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Gehe ruhig und gelassen durch Ldrm und Hast und sei des Friedens eingedenk, den die Stille

bergen kann. Stehe, soweit ohne Selbstaufgabe moglich, in freundlicher Beziehung zu allen

Menschen. Auflere deine Wahrheit ruhig und klar und hore anderen zu, auch den Geistlosen
und Unwissenden; auch sie haben ihre Geschichte.

Meide laute und aggressive Menschen, sie sind eine Qual fiir den Geist. Wenn du dich mit
anderen vergleichst, konntest du bitter werden und dir nichtig vorkommen; denn immer wird
es jemanden geben, der grofler ist oder geringer als du.

Freue dich deiner Leistungen wie auch deiner Pline. Bleibe weiter an deinem eigenen
Weiterkommen interessiert, wie bescheiden es auch immer sein mag. Es ist ein echter Besitz
im wechselnden Gliick der Zeit. In deinen geschdftlichen Angelegenheiten lass Vorsicht
walten, denn die Welt ist voller Betrug.

Viele Menschen ringen um hohe ldeale; und iiberall ist das Leben voller falschem
Heldentum. Sei du selbst; vor allen Dingen heuchle keine Zuneigung. Noch sei zynisch, was
die Liebe betrifft; denn auch im Angesicht aller Diirre und Enttduschung ist sie doch
immerwdhrend wie wachsendes Gras.

Ertrage freundlich und gelassen den Ratschluss der Jahre, gib die Dinge der Jugend mit
Grazie auf. Stirke die Kraft des Geistes, damit sie dich im plotzlich hereinbrechenden
Ungliick schiitze. Und beruhige dich nicht mit Einbildungen. Viele Befiirchtungen sind Folge
von Erschopfung und Einsamkeit. Bei einem heilsamen Maf3 an Selbstdisziplin sei gut zu dir
selbst.

Du bist ein Kind des Universums, nicht weniger als die Bdume und die Sterne. Du hast ein
Recht, hier zu sein. Und ob es dir nun bewusst ist oder nicht: Es gibt keinen Zweifel, das
Universum entfaltet sich wie vorgesehen.

Darum lebe in Frieden mit Gott, was fiir eine Vorstellung auch immer du von ihm hast und
was immer dein Miihen und Sehnen ist. In der ldrmenden Wirrnis des Lebens erhalte dir den
Frieden mit deiner Seele. Trotz all ihrem Schein, der Plackerei und zerbrochenen Trdumen

ist diese Welt doch wunderschon. Sei vorsichtig. Strebe danach, gliicklich zu sein.

Max Ehrmann (1872—-1945) sampled by Christian Steiffen (2013)



Abstract

The influence of semiconductor material properties on thermal and photo-activated surface
processes were studied under well-defined conditions in ultra high vacuum. The oxidation
of alcohols was investigated as a function of the type of semiconductor, bulk doping, and
surface composition. It was shown that the photo-oxidation of alcohols on a TiO,(110)
surface proceeds via a hole mediated pathway and that a species in a-position of the alcohol
functionality is abstracted. Furthermore, it was demonstrated that the therewith associated
hydroxylation of the TiO,(110) surface is the origin of the poisoning effect in alcohol photo-
oxidation. Consequently, it was clarified that the photo-chemistry is mainly determined by
the semiconductor surface. Moreover, it was found that the thermal behavior of adsorbates is
crucial for the photo-catalytic activity and that even the selectivity of the photo-reaction is
determined by temperature.

In addition, the thermal ethanol chemistry was studied in detail on TiO,(110), GaN(0001),
and Ga, 0, (201). It was found that in the case of GaN(0001) all metal sites convert ethanol to
acetaldehyde and ethylene, whereas on TiO,(110) particularly the defect sites are active and
generate the same products as observed on GaN(0001). The reactivity of the GaN surface
was investigated as a function of the native oxide, as it is always present under ambient
conditions. It was found that the ethanol conversion vanishes on a fully oxidized surface,
which is identically observed on Ga203(§01).

The electronic properties of the GaN(0001) surface were further investigated by adsorp-
tion and photon-stimulated desorption of CO. It was demonstrated that the bulk doping level
determines the amount of adsorbable CO. Furthermore, the photon-stimulated desorption of

CO was strongly inhibited by surface oxidation.



Zusammenfassung

Der Einfluss von Halbleitermaterialeigenschaften auf thermische und photoaktivierte Ober-
flichenprozesse wurde unter wohl definierten Bedingungen im Ultrahochvakuum erforscht.
Dabei wurde die Oxidation von Alkoholen in Abhidngigkeit von der Art des Halbleiters,
der Dotierung und der Oberflichenbeschaffenheit betrachtet. Es wurde gezeigt, dass die
Photooxidation von Alkoholen auf einer TiO,(110) Oberfldche liber einen lochgetriebe-
nen Reaktionsweg verlduft und dass einer der in a-Position zur Hydroxygruppe stehenden
Reste abgespalten wird. Des Weiteren wurde bewiesen, dass die damit einhergehende
Hydroxylierung der TiO,(110) Oberfliche der Grund der Vergiftung der photoaktivierten
Alkoholoxidation ist. Folglich, wurde klargestellt, dass die Halbleiteroberfliche die Photo-
chemie bestimmt. Dariiber hinaus wurde herausgefunden, dass das thermische Verhalten
der Adsorbate ausschlaggebend fiir deren photokatalytische Aktivitit ist, und sogar die
Selektivitit der Photoreaktion wird durch die Temperatur bestimmt.

Zusitzlich wurde das thermische Verhalten von Ethanol auf TiO,(110), GaN(0001) und
GazO3(§01) im Detail untersucht. Es wurde beobachtet, dass auf der GaN(0001) Ober-
flache jegliches Ethanol, welches zu einem Galliumatom gebunden ist, zu Acetaldehyd und
Ethylen umgesetzt wird, wohingegen auf TiO,(110) vor allem die Defektstellen eine Aktivitét
aufweisen und das Aldehyd sowie das Alken erzeugen. Die Reaktivitit der GaN Oberflache
wurde in Abhingigkeit der natiirlichen Oxidschicht, welche unter Umgebungsbedingungen
immer vorhanden ist, erforscht. Es wurde gezeigt, dass die Umsetzung von Ethanol auf einer
komplett oxidierten Oberflache verschwindet, identisch zu dem chemischen Verhalten auf
Ga,0;(201).

AuBerdem wurden die elektronischen Eigenschaften der GaN(0001) Oberfliche mit Hilfe
von Adsorption und photonenstimulierter CO Desorption erforscht. Es wurde gezeigt, dass
der Dotierungsgehalt des Halbleiters die adsorbierbare Menge an CO bestimmt. Dariiber
hinaus wurde die photonenstimulierte CO Desorption stark von der Oberflaichenoxidation
blockiert.



Table of contents

Abstract
Zusammenfassung

1 Introduction
1.1 Alcohol Chemistry on the TiO,(110) Surface . . . .. ... ... ... ..
1.1.1  Methanol . .. ... ... ... ... ... ...
1.1.2 Ethanol . . . ... .. .. . ...
1.1.3 Isopropanol . . . . . ... ... .. ... ... ...
1.1.4 General Consideration of the Photo-Reactive Site . . . . . . . . ..
1.2 Surface Science on GaN(0001) . . . . . . ... ... ... ... ...,
1.2.1 Surface Preparation . . . . . . . .. ... ... ... ... ...
1.2.2 Native Surface Oxide . . . . . . . . .. .. .. ... ... .....
1.2.3 Reactivity of GaN Surfaces . . . . . . ... .. ... ... .....

2 Experimental Setup
2.1 LaserSetup . . . . . . . . .
22 Cluster SOUrCe . . . . . . v v v i v it e e e e
2.3 Semiconductor Sample Holder . . . . . . . ... ... ... ... .....
2.3.1 Sample Holder for Cylindrical Semiconductor Samples . . . . . . .
2.3.2  Sample Holder for Square-Shaped Semiconductor Platelet Samples
2.3.3 Transfer Sample Holder . . . . ... ... ... ... .......

3 Experimental Methods
3.1 TPDExperiments . . . . . . . . . . .. ..
3.2 PSDand PSR Experiments . . . . ... .. ... ... ...........
3.2.1 Discontinuous PSR . . . . .. ... ... o oL
3.22 ContinuousPSR . . . . ... ... ... o
3.3 Quantitative QMS Analysis . . . . . .. ... Lo
3.3.1 Calibration of the QMS for One Substance . . . .. ... ... ..
3.3.2 Conversion to Other Molecules . . . .. .. ... .........
3.3.3 Determination of the QMS Transmission Function . .. ... . ..

3.3.4 Disentangling Overlapping Fragment Masses . . . . . . ... ...

| bl
0 9 N N R W =N

=)



Table of contents v

34 Crystal Preparation . . . . . . . .. .. ... 30
341 TiO,(110) . . . . oL 30
342 GaN . . . e 31
3.5 Auger Electron Spectroscopy . . . . . . ... oo e 32
4 Results - Publication Summaries 34
4.1  Ethanol photocatalysis on rutile TiO,(110):
the role of defectsand water . . . . . . . ... .. .. ... ... ..., 35
4.2 Doping-Dependent Adsorption and
Photon-Stimulated Desorption of CO on GaN(0001) . . . ... ... ... 37
4.3 Anhydrous Ethanol Dehydrogenation on
Metal-Organic Chemical Vapor Deposition Grown GaN(0001) . . . . . .. 39
4.4 Ethanol surface chemistry on MBE-grown GaN(0001),
Ga0,/GaN(0001), and Ga,05(201) . . . . . . ..o oo 41
4.5 Photocatalytic selectivity switch to C—C scission:
o-methyl ejection of tert-butanol on TiO,(110) . . . . ... ... ... .. 43
5 Bibliographic Details for Complete Publications 45
5.1 Ethanol photocatalysis on rutile TiO,(110):
the role of defectsand water . . . . . . . ... ... ... ... 45
5.2 Isomer-Selective Detection of Aromatic Molecules in Temperature-Programmed
Desorption for Model Catalysis . . . . . . . . ... .. .. ... .. .... 46
5.3 Doping-Dependent Adsorption and
Photon-Stimulated Desorption of CO on GaN(0001) . . . ... ... ... 47
5.4 Anhydrous Ethanol Dehydrogenation on
Metal-Organic Chemical Vapor Deposition Grown GaN (0001) . . . . . . . 48
5.5 Ethanol surface chemistry on MBE-grown GaN(0001),
Ga0,/GaN(0001), and Ga,05(201) . . . . . . . ..o 49
5.6 Photocatalytic selectivity switch to C—C scission:
o.-methyl ejection of tert-butanol on TiO,(110) . . . . .. ... ... ... 50
6 Conclusion and Outlook 51
References 55
Danksagung 62

Appendix A Reprint Permissions 64



Table of contents

vi

Appendix B Contributions to the Publications
Appendix C Technical drawings
Appendix D Publications

Appendix E Unpublished Manuscripts

73

74

92

153



1. Introduction

It is discussed in the news on a daily basis, how to react on global warming, particularly when
considering the alarming temperature change from year to year[1]. Associated therewith is
the increase of natural disasters like droughts, wildfires, storms, and floods[2]. Therefore, it
is obvious, that the climate change has to be fought or at least slowed down. But which steps
can we take to decrease for example the emission of CO,, which is responsible for a major
part of the greenhouse effect?[3]

If the situation in Germany is considered, about 85% of the annual CO, emission results
from energy-related emissions.[4] That shows that the actual trend to renewable energy for
electricity production is clearly still in the beginning. Only about 38.2% of the produced
electricity is currently from renewable energy, while still coal with 39.1% has the biggest
proportion of the energy mix.[5]

If we break all this down to emission that we can control self-reliantly, as for example
emission from individual transportation, someone may replace a combustion engine vehicle
by an electric one. However, one has to realize that the electricity production, still creates a
lot of CO, emission. An alternative can therefore be a fuel cell car, which uses hydrogen as
fuel and oxygen from air. As a result only H,O is emitted. The problem in this case is to get
the energy carrier hydrogen.

A promising approach is the dehydrogenation of ethanol from fermentation of biomass.[6]
Thermochemical, electrochemical, photo-biological, and photo-electrochemical technologies
are studied to find cheap, stable, low temperature techniques with a fast production rate.[7]

A second option to generate hydrogen is water splitting. Mostly electrochemical stud-
ies have been performed,[8—10] but also photo-electrochemical water splitting is heavily
studied.[11-13] However, up to now a perfect method does neither exist for dehydrogenation
of ethanol nor for water splitting.

Therefore, a further technique, namely the photo-catalytic hydrogen production from
ethanol or water, has attracted greatest attention in the last decade.[14—20] This method
implies the illumination of a semiconductor with wavelengths shorter than the band gap,
which generates charge carrier pairs that subsequently drive the chemical reaction. Thereby
no external applied voltage is required. The most heavily studied semiconductor material
for the photo-catalytic approach is TiO,, which is attributed to its high catalytic activity, its

stability against photo-corossion, and not at least because of its availability and cost.[21]
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While most of the studies in this field try to optimize the performance of a catalyst by, for
example, adding diverse metal co-catalysts,[22] changing the amount and the size of the co-
catalyst,[23] optimizing the particle size,[24] adding sacrificial reagents,[20] investigations
to get insights in molecular mechanisms and to understand the effects of such changes are
scarce. Therefore, studies on perfectly defined model systems with the option to change
every parameter separately are needed. In order to ensure these terms, studies in the ultra
high vacuum (UHV) on single crystalline materials are required. Such studies enable, inter
alia, the clarification of surface reactions, the role of the photo-holes and photo-electrons, the
function of co-catalysts, and the operating principle of sacrificial reagents.

The goal of this dissertation is to investigate thermal and photo-activated reactions, in
particular of ethanol, on TiO,(110) and GaN(0001) at UHV conditions. Moreover molecular
photo-activated mechanisms are investigated to understand the oxidation reaction of alcohols.
Furthermore, the influence of bulk doping on surface effects is elucidated and the role of
surface states is clarified. In the following, an overview of the literature regarding alcohol
chemistry and photo-oxidation on rutile TiO,(110) as well as surface science studies on
GaN(0001) are presented.

1.1 Alcohol Chemistry on the TiO,(110) Surface

The material rutile TiO, and the properties of the (110) surface have to be considered
first. The literature values of the TiO, band gap vary from 3.0 eV - 3.2 eV.[25, 26] This
corresponds to a wavelength of 413 nm - 387 nm, which is in the UV region. The TiO,(110)
surface consists of bridge bonded oxygen (BBO) rows and fivefold coordinated Ti** ions.[27]
Annealing of the crystal leads to a bulk reduction and to surface defects in the BBO rows,
which play a major role in the thermal and photo-activated surface chemistry. An illustration
of the defect-rich TiO,(110) surface is depicted in figure 1.1.

Fig. 1.1 Defect-rich surface of the TiO,(110) single crystal. The BBO atoms are illustrated
in bright orange, the lattice oxygen atoms in dark orange, and the titanium atoms in gray.
The missing BBO atoms represent BBO vacancies.
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The behavior of various alcohols on this surface was investigated in the last thirty
years. The most heavily studied alcohol is methanol, but also diverse studies of ethanol and
isopropanol on TiO,(110) exist. A summary of the literature regarding these three alcohols

is given in the next subsections.

1.1.1 Methanol

The thermal methanol chemistry on the TiO,(110) surface has been experimentally studied
since 1998, when Henderson et al. found that methanol dissociates in BBO vacancy sites,
whereas molecularly adsorption is predominant on Ti*T sites. The desorption from the
TiO,(110) surface occurs in a low temperature peak or, rather recombinative, in a high
temperature peak from the BBO vacancies. Furthermore, they figured out that co-dosed
oxygen leads to C-H and O-H bond cleavage.[28, 29] The dissociative adsorption of methanol
was later confirmed by TPD and STM studies.[30, 31] Moreover, it was found that methanol
starts to diffuse on the surface at 200 K.[32]

The investigations in molecular photo-activated mechanisms of methanol on the TiO,(110)
surface started in the year 2005, when formaldehyde was already figured out as the main
reaction product of methanol photo-reforming on powdered TiO,,[33] The first studies
used two-photon photoemission (2PP) spectroscopy to elucidate the electronic structure of
methanol on the TiO,(110) surface.[34, 35] Later it was found with the same technique that
methanol can be dissociated with UV light on the TiO,(110) surface.[36]

In the year 2011 first STM results showed that methanol bound to Ti** is photo-active
and the key catalytic site for photo-induced chemistry, but also that the BBO vacancy
concentration has a large effect on the photo-catalytic process.[37] Also in 2011 the group
of Henderson clarified that the methoxy is the active species in photo-catalytic hole driven
processes. Furthermore, they showed that the reaction products are formaldehyde and BBO-H
groups.[38] Since this publication it has been extensively discussed, whether the first step in
photo-catalytic methanol oxidation, the methoxy formation, is a thermally driven[38—41] or
photo-activated[42—45] one.

On the one hand, the group of Henderson found that a methoxy species can thermally
only form at surface imperfections, which means either in a BBO vacancy or, alternatively
on a Ti**-site, if co-adsorbed oxygen adatoms or terminal OH groups are existent.[39]
On the other hand, SFG measurements and DFT calculations suggest that methanol can
spontaneously dissociate at regular Ti**-sites.[46]

Apart from this, methyl formate was found as another reaction product by the group of

Friend and by the group of Yang.[42, 41, 43] Several studies on the cross coupling mechanism
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have been performed, but it is still unclear whether a formyl or a hemiacetal intermediate is
formed to produce methyl formate.[45, 47, 40, 48]

The group of Yang claimed that the barrier for water formation from BBO-H groups is
lower than the barrier for molecular hydrogen formation. Nevertheless, they observed only a
very low H, production from methanol photo-reforming on the TiO,(110) surface.[49]

1.1.2 Ethanol

In the year of 1995 the first study about thermal chemistry of ethanol on the TiO,(110)
surface by the group of Campbell showed that ethoxy is formed on Ti** -sites upon ethanol
adsorption. Furthermore, a recombinative desorption and water formation is observed at low
temperature. They concluded that the water formation from the former hydroxyl group leads
to a subsequent ethylene formation via a B-hydride elimination and a combined recombinative
ethanol desorption at high temperature.[50]

The group of Madix found that similar to methanol two different binding sites are
available, resulting in a recombinative low temperature desorption and a high temperature
reaction. Although, they observed acetaldehyde from the high temperature channel.[51]
Further TPD results elucidated the low and the high temperature reaction channel and showed
that a dehydration pathway and a dehydrogenation pathway are possible. The latter one is
only observed in the high temperature channel from BBO vacancies.[52]

With STM experiments it can be shown that dissociatively and molecularly adsorbed
ethanol exists on regular Ti** -sites.[53] Furthermore, the diffusion of ethanol is observed at
200 K parallel and perpendicular to the BBO rows.[54]

The photo-activated mechanisms of ethanol on the TiO,(110) surface were investigated
for the first time by the group of Idriss[55] in the year 2007. They were able to show with
XPS measurements that ethanol is quickly photo-decomposed with UV light to a reaction
intermediate RCOO. They figured out later with TPD that acetaldehyde is the main reaction
product of photo-reforming of ethanol with co-dosed O,.[56].

The group of Yang confirms with 2PP and TPD studies the acetaldehyde production
from Ti**-sites. Furthermore, they found BBO-H as by-product, which leaves as water in
TPD experiments. Moreover, they postulate a photo-activated high temperature ethylene
formation.[57, 44]

STM studies of the group of Besenbacher[58] confirm that acetaldehyde is formed from
ethanol photo-reforming on regular Ti**-sites. Furthermore, they were able to show that the
amount of BBO vacancies increases with the desorption of the by-product water and that the

surface is re-oxidized from bulk oxygen.
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1.1.3 Isopropanol

The thermal chemistry of isopropanol is very similar to that of ethanol and can be summarized
briefly. There exist also two different binding sites, one at the Ti**-atoms and one at the
BBO vacancies. Consequently, two reaction channels as well as a recombinative desorption
are possible.[51] The low temperature channel from Ti**-sites enables dehydration and the
high temperature channel from the BBO vacancies enables also dehydrogenation.[59, 60]
Furthermore, it is found that pre-dosing of water doubles the yield of the high temperature
dehydration pathway.[61]

The investigations in photo-activated mechanisms of isopropanol adsorbed at the TiO,(110)
surface started already comparatively early in the year 1998, which is not the only reason
why they are worth mentioning. The group of Engel was able to show that acetone is the
main product of photo-reforming on the TiO,(110) surface. They show a saturation behavior
at about 17% of photo-generated acetone. Furthermore, they elucidate the role of BBO
vacancies and conclude that they enhance the yield of the reaction but are not the photo-active
site.[62-64]

1.1.4 General Consideration of the Photo-Reactive Site

A study of Brinkley and Engel claims that the BBO vacancy cannot be the active site for
isopropanol photo-oxidation as a reactivity is observed even under oxidizing conditions,
which leads to reoxidation of the BBO vacancies.[62] However, this argument does not take
into account that for every reoxidized BBO vacancy site an additional oxygen adatom on a
Ti**-site is created,[65] which may open a new photo-oxidation pathway. Furthermore, it was
shown later that with oxygen dosage the reoxidation of BBO vacancy sites is incomplete.[66]

Methanol TPD works of Henderson show that the high temperature peak, which is
assigned to the recombinative desorption of methanol from BBO vacancies, is not changed in
a TPD after UV illumination.[38, 39] Furthermore, a STM study shows that ethoxy species
are present in BBO vacancies after UV illumination at 290 K.[58]

These studies conclude that the BBO vacancy is photo-inactive as alkoxies are observed
at those sites after UV illumination. A weakness in this conclusion is, that molecularly
adsorbed ethanol or methanol is mobile already at 200 K on a TiO,(110) surface.[54, 32]
Consequently, the alcohol may diffuse into BBO vacancies during a TPD or STM experiment
at elevated temperature. Once the molecules are in the vacancies, they could thermally
dissociate and will be trapped. If this is the case, the previously mentioned studies do not
reflect the true conditions on the surface directly after photo-catalysis.
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Another observation is that photo-formed and at low temperature accumulated acetalde-
hyde or formaldehyde desorbs thermally in a temperature region from 200 K to 300 K in
a TPD experiment.[38] This temperature region is assigned to formaldehyde or acetalde-
hyde desorption from Ti**-sites in TPD experiments.[67, 68] Consequently, the aldehyde
desorption in a TPD experiment following photo-oxidation of the respective alcohol seems
to proceed from a Ti**-site. However, the conditions of an aldehyde TPD and a TPD after
an alcohol photo-oxidation are not identically, as the molecules, which are present on the
surface are different. Therefore, intermolecular forces could lead to a shift of the desorption
temperature.

Moreover, there are also arguments that justify the assignment of the BBO vacancy as
the photo-reactive site. A very important fact is that only a fraction of a complete monolayer
of adsorbed alcohol can be converted into the oxidation product on a reduced TiO,(110)
surface[62, 49]. Consequently, a conversion of all Ti** bound alcohol species is ruled out,
which could be a hint to a special reactive site.

The photo-oxidation of alcohols is generally believed to be a hole driven process.[38]
It is likely that the hole, which is coming to the surface under illumination, is attracted by
the negatively charged BBO vacancy (two T3 instead of two Ti**[69]). This is a strong

argument for a key role of the BBO vacancy in the photo-oxidation of alcohols.

1.2 Surface Science on GaN(0001)

The first synthetic preparation of GalN, by addition of ammonia gas to metallic gallium
at 1173-1273 K, is reported in literature in 1931.[70] Since that time GaN has attracted
enormous attention in particular for the use as LED,[71] but also in photo-catalysis.[72]
However, the thermal as well as the photo-chemical reactivity of the GaN surface is rarely
investigated.

GaN grows in the hexagonal wurtzite structure and has a bandgap of 3.4 eV, which corre-
sponds to photons with a wavelength of 365 nm.[73] The doping level of this semiconductor
can be varied from n-type doping to p-type doping. The latter one was investigated for the
first time in 1989.[74] The investigations regarding surface preparation, the native surface

oxide on GaN and surface reactivity are summarized in the following.

1.2.1 Surface Preparation

Davis et al. achieved no complete removal of carbon and oxygen, neither with wet chemical

methods, nor with thermal desorption in vacuum. Even heating in vacuum to temperatures
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of a beginning GaN decomposition did not produce a surface free of contaminations.[75]
Later, they found that UV/O; treatment is the most effective method to remove carbon
contamination. In order to subsequently get rid of the oxygen species, they annealed the
crystal in NH; at 1073 K, which produced an almost contamination free surface. However,
with increasing the numbers of cycles of AES measurements, the oxygen signal raised.
Consequently, oxidation of the GaN surface by the electron beam was determined.[76] The
efficiency of the process of ammonia annealing was confirmed.[77, 78] However, it was
found that a significant amount of oxygen is still present on the GaN surface.[79, 80] In
contrast to that, the group of Pease postulates that vacuum annealing is more effective than
a NH; anneal. The chemical pretreatment of the GaN crystal in this case was the exposure
to a mixture of 4:1 sulfuric acid to hydrogen peroxide.[81] The group of Roos showed that
chemical treatment affects the surface roughness of GaN samples.[82]

An alternative method to chemical etching, vacuum annealing or annealing in NH,, is
ion sputtering. In 1998 it was found that nitrogen sputtering (1 keV) leads to the removal
of carbon and oxygen contamination. However, after UHV annealing nitrogen defects are
observed. Subsequently, annealing in NH; gives a clean and stoichiometric surface.[80]
The group of Kahn showed that also vacuum annealing following on nitrogen sputtering
with lower energy (0.5 keV) gives a well-ordered and nearly stoichiometric surface.[83]
Furthermore, it was found that also the combination of HCI etching and sputtering removes
the contaminations.[84]

A comparison of argon and nitrogen sputtering shows that both methods produce a gallium
enrichment, though nitrogen sputtering is less damaging, as the sputter gas can compensate
for the losses. Furthermore, it is shown that chlorination of such a non-stoichiometric surface

can create volatile gallium chlorides.[85]

1.2.2 Native Surface Oxide

Bermudez showed in 1996 that a saturation coverage of 0.4 ML of an ordered oxygen
adsorbate layer is obtained, when the GaN surface is exposed to 200 L of oxygen at
room temperature.[86] In contrast, the group of Monch found that oxygen exposure at
room temperature leads to 0.79 4+ 0.1 ML of dissociative oxygen uptake. In an additional
non-dissociative pathway a summed maximum of 2 ML of oxygen was observed.[87] At
823 K even 2.1 £ 0.5 ML of an oxidation layer are obtained, which generate also ordered
structures.[88] Such higher values of oxygen uptake are confirmed by a study of the group of
Mavrikakis.[79]

The group of Nozawa found that the native oxygen overlayer is mostly in the Ga, O form.

They assumed that reactive dangling bonds are present at the surface, which are the reason
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for surface oxidation when exposed to air.[89] An exposure to H,O and subsequent annealing
to 773 K results in the exactly similar oxide-phase as obtained from O, exposure.[90]
A reduction of a surface re-oxidation of a clean GaN can be achieved by chemisorbed
chlorine.[91]

The group of Gao found that the surface oxidation saturates at 108 L of oxygen exposure.
They conclude that subsurface oxidation does not occur on GaN samples.[92] Moreover, it
was found that the GaN surface is oxidized in a layer by layer mode.[92, 93]

Systematical oxidation of the GaN surface has been examined in dry air[94], in dry
oxygen[95], with photo-enhanced wet oxidation in aqueous phosphorous acid[96], and with
photo-electrochemical oxidation in glycol and water.[97] It is found that different oxidation
rates can be achieved, depending on the applied technique. Furthermore, rough oxide layers

as well as uniform ones can be obtained.

1.2.3 Reactivity of GaN Surfaces

The surface processes of some inorganic and organometallic molecules have been investigated
on the GaN surface, whereas organic molecules are hardly explored. Concerning inorganic
substances, in particular the reaction behavior of hydrogen and ammonia are well known.
Shekhar and Jensen found in a temperature programmed desorption (TPD) study that NH,
adsorbs dissociatively on the GaN(0001) surface. Small amounts of molecular hydrogen
desorption were observed after NH; adsorption.[98] These results are confirmed by a study
of Bermudez.[99] Upon dosage of molecular deuterium at room-temperature a desorption
occurs at 700 K.[98] In good agreement with these findings is a study of the group of Henry,
who showed that a surface Ga-H species is formed.[100]

Concerning organometallic molecules, the interaction of trimethylgallium, the most com-
mon precursor molecule for GaN growing, with the GaN(0001) surface was investigated by
the group of Vohs.[101] They observed a dissociation of trimethylgallium to dimethylgallium
and monomethylgallium, which desorb between 290 K and 400 K, and the formation of
surface-bound methyl groups. The methyl species either desorb as methyl radical or form
methane, molecular hydrogen, and surface-bound carbon via a disproportionation pathway.

In the case of organic molecules, as for example alcohols, only a theoretical study of the

reactivity of catechol on the GaN surface exists.[102]



2. Experimental Setup

Figure 2.1 shows a schematic illustration of the instrument used for the research obtained
during this dissertation. The main parts are the cluster source, the surface preparation and
analysis part, as well as the reaction part. The latter one contains the laser setup, the gasline,
an electron impact - quadrupole mass spectrometer (EI-QMS), a home built photo-ionisation
- time of flight - mass spectrometer (PI-ToF-MS); the latter is described in detail in Winbauer
et al.[103].

cluster source part

]
:

cluster generation bender e Nd:YAG

I

QMF

reaction part

AES

—— o aus —
H PIFTOF-MS mol. beam doser, i sputter gun :

manipulator Al deposition manipulator
sample transfer i i sample holder

i surface preparation and analysis part

[Nd:vAG - dye faser|  [Nd:vAG - OPO|

Fig. 2.1 Chamber scheme of the UHV apparatus including the cluster source part, the reaction
part, as well as the surface preparation and analysis part.

