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Abstract

Despite of intense research efforts, photocatalytic processes for the generation of renew-
able fuels are still lacking the requirements for successful application on industrial scale.
Research strategies have so far been focused on material screening due to the complexity
of the underlying processes. To gain a deeper fundamental understanding of the un-
derlying mechanisms, defined semiconductor and metal cluster-semiconductor model
systems are studied under UHV conditions.

By the clear assignment of key properties for both, thermal and photochemical reactions,
mechanisms on a molecular scale can be elucidated for photochemical, photo-thermal
and thermal reactions. By combining the knowledge from single crystal studies with ob-
servations under catalytic conditions, complex molecular mechanisms of alcohol reform-
ing on metal cluster-semiconductor hybrid materials are unraveled. A hole mediated dis-
proportionation reaction is revealed to be a new photocatalytic reaction mechanism for
hydrogen evolution from methanol and other alcohols. The role of the metal co-catalyst
in this reaction is the dehydroxylation of the semiconductor surface. Furthermore, it is
demonstrated how the selectivity of photocatalytic reactions is influenced by tempera-
ture, which is often neglected in many studies.

Zusammenfassung

Trotz der intensiver Forschung mangelt es photokatalytischen Prozessen zur Gewinnung
erneuerbarer Brennstoffe immer noch an den Anforderungen fiir eine erfolgreiche indus-
trielle Anwendung. Forschungsansitze fokussieren sich aufgrund der Komplexitdt der
zu Grunde liegenden Prozesse zumeist auf die Suche neuer Materialien. Um ein tiefge-
hendes Verstdndnis der vorliegenden Mechanismen zu erhalten, werden wohldefinierte
Halbleiter und Metalcluster-Halbleiter Modellsysteme im Ultrahochvakuum studiert.
Dank einer klaren Zuordnungen von Schliisseleigenschaften fiir thermische und pho-
tochemische Reaktionen konnen Mechanismen auf einer molekularen Ebene fiir photo-
chemische, photothermische und thermische Reaktionen erforscht werden. Die Kombi-
nation aus Erkenntnissen von Einkristallstudien mit Beobachtungen unter katalytischen
Bedingungen ermoglichte es, komplexe molekulare Mechanismen auf Metallcluster-
Halbleiter Hybridmaterialien aufzukldren. Eine Loch-vermittelte Disproportionierungs-
reaktion wurde als neuer Mechanismus fiir photokatalytische Reaktionen zur Wasser-
stoffentwicklung aus Methanol und anderen Alkoholen gefunden. Die Rolle des Met-
all Ko-Katalysators in dieser Reaktion liegt in der Dehydroxylierung der Halbleiterober-
flache. Dartiberhinaus wird gezeigt, in wie weit die Selektivitdt photokatalytischer Reak-
tionen von der Temperatur beeinflusst wird, welche oft in vielen Studien vernachléssigt
wird.
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"Whatever it is youre seeking won’t come in the form you're expecting."

Kafka on the shore - Haruki Murakami

Introduction and Motivation

Since the discovery of photoelectrochemical water-splitting on TiO, by Fujishima and
Honda!'l, many research efforts have been carried out to drive chemical reactions cat-
alytically with light.[>1%! One major driving force behind all of those studies is the hope,
that water-splitting will one day solve all global energy and environmental problems
and make future society independent of fossil fuels and feedstocks. The main idea be-
hind photocatalytic water-splitting remains very intriguing: The amount of energy by
sunlight-irradiation on earth in one hour equals the global energy demand of mankind
for one year.['!l Since hydrogen is a common feedstock in the chemical industry1213]
and also a possible fuel for future transportation'*1°! and energy conversion"”-2!, that
sparked the concept of the "hydrogen economy".['322] Further estimations show that
even at an efficiency of only 5%, an area of 1/10 of the Sahara desert full of photoreac-
tors would match the energy demand by mankind in H,.['!l Apart from water-splitting,
which is considered one of the holy grails in chemistry!>!7], major directions of research

23241 photocatalytic CO, fixation!?>-28] and

include photocatalytic methane activation
photocatalytic steam reforming of alcohols!?-33l or biomass.[343%] Despite those many
efforts, the only application for artificial photocatalysts that is already in wide-spread
use, is the decomposition of organic pollutants in waste-water treatment.[3¢371 A "gold-
rush" to the highest efficiencies for photocatalytic water-splitting!'”-3], similar to the one
for photovoltaic devices [3940] was observed over the last 30 years. In contrast to the stan-
dard testing for photovoltaic devices, such a system has not yet been established for pho-
tocatalytic studies, which is heavily criticized by leading researcher’s in the field. 13!
Figure 1.1 shows a selection of record quantum efficiencies for full water-splitting devices
for the last 20 years. The reported efficiencies range over six orders of magnitude over the
last 20 years. While some very efficient catalysts are already known like the one reported
by Kudo™4l in 2003 with 56%, this efficiency was obtained at at irradiation wavelength
of 270 nm, which is virtually not present in the solar spectrum.
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Figure 1.1. Selection of reported quantum yields on a semi-logarithmic scale for previ-
ous demonstrations of light-driven full water-splitting. The representation is based on an
idea by Fabian et al.[17] The values were obtained from previous literature reports. 384464l
Although in this representation, the photocatalysts are only classified by the semiconduc-
tor properties and the exact experimental conditions are quite different for the measure-
ments, no clear trend towards more efficient photocatalysts can be seen.

