

In a second part, the ion current of a specific substance is referenced to a signal originating
from the desorption of one monolayer. A coverage-dependent TPD serie is conducted to
determine the integral of this monolayer exactly. In this work, methanol is used as reference
the ion current to a monolayer. A more detailed description is found in the appendix of
a previous dissertation.[138] A monolayer is defined as 5.2 · 1014 molecules/cm−2 for the
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TiO2(110)-(1x1) surface; this assumes one adsorbed molecule per surface unit cell.[81]
This is a reasonable assumption since methanol is adsorbing moleculary on Ti5c sites
and one unit cell contains one Ti5c surface atom. The mass signal m/z = 31, which
is a unique mass signal in a methanol TPD, is corrected for its fragmentation pattern,
ionisation cross-section and transmission. The mass signals are plotted versus time, not
temperature, because the ion current is time-dependent and a plot versus temperature
would only be valid with a heating ramp of 1K/s. The integration of the area AreaML of
the feature stemming from molecular methanol desorption at ∼ 300K gives the amount
of electric charges in [C] corresponding to one monolayer.

The unique mass signals or the deconvoluted mass signals are converted into a rate with
the unit [ML/s] by equation 3.3. The ionisation-cross sections, fragmentation pattern
factors and employed unique mass signals for the substances used in this work are found
in the different publications or Supporting Informations related to the publications.

rate = I(A) · FP
T · σ ·AreaML

[ML/s] (3.3)

Photocatalytic Measurements

The QMS monitors presetm/z-ratios as a function of time in photocatalytic measurements.
The baselines of the mass signals is determined by the background pressure, this is the
signal in the ’dark’. UV illumination initialise the photo-reaction. The mass signals
reflecting the photo-products increase abruptly. This is the ’illuminated’ signal. The
mass signals are calibrated and corrected with equation 3.3 in order to obtain the rate.
The turn-over-frequency, that means the number of converted molecules per time and
per active site is calculated by the mathematical integration of the illuminated signal,
named ’integral’, divided by the time difference ∆t and the percentage of active sites per
monolayer with equation 3.4. In this work, the active site is assumed to be the BBO
vacancies, which are titrated with a H2O TPD (see subsection 3.2.3).[48, 75]

TOF = integral

∆t ·%BBOvac · 100

[ molecules
s−1 · active sites−1

]
(3.4)

Product Analysis - Mass Scans

In the best case, products are identified unambiguously by the evaluation of mass scans
in a steady-state photocatalytic measurement. To achieve this, the reaction must be
driven in a steady-state and the catalysts must not be deactivating. Further, the reactant
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Figure 3.14. Exemplary mass spectra for demonstrating the product analysis of the
photocatalytic reforming of the alcohol 2-methyl- 2-butanol (0.1%ML Ptx/TiO2, 263K,
alcohol background pressure 2.0 · 10−7 mbar). a) shows the difference spectrum, where
positive peaks originate from the products (here acetone and ethane), and the negative
peaks stem from the consumption of the alcohol (here 2-methyl-2-butanol). The mass
spectra of the alcohol is added to the difference spectrum shown in b), both spectra have
been normalised to m/z = 59 prior to the addition. Spectrum c) shows the subtraction
of the product (here acetone), here the spectra have been normalised to m/z = 43. d)
shows the subtraction of ethane (normalised to m/z = 29) leading to the baseline.

background pressure must be highly stable. If those requirements are fulfilled, even
complex reaction products and pathways are elucidated.

At a determined alcohol background pressure a mass scan D (for ’dark’) over a complete
mass range (i.e. 1− 200 amu), where potential products masses occur, is performed. This
mass scan D includes all the m/z-fragments stemming from the ionisation of the alcohol
as well as all possible contaminations from the residual gas in the UHV chamber (H2,
CO, CO2 and H2O). Subsequently, the sample is illuminated and the photo-reaction is
initialised. A steady-state of the reaction is reached latest after several minutes. Then,
a second mass scan I (for ’illuminated’) is recorded and it includes the fragmentation
pattern of the alcohol and its photo products. A pure mass scan of the photocatalytic
reaction is received through the subtraction of D from mass scan I. In this difference
mass spectrum in figure 3.14 a), positive values indicate the mass peaks arising from
photo-products and the negative values originate from the consumption of the alcohol.
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In order to identify explicitly all the photo-products and to not overlook a product,
self-recorded mass spectra of the reactant and products are subtracted or added from
the difference spectrum a). Prior to every addition or subtraction, the two spectra are
normalised to a unique mass of the product in order to account for the abundance of the
species. In figure 3.14, the mass scan of the alcohol is added to the difference spectrum from
a) to b). The resulting spectrum b) solely includes reaction products. Further, the mass
scan of one product after the other is subtracted from b) until only the baseline is reached.
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4
Results and Discussion

This chapter comprises published and unpublished research about alcohol photo-conversion
on bare and metal-loaded titania. The combination of surface science and heterogeneous
catalysis concepts provides fundamental mechanistic insights into photocatalytic processes.
The first part focuses on the individual reaction pathways of alcohols on bare titania and
elucidates fundamental processes. In the second part, the role of size-selected platinum
and nickel co-catalysts is clarified and a catalytic cycle is established, which is validated
for several alcohols. A detailed analysis of the surface species further elucidates the
mechanism. The pressure and temperature influence is investigated and their impact
on the selectivity in the photocatalytic conversion of both small and larger alcohols
is elaborated. A brief outlook is given about the SMSI effect on the photocatalytic
activity and the cluster’s stability.

The sections 4.1-4.8 represent respectively summaries of published articles in peer-reviewed
journals. The sections only give an overview of the data and their interpretation; the
data itself is given in the respective publication and Supporting Information. Section
4.9 discusses recent and unpublished data, and section 4.10 presents preliminary studies
and gives an outlook for the future. Every section comprises cross-references, but they
can also be read independently from other sections.

The results from section 4.4, 4.5, and 4.6 are to some extent based on data from my
preceding Master thesis.[157] However, the thorough interpretation of these results,
together with additional experiments during the course of this work, led to new funda-
mental insights and the publication of three articles. The results from the remaining
chapters were conducted and elaborated during my PhD project. The experiments from
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section 4.2 were conducted at Harvard University in the lab of Prof. Cynthia Friend
in a three-month research exchange.
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4.1 Photocatalytic Selectivity Switch to C-C
Scission: α-Methyl Ejection of tert-Butanol
on TiO2(110)

Title

Authors

Journal

DOI

Status

Photocatalytic Selectivity Switch to C-C scission: α-Methyl Ejection of
tert-Butanol on TiO2(110)

Constantin A. Walenta, Sebastian L. Kollmannsberger, Carla Courtois,
Martin Tschurl and Ueli Heiz

Phys. Chem. Chem. Phys. 2018, 20, 7105 - 7111.

https://doi.org/10.1039/C8CP00223A

published online February 6, 2018

The photocatalytic degradation of organic pollutants over titania has been given consider-
able attention in the past three decades.[12] Titania exhibits a rich oxidation chemistry
but the decomposition of complex organics is still lacking the desired selectivity because
elementary chemical processes are largely unknown.[24] In this regard, the thermal and
photochemical reaction pathways of tert-butanol on rutile TiO2(110) is investigated
as model system. Dohnalek et al. already showed that the main thermal reaction
pathway is the dehydration of tert-butanol to isobutene via a concerted E2-elimination
of water.[102] In this work, it is demonstrated how the product distribution of the
reaction of tert-butanol on rutile titania is governed by the contribution of thermal
and photochemical reaction steps.

A portion of tert-butanol adsorbs dissociatively, predominantly in BBO-vacancies forming
a tert-butoxy and a hydroxyl with a BBO (BBO-H).[96, 159] Several studies report that
alkoxies are the photo-active species for the hole-driven oxidation, as already described
in section subsection 2.3.1. This interpretation is adopted for tert-butanol and all
other alcohols occurring in this thesis, as alcohols show comparable adsorption and
reactivity.[48, 80, 81, 97, 98, 103]

The UV illumination of the reactant-covered surface at 100K leads to the oxidation
of tert-butoxy to acetone by a photo-hole and the ejection of a methyl radical into
the gas-phase. The tertiary alcohol is missing the α-H that is typically cleaved upon
oxidation of primary and secondary alcohols; instead the C-C bond is cleaved. Acetone
and tert-butanol remain on the surface at this cryogenic temperatures. In a consecutive
PI-TPD, the photo-product acetone is desorbing. To some extent, unreacted tert-butanol
replenishes the BBO-vacancies during annealing forming tert-butoxy, which thermally

https://doi.org/10.1039/C8CP00223A
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Figure 4.1. Scheme of the thermal (red) and photochemical (blue) reaction steps of tert-
butanol on r-TiO2(110). A fraction of tert-butanol adsorbs at 100K in BBO-vacancies
as tert-butoxy. The BBO-vacancy (black) is illustrated in-plane. The Ti atoms are
represented in grey and the oxygen atoms in blue. One reaction pathway involves the
thermal activation of a cyclic transition state of the alkoxy between 230− 330K. Then,
the photo-reaction leads to the dehydration of the activated alkoxy to isobutene and its
photodesorption. Isobutene is also formed thermally from the transition state but only
above 400K. The photo-reaction pathway at cryogenic temperatures is initiated by the
photo-oxidation of tert-butoxy with a hole leading to a C-C bond scission, the ejection of
a methyl radical into the gas-phase, and the formation of acetone. Subsequently, acetone
is desorbing at higher temperatures. Reproduced from Ref. [158] with permission from
the PCCP Owner Societies.

reacts to isobutene, while most of tert-butanol is desorbing intactly. Longer illumination
times increase acetone production and decrease the amount of unreacted tert-butanol
and isobutene until 30 min UV illumination, above which saturation is observed.

The change of the reaction temperature to 293K, which is above the desorption tempera-
ture of acetone, changes the reaction behaviour. As expected, acetone and methyl radicals
are instantly formed and desorbed upon UV illumination. Unexpectedly, isobutene
desorption is additionally observed immediately after the photo-reaction is initiated,
although the thermal formation of isobutene is only enabled at higher temperatures above
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400K. This, together with the absence of isobutene formation during the photo-reaction
at 100K, indicates that only a thermally activated adsorption state is active for the
photo-induced reaction to isobutene and/or photo-assisted desorption. Varying the photo-
reaction temperature between 239 − 330K reveals that the acetone yield is increasing
and the isobutene yield remains relatively constant with higher temperature. The higher
reaction temperature favours the thermal desorption of acetone, which is the rate-limiting
step, and thus increases the yield. In contrast, the desorption of isobutene is not thermally
hindered as isobutene already desorbs below 250K.[160] Instead, a minimum temperature
is required to form a cyclic transition state of tert-butanol, which is accessible for the
UV-induced dehydration to isobutene. The UV irradiation may cause a redistribution
of charges, which may enable the dehydration reaction and desorption.

The analysis of individual decay curves at 293K confirms the assumption that different
mechanisms are responsible for the formation of isobutene, acetone and methyl radicals.
The methyl radical ejection occurs in every isothermal photo-reaction experiment (100 −
330K) and is evidently a photo-reaction. While the concomitant photo-product acetone
is formed at every temperature, too, its desorption is hindered thermally, which is
why its yield during illumination increases with higher reaction temperature. Acetone
shows the slowest exponential decay closely followed by the methyl radical. Isobutene
exhibits a much faster decay, which indicates that the UV illumination facilitates the
formation of isobutene from the thermally activated alcohol, whereas the desorption is
either UV-induced or at least not thermally hindered.

In conclusion, the hole-driven photoconversion of tert-butanol shows a new mechanistic
pathway involving the scission of a C-C bond or a dehydration reaction, both of which
are photo-induced. While at cryogenic temperatures, UV illumination only leads to the
formation of acetone and methyl radicals, a second reaction pathway opens up for the
photo-reaction above 230K. A thermally activated cyclic structure of tert-butanol involving
the BBO-vacancy facilitates the UV-induced dehydration pathway and desorption. It
is demonstrated, that the temperature plays a crucial role in photocatalysis and may
govern strongly the product selectivity.
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4.2 Regulating Photochemical Selectivity with
Temperature: Isobutanol on TiO2(110)
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Carla Courtois∗, Constantin A. Walenta∗, Martin Tschurl, Ueli Heiz, and
Cynthia M. Friend

J. Am. Chem. Soc. 2020, 142, 13072 - 13080.
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published online June 26, 2020
∗These authors contributed equally to this work.

Figure 4.2. Front cover art from this
publication. The photochemical conversion of
isobutanol over titania shows a temperature-
dependent selectivity. Reprinted with permis-
sion from [161]. Copyright 2020 American
Chemical Society.

The photocatalytic conversion of alcohols
to hydrogen and valuable oxidation prod-
ucts is an attractive approach for a sus-
tainable energy supply because alcohols
are potential fuels made from biomass.[20,
162] Especially, isobutanol has arousen
interest because of the recent develop-
ments in biologically assisted fermenta-
tion of cellulose to produce energetically
dense alcohols.[163, 164] However, the reac-
tion pathways of longer-chain alcohols are
not well understood and the influence of
temperature is often neglected.[165, 166]
This work demonstrates the temperature-
dependent selectivity for the photochemical
decomposition of isobutanol. A second,
consecutive photo-oxidation step competes
with the thermal desorption of the initial
photoproduct.

The thermal chemistry of isobutanol
on oxidised, reduced, and hydroxylated
TiO2(110) is comparable to other small
alcohols.[76, 102, 103] A small portion of
isobutanol adsorbs dissociatively forming isobutoxy and BBO-H. The isobutoxy formation

https://dx.doi.org/10.1021/jacs.0c04411
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is related to defects such as BBO vacancies or oxygen adatoms (Oad), as described in
more detail in subsection 2.3.1. The isobutoxy species may undergo two thermal reaction
pathways, namely a dehydration or a disproportionation reaction. Most of isobutanol
desorbs moleculary from Ti5c sites. In a TPR experiment, isobutoxy reacts around 600K
in two parallel reaction pathways to yield either isobutanal and isobutanol, or isobutene
and water. Both reaction pathways, the disproportionation and dehydration one, occur
independently of the surface preparation. The dehydration reaction is attributed to
occur at BBO vacancies.[103]a)

b)

Figure 4.3. Schemes of temperature-dependent photochemical reaction steps of
isobutanol on r-TiO2(110). a) shows the thermal- and photochemical reaction pathways
of two different isobutoxy species adsorbed on TiO2(110) (side-view) above 300K. The
photo-active isobutoxy reacts with a photo-hole and is oxidised to isobutanal. Isobutanal
immediately desorbs thermally. The remaining isobutoxy undergoes a dehydration reaction
above 600K. The formed isobutene and water desorb thermally above room temperature.
b) shows the photo-reaction pathway of isobutoxy adsorbed on TiO2(110) (side-view)
at 240K. Isobutoxy is photo-oxidised to isobutanal, which is thermally trapped on the
surface. Isobutanal undergoes a second photo-oxidation yielding propane and formyl
species. Propane is leaving the surface at this temperature. The formyl species decomposes
and is mainly leaving the surface as CO at 500K. Adapted with permission from [161].
Copyright 2020 American Chemical Society.

A photo-hole oxidises the isobutoxy to isobutanal via an α-H abstraction upon UV
illumination. The photo-oxidation proceeds in the same way as for other alcohols
described in this thesis, e.g. methanol, ethanol, benzyl alcohol, where the primary
photo-products are the aldehyde and BBO-H.[48, 80, 105] Isobutanal immediately
desorbs from the surface upon illumination above 300K. The BBO-Hs originating from
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dissociative adsorption and photo-oxidation recombine to water and desorb at 450K
leaving a BBO vacancy behind.[110]

The illumination at cryogenic temperatures changes substantially the product distribution.
The low temperature traps the primary photo-product on the surface and enables a
secondary photo-reaction. Isobutanal is further oxidised via a C-C scission to a propyl
radical and a formyl species. The abstracted propyl radical recombines with a hydrogen
atom from the surface leaving the surface as alkane at 240K. The radical-hydrogen
recombination on bare titania is also observed in the photoconversion of longer-chain
tertiary alcohols and is discussed in more detail in section 4.7. The formyl species may
form a formate with a lattice oxygen analogously to formaldehyde and acetaldehyde.[30,
145] In a subsequent TPR, formate decomposes to mainly CO, that desorbs at 550K.
Some additional minor signals may be assigned to CO2 and formaldehyde at 550K in
accordance with the formate decomposition observed by Henderson et al..[128] Propane
is directly desorbing into the gas-phase upon illumination at 240K whereas isobutanol,
isobutanal and the formyl specie are trapped on the surface. Note that the single
crystal is barely reduced and has < 1 %ML BBO vacancies. Therefore isobutanol-
covered samples are heated to 300K prior to any photo-experiment below 300K to
promote the thermal isobutoxy formation.

The PI-TPDs reveal that the high-temperature disproportionation reaction is suppressed
in all the photo-experiments indicating that the same isobutoxy species are involved. The
dehydration pathway to form isobutene and BBO-H persists to some extent after UV
illumination indicating that some isobutoxy species are not photo-active.

The temperature governs the overall selectivity of the photochemical conversion of
isobutanol. The temperature determines the surface residence time of the primary
photo-product isobutanal and only a minimum surface residence time enables the photo-
oxidation of the aldehyde to form propane and a formyl species. This requirement is
not matched at room temperature in contrast to 240K.

The various surface preparations mimicking realistic conditions, i.e. the presence of oxygen
or water, do not have a qualitative effect on the thermal and photochemical reactions. They
do not influence the selectivity, but they have an effect on the overall product yield. The
highest yield is achieved on o-TiO2(110) for both, thermal and photochemical conversions.
Oxygen adatoms are known to promote the alkoxy formation, which are the reactive
species.[48] Consequently, a larger amount of reactive species leads to a higher yield.

The results demonstrate that the surface temperature determines the overall selectivity
and plays an important role in photochemistry. The thermal desorption directly competes
with a secondary photo-reaction. The alkane does not result from a reduction with
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photoelectrons, as often assumed in photochemistry, but stems from a radical-hydrogen
recombination. Those insights highlight the relevance of understanding individual
reaction steps in photochemistry and photocatalysis to control the selective trans-
formations of alcohols.
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4.3 Origin of Poisoning in Methanol Photore-
forming on TiO2(110): The Importance of
Thermal Back-Reaction Steps in Photocatal-
ysis

Title

Authors

Journal

DOI

Status

Origin of Poisoning in Methanol Photoreforming on TiO2(110): The
Importance of Thermal Back-Reaction Steps in Photocatalysis

Carla Courtois∗, Moritz Eder∗, Sebastian L. Kollmannsberger, Martin
Tschurl, Constantin A. Walenta, and Ueli Heiz

ACS Catal. 2020, 10, 7747 - 7752.

https://dx.doi.org/10.1021/acscatal.0c01615

published online June 25, 2020
∗These authors contributed equally to this work.

The primary photo-oxidation of different alcohols on rutile TiO2(110) is now quite well
understood, e.g. for methanol, ethanol, isobutanol (see section 4.2) or even tert-butanol
(see section 4.1).[48, 104, 108, 110] The photo-reaction pathway seems generally valid for α-
H containing alcohols. The alcohol adsorbs dissociatively forming a photo-active alkoxy and
a BBO-H. The alkoxy is oxidised through a direct photo-hole transfer leading to a C-H bond
cleavage. The primary photo-products are the aldehyde and a hydroxyl BBO-H. However,
their conversions range from 5− 20% of a monolayer-covered sample and the origin of this
upper limit in the conversion on the bare titania still remains elusive.[48, 50, 91, 110, 138]

The accompanying hydroxylation of this reaction is thought to be responsible for the
restricted conversion as titania is not able to desorb surface hydroxyls (neither as H2O
nor as H2) at room temperature. It was believed that the hydroxyls either act as
electron traps and thereby facilitate the charge recombination or are blocking the active
sites (or both).[104, 167] However, this work demonstrates that these assumptions can
be excluded by comparing the photocatalytic reforming of 2-methyl-2-pentanol and
methanol. This way, the origin of poisoning is attributed to the thermal back-reactions
of alkoxies and surface hydroxyls (BBO-H).

The photochemical conversion of methanol deactivates under illumination in a steady
alcohol background at room temperature. Formaldehyde desorbs upon illumination but
the conversion is steadily decreasing over time. The second photo-product hydroxyl is
not able to desorb leading to its accumulation on the surface. This deactivated surface
is named ’poisoned’. Quite the contrary is the case for the catalytic photoreforming of

https://dx.doi.org/10.1021/acscatal.0c01615
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Figure 4.4. Scheme demonstrating the thermal back-reaction in the photochemical
conversion of methanol. Methanol adsorbs dissociatively on the bare semiconductor
surface leading to a methoxy and hydroxyl. UV illumination induces the α-H abstraction
by a direct hole transfer to yield formaldehyde and another hydroxyl. A surface hydroxyl
may then thermally react with a formaldehyde to yield the initial reactant methoxy.

the tertiary alcohol 2-methyl-2-pentanol1, that disproportionates to propane and acetone
which fully desorb upon illumination at room temperature. The photo-reaction occurs via

a C-C bond cleavage abstracting a propyl radical. This propyl recombines on the surface
with the hydrogen atom of BBO-Hs originating from the dissociative adsorption. The
reaction proceeds stoichiometrically and does not accumulate hydroxyls on the surface
so that the reaction is catalytic on the bare titania.

Surprisingly, the disproportionation reaction even occurs catalytically on the poisoned
surface with the same photo-activity2 compared to a fresh one. In addition, the
disproportionation of 2-methyl-2-pentanol does not even change in the poisoned state,
while the photo-reaction remains deactivated for a succeeding methanol photo-conversion.
The fact that 2-methyl-2-pentanol is totally independent of surface hydroxylation by
methanol conversion proves that BBO-Hs do not have a strong enough effect on the
electronic processes, namely their role as electron traps or recombination centres, to affect
the photo-activity significantly. It equally shows that BBO-Hs do not block photo-active
sites as 2-methyl-2-pentanol is still photo-active on the poisoned surface. It is also unlikely
that the mutual repulsion of BBO-H are responsible for the decline in methanol conversion
because that would also hamper the dissociative adsorption of 2-methyl-2-pentanol.[104]
Instead, the continuous accumulation of surface hydroxyl may favour the two thermal
back-reactions involving hydroxyls: the dissociative adsorption yielding methanol as well
as the reaction of formaldehyde with a hydroxyl yielding the reactant methoxy.
1Details on the reaction pathways are found in section 4.7.
2The photo-activity is expressed by the TOF, more details are found in section 3.3.
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The potential thermal back-reaction of hydroxyl with methoxy to form the photo-
inactive methanol is not likely the main reason for the deactivation since the dissociative
adsorption step precedes in the photo-conversion of methanol and 2-methyl-2-pentanol.
The unaltered photo-activity of 2-methyl-2-pentanol on the poisoned, i.e. hydroxylated,
surface, demonstrates that the concentration of photo-active alkoxy species is not
significantly affected by the hydroxylation.

These findings strongly point out that the thermal back-reaction of formaldehyde and BBO-
H is the origin of poisoning in primary alcohol photoreforming. Indeed, Mao et al. observed
this reaction of formaldehyde with hydrogen back-reaction with STM.[168] Moreover, this
reaction is exothermic in contrast to the forward hole-driven oxidation reaction.

In conclusion, the differences and similarities of the reaction pathways of methanol and 2-
methyl-2-pentanol strongly suggest that the back-reaction from formaldehyde to methoxy
is the main origin for the vanishing photo-activity of alcohols on titania. These findings
points out that individual back-reaction steps must be considered for a comprehensive
understanding of photocatalytic systems.

In addition to the findings presented in the article, the photochemical conversion of
tert-butanol presented in section 4.1 supports the arguments since the conversion is
limited to 36 % of a monolayer. tert-Butanol is a tertiary alcohol but in contrast to
2-methyl-2-pentanol, the abstracted radical, in this case methyl, is directly ejected into
the gas-phase and does not recombine with a surface hydrogen atom. This leads to an
accumulation of surface hydroxyls that deactivates the photocatalyst.
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The rutile (110) surface alone is not able to evolve molecular hydrogen. The photochemical
conversion of primary and secondary alcohols leads to a hydroxylation of the surface that
drastically limits alcohol conversion (see previous section 4.3). So far all previous sections
of this thesis describe the photo-oxidation of alcohols on bare TiO2(110). However, a
co-catalyst is indispensable to run the reaction catalytically at room temperature. The
laser vaporisation cluster source available at the apparatus (see section 3.1) allows for
variable loadings of the semiconductor with size-controlled Pt co-catalysts.

The common mechanistic picture of alcohol photoreforming and full water-splitting is
based on redox-couple reactions. Alcohol (or water) is oxidised by photo-holes and the
hydrogen evolution is driven by the photo-electrons. The separation in two half-cell
reactions implies that the oxidation potential of the alcohol (or water) is below the
valence band edge and the reduction potential of hydrogen is above the band edge of
rutile. However, it is still a long-lasting discussion if the latter one is true for rutile
titania. For example, negative surface states in the band gap, that may be involved in the
reaction, are energetically evenly located below the conduction band edge and, thus below
the reduction potential of hydrogen.[169, 170] This photoelectrochemical mechanistic
picture often motivates a research for efficient semiconductors that is mainly based on the
energetics of the materials and widely ignores the surface chemistry. This work presents
a different reaction mechanism of methanol photoreforming on Pt-loaded TiO2(110) in
the UHV, which considers the surface chemistry and semiconductor physics.

Similar to other alcohols presented previously, the photochemical conversion of methanol
on TiO2(110) yields formaldehyde and BBO-H. At 260K, formaldehyde desorbs and
hydroxyls remain on the surface. The deposition of Pt clusters (size distribution Pt7-Pt32)
enables the hydrogen evolution upon illumination. Methanol is converted stoichiometrically

https://doi.org/10.1039/C8CP05513K
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Figure 4.5. Photocatalytic reaction cycle for methanol photoreforming on Ptx cluster
loaded TiO2(110). Methanol adsorbs dissociatively at negative surface states as methoxy
and hydroxyl, which is a thermal process. The hydroxyl diffuses on the surface. Upon
UV illumination, a photo-hole oxidises the methoxy yielding formaldehyde and another
hydroxyl. Formaldehyde desorbs thermally. The hydroxyl diffuses on the surface until it
reaches a Pt cluster where it thermally recombines with another hydrogen atom. The
photo-electron refills the negative surface state so that the overall reaction is charge-neutral
and the catalysts remains unchanged after one cycle. Reproduced from Ref. [171] with
permission from the PCCP Owner Societies.

to CH2O and H2 under illumination in a constant methanol background. The conversion of
methanol does not decline and is strongly enhanced compared to bare titania. The thermal-
back reaction of methoxy and hydroxyls is suppressed since hydroxyls are removed from the
surface and the chemical equilibrium is pushed towards the product side (see section 4.3).

The Ptx neither seem to block active sites, nor influence the charge carrier dynamics, as
the O2 PSD is unchanged compared to a bare TiO2 surface. The laser power dependent
TOF indicates a one-photon process of the reaction of methanol. The TOF increases with
higher methanol background pressure, which means that the reaction is adsorption-limited
at 260K. The TOF slightly increases with higher Ptx loadings, but not linearly. These
behaviours indicate that the photo-oxidation of methoxy to formaldehyde, which takes
place on the rutile surface, is the rate-limiting step. The hydrogen diffusion towards
and its recombination on the clusters are consecutive processes as the hydrogen trace is
tailing while the formaldehyde production abruptly stops with the end of illumination.
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Pt-decorated rutile evolves molecular hydrogen in a methanol TPD in contrast to bare
titania. This together with the tailing of the hydrogen trace indicate that the H2

recombination is a thermal process.

The comparison of the reaction behaviour of bare titania and Ptx/TiO2(110), the indication
of a one-photon process and the reaction conditions in UHV lead to the catalytic cycle in
figure 4.5. In a first step, methanol adsorbs dissociatively on the negatively charged surface
state forming the photo-active methoxy species and a BBO-H. Secondly, the photo-hole
oxidises the methoxy to formaldehyde via an α-H cleavage, which forms again a BBO-H.
The formaldehyde thermally desorbs. Both surface hydroxyls are undistinguishable and
diffuse on the surface until they reach a Pt cluster. Thirdly, hydrogen that migrated to
the Pt cluster thermally recombine as H2. The surface hydrogen species are considered
rather as radical species than H+. The charge balance is closed by the photo-electron
that fills the surface state in order to restore the initial conditions.

The photocatalytic reforming of other alcohols, e.g. ethanol, cyclohexanol, benzyl alcohol
or tert-butanol, generalises this mechanism, and is presented in section 4.6. It takes
into account the complete reaction behaviour by considering the surface chemistry and
individual reaction pathways, is in agreement with semiconductor physics, and closes the
catalytic cycle. This reaction mechanism outlines that photoelectrocatalytic mechanisms
are not the only ones in heterogeneous photocatalysis.
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4.5 Surface Species in Photocatalytic Methanol
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The general mechanism of the photocatalytic conversion of methanol on Ptx-loaded
TiO2(110) is elucidated in the previous section 4.4. This study takes a closer look at the
chemical processes occurring on the surface to disentangle thermal from photochemical
reaction steps. In order to recall the key steps of the mechanism: methanol adsorbs
dissociatively at negatively charged surface states forming methoxy and a surface hydroxyl.
Methoxy is oxidised to formaldehyde on the semiconductor surface via a direct hole transfer.
The abstracted hydrogen atoms diffuse on the surface until they reach a Pt cluster, where
they thermally recombine leaving the catalyst as H2. The photo-electron fills the empty
surface state so that the catalytic cycle is closed. While the previous section focuses on the
general mechanistic understanding, this work completes the mechanistic interpretation and
describes the individual steps in the catalytic cycle to identify the surface species present
on the catalyst. In addition to several surface science methods presented in chapter 3,
isotopic labelling and a kinetic analysis is conducted to determine the surface species,
their stability, and the driving force for the product selectivity under catalytic conditions.

While it is evident that the Pt co-catalysts’s role is the thermal evolution of H2, consecutive
isothermal PSR of methanol strongly suggest that Pt co-catalysts undergo an initial
conditioning that is attributed to the thermal dehydrogenation of methanol to CO species.
The Pt clusters are most probably covered with CO under catalytic reaction conditions.
Isothermal PSR experiments of methanol on conditioned and artificially CO-precovered
Ptx/TiO2(110) show similar desorption characteristics, which confirms this assumption.

https://dx.doi.org/10.1021/acscatal.0c00260
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Figure 4.6. Photocatalytic mechanism of methanol conversion on a Ptx-loaded TiO2(110)
single crystal. Upon illumination of the catalysts, a photo-hole migrates to the surface and
oxidises the methoxy to formaldehyde via a direct hole transfer. The abstracted hydrogen
atoms migrate on the surface and recombine to H2 on the Pt cluster. The co-catalyst
is covered with CO species originating from the thermal decomposition of methanol on
the Pt cluster. Thermal steps are displayed with grey arrows while the charge carrier
pathways are displayed with blue and orange arrows. Reprinted with permission from
[172]. Copyright 2020 American Chemical Society

The catalyst reveals a long-term stability3 under these reaction conditions. CO species
are presumably spectator species and do not influence the H2 recombination, CO might
even protect the clusters which lead to its high stability.

The TPR of methanol on Pt-loaded TiO2 suggests that the conditioning of the co-catalyst
is a thermal process. Methanol shows a typical desorption chemistry compared to bare
TiO2 except that CO is desorbing at 450K, which is characteristic for Pt(111), and
molecular hydrogen is evolving at around 250K. [76, 173] CO and H2 stem from the
dehydrogenation of methanol at the Pt clusters, which means that methanol decomposition
already occurs below 250K. These findings demonstrate that Pt co-catalysts dehydrogenate
methanol and thermally recombine H2.

Pt co-catalyst loadings in the range of 1%ML do not significantly affect the photo-oxidation
properties of titania. The decay analysis of isothermal PSR experiments reveal that the
photo-oxidation kinetics are not affected by the deposition of Pt clusters and suggest
that the photo-oxidation is the rate-determining step.

A second photo-product, namely methyl formate, is produced if the photocatalytic
conversion of methanol is conducted below 258K. If formaldehyde resides long enough
3No decline in activity is observed during methanol photoreforming for 4h in a 7 · 10−8 mbar methanol
atmosphere. In addition, the activity does not decline in subsequent catalytic experiments and is not
altered after a storage in vacuum for 70h.



4. Results and Discussion 61

on the surface after its formation, it will react with methanol under consumption of a
photo-hole to form methyl formate.[80] The temperature, which dictates the residence
time of the primary photo-product formaldehyde, governs the overall selectivity of the
reaction. Kinetic insights from PI-TPD/Rs enable the calculation of the surface residence
time of methanol and formaldehyde, that help to explain the observed selectivities.
Furthermore, a comparison of methanol PI-TPD/R on bare and Pt-loaded TiO2(110)
reveal that Pt does not change the selectivity.

This work leads to a detailed understanding of the surface chemistry under truly catalytic
conditions. The individual surface species have been identified and their influence to the
overall reaction can be distinguished. This may help for future microkinetic modelling or ab
initio theory investigations of co-catalyst loaded model systems. These insights gained from
surface science techniques may be extended to more applied conditions and other materials.
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alytic, Water-Free Alcohol Photoreforming

Title

Authors

Journal

DOI

Status

Thermal Control of Selectivity in Photocatalytic, Water-Free Alcohol
Photoreforming

Sebastian L. Kollmannsberger∗, Constantin A. Walenta∗, Carla Courtois,
Martin Tschurl, and Ueli Heiz

ACS Catal. 2018, 12, 11076 - 11084.

https://doi.org/10.1021/acscatal.8b03479

published online October 17, 2018
∗These authors contributed equally to this work.