In order to move the sample to the different stages in the setup a x,y, z, ® manipulator is
used, to which the sample holder is attached. Furthermore, a second manipulator for a fast
sample transfer is implemented. In the next sections emphasis is put on the laser setup, the
cluster source, and the different sample holders.

2.1 Laser Setup

The laser setup comprises two laser systems, which are tunable in their wavelength. One
system consists of a dye laser (SCANMATE 2E, Lambda Physik GmbH), which is pumped
by a Nd:YAG (Quanta Ray GCR-3, Spectra-Physics Inc., 20 Hz repitition rate, 10 ns pulse
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width). A wavelength of 355 nm is used for pumping the dye laser, which is obtained
by frequency sum generation of the fundamental wavelength of 1064 nm and the second
harmonic wavelength of 532 nm. The resulting tunable wavelength, which is obtained from
the dye laser, is frequency doubled. Afterwards, the laser energy can be adjusted with a
graduated gray filter from about 1500 uJ to 50 uJ. For lower laser energies further gray
filters can be included in the beam path. The second system also consists of a Nd:YAG
laser (Innolas Spitlight HighPower 1200, 20 Hz repitition rate, 7 ns pulse width), which
is pumping an optical parametric oscillator (OPO, GWU, premiScan ULD/400). Again,
the third harmonic of the Nd:YAG laser is used and guided into the OPO. The obtained
wavelength is frequency doubled afterwards and can also be adjusted to lower energies
with a graduated gray filter from 800 uJ to 50 uJ as well as with further gray filters. The
advantage of the OPO setup is the fast and widely scanable wavelength range (about 300 nm)
in comparison to the dye laser, which enables only the scanning of a small wavelength range
(about 30 nm) without changing the dye. The advantage of the dye laser setup is the low
energy fluctuation from pulse to pulse, the more regular beam profile, the narrower band
width, and the higher obtainable pulse energy in comparison to the OPO laser.

For photo experiments, the laser beam is coupled into the reaction chamber with a
periscope (CVI Melles Griot GmbH). The semiconductor is illuminated in an angle of 30° off
the surface normal, at which complete illumination of the semiconductor surface is achieved.
The beam alignment is checked by the observation of the reflection from the semiconductor
at the backside of the chamber.

2.2 Cluster Source

The laser vaporization cluster source, which is based on the setup developed by Heiz et
al.[104], was built up in the course of this thesis and was attached to the already existing
surface preparation and analysis part. The working principle is based on laser ablation
(Nd:YAG, 532 nm, 100 Hz, Innolas) of atoms from a rotating metal target, followed by
cooling with helium pulses and the expansion into vacuum, which leads to agglomeration of
the atoms. From this procedure a mixture of cationic, anionic, and neutral clusters results
in the cluster generation chamber. The cationic clusters are separated from the neutral ones
with a bender and guided with ion lenses into the quadrupole mass filter (QMEF, Extrel,
USA), which enables cluster size selection. Alternatively, the QMF can be operated with
the AC-potential only; this operation mode acts as a high pass filter. Consequently, a
distribution of clusters with several sizes is obtained with this method. In the course of
this thesis a Pt-target (99.95% purity, ESG Edelmetalle, Germany) was used for cluster
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generation. A final ion lense with an inner aperture of only 6 mm is used to ensure deposition
onto the semiconductor surface, only. With a retarding field analysis the soft-landing
conditions in cluster deposition (<leV/atom in kinetic energy) are confirmed. The cluster
current is measured with a picoammeter (Keithley, 6587) to obtain the exact loading of the

semiconductor sample.

2.3 Semiconductor Sample Holder

In order to cool and heat the semiconductors, sample holders consisting of a metal heating
wire, a metal base plate, and a mounting bracket have been developed. Different sample
holders, these are needed depending on the shape of the crystal, are described in detail in the
following. Furthermore, if fast exchange of samples is desired, a transfer sample holder for

thin square-shape samples can be used.

2.3.1 Sample Holder for Cylindrical Semiconductor Samples

The sample holder for cylindrical semiconductor samples is used for TiO,(110) single crystal
samples and is described in detail elsewhere.[105] A picture of the sample holder with a
freshly mounted TiO,(110) single crystal is shown in figure 2.2a, and the sample holder in
operation in the UHV chamber is displayed in figure 2.2b.

Fig. 2.2 Freshly mounted TiO,(110) single crystal in the sample holder for cylindrical
semiconductor samples in a) and a readily prepared one in operation in the UHV chamber in
b)

In general, the holder consists of a tantalum base plate and two tantalum clamps, which
are spot-welded to the base plate. 0.35 mm thick wires made from an alloy of tungsten—26%
rhenium (W—26%Re) are used for heating the sample holder and mounting it to the molyb-
denum rods. This particular material exhibits excellent properties regarding the durable
ductility, resistance, and thermal conductance.[103] Furthermore, a gold foil is placed in
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between the crystal and the base plate to ensure an optimal thermal contact over the whole
area. It is very important to shorten the twisted thermocouple in order to have the entire
contacted twisted thermocouple inside the crystal drill hole. Otherwise, a temperature lower
than the actual crystal temperature is measured in a heat-up experiment.

Note that the four wings of the tantalum foil, which should prevent the crystal from
slipping out, are not needed anymore as the friction between the crystal and the gold foil is
large enough. Mechanical stress to the W—26%Re heating wire should be avoided during
spot welding. Therefore, the wires should not be bent more than half a turn around the
molybdenum rod. In order to optimize the tension of the wire between the molybdenum rods,

the latter can be compressed slightly, when bending the wires around them.

2.3.2 Sample Holder for Square-Shaped Semiconductor Platelet Sam-
ples
For square-shaped and thin semiconductor samples a new sample holder, which is inspired

by the above described design, is developed. An illustration of this sample holder is depicted
in figure 2.3.

Fig. 2.3 Schematic drawing of the sample holder for square-shaped semiconductor platelets.
The tantalum base plate is depicted in gray, the semicircular tantalum retaining plates in red
and the semiconductor platelet in green color.

In order to enable an easy mounting, a boat-shaped 1 mm tantalum base plate with a
milling groove in the size of the semiconductor platelet is designed. Furthermore, it contains
semicircular ends with cut outs for the mounting and heating wires. The distance of the two
outer cut outs amounts to 19 mm. Therefore, the distance of the drillings in the molybdenum
rods are changed to 18 mm. The other parts are two 0.1 mm thick semicircular retaining

plates, which are stamped out from a tantalum foil, and a gold foil for the optimized thermal



2.3 Semiconductor Sample Holder 13

Fig. 2.4 Freshly mounted GaN semiconductor in the sample holder for square-shaped semi-
conductor platelets in a) and during a high temperature application in the UHV chamber in
b).

contact. Technical drawings of the boat-shaped base plate, the retaining plates, and the
modified molybdenum rods can be found in the appendix C.1.

An image of the sample holder with a freshly mounted GaN semiconductor sample is
shown in figure 2.4a. In figure 2.4b the sample holder during a high temperature application
is presented. Note that the complete sample holder glows homogenously.

a) b) Current /A

10 12 14 16 18 20 22 24 26 28 30
SO T T T T T T T T

400 4

——on top GaN
bottom side
bottom middle

300 A

Temperature /K

200 4

100 4
T T T T T T T T T
0 50 100 150 200 250
Time /s

Fig. 2.5 Scheme of the three different thermocouple positions at the sample holder for square-
shaped semiconductor platelets in a) and the temperature curves obtained from three heating
experiments at three different positions in b). The colors of the temperature curves used
in b) reflect the colors of the thermocouples in a). Note that the two x-axes can only be
plotted as the current is linearly and identically raising with time in the three different heating
experiments.

To proof the temperature distribution, thermocouples are mounted at the bottom middle,

the bottom side, and on top of the GaN semiconductor. The positions are illustrated in
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figure 2.5a. Furthermore, figure 2.5b shows three different temperature curves, which are
from three different thermocouple positions. Note that in one heating experiment only one
thermocouple can be measured. A comparison is therefore only possible, when the current
is linearly raising with time and identical in the three measurements. It can clearly be
seen that the deviation of the temperature at the three positions is less than 20 K over the
whole investigated temperature region. Consequently, a measurement of the temperature at
the bottom middle position at the base plate does not differ significantly from the surface
temperature of the semiconductor sample. Therefore, this thermocouple position can be used

for all experiments.

2.3.3 Transfer Sample Holder

A transfer sample holder for square-shaped semiconductor platelets has been developed in
order to change samples without breaking the vacuum. The most desired properties were: its
mechanical stability, an effective cooling and heating, as well as an easy sample transfer. The
transfer sample holder consists in general of two different parts, a fixed one and a transfer

unit.

Fig. 2.6 Schematic drawings of the transfer unit in a) and of the complete transfer sample
holder in b) and c). A photo of the readily installed transfer sample holder in d).

In figure 2.6a) a schematic drawing of the tantalum base plate of the transfer unit, which

is inspired by the above described sample holder for platelets, is depicted. The crucial
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changes are the omitted semicircular end at the left side and the added rectangular adapter
at the right end. This adapter is needed for the sample rotation-locking mechanism of the
applied transfer tool (SH2/12 ISR from SPECS Surface Nano Analysis GmbH). The tantalum
retaining plates are reduced in order to avoid a blocking with the fixed unit. In figure 2.6b)-c)
two schematic drawings of the complete holder are shown. The fixed unit, which is also
completely built from tantalum, consists of a base plate, a semicircular ended intermediate
piece, and a retaining spring. These three parts are tied together with screws, and the spring
is spot welded at the sides to the intermediate piece, which guarantees a high mechanical
stability. It can clearly be seen, how the transfer unit is plugged into the fixed unit from figure
2.6b) to figure 2.6¢). The photo in figure 2.6d) shows the readily installed transfer sample
holder with the plugged in transfer unit, which has a thermocouple glued to the surface of
the semiconductor. Technical drawings of the various parts of the transfer sample holder can
be found in the appendix C.2.
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Fig. 2.7 The temperature curves obtained by two heating experiments from the thermocouple
at the bottom middle and the thermocouple on top of the GaN semiconductor. Note that the
two x-axes can only be plotted as the current is linearly - with a lower slope from about 106 s
on - and identically raised with time in the two different heating experiments.

Figure 2.7 shows the temperature curves obtained from a thermocouple at the bottom and
one on top of the GaN semiconductor. The heating experiments are identically performed as
described for the non-transferable sample holder. A deviation of about 60 K from bottom to
top is determined. Consequently, the transfer sample holder exhibits a stronger temperature

deviation than the above described non-transferable one. This deviation is not anymore
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negligible. Therefore, an internal temperature calibration with known desorption features
from TPD measurements is recommended for future measurements. Another disadvantage
is that the lowest achievable temperature is about 95 K. In comparison to that the non-
transferable sample holder for square-shaped semiconductor platelets reaches about 80 K.
The cooling efficiency could be optimized by lowering the mass of the complete system by
the use of thinner materials, drills through the base plates or a better thermal contact between
the base plate of the transfer unit and the base plate of the fixed unit. The latter could be
achieved by the use of a harder spring. This could impair the desired easy transfer though.



3. Experimental Methods

The temperature programmed desorption (TPD), the photon-stimulated desorption (PSD),
and the photon-stimulated reaction (PSR), which are the main techniques used in order to
obtain the results presented in this dissertation, are explained in the following. Regarding the
quantification of the results from these techniques, the evaluation of quadrupole mass spec-
trometry (QMS) experiments is introduced. Moreover, the crystal preparation is described,

and the evaluation of the surface sensitive auger electron spectroscopy (AES) is presented.

3.1 TPD Experiments

TPD is a powerful tool to elucidate the physical and chemical behavior of adsorbates at
surfaces. Typical information, which are accessible with this method, are the adsorption
sites, type of binding, binding energies, and thermal surface reactions. Furthermore, it is
possible to distinguish between different substances, when they exhibit different desorption
temperatures.

In order to adsorb gaseous substances the sample is cooled to low, for example liquid
nitrogen temperatures. The dosage is then applied by background dosing or with a molecular
beam-doser. The advantage of background dosage is its simplicity, as only a leak valve
has to be opened, and the sample can stay at the final position for a TPD measurement.
The disadvantage is that the gas will adsorb at every site being at low temperature, in
particular at the sample holder and the manipulator. Consequently, a background will result
in subsequent TPD experiments. In comparison to that, the application of a molecular
beam-doser requires to move the sample around, but only a small area is exposed to the
gas, resulting in a negligible TPD background. For the desorption or thermal reaction of the
adsorbate, the temperature is linearly raised. Therefore, a PID controller (2408, Eurotherm,
Invensys Systems GmbH) is programmed with respect to the linearity of the temperature ramp
and the current steps, which would lead to artificial desorption features. Indirectly heated
semiconductor samples are, compared to directly heated metal samples, thermally inert.
Consequently, a controlled fast heat-up with the commonly used 1-2 % is only possible, when
the PID controller is set to a zero current, which is a function of the heating wire, the sample
holder, and the sample. That means, by switching on the heating-current supply, immediately
a certain temperature decrease results and bridges the onset control. Nevertheless, a linear,
reproducible temperature ramp free of currents steps can hardly be obtained with this method.
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An alternative to a PID control is the direct application of different current gradients, if
the thermal behavior of the combination of heating wire, sample holder, and sample is
well-known.

The desorbing substances in a TPD experiment can enter the QMS through a skimmer,
which is used for background minimization. A scheme of a TPD experiment with adsorbed

ethanol and the thermal reaction products ethylene and acetaldehyde is shown in figure 3.1.
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Fig. 3.1 Scheme of a TPD experiment with the semiconductor sample, the skimmer, and the
adsorbate ethanol in the non-dissociative and the dissociative binding mode, as well as the
desorbing thermal reaction products ethylene and acetaldehyde.

If background desorption features cannot be avoided by molecular beam-dosage or the
skimmer, a background correction of the TPD results is required. In the following, by means
of two examples, two different typical corrections are introduced. The first one is a rising
non-peaking background with temperature, which can usually be assigned to an unspecific
heat-up of the sample holder, the rods, and the manipulator. The raw data of such an example
is shown as the blue curve in figure 3.2. It can clearly be seen that this background is perfectly
fitted with an exponential function. Note that it is important to fit only the temperature region,
in which no specific desorption occurs. A subtraction of this exponential fit leads to the
corrected green curve, which is also shown in figure 3.2.

The second example is the correction for a peaking overlapping desorption feature, which
can be assigned to the desorption from one specific part or material. A TPD spectra exhibiting

this background at 150 K to 300 K is shown in 3.3. For a quantitative statement this feature
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Fig. 3.2 Background correction for a rising non peaking background. The exponential curve
fits the raw data background from 250 K to 350 K and 550 K to 695 K. Subtraction of this
exponential background leads to the corrected curve depicted in green.
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Fig. 3.3 Background correction for a peaking overlapping desorption feature. The exponential

curve (in blue) fits the decay of the original desorption feature. A corrected amount of
desorption is obtained from a combined integration as depicted in red and orange.
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must not be integrated. Therefore, the decay of the original desorption with the peak at 80 K
has to be fitted with an exponential function. In this case only the part from 80 K to 150 K, in
which no additional desorption occurs can be considered, resulting in the blue curve in figure
3.3. For the integration of the entire peak a combined approach is chosen. For the first part
from 70 K to 96 K, which is depicted in red in figure 3.3, the raw data is integrated. For the
second part from 96 K to 300 K, which is depicted in orange in figure 3.3, the exponential
decay has to be integrated.

3.2 PSD and PSR Experiments

In the field of photo-activated experiments the desorption technique (PSD) and the reaction
technique (PSR) are distinguished. While with PSD information about special surface sites
and surface composition are obtained, with PSR molecular mechanisms and catalytic insights
can be elucidated, as well. Within the PSR the discontinuous and the continuous method can
be applied, which is explained in detail in the following. In general a substrate is adsorbed
on a semiconductor surface and either desorbs or reacts when the illumination is turned on.
Subsequently, the products are measured with a QMS, which is in our case the same setup as
for TPD experiments. An illustration of a PSD experiment, in which CO desorbs with UV
illumination, is depicted in figure 3.4. The setup has to be adjusted in a way that the whole

crystal surface is illuminated with light.
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Fig. 3.4 Scheme of a PSD experiment with the semiconductor sample, the illumination, the
skimmer, and adsorbed CO, as well as CO desorbing from photon-stimulation.
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3.2.1 Discontinuous PSR

An adsorption of substrate at cold temperature with a subsequent photon-stimulation can
be compared with a batch reactor model as a substrate replenishment does not occur. One
has to distinguish between photon-stimulation with product accumulation at cold tempera-

ture followed by a TPD and photon-stimulation with direct product desorption at elevated
temperature.
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Fig. 3.5 Discontinuous PSR type measurements. In a) is displayed the accumulation case
and in b) the direct product desorption case at elevated temperatures. ¢) shows the amount
of product, which is obtained by integration of b) and d) indicates the decrease of substrate,
which is obtained by subtraction of the formed product from the initial coverage.

In the first case, a plot of the product formation against illumination time is obtained
by changing the duration of illumination and integration of the resulting desorption feature
in the TPD experiment (see figure 3.5a). In the second case, an integration of the product
decay curve produces a similar plot (see figure 3.5b-c). Note that the results are not identical
as surface diffusion has to be considered and the active sites are not equally available.
Furthermore, the decay in the amount of substrate can be determined from the increase in the
amount of product, and the resulting plot is shown in figure 3.5d. The reaction rate constants
k can be derived from kinetic simulation of the underlying reaction and are included in the
integral curves as well as in the PSD product decay curve.
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3.2.2 Continuous PSR

In contrast to the discontinuous PSD a steady replenishment of substrate is enabled by
constant background gas flow in the case of continuous PSD. If the catalyst temperature is
high enough for desorption of the photo-reaction product or the product is active for PSD and
poisoning of the catalyst does not occur, a constant product gas flow will be measured with
the QMS. An example of a continuous PSR measurement, which shows the substrate and
product signal and their changes with illumination, is depicted in figure 3.6. It can clearly
be seen that a constant turnover is present during illumination. Consequently, a turnover

frequency (TOF) can be determined from a continuous PSR.
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Fig. 3.6 Continuous PSR measurement with the substrate and the product signal intensity.
The time of illumination is depicted in blue.

3.3 Quantitative QMS Analysis

In order to obtain quantitative values from QMS measurements, the QMS can either be
calibrated for every single substance. Alternatively, the substance and the mass specific
parameters have to be considered when a calibration is used from a different molecule. For
the latter pathway the ionization efficiency has to be considered first. If a substance interacts
with electrons, it ionizes with a certain substance-specific probability, which is the electron
impact ionization cross section (ICS). This parameter can be found for the most common

substances and electron energies in literature (see table 3.1). In most cases, the ionization is
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a dissociative process, resulting in a variety of cationic fragments with different masses. The
transmission through the QMS is mass dependent, hence a transmission function must be
determined, which is described in the next subsection. The last parameter is the probability
for the formation of a specific fragment from a substance. This probability can be determined

from the fragmentation pattern.

3.3.1 Calibration of the QMS for One Substance

In order to obtain quantitative values from a measured ion intensity, the QMS has to be
calibrated. Therefore, the desorption signal of a known amount of one substance has to be
detected. One possibility to carry out this calibration method is the thermal desorption of
precisely one monolayer of an inert substance from a perfectly defined surface with known
adsorption sites.

to QMS

Fig. 3.7 Scheme of a calibration experiment with the setup and the resulting calibration plot.
The distance from the skimmer to the sample is denoted with d and the height of the sample
in the UHV chamber with h.

In figure 3.7 an illustration of such an calibration experiment is shown. Since the
molecules desorb from the entire surface and each direction (with the exception of into
the crystal), not all molecules reach the skimmer. Consequently, the area of desorption is
not exactly known. Under the assumption that the adsorption is identical over the whole
area of the crystal, the signal can be calculated to an exact number of molecules with the
adsorption sites and the area of the crystal surface. This is independent of the overall size
of the surface, though the area from where molecules desorb and reach the ionisation has
to be kept constant in later experiments. Consequently, the distance d, which is illustrated
in figure 3.7, of the surface to the skimmer must remain the same for one calibration. In
the UHV system a determination of the distance d is not easily feasible. Therefore, the
height h (see figure 3.7) is adjusted and kept constant. The integral of the intensity versus
time corresponds in this case to the electric charge recorded at the QMS detector, when one

monolayer of the investigated substance desorbs from the surface of interest. The system,
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which has been chosen for the calibration of this apparatus, is methan-d3-ol on a TiO,(110)
surface. The number of methanol adsorption sites of a TiO,(110) surface equals the Ti*t
concentration, which is 5.2- 10'* ¢m=2.[106] Consequently, the surface concentration cy
of methanol molecules is 5.2 - 10'* molecules - cm™2. The averaged electric charge of one
monolayer desorption Qysr, which is measured for a height 7 = 41 mm at a m/z ratio of 33,
amounts to 4.5- 10~ A - 5. The surface area A of the TiO, crystal is 0.79 cm?. With equation
3.1 we can determine Q,;,,p/0cuie, @ quasi electric charge per molecule at a certain m/z ratio:

OmL

Qmoleculem/z:k = cA XA_ 3.1)
With the value Qynernan—d3—ol,, . 1.1-10723 mo?é gule any other electric charge formed

by ionization of methan-d3-ol measured at m/z = 33 can be calculated to a number of
molecules.

3.3.2 Conversion to Other Molecules

As described previously a transfer of the calibration from one molecule to another can
be achieved by the consideration of the transmission, fragmentation, and electron impact
ionization cross section. The exact approach is explained in this section, starting with the
fundamental equation 3.2 for the transfer from the calibration molecule (CM) to a quantity

Nx of another molecule X.

QXm/z:k QCMmoleculem/Z:l

Ny =
X ICSx x Trm/z:k X FXm/z:k ICSCM X Trm/z:l X FCMm/z:Z

(3.2)

OX,,/.—s is the measured electric charge from an unknown amount of molecules X at a
m/z ratio k and, accordingly, Ocuy

molecule,, =

molecule of the calibration molecule at a m/z ratio 1. ICS is the electron impact ionization

l is the measured quasi electric charge from one

cross section of the respective molecule. F is the probability that the measured fragment is
formed from the specific molecule. Tr,, /. ; is the transmission through the QMS at the
considered m/z ratio. The ICS values, which are used in this work, are presented in table 3.1.
Note that the methanol and methan-3d-ol ICS can be assumed as equal as deuteration does
not lead to a significant change in this value.

The mass-to-charge dependent transmission through the QMS has to be determined
experimentally. The exact approach is described in the next subsection 3.3.3. The probability
factor F can be determined in two different ways from a mass spectra of the respective
molecule. On the one hand, equation 3.3 can be applied,
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Table 3.1 ICS literature values (at 70 eV) applied in this thesis

substance ICS [A2] reference

methanol (methan-3d-ol) 4.61 [107, 108]
formaldehyde 4.14 [109]
ethanol 7.6 [107]
acetaldehyde 6.7 [107]
ethylene 5.115 [110]
benzaldehyde 20.1 [111]
cyclohexanone 17.6 [111]
tert-butanol 13.41 [107]
methyl-radical 2.99 [112]
acetone 9.0 [107]
isobutene 11.889 [110]
water 2.275 [110]
hydrogen 1.021 [110]
methyl formate 6.8 [113]

Fy Sz (3.3)

fat ZZ:I Sm/z=k
for which S,/ is the signal of a fragment with the m/z ratio k. Fx, - is the probability
that the fragment with the m/z ratio k is measured at the detector of the QMS in relation to
all measured fragments. This approach neglects the different transmission of the various
fragments. On the other hand, a transmission-corrected factor Fy Jomy, CAN be determined
with equation 3.4,

Sm/Z:kTr

= (3.4)
Zk:l Sm/z:krr

FXm [z=kT

where S, /., 1s the transmission-corrected signal of a fragment with the m/z ratio k. This
correction can be performed with equation 3.5, where 17, /. stands for the transmission
through the QMS at m/z =k

Sm/z:kn = Sm/zzk/Trm/z:k 3.5)

Consequently, the factor Fy . is the probability that the fragment with the m/z ratio k
is formed by the electron impact ionization. It is obvious that the transmission function must
be known for the determination of this factor, but this function is mostly not available for
mass spectra from data bases.
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With equation 3.6 a transmission-corrected total signal, which corresponds to a number
of formed fragments after ionization, of a molecule X can be determined. Sxmmm/z:kTr stands
for the transmission-corrected measured signal of a molecule X at a m/z ratio k. Fy,,, _, is
the probability that a fragment of molecule X measured at a m/z ratio k occurs.

SXTrtofal = Sxmms /FXm/Z:kTr (36)

m/z=kr,

To proove that the application of the factor Fx P leads to the correct conclusion a
simple thought experiment with a molecule M is made. It is assumed that M cracks into
fragments A, B, and C. The m/7 ratios, the appearence probabilities, and the transmission

values of the three fragments, are given in the following table 3.2.

Table 3.2 m/z ratios, fragment probabilities, and transmission values of the thought experi-
ment molecule M

fragments A B C

m/z 18 45 70
fragment probability 0.2 0.7 0.1
transmission 1.5 08 04

The theoretically measured mass spectra of one molecule M can be obtained by multiply-
ing the fragment probability and the transmission of the respective fragment. The spectra of

our molecule M would look like shown in figure 3.8.
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Fig. 3.8 Thought experiment for a mass spectrum of molecule M
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From a mass spectral database like the National Institute of Standards and Technology
(NIST) one would get for the most intense fragment, which is in our case B, for example
a relative intensity of S, /.45 = 9968. The relative intensity of A will then result with
Sm/—18 = 5340 and C with S, /,_79 = 712. If we find fragment C as unique fragment and
measure a signal intensity of Syeqs,, Jet0 = 65000, the absolute number of a molecule M can
be determined.

First, the transmission-corrected data base signals have to be calculated with equation
3.5, resulting in Sy, ety = 3560, Sm,, ety = 12460, and Sy, oy, = = 1780. Second,
the probability factor Fy, =70 has to be determined with equation 3.4. For the fragment C
a value of 0.1 is obtained. In the next step the transmission-corrected total signal of the
molecule M can be calculated with equation 3.6, resulting in SMTrmmz = 1625000. In our
thought experiment we can proove that this is correct by multiplying the obtained value
with the probability factor Fy; P and the transmission 77,,/,_79, which gives the measured
eas,, o = 05000.

The difference of the two probability factors Fy - and Fx, P is illustrated in figure

signal of C S,

3.9b and 3.9d for methan-3d-ol. Figure 3.9a shows a methan-3d-ol mass spectra.[114]
Normalization of this spectra leads to 3.9b. Hence, the factor Fx ek = 0.3578 follows. When
the transmission through the QMS is considered, the spectrum in figure 3.9c¢ is obtained. Note

that the sum of relative abundances for all masses is not 1 anymore in 3.9c. An additional

normalization of this spectrum leads to 3.9d, hence the factor Fx, ey, = = 0.3759 follows.
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Nevertheless, the fragmentation uncorrected method is used, as the transmission function
of the mass spectra from data bases are unknown. However, this can be done, because the
error resulting from this method is negligible small. This holds for molecules fragmenting
similar to the calibration molecule, for which the errors are reduced, when the conversion
with the calibration molecule is performed, and also for hardly fragmenting molecules as for

example H,.

3.3.3 Determination of the QMS Transmission Function

For the determination of the QMS transmission function the background pressure of diverse
gases with different masses is compared to the generated signal at the QMS detector. The
background pressure is measured with a hot-cathode (Varian, UHV-24) and corrected with
the gas correction factor for the specific substance.[115] The gases used for the determination
of the transmission function of the described setup are D,, O,, CO, and Ar. In table 3.3
the relative transmission values, corrected for the fragmentation pattern and the ICS, at
background pressures of 1-10~° mbar, 5-10~° mbar, 1-10~8 mbar, and 4 - 10~ mbar are

shown.

Table 3.3 Relative transmission values for D,, O,, CO, and Ar normalized to CO and
averaged from background pressures of 1-10~2 mbar, 5-10~° mbar, 1-10~8 mbar, and
41078 mbar.

substance m/z rel. transmission

D, 4 2.8
co 28 1.0
0, 32 0.8
Ar 40 1.3

Those transmission values can be fitted with an exponential decay function, resulting in

an m/z = k dependent transmission function as shown in equation 3.7.

Tr(k) = 3.198 x ¢ 0034k (3.7)

3.3.4 Disentangling Overlapping Fragment Masses

If a mixture of different molecules, resulting from a reaction, is measured with the QMS, a
quantitative evaluation of the reaction products is often desired. Before this can be achieved
a qualitative analysis of the mass spectra has to be performed. As several molecules may

exhibit fragments with a same m/z value, a direct assignment of the m/z ratios to only one
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molecule can be wrong. When all molecules are known, an unique m/z ratio has to be found
at best for every type of molecule. If this is not possible, enough m/z ratios must be found, so
that the determination of the molecule quantities is not underdetermined. An often occurring
example is illustrated in figure 3.10, where one unique m/z ratio and two mixed m/z ratios

are found for three molecules.

m/z=a m/z=b m/z=c

unique for molecule M molecule M, N and O

only molecule M and N

Fig. 3.10 Illustration of a system of three molecules and three m/z ratios

When the exact number of different molecules and the m/z ratios are analyzed, the
measured m/z ratio intensities can be separated for the different molecules. Therefore, an
exact fragmentation pattern of the investigated molecules in the applied experimental setup
is needed. This can be achieved by a mass scan either of the background-filled chamber or
by a multilayer signal of the respective molecule. If none of these methods are possible, a
fragmentation pattern from a data base can be used. Note that the fragmentation pattern is
dependent on a variety of parameters such as e.g. the incident electron energy, the geometry
of the ionization area, and the transmission through the QMS.