While the efficiency of the catalyst might not be as crucial as discussed above, a scale-
up to macroscopic amounts certainly is. In Figure 1.2, the actual amounts of produced
molecular hydrogen and oxygen are shown and no study exceeds one mol per h. To stress
this point even more, that means that the total amount of formed hydrogen for those very
efficient catalysts is actually less than 2 g hydrogen per hour. Although envisioned for
some time!'7], only this year the group of Domen presented an extended photocatalyst
reactor panel of 1 m?2.165]

A major drawback that most photocatalysts have in common with electrochemical sys-
tems, are sluggish oxygen evolution kinetics.[°#%” Hence, recent developments focussed
on understanding and enhancing the oxygen evolution reaction to increase the overall
performance. (68721

As the reader may already grasp from this small extract, the complexity of the photocat-
alytic systems is immense. In the photocatalysts, whose performances are presented in
Figures 1.1 and 1.2, 29 different chemical elements from the periodic table are used in the
light harvester and further 8 additional ones in the co-catalysts. Most approaches focus
on an improvement of the performance by further increasing the complexity i.e. by band-
engineering (731, taking a second co-catalyst (741 which might be modified even more by
core-shell formation %7761 or meta-stable degrees of oxidation!®*””! The overwhelming

complexity becomes most evident, when taking a closer look at Degussa P25 TiO, pow-
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Figure 1.2. Selection of reported amounts of H, and O, from photocatalytic water-
splitting systems an a semilogarithmic scale. Note that yields from the studies are consid-
ered stoichiometric for the shown studies.[3344-64] The figure illustrates, how the actual
amounts of H, in total never exceed one mol per hour of H,. The yields vary over eight
orders of magnitude for the shown systems.

ders, the most often used semiconductor in photocatalysis.[”®7°1 Although P25 is very
active for photocatalysis, the actual composition of the material is rather a rough esti-
mate of a 70:30 or an 80:20 composition of anatase and rutile.l”8! In a quantitative study,
Ohtani et al. showed that their material composition was 78:14:8 of anatase, rutile and an
amorphous phase, respectively. The high photocatalytic activity is often attributed to a
possible core-shell phase or a synergistic effects of anatase and rutile phases®81, which,
however, could not be confirmed by the previously mentioned study.”®! Ohtani describes
these effects further as "[...] myths, speculations without any scientific proof”.[78] Ex-
tensive recent work shows that a quantitative determination of electron trap states of
TiO, 82831 and other metal oxide powders®34 by photoacoustic spectroscopy is a better
indicator for photocatalytic performance of a certain powder and their mixtures.

The approach to study photocatalysis in this thesis is explicitly not from an application
perspective, but with a surface science approach. This approach in general aims to re-
veal the reaction mechanisms on a molecular level and, as it was shown in the past, was
successfully carried out for many industrially important catalytic reactions. 8>3 There-
fore, the presented work focusses on a molecular understanding of phenomena arising
on the semiconductor’s surface upon photon-excitation with a photon energy over the
band gap of the semiconductor material. In this regard, the work of Yates” group on
rutile TiO,(110) can be considered pioneering in the field[**8! and made TiO, one of

the most investigated semiconductor for thermal and photochemical processes. [799-104]



While a previous attempt to investigate full water splitting on Cu,O3! under UHV con-
ditions'%! did not find any catalytic activity, single crystal studies on TiO, and other
semiconductors prevailed for the determination of photochemical mechanistic elemen-

[79,94106-111] Ty the scope of this work, an ultra-high vacuum setup has been ex-

tary steps.
panded with a size-selected cluster source in order to study metal cluster-semiconductor
hybrid materials in very well defined conditions. As a prerequisite, the knowledge of the
thermal and photochemistry of the bare semiconductors is studied to understand the un-
derlying mechanisms of the partial reactions. In further experiments, metal clusters are
landed on the semiconductor and the resulting co-catalyst loaded hybrid materials are
investigated under photocatalytic conditions. In this regard, alcohol reforming is chosen
as a model reaction, since the alcohols are regularly used in more applied studies under
ambient conditions[332112] and are further considered as a possible renewable feedstock
for energy provision.[3%113]. The main goal of this thesis comprises identifying thermal
and photochemical reaction intermediates and pathways both on bare semiconductors
and co-catalyst loaded ones to investigate the mechanisms of photocatalytic hydrogen
production under very well defined conditions.

In Chapter 2 some general concepts from photocatalysis are presented to give the reader
some conceptual background. The experimental setup and catalyst preparations are de-
scribed in Chapter 3. In Chapters 4 and 5, the results of a cooperation with the chair of
experimental semiconductor physics at the Walter Schottky Institute at the Technical Uni-
versity of Munich are presented. Here, gallium nitride is investigated, since the electronic
properties such as the doping, the band gap and the surface morphology of this semicon-
ductor can be tailored by the growth method and the conditions. The effect of these pa-
rameters on the surface chemistry and photochemistry was explored for carbon monox-
ide and ethanol. In Chapter 6, the results of a further collaborative project with the group
of Prof. Cynthia Friend at Harvard University on the thermal- and photochemistry of
methanol and ethanol on a haematite Fe,O3(0001) model surface are presented. Further,
the quantified mechanistic pathways of thermal ethanol chemistry on TiO,(110) are deter-
mined and two mechanisms for the photochemistry of ethanol on this surface are found
in Chapter 7. In another mechanistic study (Chapter 8) of alcohol photochemistry it was
found that the photochemistry of tert-butanol constitutes two photochemical pathways
for tert-butanol, namely the photo-oxidation to acetone and the photothermal dehydra-
tion to isobutene. In Chapter 9, a new mechanism for photocatalytic methanol reforming
on a platinum cluster loaded TiO,(110) surface is presented. It has been described, that a
photocatalytic disproportionation reaction takes place, while formaldehyde is formed on
the semiconductor and molecular hydrogen desorbs form the Pt clusters. In Chapter 10,
the transferability of this mechanism is shown by changing the reactant to other alcohols.
Further, different selectivities for the photoreactions have been observed in the cases of
methanol and tert-butanol, which changed by the reaction temperature. In addition, in
Chapter 11 TiO,(110) decorated with Pt; is also shown to be an active catalyst for hydro-
gen evolution form methanol. After a summary and conclusion, additional information
is given in the appendix.