The selective oxidation of alcohols has gained great attention in the last decade.[174,
175] The previous sections 4.4 and 4.5 elucidate a detailed mechanism for methanol
photoreforming on Ptx/TiO2(110). This work validates the mechanism for different
alcohols and focuses on the oxidation reaction rather than the hydrogen evolution under
catalytic conditions. Water-free alcohol photoreforming around room temperature may
provide value-added oxygenates with a 100% selectivity under anaerobic conditions. Light-
driven reactions, which require low amounts of energy, may replace thermal inefficient
processes, like the formox one. The stable photocatalytic conversion of five different
alcohols, namely methanol, ethanol, cyclohexanol, benzyl alcohol and tert-butanol, is
investigated. An overview of the reactions is found in figure 4.7.

Generally, the first reaction of these alcohols, except for tert-butanol, follows the mecha-
nism presented in 4.4 and 4.5: a hole-mediated oxidation of the carbonyl species on the
semiconductor surface leads to an α-H abstraction to form the respective aldehyde or
ketone, and hydrogen atoms thermally recombine on the Pt clusters. While acetaldehyde
and cyclohexanal are produced with a 100% selectivity4, formaldehyde and benzaldehyde
may undergo a consecutive reaction. The second photo-reaction yielding the ester,
that is a coupling of the aldehyde with the alcohol under the consumption of a photo-
hole, is strongly temperature-dependent. Above a certain temperature, the consecutive
photo-reaction is completely suppressed because the desorption of the aldehyde is faster
than the coupling reaction. This is also observed in the photochemical conversion
of isobutanol on bare TiO2(110) (see section 4.2), a higher residence time increases
the probability to further react.
4The selectivity is referenced to the oxidation products (e.g. aldehyde, ketone, ester) and does not take
into account the concomitant hydrogen evolution.

https://doi.org/10.1021/acscatal.8b03479
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Figure 4.7. Overview of the reaction equations in the alcohol photoreforming on
Ptx/TiO2(110). The catalytic mechanism is generally valid in each case for the first
reaction. All products are formed stoichiometrically. a) Methanol reacts to formaldehyde
and hydrogen in a first reaction. The occurrence of a consecutive photo-reaction, which
yields methyl formate, is temperature-dependent. b) Ethanol is exclusively converted
to acetaldehyde and hydrogen. c) Cyclohexanol solely reacts to cyclohexanon and
hydrogen. d) Benzyl alcohol reacts to benzaldehyde and hydrogen in a first photon-driven
reaction. Benzaldehyde couples with benzyl alcohol to form the ester benzyl benzoate in
a consecutive photo-reaction. This reaction is temperature-dependent. e) tert-Butanol
reacts in two parallel reactions: the oxidative pathway leading to acetone, methyl radical
and hydrogen; and the dehydration pathway leading to isobutene and water.

tert-butanol, which does not possess an α-H, undergoes two parallel reactions under
catalytic conditions, in a constant alcohol background. The first pathway involves the
photo-oxidation of tert-butoxy via a homolytic C-C bond scission yielding acetone and a
methyl radical. Both products are also observed on the bare TiO2(110) (see section 4.1).
In addition, the Pt clusters enable the thermal recombination of H-atoms stemming
from the dissociative adsorption (from the O-H group). The second reaction pathway is
the photon-induced dehydration forming isobutene and water stoichiometrically. Water
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is desorbing under catalytic conditions in contrast to single-coverage experiments of
tert-butanol on bare TiO2(110), where only isobutene desorbs. The first reaction pathway
exhibits a strong temperature dependence. In the investigated temperature range, the
amount increases with higher temperature until approximately 300K after which it
decreases again. The conversion is alcohol adsorption-limited at high temperatures and
product desorption-limited at low temperatures. On the contrary, the temperature does
not influence the yield of isobutene and water significantly since only a small decrease is
observed at high temperatures. The dehydration pathway may involve a specific thermally
activated adsorption geometry of tert-butanol, a higher temperature increases the entropy
and may impede the required adsorption geometry. Hence, the product ratio of the two
parallel reaction pathways is controlled by the temperature.

The reactions of methanol, ethanol and tert-butanol imply that the oxidation pathways
and selectivities are dominated by the semiconductor surface and are not influenced by the
Pt cluster because the findings reflect the photochemistry on bare TiO2(110).[110] Neither
of the reaction pathways nor the respective selectivities are changed by the deposition
of Pt clusters. The cluster’s sole role is the thermal recombination of H2. An exception
is water desorption in the dehydration pathway of tert-butanol, but this may be rather
caused by the catalytic conditions than the presence of Pt clusters.

In general, the selectivity is tuned by the temperature, and a suitable choice of reaction
conditions allows for the photoreforming of α-H containing alcohols with a 100% selectivity
towards the aldehyde, respective the ketone. The consecutive photo-reaction is suppressed
by a significantly high temperature and the absence of O2 inhibits the over-oxidation to
acids, CO or CO2. The pressure-normalised TOFs decrease with the size of the alcohol,
that means that larger alcohols have lower conversion rates.

This study shows that the highly selective oxidation to water-free aldehydes and ketones
is possible under mild conditions. The elucidation of the different reaction pathways
offers a tool to tune and control the selectivities.
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Tertiary alcohols are chemically inert for selective oxidation reactions according to the

general perception. Yet, the previous sections 4.1 and 4.6 demonstrated that the photo-

oxidation of tert-butanol is indeed facilitated on bare and Pt-loaded TiO2(110). tert-

Butanol is oxidised to acetone via a C-C bond scission and a methyl radical is ejected into

the gas-phase. Interestingly, tertiary alcohols with different chain-lengths alkyl groups

reveal a different and new reaction behaviour, namely the hole-mediated disproportionation

into an alkane and the respective ketone.
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Figure 4.8. Reaction scheme for the photocatalytic conversion of 3-methyl-3-hexanol
on bare and Pt-loaded TiO2(110). The hole-mediated reaction is a disproportionation of
3-methyl-3-hexanol into an alkane and the respective ketone. However, the C-C bond
to the methyl group is not cleaved, so that methane and 3-hexanone are not formed.
Reprinted with permission from [176].
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Similarly to primary and secondary alcohols, tertiary alcohols adsorb dissociatively to
some extent on the bare titania surface yielding the photo-active alkoxies and a BBO-
Hs, as described in subsection 2.3.1. Under UV illumination, the alkoxy reacts to the
respective ketone via a homolytic C-C bond cleavage. 3-Methyl-3-hexanol possesses three
different alkyl chains, a methyl, an ethyl, and a propyl group. Astonishingly, the bond to
the methyl group is not cleaved at all5 upon UV illumination. The photo-reforming of
2-methyl-2-butanol and 2-methyl-2-pentanol, which both possesses two methyl groups
and either an ethyl or a propyl group, confirm this reaction behaviour. The abstraction of
methyl groups does not take place and only the bond to a longer alkyl chain is selectively
split. Consequently, the products in the disproportionation of 3-methyl-3-hexanol are
2-pentanone and ethane, and 2-butanone and propane. An overview of the reaction
scheme for 3-methyl-3-hexanol is provided in figure 4.9. A dehydration pathway is not
observed for those three alcohols other than in the photoconversion of tert-butanol.hv OHR

O
H R

RH
HRHR

R  + H2 2

HR
RH

Figure 4.9. Scheme of the photocatalytic reforming of 2-methyl-2-propanol and 2-methyl-
2-butanol on Ptx/TiO2(110) at increasing alcohol pressures. The main reaction pathway
is the selective disproportionation into an alkane and the respective ketone. The alcohol
is oxidised via a C-C bond cleavage. The abstracted radical remains on the surface and
recombines with a hydrogen atom. Pt clusters enable an additional reaction channel,
namely the hydrogen recombination and the recombination of two alkyl radicals to form
a long-chain alkane.

Thermochemistry may serve to explain the observed selectivity of 2:1 for pentanone to
butanone, respectively the preferred cleavage of ethyl to propyl groups and the absence of
the methyl group bond scission. All three reactions shown in figure 4.9 are endothermic,
but model reactions predict that the formation of methyl radicals requires substantially
more energy than the formation of ethyl and propyl radicals. In addition, the abstracted
radical, ethyl or propyl, resides on the surface until it recombines thermally on bare
5Methane and 3-hexanone are not observed with the QMS within its detection limit.
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titania with the BBO-H, that stems from the dissociative adsorption, to an alkane.
Subsequently, the alkane desorbs from the surface. Ethyl and propyl radicals may exhibit
stronger interactions with the titania surface than methyl radicals, which is why the
methyl radical is directly ejected into the gas-phase in the photo-oxidation of tert-butanol.
Thermochemically seen, a stronger interaction with the surface may stabilises the ethyl
and propyl radicals and may add to their preferred cleavage.

As the reaction is fully stoichiometric, surface hydroxyls do not poison the surface.
Consequently, the reaction can be conducted fully catalytically on the bare TiO2(110)
conversely to the photoreforming of tert-butanol, or primary and secondary alcohols.
Thereby a Pt cluster is indispensable to remove the surface hydroxyls by evolving H2.

The deposition of small amounts of unselected Ptx clusters increases the overall reaction
rate. However, neither the TOF of the ketones, nor the selectivity for pentanone to
butanone is affected when the amount of Pt clusters is increased from 0.02%ML to
1%ML. This means that Pt clusters increase the overall reaction rate but they do not
influence the oxidation itself. Apart from that, the Pt clusters open up another reaction
channel above a certain alcohol pressure, namely the thermal recombination of hydrogen
and the recombination of two alkyl radicals yielding long-chain alkanes. For example,
the photo-reforming of 2-methyl-2-pentanol unambiguously demonstrates the formation
of hexane at increasing pressures.

In summary, the photocatalytic conversion of tertiary alcohols on bare and Pt-loaded
TiO2(110) reveals a new reaction pathway: the hole-mediated disproportionation yielding
an alkane and the respective ketone. The reaction is fully catalytic even on bare titania
without co-catalyst as it does not involve the recombination of two hydrogen atoms. The C-
C bond cleavage is selective in a way that only longer alkyl chains are abstracted, whereas
the C-C bond to a methyl group is not cleaved. The observed selectivity is explained with
the thermochemistry of radical formation. Pt clusters increase the overall reaction rate
and enable another reaction pathway: the hydrogen recombination and the recombination
of two alkyl radicals. This work shows that heterogeneous photocatalysis may introduce
new synthetic routes under mild conditions and demonstrates the important role of
co-catalysts for the product distribution.
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The role and influence of the Pt co-catalyst in the photocatalytic conversion of alcohols is
thoroughly elucidated in the previous chapters. Platinum is a rare metal and its high
cost and low abundance impede the application on larger scales. Therefore, the research
is intensified towards the use of more abundant and cheaper metals. The co-catalysts sole
role in the catalytic cycle is the thermal recombination of two hydrogen atoms to H2, so
that nickel might also be a suitable candidate because early surface science studies show
that it is indeed able to thermally desorb hydrogen.[177, 178] Moreover, Ni has already
been applied as hydrogen evolution co-catalyst in several photocatalytic studies on TiO2

powder mixtures. However, there is no consensus about its activity and its active phase
(metallic nickel, nickel oxide or nickel hydroxide).[179–185] This work investigates the
thermal chemistry and photocatalytic hydrogen evolution capability of Ni co-catalysts
on a model system with size-controlled Ni-clusters deposited on TiO2(110).

Methanol decomposes thermally on the Ni clusters to, amongst others, CO and H2,
whereas the two molecules are able to desorb. This is shown in consecutive methanol
TPDs on Nix/TiO2. Desorbing CO and H2 stem from the partial dehydrogenation of
methanol adsorbed on Ni clusters. This demonstrates that Ni clusters are indeed able
to evolve molecular hydrogen. However, the intensity of CO and H2 declines with every
TPD run, which indicates a substantial change of the Ni clusters. The Ni clusters may
agglomerate on the surface to a stable size upon annealing that leads to a lower number
of sites for the methanol dehydrogenation.[74, 187] Alternatively, Ni clusters may get
encapsulated with a thin TiOx layer due to the strong-metal support interaction.[67]

https://doi.org/10.1039/D0CY01465F
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Figure 4.10. Graphical table of content from the publication. Ni clusters enable the
H2 evolution in the photoreforming of methanol on Nix/TiO2. Methanol is converted to
formaldehyde and H2 under UV illumination. The photo-activity decreases for prolonged
illumination times. The nickel clusters undergo a photon-driven deactivation process that
involves the formation of carbon deposits. Reprinted with permission from [186].

Photocatalytic methanol reforming on Nix-loaded TiO2 produces hydrogen and formalde-
hyde at room temperature. In other words, the same products are formed over on
Nix/TiO2 upon UV illumination as for Pt-loaded TiO2(110), so that the mechanism found
for Pt co-catalysts is most likely also valid for Nix/TiO2. However, conversely to Pt-
loaded titania, the traces of formaldehyde and hydrogen decrease over time for prolonged
illumination times. The product yield declines until the system resembles the activity of
bare TiO2(110), i.e. no hydrogen evolution and a limited formation of formaldehyde. The
amount of hydrogen desorbing steadily decreases over time. This leads to an accumulation
of hydrogen atoms on the surface, which causes a limited formaldehyde desorption because
the surface hydrogen atoms favour the thermal back-reaction of formaldehyde to methoxy
(section 4.3). Ni clusters do not influence the photo-active sites on the titania surface, as
evidenced by O2-PSD. Thus, the deactivation most probably originates from a decreased
hydrogen recombination activity of Ni clusters.

AES of the Ni-loaded titania evidence that Ni clusters are dominantly present in its
metallic state Ni0 before and after catalysis. Neither the deposition on the metal oxide
nor the reaction conditions lead to a significant oxidation of the metallic clusters. The
thermodynamic consideration supports these insights as the Ni oxidation through the
reduction of TiO2 is thermodynamically not favourable6.[188] Metallic Ni clusters are the
active species for the H2 evolution and are not oxidised under catalytic conditions. Hence
a change in the oxidation state of Ni clusters is ruled out as the origin for the deactivation.
6The standard enthalpy of formation for NiO is higher in energy than the change in standard free energy
for Ti3+ + 1e– −−→ Ti2+.
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The catalytic activity can be recuperated to a certain extent by annealing the sample
after catalysis to 800K. A clear carbon signal remains in the AES after the heat treatment
that indicates a strongly bound carbon species. In contrast, methanol only decomposes to
CO and H2 on the Pt clusters, and all the decomposition products desorb upon annealing.
The heat treatment only removes C-species from the Ni clusters to a certain extent and
those remaining are most likely the reason for the decreased H2 evolution activity. The
carbon residues may block the recombination sites for the H2 formation.

The carbon deposit is a photon-driven dynamic process since the exposure of the freshly
deposited Nix on TiO2(110) to a methanol background at room temperature does not
lead to the deactivation of the Ni clusters. The thermal decomposition of methanol
on Ni clusters is thus not responsible for the decreased H2 evolution activity. The
deactivation process only occurs under illumination in the methanol background and it
may involve intermediate species and products. Such photo-driven deactivation processes
are known as photo-corrosion.

In summary, Ni clusters are indeed able to evolve H2 in the photoreforming of methanol.
However, the activity decreases for prolonged illumination times, that is different for Pt,
for which no decomposition has been observed after several hours. AES and reactivity
studies in UHV identify carbon deposits as the reason for the decrease in activity. The
deactivation pathway is a photo-driven process as it does not occur in the absence of
light. Annealing leads to a partial desorption of carbonaceous deposits such as CO and
a partial restoration of the H2 evolution activity.
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4.9 Size and Coverage Effects of Ni and Pt Co-
Catalysts in the Photocatalytic Hydrogen
Evolution from Methanol on TiO2(110)

Co-authors: Moritz Eder, Philipp Petzoldt, Sonia Mackewicz, Martin Tschurl, Ueli Heiz

The previous sections qualitatively describe the role and behaviour of Pt and Ni co-
catalysts in the methanol photoreforming on TiO2(110). A wide distribution of clusters
sizes as Pt7-32 and Ni10-30 are employed at different loadings in those studies. This section
focuses on size-selected Pt and Ni clusters at different loadings.

Most common deposition methods based on wet chemistry inhibit the disentanglement
of cluster size and coverage. This is most probably the main reason why literature
results often do not agree on the quality of different co-catalyst materials (e.g. Pt, Au,
or Ni) and their optimum particle size and coverage.[189, 190] This study investigates
the photocatalytic activity of size-selected Ni and Pt clusters deposited TiO2(110) and
elucidates the effects of cluster sizes and coverages. The laser vaporisation cluster
source allows for the deposition of clusters with different sizes and at different coverages
independently (see section 3.1) so that such studies can be performed.

In order to quantitatively identify cluster size and coverage effects and enable a direct
comparison of the performance as co-catalyst for both metals, the product formation
rate on cluster-loaded TiO2(110) is determined by quantifying the TOFs of formaldehyde
and H2 during photocatalytic methanol oxidation (see section 3.3). 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 were chosen. The better performance of
clusters in comparison to the atoms in the photocatalytic reaction enabled the study with
a significantly lower coverage of 0.3%ML. The product formation rates of the respective
photocatalytic experiments are shown in figure 4.11.

Independent of cluster size and coverage, the behaviour of all mass traces in the photo-
experiments is qualitatively the same. Upon illumination, the formaldehyde trace shows
a prompt increase of high intensity but it subsequently tapers off to much lower values.
This behaviour stems from an accumulation of reactant in the dark, leading to a higher
surface reactant concentration for the photo-reaction. This phenomenon similarly occurs
in this reaction with platinum-loaded TiO2 as can be found in the publications presented
in the previous sections 1.4-1.8. By blocking the light flux, the traces drop back to the
baseline level in the dark. Desorption of H2 is known to inhibit the thermal back-reaction
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Figure 4.11. 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
300K in a methanol background pressure of 5.0 · 10−7 mbar. Violet bars indicate periods
of light exposure. The experiment was conducted for a) 0.3%ML Ni>47, b) 0.3%ML Ni10,
and c) 1% as well as 3%ML atomic nickel. The TOFs of the first illumination period for
hydrogen and formaldehyde are shown in d). The traces are offset for clarity. Larger
clusters and higher coverages lead to enhanced TOFs and longer overall lifetimes of the
photocatalyst.

of formaldehyde and hydroxyls, which is why the reaction only occurs catalytically when
hydrogen can leave the titania surface as described in section 4.3.

Over the whole time range of the Ni experiments, the steady-state signal of products
decreases slightly, but constantly, during illumination. While for example the formaldehyde
trace on Ni>47/TiO2(110) (figure 4.11a)) 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 during the last. This photocorrosion phenomenon
on Nix/TiO2(110) is described in section 4.8 and attributed to catalyst deactivation
by carbonaceous deposits. These block the Ni clusters, so that H2 recombination and
desorption sites become inaccessible for hydrogen.
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In all cases and even for nickel atoms, hydrogen evolution is facilitated, but it occurs
with significantly different rates in the different systems. The H2 and formaldehyde
TOFs (figure 4.11d)) in general benefit from larger Ni clusters and higher coverages.
Ni>47 clusters lead to the highest, almost stoichiometric formation rate of photo-products.
0.3%ML Ni10 shows the same TOFs as 3%ML atomic Ni. Thus, the same amount of
the co-catalyst metal leads to the same product formation rate. The formation rate of
H2 seems to be directly correlated to the total amount and size (i.e., total area) of the
metal. Larger areas of H2 recombination sites allow for higher amounts being formed over
a longer time span and the total amount of Ni atoms on the surface seem to correlate
directly with the product formation rate. Since the role of the co-catalyst is only thermal
H2 evolution, the availability of more hydrogen recombination sites apparently favours
an increase of the overall reaction rate. Furthermore, the longer catalyst lifetimes 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. For all studied clusters, a size which does not feature
this unwanted property is not identified. Each TOF for Nix/TiO2(110) (figure 4.11d))
was thus determined in the steady-state of the first illumination period.

For Ni atoms (figure 4.11c)), only traces of H2 are detected for a 1%ML coverage. After
two minutes of illumination, no H2 formation is observed anymore. Apart from that,
the formation of photo-products does not even seem to be stoichiometric (figure 4.11d)).
Thus, no significant photocatalytic behaviour of low amounts of atomic Ni is found, and
the use of Ni atoms as co-catalyst in alcohol photoreforming is questionable. The reaction
behaviour is almost very similar to the bare TiO2(110) surface in alcohol photoreforming,
where H2 desorption is not possible at all.

These results on Nix/TiO2(110) lead to the conclusion that a higher total amount of Ni
on the surface (i.e. larger clusters and higher coverages) directly enhances the product
formation rate in photocatalytic alcohol conversion. This again implies the absence
of detectable cluster size-dependent effects for Nix/TiO2(110), which also concerns the
catalyst deactivation, but different to what is typically observed on similar systems
in thermal catalysis.[191]

Since Pt and Ni play the same mechanistic role in alcohol photooxidation on TiO2(110),
their performances can be directly compared quantitatively with each other. Figure 4.12
shows the product formation rates obtained from methanol photoreforming using Pt10
and Ni10 as co-catalyst, respectively, with a coverage of 0.3%ML.

It is found that the activity of platinum clusters exceeds that of nickel clusters by more
than an order of magnitude. This is in good agreement with observations made in
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Figure 4.12. Product formation rates for hydrogen (m/z 2, black) and formaldehyde
(m/z 30, red) from photocatalytic methanol reforming on 0.3%ML Pt10/TiO2(110) and
0.3%ML Ni10/TiO2(110) at 300K in a methanol background pressure of 5.0 · 10−7 mbar.
Violet bars indicate light exposure. The traces are offset for clarity. The activity of
platinum clusters is more than an order of magnitude higher than that of nickel clusters.

alcohol photoconversion experiments under ambient conditions using Ni and Pt as co-
catalysts on TiO2.[185] The higher product formation rate of platinum can be explained
with its much higher hydrogen evolution capability. This probably originates from
differences in the metal-hydrogen bond strength, as volcano plots from electrochemical
studies suggest, although they have to be interpreted with caution.[192–194] Unlike Ni-
decorated titania, Ptx/TiO2(110) does not deactivate by photocorrosion and shows stable
catalytic activity over hours (see section 4.5). While the Auger spectra of Nix/TiO2(110)
revealed persistent carbon deposits on the surface after catalysis and even after heating
to 800K, no carbon is observed in comparable Auger spectra of Pt>47/TiO2(110) after
catalysis (see figure 4.13). Overall, the high activity and stability of the Pt-loaded
titania makes Pt a more attractive co-catalyst material than Ni for the photocatalytic
hydrogen evolution from alcohols on TiO2(110).

This observation corroborates the methanol photoreforming using 1%ML Pt atoms as
co-catalyst (see figure 4.14). While 1%ML Ni1 shows negligible amounts of hydrogen
evolution during illumination (figure 4.11c)), the same amount of platinum atoms on
TiO2(110) gives a considerable, steady H2 formation activity. However, 0.3%ML atomic
Pt does also not exhibit detectable H2 evolution activity during methanol photooxidation.
This observation demonstrates that the amount of metal co-catalyst apparently needs
to be above a critical threshold concentration for significant H2 evolution. The same
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Figure 4.13. Auger spectra of bare TiO2(110) (black), 0.3%ML Pt>47/TiO2(110) (blue)
and 3%ML Nix/TiO2(110) (yellow) after methanol photoreforming experiments at 300K
and subsequent annealing to 800K in order to desorb any surface species. The latter one
was measured above 380K to show the persistence of the carbon KLL peak at 272 eV
(inset on the bottom right). The peaks are assigned using [195].

phenomenon is observed for 1%ML atomic Ni (figure 4.11c)), although the amount of
metal is three times higher than for 0.3%ML Pt atoms, corroborating an intrinsically
higher activity of Pt as co-catalyst material when compared to Ni.

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 between
0.1% and 2%ML on TiO2(110). The corresponding H2 and formaldehyde TOFs are shown
in figure 4.14. A green, yellow and brown background colour denotes equal amounts of
Pt atoms on the surface among different size-coverage combinations.

As a general trend, it can be stated that a higher coverage leads to a higher TOF within
a given cluster size, in agreement with a study by Hao et al..[95] This is conceivable since
the clusters act merely as H2 recombination centers irrespective of their size; a higher
cluster coverage therefore enhances the product formation rate. Coverages of 0.3%ML
and below show rather small TOFs. Hence, at low coverages, the catalytic activity is
dominated by the amount of clusters rather than their size. This holds also true for
0.3%ML Pt>47, which shows relatively low TOFs albeit the total amount of Pt is the
highest of all examples shown. Furthermore, different coverages with equal amounts of
Pt atoms (coloured bars) often give similarly high TOFs. This suggests that the amount



80 4. Results and Discussion

0.3% 1% 0.2% 0.3% 0.6% 1% 2% 0.1% 0.3% 0.336% 1% 2% 0.3%Pt1 Pt5 Pt10 Pt>470
1
2
3
4

TOF /mol
ecules*s

1 *active s
ite1  H2 Formaldehyde

1%ML Pt atoms 

Cluster SizeCluster per %ML

3%ML Pt atoms 
10%ML Pt atoms 

Figure 4.14. TOFs for hydrogen (black bars) and formaldehyde (red bars) from
photocatalytic methanol reforming on Ptx/TiO2(110) with x= 1, 5, 10,>47 at 300K
and different loadings in a methanol background pressure of 5.0 · 10−7 mbar after one
hour. A background coloured in green, yellow and brown indicates the same total amount
of Pt atoms among different coverage-size combinations.

of Pt clusters (i.e. the cluster concentration) on the surface is an important parameter
for H2 evolution, but not the total amount of Pt atoms. This is completely different
for Ni, where 0.3%ML Ni>47 showed the highest TOF.

An exception in these general trends is Pt10, which facilitates significant product evolution
already at a low coverage of 0.3%ML. Nevertheless, the activity of Pt10/TiO2(110) cannot
be arbitrarily enhanced by higher loadings. From 0.3%ML, the three-fold amount (1%ML
Pt10) and the almost seven-fold amount (2%ML Pt10) both lead to a roughly doubled
product formation rate. The similarly high TOFs of the latter two cases suggest that
above 0.3%ML Pt10, the amount of co-catalyst is no longer limiting the kinetics. At a
loading of 1% and higher, the reactant supply most probably has a much stronger impact
on the reaction rate than the removal of surface hydrogen atoms. In that case, higher
TOFs will rather be reached at higher methanol background pressures than at higher
cluster coverages. Apart from that, the TOF of 0.3%ML Pt10 exceeds the one of 0.6%ML
Pt5 (which contains the same total amount of Pt atoms) two-fold.

These findings can be rationalised by an impact of size-effects on the hydrogen recom-
bination activity. In this regard, the TOF results are generally 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 H2 formation activity.[196] Small
particles with a high concentration of five or six coordinated apex sites per surface
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area (i.e. sizes below 20 atoms) are ascribed a dramatically higher activity than bigger
clusters. Wang et al. calculated electronic properties of Pt clusters on anatase and
conclude that two Pt layer structures of 0.7 − 1.5nm in size are the ideal shape for
photocatalytic hydrogen evolution.[190] These results corroborate a recent experimental
study by Dessal et al. under ambient conditions.[197] In a theoretical study by Jiang
et al., Pt5-10 clusters on TiO2(110) are indeed found to have two-layer structures.[63]
Experimentally, two-layer structures for Pt>7 on TiO2(110) are observed by Watanabe
et al. with STM, although not for Pt5.[60] Thus, two-layer structures can be expected
for Pt10 and possibly Pt5 in this study, 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.[198] They found that bulk Pt,
Pt nanoparticles, Pt13, Pt10, and atomic Pt are all capable of H2 production, whereas
Pt10 and Pt13 outperform the others. Pt atoms shows the lowest activities. The results
are explained with the overall amount of accessible Pt, whereas no clear trend in the
electronic structure emerges with respect to the Pt 4f7/2 core levels.

These theoretical and experimental results explain the behaviour depicted in figure 4.14
thoroughly. The low or almost absent activity of Pt atoms is rationalised as follows: first,
there is a low number of Pt sites when compared to a cluster at equal coverage. Second, a
two-layer structure is absent, which is apparently favourable for H2 evolution.[190] Third,
the interaction of single Pt atoms with adsorbates and support is most likely unfavourable
for efficient H2 evolution, because the Pt1−TiO2 interaction is stronger than for bigger
particles.[63] The H2 formation activity for Pt5 is higher, due to a larger total number of
available Pt sites and probably one second-layer Pt atom as calculated by Jiang et al..[63]
Pt10 shows a two-layer structure and the parameters governing the activity are combined
optimally among the cluster sizes investigated herein (similar as in the work by Neuberger
et al.).[60, 190, 196, 198] Pt>47 instead shows a high number of available Pt sites, but
the particle size leads to a distinct metallic character of the majority of Pt atoms, which
seems less favourable for H2 evolution than it is the case for small particles.[190, 198]

In addition to the studies cited above, size effects are in general not uncommon for reactions
involving hydrogen on metal cluster-loaded surfaces.[199, 200] Since H2 formation on
Ptx/TiO2(110) expectedly proceeds via a reverse spillover mechanism from the support to
the cluster, the system shows distinct similarities to thermal size-sensitive clusters.[201] For
example, some studies suggest an enhanced catalytic activity on the cluster perimeter.[199,
202] The differences in activity would then 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). Clearly,
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Figure 4.15. TOFs for hydrogen (black) and formaldehyde (red) from photocatalytic
methanol reforming on Ptx/TiO2(110) with x= 1, 5, 10,>47 at 300K in a methanol
background pressure of 5.0 · 10−7 mbar after one hour. a) TOFs for different Pt cluster
sizes as a function of cluster loading. b) TOFs for different Pt cluster sizes as a function
of total amount of Pt atoms.

this capture zone would be larger for Pt10 than for Pt5 particles, affecting the H2

evolution capability more beneficially.

When plotting the TOF versus cluster loading (figure 4.15a)) or over the total amount
of Pt atoms (figure 4.15b)), the curve’s progression follows a logarithmic behaviour 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 Pt10,
the H2 and formaldehyde TOFs seem to approach a value of 4 molecules/(active site·s).
Notably, the curve progressions of Pt5 and Pt10 (which contain the most data points) of
a) and b) of figure 4.15 are equal but differ in the overall slope and height. For an equal
amount of Pt surface atoms (figure 4.15b)), the curve of Pt5 runs slightly but constantly
below the curve of Pt10. Thus, Pt10 TOFs are even higher if the total amount of Pt is
the same as for Pt5. Furthermore, although Pt>47 has a similarly high amount of Pt
atoms as 2%ML Pt10, its TOF is only one fourth of the latter. This further indicates
an intrinsically high activity of Pt10, which is most likely associated to the electronic
structure and beyond a simple model considering the number of surface atoms only. The
general trends between cluster size and activity agree with the size dependencies found
in the literature, as discussed above.[190, 196, 198]

The asymptotic behaviour of the Pt10 curve in figure 4.15 indicates that an upper TOF
value of roughly four molecules per second and active site can be achieved, putting the
benefits of higher cluster coverages into perspective. In fact, it has already been observed
that high metal loadings are detrimental for the photocatalytic activity and for titania
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Figure 4.16. Pressure-normalised TOFs for hydrogen (black) and formaldehyde (red)
from photocatalytic methanol reforming on a) Pt10/TiO2(110) and b) Pt5/TiO2(110) for
different cluster loadings (0.1− 2.0%ML) at 300K in a methanol background pressure of
5.0 · 10−8 mbar (light colour) and 5.0 · 10−7 mbar (dark colour) after one hour.

nanoparticles, optimal values usually do not exceed more than only a few weight percents
of platinum.[203, 204] An increase of reactant supply, as already speculated above, will
be more beneficial for higher reaction rates than an increase of the surface coverage
of co-catalyst. Indeed, this is clearly visualised when the TOF is normalised by (and
therefore independent of) the pressure, as exemplified for Pt10 and Pt5 in figure 4.16).
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 as can be seen in figure 4.17. These impacts of cluster
loading and reactant supply on the maximum TOF corroborate the mechanistic picture of
thermal H2 formation by surface hydroxyl recombination. This reaction step occurs solely
at the metal clusters and is a consecutive reaction step succeeding the photon-driven
α-H cleavage of the alcohol, which takes place on the semiconductor. Consequently, if
the concentration of surface hydrogen is too low due to insufficient supply of reactant,
increasing the number of hydrogen recombination sites by a higher cluster density does
not lead to notable changes in the overall reaction rate.

Throughout the experiments, the formaldehyde trace constantly shows an intensive burst
when illumination begins, irrespective of the overall catalyst activity. Similarly, the trace
drops immediately back to the baseline level in the dark when stopping the illumination.
This is not the case for the hydrogen trace, indicating different desorption kinetics of these
two photo-products. As the formation of H2 is achieved by a consecutive reaction step on
the metal clusters, it exhibits a different behaviour than the preceding photo-reaction
yielding formaldehyde and can be regarded as an isolated reaction step. Consequently,
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Figure 4.17. TOFs for hydrogen (black) and formaldehyde (red) from photocatalytic
methanol reforming on Ptx/TiO2(110) with x= 1, 5, 10,>47 at 300K in a methanol
background pressure of 5.0 · 10−8 mbar after one hour as a function of cluster loading.

a more detailed evaluation of the H2 trace may provide further information about the
formation kinetics of this molecule. Figure 4.18 shows excerpts from photocatalytic
experiments after illumination on 1%ML Pt10 (a)) and 0.3%ML Ni>47 (b)) on TiO2(110)
at 300K to illustrate the resulting effect.

- 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5 - 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5

 H 2
 F o r m a l d e h y d e

No
rm

aliz
ed

 In
ten

sity
 /a

rb.
 u.