When two molecules with only one unique m/z ratio desorb at a different temperature in
a TPD experiment, the accuracy of the correction can be proven. In figure 3.11 the different
cases of correction are illustrated. If we apply too low fragment intensities of A, molecule B
is under-corrected, as it is observable in the small shoulder at about 300 K in figure 3.11a.
In contrast to that, an over-correction is observed, when too high fragment intensities of A
are used, which can clearly be seen by the negative peak at about 350 K in figure 3.11b. An

accurate correction of molecule B from molecule A is shown in figure 3.11c.
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Fig. 3.11 Different types of correction in a TPD experiment for the molecules A and B. The
m/z ratio of A is unique, and the m/z ratio of B has a contribution of molecule A. In a) an
under-correction, in b) an over-correction, and in ¢) an accurate correction of the molecule B
from molecule A is shown.

3.4 Crystal Preparation

The topics bulk preparation and surface preparation are discussed in this chapter for TiO,
and GaN. In order to elucidate mechanistic details of surface reactions, the condition of
the crystal surface has to be exactly determined and must be reproducible. This means that
contaminations have to be removed prior to reaction measurements. Furthermore, the defect
concentration of the TiO,(110) surface has to be prepared. In the case of GaN, the oxygen
proportion of the surface has to be determined. Finally, the surface can be modified with

pre-adsorbed species.

34.1 TiO,(110)

The untreated rutile TiO,(110) single crystal (SurfaceNet GmbH) is colorless and transparent
as depicted in figure 2.4a. Cycles of argon sputtering (1.5 keV, 1 x 10~ mbar, 30 min),
oxygen annealing (800 K, 1 x 10~ mbar, 20 min), and vacuum annealing (800 K, 10 min)
lead to a light blue color reflecting the reduction state of the crystal.[116] Furthermore, the
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surface contaminations are removed upon this treatment and an oxygen defective, reduced
r-TiO, surface is achieved. These oxygen defects are created in the bridge bonding oxygen
(BBO) rows and can be titrated with H,O TPD.[117] The number of BBO vacancies (BBO )
is stable over a long term upon the above-described preparation method and amounts to 6+1.
An oxidized o-TiO,surface with oxygen adatoms (O,4) can be obtained by the exposure
of the r-TiO, surface at 300 K to oxygen[118] or by the exposure of the r-TiO, surface to
oxygen at liquid nitrogen temperature and subsequent heating to 300 K.[39] Hydroxylation
of the r-TiO, surface is achieved by the exposure to water at 400 K[118] or alternatively by

the exposure at liquid nitrogen temperature and subsequent heating to 400 K.[119]

34.2 GaN

Semiconductor GaN crystals can be grown with metalorganic chemical vapor deposition
(MOCVD), plasma-induced molecular beam epitaxy (PIMBE) or with hydrogen vapor phase
epitaxy (HVPE). The doping level of this semiconductor can be varied from n-type doping to
p-type doping. The three growing processes produce different surfaces and, consequently,
have to be considered separately in terms of crystal preparation. PIMBE grown GaN samples
are etched in concentrated HCI for 30 s to remove Ga droplets and rinsed with Milli-Q water
twice before their transfer into the UHV chamber. MOCVD and HVPE grown GaN samples
do not need any pretreatment. Prior to UHV cleaning the surface composition obtained from
the three types of samples is different. While the PIMBE samples show comparatively small
carbon and chlorine contaminations from the etching process, the MOCVD samples are
covered with carbon, which can be assigned to residues from the organometallic precursors.
The HVPE samples exhibit the least contamination. In order to clean the surfaces a high
temperature evaporation and a combined argon sputter and annealing cycle are tested. The
first mentioned approach leads to the evaporation of gallium and nitrogen at temperatures
above 1000 K resulting in an uneven surface destruction, which is too rough for subsequent
surface science experiments. The latter one, a combination of Ar*-sputtering (0.5 keV, 1 x
10~ mbar, Lspurrer = 2.0 pA, 100 K) and 800 K annealing enables to clean the surface non-
destructively from all contamination besides oxygen. The amount of oxidation accumulates
at the surface with the number of sputtering cycles. The required number of cleaning cycles
for a carbon free surface varies from the initial contamination and is thus different for the

samples from the three growing processes.
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3.5 Auger Electron Spectroscopy

To analyze the crystal preparation, Auger Electron Spectroscopy (AES), as surface sensitive
technique is applied. In the following, the evaluation of AES spectra for substances containing
more than one element is described. In order to determine the composition of the surface,
some assumptions have to be made. The first one is that the analyzed substrate is grown
perfectly flat. Then, the number of layers contributing to the detected signal have to be
determined. Therefore, the electron inelastic mean free path is considered. This is the distance
electrons with a certain energy can overcome in a solid. In literature values for elements[120]
and inorganic compounds[121] can be found. In combination with the monolayer thickness
of the investigated substrate, the detectable layers are specified. The second assumption
is that the signal decays exponentially with the number of layers (1). The proportion of
the signal of one layer S, (/) to the overall signal of the detectable layers can therefore be
determined with equation 3.8.

-1

$,0)= G8)

e’
The proportion of the signal from the first four layers to the overall signal, which results

from equation 3.8, is shown in table 3.4.

Table 3.4 Signal distribution for the contribution of atoms from the first four layers to the
overall signal, resulting from an exponential decay

layer signal proportion

1 0.64
2 0.24
3 0.09
4 0.03

It can be seen that the proportion of the 3" and the 4 layer is relatively small. Con-
sequently, the mean value of the inelastic mean free path of the elements of a composite
material can be used. If we consider for example the Nk and the Gazyzys Auger electrons of
GaN, an inelastic mean free path of 8.4 A and 14 A is used in literature.[122] With the height
of 2.6 A of a GaN monolayer[123] electrons from about 4 monolayers can be detected.

In the next step, the intensity (I) of an AES signal is taken as the difference of the respec-
tive elemental peak, which is recorded as its derivative. For the comparison of signals from
different elements the sensitivity factors (SF) have to be taken into account.[124] The result-
ing values give a relative composition of the detectable layers. From a perfect GaN crystal

one would for example get an intensity of Iy,,, = 12000 arb.u. and I, ,,,, = 16740 arb.u..
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Corrected with the sensitivity factors of SFy,,, = 0.600 and SFg,,,,,, = 0.837,[124] the
identical values would be obtained for both elements. This means a stoichiometric 50/50 pro-
portion is present. An even distribution to the different layers would follow in this simplified
and perfect case with the assumption of a perfect stoichiometrie, as far as it is possible from
the bulk to the surface. Usually, the surface composition of a single crystal is not perfect and
non-stoichiometric. If this is the case, further assumptions have to be made, which concern
the terminal layer. For example, an overlayer surface enrichment by one element, could be
present. Another possibility is the layer-by-layer surface oxidation, which occurs for example
on GaN semiconductor samples.[92, 93]

If we consider for example a surface-oxidized GaN sample, three elements, oxygen,
nitrogen, and gallium are detected in AES spectra. The sensitivity-corrected proportion of
N/O/Ga could be 0.393/0.128/0.479. With the above-mentioned layer-by-layer oxidation the
oxygen would fill up from the surface, and the bulkier layers would be stoichiometric GaN.

The elements would then follow a distribution as shown in table 3.5.

Table 3.5 Signal proportion of nitrogen, oxygen, and gallium in the first four layers of surface
oxidized GaN

signal proportion layer | N O Ga | Y layer signal

1 0.215 0.128 0.301 0.64
2 0.118 0.000 0.118 0.24
3 0.044 0.000 0.044 0.09
4 0.016 0.000 0.016 0.03

Y elemental signal 0.393 0.128 0.479




4. Results - Publication Summaries

This chapter includes short summaries of the publications achieved during the course of this

thesis. Focus is hereby set on the chemical and physical insights gained from the results.
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4.1 Ethanol photocatalysis on rutile TiO,(110):

the role of defects and water

In the beginning of the research project, the molecular mechanisms of photo-catalytic ethanol
oxidation and especially the role of surface defects and water on TiO,(110) have been
elucidated.

A hole mediated a-H abstraction of a dissociatively bound ethanol leads to the formation of
acetaldehyde and the by-product hydrogen bound to BBO atoms on the TiO, surface, which
is in accordance with findings for methanol.[38] The hydrogen BBO species can eventually
react with each other, producing H,O, which desorbs at about 350 K from the TiO,(110)
surface, leading to an increased amount of BBO-vacancies.[58] The overall reaction equation

is given in eq. 4.1:

CH,CH,0—-BBO,,.+ H-BBO+h" %, CH,CHO1 + H,01 +2BBO,,,  (4.1)

If this surface is heated to temperatures higher than 500 K a bulk reduction occurs, rebuilding
the initial BBO-vacancy concentration. The complete cycle with the detailed molecular

mechanism is illustrated in figure 4.1.

Fig. 4.1 Illustration of the cycle of ethanol photo-oxidation on the TiO,(110) surface. The
color code of the balls representing the different atoms is: Ti-grey, O-red (BBO-intense red),
C-green, H-blue. In black the BBO-vacancies are depicted.

Phys. Chem. Chem. Phys., 2015, 17, 22809-22814 - Published by the PCCP Owner Societies.
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Only a limited amount of about 15%, which corresponds well to the amount of BBO-
vacancies of 1 ML of adsorbed ethanol, can be converted to the aldehyde. This is in good
accordance with findings for other alcohols.[62, 49] When the photo-reaction is carried out
at a temperature at which the desorption of one of the reaction products (i.e. acetaldehyde) is
enabled, a decay curve of this molecule upon illumination is observed. However, a subsequent
ethanol coverage and photo-activation on the same sample does not lead to a further reaction.
Consequently, the active sites are poisoned, which occurs by steric or electronic blocking by
the BBO-H. In addition, the photo-chemical reactivity of an oxidized TiO,(110) surface is
elucidated, and the formation of acetaldehyde is observed in absence of the water formation
from BBO-H species. Figure 4.2 illustrates the reaction scheme with the photo-activation at

the TiO, single crystal and the blocking of a subsequent reaction.

acetaldehyde
ethanol ethanol

hv>E
hv>E

water

TiO, h*

Fig. 4.2 Scheme of the photo-oxidation of ethanol on TiO,(110) with the substrate, the
reaction products, the photo-activation, and the hole as charge carrier responsible for the

oxidation reaction. Furthermore, the blocking by water for subsequent reactions is depcited.
Phys. Chem. Chem. Phys., 2015, 17,22809-22814 - Published by the PCCP Owner Societies.

Reference: C. A. Walenta, S. L. Kollmannsberger, J. Kiermaier, A. Winbauer, M. Tschurl,
U. Heiz Phys. Chem. Chem. Phys., 2015, 17, 22809-22814,
doi: 10.1039/c5¢cp03550c.



4.2 Doping-Dependent Adsorption and
Photon-Stimulated Desorption of CO on GaN(0001) 37

4.2 Doping-Dependent Adsorption and
Photon-Stimulated Desorption of CO on GaN(0001)

CO is used as a probe molecule for PSD and TPD studies on three differently n-type doped
PIMBE grown GaN(0001) samples with variable degree of surface oxidation. TPD experi-
ments show that the electron donor CO is only physisorbed on the semiconductor surface,
with a desorption maximum at 100 K. The evaluation of various CO coverages on the three
differently n-type doped samples shows that the thermal desorption peak position does not
change with doping. However, the amount of adsorbed CO reflects the GaN(0001) semicon-
ductor dopant concentration and is not influenced by surface oxidation.

While the doping does not affect the surface morphology, as shown with atomic force mi-
croscopy (AFM) measurements, the space charge region (SCR) is shortened with higher
dopant concentration, which results in an electron accumulation at the surface. This causes a

lower amount of physisorbable CO. Figure 4.3 illustrates this model.

opant concentration }

SCR

i

|

i

|

; > -
Eq } i Eq

i

|

|

|

surface surface

10" charge carriers 10" charge carriers 10" charge carriers
0
Il

N

N
/ -

;
|
|
|
|
|
|

Bg| |
|
T
|
|
|
|

=0
=0

o o o
0
—T —] p— 0 I O 0 8
C g ¥ - S - ¢ -6 Il
Il ﬁ “o - _ OI
C
C

Il -
- C
v _

g - ¥$ - ¥ - Y.
overage

-
—o !

(o}

Fig. 4.3 Illustration of the effect of n-type bulk doping of GaN(0001) semiconductor samples
on adsorption of the electron donor CO. The increase in charge carrier concentration is
depicted with a darkening of the blue color.

Reprinted with permission from J. Phys. Chem. C, 2017, 121, 8473-8479. Copyright 2017
American Chemical Society.

It is observed that a fraction of the physisorbed CO can be photo-desorbed from the
GaN(0001) surface. A strong influence of the surface oxidation degree of the semicon-
ductor sample on the intensity of the PSD is identified, while the kinetics of the PSD remain
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identical. The drop in intensity with surface oxidation is attributed to the depletion of photo-
active sites.

The mechanistics of the CO PSD is discussed based on findings from semiconductor physics.
In an illuminated n-type semiconductor the holes preferentially move to the surface, while
the electrons favor a migration into the other direction. Consequently, on the investigated
semiconductors the holes should lead to a charge redistribution at the surface. This results in
a weakening of the CO-GaN bond, which effects the CO PSD. A desorption based on local
heating effects is excluded by the comparison of an identical experiment with CO, instead of

CO, which desorbs thermal similarly but is not active in photo-desorption.

Reference: S. L. Kollmannsberger, C. A. Walenta, A. Winnerl, S. Weiszer, R. N. Pereira,
M. Tschurl, M. Stutzmann, U. Heiz J. Phys. Chem. C, 2017, 121, 8473-8479,
doi: 10.1021/acs.jpcc.7b01570.
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4.3 Anhydrous Ethanol Dehydrogenation on
Metal-Organic Chemical Vapor Deposition Grown
GaN(0001)

The thermal-chemistry and photo-chemistry of ethanol on unintentionally doped MOCVD
grown GaN(0001) is compared to the reactivity of a light blue, bulk reduced TiO,(110) with
about 10% BBO-vacancies. This is the first study of ethanol reactivity on a GaN surface.
The comparative system TiO,(110) has been studied extensively, and mechanistic details of
thermal reactivity are well known.[125, 51, 52]
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Fig. 4.4 Thermal carbon-containing products of ethanol conversion on GaN(0001) and on
TiO,(110): the species are ethanol (blue rectangles), acetaldehyde (green dots), and ethylene
(purple triangles). The sum of the species is depicted in black triangles.

Reprinted with permission from J. Phys. Chem. C, 2017, 121, 16393-16398. Copyright 2017
American Chemical Society.

Low coverages of ethanol on GaN(0001) lead to the complete conversion of the alcohol.
Ethylene, acetaldehyde, and hydrogen are identified as thermal reaction products at 450 K
in a TPD experiment. For higher coverages an ethanol desorption feature is observed at
400 K, shifting to lower temperatures with rising coverage. The amount of products rises
linearly until an initial ethanol coverage of 0.68 ML is reached, for which the conversion
saturates. The yields of carbon-containing species from TPD experiments as a function of
initial ethanol coverage are shown in figure 4.4a for the GaN(0001) surface and in figure 4.4b
for the TiO,(110) one. It is evident that the GaN(0001) surface exhibits a higher thermal
reactivity and that the selectivity of the reaction is switched to the dehydrogenation pathway
in comparison to the TiO,(110) system. It is demonstrated with AES that coking does not
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occur upon ethanol conversion.

For TiO,(110) the amount of converted ethanol matches with the number of BBO-vacancies
and is about 10%. In contrast to that, about 50% of the adsorbed ethanol is converted on
GaN(0001). For TiO,(110) it is known from literature that the thermally reactive species is
dissociatively bound ethanol.[52, 125] In analogy to that, it is concluded that dissociative
adsorption occurs on the Ga** surface atoms, which can be assigned to the oxophilicity of
Ga.

While on the TiO,(110) surface the by-product is H,O, along with a reduction of the
crystal,[52] a desorption of H, is observed in the case of ethanol conversion on GaN(0001),
and no H,O desorption occurs. Consequently, it is expected that surface amines are less
stable than surface hydroxyls, which makes nitrides promising candidates for photo-catalytic
hydrogen evolution. However, while GaN(0001) exhibits interesting thermal reaction proper-
ties in the conversion of alcohols, it is inert in the photo-chemical alcohol reforming.

Reference: C. A. Walenta, S. L. Kollmannsberger, R. N. Pereira, M. Tschurl, M. Stutzmann,
U. Heiz J. Phys. Chem. C, 2017, 121, 16393-16398,
doi: 10.1021/acs.jpcc.7b04946.
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4.4 Ethanol surface chemistry on MBE-grown GaN(0001),
Ga0,/GaN(0001), and Ga,0;(201)

The thermal ethanol chemistry is investigated on two MBE grown GaN(0001) samples with
different degree of surface oxidation and on Ga, 0O, (201). The amount of native oxide is
determined with AES to be 0.18 ML for the GaN(0001) sample and 1.05 ML for the surface
oxidized GaO,/GaN(0001) sample.

The MBE grown GaN(0001) surface shows thermal reactivity to acetaldehyde at 470 K
in a TPD experiment. This reactivity vanishes for the surface oxidized sample, while the
high temperature desorption feature of ethanol expands to exactly the temperature, at which
acetaldehyde is detected on the GaN(0001) surface. It is generally known that for thermal
reactivity of ethanol on metal oxides the existence of ethoxys as precursor for a dehydrogena-
tion reaction is necessary.[126] Consequently, the desorbing acetaldehyde is formed via a
a-H abstraction from dissociatively bound ethanol on the GaN(0001) surface. This reaction
does not occur on the GaO,/GaN(0001) sample, and the ethanol desorbs associatively at the
high temperature peak. In case of the Ga, 05 (201) crystal, no thermal reactivity is observed,
and the high temperature desorption feature also ends already at 300 K, which indicates that
no dissociative adsorption occurs. The reactivity and the type of binding is illustrated for the

three samples in figure 4.5
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Fig. 4.5 Illustration of the three different materials GaN(0001), GaO,/GaN(0001),
Ga,04(201), and the substrate ethanol. The type of binding is schematically displayed
and the resulting reactivity is shown.

The non-existent reactivity of the surface oxidized GaN(0001) sample demonstrates the key
role of the surface nitrogen in the a-H abstraction. Furthermore, the surface states, which are
populated by negative charges in n-type semiconductors,[127] are removed upon oxidation
of the GaN(0001) surface.[128, 86] This change is connected to the absence of the o-H
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abstraction. In case of the Ga203(§Ol) the other bulk structure causes that not even the

precursor species ethoxy is formed.

Reference: S. L. Kollmannsberger, C. A. Walenta, A. Winnerl, F. Knoller, R. N. Pereira, M.
Tschurl, M. Stutzmann, U. Heiz J. Chem. Phys., 2017, 147, 124704,
doi: 10.1063/1.4994141.
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4.5 Photocatalytic selectivity switch to C-C scission:

o.-methyl ejection of tert-butanol on TiO,(110)

It is known for alcohols containing a hydrogen atom in an & position that photo-oxidation
on TiO,(110) leads to abstraction of this afore mentioned hydrogen, which results in the
formation of the respective aldehyde or ketone.[129, 63, 44] Photo-conversion of tert-butanol
on TiO,(110) is investigated to clarify the photo-abstraction of this a-bound species.

While the thermal chemistry of tert-butanol shows a dehydration forming isobutene, no oxi-
dation reaction and thus no abstraction of a a-species occurs.[52] The situation changes with
UV-illumination, which leads instantaneously to a hole driven methyl radical ejection even at
100 K with the associated formation of acetone. The latter one is detected in subsequent TPD
experiments, in which the thermal dehydration product isobutene is also observed at 400 K.
When the photo-conversion is carried out at 293 K, surprisingly all of the three reaction
products are observed simultaneous. However, their PSR curves decay differently and enable
conclusions to the reaction kinetics and mechanisms. The intensity of methyl ejection shows a
temperature dependence, which can be related to diffusion and the clearance of reactive sites.
However, this reaction is clearly a photon induced process. Isobutene exhibits the fastest
decay curve, originating from a PSD process,[130] but occurs only at elevated temperature,
which is assigned to an energy barrier of a transition state. The acetone decay is the slowest
one, which reflects the thermal desorption. In general, for all three species thermal as well as

photo-chemical steps are involved.

Fig. 4.6 The photo-conversion of tert-butanol, which is a hole mediated process, is illustrated
and the influence of temperature on the two reaction channels is depicted. At 100 K only the
photo-formation of acetone is possible, while at 293 K both pathways are accessible.
Reproduced from Phys. Chem. Chem. Phys., 2018, 20, 7105-7111 with permission from the
PCCP Owner Societies.
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Performing the PSR at different temperatures enables to switch the selectivity of the reaction.
This is due to the energy barrier of isobutene formation, a faster diffusion of tert-butanol
to the photo-active sites with higher temperature, and an enhanced thermal desorption of
acetone with higher temperature. Figure 4.6 shows an illustrative graphic of the possibility to
change selectivity of tert-butanol photo-conversion by adjustment of temperature.

The photon-activated splitting of a C-C-bond of tertiary alcohols is a new mechanistic path-

way, which opens up entirely new options in synthetic chemistry.

Reference: C. A. Walenta, S. L. Kollmannsberger, C. Courtois, M. Tschurl, U. Heiz Phys.
Chem. Chem. Phys., 2018, 20, 7105-7111,
doi: 10.1039/c8cp00223a.
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6. Conclusion and Outlook

The results obtained during the course of this thesis yield important aspects of thermal and
photo-activated molecular mechanisms of surface processes on semiconductors. Firstly, mech-
anistic details of the photo-oxidation of alcohols including the scission of the a-bond species
were elucidated. Regarding this, the influence of thermal steps prior to the photo-reaction
was emphasized. Secondly, the thermal ethanol pathways depending on the semiconductor
material and the surface composition were compared. Thirdly, the semiconductor doping
and the role of surface states on the CO adsorption as well as photo-activated desorption
were investigated. All in all, the enormous importance of individual surface properties of
the different semiconductor materials to thermal as well as photo-activated processes was
demonstrated.

The mechanism of hole mediated alcohol photo-oxidation on the TiO,(110) surface was
clarified. It was found that a thermal dissociation of the alcohol is a necessary step for
subsequent photo-reforming. In this regard, the photo-abstraction of an species in Q-position
of the alcohol functionality was shown, even if no hydrogen is available in case of a tertiary
alcohol. This results in the formation of acetone from tert-butanol and the formation of
acetaldehyde from ethanol. In the first case the abstracted a-species is a methyl radical,
which is directly ejected, while in the second one it is hydrogen, which hydroxylates the
TiO,(110) surface. In this regard, it was demonstrated that the hydroxylation is the origin of
the poisoning effect in alcohol photo-oxidation. In contrast to that, the activating influence
of co-dosed oxygen was elucidated. Furthermore, for tert-butanol photo-oxidation it was
found that a second pathway yielding isobutene exists, which is only available at elevated
temperatures. Consequently, the thermal behavior of the adsorbates is a crucial aspect for
photo-activated processes.

Therefore, the thermal ethanol chemistry was not only investigated on TiO,(110) but also on
Ga, 04 (201) and GaN(0001). For the latter one, the surface composition was varied, not only
from the growing process of the GaN semiconductor but also by surface oxidation. It was
found that TiO,(110) and GaN(0001) exhibit a rich thermal chemistry. Both semiconductors
enable the thermal formation of acetaldehyde and ethylene. For TiO,(110) it is known, that
the preliminary step to those thermal reaction products is dissociative adsorption. In the case

of GaN(0001) thermal ethanol chemistry was not yet been investigated, however dissociative
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adsorption was known for the molecules H,, NH; and trimethylgallium. Differently to the
reaction on TiO, we found that all metal sites of the GaN(0001) surface enable dissocia-
tive binding. Consequently, the overall product yield is about a factor of five higher for
MOCVD grown GaN(0001) than on TiO,(110). Moreover, H, formation is observed from
the MOCVD GaN(0001) surface. The increase in native oxide, which is always present on
GaN, leads to loss of thermal reactivity. However, dissociative adsorption of ethanol is still
observed even on a fully oxidized GaN(0001) surface. This is different to the bulk oxide
Ga203(§01), which only enables molecularly adsorption of ethanol.

To study the electronic properties of the GaN(0001) surface as a function of bulk dop-
ing and surface oxidation, the adsorption and photon stimulated desorption of CO was
investigated. It was found, that the amount of adsorbable CO changes with the doping level.
This is related to the number of negative charges in surface states, which increases with the
shortening of the space charge region. However, the surface oxidation does not have an
influence on the CO adsorption. By illumination of the semiconductor a charge redistribution
at the surface occurs, which leads to a photon stimulated desorption of a fraction of the
adsorbed CO. This effect is strongly influenced by surface oxidation, as it leads to a decrease
in the intensity of the CO PSD. This can be related to a loss of photo-active sites accompanied

by surface oxidation.

Furthermore, the results also emphasize the key role of the semiconductor surface on thermal
and photo-activated processes. Consequently, the surface preparation of a photo-catalyst is of
enormous importance for its catalytic activity. Regarding the photo-activated dehydrogena-
tion of ethanol to generate molecular hydrogen, it is shown, that a bare semiconductor surface
does not enable an H, formation. However, it could be demonstrated, that the photo-oxidation
proceeds on reactive sites at the TiO,(110) surface. Consequently, the dehydrogenation reac-
tion 1s mainly determined from the semiconductor surface. Another insight is, that only one
photo-generated hole is needed to oxidize an alcohol to the respective aldehyde. Therefore, it
seems obvious, that also only one electron is necessary for a catalytic cycle producing the
aldehyde and molecular hydrogen. To answer this assumption, the next step is to investigate
the photo-reforming of alcohols on semiconductor surfaces decorated with metal clusters. In
case of TiO,(110) a co-catalyst enabling the hydrogen recombination instead of the formation
of water has to be found. Whereas the GaN(0001) supported catalyst may be advantageous
for a H, formation from N-H bonds, a co-catalyst opening the photo-oxidation pathway is

required.
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Figure 6.1 shows preliminary results for ethanol photo-reforming on a TiO,(110) surface
decorated with 1% ML Pt clusters, respective to the number of surface atoms. It can clearly
be seen that the ethanol trace declines immediately upon illumination and the formation of
acetaldehyde and stoichiometric molecularly hydrogen occurs. Furthermore, the removed
surface hydroxylation enables to perform the reaction under steady state conditions in a con-
stant ethanol background. Identical intensities are observed in the three illumination periods.
From such measurements, turn over frequencies can be obtained and their dependence upon
cluster loading, background pressure, surface temperature and illumination intensity can be

investigated. Such co-catalyst loaded semiconductors open a wide field of research options in
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Fig. 6.1 Signals of ethanol, acetaldehyde and hydrogen upon photo-reforming of
1 x 1077 mbar ethanol background at 257 K on a TiO,(110) surface decorated with Pt
clusters. The blue region highlights the time of illumination. The ethanol and the acetalde-
hyde traces are offset for better transparency.

order to understand mechanistic details of hydrogen formation and the role of the co-catalysts.
From our findings, the latter one is expected only to enable the recombination of hydrogen.
If this is the case, the generally believed requirement for hydrogen evolution, which is that
the semiconductor’s conduction band edge has to lie above the electrochemical potential
of hydrogen, would be irrelevant. Consequently, the number of semiconductor materials,
which are worth considering for this reaction, would increase strongly. Furthermore, the
efficiency may show a maximum at very low metal loadings, as the surface hydroxyl is very
mobile and too high metal loadings will block the photo-active sites of the semiconductor
surface. Another interesting option is the photo-catalytic gasphase synthesis of water-free

aldehydes and ketons, which opens new pathways with high selectivities and low reaction
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temperatures. At the same time, the selectivity may change with temperature, as it was found

for the photo-reaction of tert-butanol (see appendix E).
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In this work we present a stoichiometric reaction mechanism for the photocatalytic ethanol oxidation
on TiO,(110). The reaction products are analyzed either under reaction conditions or after irradiation at
lower temperatures. Water is identified as a quantitative by-product, which resides in a defect site. These
water molecules cause a blocking of the defect sites which results in poisoning of the catalyst. By different
preparation techniques of the TiO,(110) surface, the role of surface defects is further elucidated and the
role of molecular oxygen is investigated. Based on the investigation, a complete photochemical reaction
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Introduction

The thermodynamically stable rutile TiO,(110) surface is among
the most studied oxide model systems in surface science. Since
the discovery of its photocatalytic activity, TiO, has become the
most explored heterogeneous photocatalyst to date.'™> While
photocatalytic mechanisms of simple model reactions (as the
CO-oxidation, or the O,-photon stimulated desorption [PSD])
on the surface are well understood,®® the photochemical mechan-
isms of small organic molecules on bare TiO(110) remain
unclear. For almost any reaction not even all reaction products
have so far been identified.'®"” The understanding of the exact
photocatalytic processes for such reactions will, however, be
highly beneficial, since a fundamental understanding will allow
for improvement of titania-based photocatalysts, in general. This
is also the reason why the photochemistry of such systems has
attracted considerable attention within the last few years.>*®'® In
this regard, ethanol is in particular of significant interest, because
this molecule serves as a precursor for biomass fuels, due to its
C-C-bond.*® Furthermore, its functional group makes ethanol a
potential precursor for the green photocatalytic hydrogen produc-
tion, especially since alcohols can be obtained as a renewable
feedstock from biomass.>'™>* Therefore, the elucidation of the
ethanol chemistry on TiO, represents an important step towards
the understanding of the H,-production from renewable sources
with light on metal-semiconductor hybrid materials.
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mechanism is given, which provides insights into general photon driven oxidation mechanisms on TiO».