Concepts in Photocatalysis

2.1. Consequences from Band Bending for Photochemistry

The first concept introduced in the chapter is the one of band bending in extended semi-
conductors. Zhang and Yates published a very dense and comprehensive review of band
bending and discussed the consequences for semiconductor surface chemistry and sur-
face physics.[?®! A very small area of this review will be presented here, to establish a
picture of the photochemical driving forces on extended semiconductors.

In a semiconductor, band bending may exist due to surface states, adsorbates, metal con-
tacts or field effects. Surface states may exist due to dangling bonds and defects or the
intrinsic polarity of the material like in the case of ZnO and GaN. On an n-type semi-
conductor, the surface states are intrinsically negatively charged and the charge balance
is kept by positive donors in the space charge region (SCR). The result is an upward
band-bending in the dark (see Figure 2.1). When the semiconductor is illuminated with
photon energies above the band gap, an electron in the conduction band and a hole in the
valence band can be formed. Due to the band bending, the holes preferentially migrate
from the bulk to the surface, where they can neutralize the negatively charged surface
states. The photoelectrons in the SCR move preferentially towards the bulk, since they
are still repelled by the negative charges at the surface. Consequently, under illumination
a flattening of the bands occurs and the driving force for the charge migration is reduced.
On a p-type semiconductor the same applies with opposite charges and a downward
band bending. In the p-type semiconductor, the electrons are the minority charge carri-
ers instead of the holes in the n-type semiconductor.

The electronic structure of the surface and therefore the band bending in dark and illumi-
nated conditions can obviously be altered by the adsorption of a molecule, the deposition
of metal particles and, of course, other reactants as well as even by a bulk solution phase.
All of these altering cases, however, are commonly needed in photocatalytic reactions,
which makes a disentangling of the effects a tedious task. Therefore, O, photochem-
istry is commonly used as chemical probe for influences on the surface electronic struc-
ture. [98114,115]

Following the line of thought for n-type semiconductors, in the TiO, single crystal stud-
ies, photoholes are found to be the driving force for photo-oxidation processes on the
n-type semiconductors.[1%114-1211 This consensus is established from many studies of
photo-oxidation of alcohols, aldehydes and ketones in the last years with mainly one
exception: the photo-induced dissociation of oxygen on TiO,(110).[1?%123] Chemical in-
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Figure 2.1. Band Bending models for an n-type and p-type semiconductor in the dark
and the illumination case. In the upper left panel, an n-type semiconductor is shown in
the dark. In such a case, a space charge region (SCR) is formed, in which positive donor
states reside, while the surface is negatively charged. This is indicated by the filling of
the surface states, in this case the black states on the surface. Under illumination (lower
left panel), an electron-hole pair is created with the electron in the conduction band and
the hole in the valence band. Due to the band bending, the holes are subject to a driving
force towards the surface. There, they neutralize the negatively charged surface states.
Electrons in the SCR instead preferentially travel to the bulk. By the neutralization of
the surface states, the band bending is reduced and the surface states are less negatively
charged, consequently also reducing the driving force for the holes to travel to the sur-
face.

The dark case for a p-type semiconductor shows a downward band bending and negative
donor states in the SCR, while the surface states are charged positively. Under illumina-
tion, the band bending in this case results in a driving force for the electrons toward the
surface and charge it more negatively, indicated by a filling of the surface states. Conse-
quently, holes preferentially travel to the bulk due to the band bending, until the driving
force is reduced by a flattening of the bands.

tuition in these studies leads to a picture, where the oxygen dissociation is facilitated by
a not further specified electron upon UV irradiation. 1221261 Oxygen dissociation is also
of paramount importance for the CO photo-oxidation on TiO,(110).[127-130] While for the
photo-oxidation of organics on the n-type TiO, the hole is the consensual driving force for
the photo-oxidation processes, for the oxygen chemistry on the TiO,(110) surface the pic-
ture is less clear. While the photoholes are thought to be responsible for a neutralization
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and desorption of surface bound O, -species*”131132] molecular oxygen dissociation is
found as a competing process attributed to electrons. 12171231261

In summary, for some chemical reactions like the oxidation of organics on the surface,
hole-mediated photo-oxidation mechanisms are well accepted on n-type semiconduc-
tors and the macroscopic band bending picture corroborates the observed photochemical
mechanism on a molecular scale. However, this agreement of the band bending with
the observed molecular mechanism is not established for other observed photochemical
phenomenons like the dissociation of oxygen by electrons!'??! or the photodesorption of
weakly bound butenes. [133134]

2.2. Fate of the charges
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eduction Recombination

Reaction /(e 9’5 @,,7
»

O —K > @

\@J

_+
(=)
Volume Oxidation
Recombination Reaction

Figure 2.2. Scheme of the photoexcitation in a solid nanoparticulate semiconductor.
Upon the formation of an exciton by illumination, the photon-generated charges need
to be spatially separated. Two major deexcitation events may occur, namely the recom-
bination of the charges in the bulk or on the surface, which are both undesired for pho-
tocatalysis. The desired reaction pathway is the chemical reaction with molecules on the
surface, either a reduction reaction facilitated by electrons or an oxidation reaction medi-
ated by the holes. Possible co-catalysts are displayed as green and blue particles on the
semiconductor’s surface.

While band bending is a phenomenon on extended materials and corroborates most
photochemical observations on single crystals, most photocatalysts are nano-sized semi-
conductor particles to achieve high active surface areas. 351361 However, for very small
particles with sizes of about 10 nm, band bending from the bulk to the surface is gen-
erally! thought to be negligible.*! Upon illumination with photon energies above the
band gap, an electron-hole pair is formed and, as a general prerequisite, the photon-

1 Exceptions may i.e. result from special dopant concentrations and are described in more details else-
where. 8!
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generated charges (electron in the conduction band and hole in the valence band) need
to be spatially separated.