T i m e  / m i n

1 %  P t 1 0

 H 2
 F o r m a l d e h y d e

T i m e  / m i n

0 . 3 %  N i > 4 7

Figure 4.18. Excerpts of traces for hydrogen (black) and formaldehyde (red) after illumi-
nation in photocatalytic methanol reforming experiments on a) 1%ML Pt10/TiO2(110) and
b) 0.3%ML Ni>47/TiO2(110) at 300K in a methanol background pressure of 5.0·10−7 mbar.
0min is defined as the moment when the light flux was blocked.
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For both co-catalysts, the formaldehyde trace shows a sharp drop when the illumination
is stopped (set to 0 min), while the hydrogen 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. This
further evidences that the desorption mechanisms are presumably identical for both
co-catalysts and the H2 evolution reaction represents a consecutive reaction step to
the photo-reaction, which is formally independent of methanol photo-oxidation. As a
consequence, the rate of this partial reaction depends on the clusters surface concentration
and their capability for hydrogen recombination and desorption, which may be expressed
as a rate constant. Figure 4.19 shows baseline-corrected data extracted from different
experiments with different amounts of co-catalyst loadings. The curves were fitted with
an exponential decay function r(t) = R0 · e−kt, where r(t) is the rate at a certain time t
during the decay, k is the rate constant and R0 is the pre-exponential factor and fixed to
the last recorded molecular ion current value before stopping the illumination.

Figure 4.19 shows the decaying of the hydrogen trace after stopping the light flux for
different coverages of Pt5 and Pt10 on titania. Clearly, a higher co-catalyst loading
involves a higher rate constant, which gives a faster decay. For Pt5, a two-fold loading
leads to a doubling of the rate constant. Obviously, a higher loading has a stronger
beneficial effect on H2 recombination for the smaller clusters. This agrees well with the
results from figure 4.15 discussed above. For Pt5, the regime of co-catalyst saturation is
not reached at a 2%ML coverage, in contrast to Pt10. Increasing the Pt5 loading leads
to a more pronounced change of the decay of the H2 trace and thus of k. These results
confirm the significance of sufficiently fast H2 formation from surface hydrogen species
to prevent the thermal back-reaction with formaldehyde to methoxy, which hampers the
overall product formation rate. In comparison, Pt10 shows faster decays than Pt5 at equal
coverages, agreeing with the higher TOFs of Pt10 compared to Pt5 at equal loadings and
reflecting the different capabilities of removing hydrogen from the titania surface. In
other words, the surface chemistry displayed in the TOFs are also observed in the H2

formation kinetics. A kinetically fast removal of hydrogen as H2 is expressed in high k
values and a concomitant high TOF of product formation (figure 4.14).

In summary, a different impact of size-selected Ni and Pt co-catalysts on photocatalytic
methanol oxidation on TiO2(110) is revealed. For Ni, catalyst deactivation occurs for
all cluster sizes and coverages studied, which is not observed for Pt clusters. Moreover,
Pt as co-catalyst on TiO2(110) generally leads to a higher product formation rate than
Ni. Regarding the cluster size and coverage effects, an increase of the total amount of
Ni on the surface, i.e. larger clusters or higher coverages, results in a TOF enhancement
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Figure 4.19. Excerpts of traces for hydrogen after illumination in photocatalytic
methanol reforming experiments for 1%ML and 2%ML of Pt5 (yellow) and Pt10 (grey)
at 300K in a methanol background pressure of 5.0 · 10−7 mbar. The dashed red lines fit
the exponentially decaying traces according to r(t) = R0 · e−kt, where r(t) is the rate
at a certain time t during the decay. The resulting k values resemble the respective
rate constants. The pre-exponential factor R0 is fixed to the last recorded molecular ion
current value before stopping the illumination.

without size-specific effects. In contrast, such effects must be taken into account for
Pt, where the choice of a particular size is important to improve the H2 formation, in
addition to the total amount of metal on the semiconductor. In general, the findings
suggest that a two-layered geometry of small Pt clusters may to be highly beneficial for
H2 evolution. These results are confirmed by an analysis of the decay of the hydrogen
QMS trace occuring when the illumination is stopped. An exponential fit enables the
quantification of rate constants for the hydrogen evolution reaction and their behaviour
agrees well with the TOFs determined in the photocatalytic experiments. Furthermore,
the decay of the signal again demonstrates that the H2 evolution is indeed a consecutive
thermal reaction to the photo-reaction.
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4.10 Outlook: Effect of Strong Metal-Support
Interaction on the Photocatalytic Activ-
ity of Size-Selected Pt Clusters on TiO2(110)

In 1978, Tauster et al. were the first to observe a significant decrease in H2 and CO
chemisorption after reducing the catalysts, consisting of group VIII metal nanoparticles
supported on TiO2 powder, at 800K in an H2 atmosphere.[67] The authors attributed
this phenomena to a strong metal-support interaction that may change the morphology
and electronic structure of the catalyst. In the next years, it became evident that the
suppression of H2 and CO uptake results from the growth of a thin TiOx layer over
group VIII metal nanoparticles.[205] Nowadays, the strong metal-support interaction
of Pt-decorated titania catalysts, as well as other group VIII metals supported on
reducible oxides, is relatively good understood.[206, 207] The encapsulation effect is
actually commonly exploited in heterogeneous catalysis and electrocatalysis to improve
the catalytic performance and enhance the stability.[207–211]

Pesty et al. reported that grown Pt islands are encapsulated by a thin TiOx suboxide
layer above 450K in UHV on TiO2(110).[212] Whereas the group of Diebold observe that
Pt nanoparticles get encapsulated after annealing to 775K.[71]

The results of a preliminary study presented here want to exploit the SMSI to protect
presumed highly reactive Pt clusters by encapsulating them with a thin titania layer. The
thin titania oxide layer might protect the Pt clusters from any contaminations, while this
film may still be permeable for hydrogen atoms so that the photocatalyst remains active
for the hydrogen evolution. This assumption is supported by electrochemical studies,
where encapsulated Pt nanoparticles suppress the oxygen evolution reaction and the CO
oxidation, but still exhibit a high hydrogen oxidation activity.[210, 211]

This work compares the photocatalytic activity in methanol reforming of as-deposited
and encapsulated Pt5 and Pt10 supported on TiO2(110) and probes the photocatalyst’s
stability in air. For this purpose, two different samples, 2%ML Pt5 and 1%ML Pt10,
are investigated. In a first part, the photoactivity of the ’fresh’ catalyst is determined
in a methanol photoreforming experiment, analogously to experiments presented in
section 4.9. Subsequently, the sample is heated for 5min at 800K to build a thin TiOx

overlayer; afterwards the photoactivity is measured again. In a second part, the annealed
photocatalysts are exposed to either laboratory or synthetic air. Subsequently, the catalytic
activity in the methanol photoreforming is probed again and compared to each other.

The mechanism of methanol photoreforming on a freshly prepared photocatalyst is
extensively described in section 4.4. Briefly, upon UV illumination, the photo-active



88 4. Results and Discussion

1 0 1 2 3 4 5 6 7 80
2
4
6
8

10

freshpost 800 K anneal

freshpost 800 K anneal

Rate /mo
lecules*s

1 *active s
ite1

Time /min

2%Pt 5
Formaldehyde
H2

UV illumination

a)

1 0 1 2 3 4 5 6 70
2
4
6
8

10
freshpost 800 K anneal

Rate /mo
lecules*s

1 *active s
ite1

Time /min

1%Pt10H2

Formaldehyde freshpost 800 K anneal
UV illumination

b)

Figure 4.20. Photocatalytic methanol reforming on ’fresh’, i.e. as-deposited, and
annealed to 800K a) 2%ML Pt5- and b) 1%ML Pt10-loaded TiO2(110). The methanol is
converted to H2 (m/z 2) and formaldehyde (m/z 30) at 300K in a 5 · 10−8 mbar reactant
background. The dark traces represent the formation of H2 and formaldehyde with the
fresh catalyst and the bright traces represent those with the post-annealed to 800K
catalyst. The annealed sample is still able to form H2 and formaldehyde. The purple bars
represent the period of UV illumination. Note that the traces are offset for clarity.

methoxy adsorbed on the semiconductor surface is oxidised to formaldehyde. The
abstracted hydrogen atom diffuses on the surface to a Pt cluster, where it thermally
recombines with another hydrogen to leave the co-catalyst as H2.

Figure 4.20 demonstrates that the formation of formaldehyde and H2 is not reduced by
annealing the 2%ML Pt5 or 1%ML Pt10-loaded TiO2(110) sample to 800K. At 800K,
a thin TiOx suboxide should be formed.[71, 212] Apparently, this overlayer does not
affect the photocatalytic activity and is permeable for hydrogen atoms. Actually, the
photocatalytic activity even seems to be slightly increased by the annealing step.7 As
the oxidation reaction occurs on the bare titania surface, it is not remarkable that the
hole-driven reaction is not altered by the annealing step. However, a suppressed hydrogen
evolution activity would increase the back-reaction of formaldehyde to methoxy and
thus decrease the desorbing amount of formaldehyde. As this is not the case and H2

is desorbing upon illumination, encapsulated Pt clusters are indeed able to evolve H2

comparable to as-deposited clusters. This is in accordance with results from the group of
Navio and Urbano. They report that the photocatalytic oxidation activity of iso-propanol
to acetone and H2 in the gas-phase on Pt/TiO2 powder is increased for the annealed
sample.[213] Furthermore, they observe an increased photocatalytic hydrogen evolution
from a glucose/water solution of the annealed Pt/TiO2 sample.[214]
7One must be very careful in a quantitative analysis because a slightly different crystal position might
already change the amount of species entering the skimmer of the QMS. Therefore, it will be refrained
from a more quantitative interpretation because this would require significantly more data for better
statistics.
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The encapsulated samples are by following recipes from literature.[71, 212] However, all
the SMSI studies so far in the literature are based on evaporated Pt atoms that are grown
to nanoparticles or islands upon annealing to high temperatures. Size-selected cluster
might behave differently. In addition, the titania surface and the Pt clusters are covered
with reactants, intermediates, and decomposition products, this may change the behaviour
of the clusters upon annealing. For example, Bonanni et al. observed a significant ripening
of Pt7 clusters in an CO and O2 atmosphere.[62] Therefore cluster ripening, migration
and/or coalescence needs to be considered. The clusters might undergo Smoluchowski
ripening and dimers, trimers might be formed upon annealing. An STM and/or AFM
study might reveal the stability of reactant-covered size-selected clusters upon annealing.

Moreover, it is still under debate, whether small nanoparticles of only a few atoms are
also completely encapsulated by a TiOx layer.[68, 69, 215] The group of Weixin grow Pt
particles of different sizes via evaporation and annealing on TiO2(110) and they claim
that small Pt clusters of about 1.4nm do not exhibit barely any SMSI, whereas bigger
particles of 20nm do. Conversely, Han et al. report even a SMSI state upon annealing
to 900K of single Pt atoms on TiO2 powder.

With the given apparatus, CO TPDs of the annealed sample would clarify if sites on Pt
clusters are accessible for CO adsorption and whether the clusters are fully or partially
encapsulated. A feature at around 500K stemming from ’bare’ Pt clusters will be
apparent in the CO TPD if the clusters are not fully encapsulated.[62, 67, 68, 212, 216] A
subsequent H2O TPD will demonstrate that Pt clusters are still present on the surface
if a H2 feature arises (see figure 3.11).[68] In cooperation with another group, LEIS
measurements would further provide evidence, whether the Pt clusters are also physically
encapsulated by a thin titania layer or if they are only coordinated by TiOx so that
they are not accessible anymore for CO adsorption.

The encapsulated 2%ML Pt5 and 1%ML Pt10-loaded TiO2(110) photocatalyts are exposed
for several hours to respectively synthetic or laboratory air at ambient pressures. After-
wards, the samples are introduced in the UHV chamber again followed by an annealing
step to 800K in order to desorb all possible adsorbates. The syn-air exposured catalyst
displays identical photocatalytic activity as can be seen in figure 4.21a); formaldehyde
and H2 are produced in the same amounts as before this exposure. Consequently, the
encapsulated Pt-TiO2 sample is stable in an atmosphere of O2, N2 and traces of water
(5 vol-ppm). The protected Pt clusters are thus resistant towards oxidation by O2, or
at least it does not affect the hydrogen evolution activity.

This is different for an exposure to laboratory air at atmospheric pressure. The lab-air
exposed photocatalyst exhibits a strongly reduced photo-activity compared to the annealed
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Figure 4.21. Photocatalytic methanol reforming on annealed to 800K and exposed to a)
laboratory air 2%ML Pt5- and b) syn-air 1%ML Pt10-loaded TiO2(110). The methanol
is converted to H2 (m/z 2) and formaldehyde (m/z 30) at 300K in a 5 · 10−8 mbar
reactant background. The grey and magenta traces represent the formation of H2 and
formaldehyde with the annealed catalyst and the blue and orange traces represent those
with the air-exposed catalyst. The sample exposed to syn-air is still able to form H2 and
formaldehyde whereas the catalyst exposed to laboratory air reduces significantly the H2
and formaldehyde production. The purple bars represent the period of UV illumination.
Note that the traces are offset for clarity.

one, displayed in figure 4.21b). H2 is barely evolving from the lab-air sample suggesting
that the Pt clusters, i.e. the H2 evolution sites, are poisoned different to a poisoning of
the photo-oxidation sites on the titania surface. This matches that the formaldehyde
production is comparable to bare TiO2(110) (see section 4.3 for more details).

Assuming comparable sensitivity towards contaminations of both 2%ML Pt5 and 1%ML
Pt10-loaded TiO2(110) samples, it is unlikely that O2, N2 or traces of water (5 vol-ppm)
cause the deactivation of the lab-air exposed catalyst. Other components, which are
found in the lab-air must be responsible for the Pt cluster poisoning.

AES spectra of both samples recorded after exposure to syn-air and lab-air reveal that a
distinct sulphur peak (152 eV) appears in the spectrum of the poisoned sample (lab-air),
shown in figure 4.22b). For the rest, both spectra show the expected Pt, Ti, O and C
signals. Sulphur species might adsorb on the titania-covered Pt clusters considering the
strong affinity of sulphur to Pt and inhibit the H2 evolution.[217–219] Sulphur is a typical
poisoning agent, especially known in the automobile exhaust catalysts.[217, 220] The
laboratory air might contain small amounts of sulphur compounds, as sulphur oxides,
sulphuric acids, or thiols. In addition, hydrosulphide compounds might evaporate from
rotary vane pumps in the laboratory, that are driven with mineral oil.

More experiments must be performed to confirm the first assumption that sulphur species
inhibit the H2 evolution on the Pt clusters. Gaseous sulphur compounds, like SO2 or
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Figure 4.22. AES spectra of syn-air exposed 2%ML Pt5/TiO2(110) and lab-air exposed
1%ML Pt10/TiO2(110) recorded a) from 30− 700 eV and b) from 100− 200 eV with a
higher sensitivity. a) and b) are recorded one after the other respectively. a) shows
the the excepted Pt, Ti, O, and C peaks for the lab-air and syn-air exposed samples.
b) highlights that the lab-air exposed sample features a sulphur peak at 152 eV which
is not present in the syn-air exposed spectrum. The spectra are recorded after the
photoreforming of methanol from 30− 700 eV at about 200− 300K. The carbon peak is
attributed to residual carbon species from the photocatalytic reforming of methanol.

H2O, could be dosed in very low amounts onto the annealed catalyst in order to verify a
possible poisoning by sulphur compounds. A clear relation between sulphur adsorption at
Pt clusters and a deactivation in photocatalytic activity may be established in this way.

To summarise, photocatalytic methanol reforming is enabled on the annealed 2%ML Pt5
and 1%ML Pt10-loaded TiO2(110) photocatalysts in the same amount. Annealing to 800K
is intended to encapsulate and thus protect the Pt clusters with a thin titania layer. Syn-air
exposed samples do not show any deactivation, whereas lab-air drastically deteriorates the
photocatalytic activity. AES spectra suggest that sulphur is poisoning the H2 evolution
co-catalyst. Encapsulated Pt clusters may indeed be applied in photocatalysis, but its
stability should be investigated in more detail.
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5
Conclusion and Outlook

This thesis provides mechanistic insights into the photochemical and photocatalytic
alcohol conversion on bare and metal-loaded TiO2(110). The model system consisting of
size-selected metal clusters deposited on a single-crystal facilitated the study of surface
processes on a molecular scale. Moreover, studies under UHV conditions combined with
the synthesis of metal clusters with the laser vaporisation cluster source ensured an
atomically-precise manipulation of the surface, and the size and loading of the co-catalysts.
This allows to study the influence of the size and the loading of the co-catalyst individually.
The independent variation of different parameters, such as temperature, pressure, or
light intensity allowed for a deconstruction of reaction pathways and catalytic cycles
into ’snapshots’ to gain a profound understanding on a molecular level. In this way,
it became possible to elucidate photochemical reaction pathways of various alcohols
on bare titania and to establish a catalytic cycle for the photocatalytic conversion of
alcohols on Pt- and Ni-loaded titania.

The product distribution for the photochemical conversion of isobutanol on bare TiO2(110)
strongly depends on the temperature. The temperature determines whether a consecutive
photo-oxidation reaction of the primary product, the aldehyde, is enabled or the thermal
desorption of the primary photo-product results. Below room temperature, the aldehyde
is trapped on the surface and gets further oxidised to propane and CO. This second
photo-reaction involves a C-C bond scission that leads to the abstraction of a propyl
radical. The propyl radical resides on the surface until it recombines with a hydrogen
atom to form propane. Above room temperature, the desorption of isobutanal is faster
than the sequential photo-reaction.
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The overall selectivity for the hole-driven oxidation of tert-butanol on bare titania is also
temperature-dependent, but in contrast to isobutanol two individual reaction pathways
proceed in parallel. The photo-oxidation pathway leads to the formation of acetone and
the ejection of a methyl radical into the gas-phase, unlike to propyl radicals that reside on
the surface. The photo-oxidation reaction occurs at every investigated temperature though
the yield increases with temperature as the product desorption is favoured. In contrast,
the dehydration pathway requires a certain temperature to activate a proposed cyclic
transition state. The photochemical conversions of both, isobutanol and tert-butanol,
exhibit a significant temperature-dependence; however, the underlying mechanisms are
completely different. These examples showcase the richness in photochemical processes
and demonstrate the importance of a mechanistic understanding of individual thermal-
and photochemical reaction steps.

Tertiary alcohols that possess at least one alkyl chain longer than methyl do selectively
abstract the longer alkyl chains and not the methyl group in the photo-oxidation reaction
on TiO2(110). This is in contrast to the photo-oxidation of tert-butanol, where a cleavage
of bonds to methyl groups are enabled. The abstracted radical, ethyl or propyl, resides on
the surface and recombines with a hydrogen atom to leave the surface as the respective
alkane, comparable to the propyl radical in the sequential photo-reaction of isobutanol.
The reaction that can be described as disproportionation reaction to ketones and alkanes,
is fully stoichiometric and since all the products are desorbing at the reaction temperature,
the conversion can be performed catalytically on bare titania. Further, the photoreforming
of 3-methyl-3-hexanol reveals that ethane and pentanone is preferably formed over propane
and butanone, which can be explained with the thermochemistry of radical formation.

The photoreforming of primary and secondary alcohols on bare TiO2(110) is accompanied
by a hydroxylation of the surface resulting from the dissociative adsorption and the
α-H abstraction. The hydrogen atoms accumulate on the surface because titania is not
able to facilitate the recombination of two hydrogen atoms at room temperature. A
comparison of the different reaction steps of methanol and 2-methyl-2-pentanol indicates
that the origin of poisoning in methanol photoreforming results from the back-reaction of
formaldehyde with surface hydroxyls and is not caused by changes in the charge carrier
dynamics. This demonstrates that every single reaction- and back-reaction step must
be considered for a thorough modelling of photocatalytic systems.

The photo-conversion of various primary and secondary alcohols and tert-butanol can be
driven catalytically in a constant alcohol background by the addition of Pt co-catalysts.
Pt clusters deposited on titania enable the recombination and desorption of hydrogen
atoms in contrast to bare titania and, thereby, facilitate a stoichiometric reaction. A
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thorough interpretation of the results gained from catalytic measurements and a detailed
analysis of surface species lead to a reaction mechanism that explains the observed
one-photon dependence and considers the surface chemistry and semiconductor physics.
The commonly mechanistic picture derived from photoelectrochemistry implies that the
hydrogen evolution reaction on Pt is driven by photo-electrons, whereas the results in
this thesis indicate that the hydrogen recombination on Pt is a thermal process. This
mechanism may even be valid for other reducible oxide semiconductors and showcases that
photocatalytic concepts may be different to those derived from (photo)electrochemistry.

Generally, the photo-oxidation of different alcohols to aldehydes or ketones occurs on
the titania surface, whose chemistry also determines, together with the temperature, the
product distribution. The deposition of Pt clusters under anaerob conditions does not
qualitatively alter the photo-oxidation reaction. Certainly, since the Pt clusters prevent a
surface hydroxylation and thus an increase in the rate of thermal back-reaction, the alcohol
conversion is drastically enhanced. Besides this, water-free alcohol photoreforming at
room temperatures allows for a highly selective generation of aldehydes and ketones when
suitable conditions were chosen carefully, as e.g. the absence of O2 and the temperature.
While Pt clusters do not change the photoreaction itself, they can induce additional
reaction channels as observed in the photoreforming of tertiary alcohols with longer
alkyl chains. Pt clusters enable hydrogen evolution, which leads to a decrease of the
concentration of surface hydrogen. The low hydrogen concentration leads to increasing
alkyl species on the surface, which makes the alkyl radical dimerisation more probable to
form a longer alkane so that the overall reaction remains stoichiometric. These findings
demonstrate the complexity of presumed simples systems and may to some extent explain
the variety of products in liquid and ambient pressure photocatalytic studies.

The Ptx/TiO2(110) exhibits a high stability in the alcohol photoreforming, but Pt is
rare and expensive. Here, it is demonstrated that also cheap and abundant nickel co-
catalysts facilitate the photocatalytic hydrogen evolution from methanol. Moreover, the
behaviour suggests that the mechanism proposed for Ptx/TiO2(110) is also valid for Ni
co-catalysts on TiO2(110). However, conversely to Pt-loaded titania, the photo-activity
of Nix/TiO2(110) is declining at longer illumination times under reaction conditions.
Non-desorbing carbonaceous deposits on Ni clusters are hold responsible for the reduced
hydrogen evolution capability. The carbon deposition only occurs under illumination and
the decrease in photo-activity represents a photocorrosion process. This deactivation
process is observed for all investigated cluster sizes, though larger clusters and higher
coverages exhibit a slower deactivation process in addition to a higher product formation
rate. However, the activity of Ni-loaded titania with the same size and loading significantly
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underperforms that of Pt by more than an order of magnitude. Unlike Ni clusters, whose
activity increases with the absolute amount of Ni, size-selected Pt clusters show a size-
specific effect. The H2 evolution rate exhibits a maximum for Pt10 within the investigated
sizes. This is attributed to a 3D-layer geometry of the cluster. However, larger cluster sizes
do not simply increase the H2 evolution rate, whereas a higher loading increases the H2

evolution rate for the same size. These findings clarify that one material cannot be readily
exchanged by another material although the role in the catalytic cycle is the same. This
especially concerns specific size effects, which are supposed to be highly material specific.
Theoretical calculations may serve on the one hand to explain the observed size-effect
and on the other hand help to find the optimum co-catalyst size for a particular material.

The titania surface itself is relatively inert towards any contaminations, but clusters
comprising only a few atoms may presumably be not.[23] Hitherto, all photocatalytic
experiments have been performed in an ultra-high vacuum chamber under ideal conditions
and in the absence of any unwanted substances, as e.g. H2O, O2 or CO2, which are
usually present under more applied conditions. Therefore, preliminary studies have been
performed pertaining to the protection of Pt, and possibly even Ni clusters, by exploiting
the strong metal-support interaction. The clusters may get encapsulated by annealing
the sample above a certain temperature.[206, 207] The encapsulation may even prevent
Ni clusters from carbon deposits during the photo-reaction as the thin TiOx layer is
permeable for hydrogen atoms, but not for carbonaceous molecules, such as methanol,
formaldehyde, CO or other intermediates.[210, 211] Hence, encapsulated Ni, as highly
abundant and cheap material, could be used as stable co-catalyst in the photocatalytic
alcohol reforming. Though, the cluster’s stability and the degree of encapsulation upon
annealing must be investigated in more detail.

For future experiments, infrared reflection absorption spectroscopy, that is currently being
implemented into the setup, could be a helpful analytic tool to investigate the surface
species in photo-reactions in more detail, as it allows the identification of adsorbates
and the elucidation of their binding behaviour. Furthermore, adsorbed CO can be used
as probe molecule to investigate the degree of encapsulation.[221, 222] Besides, carbon
deposits can be analysed by the evaluation of the CO stretch position as they are supposed
to cause a redshift in the CO stretch frequency due to electron donation to the metal.[199,
223–225] Further, the CO frequency may provide insights into the oxidation state of the
clusters as the latter one changes the bonding strength of CO, which in turn is reflected
in the CO stretch frequency.[226] Presumably, the doping of the semiconductor may also
induce a shift in the CO stretch frequency as the bonding of CO to the cluster may be
affected. For example, e.g. Crampton et al. showed that a change of the support acidity
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causes a change in the CO bonding strength and consequently a shift in the CO stretch
frequency.[223] Similarly, Rötzer et al. revealed that the electronic modification of a thin
SiO2 support influences its charge transfer to cluster and thus induces a shift in the CO
absorption.[227] Therefore, a different doping of the semiconductor support may give rise
to a different charging of the metal cluster that is reflected in the CO bonding.[228]

Beyond the study of the clusters, IRRAS also enables to identify adsorbed intermediates
during a reaction to get even more profound insights into the reaction mechanism.[32] In
addition, adsorption geometries may be identified so that e.g. the cyclic transition state
in tert-butanol photo-reaction to isobutene may be confirmed. The group of Al-Shamery
showed that this is indeed possible with IRRAS for the photo-conversion of 2-propanol.[229]
The implementation of the IRRAS setup will thus provide a complete new tool for in
situ investigations of the co-catalysts and surface species. This could be especially
helpful for the study of semiconductors other than titania, whose surface chemistry
is much less investigated and must be understood before mechanistic photocatalytic
studies can be fully interpreted.

A promising candidate for such a semiconductor is SrTiO3 as SrTiO3-based photocatalysts
promote photocatalytic full water splitting into H2 and O2.[4, 230–232] For example, the
group of Takanabe demonstrated that Pt-decorated SrTiO3 evolves H2 and O2 under UV
illumination from pure water; presumably, Pt acts as H2 evolution catalysts and SrTiO3

enables the O2 evolution.[231] All those studies were performed on powder photocatalysts
in aqueous solutions or pure water, but to the best of my knowledge no photochemical
studies have been done on SrTiO3 single crystals up to now. Though several thermal
surface science studies have been performed on the (100) facet which indicate that the
stoichiometric TiO2-termination might behave similarly to TiO2(110) with the difference
that SrTiO3 might evolve O2.[233–235] Photocatalytic mechanistic studies on SrTiO3(100)
will be challenging, but possibly reveal the intermediates involved in the O2 evolution
and the mechanism behind full water splitting on this material.
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Photocatalytic selectivity switch to C–C scission:
a-methyl ejection of tert-butanol on TiO2(110)†

Constantin A. Walenta,‡ab Sebastian L. Kollmannsberger,‡a Carla Courtois,a

Martin Tschurl a and Ueli Heiz*ab

The thermal and photochemical mechanistic pathways for tertiary alcohols on the rutile TiO2(110)-

surface are studied with the example of tert-butanol. While the thermal reaction is known to yield

isobutene, the photochemical ejection of a methyl radical is observed at 100 K. The C–C scission, which

is accompanied by the formation of acetone, is the only photochemical reaction pathway at this

temperature and can be attributed to the reaction of photoholes that are created upon UV-light

illumination at the surface of the n-type semiconductor. At 293 K the selectivity of the reaction changes,

as isobutene is additionally formed photochemically. A comparison of the kinetics of the different

reactions reveals further insights. Together with the quantitative evaluation of the reaction products at

low temperatures and the comparison of the reaction pathways at different temperatures it is

demonstrated how thermal effects can influence the selectivity of the reactions in photocatalysis.

1 Introduction

While photocatalysis is currently increasingly studied in the
context of energy production and storage, it is also an often
used approach for the decomposition of organic pollutants.1

In this regard, titania is one of the most often applied materials, as
this substance offers a rich oxidation catalysis of organics. The
underlying reaction pathways may also be exploited in other fields
of chemistry as for example, biomass conversion to fuels or high-
value chemicals. These chemical processes are still limited by a
lack of selectivity and new reaction pathways are highly desired.2

In this regard, primary, secondary and tertiary alcohols are struc-
tural motifs that are often found in the conversion of biomass.
Furthermore, tert-butanol, which is studied in this work, is a
common additive to fuels as a gasoline octane booster, although
its effects on the environment are still under investigation.3,4

While titania exists in different modifications, rutile TiO2(110)
is by far the most researched surface.1,5 While the detailed

mechanisms via a-H abstraction of alkoxy species are known for
methanol,6,7 ethanol8 and iso-propanol9 on this surface, tertiary
alcohols have hitherto been neglected in photocatalytic studies
on single crystal surfaces. This may be because textbooks about
organic chemistry usually state that tertiary alcohols are inert
towards oxidation.10 Nevertheless, attempts have been tried to
use platinum-loaded TiO2 (P25) particles for the photochemical
conversion of tert-butanol.11,12 It was shown that the alcohol can
indeed be converted into a variety of products. However, the
exact reaction pathways remained elusive, which was also the
case when this alcohol was added to steer the selectivity of
the photooxidation towards aldehydes in a different study.13

The thermal chemistry of tert-butanol exhibits a dehydration
pathway to isobutene via a concerted E2-elimination of water
instead of an oxidation reaction.14 Furthermore, Dohnalek and
co-workers have only recently reported a new thermal reaction
pathway of phenylmethanol to methylbenzene and benzylradicals,
because the benzene ring stabilizes the radical species.15 As in the
case of tert-butanol an a-hydride elimination is disabled, similarly
direct deoxygenation occurs in the thermal reaction.14 In this
work, we study the photochemical reaction mechanism of the
rutile reduced TiO2(110) surface [r-TiO2(110)] for tert-butanol.
It is shown how the thermal and photochemical reaction steps
contribute to the selectivity of the overall reaction outcome.

2 Experimental

The experiments were carried out in an ultrahigh vacuum
(UHV) apparatus equipped for photochemical measurements
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as described previously.16,17 The cylindrical TiO2(110) single
crystal (Surface-net GmbH) is mounted on a 1 mm thick
tantalum plate with tantalum clamps and a very thin gold foil
to ensure good thermal conductivity. Crystal cleaning was
accomplished by cycles of Ar+-sputtering (5.0 � 10�6 mbar,
20 min, 100 K, 11.8 mA), annealing in oxygen (1 � 10�6 mbar,
820 K, 20 min) and vacuum annealing (820 K, 10 min) and no
impurities were detected in the Auger electron spectra. The
defect concentration of the reduced, blue crystal (denoted
r-TiO2(110)) was determined by H2O temperature programmed
desorption (TPD) to be about 6% � 1%.18 Thermal and photo-
desorption experiments were carried out in a line of sight
geometry with respect to the quadrupole mass spectrometer
(QMA 430, Pfeiffer Vacuum GmbH) with a distance of about
4 mm to the skimmer. UV illumination of the sample was accom-
plished by a frequency doubled OPO laser (GWU, premiScan
ULD/400) that is pumped by the third harmonic of a Nd:YAG-laser
(Innolas Spitlight HighPower 1200, 7 ns pulse width, 20 Hz
repetition rate). The as-generated light pulses (700 mJ per pulse,
242 nm) illuminate the sample entirely. Laser induced thermal
heating effects were not observed and tert-butanol did not show
any absorption in the UV-vis spectra in the spectral region of
the illumination. The tert-Butanol (2-methyl-2-propanol, Sigma-
Aldrich, Z99.5%) and tert-butanol-OD (2-methyl-2-propan(ol-d),
Sigma Aldrich, 99 atom% D) were cleaned by pump–thaw cycles
and dosed via background dosing. The coverages are referenced
to the number of Ti4+-sites, for which a monolayer is normalized
to the H2O desorption yield from all Ti-sites (1 ML � 5.2 �
1014 sites per cm�2). Further experimental details including

product identification, cracking pattern correction and ionization
sensitivities are given in the ESI.† The photon-stimulated
desorption (PSD) experiments are carried out by recording mass
traces of products desorbing from the semiconductor under
isothermal conditions at a given temperature.

3 Results and discussion

While the photochemical reaction behavior of tertiary alcohols
has so far not been investigated on single crystalline surfaces,
the thermal reaction pathway of tert-butanol is already quite
well understood. In good agreement with the literature,14,19 it is
found that tert-butanol reacts via dehydration to isobutene,
which occurs at around 425 K. In experiments with the
deuterated tert-butanol-OD, HDO is identified as a by-product
at the reaction temperature of 425 K (Fig. S1 and S2, ESI†). The
coverage dependent molecule yields (Fig. S3, ESI†) show that
the thermal reactivity levels off after the coverage of all Ti-sites
on the surface.14 When the n-type semiconductor r-TiO2(110)-
surface, which has been previously covered with 0.18 ML of
tert-butanol, is illuminated with UV light, photon-generated
holes reach the surface and methyl-radical ejection is observed
at 100 K (Fig. 1a). While a similar photochemical methyl-
ejection from organic compounds has been observed previously
for ketones20–25 and acetaldehyde26 on oxidized TiO2(110)
[o-TiO2(110)] or in an oxygen atmosphere,27 this pathway has so
far not been identified for the reaction of alcohols. This signal is

Fig. 1 (a) Isothermal photodesorption yield vs. time for 0.18 ML tert-butanol-OD at 100 K on a r-TiO2(110) surface. When the sample is irradiated with
UV light, a CH3-radical is ejected from the tert-butanol, but further molecules do not desorb either due to the thermal or the photochemical reactions.
In the right panel (b), a post-irradiation TPD experiment is shown after 20 min of UV illumination. The photo product acetone is observed around 270 K
as well as the thermal dehydration product isobutene and unreacted tert-butanol.
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indeed a methyl-radical as verified by a comparison of the masses
15 and 16 (Fig. S4, ESI†).