Considering the reaction pathway, it is known that alcohols
generally undergo a hole-mediated oxidation process on a rutile
Ti0,(110) surface.>®'""'® 1driss and coworkers observed the
photoreaction of ethanol to acetaldehyde with a strong depen-
dency on the oxygen pressure on an oxygen covered surface.
In a more recent study, however, Yang and co-workers have
reported a photo-oxidation of ethanol under exclusion of oxygen,
focussing on its photocatalyzed dissociation.** For adsorbed
propanol, analogous production of propanal was observed and
a similar dependence on the O, concentration was found as
well.'>*® The group of Henderson reported the oxidation of
methanol to formaldehyde on a defect-rich crystal surface in the
absence of any O, and determined the surface-bound methoxy
as the active reactant.’®*® Consecutive photocatalyzed coupling
reactions have also been reported in the literature.”*®

All studies up to date have only investigated the main photo-
product and postulated mechanisms based on plausible assump-
tions. Thus, the stoichiometric reaction equations have been
made without the analysis of any by-products and unknown
charge states. For the total reaction pathway, the role of defects
in the reaction still remains unclear, especially when oxygen is
added as a reactant. In this work stoichiometric mechanisms
for the photochemistry of ethanol on rutile TiO, are presented.
The mechanisms unravel the role of oxygen and surface defects
and are supported by studies based on different preparation
conditions for the titania crystal and on the analysis of water as
one of the main products of the photoreaction.

Experimental

All experiments were carried out in a home built ultra-
high vacuum setup as seen in Fig. 1 with a base pressure of

Phys. Chem. Chem. Phys., 2015, 17, 22809-22814 | 22809
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Fig. 1 Overview of the apparatus including methods for surface charac-
terization and preparation as well as product analysis.

8.0 x 10" mbar. Briefly, it consists of a liquid-N, cooled, x, y,
2, ¢-manipulator (VAB Vakuum GmbH), an Auger Spectrometer
(CMA 100, Omicron Nanotechnology GmbH), a sputter gun
(IQE 11/35, SPECS GmbH), a QMS (QMA 430, Pfeiffer Vacuum
GmbH), leak valves (Pfeiffer Vacuum GmbH), a home-built
gasline (base pressure of 5.0 x 10~ ° mbar) and an e-gun of
in-house design.

The rutile TiO,(110) crystal was purchased from Surface-net
GmbH and is of cylindrical shape with a diameter of 10 mm
and a thickness of 2 mm. At two sides of the crystal symmetrical
grooves were cut for mounting the crystal on a 1 mm thick
tantalum plate. The interface between the metal and the single
crystal is covered with a thin (0.025 mm) gold foil to ensure
good thermal conductivity. The heating of the crystal was
performed indirectly via resistive heating of two tungsten wires
(0.38 mm in diameter), which were fixed on the sides of the
tantalum holder. For the photochemical measurement, the
sample holder was cooled by contact to a reservoir of liquid
nitrogen to achieve temperatures of around 100 K. The tem-
perature of the crystal was controlled by the calibrated readout
of a twisted type-C thermocouple,* which was inserted into a
hole located on the side of the rutile single crystal without
any adhesive. Crystal cleaning was done by repeated cycles of
Ar'-sputtering, oxygen annealing and vacuum annealing and
confirmed by AES. With this procedure a reduced, dark blue,
conductive crystal was obtained which has a constant surface
defect density of usually 10 to 15%.>>%*!

Ethanol (absolute, HPLC grade, >99.8%, Sigma-Aldrich)
was purified by pump-thaw cycles and flushing cycles of the
gasline prior to use. Purity was confirmed by chamber back-
filling and analysis with the QMS. The ethanol dosage was
performed at a crystal temperature below 150 K and TPD
experiments were conducted by heating the crystal with
1.2 K s~ to 700 K. For the photochemical measurements a
Nd:YAG-pumped (Spectra GCR 4, ~10 ns pulse length) dye
laser (Lambda Physics) with a wavelength of 266.5 nm is used
to excite electron-hole pairs. The laser spot lights the entire
single crystal plane and the intensity was chosen with a pulse
energy of 600 pJ per pulse, so no laser induced thermal
heating effects were observed. Mass signals in the QMS of
thermal and photochemically desorbing species were identified
by cracking pattern analysis and were corrected by the different
ionization sensitivities.
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Results

For the elucidation of the mechanisms for the photocatalytic
ethanol oxidation reaction, different desorption experiments
were performed. The temperature programmed desorption
(TPD) spectrum of 1 L of pure ethanol in the absence of UV
light is shown in Fig. 2a. From the fragmentation pattern
analysis, the traces were assigned to species. The trace (m/z = 31)
corresponds to the main fragment of ethanol and (m/z = 29) to that
of acetaldehyde. For the latter, it has to be taken into account that
this mass appears in the main fragmentation pattern of ethanol
as well. The TPD spectra of the pure alcohol have already been
extensively discussed in the literature.*** In general agree-
ment, it is found that the majority of ethanol molecules desorb
at temperatures below 300 K and, besides other features,
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Fig. 2 (a) The thermal desorption mass signal of acetaldehyde and

ethanol without photoexcitation. Note that the trace assigned to acet-
aldehyde is a fragment of either ethanol or acetaldehyde. Due to the
constant ratio of both traces, the origin of the first peak is assigned
to ethanol desorption, while acetaldehyde production only occurs at
temperatures above 400 K. (b) The thermal desorption mass signal of
acetaldehyde and ethanol after 10 min of UV excitation at 110 K. The
consecutive TPD run shows another feature at 195 K, resulting from
molecular acetaldehyde. (c) The integral over acetaldehyde production
normalized to the overall ethanol dosage. The signal shows a rapid rise in
acetaldehyde production within 1 s of photoexcitation and a saturation of
acetaldehyde is found after 5 min of photoexcitation.
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another distinct peak above 400 K occurs. The trace represent-
ing acetaldehyde follows the same trend, but is proportionally
lower in intensity. This trend only deviates at higher temperatures
indicating that the signal only originates from the fragmentation
pattern of ethanol with the exception of temperatures above
400 K, where also ethene is produced from dehydration.***

Upon irradiation of photons with energies above the band
gap, another feature at 195 K appears in the spectrum depicted
in Fig. 2b. This peak can solely be assigned to acetaldehyde,
because no desorption of ethanol is observed at this temperature.
This clearly shows that in the absence of O,, photo-excitation at
110 K results in the accumulation of acetaldehyde at the surface.
In agreement with the literature for highly covered crystal surfaces,
the desorption of acetaldehyde occurs at lower temperature due
to the repulsive interactions of the molecule with ethanol and
other surface species."*** In contrast to the study of Idriss and
coworkers performed at 300 K*> and in agreement with Yang and
co-workers,”* oxygen dosing is not a prerequisite for a substan-
tial yield in the ethanol photooxidation at lower temperatures.
The amount of acetaldehyde produced is strongly dependent on
the illumination time. Fig. 2c shows the integrated mass signal
of acetaldehyde trace normalized to the ethanol coverage versus
illumination time at 110 K. A rapid rise with the photoexcitation
is observed, which results in saturation at about 15% with
respect to ethanol after 5 min.

Since the desorption of acetaldehyde takes place at lower
temperatures than that of ethanol, the photochemical reaction
can be monitored in situ. Fig. 3a demonstrates the formation
and the direct desorption of the aldehyde under UV illumina-
tion at 222 K, which is well below the desorption temperature of
the alcohol. Since this method enables the recording of any
product that leaves the surface at this temperature, the H, mass
can also be monitored. However, only a small change in the

(@) (b)
I e A S e

——ethanol
—— hydrogen
—— acetaldehyde

lon current /arb. u.
L
Integral /arb.u

T T T T T 1 T T T T 1
0 20 40 60 80 100 120 O 20 40 60 80 100
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Fig. 3 (a) Isothermal photoreaction at 222 K. Prior to reaction, 1 L ethanol
is dosed at a temperature of 120 K. UV excitation starts at 23 seconds and
an immediate increase in acetaldehyde production is observed, while the
ethanol trace remains unchanged. Note that the slight change in the
molecular hydrogen trace is attributed to cracking in the QMS rather than
to the production of H,. Part (b) shows the integrated mass signal of figure
(a), which shows the same trend as Fig. 2(c).
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signal with UV excitation is seen, which is rather attributed to
cracking in the QMS than to the production of molecular
hydrogen during reaction. Furthermore, no ethanol desorption
is observed as is expected at this temperature. As seen in Fig. 3b
the integral of the photoproduct matches the amount of
acetaldehyde produced at cold temperatures (Fig. 2¢), showing
that the reaction is charge carrier driven and desorption only
occurs via a thermal process. After another dosage of ethanol
at lower temperatures and subsequent irradiation at 222 K, a
strong decrease in the acetaldehyde production is observed.
The photochemical yield gets even lower for all successive
dosage cycles, which hints to a deactivation mechanism of the
catalyst. However, after ramping up the temperature to about
500 K, the activity of the catalyst can be completely restored.

While no significant H, production is found in the photo-
reaction, it is observed that water molecules (m/z = 18) are
leaving the surface in the TPD experiments in good agreement
to Yang and co-workers.”* However, such water molecules
may either originate from the photochemical reaction or the
co-adsorption of residual water molecules from ethanol dosage.
Thus, Fig. 4 shows a comparison of the H,O trace of 1 L ethanol
after 5 min UV illumination (a) and after the same time in the
dark (b), to enable the discrimination between water formed by
the photoreaction and water from co-adsorption. In both cases,
an identical feature at 210 K is found, which can be attributed
to H,O desorbing from O-bridge atoms of the semiconductor.
However, in the case of the photoexcitation (Fig. 4a) another
distinct feature between 280 K and 400 K occurs, which
is assigned to water coordinated on Ti*"-sites in the TiO,
lattice.>® Fig. 4c demonstrates that the integral of the peak
from these Ti sites versus time shows a similar behavior to the
acetaldehyde formation (Fig. 2c¢). Thus, the production of
water in this defect sites is clearly associated with the photo-
chemical process and is identified as a quantitative by-product
of the photoreaction.

To elucidate the role of defects in the reaction in more
detail, a surface defect-free crystal is produced by annealing the
crystal in oxygen at 300 K.**?° The absence of any photon
stimulated desorption (PSD) of O, indicated that no O,-species
is bonded to remaining defect sites.>***” The resulting TPD
after 1 min of photoexcitation (Fig. 5) shows a slight shift of
30 K to higher temperatures for the ethanol desorption in
comparison to the desorption from a defect-rich TiO,(110)
surface. A similar behavior is observed for the desorption of
acetaldehyde, which is in good agreement with the literature for
molecular acetaldehyde.*® In contrast to the defect-rich surface,
only the H,O desorbing from bridging O-atoms is observed.
Although the photoreaction of ethanol takes place, a higher
temperature signal of H,O as on the defect rich surface is not
observed. This further demonstrates that the surface of the
crystal is indeed defect free. The integral for the peak of 210 K
significantly exceeds the one in Fig. 4a, which shows that water
is again formed during the photoreaction. In addition, the total
amount of H,O desorbing from the surface after the same time
of illumination is similar for both surfaces, the defect-free and
the defect-rich ones.

Phys. Chem. Chem. Phys., 2015, 17, 22809-22814 | 22811
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Fig. 4 The upper parts ((a) and (b)) show the water mass traces in TPD
experiments of 1 L ethanol after 5 min of photoexcitation (a) and 5 min of
waiting without photoexcitation (b). In both cases, a sharp feature of water
at 210 K is observed. However, only with UV illumination, a high tempera-
ture feature between 290 K and 420 K occurs, which demonstrates that
water is formed during the photoreaction. Part (c) shows the integral of
high temperature water in dependence of the photoexcitation time
probed by TPD. Similar to Fig. 2(c), a rapid rise occurs with a saturation
at a UV-excitation time of 5 min.

Discussion
Defect rich surface

Based on our findings and the existing studies in the literature,
we propose the mechanism illustrated in Fig. 6 for the photo-
chemical reaction on rutile. It is widely accepted that ethanol
adsorbs preferentially in a dissociative way on rutile TiO,(110)
and always dissociatively in an oxygen vacancy.”>**?° Thus, in
the defect a chemical chemical reaction according to eqn (1)
takes place, which results in the formation of an ethoxy species
and a protonated Op,.

CH;CH,O0H + Oy + Tiyge = CH3CH,0-Tiyge + OHp, (1)

When the semiconductor is irradiated by photons with ener-
gies above the band gap electron hole pairs are created (eqn (2)).

TiO, + hv — TiO, + e~ +h" (2)
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Fig. 5 TPD after 1 min of UV excitation at 130 K for 1 L ethanol on a
surface-oxidized crystal. On this surface the desorption features of the
monitored species are observed at slightly higher temperatures. After the
photoreaction, the production of acetaldehyde is found again. The water
trace, however, shows only a more intense feature at around 225 K and no

high temperature signal occurs.
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Fig. 6 Photochemical reaction mechanism of ethanol on a defect-rich
TiO,(110) surface. The figure illustrates four different reaction steps. After
the dissociative ethanol adsorption, an ethoxy and a neighboring surface
hydroxyl are formed. Under UV-illumination, charge carriers are generated in
the semiconductor and the photoholes travel to the surface. There they react
with ethanol under aH-abstraction to give acetaldehyde and water; the latter
is in equilibrium with two surface hydroxyl groups. When the crystal is heated
to elevated temperatures, the reaction products are desorbing at the corre-
sponding temperatures and formally two oxygen vacancies remain. The
surface is eventually reoxidized by bulk diffusion leading to a similar
surface-defect density as before the photoreaction. (The grey balls resemble
the Ti atoms and the red ones O atoms. The intense colored red balls indicate
bridging oxygen atoms in the rows of the TiO,(110) surface. Shown in black
are vacancies in those bridging atoms, also referred to as surface defect.
Green balls are associated with C atoms and light blue resemble H atoms.)
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Depending on the type of photochemical reaction, either
electrons or holes govern the yield in the surface chemistry.®*”44!
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The oxidation of alcohols is a hole mediated process.''*"%>
It can be described by eqn (3), in which a formal h* reacts with
the partly negatively charged ethoxy species, which undergoes
an o-H elimination.

CH;CH,0-Tiyae + OHp, + h' — CH3CHO,q + HyO.q + 2Tiyac

®)

The resulting acetaldehyde is still bound on the surface via
the oxygen atom,** and can desorb at 195 K. The abstracted
hydrogen either moves to the neighboring hydroxyl group to
form water or results in the formation of another intermediate
hydroxyl species, which eventually reacts to water and a bridging
oxygen atom."* In both cases, water molecules in an oxygen
vacancy are produced, which block the defect and deactivate the
catalyst. This mechanism fully supports the observed surface
chemistry. The amount of water desorbing from defect sites
shows a similar behavior to the formation of acetaldehyde
(Fig. 2c and 4c). The reaction saturates, when all the surface
defects are blocked by the reaction products. This is supported
by studies for alcohols, where no diffusion effects have been
reported at cryogenic temperatures below 200 K.*>*® In addi-
tion, it is observed that the amount for acetaldehyde saturation
lies in the range of the density of defect states on the surface.
At a temperature around 200 K the aldehyde is leaving the
surface site. However, water molecules, which are in equili-
brium with two hydroxyl species,?’ still reside in the defects
and cause a deactivation of the catalyst. This deactivation is
observed after the consecutive dosing of ethanol after the
photoreaction. If the water is eventually thermally removed
above 450 K, the trap sites are accessible again. In addition, it
is also well known that the surface is reoxidized from the bulk
at these temperatures, so that the same percentage of surface
defects is reobtained.***® Site blocking of the oxygen vacancies
by the water molecule formed is also indicated by the absence
of PSD of O, even after the thermal removal of ethanol and
acetaldehyde and the subsequent dosage of oxygen at low
temperatures. Furthermore, it should be noted that no coking
is observed, as the Auger spectra did not reveal transitions for
carbon, even for temperatures of up to 800 K.

The role of defects in the photochemical reaction is also in
good agreement with the fact that the defects such as oxygen
vacancies lead to a stabilization of negative charges at the
surface, which further results in an upward band bending in
the semiconductor.*"**> This causes a preferential movement
of photoholes to the defects, while the electrons travel into the
bulk."*

Similar reaction and saturation behavior has been reported
previously for methanol'® and 2-propanol'® and are a strong
indication that the proposed mechanism may play an impor-
tant role even in the photochemistry of other alcohols.

Oxidized surface

Fig. 5 demonstrates that the photooxidation of ethanol can also
be performed at the surface of an oxidized crystal. Due to the
absence of oxygen vacancies, which is also reflected in the
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absence of any water desorption between 290 K and 420 K,
another reaction pathway must be responsible for the acet-
aldehyde formation on this surface. In this respect, it is well
established that dosing of O, at 300 K results in the formation
of dissociated O,4-atoms, which fill the vacancies and populate

the surface.?®*54°
TiO, + hv — TiO, +e~ +h* (4)
CH;CH,0,4 + OH,q — CH,CHO + H,0,4 (5)

Instead of filling vacancies, ethanol adsorbs on the oxide
surface and dissociates, resulting in the ethoxy species and an
adsorbed hydroxyl species. After the light-induced creation
of electron hole pairs, photoholes initiate the formation of
acetaldehyde. The reaction takes place via the abstraction of an
a-hydrogen atom of the ethanol and water is formed at the
surface, eqn (5). This is supported by the increase in the water
desorption at around 225 K. A similar desorption temperature
is found for water that is bound molecularly to a bridging
oxygen atom.**

Conclusion

In summary, we propose a stoichiometric reaction mechanism
for the illumination-dependent photochemical oxidation of
ethanol to acetaldehyde on TiO,(110) surfaces. The mechanism
explicitly addresses the role of surface defects (such as oxygen
vacancies) and the role of water as a by-product of the reaction.
With this mechanism the experimental observations of the role
of oxygen in surface preparation and deactivation as well as
saturation of the reaction can be explained. This is facilitated
by two different experimental methods. The first one uses TPD
as a probe for the accumulation of photo-products at cold
temperatures and the second one investigates the photoreaction
at elevated temperatures above the desorption temperature of the
photo-product. Our mechanism can not only be extended to other
alcohols of different chemical structures, but may even supply
potential reaction pathways for metal particle loaded semi-
conductor systems.
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ABSTRACT: Based on three different molecules dosed on a
Pt(111) single crystal the selectivity and sensitivity of REMPI-
TPD in UHV is investigated for a potential application in
heterogeneous catalysis. It is shown that the two structural
isomers ethylbenzene and p-xylene can be discriminated by
REMPI in a standard TPD experiment. The latter is not possible
for the ionization with electrons in a Q-MS. It is further
demonstrated by benzene TPD studies that the sensitivity of the
REMPI-TOF-MS is comparable to commercial EI-Q-MS
solutions and enables the detection of less than 0.6% molecules

Detector

=
Selective

‘ @ ﬁ
lonization

of a monolayer.
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Imost all relevant basic chemicals in the chemical industry

are produced in large scale via heterogeneous catalytic
reactions.’ In an atom-efficient process, high selectivities of the
catalyst are of paramount importance.2 Prominent reactions are
the hydrogenation of a,f-unsaturated aldehydes and ketones®
or the epoxidation of ethylene.°™® For the chemoselective
hydrogenation the desired product usually is the unsaturated
alcohol and the formation of the saturated aldehyde or ketone
shall be avoided. For the epoxidation to ethylene oxide an
unwanted formation of CO, is observed. In both cases the
reactions proceed via the formation of products of the same mass,
which either excludes the groduct analysis via mass spectrometry
or makes it cumbersome.” The problem is usually circumvented
by the use of other methods as gas chromatography, as it was for
example used in the epoxidation reaction.'’ However, for a good
time resolution or vacuum studies, mass spectrometry is the
method of choice for many different analyte molecules. Studies of
model systems are often conducted under ultrahigh vacuum
(UHV) conditions to reveal detailed insights into reaction
mechanisms.” For temperature-programmed desorption (TPD)
or even temperature-programmed reaction (TPR), which are
powerful and often applied methods for catalyst characterization,
the application of mass spectrometry is particularly advanta-
geous.'

One way to overcome the problem of isobaric interferences in
mass spectrometry is to use selective ionization techniques, such
as resonant-enhanced multiphoton ionization (REMPI). As the
ionization by the absorption of several photons is strongly
enhanced by resonant states of the analyte molecules, a difference
in the optical properties of the molecules can be exploited for
their mass spectrometric analysis. Furthermore, REMPI is
usually a very soft ionization technique and can be coupled

v ACS Pub”ca‘t]ons © 2016 American Chemical Society
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with highly sensitive product detection by time-of-flight mass
spectrometry (TOF-MS). These properties have already led to
several applications of this analytic technique, as e.g. for process
analysis.'"'* Consequently, ionization with photons has also
been applied in surface science.”>™'® One example is the state-
selective analysis of thermally desorbing molecules."” ™' In one
recent study resonant jonization was even used in combination
with TPD (“REMPI-TPD”) to investigate the desorption of
physisorbed hydrogen molecules.”” The study was performed at
very low temperature (below 30 K) with molecular hydrogen.
However, an evaluation of this method as a technique for the
analysis of products in a typical catalytic temperature regime
(room temperature and above) and for larger molecules has so
far not been performed. In particular, the physical demands of the
TPD measurements for surface science studies are challenging.
TPD experiments usually feature temperature ramps of one to
several Kelvins per seconds,’ and the number of data points per
temperature is limited to the repetition rate of the laser.
Furthermore, the temperature of the molecules, which in many
cases is above room temperature, results in a lower ionization
yield due to the broad peaks in the REMPI spectra. Especially in
surface science detection with high sensitivity is very much
desired, because most of the studies start at coverages
significantly below one monolayer. In this respect the
investigation of the desorption of larger molecules in a UHV
environment is particularly challenging. Such molecules exhibit a
high steric demand on the catalyst’s surface, and their large
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number of states is significantly populated at elevated temper-
atures. In addition, ionization pathways have to be considered in
order to enable the spectroscopic separation even at high
desorption temperatures.

In this work it is demonstrated that REMPI-TPD can
successfully be performed for molecules with an aromatic ring
system, which represent precursors for selective hydrogenation
reactions of larger molecules.”>** It is shown that the
discrimination by spectroscopy enables the selective detection
of structural isomers in typical TPD experiments. Furthermore,
the sensitivity of REMPI-TPD is determined for benzene and
compared to that of a commercial quadrupole mass spectrometer
(Q-MS) with electron ionization (EI), which is the standard
technique for such measurements.” The obtained results
demonstrate the potential of REMPI-TOF-MS for its application
in heterogeneous catalysis, if the analyte molecules exhibit
accessible electronically allowed transitions, which can be
exploited for their ionization.

B EXPERIMENTAL SETUP

All experiments were carried out in a home-built ultrahigh
vacuum setup, which is described in more detail elsewhere.”* The
apparatus consists of an Auger spectrometer for surface analysis
as well as of a sputter- and e-gun for surface cleaning. The sample
crystals are mounted with heating wires to molybdenum rods
(diameter: 3 mm), which are attached to the sample holder. The
holder can carry three different sample crystals simultaneously
(see Figure 1) and is further attached to a x, y, z, ¢-manipulator
by asilver block, which enables the cooling of the sample to 80 K
with liquid-N,. The samples can be heated resistively by
tungsten—rhenium heating wires (W26Re, Omega Newport
Electronics GmbH, diameter = 0.38 mm) up to 1200 K. Analysis
of the desorption products is either performed with a commercial
Q-MS (QMA 430, Pfeiffer Vacuum GmbH) equipped with an EI
source or in a REMPI-TOF-MS, which is shown in Figure 1. The
entire mass spectrometer is mounted by three treaded bars to a
flange with a linear translation stage (LD 100-50, VAb Vakuum-
Anlagenbau GmbH), which enables the precise adjustment in
vertical direction. The acceleration stage of TOF-MS consists of
one gold-covered repeller plate (diameter: 80 mm, thickness: 1
mm), which has a hole in the middle. Depending on the purpose
the diameter of the hole can be changed by the replacement of
the repeller plate. If it is desired to reduce the contribution from
the background, which arises from desorption for components
other than the sample, a small hole is chosen (i.e, S mm in
diameter). If the aim is to enable the detection with highest
sensitivity, a rather large hole (i.e., with a diameter of 20 mm) is
chosen so that the entire crystal can be placed inside the
acceleration region of the TOF-MS. Above the repeller plate two
copper meshes (80% transmission, Precision Eforming LLC) are
placed in a distance of 10.5 mm and 6 mm, respectively, to each
other. In the first section of the drift region (total length about
470 mm) an Einzel lens enables the focusing of the ions onto a
Chevron MCP-detector (S3040-10-D60-MA, SI Scientific
Instruments GmbH). The data is acquired by an oscilloscope
(WaveRunner 44Xi-A, Teledyne LeCroy GmbH). The TOF-MS
typically has a resolution of better than 150.

The ionization is performed by a Nd:YAG (Quanta Ray GCR-
3, Spectra-Physics Inc.) pumped dye laser (Scanmate 2E,
Lambda Physik GmbH), whose output beam is frequency
doubled. The laser system works with a repetition rate of 20 Hz.
The laser beam is guided into the UHV chamber right to enable
ionization in between the repeller plate and the first grid. The

5393

Figure 1. CAD drawing of the TOF-MS. The liquid N,-cooled sample
holder is heatable and carries up to three sample crystals at once. The
manipulator enables the movement of the sample crystal below or into
the acceleration region of the TOF-MS. The crystal can be set to a
defined voltage to guarantee proper extract fields. The ions are extracted
into a Wiley—McLaren type TOF-MS with an Einzel lens to focus the
ions onto the detector. The mass spectrometer has a total ion drift
region of 470 mm and supplies a mass resolution better than 150.
Typical values for the voltages: Uyepeiier = +1000 V, Ugig = +853 V, Ulens =
+300 V.

peller

laser’s pulse energy is optimized to the highest value, at which
only minor fragmentation is observed (usually 3to4mJ/ cm? per
pulse). One data point represents an average over 20
measurement points.

TPD measurements are controlled by a PID controller (2408,
Eurotherm, Invensys Systems GmbH). The temperature is
measured by a type C-thermocouple, which is spot-welded onto
the crystal. The thermocouple was calibrated to a standard
procedure” and referenced to TPD measurements of benzene.
The read-out of the thermocouple is converted (Dat4135AC,
Datexel S.RL.) and fed into the PID controller. All TPD
experiments were performed with a heating rate of 2.35 K/s. All
these electronic components are connected to the power via an
insulating transformer. This setup enables the sample crystal to
be set to a particular voltage, which ensures proper electric fields
in the acceleration region of the TOF-MS.

B RESULTS AND DISCUSSION

Due to the relevance of the material in catalysis, a Pt (111) single
crystal (Surface Preparation Laboratory B. V.) was chosen as
model system. The crystal was cleaned following existing
27,28 - o .
procedures™ " until no contamination was observed in the
Auger electron spectra (AES). In the following the critical aspects

DOI: 10.1021/acs.analchem.6b00717
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Figure 2. TPD measurements with a commercial EI-Q-MS for different coverages of p-xylene (top row) and ethylbenzene (bottom row, both CgH,).
The desorption behavior for both molecules is very similar, which can be seen by their TPD measurements on their parent mass (left column). The only
significant difference is seen in the hydrogen evolution (right column), which occurs at different temperatures.

of REMPI-TPD are addressed. First, the selectivity of the
REMPI-TOF-MS is demonstrated by the measurement of
mixtures of two structural isomers. Second, the sensitivity of
the technique is evaluated and compared to that of a commercial
Q-MS with EL

W SELECTIVITY

For the demonstration of the selectivity p-xylene and ethyl-
benzene (both CgH,,) were chosen as model systems. Both
isomers exhibit an almost identical fragmentation pattern by EI
with only small deviations in the relative abundance in some
fragment masses.”” Thus, discrimination between these two
molecules by EI is almost completely excluded. Furthermore,
both molecules show similar desorption behaviors in their TDP
measurements.

In good agreement with previous studies,” """ p-xylene shows
two desorption features at coverages above 1 L. The low
temperature peak between 120 and 200 K can be assigned to
multilayer physisorption of p-xylene molecules on top of a
monolayer of molecules, which are directly bound to the Pt(111)
surface. The latter desorb at temperatures between 260 and 320
K. In contrast to the multilayer peak, the feature for the
chemisorbed monolayer already appears at a coverage of 1 L and
reaches its saturation between 2 and 5 L. The monolayer peak
only represents a small fraction of p-xylene molecules covering
the surface, as only a small fraction of molecules (about 10%)
leaves the Pt-surface intact.’® The reason for that is that p-xylene
undergoes dehydrogenation on the Pt-surface, which causes an
increase in the H, signal (Figure 2). There are three temperature
regions, where hydrogen molecules leave the surface. Between
260 and 350 K hydrogen atoms from the methyl groups form
H,.* At temperatures above 450 K all C—H bonds are
subsequently broken.”” The hydrogen atoms recombine and

30,31

5394

leave the surface, while carbon still remains on the surface of the
crystal,30 which is also confirmed by AES.

For ethylbenzene a very similar TPD spectrum with two
desorption temperatures (between 120 and 220 K as well as 240
and 320 K, respectively) is obtained by the detection of the
molecule on its parent mass (Figure 2). The monolayer peak can
only be detected at a coverage of 2 L and above, which indicates
that a higher steric demand results in a lower adsorption
probability. The only significant difference of the TPD spectra of
the two molecules is found in their H, desorption spectra.
Similarly to p-xylene, molecular hydrogen starts to leave the
surface at around 300 K. However, in contrast to p-xylene,
ethylbenzene exhibits a complex desorption pattern from 300 to
450 K, which indicates the C—H bonds from the ethyl group are
subsequently cracked prior to those of the aromatic ring. H,
evolution originating from hydrogen atoms of the aromatic ring
analogously starts at temperatures above 450 K.

While a direct discrimination of the two molecules is almost
impossible by EI, REMPI as an ionization technique can be used
to overcome the difficulties. In Figure 3 the 1+1 REMPI spectra
of both molecules are shown at conditions similar to those of the
TPD experiment (i.e., an effusive beam at room temperature).
The results are in good agreement with previous ones from a
supersonic jet** and show the difference in the 0.’ position of
the excited electronic state. Based on this scan two wavelengths
are chosen: At a wavelength of 266.5 nm both molecules are
detected simultaneously, while at 2722 nm only p-xylene
molecules are ionized. Note that the ionization yield of
ethylbenzene is lower than that of p-xylene, which leads to a
more sensitive detection of the latter molecule.