As illustrated in Figure 2.2, the two undesired reaction pathways for the charge carri-
ers are surface recombination and volume recombination. 3% The desired pathway for
the charge carriers is a reaction on the surface (in a co-catalyst), where the electrons re-
duces a molecule, while the hole oxidizes one on the surface. In this picture of the nano-
particulate semiconductors, both photon-generated charge carriers travel to the surface,
where they facilitate photochemical reactions in molecules. The efficiency of such a sys-
tem is determined by a wealth of parameters, such as the charge carrier recombination
length, trap states, charge transfer at the interface between semiconductor and molecule
or semiconductor to co-catalyst, diffusion of the species, the rate of the chemical reactions,
back-reactions of intermediates and many others.[*3135137] In summary, this scheme il-
lustrates how complex a photo-reaction on a nano-sized photocatalyst can be and how
unknown some basic parameters and pathways are, which are usually also strongly de-
pendent on each other.[1%]

2.3. Photocatalytic Activity

The term photocatalytic activity is often used as an equivalent to photocatalytic reaction
rate, however it is misleading from the original meaning in thermal catalysis [41] where
it describes a property of a catalyst that is directly related to an active site. In most pho-
tocatalytic systems, the active site is actually unknown and even if so, the concept of the
active site does not include the strong dependence on photon-generated charge carriers
in the semiconductor.[*142] Therefore, a number of conventions have been established by
different research groups in the field. The first one mentioned here, will be the turnover
frequency (TOF), as described in in the following;:
Number of reacted molecules

TOF = - ; . (2.1)
active sites x time

Since the term active site may be inappropriate for most photocatalytic systems*!l, alter-
native definitions normalized to the number of atoms in the photocatalyst or the number
of surface atoms are used.!*3! Ohtani proposed a comparison of relative rate constants
as measure for the photocatalytic reaction rate.[!] By assuming that the electron and the
hole induce a redox reaction, a rate constant k,.q0x can be estimated. As illustrated before
in Fig. 2.2, the charge carriers can also recombine mutually and therefore K ecompination af-
fects the photocatalytic reaction rate. In the most simple kinetic assumption, he proposes
the following for the intrinsic photocatalytic activity:

e o k
intrinsic photocatalytic activity = ——<9% (2.2)
recombination

However, Kyecombination cannot be estimated easily, since it does not produce any chemical
species. Addressing the problem of charge recombination at interfaces and understand-
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ing the nature of governing factors is thought to be a prerequisite for improving photo-
catalysts in general.[”>13] The most common measure for photocatalytic activity is the
quantum yield.[#>1%] Since for particle suspensions in solution, scattering and reflection
are not straight forward to be determined, usually an apparent quantum yield (AQY) is

used:
number of reacted electrons

~ number of incident photons

AQY (2.3)

It should be noted here, that the number of photons can be determined by a calibrated
photodiode or chemical actinometry!!®!, while the number of the reacted electrons in
general is based on three mechanistic assumptions: a stoichiometric reaction of both
charge carriers!*?, electrochemical mechanisms with two electrons per H, and four holes
per O, (in the case of water splitting) and no side-reactions. Especially for the comparison
to solar cells, the term solar-to-hydrogen (STH) was coined, describing the performance
of a given photocatalyst under simulated sunlight!!351371;

STH — Output energy T, XAG

= = 2.4
Energy of incidence solar light  psun X AReactor @4

By measuring the rate of hydrogen evolution (rp,), knowing the Gibbs enthalpy for
water-splitting (AG = 237 k] mol~!) and the solar energy spectrum constant (psy, =
1003 W m—2)[13] and the geometric area of the reactor (Areactor), the STH yield can be
calculated. A theoretical maximum of the STH yield of 48% is estimated for a reactor
assuming 100% quantum efficiency for the photocatalyst. In summary, each of the defini-
tions has its drawbacks, either because it is difficult to determine certain parameters (e.g.
the rate constants for all processes) or because the definition of the catalyst and its active
site may be inappropriate.

2.4. Enhancing Photocatalysis with Bias

Fabian et al. generalized the concept of enhancing hydrogen evolution with certain ex-
perimental parameters by the introduction of five different categories: electrical, optical,
thermal, pressure and chemical bias.[”l Those biases are applied to reduce slow charge
recombination, increase the yield of charge separation and collection as well as increase
the rates of electrocatalysis. The concept behind each bias is described very detailed in
the review 7], while the following section will focus on the chemical bias. For photo-
electrochemical water-splitting, the excitation (Eq. 2.5) takes place in the semiconductor
and the charge carrier recombination is not taken into account. The photocatalytic water-
splitting is then usually divided into two half cell reactions (Eq. 2.6 and 2.7), amounting
to the net Equation 2.8.
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hv Semiconductor ht t+e (25)
4H" +4e~ — 2H, (2.6)

20 +4h" — 0O, (2.7)
ZHZO +4hv Semiconductor 2H2 + 02 (28)

This rather general mechanism with separated half cell reactions is the basis of most inter-
pretations of photocatalytic reactions, although some of the actual reaction intermediates
are still unclear. [135139-141]

A common approach in the literature, when studying new photocatalysts, is focussing on
one of the half reactions. [0%74142-148] Since it is the desired product from a fuel standpoint,
many of the previous studies chose the photocatalytic formation of molecular hydrogen.
This half cell reaction (see Eq. 2.6) is not necessarily studied by water-splitting, but the
chemical bias can be exploited (see Fig. 2.3). Usually this means that a hole-scavenger
or a water-hole scavenger mixture is used to study the H, evolution.[331414] One of the
most common hole scavengers are small alcohols such as methanol and ethanol, which
get photo-oxidized readily on the photocatalyst, so that the nature of the charge-transfer
reaction of electron for the hydrogen evolution can be studied. 33144l