As for tertiary alcohols the usual photochemical reaction
pathway6–8,29 via the abstraction of an a-H is intrinsically
excluded, the reaction with photoholes instead initiates the
cleavage of a C–C bond. More detailed insights into the reaction
pathways are obtained by subsequent post-irradiation TPD
experiments (see Fig. 1b for 20 min illumination). These
experiments reveal the formation of three different species:
acetone is identified as the resulting product from the photo-
catalytic methyl radical ejection. In addition, unreacted tert-
butanol and isobutene, which is similarly observed in the TPDs
without illumination (Fig. S2, ESI†), are detected. Auger elec-
tron spectroscopy after the TPD experiments (data not shown)
indicates that neither the alcohols nor the ketones result in a
coking of the TiO2(110) surface and, consequently, the carbon
balance can be closed.

While other reaction products are not observed, their ratio
of acetone/isobutene/tert-butanol significantly changes over
illumination times at 100 K (Fig. 2). With an increasing
illumination duration, the acetone production increases, while
both the tert-butanol and the isobutene yields diminish.
Finally, the acetone production saturates after about 30 min,
yielding 36% for an initial tert-butanol coverage of 0.18 ML.

This amounts to a conversion of 0.065 ML of tert-butanol.
Alcoxy species have previously been found to be the photoactive
species.6,7,30,31 While the actual active site for photooxidation
still remains under discussion, we follow the interpretation
of Henderson, who reports that methoxy formation occurs
either on defects, co-adsorbed oxygen adatoms or terminal OH
groups.30 As on the r-TiO2(110)-surface, only defects occur in
significant amounts, and we assign the tert-butoxy formation to

occur predominantly in bridge-bonding oxygen (BBO) defects,
as attributed by the saturation value, which is in excellent
agreement with the concentration of BBO-vacancies of 0.06 �
0.01 ML on the r-TiO2(110)-surface as determined by water-
TPD.18 Furthermore, scanning tunneling microscopy (STM)
images of 2-butanol reveal the butoxy formation only occurs
in the defect.32

Interestingly, in the present work and the previously men-
tioned studies, some thermal dehydration-reactivity of the
alcohol is still observed in the TPD after the photoproduct-
accumulation experiment at cryogenic temperatures. As the
thermal reaction has been attributed by Dohnalek and co-workers
to also take place in the BBO-vacancies, these alkenes stem from
diffusion of the alcohol into the cleared BBO-vacancies during the
TPD experiments.

Therefore, the amount of acetone formed in the photo-
reaction sites scales with the defect concentration, but not
the sum of the overall reaction products. The thermal reaction
pathway is not expected to be strongly affected by the photo-
reaction. This is also supported by the behavior of the isobutene
signal for different illumination times (Fig. 2), for which a drop
from about 30% to only somewhat below 20% is observed.

In a subsequent experiment, the photoreaction was investi-
gated at 293 K (Fig. 3a). This particular temperature was
chosen, as on the one hand significant desorption of tert-
butanol is not expected to occur. On the other hand, desorption
of acetone should be enabled according to the post-irradiation
TPD experiments (Fig. 1b) and the desorption behavior
reported in the literature.9,33 Similar as in case of Fig. 1, the
methyl radical ejection is observed from tert-butanol, while the
desorption of tert-butanol is indeed completely suppressed.
In addition, some acetone desorption is observed, although
with significantly lower intensity during the beginning of the
illumination. Unexpectedly, desorption of isobutene is also
observed under UV illumination. While it has been shown that
this molecule can even be photodesorbed below 100 K on the
r-TiO2(110) surface,28 it is detected at least 50 K below its first
desorption feature in the tert-butanol TPD experiment (Fig. S2,
ESI†). When the resulting decay curves are normalized to their
maximum value (Fig. 3b), the kinetics of the different processes
can readily be compared with each other. All desorption traces
show multi-exponential decay kinetics, which is generally
found for photochemical processes on TiO2 indicating complex
reaction pathways.34,35

However, the individual decay curves are significantly different
from each other, which depends on the respective desorbing
species: while isobutene clearly exhibits the fastest reaction
kinetics, the ejection of methyl is somewhat faster than the
acetone formation and desorption. This behavior indicates that
different mechanisms play a role, which is a combination of the
thermal and photochemical processes. The photochemistry at
100 K and 293 K as well as the thermal reactivity enable detailed
insights into the different reaction mechanisms: the methyl
radical ejection observed in all isothermal UV-illumination
experiments is clearly a photon-induced reaction. However,
this reaction is less efficient at 100 K than at 293 K, which

Fig. 2 Normalized integrated molecule yields vs. illumination time. Each
of the data points represents the integrated molecule yields from
a consecutive post-irradiation TPD run. Prior to this illumination, the
r-TiO2(110) surface is exposed to 0.18 ML tert-butanol-OD at 100 K. The
carbon balance is closed, because coking is not observed in the experiments.
With increasing UV illumination time, the photochemical yield of acetone
increases, while both the isobutene and t-butanol yields are extenuated. After
30 min, the photoreaction saturates.

PCCP Paper

Pu
bl

is
he

d 
on

 0
6 

2 
20

18
. D

ow
nl

oa
de

d 
by

 T
ec

hn
ic

al
 U

ni
ve

rs
ity

 o
f 

M
un

ic
h 

on
 2

02
1-

03
-0

2 
 7

:3
2:

50
. 

View Article Online

120 A. Publications



7108 | Phys. Chem. Chem. Phys., 2018, 20, 7105--7111 This journal is© the Owner Societies 2018

demonstrates that at least one reaction step, only accessible by
thermal chemistry, is of importance. To study the temperature
dependence further, PSD experiments of 0.18 ML tert-butanol
are carried out at several temperatures between 239 K and
330 K (Fig. S5, ESI†). The analysis of this data shows (Fig. 4)
that at 239 K about equal amounts of isobutene and acetone
are formed. An increase in the temperature of the photo-
reaction enhances the formation of both products. However,
while for isobutene only a modest increase in the yield
is detected, the signal of acetone strongly rises. We attribute
this observation to originate from the superposition of two
different effects, which are an enhanced thermal desorption
of acetone and the diffusion of tert-butanol to the photo-
active site. The changes in product yields are further reflected
in the selectivity of the photoreaction (Fig. 4b). While at
low temperatures about 50% selectivity toward acetone is
found, this value increases to over 80% at room temperature
and above.

The absence of a distinct low-energy structure as the
Z2(C,O)-enolate for aldehydes and ketones20,21,27 suggests that
the transfer of the hole immediately leads to the abstraction of
a methyl group regardless of the exact adsorption geometry in
the defect. While this process rules out temperature-induced
geometric transformations, diffusion of the alcohol molecules
into the defects plays an important role in the reactivity. This is
supported by STM studies, which show that alcohol molecules
are also bound on TiO2 rows even when BBO vacancies are still
accessible.32,36 Furthermore, the accompanied production of

acetone (eqn (2)) is also found to be slow at 100 K and the yield
only saturates after 30 min of illumination.

CH3ð Þ3COH
tert-butanol

þVacBBOþOBBO! CH3ð Þ3CO�VacBBOþOHBBO

(1)

CH3ð Þ3CO�VacBBOþOHBBO �!
hn

C3H6O
acetone

þCH3
� "

þ VacBBOþOHBBO

(2)

On the other hand, the resultant increase in methyl ejection at
293 K is not only due to a higher diffusion rate of the alcohol
molecules into defects that remained empty, but also by a
clearance of the defect by the thermal desorption of acetone.
This subsequent desorption step of the ketone is also reflected
by a slower decay of the acetone signal with respect to the
methyl one, as for the latter this thermal reaction step does
not occur.

In comparison with the products originating from methyl
ejection, the desorption of isobutene is a very fast process,
which is clearly evidenced by the rapid decay in the signal
(Fig. 3b). While a very fast photodesorption behavior on the
n-type semiconductor may be attributed to a photohole induced
charge redistribution on the surface, the reaction is obviously
temperature-dependent, as the formation of this molecule does
not occur at 100 K. Otherwise, photodesorption of this mole-
cule would have been observed at this temperature.28 This
temperature-dependence suggests, that a barrier to an activated

Fig. 3 (a) Isothermal photodesorption yield vs. time for 0.18 ML of tert-butanol-OD at 293 K on a r-TiO2(110) surface. When the sample is irradiated with
UV light, CH3-radical ejection is observed similar to the experiment at cryogenic conditions. Furthermore, the photoreaction product acetone also
desorbs under illumination at this temperature. In addition, isobutene formation and desorption is observed at 293 K. In panel (b), the normalized PSD
yields from the same experiment as in (a) are shown for a qualitative comparison of decay rates. All the decay-rates follow a multi-exponential behavior.
The acetone signal shows a small delay with respect to the methyl-radical ejection and then a slightly slower decay, which is attributed to thermal
desorption behavior after the photoreaction to acetone. The isobutene decay is faster than the methyl-ejection, which may be attributed to a
photochemical desorption as observed in the literature.28
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transition state for the H2O-elimination of tert-butanol exists,
which can already be overcome at lower temperatures than that
of the complete thermal reaction to isobutene. UV illumination
seems to propel the consecutive chemical reaction steps and, as
the desorption is not thermally hindered, the fastest kinetics
of all the observed products results. In the thermal reaction
pathway the production of isobutene by water-elimination has
previously been attributed to be an E2-type reaction via a
5-membered cyclic structure involving the BBO-vacancy.14 Thus,
it seems reasonable that this transition state is only formed after
a certain temperature, while the formal abstraction of water is
eventually done by the photoreaction (eqn (5)).

CH3ð Þ3COH
tert-butanol

þVacBBOþOBBO! CH3ð Þ3CO�VacBBOþOHBBO

(3)

CH3ð Þ3CO�VacBBOþOHBBO �!
DT

C4H8
isobutene

þH2OþVacBBOþOBBO

(4)

CH3ð Þ3CO�VacBBOþOHBBO!
hn

C4H8
isobutene

"þH2OþVacBBOþOBBO

(5)

Both reactions, the formation of acetone by methyl ejection
and the production of isobutene by dehydration, comprise
thermal as well as photochemical steps, which are summarized
in Fig. 5.

The water-free conditions also demonstrate, that such
photoreactions do not necessarily need to occur via the gene-
ration of the OH-radical and the subsequent oxidation of the
alcohol. Instead, a direct hole transfer to the organic molecule
is observed. This mechanism may also work under aqueous
conditions, as long as the defects are not blocked or oxygen
ad-atoms exist on the semiconductor. In addition, our findings
also explain perfectly the detected products from a previous study
concerning the photooxidation of tert-butanol on co-catalyst
loaded TiO2 (Degussa P25) in a reactor at 373 K.11,12 In line with
our observations, acetone was also identified as the main reac-
tion product from the photoreaction, while isobutene was the

Fig. 4 (a) Resembles the integrated molecule yields of the first 100 s
including all correction factors (see ESI†) for the different PSD yields from
Fig. S5 (ESI†). For higher temperatures, the overall reaction yield is
increased. In (b), the selectivities based on the integral yields are displayed.
For higher temperatures, an enhanced apparent PSD selectivity towards
acetone is obtained.

Fig. 5 Photochemical (blue) and thermal (red) reaction pathways of
tert-butanol on the r-TiO2(110) surface. When the photo-holes react
at cryogenic conditions with tert-butanol, methyl ejection is observed.
Consecutively, a thermal desorption of acetone is observed. When the
photo-reaction is initiated at room temperature, thermally formed
isobutene is observed at lower temperatures than that expected from
the reaction temperature. The isobutene is either photo-desorbed in the
illumination case or thermally desorbed. A representation of the BBO-
vacancy from the surface normal is shown for the bare vacancy, while the
BBO vacancy is shown in black. The Ti atoms are given in grey and the
oxygen ones in blue.
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sole thermal decomposition product. Based on our study,
we expected these properties to originate from the peculiar
chemistry of TiO2.

4 Conclusions

In summary, we have shown that the photooxidation for
alcohols without an a-H moiety opens up new mechanistic
pathways such as the splitting of C–C-bonds. In general, all
photochemical processes observed can be associated with
BBO-vacancy sites. Similar to ketones, the photooxidation of
tertiary alcohols (i.e. tert-butanol) is attributed to be initiated by
photoholes, which travel to the alcohol species to enable the
ejection of a methyl radical. As the photochemical product
evolution saturates at a certain amount, which can directly be
related to the defect concentration, it is evidenced that the
reaction occurs directly at the BBO-vacancy site. Increased
reaction kinetics for the methyl ejection at higher temperatures
suggest that diffusion and the clearance of defects play an
important role in the reaction rate. While at 100 K only the
reaction pathway to the formation of acetone occurs, an addi-
tional one is open for the illumination at 293 K. At this
temperature, irradiation facilitates the formation of isobutene
originating from a dehydration of the alcohol. However,
the desorption of isobutene is observed at surprisingly low
temperatures, as the thermal desorption is generally believed to
take place immediately after the isobutene formation.14,28 The
temperature-dependent behavior of this reaction can be attri-
buted to a cyclic transition state involving the BBO-vacancy,14

and a redistribution of charges upon illumination, which may
facilitate the reaction and product desorption. For all reaction
channels, it is evident that both thermal as well as photochemical
effects are important for the yield of a particular product.
Furthermore, it is demonstrated that even a seemingly simple
system such as rutile and a tertiary alcohol offers a rich
chemistry with two different reaction pathways, dehydrogena-
tion and dehydration, which can be tuned by the judicious
choice of the appropriate reaction parameters.
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Data Analysis: 

During the thermal and photo-desorption experiments, the potential products were 

monitored with several masses: Isobutene with masses 56, 41 and 39; acetone with 58 

and 43; tert-butanol with 59 and 31; tert-butanol-OD with 59, 31 and 32. The methyl-

radical was detected during the experiments on mass 15. Further molecules and 

corresponding masses including H2 (2), HD (3), CH4 (16), H2O (18), HDO (19), CO (28), CO2 

(44) were recorded, but found to be insignificant with the exception of water (see Fig. S2). 

To quantify the results, the coverages of tert-butanol normalized to the H2O-TPD of a 

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2018

A. Publications 125



monolayer according to the convention in the literature.1 The tert-butanol-OD was 

quantified using masses 31 and 32, because some isotope exchange could not be 

avoided in the gas line and on the single crystal. Isobutene and acetone were quantified 

using masses 56 and 58 as well as by considering the fragmentation of tert-butanol and 

the respective other molecules. For the quantification, all molecule yields were corrected 

for their fragmentation pattern, their transmission through the quadrupole mass 

spectrometer, and their ionization cross-sections (see Fig. S3 and S4).2-4 

 

 

 
 
 
Figure S1: Coverage dependent TPD-series of tert-butanol-OD on a reduced TiO2(110)-
surface [r-TiO2(110)]. At small coverages, a desorption feature at around 400 K arises, 
that is attributed to tert-butanol binding to the Ti-lattice sites. With higher coverages this 
feature saturates and a shoulder is growing to a peak at 250 K, which is assigned to the 
desorption from bridge-bonding oxygen (BBO) surface atoms. Another feature appearing 
below 200 K is attributed to multilayer desorption. The coverages are referenced to the 
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coverage determination of Dohnalek and co-workers and in very good agreement with 
their work.1 
 

 
 
 
Figure S2: TPD of 0.45 ML tert-butanol-OD on r-TiO2(110). Tert-butanol desorbs from the 
Ti-lattice sites, while a dehydration pathway to isobutene is observed at around 425 K, 
which is in agreement with previous studies.5-6 Additionally, the HDO (m/z = 19) was also 
monitored and two peaks occur: One is attributed to the direct dehydration pathway of 
tert-butanol-OD at 425 K, for which HDO is the by-product. In additional, another peak 
is observed at 250 K, which is attributed to the desorption of BBO-sites. It arises from 
water adsorption from the background and some dissociative adsorption, since some 
exchange to background adsorption from water is obtained. 
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Figure S3: Integrated amounts of tert-butanol-OD and Isobutene for different coverages. 
While tert-butanol is shown in blue squares, the amount of isobutene is given in red 
circles. Auger electron spectroscopy and earlier studies1 indicate that there are no carbon 
deposits for all alcohols on r-TiO2(110). Hence, the carbon balance can be closed, which 
is addressed by black triangles showing the total carbon dosage by addition of the 
carbon containing desorbing molecules.  
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Figure S4: Isothermal photodesorption yield vs time for 0.18 ML of tert-butanol at 295 K 
on the r-TiO2(110) surface. Note, that for the fully stated molecules, cracking pattern 
contributions are already accounted for. The traces are offset for clarity. The signal of 
m/z 15 is more than 8 times as much as for m/z 16. This is a clear indicator, that really a 
methyl radical is ejected during the photoreaction, while only trace amounts of methane 
are observed. The purple trace represents the raw data for mass 16. Note, that all 
correction factors as described above are included in that data, which increases also the 
noise in this data set. 
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Figure S5: Isothermal photodesorption yield vs time for 0.18 ML of tert-butanol at 
different temperatures on a r-TiO2(110) surface. The UV illumination is started at 0 s and 
ended after 180 s. For all temperatures, some desorption of both isobutene and acetone 
is observed, while no tert-butanol desorbs by irradiation. By increasing the temperature, 
both the overall apparent desorption rate is increased as well as the selectivity towards 
acetone. The traces are offset for clarity. 
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ABSTRACT: Selective photocatalytic transformations of chemicals derived from
biomass, such as isobutanol, have been long envisioned for a sustainable chemical
production. A strong temperature dependence in the reaction selectivity is found
for isobutanol photo-oxidation on rutile TiO2(110). The strong temperature
dependence is attributed to competition between thermal desorption of the
primary photoproduct and secondary photochemical steps. The aldehyde,
isobutanal, is the primary photoproduct of isobutanol. At room temperature,
isobutanal is obtained selectively from photo-oxidation because of rapid thermal
desorption. In contrast, secondary photo-oxidation of isobutanal to propane
dominates at lower temperature (240 K) due to the persistence of isobutanal on
the surface after it is formed. The byproduct of isobutanal photo-oxidation is CO,
which is evolved at higher temperature as a consequence of thermal
decomposition of an intermediate, such as formate. The photo-oxidation to
isobutanal proceeds after thermally induced isobutoxy formation. These results have strong implications for controlling the
selectivity of photochemical processes more generally, in that, selectivity is governed by competition of desorption vs secondary
photoreaction of products. This competition can be exploited to design photocatalytic processes to favor specific chemical
transformations of organic molecules.

■ INTRODUCTION
Photocatalytic reforming of alcohols and biomass is a potential
source of renewable hydrogen and value-added oxygenates that
is not based on natural gas.1−3 Isobutanol specifically has a
high potential for producing renewable H2 and carbon-based
feedstock chemicals because of the recent progress in
biologically assisted fermentation of cellulose at room
temperature to produce high energy-density alcohols, including
isobutanol.4−6 Isobutanol can also be stored easily, since it is
not hygroscopic and is liquid in a broad temperature range.
Thermal reforming of isobutanol yields molecular hydrogen
and syngas, providing feedstocks for further chemical
production,7 but it requires high temperatures. Photoreforming
has the advantage that valuable chemicals can be produced at
room temperature,3,8,9 providing a sustainable pathway from
alcohols (such as isobutanol). Photoreforming of alcohols for
hydrogen production has been shown for a variety of
alcohols3,10−12 and can also lead to very selective, value-
added oxidation products such as aldehydes, carboxylic acids,
and esters.12−15

TiO2-based photocatalysts are models for the elucidation of
fundamental photochemical reaction mechanisms, both for the
hydrogen evolution as well as the selective oxidation
chemistry.13,16,17 Studies in well-defined environments have
mostly focused on the short-chain alcohols, methanol16,18,19 or
ethanol.20,21 Generally, the photo-oxidation on bulk TiO2
proceeds via a direct hole-transfer from the n-type semi-

conductor to a surface alkoxy species, since the photohole
travels predominantly to the surface in the space charge region
upon UV illumination.22 Adsorbed alkoxy species predom-
inantly form from thermal O−H bond dissociation of the
alcohol on the surface and especially on defect sites.18,22 The
first photo-oxidation step, the α-H abstraction to yield
formaldehyde, has been studied in detail for methanol, both
theoretically23,24 and experimentally.18,25−28 For high cover-
ages of methoxy, formaldehyde further reacts in a second
consecutive photo-oxidation pathway leading to coupling with
the residual methoxy to produce methylformate.16,29 The
selectivity of this process is dependent on the reaction
temperature.13,16,30 However, less is known for other alcohols
about the ensuing reaction pathways especially for longer-chain
alcohols,13,16,29,31 although a variety of products from hydro-
carbons to CO2 have been observed.3,32

Herein, the selectivity for photochemical decomposition of
isobutanol ((CH3)2C(H)CH2OH) is shown to be drastically
affected by reaction temperature. The underlying reason for
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A.2 Regulating Photochemical Selectivity with
Temperature: Isobutanol on TiO2(110)



dependence of selectivity on reaction temperature is that a
consecutive photo-oxidation step is in direct competition with
thermal desorption of the initial photoproduct, the aldehyde.
Similar to other alcohols, isobutanol forms alkoxy species,
which thermally react at high temperature. Upon UV
illumination, isobutoxy is oxidized to the aldehyde, isobutanal,
which can either desorb or undergo further hole-mediated
photo-oxidation to propane and CO. The selectivity for these
two pathways depends on the surface temperature: At low
temperature, the primary photoproduct, isobutanal, has a long
surface lifetime and, therefore, is further photo-oxidized. The
results show that the overall selectivity of photocatalytic
reactions can be strongly influenced by temperature effects
even if they are purely photochemical and not thermal. This
fundamental mechanistic understanding provides valuable
insight in the manipulation of selectivity in photocatalytic
processes.

■ EXPERIMENTAL SECTION
The experiments were performed in an ultrahigh vacuum (UHV)
system with a base pressure of <9 × 10−11 Torr equipped for thermal
reactivity and photoreaction studies.33,34 The crystal was mounted on
top of a W filament in contact to a copper sample mount, which
allowed a temperature control between 140−825 K through LN2-
cooling and resistive heating. The slightly blue TiO2(110) single
crystal (SurfaceNet GmbH) was prepared by several Ar+-sputtering
(1.0 keV, 5 × 10−6 Torr, 10 min) and vacuum annealing (800 K, 15
min) cycles until no contaminations were observed in the Auger
electron spectrum (AES, Physical Electronics Industries, PHI 10−
805), and high quality H2O desorption spectra were obtained.35

Annealing in vacuum produces a reduced TiO2(110) surface,
named r-TiO2(110). The absence of a high temperature feature in a
temperature-programmed desorption experiment of H2O indicated a
bridge-bonded oxygen vacancy concentration of ≤2% of a monolayer
(ML) (Figure S1). Further, the crystal showed the characteristic
photon-stimulated desorption of molecular oxygen at cryogenic
temperatures (Figure S2).36−38 The oxidized TiO2(110) surface was
prepared by dosing 40 L O2 at cryogenic temperatures on the freshly
prepared r-TiO2(110) followed by an annealing step to 300 K and is
labeled o-TiO2(110). This results in Oad on Ti5c rows

39 and some
filled bridge-bonded oxygen vacancies.39 The hydroxylated surface
was accomplished by dosing 1.5 ML of H2O at 140 K on the r-
TiO2(110), and an annealing step to 300 K leading to the desorption
of molecular water leaving behind only surface hydroxyls scaling with
the bridge-bonded oxygen vacancy concentration (h-TiO2(110)).

40

Isobutanol (Sigma-Aldrich, BioUltra ≥99.5%), isobutanal (Sigma-
Aldrich, ≥ 99%), O2 (Matheson, research grade), and H2O (VWR,
HPLC grade) were dosed through a needle doser at 140 K prior to an
experiment. Isobutanol, isobutanal, and water were purified through
several pump-freeze-thaw cycles.
The desorption and reactivity measurements were performed in a

line-of-sight geometry to a quadrupole mass spectrometer (QMS,
Hiden Analytical). The molecules were identified by their character-
istic fragmentation patterns and quantified by correcting for their
fragmentation pattern, ionization cross sections, and transmission
(more details are given in the SI). Temperature-programmed
desorption and reaction experiments used a heating ramp of 1 K/s.
Photochemical experiments at cryogenic temperatures were initiated
by illuminating the sample for a defined period of time prior to a
temperature-programmed desorption/reaction experiment. Isother-
mal photoreactions were performed at a chosen temperature, where
the sample is thermalized prior to the illumination and the gas-phase
is monitored by the QMS. The annealing pretreatment for
photochemistry studies consists of dosing isobutanol at 140 K,
heating and thermalizing the sample at 300 K for 3 min, cooling it
down to desired temperature, and initiating the photoreaction by
illuminating the sample with UV light. The annealing pretreatment
promotes the formation of the photoactive alkoxy species.18,41 A UV-

LED light source (AmScope) with wavelength of 365 nm and a power
of 150 mW was used for the illumination experiments. The UV
spectrum of the LED is shown in the Figure S3. With the lack of
coherence, scattering losses, the distance between light source and
sample (∼18 cm), and the crystal position, the effective light intensity
on the crystal is estimated to be less than 5 mW/cm2.

■ RESULTS AND DISCUSSION

The thermal chemistry of isobutanol is similar to those of other
alcohols and is readily separable from photochemistry. The
majority of isobutanol desorbs from r-TiO2(110) in a
coverage-dependent peak between 300 and 350 K that is
predominantly ascribed to molecular binding to Ti5c sites, in
analogy to other alcohols.42 There is a shoulder at 230 K in the
desorption peak from hydroxylated TiO2(110) only for a
monolayer coverage (Figure 1c), the origin of which is not
known. The saturation coverage regarding the Ti5c sites is
estimated to be 0.55 ML based on previous work for other
butanol isomers.42

A small percentage (∼2%) reacts to yield isobutoxy and
bridge-bonded surface hydroxyl (OHbr) based on parallels to
temperature-programmed reaction studies of other alco-
hols.39,42,43 The isobutoxy reacts to yield isobutanal, isobutene,
and isobutanol at 600 K (Figure 1a−c), while the dehydration
pathway is attributed to reaction at bridge-bonding oxygen
vacancies.44

The behavior of isobutanol is similar for various surface
preparations (reduced-, oxidized-, and hydroxylated-
TiO2(110)) with only minor differences in the high temper-
ature reactivity (Figure 1). The isobutoxy species undergo two
parallel reaction pathways at 600 K (Figure 2): a
disproportionation reaction yielding isobutanol and isobutanal,
and a dehydration reaction leading to isobutene and water
(Figure S6).44 The disproportionation reaction of two
isobutoxy species yields stoichiometric amounts of the alcohol
and the aldehyde (Table S2). All the reaction pathways take
place independent of the surface preparation, but only around
2% ML isobutanol reacts in the high temperature regime.
Coverage-dependent temperature-programmed reaction ex-
periments show that the high temperature reactivity reaches
a saturation above an initial isobutanol coverage of 0.2 ML and
the yield of molecular isobutanol increases linearly as a
function of alcohol exposure (Figure S5).
Isobutoxy species are photo-oxidized to gas-phase isobutanal

on TiO2(110) upon UV excitation at room temperature
(Figure 3). The highest photo-oxidation yield at 300 K is
attained on oxidized-TiO2(110) (Figure 3), most likely
because Oad on TiO2(110) promotes the formation of alkoxy
species.16,18,22,41 Alkoxy species have been identified in several
studies as the photoactive intermediate both experimentally
and theoretically,16,18,23,24,48 while the photochemical oxida-
tion of molecular alcohols remains controversial.18,28,49

The disproportionation reaction pathway at 600 K is
completely absent after exposure of the surfaces containing
isobutoxy to UV light for 5 min, providing strong evidence that
isobutoxy is the photoactive species (Figure 3b). The reaction
proceeds on all three surface terminations (oxidized, reduced,
and hydroxylated) in the same fashion, while the isobutanal
yield is the highest on o-TiO2(110) presumably due to the
enhanced alkoxy formation.16,18,22,26 There are no qualitative
differences among the three different surface preparations.
The photo-oxidation of isobutoxy is similar to formation of

aldehydes from other alkoxides on titania. The photo-oxidation

Journal of the American Chemical Society pubs.acs.org/JACS Article
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of isobutoxy is induced by a photohole that travels to the
surface in the space charge region, since TiO2(110) is an n-
type semiconductor (Figure 4).22,23 The photo-oxidation
proceeds via α-C-H dissociation and isobutanal forms and
thermally desorbs at 300 K.

Not all isobutoxy species are converted upon illumination,
based on the persistence of dehydration to isobutene in
subsequent temperature-programmed reaction experiments.
Unreacted isobutoxy might either diffuse or is already bound
to a bridge-bonded oxygen vacancy that was previously
identified as the active site for the dehydration reaction.43,50

The photoreaction leads to a hydroxylation of the surface,
leaving two hydrogen atoms per reacted isobutanol molecule
by stoichiometry and forming two bridge-bonded hydroxyl
species (OHbr). These OHbr can recombine and form water
around 450 K (Figure S7) resulting in an oxygen vacancy on
the surface in analogy to previously detailed photo-oxidation
studies with ethanol.20,48 After the desorption of all carbon
species, oxygen and titanium diffusion are possible at 700 K
and re-equilibrate the surface vacancy concentration.51 The
carbon mass balance in all of the experiments can be closed
based on repeated experiments, subsequent H2O temperature-
programmed desorption, and the absence of a carbon deposit
in Auger electron spectra.
The highest conversion in the photo-oxidation of isobutanol

to isobutanal is obtained at 300 K, as a temperature dependent
photoreaction study above room temperature shows (Figure
S8). The almost constant yield of isobutanal above 350 K,
which is above the desorption temperature of isobutanol,
emphasizes that isobutoxy is the main photoactive species. It is
possible that there is some coadsorbed molecular isobutanol, as
suggested in the literature;52 however, the disappearance of the
features at 600 K is strong evidence that the alkoxy is depleted
through photoreaction. Sum-frequency generation studies of
methanol likewise show that the dissociation equilibrium of
methanol on the TiO2(110) may be temperature-dependent,
which should analogously hold for isobutanol.53,54

The photo-oxidation products are substantially different
when isobutoxy is illuminated at 145 K: a temperature where
isobutanal is thermally trapped on the surface. Specifically,
propane and CO are formed in addition to isobutanal during
temperature-programmed reaction after 15 min of illumination
at 145 K (Figure 5). Some unreacted isobutanol is also
detected. No gas-phase products are detected during
illumination. In these experiments, isobutanol is adsorbed at
145 K, subsequently heated to 300 K for 3 min, followed by
cooling again to 145 K and illumination. This procedure
promotes the formation of alkoxy species18,41 and induces a
substantial amount of molecular isobutanol desorption. Water
as a byproduct of the photoreaction (Figure S9) is also
observed around 450 K.
The product yields are highly sensitive to the surface

temperature during illumination. For example, propane is
directly ejected into the gas phase during illumination at 240 K
after creation of isobutoxy (Figure 6). Propane is unequiv-
ocally identified by its fragmentation pattern as the sole
desorbing product at 240 K (Figure S10). In the postillumi-
nation temperature dependent desorption experiment (Figure
6b), isobutanal and isobutanol are observed as well as a high
temperature peak of CO at 550 K and water at 450 K (Figure
S11). The reaction occurs on all three surface preparations
qualitatively similar, and isobutanal, propane, and CO are
always obtained (Figure S13). The observation of gaseous
propane shows that hydrogen is abstracted from the surface
during this process, in agreement with the alkane formation
from the photoreforming of tertiary alcohols on TiO2(110) via
a C−C split.55

Figure 1. Temperature-programmed reaction spectra of isobutanol on
(a) oxidized-, (b) reduced-, and (c) hydroxylated-TiO2(110) showing
the desorption of molecular isobutanol at 315 K and a minor amount
of reaction products at 600 K. The coverages of the isobutanol are
0.44 ML on the oxidized surface (o-TiO2(110)), 0.55 ML on the
reduced surface (r-TiO2(110)), and 0.54 ML on hydroxylated titania
(h-TiO2(110)). The traces shown are fragments characteristic of
isobutanol (m/z 33, dashed lines), isobutanal (m/z 43, solid line), and
isobutene (m/z 56, dotted line). Mass 33 is a unique fragment of
isobutanol. Mass 43 and 56 are corrected for the alcohol contribution.
All data shown are corrected for fragmentation, ionization efficiency,
and spectrometer transmission differences (see Experimental
Section). For ease of display, the three different curves are offset
for clarity. The insets magnify the high temperature region by a factor
of 5.

Journal of the American Chemical Society pubs.acs.org/JACS Article
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The formation of propane is solely attributed to photo-
oxidation of the primary photoproduct, isobutanal, when it is
trapped on the surface. Independent investigations of
isobutanal adsorbed on TiO2(110) demonstrate that propane
formation occurs in a consecutive photo-oxidation step where
a C−C bond is cleaved photochemically (Figures S14 and
S15). The photoreactions of isobutanol on TiO2(110) lead to
a photo-oxidation product isobutanal in the first reaction step
and isobutanal is further photo-oxidized via a C−C split to
propane and a formyl (HC=O) species that reacts with a lattice
oxygen to formate (Figure 7) in analogy to formaldehyde
(photo)chemistry on TiO2(110).