The selectivity of REMPI for TDP experiments is demon-
strated by mixtures of p-xylene and ethylbenzene obtained by the
subsequent dosage of 3 L of the respective molecules. As

DOI: 10.1021/acs.analchem.6b00717
Anal. Chem. 2016, 88, 5392—-5397
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Figure 3. Wavelength scan of an effusive beam of p-xylene and
ethylbenzene at room temperature (pressure in the chamber: 1 x 107
mbar). Two wavelengths are identified, which enable the discrimination
between the two isomers. At 272.2 nm p-xylene is exclusively ionized,
while at 266.5 nm both molecules are detected.

illustrated in Figure 4, either ethylbenzene (right) or p-xylene is
(left) therefore dosed on top of the other molecules. As a
consequence, three different layers are formed: a saturated
chemisorbed monolayer of the molecule dosed first, a
physisorbed layer of the same molecule, and further layers
caused from physisorption of the second molecule.

Depending on this sequence of the dosing at around 100 K,
differences are observed in the TPD experiments (Figure S). For
the measurements with EI-Q-MS these differences are small.
When ethylbenzene was dosed directly on the Pt(111) surface,
the multilayer peaks (at 142 and 165 K) at higher temperatures
exhibit an additional shoulder at about 180 K. The differences in
the monolayer peak, however, are even less pronounced. The
peak is somewhat broader and slightly shifted to lower
temperatures (279 K instead of 283 K). Almost the same
spectrum is obtained by REMPI-TOF-MS recorded at a
wavelength of 266.5 nm, which causes the ionization of both
molecules. However, the spectra at an ionization wavelength of
272.2 nm exhibit significant differences. If p-xylene is dosed first,
a monolayer desorption peak is clearly visible in the TPD
measurement but does not appear in the measurement with a
dosage of ethylbenzene prior to p-xylene. The result clearly
demonstrates the selectivity of REMPI also in surface science

studies. Furthermore, it is seen that no detectable diffusion to the
surface occurs and that the layers remain at 100 K according to
their dosing sequence.

B SENSITIVITY

In contrast to EI Q-MS, which is usually operated in a continuous
way, REMPI-TOF-MS is a pulsed technique. While the
measurement in a TOF-MS allows for the simultaneous
detection of several masses, the intensity of specific ion is
certainly higher for continuous measurements due to the longer
measurement time. On the other hand, the jonization by REMPI
leads to a very sensitive detection, and it has been shown that very
small quantities of aromatic molecules can be detected using this
technique (see for example Boesl et al.** and references therein).
In the following the TPD of benzene of Pt(111) is to evaluate the
sensitivity of the REMPI-TOF setup, because this system is very
well-studied®>> ™’ and the ionization via electronic states of the
aromatic ring can be exploited for many different organic
molecules. Moreover, benzene often represents a precursor for
selective hydrogenation reactions of larger molecules.”***

Ionization of benzene is performed by a 1+1 REMPI process at
awavelength of 252.935 nm (see the spectrum in Figure S1 in the
Supporting Information). The obtained REMPI-TPD measure-
ments in comparison with the measurement with a conventional
EI-Q-MS are shown in Figure 6. It can be seen that the REMPI-
TPD exhibits a somewhat higher background level, which
originates from benzene desorption from parts other than the
sample crystal. In contrast to the EI-Q-MS the shielding of these
parts is less efficient, which results in the higher background of
the signal. Nevertheless, a coverage of 0.5 L can easily be detected
with REMPI-TPD and yields the same signal as by the
measurement with the commercial EI-Q-MS. The sensitivity of
REMPI-TPD is also in the same order of magnitude and only
somewhat worse than for the EI-Q-MS, as it can be seen for a
coverage of 0.25 L.

According to Campbell at al, a saturation of the surface
coverage is obtained at 0.16 benzene molecules per surface atom
for a dosage at 120 K.*” Taking the integral ion current from the
EI-Q-MS measurements at a coverage of 0.5 L and the integral
current of the saturation coverage (coverage of 2 L, see Figure S2
in the Supporting Information), it is found that only 8% of the
saturation coverage is obtained by a benzene dosage of 0.5 L.
Taking into account that only 45% of the molecules desorb intact

e € e €
e e
lonization
o<«/\WW N> #
Physisorbed
Multilayers
Chemisorbed
Monolayer
[ PH(111) ] l PH(111) ]
51200 Heating s

Figure 4. Illustration of the mixing experiment with ethylbenzene and p-xylene (both: CgH,,). The dosage of p-xylene on top of a layer of ethylbenzene
leads to the formation of a structure as displayed on the left side, while a vice versa procedure results in the scheme on the right. Note that in this model
diffusion of the molecules is excluded, which is also found experimentally (see text).
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Figure . Selectivity by the detection with REMPI TOF-MS (right) in comparison to the detection with EI Q-MS (left). Depending on the sequence of
dosing, the TPD measurements exhibit only a small difference if the desorbing molecules are detected with EI Q-MS. However, for ionization with
REMPI these differences are clearly more pronounced. As seen for the ionization with 272.2 nm (bottom) only a monolayer desorption peak is visible, if
p-xylene was dosed prior to ethylbenzene; otherwise this peak is absent. This result also demonstrates for the dosage at 100 K no significant diffusion of
the molecules to the surface is observed. Note that the ionization yield for ethylbenzene is lower than that of p-xylene at a detection wavelength of 266.5
nm.
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Figure 6. Sensitivity of the detection with REMPI TOF-MS in comparison to the detection with a commercial EI Q-MS. Based on the TPDs of benzene
on Pt(111) it is seen that a dosage of 0.5 L at 190 K can clearly be detected by REMPI TOF-MS (figure on the left). Only at a coverage of 0.25 L it is
found that the detection limit of the EI Q-MS is better than that of the REMPI TOF-MS.

and do not undergo dehydrogenation,”” it is found that less than REMPI-TOF-MS. Furthermore, the sensitivity of the method is
0.0057 (0.57%) desorbing benzene molecules per surface atom found to be more than sufficient to detect analyte molecules with
can easily be detected by REMPI-TPD. While the achieved
sensitivity is more than sufficient for most of the experiments,
even further improvements may be obtained by modification of

similar ionization efficiencies as benzene in heterogeneous

catalysis, even for systems with low catalyst loading as for

the laser system, as for example by an increase of the interaction example of size-selected cluster catalysts.
region of the laser with the molecules or by the use of lasers with a
higher repetition rate. Bl ASSOCIATED CONTENT

© Supporting Information
B CONCLUSION The Supporting Information is available free of charge on the
In this work it is shown that REMPI-TOF-MS can be used as a ACS DPublications website at DOI: 10.1021/acs.anal-
detection technique complementary to EI-Q-MS in TPD and

TPR experiments. These experiments are powerful tools in chem.6b00717.
heterogeneous catalysis, and REMPI enables the selective 1+1 REMPI spectra of an effusive beam of benzene at
ionization and supplies the time resolution, which is needed room temperature and coverage-dependent TPD meas-
for in situ product analysis. As demonstrated for p-xylene and urements of benzene desorbing from a Pt(111) single
ethylbenzene, the isomer-selective detection can be achieved by crystal recorded by a Q-MS (PDF)
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ABSTRACT: CO is used as a chemical probe molecule to elucidate the properties
of differently n-type doped GaN(0001) surfaces under ultrahigh vacuum
conditions. Doping-dependent sticking of CO is observed by temperature-

©

programmed desorption, which is not influenced by the surface composition of - e g

the semiconductor substrates. By the excitation of the semiconductor with UV o o "_: - 03,\5@

photons a low-temperature desorption of CO is stimulated. The absolute photon- E g @zo‘
strongly n-doped S

stimulated desorption intensity strongly depends on the surface composition.
However, the desorption kinetics do not significantly depend on the surface
composition, semiconductor doping, or UV excitation wavelength. A model is introduced, which is based on the electronic
characteristics of the GaN substrates and describes the doping-dependent adsorption as well as the photochemical behavior.

weakly n-doped

H INTRODUCTION

Heterogeneous photocatalysis is believed to be a viable pathway
to H, production from renewable energy sources and
sunlight. > Since their discovery as suitable catalysts, group
III-V materials such as gallium nitride (GaN) have proven to
be stable heterogeneous photocatalysts when decorated with
cocatalysts.*"® The most explored reactions{ irlxl photocatalysis
g:i dftaigl f;flghe H, evolution from water™ " and the CO catalysis is also affected by semiconductor doping.">* The

Pure GaN i iconduct ith 34617 common assumption of those studies is that the chemical
ure GaN is a semiconductor with an energy gap of 3.4 eV. . . L
In contrast with other semiconductors usedg}i,ng pphotocatalysis properties of the semiconductor surface are doping-independ-

t, as dopi ly alters the bulk charge-carri tration.
such as ZnO and TiOz, it can be n-type- as well as p-type- ent, as Opll’lg Ol’ly ers € DulK Cl arge carrier concentration.

doped to alter the charge-carrier concentration and the sign of
charge accumulated at the illuminated surface.'® Additionally,
solid solutions of GaN with other wurtzite-type structures such
as ZnO can be prepared. Because in such systems the energy of
the valence band edge is shifted upward with respect to ZnO,
the band gap is moved into the visible part of the solar
spectrum.w'20 Despite these promising properties the surface
chemistry even of bare GaN is not well known, which is
different from other catalysts such as TiO,.”"”** Previous surface
science studies mainly have focused on the building process
during epitaxial growth®™>° and surface reconstructions®®™>*
for applications in devices.””*" However, a better under-
standing of the surface chemistry of the bare semiconductor
helps in identifying and avoiding undesirable side reactions in

While the detailed mechanism of O, PSD from TiO, has been
investigated during the last 30 years,””™** no other PSD
experiments without a previous chemical reaction on semi-
conductors are known.

In metal nanoparticle/semiconductor hybrid materials it has
been shown that the p-type or n-type doping has an influence
on the charge state of the metal nanoparticle as well as on the

the effect of bulk semiconductor n-type doping on the CO
adsorption on the GaN(0001) surface and investigate the PSD
of CO from that surface.

B EXPERIMENTAL SECTION

Different GaN samples were studied in the UHV using an
apparatus that is equipped with standard methods for surface
science to perform thermal and photochemical reaction studies.
This apparatus is described in detail elsewhere.** The Si-doped
GaN(0001) epitaxial layers with a thickness of ~550 nm were

charge carrier dynamics. Consequently, the reactivity during

In this work, we present a ultrahigh vacuum (UHV) study of

deposited by plasma-induced molecular beam epitaxy
(PIMBE). As substrates Fe-doped semi-insulating Ga-polar

heterogeneous (photo)catalysis. O, photon-stimulated desorp-
tion (PSD) from TiO,(110) is a powerful tool to determine the
photochemical activity of the bare semiconductor surface.*"**
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GaN MOCVD templates (thickness 4 ym) on a-Al,0;(0001)
from Lumilog were used. The samples were grown in the Ga-
droplet regime. During the process, the substrate temperature
was kept at 1143 K. The Ga source was heated to 1253 K,
which corresponds to a beam equivalent pressure of 1.3 X 107°
mbar. For the silicon doping, the source was operated at 1273
and 1373 K. The plasma source was operated at 300 W with a
nitrogen flux of 0.15 sccm. These conditions were chosen
because it is well known that atomically flat surfaces can be
achieved in this we\y.“ﬁ1 Furthermore, it is known that for the
range of silicon dopant concentrations employed in this study
the dopant profile in the homoepitaxial layers is constant
because it has been confirmed by SIMS proﬁles.42 The free
electron concentration of all of these samples was determined
by Hall effect measurements.* The GaN samples were cut to a
rectangular shape with a size of 10 mm X 10 mm for being
mounted onto a sample holder, which consists of a 1 mm thick
tantalum plate with a 0.3 mm deep cutout of the size of the
GaN sample. A thin (0.025 mm) gold foil is placed between the
base plate of the sample holder and the semiconductor to
ensure good thermal conductivity. The fixation of the
semiconductor samples is achieved by two spot-welded 0.1
mm thick tantalum clamps. The heating of the sample is
performed indirectly via resistive heating of two tungsten—
rhenium wires (0.38 mm in diameter), which are mounted on
the sides of the tantalum holder. This setup has been developed
on the basis of TiO, sample holders.*”** Cooling of the sample
to temperatures of around 100 K is achieved by contact to a
reservoir of liquid nitrogen (LN,). The temperature is
measured by the calibrated readout of a twisted type-C
thermocouple spot-welded to the bottom of the tantalum
sample holder. The deviation of the temperature of the GaN
surface to the base plate was determined to be <5 K over the
entire temperature range. The in situ GaN treatment before
measurements includes a single vacuum annealing to 800 K for
10 min and a cycle of Ar* sputtering at 80 K (0.5 keV, 1 X 107¢
mbar, Iy = 2.0 #A) with a subsequent vacuum annealing
flash to 800 K, so that no carbon contamination is observed
with Auger electron spectroscopy (AES). The surface
morphology and roughness were checked ex situ with atomic
force microscopy (AFM) (Figure S1).

For the photochemical measurements a Nd:YAG-pumped
dye laser (Spectra GCR 4, ~10 ns pulse length) (Lambda
Physics) with a wavelength of 266.5 nm is used to excite
electron—hole pairs close to the GaN surface. The laser spot is
adjusted to illuminate the entire GaN sample. The intensity is
set to a pulse energy of 600 yJ/pulse, so that no laser-induced
thermal heating effects are observed. All PSD experiments were
performed at LN, temperature.

B RESULTS

Thermal Adsorption and Desorption. CO temperature-
programmed desorption (TPD) measurements were performed
on three differently doped MBE GaN samples to monitor the
influence of doping on the adsorption effects at the GaN
surface. Sample a is nominally undoped (5.2 X 10" charge
carriers (cc)/cm?), sample b is weakly n-type doped (1.3 X 10'®
+ 12 x 10% cc/cm®), and sample c is strongly n-type doped
(21 X 10" % 22 X 10'® cc/em®).

Figure 1 presents a series of TPD spectra from various CO
exposures on sample ¢ (2.1 x 10" + 2.2 x 10" cc/cms). For
lower coverages only one desorption peak is observed at ~100
K. A second peak, which appears at ~225 K, is observed for

8474
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Figure 1. TPD spectra from various coverages of CO dosed on a
GaN(0001) surface, sample c, at 80 K.

coverages of 1 langmuir (L) and more. Control experiments
indicate that this feature originates from CO desorption from
the sample holder. The low-temperature peak is assigned to
thermal desorption of physisorbed CO from the GaN surface.
Because the relative change in the desorption signal is low for
high coverages a saturation behavior is already suggested.
Hence it can be seen that no multilayer adsorption occurs in
this temperature range. The CO desorption from a multilayer
for a nonmetal is expected to occur at ~30 K.*** The GaN
samples with the lowest charge-carrier concentrations also show
a similar behavior concerning the peak position. However, if the
absolute integrals of the 100 K desorption peak at identical
exposures are regarded, then a difference between the three
GaN samples is observed. The resulting saturation graphs from
exposures of 0.1 to 9.0 L are shown in Figure 2. The exposures
were determined by background-corrected integration of the
m/e = 28 signal of the quadrupole mass spectrometer (QMS)
during dosage.

As shown in Figure 2, the total saturation coverage is
decreasing with increasing n-type doping of the GaN samples.
Furthermore, for the smallest exposures to CO, a steeper rise in

1 » a) intrinsic
= b)weakly n-type doped }
i = c) strongly n-type doped
=1
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s i t !
T t f
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£ - ; i
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Figure 2. CO desorption integral series of three differently doped
GaN samples from exposures of 0.1 to 9.0 L. The higher the charge
carrier concentration, the slower the CO coverage rises and the lower
is the maximum CO coverage.
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the desorption integral is observed for weaker n-type-doped
samples.

Photon-Stimulated Processes. After illumination of a 2.0
L CO-covered GaN surface by UV light at 80 K a considerably
smaller thermal desorption signal is observed in TPD compared
with that without previous illumination (Figure 3a). With the

5x10™ 4 9
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»~ UVon
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©
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Figure 3. (a) TPD spectra of 2.0 L CO with and without UV
illumination after CO exposure on a nonintentionally doped
GaN(0001). The desorption following the illumination is considerably
smaller than the “dark” one. (b) Photon-stimulated desorption spectra
of CO at 80 K. UV excitation starts at 10 s and an immediate CO
desorption is observed. Note that panels a and b have the same scale in
the m/e = 28 QMS signal and that the sum of the integrated red curves
matches the “dark” desorption quantitatively.

exception of the high-temperature feature due to the sample
holder, the TPD signal decreases as a whole and not at a
specific temperature. This indicates that all binding sites are
affected similarly by the photostimulation. During the
illumination process, desorption of CO occurs (Figure 3b),
which stops within the time resolution of the desorption
experiment when illumination ends. The absolute amount of
CO desorbed via the PSD and the consecutive TPD
quantitatively matches the regular desorption of 2.0 L in a
“dark” only TPD experiment within the experimental accuracy.

Figure 4 illustrates the normalized intensities of PSD curves
for differently n-type-doped samples. It is found that no
appreciable difference in the decay curves is observed, which
shows that the photon-stimulated desorption kinetics does not
change with the semiconductor doping. After an initial rise in
intensity, the signal decay can be described by a sum of two
stretched exponential functions, one with a fast time constant in
the range of some seconds and one with a slow time constant
about 1 order of magnitude higher. A change in the irradiation
wavelength to 355 nm resulted in the same desorption kinetics
(Figure S2). Furthermore, the kinetics were also found to be
independent of the surface oxidation state. It is well known that
intermediate gallium oxide species (GaO,) and stoichiometric
Ga,0; are always present on GaN surfaces,”” and even repeated
AES measurements can oxidize the surface.*® Long cycles of
Ar" sputtering reduce the N/Ga ratio, and nitrogen vacancies
are formed.*”° Oxygen impurities from the sputter gas or the
background pressure lead to an oxidation of the free Ga surface
species. The evolution of the surface oxidation can be tuned by
the sputtering time and is determined by AES, corrected for the
elemental sensitivities.”' For the calculation of the percentage
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Figure 4. Intensity-normalized PSD signal of three differently doped
GaN samples with the same surface oxidation as well as of a differently
oxidized GaN surface. The various decay curves do not exhibit any
significant differences. Hence the kinetics of the PSD is independent of
doping and surface oxidation.

of respective atoms it is assumed that the oxidation occurs only
at the surface, as it is described in the literature.”

In Figure Sa, it can be seen that the photoactivity decreases
with a decrease in the N percentage on the surface. Figure Sb
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Figure S. (a) Decrease in PSD intensity with decreasing percentage of
nitrogen. (b) Decrease in PSD intensity with increasing percentage of
oxygen. (c) Sigmoidal PSD intensity trend as a function of N/O ratio.
All Ga, N, and O percentage values were obtained from AES
measurements, corrected for the corresponding elemental sensitiv-
ities.”' The percentage of gallium decreases from 45 to 38% with
increasing O coverage in the indicated range.

demonstrates the decline in PSD intensity with rising oxygen
content. If the PSD intensity is plotted versus the N/O ratio
(Figure Sc), then a sigmoidal curve with a linear transition
region results. Thus it can be concluded that the presence of
oxygen atoms and the decrease in nitrogen lead to a decrease in
the PSD intensity. However, the kinetics of the PSD remain
unaltered, and similarly the thermal desorption is also found to
stay unaffected by the surface oxidation process (Figure 4).

H DISCUSSION
Thermal CO Adsorption and Desorption. The binding
of CO to GaN(0001) only occurs via physisorption, which is

DOI: 10.1021/acs.jpcc.7b01570
J. Phys. Chem. C 2017, 121, 8473-8479
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indicated by the low desorption temperature of ~100 K (Figure
1). It is found that the sticking of CO is dependent on the
dopant concentration. The intensity of the desorption signal for
same dosages decreases with increasing n-type doping. The
effect is significant but is not as pronounced as the change of
the dopant concentration: An increase in the charge-carrier
concentration by a factor of one thousand only results in a
maximum decrease in the desorption signal by a factor of 2.
While doping results in different electronic properties of the
semiconductor, its surface morphology is preserved, as can be
seen in the respective AFM images (Figure S1). The saturation
coverage behavior shown in Figure 2 and the same desorption
temperature of CO also allow us to exclude the formation of
different surface defects for different doping levels. In such a
case, a difference in the binding of CO to the surface would
result, which would be reflected in different TPD peaks.
However, such an effect is not observed. Furthermore, the
sticking of CO does not significantly depend on the surface
composition, as GaN samples with identical doping but
different degrees of surface oxidation exhibit identical CO
desorption characteristics in TPD experiments. To explain
these effects, we propose the following adsorption model,
which is sketched in Figure 6 and considers the dependence of

the CO sticking on the semiconductor doping.
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Figure 6. Influence of bulk doping on the CO adsorption on
GaN(0001). Because samples with the same surface morphology are
obtained by epitaxy, bulk doping only significantly affects the space
charge region (SCR) below the GaN surface. Consequently a different
degree of electron accumulation in the surface states is obtained. The
occupation of surface states and the negative surface charges in the
figure are for illustrative purposes only. A higher n-doping results in a
higher negative charge density at the semiconductor’s surface, which
enables the adsorption of only a few electron donors such as CO.
Therefore, less CO is bound on higher n-doped GaN samples, whereas
on nonintentionally n-doped GaN the highest CO coverage is

observed.

All of the investigated semiconductors are n-type and
therefore exhibit accumulation of electrons in surface sites,
which results in an upward band bending.53 Moreover, from
surface photovoltage experiments it is known that this band
bending at the surface occurs in a very similar manner for all of

the samples.‘4 However, a different amount of doping results in
a different depth of the space charge region (SCR) and a
different degree of electron accumulation in the surface sites.
From calculations similar to those previously reported,**
performed with the nextnano software package,55 we estimate

8476

that the surface charge density increases by about 1 order of
magnitude when the doping is changed from the value of
sample a (nominally undoped) to that of sample ¢ (highly n-
type-doped).

CO is considered to be an electron donor, and it is expected
that the physisorbed molecule donates some negative charge to
the semiconductor. Thus CO is expected to adsorb on surface
sites sufficiently far away from the negatively charged,
electronically active surface defects, which are responsible for
the upward band bending. A similar phenomenon was observed
for NH; on TiO,(110), where the ammonia molecules are
repelled by an increased number of negative surface states of
the n-type semiconductor.’® This is also in very good
agreement with our simulations and shows that doping itself
is indeed changing the surface charge density and thus the
adsorption properties of the molecules. Consequently, on the
surface of a highly n-doped GaN, where the density of
negatively charged surface states is higher, less CO would be
adsorbed in comparison with a nominally undoped GaN
sample with less negative charge.

Photon-Stimulated Desorption of CO. Figure 3 shows
that upon UV illumination a fraction of the adsorbed CO
desorbs from the GaN(0001) surface. It is found that the
kinetics of this process is not influenced by semiconductor
doping, as it can be seen in Figure 4. Because the SCR changes
with the degree of doping, it can be concluded that the size of
the SCR does not significantly affect the desorption rate.
Similarly, the same exponential decay is also observed for GaN
surfaces with different degrees of oxidation. However, and in
contrast with the CO adsorption, the presence of oxygen
instead of nitrogen reduces the PSD intensity. As a
consequence, it can be concluded that certain adsorption sites
exist, which promote the photodesorption of CO (photoactive
sites). These sites diminish for higher degrees of oxidation,
which is accompanied by the release of nitrogen. As a result of
the existence of these photoactive sites, only a fraction of CO
can be photodesorbed, while the remaining molecules can only
be removed from the GaN surface thermally (Figure 3). We
note that it is observed that the photoactive sites are again
accessible after the PSD, as subsequent dosing of CO without
any thermal cleaning step results in the same PSD signal as
before. Comparing the fast and the slow time constants of the
PSD decay with previous photo decay and contact potential
difference (CPD) measurements of GaN,** similar time
constants of a few seconds and minutes are obtained. The
CPD decay has been assigned to the transfer of photogenerated
holes to the surface and subsequent capture in electron-filled
surface sites,”* leading to compensation of the negative charge
accumulated at the surface. That the desorption process in PSD
experiments is indeed a photochemical one, based on the
extinction of charge transferred from CO to the semiconductor,
is evidenced by the desorption behavior of CO,, which has also
been investigated. The TPD of CO, on GaN(0001) is very
similar to that of CO (Figure S3), and desorption of both
molecules is observed at roughly the same temperature.
However, no photoinitiated desorption occurs for carbon
dioxide. Consequently, local thermal effects originating from
the recombination of charge carriers in the vicinity of the
adsorbed molecules can be excluded for the PSD of CO, as
these would also lead to the desorption of other weakly bound
species, for example, CO,. In general, upon illumination of an
n-type semiconductor, holes move to the surface and neutralize
the negatively charged electronic surface states. Immediately
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after UV excitation, CO desorbs from the GaN surface (Figure
3b). Detailed mechanisms for photon-stimulated desorption on
the atomic scale are still largely unknown and under
*° However, it is known that a charge
redistribution at the surface alters the electrostatics of the
molecule—surface interaction and gives rise to a PSD.*® Under
the assumption that CO binds with a negative partial charge
redistribution to the GaN surface, the molecule—surface
interaction can only be weakened when the charge donation
is neutralized and consequently a PSD arises. Because in an
illuminated n-type semiconductor only holes from the SCR
move to the surface, only negative charge states in surface
vicinity can be involved. In this picture minority and majority
charge carriers may contribute to the atomic PSD mecha-
nism.>”%° Experimental data provide evidence that the CO PSD
can also occur on p-doped GaN; however, only a very small
quantity of CO can be photodesorbed (Figure S4).
Consequently both electrons and holes seem to be able to

. . 3637,57—59
discussion.” ">

activate the photon-stimulated desorption of CO.

Bl CONCLUSIONS

We demonstrate for the model system CO on GaN(0001) that
the adsorption of molecules on semiconductors can be doping-
dependent. The change of the n-type doping of GaN results in
different amounts of CO on the semiconductors’ surface and
eventually different saturation coverages. We introduce a model
based on the electronic characteristics of the semiconductor,
which is capable of explaining this effect qualitatively. With
higher n-type doping less carbon monoxide can be adsorbed
due to a higher density of negatively charged surface states.
Furthermore, the first observation of a photodesorption on
GaN is reported. It is found that the kinetics of the PSD are
independent of the degree of doping or the surface oxidation
state. However, the surface composition influences the PSD
intensity, which is related to the existence of photoactive sites.
The number of these sites can be reduced by a higher degree of
oxidation of the GaN semiconductor surface. Furthermore, by a
comparative study of CO,, local thermal heating effects
originating from charge-carrier recombination can be ruled
out as the origin of the photon-stimulated desorption. We
propose that the CO PSD is indeed a process based on the
compensation of transferred charge density from the molecule
to the semiconductor, which can be facilitated by electrons and

holes.
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Figure S1: AFM images of differently doped PIMBE GaN(0001) surfaces. The images show
that the surface morpholgy is unaffected by doping.

——266.5 nm (600 uJ/pulse)
——— 355 nm (600 puJd/pulse)
——266.5 nm (200 uJ/pulse)

Normalized intensity /arb.u.

Time /s

Figure S2: Intensity normalized PSD signal of different UV wavelength (266.5 nm or 355 nm)
and UV intensities (200 pJ/pulse or 600 pJ/pulse). The decays show no appreciable dif-
ferences, which indicates that the kinetics of the PSD do not change significantly with the
variation of UV wavelength and UV intensity.
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Figure S3: TPD spectrum from CO, dosed on a GaN(0001) surface. The low temperature
peak is very similar to that of CO on GaN. Analogously, the small high temperature features
originate from CO, desorption from the sample holder.
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Figure S4: CO PSD spectrum of p-type GaN(0001). Note that the signal is comparably
small since the surface has a low N/O ratio. The PSD is carried out at LN, temperature
after 4 L CO exposure. By illumination with 266.5 nm UV light, a rise in the CO intensity
is observed.
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ABSTRACT: In this ultrahigh vacuum study, temperature-programmed desorption, Auger
electron spectroscopy, and ex-situ atomic force microscopy are used to evaluate the surface
chemistry of ethanol on the GaN(0001) surface. Ethanol undergoes dehydration and
dehydrogenation reactions on the GaN(0001) surface to a larger extend than on the

carbon-based thermal
reaction products

AcAl
AAICED  CH, \5:‘\/‘ CH,

TiO,(110) surface. This enhanced reactivity is attributed to a higher amount of metal-bound o I o
ethoxy. In addition, molecular H, has been identified as a byproduct of the ethanol EtoH EtOH
dehydrogenation to acetaldehyde. We attribute the reactivity, including the formation of o0

molecular hydrogen, to the combination of wurtzite structure and nitride chemistry, since
surface amines are considered to be less stable than surface hydroxyls on other model

oxides.