Reduction co-catalyst

CB 2
““““ e e hv>Eg
QE°(H*/H,) f
n-type semiconductor
VB particle

CH,O* +H*

®
CH,OH

Figure 2.3. The conventional model for chemical bias as proposed by Domen and
coworkers.[”l Hydrogen evolution from methanol is observed by a reduction of protons
with photoelectrons at the co-catalyst, while the photohole oxidizes the alcohol. Note
that the content of the scheme is exactly adapted from reference!'”], only with changes in
the design.
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2.5. Reaction Mechanisms in Alcohol Reforming

While, at first, commonly used as a hole-scavenger, photocatalytic reforming of methanol
and ethanol has attracted some attention for a renewable H, production[+30-323581,150-153]
since both alcohols can be obtained as a sustainable feedstock. 1131541551 Also the by-
products formaldehyde!!%! and acetaldehyde'>”) are important industrial chemical build-
ing blocks, especially when they are obtained in water-free conditions. The focus of pre-
vious studies on alcohol reforming lies essentially on the H, production from a variety of
alcohols[1521%8] and sugars!'®-161], but also a variety of products and intermediates are
obtained in the photo-oxidation. For small alcohols, the consensual first reaction steps
can be described by the following expression:[303281,150,162]

RCH,OH WVH/TO; RHC=0 +H, t (2.9)
While the corresponding aldehyde or ketone is usually identified as the major by-product,
other found reaction products include CH,, CO,, CO, C,H,, C,H,, H,O, carboxylic acids,
1,1-diethoxyethane and more complex products in various ratios. [30:150:163-168]
Some products are assigned to direct photo-oxidation mechanisms on the semiconduc-
tors surface, others are believed to originate from indirect hole transfer via hydroxy-
radicals in solution[3031166169170] o1 could be assigned to thermal reactions.!'”11721 Fur-
thermore, the role of the co-catalyst remains in general elusive, especially for the oxida-

[30,81], the co-catalyst is a

tion side of the photoreaction. In agreement with many studies
prerequisite for photocatalytic hydrogen formation, but its exact role in the mechanism
of the co-catalyst is debated: Some think, in analogy to electrochemical mechanisms, that

143,144,173-177 -
[ 1 while others

protons are reduced to molecular hydrogen by photoelectrons
think of the co-catalyst rather as a charge sink and assign the active site for the reduction
reaction also to the semiconductor. [164170,178-180]

In summary, the mechanistic picture of photocatalytic water-splitting is mainly domi-
nated by electrochemical half cell reactions and the development of higher efficiencies
has reached an impasse over the last years. While widely recognized as a very complex
and inherently interdisciplinary problem 41821381 even the mechanistic details of model
reactions like the hydrogen evolution from alcohols are not completely understood. In
this regard, photocatalytic studies in very well defined conditions via the surface science
approach and the possibility of single parameter studies offer the potential of investigat-

ing the underlying governing factors for photocatalytic reactions.



Experimental

This chapter gives an overview of the experimental techniques that are all combined in

one apparatus.

3.1. UHV Apparatus

Nd:YAG Laser
532 nm, 100 Hz
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Figure 3.1. An overview of the experimental apparatus used in this work. It consists of
several surface preparation and analysis techniques, a laser vaporization cluster source,
a transfer chamber and two laser systems for photocatalytic experiments.

3.1.1. Analysis Chamber

The analysis chamber, built in 2014, is described in more detail elsewhere. 18171841 Briefly,
it is an UHV apparatus with a base pressure of 8 - 10~!! mbar and a liquid-N, cooled
X, V, z, $-manipulator (VAB Vakuum GmbH). Further, an Auger Electron Spectrome-
ter (CMA 100m Omicron Nanotechnology GmbH) is used for surface analysis, a sputter
gun (IQE 11/35, SPECS GmbH) for surface preparation and a QMS (QMA 430, Pfeiffer
Vacuum GmbH) with electron ionization for the analysis of desorbing molecules. Tech-
nical descriptions as well as theoretical background information of the used techniques
can be found elsewhere.[12183-190] Oyer the course of the thesis, a molecular beam doser

12
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in the design from Yates” group was implemented for a directional dosing on the sur-
face. The properties of the beam doser have been characterized thoroughly in earlier

works, [183,190-192]

While there is an empirical relation to estimate the flux on the sur-
facel’31941 it should be noted that the behavior for alcohols and water differs greatly
from the use of gases, which makes a calibration and quantification by TPD necessary.
The gasline for the dosage of the reactant gases allows for the use of five different samples
and can be heated separately from the main chamber. A base pressure of 2.0 - 10~? mbar
can typically be obtained in the gas line. A list of all used reactants and gases is given in
Appendix A.2. All liquids are further degassed and purified by pump-freeze cycles and
the purity of all reactants is checked by applying a background pressure of molecules in
the chamber and performing a QMS mass scan. Further, a transfer chamber for sample
exchange with the UHV manipulator was constructed and implemented. It consists of
a small chamber with a z,¢p-manipulator (Ferrovac MDG40) with a sample transfer tool
(SPECS, SH2/12 ISR) and is pumped by a turbo pump (Pfeiffer Vacuum, HiPace 80) to
achieve a base pressure of 2.0 - 10~ ¥ mbar.