56,57 Since molecular CO is
only physisorbed on TiO2(110),

58 CO from formate
decomposition at 550 K is proposed to form from
decomposition of adsorbed formate based on prior work.56,59

Propane and CO formation is observed for all three surface
preparations for isobutanal photo-oxidation, showing that the
reaction to propane and eventually CO is independent of the
surface preparation (Figure S14). In agreement with the
alcohol photo-oxidation, the oxidized surface shows the highest
reactivity with respect to propane formation from isobutanal. A
detailed analysis of the high temperature decomposition
pathways shows that CO is the major product on all three
surface preparations. On the o- and r-TiO2(110), some minor
signals assigned to CO2 and formaldehyde are observed.
Potentially, they are below the detection limit for the h-
TiO2(110) surface as also the least amount of propane is
obtained. The observed products and intensities match the
desorption products of formate on TiO2(110).

56,59,60 On the
basis of the repeatability of the experiments and a subsequent
water desorption, no carbon deposits remain on the surface
consistent with the decomposition of a formate species at 550
K.

Similar to acetaldehyde,61 a bidentate configuration is likely
formed prior to UV illumination. Upon UV irradiation, the
photohole leads to a split in the C−C bond and an alkyl
species is ejected leaving behind a formyl-species bound to a
lattice oxygen atom.61

In summary, the aldehyde, isobutanal, and adsorbed OH are
the primary photo-oxidation products of isobutanol under UV
irradiation at room temperature. In analogy to other alcohols,
the isobutanal is proposed to form via a direct photohole-
transfer to isobutoxy followed by thermal desorption (Figure
7). The high-temperature disproportionation channel is
completely suppressed after UV-irradiation, indicating that
the isobutoxy species yielding these products are quantitatively
photo-oxidized to isobutanal (Figure 3). The persistence of the
dehydration pathway to form isobutene and surface hydroxyls
may indicate that some of the alkoxides are not or less
photoactive.20 The origin of this phenomenon is not
established. The byproducts from photochemical alcohol
oxidation, surface hydroxyls,48,62 ultimately disproportionate
to water leading to a formal reduction of the surface.20,48

A secondary photo-oxidation pathway yielding propane and
CO from C−C bond scission in the primary product,
isobutanal, is observed at low temperatures where the
isobutanal remains trapped on the surface. Propane is formed
from isobutanal by a consecutive oxidation by photoholes in
contrast to the assumption that an alkane reaction product may
involve a reduction by photoelectrons. The CO is formed at
higher temperature and is likely formed via formation of
formate on the basis of an analogy with the literature.56,59

A consequence of these two parallel pathways is that the
overall selectivity for the photo-oxidation of isobutanol is
strongly temperature dependent. Formation of propane
requires that the isobutanal produced in the first photo-
chemical step has a significant surface lifetime. The surface

Figure 2. Schematic of isobutanol adsorption and reaction on TiO2(110) (top view of surface). A small amount of adsorbed isobutoxy is formed in
defects and on regular surface sites.43,45,46 Competing disproportionation to isobutanol and isobutanal and dehydration to isobutene thermally
induced above 500 K. The hydroxyl species either remain on the surface or desorb as water.44,47

Journal of the American Chemical Society pubs.acs.org/JACS Article
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lifetime of isobutanal at 240 K is estimated to be ∼420 s
compared to a lifetime of ∼0.2 s at 300 K. The surface lifetime
under ultrahigh vacuum, t1/2, is estimated by assuming first-
order desorption and a prefactor, vd, of 10

13 s−1,30

t
v e

ln(2)

d
H RT1/2 /= × −Δ

(1)

Hence, the steady-state concentration of isobutanal at room
temperature is extremely low, resulting in no detectable
propane formation from secondary oxidation. Conversely, the
long surface lifetime of the isobutanal at 240 K favors the
secondary photochemical step. A temperature dependence for
consecutive photoreactions in the photocatalytic self-coupling

Figure 3. Photo-oxidation of isobutoxy at 300 K yields gas-phase
isobutanal with the inset showing integrated yields of isobutanal on
the three different surface preparations. a) Photon-stimulated
production of gaseous isobutanal (m/z 72, solid line) from isobutanol
(m/z 74, dashed line) oxidation at 300 K is observed using mass
spectrometry. b) Ensuing temperature-programmed reaction spectra
yielding isobutene (m/z 56, dotted line) and unreacted isobutanol
(m/z 74, dashed line) on o-, r-, and h-TiO2(110). The photoreaction
is initiated by illuminating the sample for 5 min with a 365 nm LED
after exposure of the various surfaces to 0.55 ML isobutanol at 145 K
followed by heating to 300 K and thermalizing for 3 min. After the
illumination experiment, a temperature-programmed reaction experi-
ment was carried out to identify the remaining surface species. No
other products are detected apart from the expected byproduct water
(S7). All data shown are corrected for fragmentation, ionization
efficiency and spectrometer transmission differences (see Exper-
imental Section).

Figure 4. Schematic showing two distinct isobutoxy species, only one of which is photoactive (side-view). The photoactive isobutoxy is oxidized to
isobutanal in a hole-driven photoreaction. Isobutanal subsequently desorbs thermally. At 600 K, photoinactive isobutoxy species is dehydrated
leading to the formation and desorption of isobutene. The high temperature disproportionation reaction does not occur (Figure 3b).

Figure 5. Photochemical products change if isobutoxy species are
created before the illumination is carried out at low temperature. No
gas phase products are detected during illumination; however, new
photoproductspropane (m/z 29, orange) and CO (m/z 28,
purple)are observed in ensuing temperature-programmed experi-
ments. Isobutanal (m/z 72, solid line) and unreacted isobutanol (m/z
74, dashed line) are also detected. The temperature-programmed
reaction data shown were obtained after illumination for 15 min. After
exposure of o-TiO2(110) to 1 L isobutanol at 145 K, subsequent
heating to 300 K and recooling to 145 K prior to the illumination was
carried out for 15 min with a 365 nm LED. All data shown are
corrected for fragmentation, ionization efficiency, spectrometer
transmission differences, and contributions from the other products
(see Experimental Section).
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of methanol to methyl formate vs evolution of formaldehyde
has previously been reported, establishing that this is a general
principle.13,16,30

These results underscore the importance of temperature in
determining the selectivity of photocatalytic transformations.
Under catalytic conditions, the steady-state concentration of
photoactive adsorbed species will depend on operating
temperature, reactant pressures, and flow rate. A detailed
microkinetic analysis for this system, that it not under catalytic
conditions, is not feasible, as detailed in earlier work.16 Hence,
conditions and reactor design can be configured to optimize
desired reaction selectivity.
The surface preparations modeling the presence of

anaerobic conditions, oxygen, or water do not show a
significant effect on the observed photochemical selectivity
under these extremely low-pressure conditions, although the
overall yield of the processes did change. Oxygen is known to
promote alkoxy formation,6,18,22,41 the key intermediate for the
first photo-oxidation step and, consequently, the largest yield
in photoproducts are observed on oxidized-TiO2(110). Surface
hydroxylation resembling water present on the surface did not
change the photochemical conversion of alkoxy species in line
with observations for other alcohols.26,55 Therefore, the
pressure of O2 during photocatalytic transformation of alcohols
will be a critical factor in determining rates.
Although only rutile TiO2(110) was investigated here, it is

likely that these phenomena will be qualitatively similar for
more complex materials, even containing other phases of
titania, such as anatase63 and brookite.64 Previous studies have
demonstrated that the same photochemical reaction pathways
apply to nanostructured TiO2 materials such as nano-
wires41,64,65 or nanocrystals,66,67 supporting this argument.
Accordingly, the temperature dependence of reaction
selectivity is likely to be a general phenomenon. Indeed, a
previous study of room temperature photoreforming of
butanol on Pd/TiO2 (based on P25 TiO2) in aqueous solution
found the formation of propane among other expected reaction
products and also related it to recombination of an alkyl
species with a hydrogen atom.10

■ CONCLUSION

The overall selectivity for photochemical reforming of
isobutanol using titania is strongly dependent on surface
temperature. The underlying reason for this effect is that
thermal desorption of the primary photoproduct competes
with a sequential photochemical reaction. For the case of
isobutanol, the products are completely different at 240 vs 300
K. Isobutanal, an aldehyde, is the initial photoproduct and
predominates at room temperature and above where thermal
desorption is fast. In contrast, propane and CO are formed at

Figure 6. At 240 K, photoproduced isobutanal is thermally hindered
to desorb and is oxidized ejecting propane into the gas-phase. (a)
Photon-stimulated production of propane (m/z 29, orange) from the
photoreaction of isobutanol at 240 K and a consecutive (b)
temperature-programmed reaction spectra yielding isobutanal (m/z
72, solid line), propane (m/z 29, orange), and nonreactive isobutanol
(m/z 74, dashed line) on o-TiO2(110). The total UV illumination
time is 15 min with a 365 nm LED. No other products are detected.
All data shown are corrected for fragmentation, ionization efficiency,
spectrometer transmission differences, and contributions from the
other products (see Experimental Section).

Figure 7. The photoreaction scheme shows the hole-driven oxidation of isobutoxy to isobutanal, which is photo-oxidized in a consecutive reaction
yielding propane and a CO intermediate. The adsorbed CO-intermediate is desorbing as CO at 500 K.
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240 K, where thermal desorption of isobutanal is slow, allowing
the sequential photoreaction step to dominate. Competition
between thermal desorption and secondary photochemical
reactions should generally be considered in photocatalysis.
While the observation of an alkane from the photochemistry

could be ascribed to a reduction reaction with photoelectrons,
the alkane in the presented reaction mechanisms stems from a
consecutive photo-oxidation reaction and recombination with
a surface hydroxyl. This showcases the importance of a
mechanistic understanding of photochemical elementary steps
and mechanisms to understand catalytic transformations on
the example of isobutanol photo-oxidation. This knowledge is
a prerequisite to design sustainable photocatalysts and
photocatalytic reactors for selective transformations from
biomass or biofuels for feedstock chemicals or energy
purposes.
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Experimental Details

The products are identified and quantified with the QMS by taking into account the 
fragmentation pattern, the electron impact ionization cross-section and the 
transmission coefficient. The ionization cross section and the masses used for data 
evaluation are listed in Table S1. Monitored masses for the experiments with 
isobutanol are 101, 99, 89, 88, 74, 73, 72, 71, 57, 56, 55, 44, 43, 42, 41, 40, 39, 33, 
32, 31, 30, 29, 28, 27, 26, 18, 16, 15, 2 and with isobutanal 112, 101, 99, 89, 88, 74, 
73, 72, 71, 69, 57, 56, 55, 44, 43, 42, 41, 40, 39, 33, 32, 31, 30, 29, 28, 27, 26, 18, 16, 
15, 2. Isobutene is identified as the dehydration product both from a logic of the alcohol 
structure as well as its fragmentation pattern, that is different from other 1-butene and 
2-butene.

Table S1. Mass fragments and respective electron impact ionization cross-section of 
the molecules used for data evaluation.

Molecule m/z ICS [Å2]
Isobutanol 33/74 12.61

Isobutanal 43/72 11.42

Isobutene 56 11.93

Propane 29/44 11.64

CO 28 2.55
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Complementary Data
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Figure S1. Thermal programmed desorption spectrum of H2O (m/z 18) from r-
TiO2(110). Water is molecularly desorbing from BBO and Ti5c sites. No BBOv feature 
is discernable, which indicates a BBOv concentration of ≤2% ML. The titania crystal 
shows the very light blue color.
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Figure S2. Photon-stimulated desorption of O2 (m/z 32) at 145 K from the pale blue r-
TiO2(110). 20 L O2 is dosed at 145 K prior to the illumination with a 365 nm LED, 
characterized in Figure S3.
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Figure S3. UV-spectrum of the 365 nm LED. The total LED intensity is measured to 
be 0.15 W directly at the light source.
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Figure S4. The majority of isobutanol molecularly desorbs from reduced TiO2(110) 
below 400 K. Mass 33 is an unequivocal ionization fragment of isobutanol. Isobutanol 
is dosed at 145 K and the heating ramp is 1 K/s. The desorption peaks are in analogy 
to prior work by which the saturation coverage of isobutanol is estimated to be 0.55 ML 
with respect to Ti5c sites.6 The peak at 165 K attributed to sublimation of condensed 
isobutanol. The peak at 200 K is assigned to isobutanol adsorbed to bridge-bonded 
oxygen (BBO) sites, whereas the coverage-dependent peak observed between 300 
and 350 K is ascribed to mostly molecular binding to Ti5c sites, in analogy to other 
alcohols described in the literature.6  This peak shifts to lower temperature as a function 
of coverage (0.06 ML - 0.97 ML), which is characteristic of alcohols on TiO2(110).6
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Figure S5. The integrated yields measured from temperature-programmed reaction 
experiments show that the selectivity for the high temperature products is independent 
of the initial coverage. The reactivity saturates at ~0.2 ML. Integrated yields of 
isobutanol below and above 500 K, isobutanal and isobutene from several temperature 
programmed reaction spectra with different initial isobutanol coverages on r-TiO2(110).

Table S2. Comparison of the yields of isobutanol, isobutanal and isobutene in the low 
and high temperature regime from the temperature-programmed reaction spectra of 
isobutanol on o-, r- and h-TiO2(110) in Figure 1. Whereas the quantity of 
disproportionation products, isobutanal and isobutanol, is not changing significantly, 
the conversion of isobutoxy to isobutene is decreased by approximately 50% for the 
o- and h-TiO2(110). This corroborates that BBOv are blocked to some extend by the 
filling with oxygen or hydroxyls, as they have been attributed to be the active site for 
the dehydration reaction of small alcohols.7-9

o-TiO2 r-TiO2 h-TiO2

Isobutanol 145-750 K 0.44 ML 0.55 ML 0.54 ML

Isobutanol 500-675 K 0.0079 ML 0.0073 ML 0.0071 ML

Isobutanal 500-675 K 0.0084 ML 0.0073 ML 0.0070 ML

Isobutene 500-675 K 0.0022 ML 0.0048 ML 0.0025 ML
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Figure S6. Complementary temperature-programmed reaction spectrum of isobutanol 
on oxidized-TiO2(110) showing the raw m/z signals of isobutanol (m/z 33, dashed 
lines), H2O (m/z 18, solid line) and m/z 2 (grey line). Molecular isobutanol is desorbing 
at 315 K and is a product of the high temperature reaction at 600 K. Molecular water 
is desorbing at 235 K, which stems either from alkoxy formation, background 
adsorption or from impurities in the reactant. The peak at 315 K in the m/z 18 trace 
results from the fragmentation of isobutanol in the QMS. The m/z 18 background is 
decreasing during the experiment. This data is complementary to Figure 1 a). 0.44 ML 
isobutanol is adsorbed on o-TiO2(110) and the traces are offset for clarity. Water is 
formed from the reaction pathways at 600 K, but since the overall amount of reaction 
is only ≤2% of a monolayer, the detection in the background is not feasible. 

Table S3. Comparison of the yields of isobutanol, isobutanal and isobutene high 
temperature regime from the consecutive temperature-programmed reaction spectra 
after the photon-stimulated production of isobutanal on o-, r- and h-TiO2(110) in 
Figure 3b. Isobutoxy species responsible for the dehydration reaction, are not or less 
photo-active, respectively based on the integrated product amounts.

o-TiO2 r-TiO2 h-TiO2

Isobutanol 500-675 K < 0.0001 ML < 0.0001 ML < 0.0001 ML

Isobutanal 500-675 K < 0.0001 ML < 0.0001 ML < 0.0001 ML

Isobutene 500-675 K 0.0043 ML 0.0047 ML 0.0029 ML
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Figure S7. Water is desorbing at 450 K originating from hydroxyl species created 
during the reaction. Mass traces m/z 18 (H2O+) completing the data from Figure 3. 
Consecutive TPR spectra after the photon-stimulated production of isobutanal from 
isobutanol oxidation at 300 K on on o-, r-, and h-TiO2(110). The graph shows the raw 
signals of m/z 18. The background is rising due to an outgazing of the sample holder.
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Figure S8. The highest yield of isobutanal in the photo-oxidation of isobutanol is 
obtained at room temperature. The plot shows the integrated yield of isobutanal in the 
photon-stimulated reaction experiment of isobutanol on r-TiO2(110) as function of the 
reaction temperature. 1 L isobutanol is dosed at 145 K and the sample is thermalized 
to the reaction temperature. The photo-reaction is initiated by illuminating the sample 
for 5 min with a 365 nm LED. No other products are detected upon illumination. The 
PSR at 300 K was repeated 3 times and the value represents the average.
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Figure S9. Molecular water, stemming from the background is desorbing at 275 K, 
recombinative water, originating from hydroxyl species created during the reaction, is 
desorbing from at 450 K. The mass trace m/z 18 (H2O+) is completing the data from 
Figure 5. TPR spectrum after illumination of the sample for 15 min. 1 L isobutanol is 
dosed at 145 K on o-TiO2(110) and the sample is thermalized to 300 K and cooled 
down to 145 K prior to illumination for 15 min. The graph shows the raw signals of 
m/z 18. The background is rising due to an outgasing of the sample holder above 
650 K.
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Figure S10. Mass fragments desorbing upon UV illumination of the pre-annealed to 
300 K sample at 240 K identifies propane as the sole desorbing product. These mass 
fragments complement the data shown in Figure 6a). Comparing the mass fragments 
with the fragmentation pattern of propane from NIST identifies propane as the sole 
desorbing product.
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Figure S11. Molecular water, stemming from the background is desorbing at 280 K,  
and water, originating from hydroxyl species recombination created during the 
reaction, is desorbing around 450 K. The mass traces m/z 18 (H2O+) is complementary 
to the data from Figure 6b. TPR spectrum after illumination of the sample at 240 K for 
15 min, where solely propane is desorbing. 1 L isobutanol is dosed at 145 K on o-
TiO2(110) and the sample is thermalized to 300 K and cooled down to 240 K prior to 
illumination for 15 min. The graph shows the raw signals of m/z 18. The background is 
rising due to an outgazing of the sample holder.
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Figure S12. Temperature-programmed reaction spectra of an annealing pre-treated 
to 300 K sample pre-dosed with alcohol. The conditions with UV-irradiation for 15 min 
are the same as in Fig. 5 and “thermal” represents a control-experiment without any 
UV irradiation. Isobutanal, propane and CO are photo-products and not formed 
thermally through the annealing protocol.
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Figure S13. Annealing pre-treatment to 300 K prior to 15 min UV illumination at 
cryogenic temperatures lead to the formation of propane (m/z 29) and CO (m/z 28) in 
addition to the isobutanal (m/z 72) in the photo-reaction of isobutanol, desorbing in a 
consecutive temperature-programmed reaction spectrum o-, r-, and h-TiO2(110). No 
specific type of defect is responsible for the formation of propane and CO. No products 
are desorbing into the gas-phase upon illumination at 145 K. Non-reactive molecular 
isobutanol (m/z 74) is further desorbing. The baselines are off-set for clarity.
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Figure S14. a) Photon-stimulated reaction of isobutanal at 240 K leading to the 
evolution of propane (m/z 29) on o-, r-, and h-TiO2(110). b) The high temperature 
regime indicates the formation of a formate species in the consecutive temperature-
programmed desorption spectra. CO (m/z 28), CO2 (m/z 44) and formaldehyde 
(m/z 30) are characteristic desorption products resulting from formate species.
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Figure S15. The majority of the aldehyde, isobutanal, desorbs from the reduced 
TiO2(110) below 350 K and does not undergo reaction. Temperature-programmed 
studies of isobutanal (m/z 43 and m/z 72) from r-TiO2(110) reveals that no propane 
(m/z 44) forms thermally. A CO desorption occurs at 550 K resulting from the aldehyde 
decomposition analogously observed for acetaldehyde10. Further peaks in the high 
temperature regime at 430 K and 515 K are observed for m/z 72 and m/z 43, which 
stem from a reductive coupling reaction.11
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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 TiO2(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

Rutile titania is one of the most explored (and applied)
heterogeneous photocatalysts,1 but a complete under-

standing of the fundamental photochemical surface processes
is still lacking. Nevertheless, research on titania under
ambient1,2 and vacuum conditions3,4 has already demonstrated
the value of this material not only for application but also as a
model system for the elucidation of fundamental effects in
photocatalysis. One advantageous property of the model
system TiO2 is its availability as highly defined, single-
crystalline material. Because of extensive research, the thermal
surface chemistry is already fairly well understood, particularly
on rutile TiO2(110). For example, the formation of species at
different sites and temperatures have been thoroughly
elucidated.5−7 This holds especially for alcohols,8−11 which
are often employed as hole scavengers (i.e., sacrificial agents)
in the testing of photocatalysts, with respect to their H2
evolution performance for photocatalytic water splitting.12−14

However, the surface chemistry of the materials represents a
property often neglected in photocatalysis, and certain
phenomena are, in most cases, related solely to charge carrier
dynamics. Studies about TiO2(110) single crystals in particular
highlight the importance of such an understanding.4 The
knowledge about thermal phenomena is crucial for disen-
tangling photocatalytic and thermal reaction steps for a
comprehensive understanding of catalytic processes. In this
regard, Henderson identified thermally formed methoxy as the
photoactive species in methanol photo-oxidation on
TiO2(110).

15 Consistent with the upward band-bending
toward the TiO2(110) semiconductor surface, the photo-

oxidation mechanism of methoxy is driven by a direct hole
transfer, leading to a C−H bond cleavage.15−17 This yields
formaldehyde and a hydroxyl group with a bridging oxygen
atom (OHbr) from the lattice. The mechanism mediated by
photoholes was further suggested for other alcohols, since it
comprehensively explains the formation of all corresponding
products.3,18−22 In the same sense, we have only recently
demonstrated that alcohol photoreforming on platinum-loaded
TiO2(110) occurs through an unexpected (thermal) mecha-
nism for hydrogen formation succeeding the photoreaction19,23

and not by the usually assumed set of redox reactions.
Furthermore, we discovered a similarly unexpected reaction of
tertiary alcohols,22 corroborating our proposed mechanism.
Although the described photo-oxidation pathway seems

generally valid for alcohols,3 important questions still need to
be resolved. In this regard, the different photoactivity of
methanol and other primary alcohols on bare and co-catalyst-
loaded titania over time still remains elusive. Their photo-
conversion is truly catalytic on platinum-decorated
TiO2(110),

19,23 while an upper limit in the conversion of
different primary alcohols is observed on the bare semi-
conductor.15,18,24 These conversions range between 5% and
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A.3 Origin of Poisoning in Methanol Photore-
forming on TiO2(110): The Importance
of Thermal Back-Reaction Steps in Pho-
tocatalysis



20% of the initial alcohol coverage and are attributed to result
from the accompanying hydroxylation of the surface.15,18,25 So
far, it is most commonly believed that surface hydroxyls act as
electron traps and promote charge recombination.26 This
seems conceivable, because the photoconversion of methanol
amounts to ∼20% at most.27 At these conversions, by far not
all Obr-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.28 Thus, the exact
role of OHbr 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).3,18,23,26,28,29

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 TiO2(110) (r-TiO2(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-TiO2(110) under illumination at room
temperature is shown in Figure 1a. 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

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 1a), 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.27,30,31 Therefore, the removal of this
hydroxylation, which is observed on TiO2(110) only,
facilitated in the presence of a Pt co-catalyst23,32 or via the
desorption of water from recombining OHbr occurring only at
higher temperatures, is inhibited at room temperature.33 Thus,
the overall reaction is given as follows:

CH OH 2O CH O 2OH
h

3 br 2 br+ → ↑ +υ
(1)

As shown in Figure 1b, the disproportionation of 2-methyl-2-
pentanol to propane and acetone occurs photocatalytically
even on the poisoned r-TiO2(110) surface.22 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:22

CR OH CR O RH
h

3 2→ ↑ + ↑υ
(2)

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

Figure 1. Photochemical reaction of methanol and photocatalysis of 2-methyl-2-pentanol on r-TiO2(110) at 300 K in an alcohol background of 5 ×
10−8 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-TiO2(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.23 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-TiO2(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.
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accumulation of hydroxyl groups on the surface and rendering
the reaction stoichiometric.22

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 OHbr 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 TiO2(110) crystal in this reaction is expressed by the
TOF.19,22 Clearly, the product formation remains quantita-
tively unaffected by a preceding methanol photo-oxidation
(Figure 2). This demonstrates that OHbr 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):

FCH OH O CH O OH3 ad br 3 ad br+ + (3)

FCH O O CH O OH
T

h
3 ad br 2 ad br+ +υ

(4)

CH O 2OH CH O 2OH2 ad br 2 br+ → ↑ + (5)

First, dissociation of the adsorbed alcohol into a methoxy
species and an OHbr occurs on r-TiO2(110) (eq 3).8,34 This
represents the first reaction step,15 which must be considered
to be reversible by thermal recombination. Second, the
succeeding α-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 cleavage15,17,23 and
the concomitant hydroxyl formation on the titania surface.29

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,29 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 α-H cleavage (eq 4) was indeed shown to
occur thermally35 and directly observed via STM by Mao and
co-workers.27,30,31 Furthermore, it is considered to be
exothermic, because of the overall endergonic (and endother-
mic) forward reaction (ΔRG° = +59.8 kJ/mol ≈ 0.62 eV).36

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 TiO2(110) crystal

Figure 2. Photochemical reaction of 2-methyl-2-pentanol and methanol on r-TiO2(110) at 300 K in an alcohol background of 5 × 10−8 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-TiO2(110) surface and on one with prior methanol photoconversion. (a) Photocatalytic disproportionation of 2-methyl-2-pentanol on a
freshly prepared, bare r-TiO2(110). Upon UV illumination, acetone (m/z 58) 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-TiO2(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.
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(through methanol photo-oxidation), in contrast to the photo-
oxidation of methanol (Figure 1). This demonstrates that a
blocking of photoactive sites by OHbr 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,28 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 acetate26) 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 Dohnaĺek and co-workers.8,37,38 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.15,22 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),22 in contrast to the photo-
oxidation of methanol (eq 4), where a C−H bond is
cleaved.3,15,17,39

F FCR OH O CR O OH CR O R OH

CR O RH O
T

h
3 br 3 ad br 2 ad ad br

2 br

+ + + +
→ ↑ + ↑ +

υ

(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 TiO2(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 acidities40 are
observed, there is a strong difference in the thermal back-

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.18,20 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).18 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
TiO2(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 TiO2(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 TiO2(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,41 back-reactions of individual reaction
steps are so far largely ignored. Given the abundance of
hydroxyls on the titania surface in the liquid phase,4 the similar
photochemical behavior of other TiO2 surfaces,42 modifica-
tions (i.e., anatase(101))43,44 and morphologies (i.e., nano-
wires)45−47 suggests that similar effects may also play an
important role for these systems. Our work demonstrates that

Figure 3. Turnover frequencies for the photoreforming of 2-methyl-2-propanol at 300 K on the freshly prepared r-TiO2(110), after methanol
poisoning and ethanol poisoning. It is found that, in each case, the photocatalytic reaction proceeds stoichiometrically and with the same activity.
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individual back-reaction steps must be included in a
comprehensive modeling of photocatalytic systems.
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Chemistry on Rutile TiO2(110): The Influence of Alkyl Substituents
on Reactivity and Selectivity. J. Phys. Chem. C 2007, 111 (49),
18236−18242.
(10) Kim, Y. K.; Kay, B. D.; White, J. M.; Dohnaĺek, Z. Inductive
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Experimental

The details of the experimental setup are described elsewhere.1-3 The experiments are 
performed in an ultra-high vacuum apparatus with a base pressure of < 9.8×10-11 mbar. 
The quadratic rutile TiO2(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 N2 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, 1×10-5 mbar Ar), oxygen annealing (20 min, 800 K, 5×10-6 mbar O2) 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 H2O 
temperature-programmed desorption experiments.4, 5 The blueish TiO2(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 (3rd 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, ≥99.8%, Sigma-Aldrich) and methanol 
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(Chromasolv, ≥99.9%, Sigma-Aldrich) are degasified by several freeze-pump-thaw 
cycles.

Additional Data

-50 0 50 100 150 200 250 300 350

0.0

5.0x10-12

1.0x10-11

1.5x10-11

Formaldehyde

Formaldehyde

Formaldehyde

2)

1)

3)

Io
n

C
ur

re
nt

/a
rb

.u
.

Time /s

UV Illumination

Figure S1. Isothermal mass traces (m/z 30) of the photoreaction of 1 L methanol on r-
TiO2(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-TiO2(110) at 300 K, analogue to Figure S1). 1 L 
methanol is adsorbed on r-TiO2(110) at 130 K, the sample is thermalized to 300 K and 
illuminated with UV light for 5 min. Subsequently, a temperature-programmed 
desorption experiment shows remaining methanol and the expected water peak 
around 530 K resulting from recombinative desorption of OHbr. No other products 
were observed in TPD. 
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Figure S3. Isothermal mass traces of formaldehyde (m/z 30) of the photoreaction of 1L 
methanol on r-TiO2(110) and pre-hydroxylated TiO2(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 TiO2(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-TiO2(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-TiO2(110) at 300 K in an alcohol 
background of 5×10-8 mbar after a dosage of 5 L (i.e. 5×10-8 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-TiO2(110) 
at 300 K in an alcohol background of 5×10-8 mbar in consecutive experiments. The blue 
region highlights the period of UV irradiation. a) Photochemical product of ethanol 
oxidation on a freshly prepared r-TiO2(110). Upon UV excitation, ethoxy species are 
oxidized to acetaldehyde (m/z 29), 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 H2O from reduced 
TiO2(110). 1 ML H2O 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 OHbr species. The 
integral of the high temperature feature yields a BBO vacancy concentration of 6 1% ±
ML following the titration method established by Henderson.4
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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 [Å]6

Acetone 58 10.2
Propane 29 11.6
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ABSTRACT: Photocatalytic hydrogen evolution from methanol is a standard test reaction for
photocatalyst materials. Surprisingly, the exact chemical mechanism is still widely discussed in
the literature. In order to disentangle photochemical from thermal reaction steps and gain
insights on the atomic level, we use a Pt cluster-loaded TiO2(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 TiO2(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 TiO2 modifications.

KEYWORDS: surface species, photocatalytic conditions, Pt cluster loaded TiO2(110)

■ INTRODUCTION

Driving catalytic reactions with light has been envisioned for a
long time to replace fossil feedstock for hydrogen production,1

upgrade biomass to chemical feedstock,2 or decompose waste
in an environmentally benign way.3 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.4 This effect has been observed
for the photo-electrocatalytic reforming of alcohol already
decades ago5,6 and is commonly known as “current
doubling”.4,7 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.2,4,8,9 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

of the elementary steps are the same or similar to
photocatalytic water splitting.4,10,11 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.12 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.13−15 Additionally, they
showed that a thermodynamic approach, only taking
conduction and valence band edges into account, is not
sufficient to understand hydrogen evolution from NiOx
cocatalysts supported on TiO2.

16 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.16 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 TiO2(110) synthe-
sized under ultrahigh vacuum conditions represents a very
well-defined model system to probe photocatalytic reactions.
Because rutile TiO2(110) is one of the best understood
materials under very well-defined conditions,17,18 the surface
physics of the semiconductor and thermal chemistry are very
well-known.17−20 We recently reported the hydrogen evolution
from photocatalytic alcohol reforming to occur catalytically
under ultrahigh vacuum conditions on Ptx/TiO2.

21,22 Similar
to the studies of Zaera and co-workers,16 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.22

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 TiO2(110),

23,24 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).

■ EXPERIMENTAL SECTION
Materials and Methods. All experiments were carried out

under ultrahigh vacuum conditions with a backpressure of <1
× 10−10 mbar in a home-built setup for studying photocatalytic
reactions.21,25 An overview of the apparatus is shown
elsewhere.21 Briefly, it consists of surface preparation methods,
including a sputter gun (SPECS IQE 11/35) and a molecular
beam doser,26 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 Vacuum GmbH) and
a home-built time-of-flight mass spectrometer27 for the analysis
of reaction products. A load lock enables the transfer of
samples and a laser ablation cluster source28 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 H2O
(Milli-Q, 18.2 MΩ·cm) were extensively degassed and further
purified by pump−freeze cycles. D2 (99% purity, Westfalen,
Germany), O2 (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 Ptx clusters and
no contaminants in the clusters were found in the mass spectra
before each deposition.

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.21,29 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/cm2. 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 TiO2 (3.0
eV).22 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
TiO2(110) single crystal (SurfaceNet GmbH) was cleaned by
cycles of sputtering (Ar, 1.0 keV, 1 × 10−5 mbar, 20 min),
oxygen annealing (820 K, 1 × 10−6 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 H2O TPD.30,31 The concentration of bridge-bonded
oxygen (BBO) vacancies was determined to be 6 ± 1% with
respect to Ti-lattice sites (5.2 × 1014/cm2) based on the
evaluation of H2O TPDs.22,31

The deposition of the Ptx (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 TiO2(110)
single crystal at 110 K, as described in an earlier study.22 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.32

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 × 1013 e/
cm2 or 0.15 e/nm2 for the deposition of singly charged clusters
and assumes that every surface site (1.5 × 1015/cm2) of the
single crystal represents an adsorption site. The size
distribution was decided to be the same as in our previous
studies.21,22 Furthermore, previous work with scanning probe
microscopy33−37 and X-ray photoelectron spectroscopy36,37

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.38,39 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 TiO2(110) single
crystal, which was also demonstrated by Geng et al.40
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■ 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-TiO2(110) (Figure 1a). In contrast, H2 evolution in addition
to formaldehyde formation is observed for Pt-loaded
TiO2(110) (Figure 1b). This behavior is known from previous
studies on bare TiO2(110)

41,42 and on Pt-loaded
TiO2(110).