H INTRODUCTION

The reforming of ethanol has recently attracted attention, as
this alcohol may act as hydrogen sources and renewable
feedstocks in heterogeneous'_6 and photocatalysis.” """ While
hydrogen generation is feasible on noble metals supported on
various oxides, new noble-metal-free catalysts are limited in
selectivity and activity, so far.*''™* On the one hand, ethanol
dehydrogenation on many oxides leads to the formation of
water instead of H,'' and is accompanied by side reactions such
as further oxidations of the acetaldehyde. On the other hand,
supported metal catalysts even exhibit more complex reaction
networks and show deactivation by coking."* In order to
understand the reactivity of materials and the underlying
reaction mechanisms at the atomic scale, ultrahigh vacuum
(UHV) studies have been conducted with the aim to eventually
overcome a reduction of efficiencies by undesired side reactions
and avoid catalyst deactivation under applied conditions.
However, mostly oxide model systems, e.g, TiO,(110), have
so far been considered in such fundamental studies.'>™>°
Additionally, a variety of surfaces of catalytic active metals have
been investigated, such as Ru(0001),*" Pt(lll),22 Pd(110),*
and Pd(111).* On all of these metal surfaces ethanol
decomposition to CO accompanied by the evolution of H, is
observed. At the same time the surface is passivated by the
formation of carbon deposits.'**' Despite the use of GaN in
semiconductor technology””** and photocatalysis,”**’ the
surface chemistry of nitrides has hitherto been rather neglected.
In this work, we investigate the reaction pathways of ethanol on
a gallium nitride model system. The GaN(0001) surface is

< ACS Publications — © 2017 American Chemical Society
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compared with a TiO,(110) one, for which the mechanistic
details of alcohol surface chemistry have been studied
extensively.'*">>*® Most prominently, the major reaction
pathway on TiO,(110) is the dehydration to ethylene and
water.'"® The dehydrogenation reaction to acetaldehyde is
only a minor reaction channel for which water is again the
byproduct, instead of molecular hydrogen formation, which
would be expected from stoichiometry.'”*

B EXPERIMENTAL SECTION

Unintentionally doped GaN(0001) grown on sapphire by
metal—organic chemical vapor deposition (MOCVD) is
obtained from Lumilog and a charge carrier concentration of
1.4 x 107 cm™ is determined by Hall measurements.*> The
apparatus for studies in the UHV has been described
previously.zg’31 In short, the sample is mounted in a cutout of
a tantalum heating plate and fixed by thin tantalum clamps to
ensure good thermal and electrical conductivity to the liquid N,
cooled manipulator. The chamber is equipped with a
differentially pumped quadrupole mass spectrometer (QMS,
QMA 430, Pfeiffer Vacaum GmbH), a molecular beam doser, a
sputter gun (IQE 11/35, SPECS GmbH), and an Auger
electron spectrometer (AES, CMA 100, Omicron Nano-
technology GmbH). Typically, a base pressure of 8.0 X 107"
mbar is reached. The temperature is monitored using a twisted
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type-C thermocouple.”” The GaN(0001) surface was cleaned
by annealing at 800 K and sputtering until a carbon-free surface
was obtained. The surface cleaning and morphology was
monitored by AES and ex-situ AFM measurements. The surface
morphology of the sample [see Figure SS of the Supporting
Information (SI)] exhibits the typical characteristics known
from the literature.”>*® The TiO,(110) single-crystal surface
(Surface-Net GmbH) was cleaned by repeated cycles of Ar'-
sputtering, oxygen annealing, and vacuum annealing until a
dark blue surface with a bridge-bonding oxygen (BBO) defect
density of about 10% [r-TiO,(110)] was obtained.””*” Ethanol
(absolute, HPLC grade, >99.8%, Sigma-Aldrich) was purified
by several pump—freeze cycles. The adsorption temperature for
ethanol on the sample was 110 K, and temperature-
programmed desorption (TPD) experiments were conducted
with a constant heating rate of 1.2 K/s to 700 K. The
monolayer coverage is normalized to the number of metal
surface atoms, being 1 ML = 5.2 X 10" ecm™ for the Ti*
concentration on the TiO,(110) surface'®*” and 1 ML = 6.0 X
10" cm™ for the Ga®* concentration on the GaN(0001)
surface. The gallium surface atom density is calculated from the
unit cell and the bulk lattice constants, assuming a perfectly flat
surface."”*® The cracking pattern analysis accounts for
ionization cross sections, transmission coefficients, cracking
patterns, and the respective fragment intensities.*”~*"

B RESULTS

The desorption of ethanol from a MOCVD-grown n-type
GaN(0001) surface (Figure 1) exhibits the following character-
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Figure 1. TPD spectra of ethanol adsorbed at 110 K. While for the
lowest coverage desorption is not observed, eventually two features
evolve for higher coverages, which can be attributed to desorption
from different binding sites.

istics: At very low coverages, all ethanol molecules undergo
reaction, as desorption of the intact molecule is not observed.
I_ncreasing coverages result in an ethanol desorption feature at
around 420 K, which eventually shifts to 350 K. Such a shift of
the leading edge of the desorption feature with increasing
coverages can be attributed to second-order desorption kinetics,
which generally results from dissociative adsor‘ption.42’43

At coverages greater than one monolayer, an additional low-
temperature peak around 200 K is observed and growing in
intensity, while the high-temperature feature remains constant.
This second peak is attributed to desorption of ethanol from

nitrogen surface atoms, in analogy to the behavior of metal
oxides.'”** The absence of carbon deposits in AES data after
TPD runs evidenced that coking does not occur on
GaN(0001).

The product analysis (Figure 2) of different TPD measure-
ments (Figure S1, SI) with accounted sensitivities and cracking
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Figure 2. Fragmentation-corrected TPD spectra of acetaldehyde (a),
ethylene (b), and molecular hydrogen (c) from ethanol adsorbed at
110 K. For the lowest ethanol coverage of 0.07 ML, the molecules are
converted to acetaldehyde and ethylene. The acetaldehyde and
ethylene yields saturate at 0.6 ML of the initial dosage. The bump
at 220 K is caused by the very high ethanol coverages and originates
from the ethanol-cracking pattern.

patterns for all carbon-containing species shows that all alcohol
molecules undergo dehydration to ethylene or dehydrogenation
to acetaldehyde for the lowest coverage. At a higher dosage of
0.14 ML still the vast majority of ethanol molecules react and
only coverages above %0.3 ML exhibit significant desorption of
the intact molecule. Ethanol dosages exceeding 0.6 ML result in
the saturation of the acetaldehyde, ethylene, and hydrogen
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Ethanol is depicted in blue rectangles, acetaldehyde in green dots, and ethylene in purple triangles. The sum of all carbon-containing molecules
desorbing is plotted in black triangles. Since no coking is observed (AES), the total carbon yield scales linearly with the dosage of ethanol. As it can
be seen in the case of GaN, for coverages below 0.5 ML, acetaldehyde and ethylene are the main reaction channels. At higher coverages, these
reaction channels are saturated and intact ethanol desorbs from the surface. The reactivity of ethanol is in very good agreement with the

) 16-18
literature.

acetaldehyde production is on the same order of magnitude.'””’

The reactivity of ethanol toward ethylene on the r-TiO,-surface is closely associated with bridge-bonding oxygen vacancies and the
7,18

yields. Desorption of all these products is observed at 450 K.
For higher coverages, their desorption maxima shifts to 400 K
with a tail at the high-temperature side, indicating a consecutive
reaction. As ethanol desorption generally occurs at lower
temperatures than the desorption of the reaction products, the
existence of a strongly bound ethanol intermediate (i.e., ethoxy
species) is suggested, which undergoes reaction instead of
desorption.

Although not stoichiometric, the yield in molecular hydrogen
formation increases with a higher conversion to the products
and also saturates at acetaldehyde and ethylene saturation
coverages. Water as potential byproduct was also monitored,
but no water formation could be detected (Figure S2, SI). All
yields of carbon-containing species as a function of coverage are
summarized in Figure 3a. It is found that ethanol reacts to
acetaldehyde and ethylene until the yield saturates at 0.68 ML
of ethanol dosage. Higher coverages only result in the
desorption of ethanol and not in a further chemical reaction.

The reactivity of the GaN(0001) surface is compared to that
of TiO,(110) in the following, as the reaction mechanisms of
alcohols are best investigated at the atomic scale on this surface.
The integrated amounts (Figure 3b) from TPD experiments
(Figure S3, SI) of ethanol on rutile TiO, are obtained in the
same way as for GaN and are in good agreement with previous
ones from the literature."*">° Ethylene production on the
surface has been attributed to a dehydration of ethanol in
bridge-bonding oxygen (BBO) vacancies via a p-H-activa-
tion.'*'® Acetaldehyde formation from the dehydrogenation of
ethanol molecules was also observed,"” although no yield of
molecular hydrogen is observed from the TiO,(110) sur-
face.'®'7 All reaction mechanisms, which also holds true for
photochemical acetaldehyde production,””** involve surface
hydroxyl formation, as they are known to be stable in a broad
temperature range.4s'46 This finally leads to water formation
upon heating to high temperatures.””***” The amount of
converted ethanol on TiO,(110) is in very good agreement
with the number of oxygen vacancies on the crystal.'**’
However, the GaN(0001) surface is much more reactive and
about 50% of 1 ML of ethanol is converted (Figure 4). The

major reaction channel is the dehydrogenation to acetaldehyde,
while ethylene formation is only a side reaction.

TiO, (110) GaN (0001)

Ethylene 7% Elhylene Ethanol

Acetaldehyde 15% 48%
2% \ Acetaldehyde
37%
Ethanol
91%

Figure 4. Selectivity for the respective coverages of 1 ML of
GaN(0001) and TiO,(110). For 1 ML of ethanol on TiO,(110),
about 90% of the ethanol desorbs while the rest undergoes
dehydration and dehydrogenation to ethylene and acetaldehyde,
respectively. While the former is the major reaction channel,'®'* the
latter is the minor one.'” The total amount of conversion products is
in very good agreement with the amount of BBO defect sites.
However, the GaN(0001) surface proves to be very reactive toward
the dehydrogenation and the dehydration channel and about half of
the 1 ML coverage is converted to acetaldehyde and ethylene.

In contrast to TiO, no photochemical activity for the
reaction with ethanol is observed on GaN(0001).* Irradiation
with the above-band-gap wavelengths at liquid N, temperature
results in neither a desorption of any molecules nor a change in
a subsequent TPD scan (Figure S4, SI). The inertness of GaN
toward ethanol in photoreactions may be attributed to the
higher energetic position of the valence band with respect to
the vacuum level in comparison to TiO,** Therefore, no
matching energy states exist that enable a photo-oxidation
channel.

B DISCUSSION

The high-temperature desorption peak of an initial dose of 1.0
ML ethanol (Figure 1) can be assigned to originate from
ethanol binding to Ga® atoms of the GaN(0001) surface. Its
integral agrees with the calculated metal surface atom
concentration from the unit cell From the second-order
desorption behavior, we infer that at least a part of the ethanol
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molecules are adsorbed dissociatively and bound as ethoxy. The
latter is a well-known intermediate in dehydrogenation and
dehydration pathways via a-H and f-H elimination, respec-
tively.'“""** The higher desorption temperatures of ethylene
and acetaldehyde suggest that they are formed from a more
strongly bound intermediate, as the main ethanol desorption
occurs at lower temperatures. In analogy to previous reactivity
studies for TiO,(110)7'*** and also ZnO,***' we assign
these stronger intermediates to ethoxy species.

From the saturation behavior in Figure 3, we estimate that
about 50% of the adsorbed ethanol of the monolayer is bound
dissociatively. Product analysis demonstrates that the dehydro-
genation of ethanol is favored over the dehydration reaction on
the GaN(0001) surface. In contrast, only a small fraction of
ethanol on the TiO,(110) surface undergoes dehydration and
dehydrogenation, and the reactions are known to take only
place in defect sites.'”'® The reactivity of GaN(0001) may
instead be expected to be similar to that of ZnO(0001), which
also exhibits a wurtzite structure. Indeed, for ZnO it is observed
that dehydrogenation of ethanol is also favored over
dehydration. However, it is known that the reactivity is limited
to only occur on defects and step edges.'”*** An alternative
interpretation is that the activity of the material is related to
triangular structures on the wurtzite surface.” These structures
may produce high concentrations of oxygen-terminated steps,
which lead to a stabilization of charges on the surface that may
facilitate ethoxy formation on the surface.”® In contrast to the
limited reactivity on ZnO, the conversion of products only
saturates at 0.6 monolayers on the GaN(0001) surface. This
supplies evidence that the reactivity of the surface does not
occur in special defect sites and that ethanol does not exhibit
preferential adsorption. The high amount of ethoxy inter-
mediates may arise due to the oxophilicity of Ga and the
peculiar binding of hydrogen atoms to the GaN surface.”*™>°
Figure 2 shows that some H, is detected around 400 K. This is
similar to ZnO(0001), for which very small quantities of H,
formation from ethanol on ZnO(0001) were reported.”” The
formation of molecular hydrogen occurs at the same temper-
ature as the acetaldehyde generation but is lower than expected
from stoichiometry. Therefore, it can be attributed to originate
from the dehydrogenation reaction, as would be expected from
stoichiometry. However, full stoichiometry and water formation
is also not obtained, in agreement with previous studies.’’>>
On most oxides, H, formation is hindered by a stable surface
hydroxyl formation, which generally leads to water formation at
high temperatures.”>*”*>*%” The formation of molecular
hydrogen can be an indication that potential formation of
surface amines is less stable than that of surface hydroxyls, as
for example on TiO,(110).***® For this surface it is reported
that hydroxyls remain at the surface even to very high
temperatures,”” while desorption of D, from a GaN film was
observed to occur at significantly lower temperatures in a TPD
experiment.”’ This suggests that nitrides in general may be
prospective support materials for hydrogen formation, in
particular if they exhibit a wurtzite structure. Furthermore,
they may exhibit higher selectivities and no deactivation in
comparison to metal-based catalysts.

Bl CONCLUSION

In summary it is found that the GaN(0001) surface is very
active toward dehydrogenation and dehydration pathways of
ethanol. At a coverage of around 1 ML, 50% of the dosed
ethanol amount is converted to either acetaldehyde or ethylene.

Similar to previous studies on oxides and in agreement with the
higher desorption temperature, we attribute the Ga-bound
ethoxy to be the active intermediate that is more strongly
bound.'""**® The dehydrogenation of ethanol is strongly
favored over the dehydration, and in contrast to most oxides,
for example TiO,(110), there is evidence for molecular
hydrogen formation. This could imply that surface amines are
less stable than surface hydroxyls so that hydrogen recombi-
nation and desorption are enabled. Therefore, nitrides may in
general be favorable materials for hydrogen production from
alcohol reforming, in particular if they simultaneously exhibit a
wurtzite structure.
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The raw data of a representative TPD of ethanol on
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Figure S1: TPD traces for an ethanol dosage of 0.85 ML. Ethanol is detected on m/z 31,
acetaldehyde on m/z 29, ethylene on m/z 27 and hydrogen on m/z 2. Without any raw
data correction, both masses 29 and 27 appear within the cracking pattern of the ethanol
as can be seen at a temperature of around 300 K. By applying the cracking pattern cor-
rection as mentioned above, the molecular yields are disentangled. Note, that the hydrogen
quantification is corrected for the observed background.
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Figure S2: Water traces (m/z = 18) for different coverages of ethanol on GaN(0001). No
distinct water formation is obtained. The rising background is attributed to originate from
desorption from the sample holder and the small bump around 350 K is caused from the

ethanol cracking pattern.
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Figure S3: TPD results for different ethanol coverages on a reduced TiO,(110)-surface. The
results and desorption products are in very good agreement with the literature.5'™5 The
high temperature desorption products are further analyzed by integration. Note that the
heavy noise results from an accumulation of noise in the cracking pattern analysis and the
plots represent unsmoothed data. The Hy-trace (data not shown) is a straight line with the
exception of some small signals at the multilayer temperature of ethanol and only for high
multilayer ethanol coverages. These signals are assigned to the ethanol cracking pattern.
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Figure S4: Photochemical experiments under isothermal conditions and an ethanol coverage
of 0.82 ML. On the left side (a) a mass spectrum is shown, for which UV light (266.5 nm, more
details are given in previous work®®), was switched on after 11 s at a sample temperature
of 100 K. No significant desorption yield is observed. On the right (b), a thermal desorp-
tion experiment after an illumination of 20 min is shown and the traces for the molecules
are treated with the cracking pattern evaluation. The traces show no deviation from the
measurements without illumination (Fig. S1).

Figure S5: Ex-situ Atomic Force Microscopy (AFM) images of unintentionally doped
GaN(0001) from Lumilog. The left image (a) shows an overview scan of 5 um scale and the
right image (b) a detail scan of 1 um. The root mean square roughness is 0.641 nm for the
samples and both images show typical dislocation features for MOCVD-grown GaN(0001)

known from literature.S7 510
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In this work, ethanol is used as a chemical probe to study the passivation of molecular beam epitaxy-
grown GaN(0001) by surface oxidation. With a high degree of oxidation, no reaction from ethanol
to acetaldehyde in temperature-programmed desorption experiments is observed. The acetaldehyde
formation is attributed to a mechanism based on a-H abstraction from the dissociatively bound alcohol
molecule. The reactivity is related to negatively charged surface states, which are removed upon
oxidation of the GaN(0001) surface. This is compared with the Ga203(§01) single crystal surface,
which is found to be inert for the acetaldehyde production. These results offer a toolbox to explore the
surface chemistry of nitrides and oxynitrides on an atomic scale and relate their intrinsic activity to
systems under ambient atmosphere. Published by AIP Publishing. https://doi.org/10.1063/1.4994141

I. INTRODUCTION

Mimicking nature and driving a heterogeneous photocat-
alytic or photoelectrochemical reaction have become a major
scientific and also industrial interest.!~> In order to harvest a
maximum of sunlight, semiconductors with optimized band
positions are tailored via alloying and doping.®® However,
these materials are quite complex, with multiple elements in
the compound.®'" An emerging group of such materials is
alloys or solid solutions of oxides and nitrides, in general called
oxy-nitrides.''=!> While the bulk properties of these materi-
als have been tailored for their use in photo(electro-)catalysis,
their surface chemistry is largely unknown. In the last decade,
many of these materials have been investigated in electro-
catalytic, photocatalytic, and photo-electrocatalytic studies,
although mostly with limited efficiencies.'~!® Temperature-
programmed desorption (TPD) studies in general have allowed
for a more detailed investigation of surface reaction pathways
and specific intermediates.”*> Due to the interest in alco-
hols as a potential hydrogen carrier and its importance in both
photocatalysis>} and electrocatalysis,'®?* ethanol is the ideal
molecule to investigate the surface reaction on oxynitride com-
pounds. GaN and solid solutions of GaN:ZnO and GaN:InN
have attracted much interest in the last years as stable materials
in photo(electro)catalysis.>>' However, the surface chem-
istry of these materials has not been widely studied.” In this
study, we investigate the ethanol surface chemistry of plasma-
induced molecular beam epitaxy (PIMBE) grown GaN(0001)
with different degrees of surface oxidation. Furthermore, a

2S. L. Kollmannsberger and C. A. Walenta contributed equally to this work.
bAuthor to whom correspondence should be addressed: ulrich.heiz@
mytum.de. Tel.: +49 (0)89 289 13391. Fax: +49 (0)89 289 13389.
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Ga,03(201) single crystal is studied in order to compare our
findings with results from a sample with a similar chemical
surface composition.

Il. EXPERIMENTAL

GaN(0001) is grown by plasma-induced molecular beam
epitaxy (PIMBE) to a thickness of about 550 nm on Fe-
doped semi-insulating Ga-polar GaN MOCVD (metal-organic
chemical vapor deposition) templates (thickness 4 pm) on
a-Al,03(0001) from Lumilog.”*34 The samples are non-
intentionally doped Ga-face samples that show a free electron
concentration of about 5 X 10'® cm™ as determined by Hall
measurements. The MBE (molecular beam epitaxy)-grown
n-type GaN(0001) samples are etched 30 s in concentrated
HCI and rinsed with Milli-Q water twice. Two MBE grown
GaN(0001) samples and one Ga, O3 single crystal were used.

Prior to TPD measurements, one of the MBE grown sam-
ples [denoted GaN(0001) sample] was treated in cycles of
Ar*-sputtering (0.5 keV, 1 x 10~ mbar, Lpuner = 2.0 pA,
100 K) for 15 min and 10 min, each time with a subse-
quent annealing step (800 K, 15 min). The other MBE sample
[denoted GaO,/GaN(0001)] was Ar*-sputtered for a total time
of 50 min, again with consecutive annealing steps. In detail,
five cycles of 5-20 min of sputtering (same conditions as
above) followed by 800 K annealing were carried out. By
these procedures, all carbon and chlorine contaminations were
removed.

Furthermore, varying sputter time leads to a different
surface oxidation®+-36 as free Ga surface species are easily oxi-
dized by oxygen or water from the residual background.?”-3
The surface constitution was confirmed by Auger Electron
Spectroscopy (AES) measurements. The Ga,03(201) single

Published by AIP Publishing.
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crystal (Tamura Cooperation, Tokyo, Japan) was chosen, since
it is the natural growth direction of gallium oxide on (0001)
facets.> The treatment before measurements includes 40 min
Ar*-sputtering (1.0 keV, 5 x 107 mbar, Lputier = 10.0 pA,
100 K), 30 min O, annealing (800 K, 2 x 107° mbar), and
30 min vacuum annealing at 800 K. The subsequent AES
spectra did not show any contaminants.

The load lock compatible sample holder is of home-built
design and fully made of tantalum. It is capable of heating
and cooling samples between 100 K and 1000 K. Since in the
upper most level two tantalum sheets are used to clamp the
sample to the mount, also materials grown on electrical insu-
lating substrates (i.e. sapphire) can be used. The temperature
is measured with a spotwelded type-C thermocouple,*’ and
the temperature difference between the measurement point on
the back of the tantalum heating plate and the top of a sam-
ple grown on sapphire was determined to be less than 10 K
over the entire thermal desorption run. The chamber consists
of a quadrupole mass spectrometer (QMS, QMA 430, Pfeiffer
Vacuum GmbH) with a skimmer that is differentially pumped,
a molecular beam doser, a sputter gun (IQE 11/35, SPECS
GmbH), and an Auger Electron Spectrometer (AES, CMA
100, Omicron Nanotechnology GmbH). In this setup, a typical
base pressure of 8.0 x 107! mbar is achieved.

The purification of ethanol (absolute, HPLC grade,
>99.8%, Sigma-Aldrich) was performed by several pump-
freeze cycles. The ethanol molecules were adsorbed on the
sample at 110 K. TPD experiments were performed using a
constant heating rate of 1.2 K/s to 700 K. The cracking pattern
correction of acetaldehyde accounts for fragment intensities of
all desorbing products. The monolayer coverage is normalized
to the integral of the highest coverage that shows no desorption
of physisorbed ethanol.

X-ray photoelectron spectroscopy (XPS) was performed
in a commercial system (Specs GmbH) using monochroma-
tized Al Ka radiation (= 1486.6 eV) to avoid an overlap of
the Ga LMM Auger lines with the C 1s peak. Spectral fit-
ting was performed using the Casa XPS analysis software
and OriginPro. The curves were fitted using a Shirley back-
ground.

lll. RESULTS

To elucidate the influence of gallium oxide surface species
on the reactivity of ethanol to acetaldehyde, differently oxi-
dized surfaces of PIMBE-grown GaN(0001) surfaces and a
Ga;03(201) single crystal are investigated. The morphology
of the PIMBE-grown GaN samples and the Ga,03(201) crys-
tal was studied by ex situ AFM as shown in Figs. S1 and
S2 of the supplementary material. The morphology is in very
good agreement with the literature for the GaN(0001) epitaxial
films*'~*3 as well as for the Ga;03(201) single crystal.44

The chemical compositions after the cleaning cycles were
confirmed by in situ AES (Fig. S3 of the supplementary mate-
rial). A detailed description of the determination of oxidation
values from AES can be found in Table S1 of the supplemen-
tary material. It is clearly evident that the different sample
preparation leads to different surface compositions for the two
MBE-grown GaN(0001) samples. On the GaN(0001) sample,

J. Chem. Phys. 147, 124704 (2017,

0.18 ML of “native oxide” is observed.*>*® XPS was also
carried out on GaN(0001) to validate the cleaning cycle. The
spectra in Fig. S4 of the supplementary material confirm the
removal of residual carbon under the applied sputter conditions
and indicate the oxidation of the sample. For the oxidized sam-
ple GaO,/GaN(0001), a strong surface oxidation with 1.05 ML
of “native oxide” is determined and in good agreement with
the literature.*® A successful cleaning from all contaminants
was obtained for Ga;03(201). Furthermore, for the Ga,03
single crystal, an oxygen rich first layer and a stoichiomet-
ric second layer are calculated from AES measurements. The
oxygen content of the samples does not change with TPD runs.

In Fig. 1(a), the desorption characteristics of ethanol from
a MBE-grown GaN(0001) surface are shown. It can be seen
that the desorption maximum, appearing for low coverages
at around 380 K, is shifting to lower temperatures (=225 K)
for higher coverages, until it saturates at 0.72 ML. Such a
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FIG. 1. TPD spectra from various coverages of ethanol dosed with a
molecular beam doser on a MBE-grown GaN(0001) surface at 110 K (a).
Fragmentation-corrected TPD spectra of the reaction product acetaldehyde
(b). For the lowest coverage, the main desorption feature of ethanol appears
at around 380 K and shifts to lower temperatures (~225 K) with higher cov-
erages. At coverages exceeding 0.72 ML, a second ethanol desorption peak
at 180 K is observed. For the highest coverage, a sharp desorption maximum
occurs at 150 K, which can be assigned to desorption of physisorbed ethanol.
The desorption peak of acetaldehyde appears at 470 K. The acetaldehyde yield
saturates at around 0.53 ML of initial ethanol dosage.
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desorption behavior can be attributed to second-order desorp-
tion kinetics, which mostly result from dissociative adsorp-
tion.*’~*% For the 1 ML coverage, a second low temperature
peak at 180 K arises. For the highest coverage, a desorp-
tion peak at around 150 K can be assigned to desorption of
physisorbed ethanol. The surface constitution was checked
with AES before and after ethanol TPDs and showed no cok-
ing. Figure 1(b) shows the acetaldehyde yield from various
ethanol coverages. The traces are corrected for fragmentation
of desorbing hydrocarbons. The acetaldehyde desorption peak
[Fig. 1(b)] occurs at around 470 K and the maximum yield is
reached for 0.53 ML of adsorbed ethanol, since a higher initial
ethanol dosage shows no increase in the acetaldehyde yield. In
Fig. 2, the desorption features of ethanol from surface-oxidized
Ga0,/GaN(0001) are given. The ethanol desorption maximum
for the lowest coverage occurs at significantly higher temper-
atures compared to GaN(0001) and at a similar temperature
(=500 K) at which acetaldehyde is formed on GaN(0001).
The shift of the leading edge of the desorption feature is
similar to the ethanol desorption on the less oxidized sam-
ple. For the highest coverage, the desorption edge appears
at around 280 K, and the multilayer feature can be assigned
to the peak at 150 K. The product evaluation reveals that
no acetaldehyde is produced on the surface oxidized GaN
sample.

For Ga,03(201), the resulting ethanol TPD is shown in
Fig. 3. As the sticking of ethanol is strongly reduced on Ga, O3
in comparison to GaN-based samples, a significantly higher
dosage must be applied in order to achieve similar coverages.
The Ga;03(201) surface exhibits a peak maximum at around
300 K for the lowest coverage. This maximum is increasing in
intensity for higher coverages until another peak evolves at
250 K, indicating desorption from another site with lower
binding energy. The peak at around 150 K, which rises for
coverages exceeding 1 ML, can be assigned to desorption of
physisorbed ethanol from the multilayer. Just like the strongly
surface-oxidized GaN sample, the Ga,O3 surface shows no
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FIG. 2. Ethanol TPD spectra dosed with a molecular beam doser from
GaO,/GaN(0001) in the lower part and desorption yield of acetaldehyde at
1.29 ML in the upper part. For the lowest coverage, the peak maximum is
located at around 500 K. With rising coverage, the leading edge shifts to
280 K for the saturated monolayer. For the highest coverages, physisorption
of ethanol is observed at around 150 K. The acetaldehyde trace shows that no
dehydrogenation products are formed.
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FIG. 3. Ethanol TPD spectra (smoothed) with Langmuir dosing from
Gay03(201) in the lower part and desorption yield of acetaldehyde at
1.17 ML in the upper part. For the lowest coverage, the peak maximum is
located at around 300 K. With rising coverage, the desorption feature shifts to
250 K for the saturated monolayer. For coverages bigger than 1 ML, physisorp-
tion of ethanol is observed as can be seen from the peak at around 150 K. The
high background at high temperatures originates from ethanol desorption from
the sample holder, which is due to a combination of Langmuir dosing and a sig-
nificantly reduced sticking of ethanol on Ga; O3 in comparison to GaN-based
samples. No acetaldehyde formation is observed.

reactivity to produce acetaldehyde from ethanol, as can be
seen in the upper part in Fig. 3. A larger background at higher
temperatures is observed, which originates from ethanol des-
orption from the sample holder caused by the Langmuir dos-
ing. It shall be mentioned that reaction pathways to products
other than acetaldehyde are not observed for all samples stud-
ied. In this regard, conversion to CO or CO; (the CO traces are
given in Fig. S5 in the supplementary material) does not occur,
and very little amount of ethylene production is only visible
on GaN(0001) (see Fig. S6 in the supplementary material).

IV. DISCUSSION

The surface reaction of ethanol to acetaldehyde on the
MBE-grown GaN(0001) surface (Fig. 1) can be interpreted by
the following mechanisms. In analogy to this study and others
on metal oxides,>>! this reactivity is always accompanied by
a metal bound ethanolate intermediate,

CH3 CH,;0H + Nsu,-f + Gasu,f — CH3CH20 - Gasu,f
+ NHsurf . ( 1 )

This intermediate is also supported by two additional evi-
dences: First, the shift of the leading edge to lower tem-
peratures with increasing coverages is generally attributed
to a second-order desorption kinetics from a dissociative
adsorption.*’*° Furthermore, the acetaldehyde desorption is
observed at higher temperatures than the ethanol one, indi-
cating a more strongly bound ethanolate intermediate.® The
dehydrogenation reaction is a formal a-H abstraction,

CH3CH20 - Gasurf + Nsurf — CH}CHO + Gasu,r + NHsurf.

2)
On the GaO,/GaN(0001) surface, the thickness of the oxide
layer obtained from the quantitative AES amounts to one com-
plete monolayer of GaO, on the GaN(0001) surface because it
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is known that the oxide growth takes place layer-by-layer and
only on the surface.’>> As observed in Fig. 2, the reactivity
of ethanol vanishes completely and acetaldehyde production
is not observed. The shift of the leading edge of the high tem-
perature ethanol desorption peak indicates that the adsorption
is dissociative.