The TiO, single crystal holder is of a similar design as from the Yates group!®”1%! and
has been described in great detail in a previous thesis.[1%3] The TiO,(110) single crystals
(Surface-net GmbH) used in this work are of cylindrical shape with a diameter of 1.0 cm.
The crystal is clamped with a Ta sheet (0.125 mm) to a Ta heating plate (1.0 cm in diameter,
1 mm in height) as demonstrated in Figure 3.2(a). Between the crystal and the heating
plate, a thin gold foil (0.025 mm) is placed for a better thermal conductivity. The resistive
heating is performed via the heating wires (W with 26% Re, Omega Engineering) that are
able to heat the crystal over 1000 K.[13% The temperature is monitored via the calibrated

(b) TiO,(110) on the manipulator

Figure 3.2. (a) A picture of the rutile TiO,(110) single crystal mounted on the Ta heating
plate with a gold foil in between. The mechanical stability is given by home-built Ta
clamps made from thin sheets.

(b) An image of the TiO,(110) fixed on the manipulator via the resistive heating wires.
The crystal has a blue color, since it has already been bulk-reduced to some extent. The
thermocouple is inserted into the hole in the semiconductor on the side, which is also
visible in (a). The heating wires are strained into the grooves of the heating plate, that is
clamped to the crystal.
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(a) 1st Generation GaN sample holder (b) 2nd Generation GaN sample holder

Figure 3.3. (a) A picture of an MOCVD-GaN(0001) sample mounted in the newly created
sample holder. The molybdenum rods are adjusted to the size of the sample holder,
while the Ta sample holder itself has a cut-out, where the GaN(0001) on sapphire sample
is placed. To ensure a good thermal conductivity, gold foil is positioned between the
sapphire and the tantalum cut-out. The electric conductivity and mechanic stability is
facilitated by thin Ta sheets (0.1 mm), that are spot-welded on top of the sample holder.
(b) A picture of the second generation GaN(0001) sample holder, which is now of a three
layer design. While the base layer is fixed to the manipulator via the heating wires, in the
middle part a section of the sample holder can be removed via the transfer tool. Note,
that in the photo a dummy crystal is mounted in the holder for temperature calibration
measurements.[1%! The topmost layer is a thin tantalum sheet, which acts as a spring
to ensure thermal conductivity and mechanic stability with the removable part of the
sample holder.

readout!’! of a twisted type-C thermocouple (Omega Engineering). The thermocouple
is inserted into a hole drilled in the side of the rutile single crystal without any adhesive
(see Fig. 3.2(a) and (b)).

For the measurements with the GaN(0001), a new sample holder was designed. It was
based on the idea of the heating plate, since the MOCVD- and MBE-grown GaN(0001)
films used in this work are grown on a sapphire support. They are fixed in the cut-
out of the tantalum sample holder with spot-welded Ta sheets, to ensure a good electric
conductivity. In the first generation sample holder, the whole assembly was then fixed to
the Mo rods of the sample holder by the heating wires. The sample holder was able to
cool the sample down to liquid N,-temperatures and heat it to temperatures over 1300 K,
where gallium nitride decomposes. 1961971

The second generation sample holder consists basically of 3 layers and the two on the
bottom are based on the first generation sample holder. Similar to the TiO, sample holder,
the base plate is used for heating. In the middle layer, the GaN samples can be fixed by
spot-welded tantalum sheets and moved onto the second generation assembly. The thin
Ta sheet on top acts as a spring for mechanic stability. The second generation sample
holder can be used for any sample with dimensions of less then 10 x 10 mm? and the
study on Ga,0O; single crystal surface was also performed with the second generation
sample holder.
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3.1.2. Cluster Source

The co-catalysts in this work are clusters generated using a newly built, modified laser
vaporization cluster source similar to the one designed by Heiz et al..1%! A general
scheme including all parts of interest is also depicted in Figure 3.1. A platinum metal
targetl (299.95% purity, ESG Edelmetalle) is mounted on an electric motor and rotated
in a hypocycloidal manner to ensure a uniform ablation of the target.> Metal ablation
is facilitated with a frequency doubled Nd:YAG laser (6 W, 9 ns pulse width, 100 Hz,
SpitLight DPSS, InnoLas GmbH), that is focussed on the metal target and a small plasma
is generated. This plasma is instantly cooled by a helium (He 6.0, Westfalen Gas) pulse
from a home-built piezo valve and extracted into the vacuum chamber. The metal atoms
are thermalized via collisions with He carrier gas and upon the supersonic expansion,
resulting in metal cluster formation. An unknown fraction of the clusters is positively
charged and guided with electrostatic lenses and an octupole ion guide (Kenwood HT
Transceiver, TS-5700) to a quadrupole bender. The bender allows for a separation of the
cationic clusters from the neutral ones and steers them into a quadrupole mass filter (Ex-
trel 150 QC, USA) to facilitate a mass selection with atomic precision. This quadrupole
mass filter can also be used in ion guide mode for measurements with a size-distribution
of clusters.? Further electrostatic lenses guide the cluster beam to the analysis chamber,
where the clusters are soft-landed on the samples. A description of the characterization of
the clusters’ kinetic energy and the mass selection accuracy can be found elsewhere.[2%
The cluster coverage is monitored with a picoammeter (Keithley 6487) by measuring the
neutralization current of the soft-landed cationic clusters with a home-made LabView
application.[?!l The software not only offers online current-measurements, but also an
input for the relevant crystallographic data, which enables the calculation of the cluster
coverage in %ML.I2!] The experimental implementation of the cluster source and some
control experiments are described in more detail in other reports.[200202203] The optimiza-
tion of the cluster current is a multiple parameter optimization problem, consisting of
about 50 parameters in the given setup and geometry. The voltage of the home-built ion
optics is controlled digitally between +500 V and -500 V. A list of the all the experimental
parameters can be found in Table A.1 in Appendix A.1 and the resulting cluster mass
distribution is shown in Figure 9.6.

3.2. Laser Systems

Two laser systems have been used for the irradiation of the single crystals in this work.
First, a Nd:YAG pumped dye laser (Spectra Physics, Quanta Ray GCR 3, 10 ns pulse

! For all the experiments presented here, a platinum metal target is used.

2 The rotation speed is varied over one cycle to compensate for sections with a low angular velocity. A
detailed description can be found in a previous work. %!