21,22 Clearly, the role of the Ptx 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.22 To further investigate the
surface chemistry on the Pt cocatalyst, we used isotopically
labeled methanol-d3 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 CD3OH 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 D2 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 CD3OH (i.e., hydrogen and
methoxy formation) on the TiO2(110) surface or the thermal
decomposition of methanol on the Ptx clusters. The second

pathway yields carbon monoxide and hydrogen species, based
on prior work on Pt(111).43 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 Ptx cocatalyst, a
TPR experiment with isotopically labeled methanol CD3OH
on a Ptx/TiO2(110) photocatalyst was performed (Figure 3),
which is in good agreement with a very recent study of Hao et
al.23 Methanol adsorbed on the semiconductor surface shows

Figure 1. Photochemical products of 1 L of CH3OH on r-TiO2(110) (a) and on Ptx/TiO2(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 H2 are formed upon
illumination, while the catalyst poisoning is observed in subsequent illumination cycles.22 The Pt-loaded photocatalyst (b) shows formaldehyde
desorption accompanied by significant production of H2 during illumination. The hydrogen trace is offset to 5 × 10−11 A for clarity. Note that the
traces in this figure represent raw data of the masses m/z = 2 for H2 and 30 for formaldehyde.

Figure 2. Consecutive isothermal irradiation experiments at 260 K on
a Ptx/TiO2(110) catalyst. The reaction is started by illumination after
adsorption of 1 L of CD3OH at cryogenic temperatures. Between
every photochemical experiment, the surface is recovered with 1 L of
methanol-d3 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 Ptx cluster coverage in this
experiment is 0.75% of a monolayer.
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the well-known desorption chemistry of bare TiO2(110), with
the alcohol leaving the surface at mainly around 300 K, as
reported before.44−46 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.23 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 TiO2(110),
22,45

occurs at around 250 K (Figure 3) in agreement with H2
desorption from Pt clusters on other oxide supports (e.g.,
SiO2)

49 and the D2 desorption from Ptx/TiO2(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 D2 adsorption (see Fig. S3). The same desorption
temperature is observed for the thermal hydrogen evolution
from surface hydroxyl recombination resulting from water
adsorption on Ptx/TiO2(110) (Figure S3).40 As mentioned
before, molecular water dosed onto the Ptx/TiO2(110) surface
dissociates in BBO vacancies on the surface and, consequently,
two surface hydroxyls are formed.31 These hydrogen atoms,
bound to BBO atoms on the TiO2(110) surface, are able to
diffuse50 and eventually recombine at the Pt clusters, while the
oxygen “heals” the surface defects (see also Figure S4). Other
than for bare TiO2(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 D2 signal (mass 4) is
indicative for the diffusion of surface hydroxyls and the H atom
recombination being fast processes, which is in agreement with

Figure 3. TPR experiment from 100 to 700 K on a Ptx/TiO2(110)
photocatalyst with a CD3OH 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.35,48 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.

Figure 4. (a) Photon-stimulated reaction of 1 L of methanol (CD3OH) on a Ptx/TiO2(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.
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the literature.51 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
Ptx/TiO2(110) to a saturation coverage of CO directly after
cluster deposition, dosed methanol-d3, and carried out an
isothermal illumination experiment at 262 K (Figure 5).
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 5) 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.52 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 CH2O 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 TiO2(110),

22,55 which was first

reported for ethanol,56 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.42

On the other hand, both photoreaction products can desorb
from Ptx/TiO2(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

= − [ ] = [ ]

= × [ ] × [ ]
r

t t
k hv

d methanol
d

d formaldehyde
d

methanol

t t

t (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.41 This is in perfect
agreement with our postulated mechanism from catalytic
experiments21,22 and all the current doubling observations in
the literature for alcohol photochemistry on titania.5−7

Under constant illumination, one can simplify eq 1 further
by employing k′ = k × [hν]. Following the reaction
mechanism,21,41,42,57,58 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

[ ] = [ ] × − ′k tmethanol methanol exp( )t 0 (2)

with [methanol]0 being the initial methanol concentration in
photo-active sites.
As

Figure 5. Comparison between isothermal photoreaction experiments at 262 K showing that a conditioned Ptx/TiO2 photocatalyst and an
artificially CO-saturated Ptx/TiO2 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 Ptx/TiO2(110) catalyst
is exposed to 10 L of CO at 110 K and then annealed to 155 K. At this temperature, physisorbed CO on TiO2(110) either desorbs

53 or diffuses to
the Ptx clusters, where it chemisorbs and remains strongly bound.54 Subsequently, 1 L of CD3OH 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).
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[ ] = [ ] − [ ]formaldehyde methanol methanolt t0 (3)

this results in the following expression for the integral product
yield

[ ] = [ ] × − − ′k tformaldehyde methanol (1 exp( ))t 0 (4)

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

[ ] = [ ] × ′ × − ′
t

k k t
d formaldehyde

d
methanol exp( )t

0 (5)

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).

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).42 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.21,22

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% Ptx on TiO2(110), an electronic effect induced by the
cocatalyst (e.g., the controversial charge accumulation in the
metal particles14,16,24,59,60) on the photo-oxidation reaction is
not observed to play an important role.

The photoreaction of methanol to formaldehyde and
molecular H2 can be rationalized in a scheme corroborating
knowledge from semiconductor physics (Figure 7). Upon

excitation with UV light, an electron−hole pair is formed in the
TiO2(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
sites41,61 including the negatively charged BBO vacancies.62−64

In previous photocatalytic studies on a cocatalyst-loaded
TiO2(110) photocatalyst with methanol21,22 and ethanol,24 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
H2 molecule. This observation is in very good agreement with
the “current-doubling” effect that has been observed for the
same materials.10,65 Furthermore, methoxy species adsorbed
on the TiO2(110) surface were identified in systematic studies
as the photo-active intermediate by various groups,41,42,57,66,67

while a photon-driven O−H dissociation mechanism of
molecular methanol remains controversial.41,58,68−70

Furthermore, formaldehyde desorption from photo-oxida-
tion is observed at 250 K immediately upon illumination
because this molecule desorbs thermally around 240 K.71

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.57,66,72 The photoreaction from tertiary
alcohols evidences21,29 that the abstracted H species is most
likely a radical (in analogy to •CH3 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.22 The dimerization on the metal cocatalyst of the
surface-bound hydrogen species was also suggested to be
present in solution.14,16,73 Some CO is chemisorbed on the
cocatalyst from thermal methanol dehydrogenation on the Pt
clusters, but the cocatalyst is active for the photocatalytic

Figure 6. Isothermal illumination experiments at 260 K of the r
TiO2(110) surface and the Ptx/TiO2(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 0 s.

Figure 7. Photochemical mechanism upon illumination of the
methanol-covered Ptx/TiO2(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.
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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 OH CH O H3 TiO (110) 3
2 (6)

ν* + ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ ↑ + *hCH O CH O H3 TiO (110) 2
2 (7)

* ⎯→⎯2H H
Pt 2

x (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.70

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 H2 molecule (eq 9)

ν+ + ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ↑ + ↑hCH O CH OH HCOOCH H2 3 Pt /TiO (110) 3 2
x 2

(9)

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.41,42,74 A methanol-covered, bare TiO2(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.42 The results from such PI-TPDs
on bare r-TiO2(110) and turnover frequencies (TOFs) from
methanol photocatalysis on Ptx/TiO2(110) are shown in
Figure 8. In (a), the PI-TPD from 15 min illumination of 1 L
of CD3OH 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.42,74,75 The full
PI-TPD after illumination of methanol on r-TiO2(110) is given
in Figure S5. The dependence of formaldehyde and methyl
formate production as a function of illumination time (Figure
S6) is in excellent agreement with a previous study.74

The observed photo-oxidation products and their respective
desorption temperatures in the PI-TPD of methanol on r-
TiO2(110) (Figure 8a) are the same as observed under
catalytic conditions in the investigated temperature range from
230 to 273 K on the Ptx/TiO2(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

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).21 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

ν
= × −Δt

ln(2)
e H RT1/2

d
/

(10)

In this regard, ΔH is the desorption energy, T is the
temperature, νd 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

Figure 8. (a) Relevant TPD region of 1 L of CD3OH on the
TiO2(110) surface after 15 min of UV illumination at 100 K. The full
temperature range of the postirradiation experiment is shown in
Figure S5. (b) TOFs of methanol photocatalysis in a methanol
background pressure of 1 × 10−8 mbar on a Ptx/TiO2(110)
photocatalyst as reported in a previous study.21 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.
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methanol photoreforming on cocatalyst-loaded TiO2(110) at
the reaction temperature obtained from Figure 8b.

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.21 To
visualize this dependence, the methyl formate TOF under
catalytic conditions on Ptx/TiO2(110) is shown as a function
of the surface residence time of both reactants, methanol and
formaldehyde, forming the ester (Figure 9). Because methanol

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
crystals76 and microseconds for nanoparticles.77

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 pathways and products formed are observed
under such conditions.78−80 Furthermore, this may not only

hold true for other rutile surfaces,81,82 as a very similar thermal
and photochemistry for methanol has been observed on
anatase83−89 and brookite modifications.90,91 The adsorption
properties and desorption temperatures for the alcohols and
their photo-oxidation products are very similar in general on
the investigated TiO2 surfaces. Especially on anatase, the
majority phase92 in Degussa P25, the same photo-oxidation
pathway of methanol to methyl formate has been reported
recently.93

Stability is one of the major requirements for any future
application of photocatalysts.94 We reported that the Ptx/
TiO2(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.21

However, while Ptx/TiO2 photocatalysts are generally
perceived as stable,8 recent work from Haselmann et al.
reported a deactivation mechanism within the first hour for
small platinum loadings.95 Chung et al. observed a similar
deactivation phenomenon after 30 min of photoreforming of
methanol on their Pt/TiO2 catalysts based on Degussa P25, in
addition to an induction period lasting a couple of minutes.96

Therefore, we further investigated the stability under reaction
and vacuum conditions. A further sign of the long-term
stability of the Ptx/TiO2(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;21 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 H2O was not observed, which
happens because of the long exposure time of 70 h and despite
the low pressure of <1 × 10−10 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 particle52 in a similar way as previously
observed for Pt clusters on an iron oxide support.97

■ 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,14,16,22,98 is most likely covered by CO under
the reaction conditions. Although these spectator species do
not inhibit H2 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,99 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

Table 1. Calculated Surface Residence Times of Methanol,
Formaldehyde, and Methyl Formate from PI-TPD
Experiments on r-TiO2(110) and Observed Selectivities
from Methanol Photoreforming on Ptx/TiO2(110)

surface residence time/s observed selectivity/%

temperature/K CH3OH CH2O CH3OOCH CH2O CH3OOCH

235 497.80 18.48 3.52 56.1 43.9
244 103.93 4.45 0.85 77.7 22.3
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

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.
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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.22 Clearly, the photo-
catalytic H2 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,100 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 Ptx/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-d3 on Ptx/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 H2 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 H2.2-3 In both works, potential molecules such as methyl 
formate-d6 (mass 64), methane-d3 (mass 19) and methane-d4 (mass 20) are not 
observed. Mass 35 (methanol-d3) and mass 32 (formaldehyde-d2) follow the trend 
observed in Fig. 3, corroborated by the joint mass fragment 30 of methanol-d3 and 
formaldehyde-d2. 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 Ptx/TiO2(110) photocatalyst (red traces). On bare TiO2(110), 
Deuterium does not adsorb on the surface at 100 K in agreement with literature.4-5 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.6-7  
 
 
 

188 A. Publications



 
 
Fig. S4: Temperature programmed desorption measurement of 1.31 ML of H2O 
adsorbed at 100 K on Ptx/TiO2(110). Water from the O-lattice sites desorbs around 
160 K, while H2O 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.3 
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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.8 
Methanol is identified by mass 35, formaldehyde by mass 30 and methyl formate by 
mass 64. All traces are corrected for the fragmentation patterns.8-10  
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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.8 Note, that not all methanol can be converted in these 
experiments, indicating a poisoning of the reaction at cryogenic temperatures.  
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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:  

 

−
𝑑𝜃

𝑑𝑡
 =  νd × 𝑓(𝜃) × 𝑒𝑥𝑝−

∆𝐻

𝑅𝑇  (Eq. S1) 

 

While the exponential term (with the desorption energy ∆𝐻) together with pre-

exponential factor 𝜈𝑑 reflects the temperature-dependent rate constant, 𝑓(𝜃) 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:  

 

−
𝑑𝜃

𝑑𝑡
 =  νd × 𝜃 × 𝑒𝑥𝑝−

∆𝐻

𝑅𝑇  (Eq. S2) 

 

− ∫
𝑑𝜃

𝜃

𝜃𝑓

𝜃𝑖
 = ∫ νd

𝑡𝑓

0
 × 𝑒𝑥𝑝−

∆𝐻

𝑅𝑇 𝑑𝑡  (Eq. S3) 

 

𝑡 = ln (
𝜃𝑖

𝜃𝑓
)  ×

1

𝜐𝑑 × 𝑒𝑥𝑝
−

∆𝐻
𝑅𝑇 

  (Eq. S4) 

 

Using the (
𝜃𝑓

𝜃𝑖
⁄ ) = 2 by definition, the surface lifetime is then given by:  

𝑡1/2  =
ln (2)

𝜈𝑑 × 𝑒
−∆𝐻
𝑅𝑇

 (Eq. S5) 

 

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.11-12 These pre-

exponential factors can be used in a Redhead formalism13 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. 
  

Molecule 
Gasphase 

Entropy 
S0[ J/mol × K] 

Reference 
Pre-exponential 
Factor 𝜈𝑑  [s-1] 

 Desorption 
Enthalpy 

∆H [kJ/mol] 

Methanol 236.12 14 3.8771E+15 82.9786 

Formaldehyde 219.00 15 2.2297E+15 75.4629 

Methyl 
Formate 

282.31 15 1.1253E+16 75.3847 
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ABSTRACT: The selective oxidation of alcohols has attracted a great deal
of attention. While most photocatalytic studies focus on the generation of
hydrogen from alcohols, there is also a great potential to replace inefficient
thermal reaction pathways (as e.g. the formox process) by light-driven
reactions. In this work we focus on the photoreforming of methanol,
ethanol, cyclohexanol, benzyl alcohol, and tert-butanol on well-defined Ptx/
TiO2(110) under UHV. It is found that, with the exception of tert-butanol,
alcohol oxidation can produce the respective water-free aldehydes and
ketones along with the formation of stoichiometric molecular hydrogen
with 100% selectivity. While α-H-containing alcohols usually exhibit only a
disproportionation reaction with the release of H2, another reaction
pathway is detected for methanol (and to a much lower extent benzyl
alcohol) to yield the respective ester, methyl formate (or benzyl benzoate,
respectively). The formation of this product occurs via a consecutive photoreaction and is strongly influenced by temperature.
In general, higher temperatures lead to a higher selectivity toward formaldehyde, as product desorption is favored over the
consecutive photoreaction. For tert-butanol two parallel photoreactions occur. In addition to the splitting of a C−C bond
yielding a methyl radical, hydrogen, and acetone, dehydration to isobutene is observed. The branching ratios of both reaction
pathways can be strongly controlled by temperature, by changing the reaction regime from adsorption to desorption limited.
The high selectivities toward aldehydes are attributed to the absence of O2 and water, which inhibits an unwanted overoxidation
to acids or CO/CO2. This study shows that photocatalysis under such conditions provides a prospective approach for a highly
selective and water-free aldehyde production under mild conditions.

KEYWORDS: titania, alcohol oxidation, photocatalysis, selectivity, photoreforming, hydrogen production

■ INTRODUCTION

Selective oxidation of alcohols has attracted extensive attention
in the past decade.1−3 In this regard tuning the selectivity of
photocatalytic reactions has been the focus of current
research.4,5 A key step to high selectivities is a fundamental
understanding of photocatalytic mechanisms. Therefore,
studies on perfectly defined semiconductor single crystals are
of utmost importance. Not only do titania-based systems
represent the most heavily used semiconductors in photo-
catalytic applications but also TiO2 (110) is a readily available,
heavily studied single-crystalline material. Therefore, it
represents an ideal material to elucidate fundamental
mechanisms in photocatalysis. Similarly, Pt is a very prominent
and often used cocatalyst for photocatalytic hydrogen
evolution.6 In alcohol reforming, the photocatalytic synthesis
of highly industrial relevant products such as benzaldehyde,
formaldehyde, and cyclohexanone is particularly attractive.
Benzaldehyde is among the most important molecules in the
cosmetics and flavor industries.7 Formaldehyde is, in addition

to its application as a building block chemical, also needed as a
precursor for potential ultralow-emission fuels.8 In particular,
the formation of water-free formaldehyde as an alternative to
the commonly used formox process, which requires a complex
procedure to be freed from water and other impurities, is of
great interest.9 Cyclohexanone is a precursor molecule for the
production of nylon-6 and is industrially synthesized by either
a high-temperature and high-pressure oxidation of cyclohexane
or a two-step process starting from phenol.10 Consequently,
the development of a one-step photoprocess may receive great
attention. Ethanol oxidation is highly relevant, as it is easily
available in large amounts from biomass conversion. Its photo-
oxidation to produce solar hydrogen from bio-ethanol is
environmentally benign.11

Received: August 30, 2018
Revised: October 10, 2018
Published: October 17, 2018

Research Article

pubs.acs.org/acscatalysisCite This: ACS Catal. 2018, 8, 11076−11084

© 2018 American Chemical Society 11076 DOI: 10.1021/acscatal.8b03479
ACS Catal. 2018, 8, 11076−11084

D
ow

nl
oa

de
d 

vi
a 

T
U

 M
U

E
N

C
H

E
N

 o
n 

M
ar

ch
 8

, 2
02

1 
at

 1
5:

25
:4

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

A. Publications 195

A.5 Thermal Control of Selectivity in Photo-
catalytic, Water-Free Alcohol Photoreform-
ing



As it is generally known that photo-oxidation of primary and
secondary alcohols proceeds via abstraction of the α-H,12−15

the investigation of a tertiary alcohol such as tert-butanol is
therefore mechanistically interesting, because the conventional
pathway is not feasible. Therefore, we have chosen four
alcohols, whose conversions are industrially relevant, and the
mechanistically interesting tert-butanol for photocatalytic
reforming.
The vast majority of studies concerning alcohol photo-

reforming address the evolution of hydrogen, and less focus
has been placed on the oxidation products; this is also the case
for rather defined systems.16 When the selectivity of the
reaction is considered, it is usually observed that photocatalysis
of alcohol with cocatalyst-loaded TiO2 leads to several different
oxidation products, even to CO and CO2 (examples are shown
in a microreview by Cargnello et al.17). However, in the
quantitative analysis of photoreaction products in an aqueous
solutions of methanol, it was found that, under shorter
illumination times (15 min in comparison to 3 h), high
selectivities toward formaldehyde could be achieved.18 For gas-
phase reactions, Selli and co-workers have performed several
studies. For methanol, they found varying selectivities for
different mole fractions of alcohol and water. One result from
these studies was that water serves as an oxygen donor for the
oxidation of formaldehyde.19 Consequently, the highest
selectivity was achieved for pure methanol, but only a value
of 60% with respect to the H2 yield was found.20 While for all
of these studies principal mechanisms have been formulated to
explain the observed reaction behavior, detailed insights into
the parameters governing the selectivity are still missing and
have fostered research activities in this field.21 In this regard
surface science studies may be helpful, because they enable
investigations of highly defined materials under highly defined
conditions.
While alcohol oxidations have been explored in great depth

on bare TiO2(110) single-crystal surfaces in single-coverage

experiments,14,15,22−32 investigations with cocatalyst-loaded
semiconductors under catalytic conditions are scarce. How-
ever, such studies enable unique insights into mechanistic
details. In the following we demonstrate the determination of
stoichiometric mechanisms for the photo-oxidation of alcohols,
photo-oxidative coupling reactions, the formation of hydrogen,
and temperature-induced selectivity changes.

■ EXPERIMENTAL SECTION

The experimental setup for photocatalytic measurements,
which is shown schematically in Figure 1, consists of a UHV
chamber with a background pressure better than 9.8 × 10−11

mbar and a laser vaporization cluster source for the deposition
of size-selected metal clusters. The main chamber includes a
manipulator (VAB Vakuum GmbH), a surface preparation and
surface analysis part, a reaction part with 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), which enables the
selective ionization of isobaric molecules.33 Furthermore, a
sample transfer chamber and a gas line with reactant gases,
which contains a leak valve and a molecular beam doser, are
attached to the chamber.
The sample holder, which is described in detail elsewhere,14

enables liquid nitrogen cooling and heating. The laser system
consists of a Nd:YAG pumped dye laser and a Nd:YAG
pumped UV/vis OPO laser. The photoexcitation of the
semiconductor is carried out with a wavelength of 242 nm,
obtained by the frequency-doubled OPO laser (GWU,
premiScan ULD/400), which is pumped by the third harmonic
of a Nd:YAG laser (Innolas Spitlight HighPower 1200, 7 ns
pulse width, 20 Hz repitition rate). If not otherwise noted,
illumination intensities in the saturation regime of 4.5 ± 0.7
mW are applied.
The rutile TiO2(110) single crystal (SurfaceNet GmbH)

was prepared by cycles of Ar+ sputtering (1.5 keV, 1 × 10−5

Figure 1. Chamber scheme of the UHV apparatus including the laser vaporization cluster source and the laser system.
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mbar, 30 min), oxygen annealing (800 K, 1 × 10−6 mbar, 20
min), and vacuum annealing (800 K, 10 min) until no
contamination was detected by Auger electron spectroscopy
(AES). The resulting TiO2(110) is light blue with a bridge-
bonded oxygen (BBO) vacancy concentration, determined
with H2O TPD, of 6 ± 1% of Ti lattice sites.34

The laser vaporization cluster source was operated by a
Nd:YAG laser (532 nm, 100 Hz, Innolas), which ablated a Pt
target (99.95% purity, ESG Edelmetalle, Germany). The
resulting plasma was cooled by a He pulse and expanded
into the vacuum. The resulting cationic clusters were guided
and bent into a quadrupole mass filter (QMF) (Extrel, USA)
to enable cluster size selection.35 With these settings a size
distribution from Pt7 to Pt35 with a maximum from Pt11 to Pt13
(see Figure S1 in the Supporting Information) resulted. In this
work, the QMF was operated with ac potential only during
deposition and acted as an ion guide, discarding all masses
lower than Pt8. The deposition of 1% ML Pt (respective to the
surface atoms) onto the TiO2(110) single crystal occurred
under soft-landing conditions (<1 eV/atom in kinetic energy),
as checked with retarding field analysis. The cluster loadings
were determined by recording the cluster current during
deposition with a picoammeter (Keithley, 6587). The samples
are named Ptx/TiO2(110) in the following. With this type of
cluster deposition, several studies by different groups using
different characterization methods revealed that highly defined
samples are obtained regarding cluster size and coverage.36−38

Methanol (Chromasolv, ≥99.9%, Sigma-Aldrich), ethanol
(absolute, HPLC grade, ≥99.8%, Sigma-Aldrich), cyclohexanol
(99%, Sigma-Aldrich), tert-butanol (2-methyl-2-propanol,
≥99.5%, Sigma-Aldrich), and benzyl alcohol (99.8%, Sigma-
Aldrich) were degasified by several freeze−pump−thaw cycles
prior to their insertion via a leak valve into the UHV chamber.

■ RESULTS
In order to study the process of alcohols in photoreforming,
UV illumination experiments have been carried out under
alcohol background pressure.
Figure 2 shows the QMS traces of methanol, hydrogen,

formaldehyde and methyl formate during laser irradiation of
the Ptx/TiO2(110) at 262 K under a methanol background
pressure of 7 × 10−8 mbar. On the one hand, the intensity of
the methanol fragment drops drastically with the start of the
illumination and goes back to the initial value when the
illumination is stopped. On the other hand, the irradiation
leads to an immediate increase in molecular hydrogen,
formaldehyde, and methyl formate. After about 10 s a steady
state in the formation of formaldehyde and all other molecules
is reached, which is then constant over the whole illumination
time. From a baseline-corrected integral of the constant region
of formation, a turnover frequency (TOF) is determined. The
QMS is calibrated for methanol to obtain quantitative values
from the ion currents. In this quantitative analysis of the
respective molecule, its fragmentation pattern, its electron
impact ionization cross sections (see Table S1 in the
Supporting Information), and the m/z-dependent transmission
through the QMS are considered. Moreover, for the
determination of TOFs the amount of active sites is attributed
to the number of BBO vacancies. The TOFs of the other
alcohols are determined in identical experiments with the same
procedure of quantification.
In Figure 3 the pressure-dependent TOFs of five different

alcohols are depicted in the range from 1 × 10−8 to 1 × 10−7

mbar. Higher pressures were not studied to ensure that ion−
molecule reactions after electron impact ionization in the QMS
do not deteriorate a quantitative determination of the
products. From all α-H-containing alcohols, the respective
aldehyde or ketone and H2, corresponding to the stoichiom-
etry of the reaction, are observed. With higher reactant
pressure the TOFs rise linearly, with the exception of
methanol, for which a flattening may be observed.
Furthermore, other byproducts are not detected at the
investigated temperatures for all α-H-containing alcohols.
This is again different for methanol, for which photoreforming
leads to the formation of methyl formate. The TOF of this
reaction shows a saturation behavior, starting at a pressure of 5
× 10−8 mbar (see Figure S2 in the Supporting Information for
an enlargement of methyl formate TOF). A comparison of
both carbon-based products (i.e., methyl formate and form-
aldehyde) as a function of laser power reveals that a further
photon is needed for the reaction to methyl formate (see
Figure S3 in the Supporting Information). For ethanol other
reaction pathways can be ruled out, as different mass fragments
(see Figure S4 in the Supporting Information) do not exhibit
any change in signal during illumination after cracking pattern
correction. Similarly, also for cyclohexanol and benzyl alcohol a
selectivity of 100% toward the ketone and the aldehyde occurs.
An exception to those α-H-containing alcohols is tert-

butanol, for which the standard oxidation pathway is excluded.
Therefore, only 1/2 H2 is obtained from the oxidation of one
tert-butanol to acetone, accompanied by stoichiometric methyl
radical ejection. Furthermore, an additional side reaction
forming isobutene and water is observed. The photoreforming
of each alcohol is stoichiometric in long-term experiments
(≥200 min) and exhibits no changes in the TOFs.
For all alcohols the reaction has been investigated for their

temperature dependence under isobaric conditions. Figure 4
shows the product distribution for methanol and ethanol
oxidation as a function of temperature but otherwise constant
conditions. For methanol photoreforming about the same
amounts of formaldehyde and methyl formate are produced at
235 K (Figure 4a). However, the selectivity of the reaction

Figure 2.Methanol (m/z 32), hydrogen (m/z 2), formaldehyde (m/z
30), and methyl formate (m/z 60) signals at 262 K under a methanol
background pressure of 7 × 10−8 mbar. The blue region highlights the
period of laser irradiation. Note that the methyl formate signal is
multiplied by a factor of 10 for better visibility.
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changes drastically with higher temperatures. The TOF of
methyl formate drops to zero at around 260 K, while that of
formaldehyde remains high. More precisely this means that a
temperature-dependent selectivity toward Aformaldehyde, defined

as =S
A

Aformaldehyde
formaldehyde

total product
, is obtained from 56% at 235 K and

100% at 273 K. While the reaction becomes more selective, the
conversion of methanol decreases at temperatures higher than
250 K.
For the conversion of ethanol it can be seen that no

byproducts are observed over the whole investigated temper-
ature range (Figure 4b). As a result a 100% selectivity to
acetaldehyde is always achieved. Furthermore, a change in the
TOF is only visible at temperatures lower than 200 K (see
Figure S5 in the Supporting Information), while it stays

constant at elevated values. The differences in the TOFs of
formaldehyde and acetaldehyde of about a factor of 10 are only
related to different background pressures of the respective
reactant, which were chosen to completely rule out a
consecutive photoreaction for ethanol.
Figure 5a shows the cyclohexanone TOFs in the range from

240 to 300 K and Figure 5b the benzaldehyde TOFs in the
range from 210 to 340 K. An increase in the turnover is
observed for both alcohols in the lower temperature region up
to ∼260 K. In the region above this temperature the
investigated TOFs remain almost constant. Furthermore, a
100% selectivity to cyclohexanone and nearly a 100%
selectivity to benzaldehyde during the respective photo-
reforming is found. For the latter molecule, a minor byproduct
is detected at a m/z 92 fragment (see Figure S6a in the
Supporting Information), which can be attributed to benzyl
benzoate. Its very low signal to noise intensity excludes a
reliable product quantification. Therefore, only a qualitative
evaluation is shown in Figure S6b in the Supporting
Information.
The temperature dependence of the TOFs in the photo-

reforming of tert-butanol shows a complex behavior. On the
one hand, an increase in the TOFs of acetone, methyl radical,
and H2 is observed with increasing temperatures from 230 to
305 K (blue region in Figure 6). Afterward, the turnover of
those products is constant or decreases slightly (ocher region).
On the other hand, the TOFs of isobutene and H2O show a
slow decrease over the entire temperature range. Conse-
quently, the selectivity to acetone is increasing strongly from
66% at 234 K to 96% at 306 K (blue region) and increases only
very weakly in the ocher part.

■ DISCUSSION
Oxidation Reaction. Photocatalytic alcohol reforming on

Ptx/TiO2(110) produces water-free aldehyde or ketone of the
respective alcohol and stoichiometrically molecular hydrogen.
The first step is the thermal reaction by dissociative adsorption,
resulting formally in the formation of an alkoxy group and a
hydrogen atom.39 The following photo-oxidation of the alkoxy
species proceeds via a hole-mediated α-H abstraction.22,25,40

The resulting aldehyde or ketone desorbs thermally at a
sufficiently high temperature. The remaining two hydrogen
atoms diffuse on the TiO2(110) surface, recombine at a Pt
cluster, and finally desorb.41 All of these processes are
thermally driven, with the exception of the α-H abstraction.
The reaction equations are shown for the general alcohol
oxidation (eq 1), hydrogen recombination (eq 2) and the total
reaction (eq 3).

→ +
⎯→⎯ ↑ +hv

R R CHOH(g) R R CHO /TiO H(ad)/TiO

R R CO H(ad)/TiO

1 2 1 2 ad 2 2

1 2 2 (1)

⎯ →⎯⎯⎯ → ↑2H(ad)/TiO diff 2H(ad)/Pt H2 2 (2)

and the total reaction:

⎯ →⎯⎯⎯⎯⎯⎯⎯ ↑+ ↑R R CHOH(g) R R CO H
hv

1 2 Pt@TiO 1 2 2
2 (3)

This mechanism is used for the interpretation of all α-H-
containing alcohols. From the determined TOFs it can be seen,
that a stoichiometric aldehyde (or ketone) to hydrogen ratio is
observed.

Figure 3. Pressure-dependent TOFs for photocatalytic reforming of
(a) methanol, (b) ethanol, (c) cyclohexanol, (d) benzyl alcohol and
(e) tert-butanol. The temperature is 260 K in (a), 280 K in (b), (c),
and (e), and 300 K in (d). The temperatures have been chosen in
order to be above the desorption temperature of the aldehyde (or
ketone) and below that of alcohol desorption. In general the TOFs
rise linearly in the investigated pressure range and a saturation
behavior is not observed. Note that products other than those
displayed are not observed.
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Pressure Dependence. In the investigated pressure range
a linear increase in the TOFs is visible for all investigated
alcohols. Only for methanol may a flattening of the curve occur
at the maximum TOF. From the linear increase, an adsorption
limitation of the reaction can be concluded.42 Consequently,
the alcohol photoreforming is a first-order reaction with the
reactant pressure in the investigated pressure range. A
saturation of the reactive surface sites with reactant is not
obtained.

In order to compare the rates of the different alcohol
photoreforming reactions, the reaction rate k, normalized to
the pressure of the alcohol, is determined (see Table 1). For
tert-butanol the sum of acetone and isobutene TOFs reflect the
overall rate for tert-butanol conversion. As the formation of
methyl formate does not change the methanol conversion
significantly at the investigated temperature, it is omitted for
the determination of the reaction rate constant. Although the
temperature is the lowest for formaldehyde production, the
largest rate constant is obtained. In general, a decrease in the
rate constant with the steric demand of the alcohol is visible.
This can be ascribed to a steric hindrance of the active site
required geometry, which is in good accordance with the
adsorption limitation of the reaction rate.

Temperature Dependence. At the applied alcohol
pressure, the TOF increases for all investigated alcohols in
the low-temperature regime. After this regime, the TOFs stay
constant or slightly decrease at higher temperatures. This
behavior can by explained by the following: an increase in the
TOF with temperature results from increasing product
formation due to a faster product desorption. As soon as the
curve flattens, not enough substrate is available at the surface in
order to enable a further increase in the TOF. This adsorption
limitation can be counteracted with higher substrate pressures.
The increased availability of reactant thus results in a later
flattening of the curve.43 The activation energies, which can be
obtained from the slope of the linear region in an Arrhenius
plot are very low (<20 kJ/mol) (see SI Figure S7 and Table S2
in the Supporting Information). This is expected for
photocatalytic reactions44 and is strong evidence for a
limitation by product desorption. Furthermore, the observed
adsorption limitation at higher temperatures is in very good
accordance with the determined pressure-dependent behavior.

Oxidative Coupling Reaction. A further reaction path-
way is found for methanol, for which a coupling to methyl
formate occurs. This consecutive oxidation reaction is the only
additionally observed pathway for methanol photoreforming.
The formation of this coupling product is in good agreement
with non-steady-state photocatalytic studies on bare
TiO2(110),.

25,28,30 However, the exact coupling mechanism

Figure 4. Temperature-dependent TOFs for (a) methanol (1 × 10−8 mbar) and (b) ethanol (1 × 10−7 mbar) photoreforming. Methanol (a) shows
a temperature-induced selectivity change from formaldehyde to methyl formate. However, ethanol (b) does not exhibit a reaction to ethyl acetate
and the TOFs are temperature independent in the investigated temperature range from 240 to 280 K.