Compared to the GaN(0001) surface, ethanol desorp-
tion takes place at higher temperatures. However, on the thin
oxide film, no reactivity towards acetaldehyde is observed.
This indicates that on GaN(0001) the surface nitrogen has a
key role in the abstraction of a-H to facilitate the dehydro-
genation reaction, whereas on the oxide this reaction chan-
nel is excluded. Consequently, the strongly bound ethoxy
intermediates recombine with the proton to form ethanol.

In order to represent the gallia chemistry, the Ga, O3 (201)
surface was studied (Fig. 3). No reaction of ethanol towards
acetaldehyde was observed, similar to the reactivity of the oxi-
dized GaO,/GaN(0001) surface. However, for the bulk oxide,
the adsorption properties of ethanol on the Ga; O3 (201) surface
are changed, as ethanol desorbs at significantly lower temper-
atures of around 300 K. Furthermore, no distinct shift of the
leading edge is observed and, in combination with the lower
desorption temperature, a molecular adsorption for ethanol is
likely to occur. This is in good agreement with findings for
methanol adsorption on pristine GapO3 surfaces on powders
and in theoretical studies.*>3 The adsorption property for high
ethanol coverages of Ga,03 (201) is similar to the GaN(0001)
and the GaO,/GaN(0001) surfaces, as all surfaces exhibit a
multilayer feature at around 150 K.

To explain the difference in the reaction behavior of the
oxide surfaces to GaN(0001), the different properties of the
semiconductors have to be considered. All samples are n-type
semiconductors, and thus, negative charges populate the sur-
face states.*> By oxidation of GaN to Ga0,/GaN(0001), these
surface states are removed as shown by photoelectron spectro-
scopies’® and electrochemistry.’” This effect is attributed to be
responsible for the blocking of the dehydrogenation pathway
for ethanol. While the removal of surface states explains that
a-H abstraction does not take place on GaO,/GaN(0001), the
ethoxy species does not even occur on Ga,05(201). However,
the formation of such a more strongly bound ethoxy inter-
mediate is generally a prerequisite for a subsequent chemical
reaction.’%!

V. CONCLUSION

In this work, AES, XPS, ex situ AFM, and TPD are used
to investigate the influence of surface oxides on the reactiv-
ity of ethanol on MBE-grown GaN(0001). A thin GaO, film
on the GaN(0001) surface completely passivates the reactiv-
ity of ethanol to acetaldehyde. This demonstrates that the
local chemical environment is responsible for the reactiv-
ity of ethanol. This can also be rationalized by the removal
of the semiconductor’s surface states upon oxidation.’® The
measurements on the Ga,03(201) single crystal confirm the
missing reactivity for ethanol on gallia but also show that
the adsorption properties of the molecule are influenced sig-
nificantly by the bulk material. In contrast to the thin film,
only non-dissociative molecular adsorption is observed on the

J. Chem. Phys. 147, 124704 (2017)

Ga,05(201) single crystal. However such an ethoxy forma-
tion is in general the initial step for a subsequent alcohol
conversion.

SUPPLEMENTARY MATERIAL

See supplementary material for AFM images from the
MBE-grown GaN(0001) surface and the Ga203(§Ol) single
crystal, AES spectra of a MBE-grown GaN(0001) sample,
an oxidized sample GaO,/GaN(0001), and a Ga,O3 single
crystal, a detailed description of the determination of “native
oxide” proportion from AES measurements, and a XPS of the
O Is, the N 1s, the Ga 3d, and the C 1s signals. TPD traces
representing the production of CO and ethylene for all three
samples.
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FIG. 1. AFM images of a PIMBE GaN(0001) surface. The morphology is in very good agreement with the general observations
of the MBE-grown GaN(0001) epitaxial films in literature.' ™

TABLE I. Determined proportion of Ga, N and O of the first and the second layer of the two differently prepared MBE grown
GaN samples and the Ga,;O3 sample. The values of the AES measurements are treated in a similar way as it has been reported
for the evaluation of the chemical composition of thin films.” In detail, the elemental sensitivities’ and an exponential decay
for the signal intensity with the number of layers are considered. Furthermore, from the universal curve and the GaN lattice
parameter’ it is interpreted that the Auger signal only results from the first four layers. Moreover, it is known that the oxidation
of the GaN surface occurs in a layer by layer mode.”" For the Ga,O3 sample the assumption of an oxygen rich first layer is
chosen from AES measurements. For the GaN samples an oxidation in accordance with the first layer of the Ga,O3 sample is
applied. Accordingly, the third and the fourth layer are for all three samples stoichiometric.
Material Layer Ga N O ”Native Oxide” /ML
GaN(0001) first  0.47 0.33 0.20 0.18
second 0.50 0.50 0.00 -
GaO,/GaN(0001) first  0.30 0.00 0.70 1.00
second 0.53 0.41 0.06 0.05
Gay,03(201) first  0.30 0.00 0.70 -
second 0.40 0.00 0.60 -
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FIG. 2. AFM image of a GayO3 surface. Neither steps nor kink sites can be seen, which is in good agreement with observations
of Ga,03(201) single crystals reported in literature.”
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FIG. 3. AES spectra of a MBE-grown GaN(0001) sample (a)), an oxidized sample GaO,/GaN(0001) (b)) and a Ga,O3 single
crystal (c)).
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FIG. 4. XPS spectra of the O 1s, N 1s, Ga 3d and C 1s peaks of an etched and a sputtered GaN surface. The signals are
intensity normalized to the Ga 3d peak and referenced to the position of the Ga-LMM Auger transitions. The O 1s peak shows
that the etched sample exhibits two features, which can be assigned to gallium-oxygen and carbon-oxygen species.'’ While the
gallium-oxide peak is growing in intensity, the carbon-oxide feature gets significantly reduced upon sputtering. For the N 1s
peak no significant changes upon sputtering are visible. The Ga 3d peak shifts upon sputtering to higher binding energy. This
is attributed to surface oxidation, which is in good agreement with the literature.” For the C 1s peak it can be seen that a
carbon free surface can be obtained after 25 min of Ar sputtering.
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FIG. 5. Fragmentation-corrected CO traces of the TPD spectra for all three samples.
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Ethylene Intensity /arb.u.

FIG. 6. Fragmentation-corrected ethylene (m/z = 27) traces of the TPD spectra for all three samples. While only a small
ethylene yield may be visible on GaN, the sample with a higher degree of surface oxidation does not exhibit any reactivity in
this reaction pathway at all. This is again similar to the reaction behavior of the Ga,Oj3 crystal.
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Photocatalytic selectivity switch to C—-C scission:
a-methyl ejection of tert-butanol on TiO,(110)}

Constantin A. Walenta,*° Sebastian L. Kollmannsberger,® Carla Courtois,”
Martin Tschurl @2 and Ueli Heiz**®

The thermal and photochemical mechanistic pathways for tertiary alcohols on the rutile TiO5(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

rsc.li/pccp

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.
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.”
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.**
While titania exists in different modifications, rutile TiO,(110)
is by far the most researched surface.”> While the detailed

@ Chair of Physical Chemistry, Department of Chemistry and Catalysis Research
Center, Technische Universitdt Miinchen, Lichtenbergstrasse 4, 85748 Garching,
Germany. E-mail: ulrich.heiz@mytum.de; Fax: +49 (0)89 289 13389;

Tel: +49 (0)89 289 13391

b Nanosystems Initiative Munich (NIM), Schellingstr. 4, 80799 Munich, Germany

T Electronic supplementary information (ESI) available: detailed description of

the product analysis, coverage dependent TPD experiments of tert-butanol,

a product analysis of a TPD experiment as well as the coverage-dependent product

distribution of the tert-butanol thermal experiments. Furthermore, the ratio of

formed methyl-radical and methane is shown and isothermal illumination

experiments at different temperatures are presented. See DOI: 10.1039/

c8cp00223a

I Contributed equally to this work.
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demonstrated how thermal effects can influence the selectivity of the reactions in photocatalysis.

mechanisms via o-H abstraction of alkoxy species are known for
methanol,®” ethanol® and iso-propanol® 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.'® Nevertheless, attempts have been tried to
use platinum-loaded TiO, (P25) particles for the photochemical
conversion of tert-butanol."'> 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.
The thermal chemistry of tert-butanol exhibits a dehydration
pathway to isobutene via a concerted E2-elimination of water
instead of an oxidation reaction.'* 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.'® As in the
case of tert-butanol an o-hydride elimination is disabled, similarly
direct deoxygenation occurs in the thermal reaction.'* In this
work, we study the photochemical reaction mechanism of the
rutile reduced TiO,(110) surface [r-TiO,(110)] for tert-butanol.
1t 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

Phys. Chem. Chem. Phys., 2018, 20, 7105-7111 | 7105
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as described previously.'®'” The cylindrical TiO,(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 x 10~° mbar,
20 min, 100 K, 11.8 pA), annealing in oxygen (1 x 10~° 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-TiO,(110)) was determined by H,O temperature programmed
desorption (TPD) to be about 6% + 1%."® 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 pJ 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, >99.5%) 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 Ti**-sites, for which a monolayer is normalized
to the H,O desorption yield from all Ti-sites (1 ML = 5.2 X
10 sites per cm ?). Further experimental details including

aj
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product identification, cracking pattern correction and ionization
sensitivities are given in the ESL{ 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,"*'? 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, ESIT) show that
the thermal reactivity levels off after the coverage of all Ti-sites
on the surface."* When the n-type semiconductor r-TiO,(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 ketones®*® and acetaldehyde*® on oxidized TiO,(110)
[0-TiO,(110)] or in an oxygen atmosphere,?” this pathway has so
far not been identified for the reaction of alcohols. This signal is
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(a) Isothermal photodesorption yield vs. time for 0.18 ML tert-butanol-OD at 100 K on a r-TiO,(110) surface. When the sample is irradiated with

UV light, a CHz-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, ESIY).

As for tertiary alcohols the usual photochemical reaction
pathway®®*° vig the abstraction of an o-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, ESIT), 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 TiO,(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.®”%*! 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.®® As on the 1-TiO,(110)-surface, only defects occur in
significant amounts, and we assign the tert-butoxy formation to
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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-TiO,(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.
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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-TiO,(110)-surface as determined by water-
TPD.'® Furthermore, scanning tunneling microscopy (STM)
images of 2-butanol reveal the butoxy formation only occurs
in the defect.**

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.”*® 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
-TiO,(110) surface,?® it is detected at least 50 K below its first
desorption feature in the tert-butanol TPD experiment (Fig. S2,
ESIt). 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 TiO, indicating complex
reaction pathways.**>*

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
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(a) Isothermal photodesorption yield vs. time for 0.18 ML of tert-butanol-OD at 293 K on a r-TiO,(110) surface. When the sample is irradiated with

UV light, CHs-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 2®

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, ESIt). 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
1%(C,0)-enolate for aldehydes and ketones>*>"*” 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 TiO, rows even when BBO vacancies are still
accessible.***® Furthermore, the accompanied production of

7108 | Phys. Chem. Chem. Phys., 2018, 20, 7105-7111

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

(CH;)SCOH +VEICBBO + OBBO — (CH});CO — VEICBBO -+ OHBBO
tert-butanol
@

CH3),CO — Vacggo -+ OHggo ~% C3HgO + CH3*
3
acetone (2)

+ Vacgpo +OHgpo

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.”® This
temperature-dependence suggests, that a barrier to an activated

This journal is © the Owner Societies 2018
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Fig. 4 (a) Resembles the integrated molecule yields of the first 100 s

including all correction factors (see ESIt) 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.

transition state for the H,O-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."* 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)).

(CH3 )3COH + Vacgpo +Oppo — (CH3 )3CO — Vacgpo +OHjgpo
tert-butanol
©)

(CH3);CO — Vacgpo +OHppo ~m C4Hg +H,0+ Vacgso +Opgo
isobutene
@
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Fig. 5 Photochemical (blue) and thermal (red) reaction pathways of
tert-butanol on the r-TiO,(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.

hu
(CH3);CO—Vacppo+OHppo — C4Hg T -+H,04Vacgpo+Ogpo
isobutene
(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 TiO, (Degussa P25) in a reactor at 373 K.'"'* In line with
our observations, acetone was also identified as the main reac-
tion product from the photoreaction, while isobutene was the
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sole thermal decomposition product. Based on our study,
we expected these properties to originate from the peculiar
chemistry of TiO,.

4 Conclusions

In summary, we have shown that the photooxidation for
alcohols without an o-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.*** The
temperature-dependent behavior of this reaction can be attri-
buted to a cyclic transition state involving the BBO-vacancy,"*
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 H: (2), HD (3), CH4(16), H-O (18), HDO (19), CO (28), CO»
(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 H.O-TPD of a
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monolayer according to the convention in the literature.” 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*
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Figure S1: Coverage dependent TPD-series of tert-butanol-OD on a reduced TiO»(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."
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Figure S2: TPD of 0.45 ML tert-butanol-OD on r-TiO»(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.>® 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 studies’ 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 S5: Isothermal photodesorption yield vs time for 0.18 ML of tert-butanol at
different temperatures on a r-TiO»(110) surface. The UV illumination is started at 0 s and
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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

The selective oxidation of alcohols has not only recently attracted great attention.
In this work we focus on the photo-reforming of methanol, ethanol, cyclohexanol, benzyl
alcohol and tert-butanol on well defined Pt,/TiO2(110) in the UHV. It is found, that
with the exception of tert-butanol, alcohol oxidation produces the respective water-free
aldehydes and ketons along with the formation of stoichiometric molecular hydrogen
with 100% selectivity. Molecular stoichiometric mechanisms are presented for this type
of reactions and the photo-oxidative coupling reactions. A strong influence of temper-
ature on the selectivity is demonstrated and the role of the metal particles is further

clarified.
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Introduction

Selective oxidation of alcohols has attracted extensive attention in the last decade.' In this
regard tuning the selectivity of photocatalytic reactions is currently heavily studied.*® A key
step to high selectivities is the fundamental understanding of photocatalytic mechanisms.
Therefore, studies on perfectly defined semiconductor single crystals are of utmost impor-
tance. Titania based systems do not only represent the most heavily used semiconductors
in photocatalytic applications, but TiO,(110) is also a well-available, heavily studied sin-
gle crystaline material. Therefore, it represents an ideal material to elucidate fundamental
mechanisms in photocatalysis. Similarly, Pt is a very prominent and often used co-catalyst
for the photocatalytic hydrogen evolution.® In alcohol reforming, the photocatalytic synthe-
sis of highly industrial relevant products as benzaldehyde, formaldehyde or cyclohexanone is
particularly attractive. Benzaldehyde is among the most important molecules in cosmetics
and flavor industries.” Formaldehyde is, besides of its application as building block chemical,
also needed as precursor for potential ultra-low emission fuels.® 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 inter-
est.” 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. '® Consequently, the development of a one step photo-
process may be observed with great attention. Ethanol oxidation is highly relevant, as it is
easily available in large amounts from biomass conversion and its photo-oxidation to produce
solar hydrogen from bio ethanol is environmentally benign.!!

As it is generally known that photo-oxidation of primary and secondary alcohols proceeds
via an abstraction of the a-H,'>™% the investigation of a tertiary alcohol like tert-butanol
is therefore mechanistically interesting, because the conventional pathway is not feasible.
Therefore, we have chosen these four alcohols, whose conversions are industrially relevant

and the mechanistically interesting tert-butanol for the photocatalytic reforming.
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While alcohol oxidations have been explored in great depth on bare TiO2(110) single crystal

1426 investigations with co-catalyst loaded semicon-

surfaces in single coverage experiments,
ductors under catalytic conditions are scarce. However, such studies enable unique insights
into mechanistic details. In the following we demonstrate the determination of stoichiomet-
ric mechanisms for the photo-oxidation of alcohols, photo-oxidative coupling reactions, the

formation of hydrogen and temperature induced selectivity changes as well as the description

of the role of the metal particles.

Experimental
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Figure 1: Chamber scheme of the UHV apparatus including the laser vaporization cluster
source and the laser system.

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 x 10~!* 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 ionisation quadrupole mass spectrom-
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eter (EI-QMS) (QMA 430, Pfeiffer Vacuum GmbH) and a homebuilt photo ionisation time
of flight mass spectrometer (PI-TOF-MS), which enables the selective ionisation of isobar
molecules.?” Furthermore, a sample transfer chamber and a gasline 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,!* enables liquid nitrogen cool-
ing 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).

The rutile TiO2(110) single crystal (SurfaceNet GmbH) was prepared by cycles of Art-
sputtering (1.5 keV, 1 x 1075 mbar, 30 min), oxygen annealing (800 K, 1 x 1075 mbar,
20 min) and vacuum annealing (800 K, 10 min) until no contamination was detected in
Auger electron spectroscopy (AES). The resulting TiO(110) has a light blue color with a
bride-bonded oxygen (BBO) vacancy concentration determined with HyO TPD, of 6+1% of
Ti-lattice sites.?®

The laser vaporization cluster source is operated by a Nd:YAG laser (532 nm, 100 Hz, Inno-
las), which ablates a Pt target (99.95% purity, ESG Edelmetalle, Germany). The resulting
plasma is cooled by a He pulse and expanded into the vacuum. The resulting cationic clusters
are guided and bent into a quadrupole mass filter (QMF) (Extrel, USA) to enable cluster
size selection.?® The QMF is operated with the AC-potential only in this work and acts as
an ion guide discarding all masses lower than Ptg. With these settings a size-distribution
from Pt; to Pt3s with a maximum from Pty; to Pty3 (see SI Fig. S1) results. The deposition
of 1% ML Pt (respective to the surface atoms) onto the TiO5(110) single crystal occurs
under soft-landing conditions (< 1eV/atom in kinetic energy), as checked with retarding field
analysis. The cluster loadings are determined by recording the cluster current during depo-

sition with a picoammeter (Keithley, 6587). The samples are named Pt,/TiO5(110) in the
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following.

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 photo-reforming, UV illumination experiments

have been carried out in alcohol background pressure.
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Figure 2: Methanol (m/z = 32), hydrogen (m/z = 2), formaldehyde (m/z = 30) and methyl
formate (m/z = 60) signals at 262 K in a methanol background pressure of 7 x 10~® mbar.

The blue region highlights the period of laser irradiation (242 nm, 195 pJ). Note that the
methyl formate signal is multiplied with a factor of 10 for better visibility.

Figure 2 shows the QMS traces of methanol, hydrogen, formaldehyde and methyl formate
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during laser irradiation of the Pt,/TiO5(110) at 262 K in a methanol background pressure
of 7x 1078 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 rise of the molecular
hydrogen, the formaldehyde and the methyl formate intensities. After about 10 sec a steady
state in the formation of formaldehyde and all other molecules is reached, which is then con-
stant over the whole illumination time. From a baseline corrected integral of the constant
region of formation, a turn over 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 SI Table S1) and the m/z dependent transmission through the QMS are consid-
ered. Moreover, for the determination of TOFs the amount of active sites is attributed to the
number of BBO vacancies (see Discussion). The TOFs of the other alcohols are determined

in identical experiments with the same procedure of quantification.
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Figure 3: Pressure-dependent TOFs for photocatalytic reforming of a) methanol, b) ethanol,
¢) cyclohexanol, d) benzyl alcohol and e) tert-butanol. The temperature is 260 K in a),
280 K in b),c),e) and 300 K in d). In general the TOFs rise linearly in the investigated
pressure range and a saturation behavior is not observed. Note that other products than the
displayed ones are not observed.

In figure 3 the pressure dependent TOFs of the five different alcohols are depicted in the
range from 1 x 10~® mbar to 1 x 1077 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 a-H containing alcohols the respective
aldehyde or ketone and H,, corresponding to the stoichiometry of the reaction, are observed.
With higher reactant pressure the TOFs rise linear, with the exception of methanol, for which
a flattening may be observed. Furthermore, other by-products are not detected at the inves-

tigated temperature for all a-H containing alcohols. This is again different for methanol, for

7
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which photo-reforming leads to the formation of methyl formate. The TOF of this reaction
shows a saturation behavior, starting at a pressure of 5 x 1078 mbar (see SI Fig. S2 for zoom
in methyl formate TOF). A comparison of both carbon-based products (i.e. methyl formate
and formaldehyde) as a function of laser power reveals that a further photon is needed for
the reaction to methyl formate (see SI Fig. S3). For ethanol other reaction pathways can be
ruled out, as different mass fragments (see SI Fig. S4) 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 a-H containing alcohols is tert-butanol, for which the standard oxi-
dation pathway of the other alcohols is excluded. Therefore, only 1/2 H, 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 photo-reforming of each alcohol is stoichiometric in long time experiments (>30 min)

and without any changes in the TOFs.

T T T T T
0.020 |- a) Formaldehyde -
- I I + Methylformate |
-~ 0.015 } -
2 I ]
‘»
o 0.010 - % 4
=
g 4
. 0.005 I ]
12}
3 I
3 1 I I
9 0.000
% 0.15 + f + f + 4 I P + }
E . ] b) T T :I:. T T
w0104 1} i ]
,9 1 « Acetaldehyde 1
0.05 +  Ethylacetate 7
0.00 SE S . SR SRS TS
230 240 250 260 270 280

Temperature /K

Figure 4: Temperature dependent TOFs for a) methanol (1 x 1078 mbar) and b) ethanol
(1 x 10~" mbar) photo-reforming. Methanol (a)) shows a temperature induced selectivity
change from formaldehyde to methyl formate. Instead, ethanol (b)) does not exhibit a
reaction to ethyl acetate and the TOFs are temperature independent in the investigated
temperature range from 240 K to 280 K.
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For all alcohols the reaction has been investigated for their temperature-dependence
under isobaric condition. 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 amount of formaldehyde and methyl formate is produced at
235 K (figure 4a). However, the selectivity of the reaction changes drastically with higher
temperatures. The TOF to methyl formate drops to zero at around 260 K, while that

to formaldehyde remains high. More precisely this means that a temperature-dependent

Aformaldehyde

o obtained from
otal produc

selectivity toward Agormaldehyde, defined as Stormaldehyde =
56% at 235 K and 100% at 273 K. While the reaction becomes more selective, the conversion
of methanol declines at temperatures higher than 250 K.

For the conversion of ethanol it can be seen, that no by-product is observed over the whole
investigated temperature 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 SI Fig. S5), while it stays constant at elevated values. The differences in
the TOFs of formaldehyde and acetaldehyde of about a factor 10 are only related to different

background pressure of the respective reactant, which was chosen to completely rule out a

consecutive photo-reaction for ethanol.
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Figure 5: Temperature dependent TOFs for a) cyclohexanol (1 x 1078 mbar) and b) benzyl
alcohol (5 x 1078 mbar) photo-reforming. Secondary products are not observed from cyclo-
hexanol and benzyl alcohol reforming. The TOFs in a) and b) rise with temperature and
saturate at around 260 K.

Figure 5a shows the cyclohexanone TOFs in the range from 240 K to 300 K and figure 5b
the benzaldehyde TOFs in the range from 210 K to 340 K. A rise of 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 by-product is detected at a m/z=92
fragment (see SI Fig. S6a), 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 the SI (Fig. S6b).
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Figure 6: Temperature dependent TOFs for tert-butanol (1 x 10~7 mbar) photo-reforming.
The lower temperature region up to ~305 K, in which the turn over to acetone rises, is
depicted in blue. The upper temperature region, with a constant or slight decrease of the
acetone TOF, is depicted in ochre. Over the whole investigated temperature region, the
turnover of isobutene and H,O declines with rising temperature.

For the temperature-dependent TOFs of tert-butanol photo-reforming a complex behavior
occurs. On the one hand, a rise in the TOFs of acetone, methyl radical and H, is observed
with rising temperatures from 230 K to 305 K (blue region in Figure 6). Afterwards the
turnover of those products is constant or decreases slightly (ochre region). On the other
hand, the TOFs of isobutene and H,O show a slow decrease over the entire temperature
range. Consequently, the selectivity to acetone is increasing strongly from 66% at 234 K to

96% at 306 K (blue region) and only very weakly in the ochre part.

Discussion

Active Site

There is still an ongoing discussion, whether the photocatalytic alcohol oxidation proceeds

16-20

via a thermally formed alkoxy species or via a photoinduced one.?'"2%> However, the

majority of studies favor a thermal process over a photochemical one. In this regards,

11
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laser power-dependent TOFs previously supplied strong evidence that methanol oxidation
is an one photon process (see also SI Fig. S7).7 Moreover, during a dark case ethanol
dosing to a Pt,/TiO5(110) at 277 K a short-term hydrogen evolution occurs (see SI Fig.
S8), which can be attributed to recombination of hydrogen atoms from thermal ethoxy
formation. Furthermore, SFG measurements and DFT calculations suggest that molecularly
and dissociatively adsorbed methanol are present at Tis.-sites.?® Based on these evidences,
we assume a photo-oxidation of thermally formed alkoxy in the following.

In addition, as only about 15% of a monolayer are always converted into the oxidation
product on a bare TiO,(110),*1526 a complete conversion of all Tis. bound alcohol species
can be ruled out. Consequently, a connection to a special reactive site seems logical. As the
BBO vacancy is negatively charged (instead of two T44" two Ti3" are observed)! a hole,
which is coming to the surface under illumination, would likely be attracted from this site.
Consequently a photo-reaction at the BBO vacancy or in the vicinity of the BBO vacancy

seems highly probable. Following this argumentation, we have chosen to use the amount of

BBO vacancies for the determination of TOFs.

Oxidation Reaction

Photocatalytic alcohol reforming on Pt, /TiO5(110) produces water-free aldehyde or ketone
of the respective alcohol and stoichiometrically molecular hydrogen as shown previously for
methanol.” The first step is the thermal reaction by dissociative adsorption, resulting in the
formation of an alkoxy and a hydrogen atom. The following photo-oxidation of the alkoxy
species proceeds via a hole-mediated a-H abstraction. The resulting aldehyde or ketone
desorbs thermally for high enough temperatures. The remaining two hydrogen atoms diffuse
on the Ti05(110) surface, recombine at a Pt cluster and finally desorb, which are all thermal

processes. The reaction equations are shown for the general alcohol oxidation eq.1, hydrogen

12
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recombination eq.2 and the total reaction eq.3.

R,R,CHOH ;) — Ry RyCHO g\ TiO, + H 1)\ TiO, 2% R R,CO 1 4 2H )\ TiO,
(1)

. diff.

and the total reaction:
ht from hv
RlRZCHOH@ W R,R,CO1T +H, 1 (3)

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

is observed.

Pressure Dependence

In the investigated pressure range a linear rise of the TOFs is visible for all investigated
alcohols, despite of methanol, at a temperature of maximal TOF. From this linear rise an
adsorption limitation can be concluded.?? Consequently, the alcohol photo-reforming 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.

Table 1: Rate constants (k) at a temperature (T) of maximal rate, referenced to the alcohol

pressure.

Product k [x10°] | T [K]
Formaldehyde 16.6 = 1.8 | 260

" Acetaldehyde | 106+1.2280

“Acetone | 46403 280
Isobutene 1.54+0.4 | 280
Acetone + Isobutene | 6.1 0.7 | 280

" Cyclohexanone | 51401 [280

Benzaldehyde | 46+02 [300

13
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In order to compare the rates of the different alcohol photo-reforming reactions, the re-
action rate k, normalized to the pressure of the alcohol, is determined (see table 1). For
tert-butanol the summarized acetone and isobutene TOF reflects the rate of tert-butanol
conversion. As methyl formate formation does not change the methanol conversion signif-
icantly 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 of the rate constant with the steric
demand of the alcohol is visible, which 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 substrate pressure the TOF rises for all investigated alcohols in a low tem-
perature regime, after which it stays constant or slightly decreases at higher temperatures.
This behavior can be explained with the relationship of temperature and pressure. When
the TOF rises with temperature an increasing product formation due to faster product des-
orption occurs. As soon as the the curve flattens not enough substrate is any longer available
at the surface to enable a further increase in the TOF. This adsorption limitation can be
counteracted with higher substrate pressures resulting in a later flattening of the curve.3?
The activation energies, which can be obtained from the slope of the linear region in an
Arrhenius plot are very low (< 20 24 (see SI Fig. S9 and Table S2). This is as expected
for photocatlytic reactions* and is a strong evidence for a limitation by product desorp-

tion. Furthermore, the observed adsorption limitation at higher temperatures is in very

good accordance with the determined pressure dependent behavior.

14
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Oxidative coupling reaction

A further reaction pathway is found for methanol, for which a coupling to methyl formate
occurs. This consecutive oxidation reaction is the only additionally observed pathway for
methanol photo-reforming. The formation of this coupling product is in good agreement
with non steady-state photocatalytic studies on bare TiO,(110),%2224 but the exact coupling
mechanism producing methyl formate is still under discussion. It is suggested that either
a formyl or a hemiacetal intermediate is formed to produce methyl formate.!%?%3% Both
pathways represent photo-activated mechanisms, in which a photon is needed for the coupling
of formaldehyde and methanol, as it is also observed by the illumination dependence in this

study (see Fig. S3). The resulting reaction equation is in eq.4:

h* from hv

CH,0,\TIO, + CH, 04 \TiO, S HOO,CH 1+ Hy \TIO, (@)

The total reaction is given by:
2CH,0H, , X from v oo, o oH 5
3OH () Tramio, 5CHyaaq) T+ 2H, T (5)

A strong temperature dependence is observed for the selectivity toward methyl formate.
It is related to the residence time of formaldehyde on the TiOs surface, which has to be
long enough in order to enable the consecutive reaction. As the formaldehyde desorption
maximum from a reduced TiO4(110) surface is at around 260 K, 62436 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 photo-reforming of benzyl alcohol a similar coupling
mechanism occurs resulting in the production of benzyl benzoate, but with a strongly reduced
rate. Similarly to the formation of methyl formate, the consecutive photooxidation step is
strongly dependent on temperature and only in a small window little amount of benzyl
benzoate is detected.

In contrast to formaldehyde and benzaldehyde the second photo-oxidation step does not
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occur for adsorbed acetaldehyde. This is in good accordance with previous work of Henderson
and Friend, who showed that photo-oxidation of acetaldehyde is not possible on reduced
TiO5(110) in contrast to the photo-oxidation of formaldehyde.?%37 Our study demonstrates
that the pathway of photoinduced decomposition of acetaldehyde on reduced TiO5(110)
proposed by Yang and coworkers® is not relevant under catalytic conditions.