3 These are further named "unselected clusters". The size-distribution nonetheless is governed by the pro-
duction conditions and ion guide settings.
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length) is frequency tripled by a third harmonic generation unit. While the fundamental
and green components are dumped, the 355 nm pump pulses are directed into a dye laser
(Scanmate 2E, Lambda Physik GmbH). The resulting laser light is frequency doubled
in a second harmonic generation (SHG) unit and separated with 4 Pellin-Broca prisms
from the pump light beam. The resulting laser pulses in this work had a wavelength of
266.5 nm and the intensity was usually set to 600 ] with a gradual grey filter to avoid
any heating effects. The laser beam illuminates the entire single crystal surface in the
UHV.

After the movement of the laboratory, an additional laser system was put into opera-
tion. It consists of a Nd:YAG laser (Innolas Spitlight High Power 1200, 222 m]/pulse at
355 nm and 20 Hz, 7 ns pulse width) which pumps an optic parametric oscillator (OPO)
unit (GWU, premiScan ULD /400 with modifications from Innolas) with two crystals (3-
bariumborate) with different cutting angles for wavelengths between 420 nm and 500 nm
and 520 nm to 700 nm respectively. The output of the OPO is then frequency doubled in
a SHG unit and the fundamental beam is separated by a rotatable prism. The resulting
pulses have an energy of 900 pJ at 241.8 nm. The whole OPO as well as the SHG unit are
controlled by a home-made LabView application. 201l

3.3. Sample Preparation and Characterization

3.3.1. TiO,(110)
3.3.1.1. Redcued TiO,(110)

The reduced TiO,(110) surface [r-TiO,(110)] (Surface-net GmbH) is generally obtained
by Ar*-sputtering (1.0 keV, 5 - 10 mbar, 10 pA ion current) at 100 K and a consecutive
annealing in vacuum to 820 K (10 min). A newly purchased, transparent TiO,(110) single
crystal is mounted. Annealing at 900 K for 1 h is performed, to generate enough bulk
defects to ensure a good conductivity for AES measurements and sputtering.'¥ The
material is then of light blue color. Initial contaminations such as calcium and potassium
as well as some sulfur are cleaned by the aforementioned sputter-annealing cycles. A
typical Auger electron spectrum is shown in Fig. 3.4, only comprising the characteristic
titanium and oxygen features.

The bulk reduction of the TiO, single crystal is accompanied by a formation of surface
defects such as bridge-bonding oxygen vacancies. 28! However, to the authors knowl-
edge, there is not yet a quantitative description how the bulk reduction degree influences
the BBO vacancy density on the surface, although a further bulk reduction to darker blue
crystals coincides with an increase of the BBO vacancy density on the surface.[118208] [n
titration experiment, the BBO-vacancies can be quantified with respect to the Ti-lattice
sites on the TiO,(110)-surface by H,O-TPD. Water adsorbs dissociatively in the defect
sites forming two hydroxyl groups that eventually recombine at 450 K.[2%! Integrating
the signal vs. the full Ti-lattice site peak leads to the value for the BBO-vacancy density.
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Figure 3.4. Typical Auger electron spectrum of a clean r-TiO,(110) surface. [185204]

In this case (Fig. 3.5) and for the crystal used in Chapters 8, 9, 10 and 11), the defect
density is 6% =+ 1%.

As a further reference measurement, the O,-PSD (Fig. 3.6) is only observed on the slightly
reduced and blue TiO,(110) crystals, indicating a certain level of bulk reduction, which

is accompanied by a certain degree of BBO vacancies. The latter ones are needed for
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_ H2
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Figure 3.5. TPD of 0.12 ML H,O from TiO,(110). While the feature around 270 K is clear
attributed to water desorbing from Ti-lattice sites, the broad feature around 450 K origini-
ates from water desorbing from BBO-vacancies.?%! No molecular hydrogen is evolved
for the r-TiO,(110). [206] The traces are offset for clarity.
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Figure 3.6. Exemplary O,-PSD on r-TiO,(110) of 1 L O, at 110 K. UV illumination by the
dye-laser setup is indicated by the blue areas. Upon illumination, an immediate desorp-
tion of oxygen is observed that drops also directly when blocking the illumination. The
signal does not rise to the initial intensity, when illuminating the surface again, but rather
picks up at the intensity that was observed immediately before blocking. 27!

the photochemical desorption to happen. The O,-PSD was first observed on powdered
TiO, by Yanagisawa and Ota!?®! and has since been a continuously studied reaction to
probe the photo-activity of TiO,(110) surfaces.[795114115120207210211] [t hag been shown
that desorbing oxygen species have an internal energy equivalent to temperatures above
1600 K. Therefore, thermal contributions are ruled out since the measurements usually
take place at cryogenic conditions. 1832121

However, the exact mechanism of the photodesorption, the active site and the influence

of co-adsorbates are still not clear. [122:124,125,132,207,213]

3.3.1.2. Oxidized TiO,(110)

The oxidized TiO,(110) [0-TiO,(110)] is obtained by exposing the r-TiO,(110) surface
to 1 to 20 L of O, at 100 K, followed by short annealing to 293 K to heal the BBO-
vacancies.[1°1214] The atomic structure of the oxidized surface is still controversial.[?!!
STM measurements showed that annealing the r-TiO,(110) in an oxygen background
(2 - 107° mbar) at 1000 K and cooling to room temperature in the same oxygen atmo-
sphere leads to an undefined surface, containing islands, oxidized Ti-interstitials and a
variety of step edges.[?!%] Furthermore in the employed cleaning procedure not all BBO-
vacancies are filled 2171, but even the dissociation of molecular oxygen on Ti-lattice atoms
is observed by STM.!101218] Recent work from Wendt and co-workers suggests that glass
capillary dosing of O, directly onto the surface will achieve an 0-TiO,(110) surface with-
out BBO vacancies.[?°l The AES spectrum of o-TiO,(110) in Fig. 3.7 shows no appreciable
difference to the one for r-TiO,(110) (Fig. 3.4).
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Figure 3.7. Typical Auger electron spectrum of a clean 0-TiO,(110) surface. No apprecia-
ble difference was observed to the one of r-TiO,(110) (Fig. 3.4).