Figure 5. Temperature-dependent TOFs for (a) cyclohexanol (1 ×
10−8 mbar) and (b) benzyl alcohol (5 × 10−8 mbar) photoreforming.
Secondary products are not observed from cyclohexanol and benzyl
alcohol reforming. The TOFs in (a) and (b) increase with
temperature and saturate at around 260 K.
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producing methyl formate is still under discussion. It has been
suggested that either a formyl or a hemiacetal intermediate is
formed to produce methyl formate.25,28,45 Both pathways
represent photoactivated mechanisms, in which a photon is
needed for the coupling of formaldehyde and methanol. This is
also observed by the illumination dependence in this study
(see Figure S3 in the Supporting Information). The resulting
reaction equation is given in eq 4:

+
⎯ →⎯⎯⎯⎯⎯⎯⎯ ↑ +

CH O(ad)/TiO CH O(ad)/TiO

HCO CH H(ad)/TiO
hv

2 2 3 2

Pt@TiO 2 3 2
2 (4)

The total reaction can be written as

⎯ →⎯⎯⎯⎯⎯⎯⎯ ↑+ ↑2CH OH(g) HCO CH (ad ) 2H
hv

3 Pt@TiO 2 3 2
2 (5)

A strong temperature dependence is observed for the
selectivity toward methyl formate. It is related to the residence
time of formaldehyde on the TiO2 surface, which has to be
long enough in order to enable the consecutive reaction. As the
formaldehyde desorption maximum from a reduced TiO2(110)
surface is around 260 K,22,30,46 the drop in the methyl formate
TOF can be related to a higher desorption rate, resulting in a
significant decrease in the residence time of the molecule. For
photoreforming of benzyl alcohol a similar coupling mecha-
nism occurs, resulting in the production of benzyl benzoate,
but with a strongly reduced rate. Similarly to the formation of
methyl formate, the consecutive photo-oxidation step is

strongly dependent on temperature. Therefore, only in a
small temperature range is a small amount of benzyl benzoate
detected.
In contrast to formaldehyde and benzaldehyde the second

photo-oxidation step does not occur for adsorbed acetaldehyde
under anaerobic conditions. This is in good accordance with
previous work of Henderson and Friend, who showed that
photo-oxidation of acetaldehyde is not possible on reduced
TiO2(110), in contrast to the photo-oxidation of form-
aldehyde.46,47 Our study demonstrates that the pathway of
photoinduced decomposition of acetaldehyde on reduced
TiO2(110) proposed by Yang and co-workers48 is not relevant
under catalytic conditions.
From cyclohexanol photoreforming a coupling product will

only be possible if a ring opening would occur. However, such
a reaction can be ruled out, as no product other than
cyclohexanone is detected.

tert-Butanol Photoreforming. In contrast to the α-H-
containing alcohols, tert-butanol photo-oxidation leads to
methyl ejection and the desorption of hydrogen and acetone.
Furthermore, isobutene and water are formed via a photo-
activated thermal reaction pathway. Both pathways are
reflected in the stoichiometry of the photoreaction and were
observed also on bare TiO2 previously,49 but without the
evolution of molecular hydrogen. The reactions on Pt-loaded
TiO2 are given in eq 6 and 7

→ +
⎯→⎯ ↑ + ↑+ ↑hv

(CH ) COH(g) (CH ) CO(ad)/TiO H(ad)/TiO

(CH ) CO CH
1
2

H

3 3 3 3 2 2

3 2
.

3 2 (6)

→ +
⎯→⎯ ↑ + ↑hv

(CH ) COH(g) (CH ) CO(ad)/TiO H(ad)/TiO

C H H O

3 3 3 3 2 2

4 8 2 (7)

with the formation of water resulting from a dehydroxylation of
the semiconductor:

+ → ↑HO(ad)/TiO H(ad)/TiO H O2 2 2 (8)

The selectivity of tert-butanol photoreforming shows also a
pronounced temperature dependence. While the acetone

Figure 6. Temperature-dependent TOFs for tert-butanol (1 × 10−7 mbar) photoreforming. The lower temperature region up to ∼305 K, in which
the turnover to acetone increase, is depicted in blue. The upper temperature region, with a constant or slight decrease in the acetone TOF, is
depicted in ocher. Over the whole investigated temperature region, the turnover of isobutene and H2O decreases with increasing temperature.

Table 1. Rate Constants (k) at a Temperature (T) of
Maximum Rate, Referenced to the Alcohol Pressure

product 105k T (K)

formaldehyde 16.6 ± 1.8 260
acetaldehyde 10.6 ± 1.2 280
acetone 4.6 ± 0.3 280
isobutene 1.5 ± 0.4 280
acetone + isobutene 6.1 ± 0.7 280
cyclohexanone 5.1 ± 0.1 280
benzaldehyde 4.6 ± 0.2 300
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pathway is thermally hindered, which is attributed to a
limitation for the thermal butoxy formation, the isobutene
formation decreases continuously with increasing temperature.
This is due to the required transition state of the photothermal
reaction, which has previously been attributed to be a five-
membered cyclic structure involving the BBO vacancy.49 While
the transition state may be thermodynamically favored, the
probability for molecules exhibiting this particular geometry
decreases with increasing temperature for entropic reasons.
Furthermore, the ejection of the methyl radical under
illumination shows that the photoreaction occurs via a
homolytic bond cleavage.

■ CONCLUSION

In summary, water-free alcohol photoreforming on Ptx/
TiO2(110) at room temperature is shown for five alcohols
(methanol, ethanol, cyclohexanol, benzyl alcohol, and tert-
butanol) under anaerobic conditions. The absence of oxygen
results in the generation of aldehydes and ketones with high
selectivities, as further oxidation reactions on the semi-
conductor (e.g., for ethanol to formate50) and on the cocatalyst
are avoided. This leads to a pathway in which the main
reaction products of all α-H-containing alcohols are the
respective aldehyde or ketone and stoichiometric molecular
hydrogen. The photo-oxidation mechanism proceeds via a
hole-mediated α-H abstraction of dissociatively adsorbed
alcohol on the TiO2 surface and recombination of abstracted
hydrogen at Ptx clusters. The reaction of tert-butanol shows
that the photoreaction occurs via homolytic bond cleavages.
In general, the reaction behavior of all alcohols very much

reflects the findings from the bare semiconductor but under
catalytic conditions. This is in good agreement with the
aforementioned reaction mechanism. Furthermore, it shows
that the oxidation reaction pathways are not influenced by the
deposition of the platinum clusters and occur on sites of the
reduced TiO2 crystal.
The surface chemistry also reveals that, by a choice of

suitable conditions (i.e., water and oxygen free), consecutive
reactions can be suppressed for α-H-containing alcohols and
100% selectivity toward the aldehyde or the ketone can be
obtained. For aldehydes and particularly methanol, temper-
ature is also an important parameter, as a consecutive oxidative
coupling reaction may happen. At lower temperatures this
subsequent reaction step becomes important, because the
aldehyde (i.e., formaldehyde) desorption is decreased, which
enables the oxidative coupling with the alcohol (i.e.,
methanol). At higher temperature, a prompt desorption of
the aldehyde is enabled, which prevents the consecutive
photoreaction step. While the reaction may be conducted with
a high selectivity for formaldehyde under conventional
conditions, conditions with an increased residence time of
the aldehyde may instead enable the formation of methyl
formate. This can be achieved by the addition of O2 into the
feed, as was shown for example for bare anatase particles,51

which however comes at the expense of the formation of water
instead of molecular hydrogen.
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Figure S1: Size-distribution from Pt7 to Pt35 with a maximum from Pt11 to Pt13 from the
laser vaporization cluster source. The cluster size is about 1 nm and the distribution shows
a log-normal behaviour.S1
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Table S1: Electron impact ionization cross sensitivity values at 70 eV and m/z fragments
used for quantification.

substance ICS [Å2] m/z fragment

methanol 4.61S2 31

formaldehyde 4.14S3 30

acetaldehyde 6.7S2 44

benzaldehyde 20.1S4 106

cyclohexanone 17.6S4 70

methyl-radical 2.99S5 15

acetone 9.0S2 58

isobutene 11.889S6 56

water 2.275S6 18

hydrogen 1.021S6 2

methyl formate 6.8S7 60

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. To obtain quantitative values

for other molecules than methanol the fragmentation pattern, the electron impact ionization

cross sensitivities (ICS) and the m/z dependent transmission through the QMS must be

considered. The fragmentation pattern are obtained from mass spectra from the National

Institute of Standards and Technology for all moleculesS8 besides methyl.S9 The ICS values

and the m/z fragments used for the quantification can be found in table S1.
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Figure S2: Pressure-dependent methanol photo-reforming at 260 K. Note that the methyl
formate TOFs are multiplied with a factor of 15 for better visibility.

The TOFs of methyl formate from methanol photo-reforming show a saturation behavior,

starting at a pressure of 5 × 10−8 mbar (see Figure S2).
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Figure S3: Laser power-dependent photo-catalytic methanol conversion. Note that the
m/z = 60 trace is enlarged by a factor of 23 to optimize the comparability between the
two products. The indictated energies refer to the light energy directly before the UHV
chamber.

From laser power-dependent photo-catalytic methanol conversion (Figure S3), it can be

seen that the yield of the coupling product methyl formate is stronger reduced than the

yield of formaldehyde with lower laser power. Consequently, the coupling of an adsorbed

formaldehyde and a methoxy is a consecutive photo-catalytic process.
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Figure S4: Pressure-dependent TOFs for ethanol photo-reforming at 280 K. Plotted are the
acetaldehyde TOFs obtained from evaluation of the m/z=15 QMS signal (CH3-fragment)
and the m/z=44 QMS signal. As both are identically the formation of other molecules
containing CH3-fragments can be ruled out.

From ethanol photo-reforming other reaction products containing CH3-fragments are

ruled out by comparison of the acetaldehyde TOFs obtained from two different m/z QMS

signals, as shown in figure S4.
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It can clearly be seen from figure S5, that the acetaldehyde TOFs rise from 160 K to

200 K. From this temperature on the following TOFs are constant. Furthermore it is visible,

that no ethylacetate is formed.
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Figure S6: Temperature-dependent benzyl alcohol photo-reforming at 5 × 10−8 mbar. In
a) the water, oxygen, benzaldehyde and benzyl benzoate raw data QMS traces are shown
for three different temperatures. b) shows a qualitative evaluation of the coupling product
benzyl benzoate.

For benzyl alcohol it is found that the m/z=92 fragment is formed in a small temperature

range from ≈240 K to ≈300 K, which can either result from toluene (deoxygenation of

benzyl alcoholS10) or from benzyl benzoate (coupling product). Note that no oxygen or

water desorption is observed during catalysis (see SI Fig. S6a). Consequently, the formation

of toluene can be ruled out as a potential side product to this pathway does not occur and

poisoning effects are also not observed. Therefore, a coupling reaction to benzyl benzoate is

proposed. However, we refrain from a quantitative analysis as the m/z=92 fragment is only

a minor fragment of benzyl benzoate resulting in a large error, when being quantified.
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Figure S7: Arrhenius plots for a) acetaldehyde (at 1 × 10−7 mbar), b) cyclohexanone (at
1 × 10−8 mbar), c) benzaldehyde (at 5 × 10−8 mbar) and d) acetone (at 1 × 10−7 mbar)
photo-reforming of the respective alcohol. The activation energy EA is determined from the
slope of the linear rise in the Arrhenius plot.

The obtained activation energies (see figure S7) are all less than 20 kJ
mol

and are summa-

rized in table S2. We refrain from an Arrhenius type activation energy evaluation of the

formaldehyde formation, as this reaction competes with the methyl formate formation.

Table S2: Activation energies of acetaldehyde, cyclohexanone, benzaldehyde and acetone
formation from figure S7

Product EA [ kJ
mol

]
Acetaldehyde 17.5± 2.2
Cyclohexanone 12.1
Benzaldehyde 13.1± 1.9
Acetone 5.2± 0.3
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Why co-catalyst-loaded rutile facilitates
photocatalytic hydrogen evolution†

Constantin A. Walenta,‡ab Sebastian L. Kollmannsberger,‡a Carla Courtois,a

Rui N. Pereira,c Martin Stutzmann,bc Martin Tschurl a and Ueli Heiz*ab

As the conduction band edge of rutile is close to the reduction potential of hydrogen, there is a long-

lasting discussion on whether molecular hydrogen can be evolved from this semiconductor. Our study on

methanol photoreforming in the ultra-high vacuum reveals that photocatalysts comprising a TiO2(110)

single crystal decorated with platinum clusters indeed enable the evolution of H2. This is attributed to a

new type of mechanism, in which the co-catalyst acts as a recombination center for hydrogen and not as

a reduction site of a photoreaction. This mechanism is an alternative pathway to the commonly used

mechanism derived from photoelectrochemistry and must particularly be considered for systems, in which

reducible semiconductors enable the surface diffusion of hydrogen species.

Introduction

Hydrogen generated from renewable feedstocks is envisioned
to act as a potential fuel for clean transportation.1 In the last
decade research focusing on increasing the efficiency of hydro-
gen production has tremendously been intensified by following
both conventional and novel approaches.2,3 Photocatalytic water
splitting facilitated by co-catalyst loaded semiconductor particles
is one promising way for clean hydrogen production. Recently,
such systems have been reported to exceed efficiencies of over
1% in a scalable solar-to-hydrogen production.4 Surprisingly,
detailed mechanistic insights are still scarce despite the intense
research efforts undertaken in the past. Such knowledge, how-
ever, may be vital for the development of devices, which are
economically competitive. So far, there has been a general
agreement that two different effects contribute to the hydrogen
evolution rate, the charge carrier dynamics and the chemical
reactions. For the latter, both partial reactions are usually treated
somewhat independently from each other, following the con-
cepts of photoelectrocatalysis. For most of the systems it is
believed that the oxidation reaction is the rate-determining step,

while the evolution of hydrogen occurs on a much faster time
scale. The latter is usually viewed as a two-electron reduction of
H+. If such a separate picture of both half-reactions is valid, the
choice of particular semiconductor materials is subject to certain
restrictions, for example the position of the band edges with
respect to the electrochemical potential of the two half-reactions.
In this regard, there is still a lively discussion on whether rutile
is capable of enabling the evolution of molecular hydrogen or
whether its conduction band edge is too low in energy.5,6

On the other hand, the commonly used picture of explaining
photocatalytic reactions is based on the mechanisms observed
in two electrochemical half-cells, for which only the energetics
of the materials are taken into account. Contributions related to
their surface chemistry are usually completely ignored, despite
their potential importance. For illustration, gallium nitride
exhibits a similar valence band edge and even a conduction
band edge higher in energy to rutile TiO2.7 However, GaN(0001)
does not enable alcohol photooxidation in the ultra-high vacuum
(UHV),8 despite its activity in the charge-carrier driven photo-
desorption of CO.9 With the established model based on electro-
chemical half-cells only a straightforward explanation of these
observations cannot readily be given.

Experimental

In order to study photocatalytic reactions in a highly defined
environment with highly defined catalysts, all experiments were
performed in an UHV apparatus10–12 with an attached laser-
vaporization cluster source. The focused 2nd harmonic of a
Nd:YAG laser (Spitlight DPSS, Innolas) ablates a rotating platinum
target creating a plasma, which is cooled by the introduction
of a helium gas (He 6.0, Air Westfalen) pulse via a home-built
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piezo valve into the vacuum. The cationic clusters of the
resulting beam are guided by an octupole ion guide and several
einzel lenses to a quadrupole bender. This bender enables the
separation of cations from neutral clusters prior to their guidance
through a quadrupole mass spectrometer and subsequent cluster
deposition (details on the deposition method and materials
used are given in ‘‘1. Catalyst Preparation’’ in the ESI†). The
main chamber with a typical base pressure more than
9.1 � 10�11 mbar is equipped with a leak valve (Pfeiffer Vacuum)
for Langmuir dosing and a molecular beam doser. A sputter gun
(SPECS IQE11/35) enables crystal cleaning by cycles of argon
sputtering. The cleaning procedure is evaluated by Auger Electron
Spectroscopy (AES) with a respective spectrometer (Omicron
Nanotechnology). The typical spectrum of a clean TiO2 crystal
is shown in Fig. S1a in the ESI.† The sample holder, which is
attached to a manipulator, can be cooled to liquid nitrogen
temperatures and heated resistively to more than 1000 K.

The photocatalysts are prepared by using a reduced rutile
TiO2(110) single crystal, which is prepared by sputtering and
oxygen annealing cycles and a subsequent vacuum annealing
step for 10 min (more details are given in the ESI,† in the
section ‘‘1. Catalyst Preparation’’) prior to the deposition of
soft-landed Pt clusters. This results in a stable oxygen vacancy
concentration of 6% (for details see Fig. S2 in the ESI†).

Methanol is either dosed at cryogenic temperatures or via a
constant background, while all relevant masses are monitored
with a QMS (QMA 430, Pfeiffer Vacuum GmbH), which can be
placed right above the photocatalyst. Given a certain tempera-
ture, the photoreaction is facilitated using a nanosecond pulsed
OPO-laser, operated at 241.8 nm after frequency doubling.
Changes in the composition of the gas phase above the photo-
catalyst are then detected in the QMS. The photoreaction is
shown to be independent of UV wavelength and pulsed or con-
tinuous excitation, as long as the photon energy is above the
band gap (see Fig. S8 in the ESI†).

Results

The photochemical behavior of methanol and other alcohols on
bare TiO2(110) has already been extensively investigated, which
makes them excellent systems for studying the hydrogen evolu-
tion reaction. As alcohols are known to efficiently facilitate hole-
reactions, they have vastly been used in different studies as
hole-scavengers in the past.13,14 From studies in UHV it is
known that on a reduced titania crystal the main photochemi-
cal reaction pathway is a disproportionation reaction yielding
formaldehyde and the hydroxylated semiconductor (see eqn (1)).14–16

At best only very small amounts of molecular hydrogen are
detected.17

CH3OHad=TiO2 �!
hn

CH2O " þ 2Had=TiO2 (1)

Therefore, the semiconductor surface becomes significantly
hydroxylated during the photoreaction. Furthermore, only a
fraction of the initial methanol adsorbed at the surface can be
converted.18,19 Amongst other effects, this is attributed to the

poisoning of the crystal due to its hydroxylation,10,14 whose
details however still remain elusive. The deposition of small
platinum clusters on the semiconductor completely changes
this behavior (see Fig. 1). A strong production of molecular
hydrogen is observed, which is stoichiometric to formaldehyde
formation. In contrast to the reaction on the bare semiconductor,
catalyst poisoning does not occur anymore after the deposition of
Pt clusters. The absence of poisoning in Ptx/TiO2(110) enables the
reaction to occur under steady-state conditions. This allows for the
determination of a turnover frequency (TOF) of the photocatalyst
(Fig. 2a). The photoreaction is found to be stoichiometric for
several investigated pressures (Fig. 2a).

Surprisingly, it is found that higher coverages of co-catalysts
only lead to very small changes in the TOF (Fig. 2b). In this
regard, changing the Pt cluster loading over almost two orders

Fig. 1 Photochemical products of methanol photo-reforming on
r-TiO2(110) [a] and on Ptx/TiO2(110) (0.1% cluster coverage) [b] at 260 K in
a methanol background of 1 � 10�8 mbar. Upon UV illumination (shown as
blue background), methoxy species are photo-oxidized to formaldehyde,
which desorbs thermally. In [a] only trace amounts of H2 are formed upon
illumination, while poisoning of the catalyst is immediately observed upon
illumination. The Pt-loaded photocatalyst [b] shows an evolution of form-
aldehyde as well as hydrogen without deactivation. The stoichiometry of
the reaction products is in perfect agreement with the expected one. Note
that the H2 trace is offset by 0.004 ML s�1 for clarity.
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of magnitude (from 0.02% to 1% of a monolayer) only leads to a
2-fold increase in the TOF. If a typical spherical rutile nano-
particle of 20 nm in diameter is considered, this coverage
amounts to weight loadings of less than 0.01 to over 0.3 wt%
of platinum (assuming the bulk density of rutile TiO2 and Pt15

as the average cluster size). Indeed, in a recent study on
colloidal systems it was reported that very little amounts of
platinum loading already result in high hydrogen production
rates.20 This is also in good agreement with a previous work of
Haruta and co-workers, who found an increase in H2 produc-
tion in the lower loading regime, similar to our results.21

The observed behavior of the Pt coverage-dependent TOFs
suggests that the photo-oxidation to formaldehyde is the rate-
determining step and that hydrogen diffusion and recombination

are significantly faster. Therefore, it is vital that the active sites for
the photo-oxidation on the semiconductor remain unblocked by
the metal co-catalyst. This gives rise to a previously mentioned
maximum at higher co-catalyst loadings. In our study, clusters are
randomly distributed on the surface due to the applied deposition
method (soft-landing of clusters from a cluster source) as
evidenced by different microscopy techniques (i.e. scanning
tunneling microscopy, Kelvin probe force microscopy and trans-
mission electron microscopy).22–24

In addition, photon-stimulated desorption of oxygen is a
powerful tool to probe the concentration of accessible photo-
active surface sites on TiO2(110).25 The application of this
method further confirms the accessibility of photo-active sites
after cluster deposition and even after catalysis, as it does not
significantly change after both events (see Fig. S11, ESI†). This
is in good agreement with the random cluster distribution
and different to the formation of clusters via the evaporation
of metals on the semiconductor. Using the latter deposition
method it was found that it strongly inhibits the photo-
oxidation of CO in the case of Pt26 or the O2 photodesorption
in the case of gold.27 This is a clear indication that the migration
to or the formation of metal centers in or near photoactive
surface sites will inhibit the photooxidation pathway on the
semiconductor.

Varying the incident pulse energy of UV illumination shows
that a saturation regime is reached at high photon fluxes, while
for small illumination intensities a linear dependence is
obtained (Fig. S6, ESI†). The observed trend suggests a transi-
tion from a 1st order regime to a 0th one, which indicates that
only a one-photon process is involved in the evolution of a
hydrogen molecule.

This is a similar observation to that for the so-called
‘‘current doubling’’, which aims to describe an increase in the
observed charge-carrier generation in the reaction of methanol
with photoanodes.28 However, it was also used to interpret the
purely photocatalytic reaction of methanol vapor.29 Current
doubling is usually explained by the decomposition of a
CH3O-radical and an injection of an electron into the semi-
conductor’s conduction band. While this mechanism is capable
of describing the reaction in photoelectrocatalysis,28,31 it can be
excluded in the present work. On the one hand, this is due to
the reaction conditions, but on the other hand, we found in one
of our previous works that the bond cleavage occurs in a
homolytic manner for tertiary alcohols.11,12

Discussion

The comparison of the photocatalytic reaction behavior of the
bare semiconductor with the Pt-loaded one leads to the following
reaction mechanism, which is illustrated in Fig. 3. From the
methanol chemistry on the bare semiconductor it is generally
accepted that methoxys act as photoactive species for a hole-
mediated a-H abstraction.15 In many studies of different
research groups the authors came to the conclusion that the
adsorption of alcohols onto the TiO2(110) surface occurs via a

Fig. 2 Photocatalytic conversion of methanol on Pt-loaded r-TiO2(110).
In (a), the background pressure-dependent TOFs for Ptx/r-TiO2(110) are
shown for several photocatalytic experiments. The catalyst was prepared
with a coverage of 1% clusters per TiO2(110) surface atom and methanol
was introduced in the chamber at 260 K. The reaction stoichiometry is
independent of the pressure. Every square and circle pair resembles a
photocatalytic experiment. In (b), the cluster coverage is varied on the
semiconductor and the reaction even occurs with an appreciable TOF for
a Pt cluster coverage of 0.02% of a monolayer.
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dissociative adsorption of alkoxy species.15,30,32–35 For example,
the O–H bond cleavage in oxygen vacancies has been studied in
detail by STM studies.36 The change in the TOF as a function of
illumination intensity in the present study similarly favors the
thermal over photochemical pathway of methoxy formation, as
a second order behavior required for a two-photon process is
never observed, even not at low illumination intensities.

The appearance of the stoichiometric amounts of formalde-
hyde and H2 demonstrates that the role of the co-catalyst in the
chemical reaction is only to enable the recombination of hydrogen
atoms of the hydroxylated TiO2 crystal (eqn (2) and (3)):

CH3OHad=TiO2 �!
hn

CH2O " þ 2Had=TiO2 (2)

2Had=TiO2 �!
Ptn

H2 " þ TiO2 (3)

As seen from these reaction equations, an electron-consuming
reduction of H+ at the metal clusters can be excluded due to the
conservation of charges. This is also in agreement with the
reaction conditions of our experiments, in which solvated H+

moieties do not appear.
With the hole-mediated disproportionation reaction mecha-

nism, a straightforward interpretation of the observations in
this work can readily be given:

As the platinum co-catalysts only act as recombination
centers for atomic hydrogen, which also has been proposed
previously,37 charge carrier dynamics do not significantly

influence the reaction step of hydrogen formation. Instead,
the migration of hydrogen atoms to the co-catalysts plays a
crucial role. In this regard, it has only recently been shown that
the diffusion of hydrogen is efficiently facilitated over large
distances on TiO2, which has been attributed to the redox pro-
perties of the semiconductor.38 As a result, the distance of the
co-catalyst to the center of the photoreaction is not of para-
mount importance for the H2 evolution rate.

The comparison of eqn (2) and (3) with eqn (1) demonstrates
that the release of H2 occurs via the recombination of hydrogen
atoms on the co-catalyst, which has already been facilitated
thermally (see Fig. S10, ESI†). This is further evidenced by the
decay in product formation after the illumination is stopped.
As the removal of the hydroxylation represents a consecutive
thermal reaction of the photoreaction, the H2 signal decays
slower than that of formaldehyde (see Fig. 1b).

The reaction requires only one photon per hydrogen mole-
cule, which is further evidenced in the illumination dependent
TOFs, which show a first-order behavior transferring into a
saturation regime at higher illumination intensities (Fig. S6,
ESI†). This is in excellent agreement with previous reports on
hydrogen evolution from alcohols.39,40

The proposed mechanism does not only consider the charge
balance and catalytic reaction behavior, but is also in good
agreement with findings from semiconductor physics. As the
TiO2 single crystal represents a bulk oxide n-type semiconductor,
surface band bending must strongly be considered, which is
different to nano-structured systems. On an n-type semiconductor,
photoholes highly tend to migrate to the negatively charged surface
states, while photogenerated electrons preferentially move toward
the bulk. Consumption of these photoholes causes flattening of the
semiconductor bands, which results in an increased rate of surface
state regeneration by the corresponding photoelectrons. Note that
negative surface states resulting from point defects are about 0.3 eV
lower in energy than the conduction band edge.41,42

The resulting neutral charge balance is fully compatible with
the mechanism described above. These consequences from
semiconductor physics for the surface photochemistry are
illustrated in Fig. 4.

In summary, some important consequences result from
these findings:

1. The new mechanism for molecular hydrogen evolution
extends the range of possible semiconductor materials. In
particular, hydroxyl-forming oxides may be potential candi-
dates and their conduction band edges do not necessarily have
to match the reduction potential of hydrogen, as it is illustrated
here in the case of rutile decorated with co-catalysts.6

2. The amount of co-catalyst for the H2 evolution has only a
very weak influence on the TOF. While vital for the formation of
molecular hydrogen, a coverage of 0.02% (which amounts to a
loading of 0.01 wt% for typical 20 nm rutile particles) results in
a considerably strong H2 signal. This effect can readily be
explained with the reaction mechanism: as the co-catalyst only
enables hydrogen recombination, its loading only plays a minor
role in comparison to the formation of formaldehyde, which is
the rate-determining step.

Fig. 3 Photocatalytic reaction mechanism for methanol conversion at a
co-catalyst-loaded r-TiO2(110)-surface. Upon adsorption, methoxy species
[2] are formed thermally, while hydroxyls may diffuse on the surface [3]. The
methoxy gets oxidized by the photohole30 originating from the illumination
of the semiconductor [4]. This causes the formation of formaldehyde [5],
which eventually desorbs thermally. The formed atomic hydrogen diffuses
on the surface [6] and recombines at a co-catalyst, where it also desorbs
thermally [7]. Note that the reaction mechanism facilitates an overall
charge-neutral disproportionation reaction, which is triggered by the
irreversible photo-oxidation step. The negatively charged surface states
(attributed to maybe BBO vacancies or Ti3+ interstitials) of the n-type semi-
conductor get replenished by photoelectrons [8] and the catalyst remains
unchanged after the completion of the cycle [1].
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3. As photoactive sites on the semiconductor enable the a-H
abstraction from alcohols, it is vital that the co-catalyst does not
block them. While the exact site for the photo-oxidation may be
a BBO vacancy10 or a regular Ti5c site,14,15 it is certainly closely
associated with the negative surface states of the semiconductor
as they are the driving force for the photoholes to migrate to the
surface.43 Consequently, the procedure of co-catalyst preparation
may be essential for the photoreaction yield.44 The optimal pre-
paration procedure may differ for different metals, depending on
the metal mobility on the semiconductor.23

4. The mechanism also illustrates that there may exist
intrinsic differences of photocatalysis in comparison to photo-
electrocatalysis other than the absence of voltage. These differ-
ences may be associated with disadvantages (e.g. significant
contributions of the back reaction), but also with advantages as
both half-reactions are not strictly separated from each other.

While these findings are obtained for the hydrogen evolution
reaction from alcohol reforming, the thermal reaction steps
(abstraction of the first hydrogen atom,45 H-migration45 and
-recombination) may similarly contribute to the hydrogen evolu-
tion reaction in photocatalytic water splitting. This is evidenced
by a recent study, in which it has been demonstrated that H2 has
been released thermally in water already at low temperatures.46

Similarly, the hydroxylation of the TiO2 single crystal upon water
treatment47 gets removed in the loaded platinum cluster, after
which the same TOF for the reaction with methanol is observed
(see Fig. S12, ESI†). In addition, based on studies of H. Idriss
and co-workers, we speculate that the generation of molecular
hydrogen in the photocatalysis of alcohols occurs via a similar
mechanism on palladium and gold loaded TiO2

48 and maybe
even on anatase,49 as it is reported that the reaction pathways
are the same and only the reaction rate is affected. Concerning
further earth-abundant metals, a recent study of Montoya and
Gillan shows that also cobalt, nickel and copper facilitate alcohol
reforming in a similar way.50 As all these metals (Pt, Au, Pd, Co,
Ni, Co and Cu) are typical hydrogenation catalysts they enable

the cleavage of H2 and, consequently, also its formation from
H-atoms. Therefore, these studies further support our proposed
reaction mechanism.

Conclusions

In this work we present an alternative reaction mechanism in
alcohol photoreforming, which is significantly different to the
commonly used one derived from photoelectrochemistry. It
comprises three different reaction steps, which are the photo-
reaction at one photocatalytic center, the migration of hydro-
gen on the surface and their thermal recombination at the
cluster. In contrast to the established mechanism, it considers
the surface chemistry of the material and describes the reaction
pathway under the reaction conditions applied in this work.
Furthermore, it explains the observed one-photon dependence
and includes concepts from semiconductor physics. While the
mechanism may be transferred to other semiconductors,
in particular to other reducible oxides, it also highlights that
photocatalytic systems may behave completely different to photo-
electrocatalytic ones.
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1. Catalyst Preparation 
 

A rutile TiO2(110) single crystal (Surface-net GmbH) was cleaned by several cycles 
of sputtering (Ar, 1.0 keV, 710-6 mbar) and annealing at 850 K in vacuum, which 
results in an atomically flat surface, while the crystal shows a light blue color 
indicating a slightly reduced surface [r-TiO2(110)]. Over the course of the 
experiments, the crystal was sputtered (same conditions), annealed in oxygen 
atmosphere (110-6 mbar, 820 K) for 20 min and vacuum annealed at 820 K for 10 
min. This recipe is known to result in a clean surface with a constant bridge-bonding 
oxygen (BBO) vacancy concentration.1  
The Pt (99.95% purity, ESG Edelmetalle, Germany) clusters are generated by a laser 
vaporization source coupled with a quadrupole mass spectrometer (Extrel, USA). In 
this work, the quadrupole mass spectrometer was operated with the AC-potential 
only, acting as an ion guide. The resulting size-distribution is then determined by the 
pressure and voltage settings and kept constant over the course of the experiments.2 
The Pt clusters are deposited on the r-TiO2(110) surface under soft-landing 
conditions (< 1eV/atom in kinetic energy). The resulting catalyst is therefore named 
Ptx/TiO2(110) in the following. Between the experiments, a few cycles in sputtering, 
lasting in total more than 1h, were employed to facilitate a clean surface. The surface 
purity is verified by D2-TPD, since also the smallest contamination of Pt clusters on 
the surface leads to a desorption feature in a TPD between 200 K and 300 K.  
 
The platinum cluster coverages investigated in this work are displayed in Table 1. 
The coverages are given in %ML respective to the 1.51015 surface atoms of the 
TiO2(110) surface.3 They are determined by the neutralization current of soft-landed 
cationic Pt clusters measured by a picoammeter (Keithley 6587). 
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Table 1: Cluster coverages used in this work on the TiO2(110) surface. 
 

%ML [cm2] Number of clusters [e/nm2] Number of clusters [e/cm2]

0.02 0.003 3  1011 
0.1 0.015 1.5  1012 

0.12 0.018 1.8  1012 
0.5 0.075 7.5  1012 
1.0 0.15 1.5  1013 

 
 
 
Methanol (Chromasolv, ≥99.9% purity) and Methanol-d3 (Sigma Aldrich, 99.8 atom % 
D) are cleaned via several pump-freeze cycles and either introduced by dosing or in 
a constant background. 
 