From cyclohexanol photo-reforming a coupling product would only be possible if a ring
opening would occur. However, such a reaction can be ruled out as no product besides

cyclohexanone is detected.

Tert-butanol photo-reforming

In contrast to the a-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 photo-reaction and were observed also on the bare TiO, previously,®
but without the evolution of molecular hydrogen. The reaction on Pt-loaded TiO, are given

in equation 6 and 7.

h* from hy

. . . 1
(CH,)5COH ;) — (CH,)5CO yq)\TiO,+H )\ TiO, (CH),CO T+ CH, 1+ H, 1

(6)

. . h* from hv
(CH;3)3COH ) — (CH3)5C0(,q)\TiOy + H,) \TiO, ——— C,Hg T + H,01  (7)
with the formation of water resulting from a dehydroxylation of the semiconductor:

HO (o) \TiO, + H(,)\TiO, — H,0 1 (8)
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The selectivity of tert-butanol photo reforming shows also a pronounced temperature-
dependence. While the acetone pathway is thermally hindered, which is attributed to a
limitation for the thermal butoxy formation, the isobutene formation declines continuously
with rising temperature. This is due to the required transition state of the photothermal
reaction, which has previously been attributed to be a 5-membered cyclic structure involv-
ing the BBO-vacancy.? While the transition state may be thermodynamically favored, the
probability for molecules exhibiting this particular geometry declines with rising tempera-

ture, because of entropic reasons.

Conclusion

In summary, water-free alcohol photo-reforming on Pt, /TiO5(110) at room temperature is
shown for five alcohols (methanol, ethanol, cyclohexanol, benzyl alcohol and tert-butanol)
under anaerob conditions. The main reaction products of all a-H containing alcohols is the
respective aldehyde or ketone and stoichiometric molecular hydrogen. The photo-oxidation
mechanism proceeds via an hole-mediated a-H abstraction of dissociative adsorbed alcohol
on the TiO, surface and recombination of abstracted hydrogen at Pt, clusters, a mech-
anism, which was recently described by us.” In particular, the reaction of tert-butanol
excludes a pathway via the conventional photoelectrochemical-type mechanisms, but is in
perfect agreement with the reaction model suggested by us. For all a-H containing alco-
hols 100% selectivity toward the aldehyde or the ketone is obtained with an optimization
of the reaction temperature. For methanol photo-reforming a consecutive photo-oxidation
yielding the coupling product methyl formate is obtained. As for higher temperatures the
residence time of formaldehyde is decreased, the production rate of the coupling product
declines strongly. While this consecutive photo-reaction is also enabled for benzaldehyde
yielding benzyl benzoate, but significantly less pronounced than for formaldehyde, all other

investigated alcohols do not exhibit this reaction.
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However, for tert-butanol a completely different reaction behavior is observed. Instead
of an a-H removal a methyl radical is ejected, leading to acetone as main product from
tert-butanol photo-reforming. Furthermore, isobutene and stoichiometric water results from
tert-butanol photo-reforming and the selectivity of this reaction changes with temperature,
as the rate of acetone formation strongly increases with rising temperature.

In summary, it is shown that the temperature plays a major role in the selectivity of
photocatalytic reactions. Consequently, the temperature-control of photocatalyzed processes
is prerequisite to achieve an optimized reaction control.

Our work further demonstrates that photocatalytic gasphase alcohol oxidation produces
the respective water-free aldehydes and ketons with high selectivities and suggests that these

reactions can also be conducted under industrially-relevant conditions.

Acknowledgement

The authors thank the DFG through grant HE3435/22-1. C.A'W., S.L.K., C.C. and M.T.

express gratitude to Christian Steiffen for keeping up the good mood during the experiments.

Supporting Information Available

The following files are available free of charge.

The Supplementary Information includes the size distribution of the deposited Pt clus-
ters. Furthermore, a table of the electron impact ionization cross sections of the investigated
molecules is shown. Moreover a zoom in the pressure-dependent TOFs to methyl formate is
depicted. An incident light energy dependent photocatalytic methanol reforming experiment
is presented. Furthermore the CH; fragment intensity is compared to the acetaldehyde turn
over in a pressure dependent ethanol photo-reforming experiment. The low temperature
region of the ethanol photo-reforming TOFs is presented. The water, oxygen, benzaldehyde

and benzyl benzoate QMS traces are shown for a temperature-dependent benzyl alcohol

18



E.1 Thermal control of selectivity in photocatalytic, water-free
alcohol photo-reforming 172

photo-reforming experiment and the coupling product benzyl benzoate is depicted quali-
tative. Laser power dependent TOFs are shown for methanol photo-reforming. Molecular
hydrogen evolution from ethanol in non-illumination conditions is presented. Arrhenius
plots are given for acetaldehyde, cyclohexanone, benzaldehyde and acetone. The activation

energies are summarized in a table.
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Figure S1: Size-distribution from Pt; to Ptss with a maximum from Pt;; to Pty3 from the
laser vaporization cluster source. The cluster size is about 1 nm and the distribution shows
a log-normal behaviour.5!
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Table S1: Electron impact ionization cross sensitivity values at 70 eV and m/z fragments
used for quantification.

substance ICS [A?] m/z fragment

methanol 4.6152 31
formaldehyde — 4.14%3 30
acetaldehyde 6.752 44
benzaldehyde 20.154 106

cyclohexanone  17.6% 70
methyl-radical ~ 2.99%° 15
acetone 9.052 58
isobutene 11.88956 56
water 2.27556 18

hydrogen 1.02156 2

methyl formate  6.857 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 molecules®® besides methyl.>? The ICS values

and the m/z fragments used for the quantification can be found in table SI.
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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 x 107 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 (CHj;-fragment)
and the m/z=44 QMS signal. As both are identically the formation of other molecules
containing CHj-fragments can be ruled out.

From ethanol photo-reforming other reaction products containing CHjs-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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Figure S5: Low temperature region of acetaldehyde and ethylacetate TOFs from ethanol
photo-reforming at 1 x 10~7 mbar.

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 x 10~% 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 alcohol®!%) 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: Laser power-dependent formaldehyde TOFs from methanol photo-reforming at
1 x 1077 mbar and 255 K.

The laser power-dependent TOFs for methanol photo-reforming are depicted in figure S7
and show a first order behavior in the low power region, followed by a zero order regime.

These findings supply strong evidence that methanol oxidation is an one photon process.
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Figure S8: Molecular hydrogen evolution, highlighted in yellow, from ethanol in non-
illumination conditions at 277 K and 1 x 10~7 mbar. The subsequent illumination is shown
only for comparison purposes.

Figure S8 shows a molecular hydrogen evolution from ethanol in the dark. The catalyst
is illuminated for 30 min in vacuum after a previous ethanol photo-reforming. Subsequently
an ethanol pressure of 1 x 10~7 mbar is introduced into the chamber, starting at about 50 s
in figure S8. An immediate molecular hydrogen evolution occurs, which results form thermal

ethoxy formation, which occurs on the TiO,(110) surface.
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Figure S9: Arrhenius plots for a) acetaldehyde (at 1 x 10~7 mbar), b) cyclohexanone (at
1 x 1078 mbar), c) benzaldehyde (at 5 x 1078 mbar) and d) acetone (at 1 x 1077 mbar)
photo-reforming of the respective alcohol. The activation energy E, is determined from the
slope of the linear rise in the Arrhenius plot.

The obtained activation energies (see figure S9) are all less than 20 % 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 S9

Product E4 [%
Acetaldehyde | 17.54+2.2
Cyclohexanone | 12.1
Benzaldehyde | 13.14+1.9
Acetone 52403
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Abstract:

As the conduction band edge of rutile is close to the reduction potential of hydrogen,
there is a long-lasting discussion, 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 Hz. 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 photoelectrochemical type mechanism, and must particularly be
considered for systems, in which the reducible semiconductors enable the surface
diffusion of hydrogen species.
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Hydrogen generated from renewable feedstocks is envisioned to act as a potential fuel
for clean transportation.l'! In the last decade research focusing on increasing the
efficiency of hydrogen production has tremendously been intensified by following both
conventional and novel approaches./? 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.! Surprisingly, detailed mechanistic
insights are still scarce despite of the intense research efforts undertaken in the past.
Such knowledge, however, may be vital for the development of devices, which
economically outperform electrolyzers driven by a solar cell. So far, there is 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
concepts 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 whether rutile is capable of enabling the
evolution of molecular hydrogen or if its conduction band edge is too low in energy.“

Evidenced by the study of the photocatalysis of methanol as model reaction, we show
that Hz2 evolution is indeed possible on a rutile single crystal decorated with small
platinum clusters as co-catalysts. Experiments under well-defined conditions and in
comparison with the bare semiconductor reveal the exact reaction mechanism, which
does not occur along the (generally expected) reduction of H* by photoelectrons. The
mechanism also explains, why only very little amounts of co-catalyst already facilitate
efficient Hz formation.®! We believe that this mechanism has to considered in other
photocatalytic systems, in particular for those that enable hydrogen surface diffusion.

The photochemical behavior of methanol and other alcohols on bare TiO2(110) is
already heavily investigated, which makes them excellent systems for studying the
hydrogen evolution reaction. As alcohols are known to efficiently facilitate the hole-
reaction, they have vastly been used in different studies as hole-scavenger in the
past.[8l From studies in UHV it is known that on a reduced titania crystal the main
photochemical reaction pathway is a disproportionation reaction yielding formaldehyde
and the hydroxylated semiconductor (see Eq. 1).I At best only very small amounts of
molecular hydrogen are detected.®!

h
CH30H,ay/TiO, - CHy0 T +2H,y/Ti0, (1)

As the semiconductor stays significantly hydroxylated until the desorption of water at
elevated temperatures (above 500 K), catalyst poisoning is observed.
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Figure 1: Photochemical products of 1 L methanol on r-TiO2(110) [a] and on
Pt/TiO2(110) [b] at 260 K. Upon UV illumination (shown as blue background), methoxy
species are photooxidized to formaldehyde, which desorbs thermally. In [a] only trace
amounts of Hz are formed upon illumination, while the catalyst poisoning is observed
in subsequent runs (see Fig. S6 and S7). The conditioned Pt-loaded photocatalyst [b]
shows an almost identical decay curve for formaldehyde desorption, but significant
production of Hz is additionally visible during illumination. Note, that the traces
represent ion intensities and not numbers of molecules.

In contrast, the deposition of small platinum clusters on the semiconductor completely
changes the behavior (see Fig. 1). While the rate constant of the formaldehyde
production, which is reflected in the respective decay curve (see the description in
chapter 4.3 in the Sl), remains the same, strong production of molecular hydrogen is
observed. The kinetics of this hydrogen production are very similar to the formaldehyde
production, which suggests that the latter is the rate-determining step and that
hydrogen diffusion and recombination is much faster. Contrary to the reaction on the
bare semiconductor, catalyst poisoning is not observed after the deposition of Pt
clusters. Besides a conditioning of the co-catalyst in the first cycle, due its reaction with
the methanol, the kinetics stay the same in subsequent cycles (see Figure S10).
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Figure 2: Scheme of the mechanism of photocatalytic methanol conversion at 260 K
at a co-catalyst-loaded r-TiO2(110)-surface on an atomic scale. The reaction takes
place in a bridge-bonding oxygen (BBO) vacancy, in which the thermally formed
methoxy species (1) get oxidized by the photoholes® (2) and the formaldehyde
desorbs (3). The formed atomic hydrogen diffuses on the surface (3), recombines at a
co-catalyst and thermally desorbs (4), facilitating an overall charge neutral
disproportionation reaction, which is triggered by the irreversible photooxidation step.

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
Figure 2. From the alcohol chemistry on the bare semiconductor it is known that
methoxy species are formed in titania defects and methoxys act as photoactive species
for a hole-mediated a-H abstraction.[”? Upon co-catalyst loading, this photoreaction
mechanism remains unaltered, as evidenced by the unchanged apparent rate constant
of formaldehyde production. However, the appearance of the intense H2z signal
demonstrates that the role of the co-catalyst is to enable the recombination of hydrogen
atoms of the hydroxylated TiO2 crystal (Eq. 2 & 3). While the desorption of H2 may be
facilitated by the recombination heat of photon-generated charges at or in the vicinity
of the co-catalysts, an electron-consuming reduction of H* can be excluded due to the
conservation of charges. Further evidence is supplied by the reaction conditions of
our experiments, where in contrast to electrochemical systems solvated H* moieties
are not present due to the absence of a solution phase.

The comparison of Eq. 2 and 3 with Eq. 1 demonstrates that the release of Hz occurs
via the recombination of hydrogen atoms on the co-catalyst, which can already by
facilitated thermally (see Fig. S14).

As the contribution of photogenerated electrons is not required for yielding the
respective products, the overall reaction is in fact a hole-mediated disproportion



E.2 Why Co-Catalyst-Loaded Rutile Facilitates Photocatalytic Hydrogen Evolution ~ 192

reaction of the alcohol rather than two different redox reactions, with the first step being
the same as Eq. 1:

h
CH30H,q/TiOy — CHy0 T + 2Hgqa/TiO, (2)
Pty
2Haq/Ti05 —5 Hy + TiO, (3)

As seen in Eq. 2, the reaction requires only one photon, 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. S12).

This 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 surface, while
photogenerated electrons preferentially move towards the bulk. A consumption of
these photoholes causes a flattening of the semiconductor bands, which results in an
increased rate of defect regeneration by corresponding photoelectrons. The resulting
neutral charge balance is fully compatible with the mechanism described above.
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Figure 3: Photocatalytic conversion of methanol on Pt-loaded r-TiO2(110). In a), the
photocatalytic conversion of methanol to formaldehyde and hydrogen is shown. The
reaction immediately starts with UV illumination and also stops immediately in the dark.
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. Note, that



E.2 Why Co-Catalyst-Loaded Rutile Facilitates Photocatalytic Hydrogen Evolution ~ 193

the tail in the H2 trace after the illumination also evidences a thermal recombination
reaction of hydrogen.

The absence of poisoning in Ptv/TiO2(110) enables to perform the reaction under
steady-state conditions (Fig. 3a) and to determine the turnover frequency (TOF) of the
photocatalyst. Surprisingly, it is found that higher coverages of co-catalysts only lead
to very small changes in the TOF (Figure 3b). In this regard, changing the Pt loading
over almost two orders 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 nanoparticle of 20 nm in
diameter is considered, this coverage amounts to weight loadings of less than 0.01 to
over 0.3 w% of platinum (assuming the bulk density of rutile TiO2 and Ptis as the
average cluster size). Indeed, in a recent study of colloidal systems it was reported
that very little amounts of platinum loading already result in high hydrogen production
rates.l%! This is also in good agreement with previous work of Haruta and co-workers,
who observed a maximum, but in the lower loading regime they found a similar
increase in Hz production. [0

With the hole-mediated disproportionation reaction mechanism, a straightforward
interpretation of this observation can readily be given: As the platinum co-catalysts only
act as recombination centers for hydrogen, 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 properties of the semiconductor.l'l As a
result, the distance of the co-catalyst to the center of photoreaction is not of paramount
importance for the Hz evolution rate.

The coverage dependence again demonstrates, how strongly formaldehyde formation
is governing the overall reaction rate. As the density of oxygen vacancies, which were
previously identified as active sites for the hole-mediated reaction, is about 6% (see
Fig. S2), it is over two orders of magnitude higher than the lowest cluster coverage.
Therefore, the vital role of these defects in the reaction rate makes the avoidance of
their blocking essential. Whether the defects are preserved may also depend on the
method of co-catalyst preparation. In this study, clusters are randomly distributed on
the surface due to the applied deposition method.!?]
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Figure 4: Different mechanistic pathways for photocatalyic reactions. In the left part,
the conventional model (adapted from Domen and coworkers?: ©l) based on
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photoelectrochemisty is displayed. In this picture, H2 evolution consumes two
photoelectrons on the HER co-catalyst, while the other half-cell reaction is facilitated
by two photoholes. The band edge positions have to align to the chemical standard
reduction potentials to facilitate the photoelectrochemical reaction. In the right panel,
the photocatalytic mechanism is shown. By light absorption, the methoxy species is
photooxidized by one hole in the partially negatively charged defect, leading to
formaldehyde desorption from the photoreaction center. The co-generated H-atoms
migrate on the surface to the co-catalysts (in this case Pt clusters), which act as a
recombination centers, rather than reduction sites for protons from solution. As the
dissociative adsorption of methanol already occurs thermally in the dark on the
semiconductor, only one photon is needed for the photocatalytic reaction in case of
TiO2. Depending on the reaction, the catalyst material and the reaction conditions, one
of these two mechanisms may serve as a correct description for the reaction pathway.

The photon-stimulated desorption of oxygen, which is a powerful tool to probe the
concentration of accessible BBO-defects!'?, further confirms this assumption as it does
not significantly change after cluster deposition and even catalysis (see Fig. S15). For
example, this is different to the formation of clusters via the evaporation of metals on
the semiconductor with subsequent annealing, which was found to strongly inhibit the
photooxidation of CO in case of Ptl'4l or the O2 photodesorption in case of gold['®. This
is a clear indication that the migration to or the formation of metal centers in or near
defects will inhibit the formation of the oxidized product and, thus, the entire reaction.

In summary, some important consequences result from these findings:

1. The new mechanism, which differs from the generally adopted
photoelectrochemical picture, (see Figure 4) is an alternative possibility for the
evolution of molecular hydrogen. While the established pathway still may be
dominant in certain systems, the new mechanism extends the range of possible
semiconductor materials. In particular, hydroxyl-forming oxides may be
potential candidates and their conduction band edges do not necessarily have
to match the reduction potential of hydrogen, as it is illustrated here in the case
for rutile decorated with co-catalysts.[°!

2. The amount of co-catalyst for the Hz 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 w% for typical 20 nm rutile particles)
result in a considerable strong Hz signal. This effect can readily be explained
with the reaction mechanism: As the co-catalysts only enables hydrogen
recombination, its loading only plays a minor role in comparison to the
formation of formaldehyde, which is the rate-determining step.

3. As oxygen vacancies enable the a-H abstraction, it is vital that the co-catalyst
does not block them. Consequently, the procedure of co-catalyst preparation
may be essential for the photoreaction yield.l'! The optimal preparation
procedure may differ for different metals, depending on the metal mobility on
the semiconductor.[12°]

4. The mechanism also illustrates that there may exist intrinsic differences of
photocatalysis in comparison to photoelectrocatalysis other than the absence
of voltage. These differences 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.
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While these findings are obtained for the hydrogen evolution reaction from alcohol
reforming, the thermal reaction steps (abstraction of the first hydrogen atom!'”], H-
migrationl'”l and —recombination) may similarly contribute to the hydrogen evolution
reaction in the photocatalytic water splitting.

Experimental Methods

All experiments were performed in an ultra-high vacuum apparatus!'® with an attached
laser-vaporization cluster source. A detailed description of the experiments and the
apparatus is given in the supporting information. In brief, a reduced TiO2(110) single
crystal is prepared by sputter and annealing cycles and Pt clusters are soft-landed on
the sample. Methanol is either dosed at cryogenic temperatures or via a constant
background, while all relevant masses are monitored with a QMS. Given a certain
temperature, the photoreaction is facilitated by a nanosecond pulsed OPO-Laser,
operated at 241.8 nm. The reaction is shown to be independent of UV wavelength and
pulsed or continuous excitation, as long as the photon energy is above the band gap
(see Sl).
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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, 7 « 10® 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 (1 « 10 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.[']

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.?!
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 1.5 « 10" surface atoms of the TiO2(110)
surface.l 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 TiOz2(110) surface.

%ML [cm?] Number of clusters [e/nm?] Number of clusters [e/cm?]
0.02 0.003 3+10M
0.1 0.015 1.5+1012
0.12 0.018 1.8 1012
0.5 0.075 7.5+10'2
1.0 0.15 1.5+1018

Methanol (Chromasolv, 299.9% purity) and Methanol-ds (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 STM™ or by titration experiments.® 5 In this study, the BBO-
vacancy density was about 6+1% of the Ti-lattice sites as determined by temperature
programmed desorption (TPD) of H20 (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.[6]
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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 of 1% Ptx/ML.
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Fig. S2: TPD spectra of H20 on the r-TiO2(110) surface. In S2a, the TPD of 1.89 ML
of H20 dosed on the surface is shown and is in excellent agreement with literature.[%
I 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.



E.2 Why Co-Catalyst-Loaded Rutile Facilitates Photocatalytic Hydrogen Evolution 201

50 | Pt Pt,,

Cluster Current /pA

15 Pt ®

5 - Pt

| | | | |
4000 5000 6000 7000 8000

Mass /amu

| | |
1000 2000 3000

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 Ptz up to Pts2. When depositing in the ion guide mode, all masses
lower than Pts are discarded. The clusters show a log-normal distribution and have a
size about 1 nm in diameter.[?
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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. (€]
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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 desorbtion 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-ds on Pt«/r-TiO2(110). In this experiment, isotopically
labeled methanol CDsOH 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-ds 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).1° 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 Hz (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 = 5.2 « 10'4).[7a To
calculate the TOF or site time yield (STY), this integral is divided by the number of
active sites for formaldehyde production (0.06 ML, in this case for the BBO-
vacancies!®! [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 4 « 10”7
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:['%

Product molecules (s™1)
Photons (s~1)

AQY (%) = x 100 (1)

In this work, the amount of product molecule (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.['%: 111 For the lowest photon fluxes (compare to Fig.
S9), a quantum yield of 3.2% is obtained, while in the saturation regime (see Fig. S9),
the quantum yield is about 0.11%.

4.1 Methanol Photocatalysis on TiO2(110)

In Figure S6, an isothermal measurement of 1 L methanol on the TiO2(110) is shown
at 260 K. Upon irradiation, photoholes travel to the surface in the n-type semiconductor
and oxidize methoxy species on the surface.[®% 2 Consecutive dosages of reactants
after the first photoreaction, show only trace amounts of formaldehyde and no
hydrogen, as would be expected from site-blocking of the hydroxyl groups from ethanol
photochemistry (sterically or electronically).[']

A second type of measurements performed in this study are continuous reactant-
dosage measurements, where a certain background pressure of methanol is applied
to the prepared catalyst, then the sample is tempered to the reaction temperature of
260 K and then the irradiation experiments are started, while the surface is clearly
saturated with methanol. Such an experiment on a bare r-TiO2(110) surface is shown
in Figure S7. In a background of 1 « 10”7 mbar methanol at 260 K, irradiation of the
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photocatalyst is started. As expected from Fig. S6, also under the catalytic conditions
the catalyst shows poisoning after the first initial irradiation.

lumination

4x107 Hydrogen
] 1)

\/\«/\/V\f\/\/\/\/\w\/\/\/\/\/\wv\mf 2)

2x10™" 4

Intensity /A

1x10™" Formaldehyde

-J 1)
-M 2)
T e 3)

0 25 50 75 100 125
Time /s

0

Fig. S6.: Isothermal mass traces of photoreaction of methanol on the r-TiO2(110)
surface at 260 K. In experiment 1), 1 L methanol is adsorbed on the crystal at 110 K
and then the crystal is tempered at 260 K. The blue box shows the time of UV-
illumination. Upon excitation of the n-type semiconductor, photoholes travel to the
surface and oxidize the methoxy to formaldehyde.[8 2] At this temperature, the formed
formaldehyde desorbs thermally, while only a very small trace amount of H2z is
observed.l”™ For alcohols in general, the aldehyde formation is obtained, while the
resulting hydroxyls from stoichiometry are known to poison the catalyst by site-blocking
(sterically or electronically).l'l This is shown by a consecutive coverage of the catalyst
after 1) at cryogenic temperature by 1 L of Methanol. In the next started photoreaction
at 260 K in 2), only a very small signal is obtained for formaldehyde and hydrogen is
not obtained at all. This also holds true for further coverages as shown in traces 3).
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Fig. S7.: Isothermal experiment at 260 K on a r-TiO2(110)-surface in a constant
methanol background of 1 « 107 mbar. In agreement with Fig. S6, upon the first
irradiation formaldehyde and some trace amounts of hydrogen desorb. Upon the
second and third illumination, only a very small conversion of formaldehyde is
obtained, since most sites are blocked by hydroxyls (sterically or electronically). No
appreciable hydrogen signal is obtained during those irradiations.

4.2 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.

The reaction is stoichiometric at every pressure in the range of up to 4 » 107 mbar, as
shown in Fig. S8.

Varying the incident pulse energy of the UV illumination shows, that a saturation
regime is achieved and for the small pulse energies, a linear dependency on the
incident light is obtained (Fig. S10). In Figure S11, 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. S13 the thermal Hz
peak from dissociatively adsorbed methanol is shown prior to a photocatalytic
experiment with Pt loaded TiO2(110). The comparison of O2 photon-stimulated
desorption (PSD) on a bare surface and after the used photocatalyst gives evidence
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that it is possible to empty all active sites for the oxidation reaction, that takes place in
the BBO defects.[&

a) b)
7 —— Hydrogen T —— Hydrogen
Formaldehyde —— Formaldehyde
Hlumination lllumination
-} >3
2 ] 2
g £
2 2
7] »
C c
L . 2
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7] T I T T T T T T T | 7] T T T T T T T I T 1
0 25 50 75 100 125 0 256 50 75 100 125
Time /s Time /s

Fig. S8.: Quantified photochemical products of 1 L methanol on r-TiO2(110) [a] and on
Pt/TiO2(110) [b] at 260 K. The converted raw data of Fig. 1 to ion intensity shows, that
the signal of hydrogen and formaldehyde are almost stoichiometric for the Pt-loaded
semiconductor [b]. The difference of the initial formaldehyde intensity between the bare
and co-catalyst loaded TiO2 is due to a reduction of photoactive sites as it can be seen
from kinetic considerations (see section 4.3.). This reduction is attributed to a
hydroxylation of bare titania as the resulting hydrogen moieties from thermal methoxy
formation in the dark are blocking (either electronically or sterically) active sites.
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Fig. S9: Background pressure-dependent TOF for Ptx/r-TiO2(110) for photocatalytic
measurements. The catalyst was prepared with a coverage of 1%. clusters per
TiO2(110) surface atoms and methanol was introduced in the chamber background at
260 K. The reaction stoichiometry is independent of the pressure. Every square and
circle pair resembles a photocatalytic experiment. Pressures higher than 4 « 10”7 mbar
were avoided to ensure the integrity of the ultra-high vacuum.
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Fig. S10: 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-ds. In contrast to Fig. S6, 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-ds. In the first experiments,
more Hz 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. S11: Formaldehyde-TOF in dependency of the incident light energy. When the

OPO-Laser is operated at 241.8 nm, typically a pulse energy of 250 pJ is obtained.

When the laser beam intensity is reduced to pulse energies below 35 pJ, a linear

dependence is obtained. The red line is only a guide to the eye to show that the

photoexcitation saturates. 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 250 pJ, which is a standard deviation of four measurements.
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Fig. S12: Photocatalytic experiments depending on wavelength and illumination
conditions with Pt»/TiO2(110) and a cluster coverage of 1% is shown in a background
of 1+ 107 mbar methanol. In a), the sample is illuminated with 750 uJ 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 pJ, 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. S11 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 pdJ at 241.8 nm and the characteristics show
no appreciable difference.
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Fig. S13: Light emission characteristics of the UV-LED. The emission is centered
around 369 nm with a full-width half maximum of 11.5 nm.
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Fig. S14: TPD of Methanol in a background of 1 « 10”7 mbar on 1% Pt/TiO2(110) from
100 K to the reaction temperature at 260 K. After the 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 studies!'3l, the abstracted hydrogen atoms thermally recombine at
the Pt clusters and desorb.
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Fig. S15: O2-Photon Stimulated Desorption at 100 K of the r-TiO2(110)-surface and the
Pt/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 BBO-vacancies. After illumination is
turned off, the sample was cooled down to 100 K and exposed to 20 L of oxygen, to
saturate the BBO-defect sites. Upon UV illumination, the same intensity and kinetics
for the O2 PSD are observed as for the bare sample, indicating that the amount of
defect sites stays constant and that the methanol at least in the BBO-vacancies was
completely converted.
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Figure S16: TOFs at 260 K for a background of 1-107 mbar methanol on 1%o
Pt«/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..[4]

4.3 Decay Rate Discussions for Single Coverage Experiments

The overall reaction (Eq. 2 and 3) of methanol can be written in the following kinetic

description:
r = - dmedtanclly _ dformaldelydel - k « [hv] « [methanol], (Eq. S1)

Whereas under constant illumination, k¥’ = k * [hv]. For the decay of product, the
typical exponential decay function is yielded:

[methanol]; = [methanol], * exp(—k't) (Eqg. S2)
with [methanol], being the initial methanol concentration in photoactive sites.
As

[formaldehyde], = [methanol], — [methanol], (Eqg. S3)

this results in the following expression for the integral product yield:
[formaldehyde]; = [methanol]y * (1 — exp(—k't)) (Eq. S4)

and its differential form, which represents the signal in the desorption measurements,
being:
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d[formaldehyde];

m = [methanol], * k' * exp(—k’t) (Eqg. S5)

Therefore, it is evident that the rate constants (k’ and k for constant photon fluxes) are
reflected in the respective exponential decays, which are similar for the bare and the
co-catalyst loaded semiconductor.

——TiO,
\ ----Pt/TiO,

Rel. Formaldehyde Intensity /arb.u.

T T T T T T T T T T T T 1
0 20 40 60 80 100 120
Time /s
Fig. S17: Isothermal illumination experiments at 100 K of the r-TiOz2(110)-surface and
the Pt/TiO2(110) catalyst of 1 L of methanol with normalized intensities. It can be seen,

that a loading with Pt co-catalysts does not change the exponential decay significantly
within the accuracy of the measurements.

Note, that the rate constant cannot be directly modelled without the knowledge of the
respective individual reaction steps, which are highly complex. Details in such a
modelling can be seen in K.R. Philipps et al. in the Supporting Information.['?
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