2. Catalyst Characterization 
 
The absence of contaminants from the r-TiO2(110) surface is deduced from Auger 
Electron Spectroscopy (AES) as shown in Figure S1. Further, the surface of a light 
blue crystal shows a certain BBO vacancy concentration. The vacancies can be 
observed either by STM4 or by titration experiments.3, 5, 6 In this study, the BBO-
vacancy density was about 6±1% of the Ti-lattice sites as determined by temperature 
programmed desorption (TPD) of H2O (Fig. S2).  
The cluster size distribution is checked before every experiment and determined by a 
mass scan over all sizes. The resulting mass spectrum is displayed in Figure S3. The 
clusters are deposited randomly on the surface and show no preferential adsorption 
as evidenced by Kelvin Probe Force Microscopy and STM.7-9  
 
 
 
 

222 A. Publications



 
 
Fig. S1: Auger Electron Spectrum of the r-TiO2(110) surface (a) and Ptx/r-TiO2(110) 
(b). Titanium and oxygen are observed for the rutile TiO2(110) surface, while a small 
feature of Pt NOO Peak is observed at 64 eV. The coverage is 1% Ptx/ML. 
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Fig. S2: TPD spectra of H2O on the r-TiO2(110) surface. In S2a, the TPD of 1.89 ML 
of H2O dosed on the surface is shown and is in excellent agreement with literature.5, 

10, 11 The first layer peak is assigned to water desorbing from Ti-lattice sites, while the 
feature at around 170 K is attributed to water on BBO-sites and multilayer adsorption. 
Figure S2b shows a smaller coverage, where the hydroxyl recombination peak is 
clearly observed around 460 K. The grey area indicate the integrated area, that is 
compared to the integral of the first layer peak in S2a, to obtain a BBO-vacancy 
concentration of  6 ±1% of Ti-lattice sites. 
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Fig. S3: Mass spectrum of the cluster size distribution of Pt clusters from the laser 
vaporization source. The spectrum is taken after the quadrupole mass filter and 
shows a size-distribution of Pt7 up to Pt32. When depositing in the ion guide mode, all 
masses lower than Pt8 are discarded. The clusters show a log-normal distribution and 
have a size of about 1 nm in diameter.2 
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3. Thermal Reaction Products 
 
To understand photocatalytic mechanism on an atomic scale, first the methanol 
chemistry on r-TiO2(110) is explored (see Fig. S4) which is found to be in very good 
agreement with literature.12-14 In comparison with Fig. S4, a TPD of 1 L of methanol-
d3 on Ptx/r-TiO2(110) (1% cluster coverage) (Fig. S5) shows significant thermal 
hydrogen desorption between 250 K and 350 K, accompanied by significant CO 
desorption between 350 K and 500 K from the Pt clusters. 
 
 

 
 
Fig. S4: TPD of 1 L of methanol on r-TiO2(110). Molecular methanol mainly desorbs 
at 270 K from Ti-lattice sites. The high temperature feature at 480 K is associated 
with recombinative desorption of dissociated methanol and trace amounts of 
formaldehyde are obtained around 600 K. No molecular hydrogen formation is 
observed from methanol. The excess hydrogen from formaldehyde formation 
typically forms water on oxides, as observed from the water desorption at 470 K. The 
small CO signal at 125 K is attributed to background adsorption. The traces are offset 
for clarity. 
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Fig. S5: TPD of 1 L of methanol-d3 on Ptx/r-TiO2(110). In this experiment, isotopically 
labeled methanol CD3OH is used to explore the thermal reactions on Pt-loaded 
TiO2(110). While the methanol signal is less intense, both molecular and dissociative 
adsorption are observed on the TiO2 surface. No intact desorption of methanol or 
formaldehyde from Pt is observed. Instead, the dehydrogenation products hydrogen 
and CO ultimately desorb at higher temperature. Methanol-d3 on Pt is completely 
decomposed and hydrogen desorbs between 250 K and 350 K. Additionally, CO is 
observed between 350 and 500 K, as is expected for a CO TPD from Pt 
nanoparticles on TiO2(110).15 Additionally, some water is observed at 240 K. The 
traces are grouped and offset for clarity. 
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4. Photocatalytic Activity-Measurements 
 
For the photocatalytic measurements, the catalyst is prepared and moved to the 
QMS. The pulse energy of the laser is monitored and the reactant is dosed at 
cryogenic conditions, unless stated otherwise. The crystal is heated to the reaction 
temperature and then the UV-illumination is started. 
To determine turnover-frequencies (TOFs), the catalyst is exposed to a continuous 
background of a certain methanol pressure and the UV illumination is facilitated and 
blocked. Areas of constant photoconversion of methanol to H2 (m/z=2) and 
formaldehyde (m/z=30) are chosen and both signals are integrated over time. For 
both species, transmission of the calibrated QMS, ionization cross sections and 
cracking pattern contributions are taken into account. The following integral area is 
normalized by the integral of a methanol TPD peak of the Ti-lattice sites (1 ML = 
5.21014).10 To calculate the TOF or site time yield (STY), this integral is divided by 
the time and by the number of active sites for formaldehyde production (0.06 ML, in 
this case for the BBO-vacancies14 [see Fig. S2]) to yield a number of molecules per 
active site per second. Stoichiometry was checked for every catalytic experiment 
(see Fig. S8). This TOF is possibly still limited by mass transport, but pressures 
higher than 410-7 mbar were not investigated to ensure the proper detection by 
QMS.  
The apparent quantum yield (AQY) can be calculated by relating the number of 
evolved molecules per second to the photon flux:16, 17 
 

	 % 	
	 	

	
	 	100			 1  

 
In this work, the amount of product molecules (either formaldehyde or hydrogen) is 
divided by the number of incident photons from the laser.  
In the classical picture, two charges are needed to oxidize methanol to formaldehyde 
as well as reduce protons to H2.17-19 For the lowest photon fluxes (compare to Fig. 
3b), a quantum yield of 3.2% is obtained, while in the saturation regime (see Fig. 3b), 
the quantum yield is about 0.11%.  
 
 
 

5. Methanol Photocatalysis on Ptx/TiO2(110) 
 
Photocatalytic measurements were performed on the r-TiO2(110) surface with 
different loadings of Pt clusters on the surface. Then a background pressure of 
methanol is applied and the reaction temperature is chosen. The photocatalytic 
reaction is then started by the UV illumination. 
Figure S7 shows, that upon the first illumination a conditioning of the catalyst is 
observed, that is then constant with every additional illumination. The obtained 
reaction products are stoichiometric. A one-photon dependence for the H2 evolution 
is found for the lowest light intensities, while for the higher ones a saturation regime 
is observed (Fig. S6). 
In Figure S8, it is shown that the photocatalytic reaction is independent on the used 
wavelength, when the energy of the photon is higher than the semiconductor’s band 
gap and furthermore independent on pulsed or continuous illumination, at least to a 
ns-Laser with 20 Hz. In Fig. S10 the thermal H2 peak from dissociatively adsorbed 
methanol is shown prior to a photocatalytic experiment with Pt loaded TiO2(110). The 
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comparison of O2 photon-stimulated desorption (PSD) on a bare surface and after 
the used photocatalyst gives evidence that it is possible to empty all active sites for 
the oxidation reaction.14 
 
 
 
 
 

 
 
Fig. S6: The TOF of formaldehyde as a function of the illumination intensity is shown. While 
for low illumination intensities a linear behavior is found, the signal saturates at higher 
values. This observation is not in line with a two-photon process, for which a quadratic 
dependence with light power would arise. The dotted red lines indicate the transition from the 
regime of first order behavior into the one of saturation. The error bars in energy are 
determined by the standard deviation of the laser power, while the TOF errors bars are of 
10%, except for the one at 5 mW, which represents the standard deviation of four 
measurements. 
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Fig. S7: Consecutive photocatalytic experiments with methanol on Ptx/r-TiO2(110). 
The Pt coverage is 0.75% cluster per surface atom and the reaction is carried out at 
260 K after adsorption of 1L methanol-d3. In contrast to Fig. 1(a), no catalyst 
poisoning is observed after an initial conditioning of the catalyst. Formaldehyde is 
measured with mass 30, while all hydrogen species are measured on the masses 2, 
3 and 4. Between the cycles, the surface is recovered with 1 L of methanol-d3. In the 
first experiments, more H2 is observed, which is attributed to dissociative methanol 
adsorption and an unknown degree of pre-hydroxylation of the semiconductor. In all 
runs, the formaldehyde intensity and kinetic decay stays the same and after the 
conditioning in the first shot, the same holds true for all hydrogen traces. 
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Fig. S8: Photocatalytic experiments depending on wavelength and illumination 
conditions with Ptx/TiO2(110) and a cluster coverage of 1% in a background of 110-7 
mbar methanol are shown. In a), the sample is illuminated with 250 µJ pulse energy 
(this corresponds to 5 mW) at 241.8 nm, and with illumination the reaction starts 
immediately. The reaction stops immediately, when the light is switched off and also 
runs constant. In panel b), the pulse energy is also hold constant at 250 µJ, but the 
wavelength is changed to 355 nm. The same amounts of hydrogen and 
formaldehyde are obtained, also in the second illumination over a time of 45 min. In 
c), the light source is exchanged from the ns-Laser with 20 Hz to a continuous light 
source. In this case, this light source is a UV-LED that emits light around 367 nm 
(see Fig. S9 for details), well above the band gap value for rutile TiO2 of 3.0 eV. The 
photocatalytic reaction of methanol shows the same behavior as in a) and b). In 
panel d), a direct comparison of the LED to laser excitation is shown, while the pulse 
energy of the laser is only 38 µJ at 241.8 nm and the characteristics show no 
appreciable difference. 
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Fig. S9: Light emission characteristics of the UV-LED. The emission is centered 
around 369 nm with a full-width half maximum of 11.5 nm.  
 
 

 
 

Fig. S10: TPD in a background of 1  10-7 mbar methanol on 1‰ Ptx/TiO2(110) from 
100 K to the reaction temperature at 260 K. After oversaturation of the surface at 
cryogenic temperatures, some methanol desorption occurs around 250 K as it is 
expected from Fig. S4. In agreement with Fig. S5, hydrogen desorption from the Pt 
clusters is observed, too. As methanol adsorbs dissociatively on the TiO2(110), which 
is known from STM studies20, the abstracted hydrogen atoms thermally recombine at 
the Pt clusters and desorb. 
 
 
 

232 A. Publications



 
 
Fig. S11: O2-Photon Stimulated Desorption at 100 K of the r-TiO2(110)-surface and 
the Ptx/TiO2(110) catalyst after 2 h of photocatalysis. The green trace represents a O2 
PSD from bare surface, that is in excellent agreement with literature. After the 
catalytic 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. After illumination is turned off, the sample was cooled down to 100 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 by a higher uncertainty due 
to the additional uncertainty in the starting time of the illumination.) 
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Figure S12: TOFs at 260 K for a background of 1·10-7 mbar methanol on 1‰ 
Ptx/TiO2(110) for a reduced and pre-hydroxylated TiO2(110). The h-TiO2(110) was 
prepared in the same way as in a previous study by Kim et al..21 
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Reactions in the Photocatalytic Conversion of Tertiary Alcohols on
Rutile TiO2(110)
Carla Courtois+, Moritz Eder+, Kordula Schnabl, Constantin A. Walenta, Martin Tschurl, and
Ulrich Heiz*

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
DEAL.

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.[1]

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.[2] 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.[1c,2, 3] Conventional synthetic
methods often rely on auxiliary compounds or quantitative
amounts of oxidants to enable the reaction in the first place.[4]

Often the conversion is conducted with the use of toxic metal
oxides such as chromium(VI) oxides.[5]

An alternative approach for alcohol reforming is photo-
catalysis using semiconductors.[6] 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.[7]

In general, titania is by far the most used material in
photocatalysis due to its reaction properties and availability.[8]

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.[9] As in thermal
catalysis, defined single-crystal surfaces under highly defined
conditions in ultra-high vacuum (UHV) are more suitable for
this purpose.[10] In heterogeneous photocatalysis, rutile TiO2-
(110) surfaces have been comprehensively employed in
alcohol conversion thermally[11] and photochemically.[12]

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 TiO2(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[13] and the Fischer–Tropsch process.[14]

In the latter, TiO2 represents a common support material.[15]

The UV illumination of a TiO2(110) crystal, decorated
with a defined coverage (0.1 % monolayer (ML)) of platinum
clusters ranging in size range from Pt8 to about Pt25, 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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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 H2 and
the respective aldehyde or ketone, as detected for primary
and secondary alcohols.[2, 16] Therefore, the ejection of radicals
and concomitant stoichiometric production of H2 is expected
in analogy to tert-butanol photoreforming.[17] 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

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.[7, 18]

This new reaction can be explained with the mechanism
we suggested for the photoreforming of alcohols on TiO2 in
the gas phase.[17a] The photoactive alkoxy species, which are
already formed upon surface adsorption in the dark[12, 19]

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 TiO2(110) in alcohol photoreforming
has been demonstrated convincingly in the works of Hender-
son and others.[12, 20] 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 TiO2 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 TiO2(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.[17a] 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 2 a). This trend is in good
agreement with findings from methanol photoreforming in
UHV[17a] and with colloidal systems.[21]

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�1 (see the corresponding chapter in the

Scheme 1. Reaction scheme for the photoreforming of 3-methyl-3-
hexanol on Ptx/r-TiO2(110) and on r-TiO2(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.

Figure 1. Photocatalytic products of 3-methyl-3-hexanol photoreforming
on Ptx/r-TiO2(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 1.7 � 10�7 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.
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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

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 �
10�8 mbar to 5 � 10�6 mbar) with the Pt-loaded photocatalyst
does not affect the branching ratio for the two reactions
(Figure S8 a). The overall TOFs exhibit typical 1st order
behavior when the reaction is limited by reactant adsorption
and 0th 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.[17a] However, and more
importantly, for platinum-decorated TiO2(110) an additional
side reaction becomes evident at higher pressures. This
is best illustrated for 2-methyl-2-pentanol photoreforming
(Scheme 2), for which all reaction products can clearly be

quantified and their analysis is not affected by isobaric
interference. As deposited platinum clusters enable the
efficient thermal recombination of hydrogen atoms,[17a] 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 H2 formation is
detected at 5 � 10�6 mbar of alcohol pressure (Figure 3a).

As the formation of H2 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[22]), 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

Figure 2. Photocatalytic conversion of 3-methyl-3-hexanol on Pt-deco-
rated r-TiO2(110). In (a) the TOF of the ketones (sum of 2-butanone
and 2-pentanone) is shown for different Ptx cluster coverages. In (b)
the selectivities for 2-pentanone and 2-butanone based on the TOFs
are displayed for bare r-TiO2(110) and for different Pt loadings on r-
TiO2(110). A monolayer ML refers to the surface atoms. 0% ML
stands for the bare r-TiO2(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.

Scheme 2. Reaction scheme for the photoreforming of 2-methyl-2-
pentanol on bare r-TiO2(110) and Ptx/r-TiO2(110) under UV illumina-
tion. While on bare titania only the hole-mediated disproportionation
yielding acetone and propane occurs, a second reaction pathway is
enabled for Pt-decorated TiO2 above 2.0 � 10�7 mbar alcohol pressure.
In the latter reaction, hydrogen recombines on the Pt clusters and two
propyl radicals recombine forming hexane.
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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.S1 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.S2 

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,S3 which is attached to a heatable and

S-1
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liquid-N2-coolable manipulator in order to set the sample on a selected and defined temper-

ature. The TiO2(110) crystal is cleaned following established procedures of sputtering and

annealing cycles. The degree of surface reduction and absence of platinum is determined

by H2O temperature-programmed desorption and the evaluation of traces of waterS4 and

H2,S5 respectively. The Pt/TiO2(110) model catalysts have been thoroughly characterized

by a variety of local and integral techniques.S6 Photocatalytic measurements are performed

by illuminating the sample with a Nd:YAG-pumped, frequency-doubled OPO laser beam

at 242 nm 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.S2 For this study, the

latter mode was used and was operated as high-pass filter transmitting only ions larger than

Pt7. The settings resulted in a cluster size distribution with a maximum from Pt11 to Pt13

(see S1). 0.1% monolayer (ML) of Ptx clusters (respective to surface atoms) were deposited

onto a TiO2(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 TiO2(110) catalysts have been been well-characterized in previous works by means

of scanning probe microscopy and photoelectron spectroscopy.S6–S9
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Figure S1: Size-distribution of platinum clusters from Pt7 to Pt35 with a maximum from Pt11
to Pt13 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 ·10−11 mbar is achieved. The sample in

the chamber is mounted on a sample holder,S3 which is attached to a (φ,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 TiO2(110) single crystal (SurfaceNet GmbH) is prepared by cycles

of Ar+ (100% N60; Air Liquide) sputtering (1 keV, 4 · 10−5 mbar for several hours), oxygen

(≥ 99%; Westfalen) annealing (800 K, 1 ·10−6 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 H2 trace in a H2O thermal programmed desorption (TPD) experiment.S5

The resulting light blue TiO2 has a bridge-bonded oxygen (BBO) vacancy concentration

of 6 ± 1% of Ti lattice sites, which is determined by H2O TPD.S4 All the experiments are

performed on such a reduced TiO2(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.
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Table S1: Electron impact ionization cross sensitivity values at 70 eV and m/z-value of the
respective fragment used for quantification.

substance ICS [Å2] m/z fragment

2-butanone 12.9S10 72

2-pentanone 15.2S10 86

propane 11.6S10 29

ethane 8.39S10 30

acetone 10.2S10 58

hydrogen 1.021S11 2

hexane 20.8S10 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 H2, CO, CO2 and H2O). Secondly, the sample

is illuminated and a mass scan II under steady-state condition is recorded. This mass scan

II 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 Ptx/TiO2, 300K, alcohol background pressure 1.7 · 10−7 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 Ptx/TiO2, 263K, alcohol background pressure 2.0 · 10−7 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). c) 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).

S-8

250 A. Publications



0 10 20 30 40 50 60 70 80 90

-6
-4
-2
0
2
4
6
8

-6
-4
-2
0
2
4
6
8

In
te

ns
ity

/a
rb

.u
.x

10
-1

1

-6
-4
-2
0
2
4
6
8

0 10 20 30 40 50 60 70 80 90

-6
-4
-2
0
2
4
6
8

Mass /amu

Figure S4: Mass spectra for the product analysis of the photocatalytic reforming of 2-methyl-
2-pentanol (0.1% ML Ptx/TiO2, 321K, alcohol background pressure 2.0 · 10−7 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). c) 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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Turnover Frequencies

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, c) and f) 2-methyl-2-butanol
over 0.1% ML Ptx/TiO2. The photocatalytic experiments are performed at 253K, 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 1st order behavior until
the regime changes from reactant adsorption to product desorption limitation. The latter
results in a 0st 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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Figure S6: Pressure-dependent TOFs for photocatalytic reforming of a) and d) 3-methyl-
3-hexanol, b) and e) 2-methyl-2-pentanol, c) and f) 2-methyl-2-butanol over 0.1% ML
Ptx/TiO2. The catalytic experiments are performed at 336K, 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 1st order behaviour since the reaction is
limited by reactant adsorption at 336K. 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
Ptx/TiO2(110) at 336K in an alcohol background pressure of 8.4 · 10−7 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,S12
supplies evidence for a one photon process. Note that the overall apparent quantum yield
ranges from 0.67% for low illumination intensities (0.74µW) to 0.11% for higher photon
fluxes (2.64mW), when the calculations follow the generally applied procedure via the num-
ber of evolved molecules per second with respect to the photon fluxS12–S14 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 Ptx/TiO2(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 253K and
336K, 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 Ptx/TiO2(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 · 10−7 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−TiO2(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 1.7·10−7 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
Ptx/TiO2(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 ·
10−7 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
Ptx/TiO2(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 · 10−7 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-TiO2(110). Propane (m/z=29 ), acetone (m/z=58 ) and molecular hydrogen
(m/z=2 ) signals are shown at 270 K under a 2-methyl-2-pentanol background pressure of
1.7 · 10−7 mbar. The hydroxylated-TiO2(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.S15 The photoreaction occurs very similar to
that on reduced-TiO2(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-
TiO2(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/z=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,S16
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-
TiO2(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/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 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/z=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,S16 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-
TiO2(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,S16 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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Auger Electron Spectroscopy
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Figure S17: Auger Electron Spectrum of the reduced-TiO2(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− 800K, shown in S14. No carbon containing species (expected at 272
eV) are detected.
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Thermochemistry

Table S2: Standard enthalpy of formation (∆H◦
f ) for molecules, which may be formed in

different reactions.

Molecule ∆H◦
f [kJ/mol]

methane −74.6S17

ethane −84.0S17

propane −103.8S17

butane −125.6S17

pentane −146.9S17

hexane −167.1S17

acetone −217.1S17

2-butanone −238.5S17

2-pentanone −259.0S17

3-hexanone −277.6S18

2-methyl-2-butanol −329.3S18

2-methyl-2-propanol −352.1S19

3-methyl-3-hexanol −372.8S19

atomic hydrogen 217.998S17

methyl radical 146.427S20

ethyl radical 119.87S21

propyl radical 100.87S21
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Table S3: Standard enthalpy of reaction (∆H◦
R) calculated from the standard enthalpy of

formation (∆H◦
f ) of the respective reactants and products.

Reaction ∆H◦
R [kJ/mol]

2−methyl−2−butanol −−→ methane + 2−butanone 16.2

2−methyl−2−butanol −−→ ethane + acetone 28.2

2−methyl−2−butanol −−→ 1
2 butane + acetone 98.8

2−methyl−2−propanol −−→ methane + 2−pentanone 18.5

2−methyl−2−propanol −−→ propane + acetone 31.2

2−methyl−2−propanol −−→ 1
2 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 (∆H◦
R) for three model reactions in order of

evaluate the selectivity in 3-methyl-3-hexanol photoreforming (values calculated from Table
S2).

Reaction ∆H◦
R [kJ/mol]

Model Reaction 1

CH4 −−→ CH ·
3 + H· 439

C2H6 −−→ CH3CH
·

2 + H· 422

C3H8 −−→ CH3CH2CH
·

2 + H· 423

Model Reaction 2

C2H6 −−→ 2CH ·
3 377

C4H10 −−→ 2CH3CH
·

2 365

C6H14 −−→ 2CH3CH2CH
·

2 369

Model Reaction 3

3−methyl−3−hexanol −−→ 3−hexanone + CH ·
3 + H· 460

3−methyl−3−hexanol −−→ 2−pentanone + CH3CH
·

2 + H· 452

3−methyl−3−hexanol −−→ 2−butanone + CH3CH2CH
·

2 + 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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Nickel clusters on TiO2(110): thermal chemistry
and photocatalytic hydrogen evolution of
methanol†

Moritz Eder,‡a Carla Courtois,‡a Tim Kratky,b Sebastian Günther, b

Martin Tschurl a and Ueli Heiz*a

In heterogeneous photocatalysis, noble metals such as Au, Pt, or Pd are most commonly used as co-

catalysts to facilitate H2 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 TiO2. 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

unexpected photon-driven deactivation pathways.

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,1 but its relevance has tremendously increased
since the development of hydrogen gas turbines,2 which may
fill the gap of dispatchable generation in the carbon-free
energy ecosystem.3 However, most of the world's hydrogen
production (>95%) is based on carbon-emitting processes,
such as steam reforming of natural gas.4 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.5–7 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.8 TiO2

is the most often used and best understood semiconductor in
photocatalytic applications,9 because single-crystalline studies
on TiO2(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, Dohnálek and others have provided
reliable preparation recipes of the photocatalyst and its
surface.10–14 These procedures provide a defined,
reproducible thermal and photochemical reactivity of the
TiO2(110) surface which is widely established in the
field.8,15–20 Loading the titania photocatalyst with a co-catalyst
is indispensable for the system to be able to significantly
evolve H2.

21,22 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.23 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.24 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.25,26 On
the well-investigated TiO2(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.25 In
a previous study, we demonstrated that Pt facilitates H2
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evolution such that both abstracted hydrogen atoms
recombine thermally on the metal cluster.21 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.27 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,28,29 is a promising candidate for replacing
it. Single crystal studies reveal that methanol decomposes
thermally to H2 and CO on nickel as it was observed for
methanol on Pt clusters.30,31

The photocatalytic activity of Ni-loaded TiO2 powder
mixtures in methanol– or ethanol–water mixtures has been
subject in several studies.32–40 Chen et al. report a
comparable photocatalytic hydrogen production rate from
ethanol–water solutions for Ni/TiO2 and Au/TiO2.

41 In
contrast, Bahruji et al. present a vanishingly small rate of
hydrogen production for Ni/TiO2 in methanol
photoreforming.33 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,
NiOx is used as co-catalyst on Ga2O3 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.42–44 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 Nix-loaded TiO2(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 TiO2(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

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).45–47 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 × 10−11

mbar.8 Briefly, it consisted of a liquid N2-cooled (x, y, z, φ) –
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 × 10−9 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
Ni0 clusters on the reduced titania (Nix/r-TiO2(110)) surface,
as determined by Aizawa et al. by means of X-ray
photoelectron spectroscopy (XPS).24

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 Ni10. The
settings resulted in a cluster size distribution with a
maximum from Ni20 to Ni23 (see Fig. S1†). 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 TiO2(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 TiO2(110) crystal plate (Surface-net GmbH,
0.995 cm × 0.995 cm × 0.3 mm) was mounted in a
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molybdenum sample holder, whose temperature was
controlled by resistive heating and liquid N2 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 × 10−5 mbar Ar), O2 (≥99%, Westfalen)
annealing (20 min, 800 K, 1.0 × 10−6 mbar O2), 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 H2O TPD.13,19

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−1. 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 × 10−7 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,48 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 μJ 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-TiO2(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.13 The TPDs on
Nix/r-TiO2(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 H2 signal (∼370 K) as well as a high

temperature CO peak (∼470 K). These two TPD profiles in
Fig. 1 are in accordance with H2 and CO TPD spectra
published by Raupp and Dumesic using Ni evaporated on
titania,49 and with CO TPD studies by the Anderson group
on Nix/TiO2 using size-selected clusters.24 Contrariwise to the
methanol feature, their intensities are initially highest but
decrease consecutively in the first three experiments. The
desorption temperatures of H2 and CO observed in Fig. 1 are
close to literature desorption temperatures of these
molecules from Ni nanoparticles.49,50

Photochemistry on Ni-decorated titania

In order obtain insights into the photochemical properties of
Nix/TiO2(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

Fig. 1 Five consecutive TPD experiments with 1 L of methanol from
150 to 600 K on Nix/r-TiO2(110) (solid lines) and an identical TPD
experiment on bare r-TiO2(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−1. After cooling to 150 K, the next TPD experiment was started
immediately. Note that the traces are offset for sake of clarity.
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(orange). In contrast, the formaldehyde trace and the H2

signal (blue) exhibit a sudden increase upon 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.15

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

amounts of formaldehyde are detected. In contrast to the
bare surface, Nix/TiO2(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 Nix/r-TiO2(110) were
extended to photocatalytic methanol oxidation under steady-
state conditions. The photocatalytic conversion was
conducted in a steady methanol background of 5 × 10−7 mbar
near room temperature (300 K). The results are shown in
Fig. 3.

Upon illumination (yellow background), an increase in
both, the H2 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, i.e. the intensities of the traces under
illumination approach their respective baseline in the dark
asymptotically.

Fig. 2 Top: Isothermal photon stimulated reaction (PSR) experiments
with 1 L of methanol at 250 K on Nix/r-TiO2(110) (bright graphs) and
the bare r-TiO2(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−1. Contrary to the
bare titania, the Ni loaded semiconductor facilitates both, thermal
and photochemical hydrogen evolution by methanol (photo)
conversion.

Fig. 3 Products of methanol photoreforming on Nix/r-TiO2(110) at 5 ×
10−7 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 H2 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.47 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 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 H2 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 TiO2(110). During five consecutive methanol TPDs
on Nix/TiO2(110), the declining intensity of the molecular
alcohol trace and rise of the H2/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 Nix/TiO2(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-TiO2(110), surface CO already
desorbs below 200 K,51 while hydrogen does not desorb
molecularly but as water from surface hydroxyl

Fig. 4 Products of methanol photoreforming on Nix/r-TiO2(110) at 5 ×
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 H2 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.

Fig. 5 Auger spectra of Nix/r-TiO2(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.
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recombination above 300 K.18,52 Ni clusters hence induce
additional surface reaction pathways to the thermal
reactivity of titania to facilitate thermal H2 formation. Since
the desorption temperatures of H2 and CO observed in
Fig. 1 are close to literature desorption temperatures of
these molecules from Ni nanoparticles,49,50 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 H2 evolution and strongly bound CO species
during methanol TPD have also been observed on Au/TiO2,

53

Pt/TiO2(110)
17,31 and other noble metal loaded oxides54,55

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 Nix/
TiO2 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, i.e., H2 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.56–60 TPD experiments on Ni single crystals have
shown that methanol and intermediate methoxy species are
decomposed to H2 and CO.58,61 In the same sense, the results
herein show that methanol on Ni cluster-loaded titania

decomposes to H2 and CO at the metal clusters (pursuant to
eqn (1)), which also serve as the desorption sites of these
thermal products.

CH3OH ����!
Nix=TiO2½ �

COþ 2H2: (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,62,63 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/TiO2 systems at high
temperatures,64 Tanner et al. observed the growth of Ni
nanoislands on TiO2(110) via the Volmer–Weber mode
between 295 and 400 K.65 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.24 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 H2 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, TiO2(110) does not show H2 evolution
under UV light,21 whereas the Ni cluster-loaded surface
leads to a rise of the H2 trace upon illumination (top of
Fig. 2). This result clearly shows that Ni clusters facilitate
photochemical hydrogen evolution on TiO2(110) in
methanol photo-oxidation. Although this reactivity had been
observed with Ni nanoparticles on P25 in aqueous
systems,32,40 in UHV studies using rutile it was hitherto
only achieved with Au or Pt metal clusters.8,17,21,66 As
methyl formate is not detected due to the short residence
time of formaldehyde on the surface at 250 K,15,31 the

Fig. 6 Products of methanol photoreforming on Nix/r-TiO2(110) at 5 ×
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 H2 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 × 10−7 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.
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overall photoreaction exclusively occurs via the following
equation:

CH3OHad þ hν ����!
Nix=TiO2½ �

CH2O↑þH2↑: (2)

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 Nix/TiO2(110) shows parallels to Ptx/
TiO2(110) in UHV as well as to Ni/TiO2 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).9,22,67 Since
the photoreaction depicted in eqn (2) occurs analogously on
Ptx/TiO2, it is likely that the surface mechanism is identical,
although the rates of individual reaction steps may differ.21

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 H2 and CO desorption, in agreement with the results
from the TPD series (Fig. 1). Obviously, only a fraction of H2

desorbs upon illumination at 250 K on Nix/TiO2(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

Nix/TiO2(110) facilitates steady-state hydrogen and
formaldehyde formation 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 TiO2(110).

21 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 TiO2(110) also
deactivates during alcohol photoreforming, but the
deactivation pattern compared to Nix/r-TiO2(110) is notably
different: r-TiO2(110) does not show any photon-driven
hydrogen evolution (see Fig. 2 and S3†) and deactivates more
rapidly due to the accumulation of hydrogen on the
surface.18 O2 photon-stimulated desorption (PSD)
measurements on the bare and nickel-loaded titania surface
(see Fig. S4†) indicate that nickel clusters do not block
photoactive sites to a significant extent (in parallel to Pt
clusters).21 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-

TiO2(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.24 Apart from deactivation, the
reactivity patterns (photochemical as well as thermal) of Nix/
TiO2(110) are virtually identical to that of Ptx/TiO2(110).

31

Possible mechanisms for a chemical change of the
clusters are sintering,24,65 encapsulation underneath the
surface,62–64 the formation of oxide species,24 carbonaceous
deposits blocking the sites for hydrogen recombination or
carbide formation.68–70 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.24 The fact that the metal clusters are still detectable
although the photocatalytic activity for H2 evolution has
vanished, indicates that the Ni surface concentration and H2

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 TiO2 is unfavorable since the heat of formation of
NiO (−250 kJ mol−1) is energetically higher than the change in
the standard free energy to form Ti3+ or Ti2+ (−364 kJ mol−1 and
−483 kJ mol−1, respectively).71 Superimposing the spectra from
Fig. 5 with reference spectra of Ni0 and NiO (Fig. S4†) 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 Ni3Al(111) surface in
UHV by means of Auger spectroscopy.46 Furthermore, a recent
operando XPS study on a bimetallic NiCu–TiO2 photocatalyst for
H2 evolution unequivocally shows the metallic state of both co-
catalyst metals.72 While Prahov et al. concluded that Ni0 atoms
are required to evolve H2 in a wet chemical environment, based
on comparisons between the freshly reduced catalyst and after
its exposure to air,40 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.68–70 In
contrast, carbon formation is not observed on Ptx/TiO2(110)
after a similarly long period of photocatalytic methanol
conversion (see Fig. S6†). 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
Nix/TiO2(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 Nix/TiO2(110). TiO2 is known to
show formaldehyde formation but no H2 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.19 This will occur with
an increasing probability as the H2 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 TiO2 crystal. Similarly, the
clusters also enable H2 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 H2 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, Nix/TiO2(110) was exposed to a constant
methanol background without illumination for one hour. The
photocatalytic formation of H2 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 H2 at room temperature and
thus enable the photocatalytic hydrogen evolution reaction

on TiO2(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 Ni10 up to Ni30. When depositing 
in the ion guide mode, all masses lower than Ni8 are discarded.  
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Figure S2. Products of methanol photoreforming on Ptx/r-TiO2(110) at 7x10-8 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 Ni16-45/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 Ni16-45/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) 
surface, while a small feature of the Pt NOO Peak appears at 64 eV on Ptx/r-TiO2(110). The coverage is 0.3% 
Pt>47/ML. 
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