3.3.1.3. Hydroxylated TiO,(110)

The hydroxylated TiO,(110) [h-TiO,(110)] is prepared by dosing 2 ML of water on the r-
TiO,(110) at 100 K and a subsequent short annealing step to 350 K in a procedure adapted
from Dohnélek and co-workers. [101:121,220]

3.3.2. Ga,0,(201)

The Ga,05(201) single crystal (Tamura Cooperation, Tokyo, Japan) is chosen, since the
surface represents the natural growth direction of gallium oxide on GaN(0001).[22! The
bang gap is about 4.8 eV[?22224] and the crystal is transparent. The initial carbon and
sulfur contaminations are removed by a cleaning procedure of Ar'-sputtering (100 K,
1.0 keV, 5 - 107° mbar, 10 pA ion current), annealing with O, (800 K, 2 - 10—° mbar) and
vacuum annealing at 800 K for 30 min each. The resulting AES spectra (Fig. 3.8) did not

show contaminations apart from trace amounts of argon.
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Figure 3.8. Typical Auger electron spectrum of a Ga,05(201) surface (black). The grey
line represents the AES spectrum directly after mounting the crystal. It exhibits mainly
contaminations by carbon and a small amount of sulfur. The AES spectra of the cleaned
surface shows the characteristic Ga peaks around 100 eV and between 800 eV to 1150 eV
as well as the oxygen one at 509 eV. Trace amounts of argon at 215 eV are residues from
the sputtering conditions.

3.3.3. GaN(0001)

Although GaN(0001) is commonly used in surface science studies as shown by these
reviews 2252261 no consensual cleaning recipe for samples from air has so far been estab-
lished. 226 Simple evaporation of GaN(0001) at 1300 K resulted in an appreciable AES
spectrum with very low carbon and oxygen content,['%! but the surface morphology
was not kept intact and a rough surface was obtained as probed by ex-situ AFM. An-
nealing in NH; at various temperatures in this work did neither significantly change
the carbon contamination nor the oxygen content as determined by AES. Generally, a

712251 and Nemanich

review of the employed cleaning techniques is given by Bermude
and co-workers. 22l For the GaN samples in this work®, carbon impurities were usually
removed by Ar'-sputtering (0.5 keV, 1 - 10~ mbar, 2 pA ion current, 80 K) for 10 min
with a subsequent vacuum annealing to 800 K for 5 min. If necessary, further cleaning
cycles with shorter bombardment times were performed until no carbon was left on the
surface as determined by AES. As an additional probe, ex-situ AFM was used to con-
firm the surface morphology after the reactivity measurements in the UHV. It is believed
that Ar*sputtering of GaN(0001) samples likely creates nitrogen vacancies and gallium

dangling bonds that can easily be oxidized. On all samples, some "native" oxide ex-

* The MOCVD-, HVPE- and MBE-grown samples were obtained from the cooperating group of Prof. Mar-
tin Stutzmann from the Walter Schottky Institute at TUM
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Figure 3.9. Typical Auger electron spectrum of a MBE-grown GaN(0001) surface. The
oxygen peak shows that a "native" oxide is present on the surface.

ists, that cannot be removed form the surface (Figures 3.9 and 3.10). Its presenece is a

well-known phenomenon in literature. 22232l However, in this work the degree of sur-

face oxidation is varied to identify the contribution of the "native" oxide.[?31232 Further

and more detailed descriptions of the cleaning procedures for the used GaN(0001) sam-
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Figure 3.10. Typical Auger electron spectrum of a MOCVD-grown GaN(0001) surface.
The oxygen peak shows that the occurrence of the native oxide is independent of the

preparation method of GaN.
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ples are given in the publications for MBE-grown GaN(0001) 23232l and MOCVD-grown
GaN(0001).1233!

3.3.4. Pt /TiO,(110)

The metal cluster-semiconductor hybrid materials are obtained by first preparing a clean
crystal surface with one of the above described cleaning cycles. While the crystal is cooled
to liquid nitrogen temperatures, the cluster source is already in operation and the cluster
current is checked behind the QMF with a picoammeter (Keithley 6487) by measuring
the neutralization current of the cationic clusters. For doing so, a bias voltage of -200 V
is applied at the picoammeter, while the ion optic right behind the electrode selected for
the measurement of the cluster current is set to +500 V in order to repell the clusters from
this lense. Usually, the cluster source is operated for 15 min, until a stable cluster current
is observed.” Furthermore, the mass spectra of the cluster beam then does not show
the formation of oxide or carbide clusters within the experimental sensitivity. When the
sample temperature is less than 120 K, the gate is opened and the cluster neutralization
current is monitored online with the LabView application.[?°0201l The application offers
the possibility to select a value in ML with respect to the theoretical surface atom density
of TiO, in this case.® Once the deposition is finished, the gate to the cluster source is
immediately closed to avoid contaminations. During the deposition, the pressure in the
main chamber (mainly consisting of He) is about 1-10~7 mbar, while upon closing the gate
the pressure drops back to <1 - 1071 mbar. Previous work of the Heiz group 1982342
and others in the cluster community 232481 established the neutralization current as the

most precise control over the cluster coverage.

3.4. Typical Reactivity Measurements

In this part, the working principles of the three mainly used reactivity measurements are
presented and some details of the experimental parameter space are discussed.

3.4.1. Temperature Programmed Desorption

Temperature Programmed Desorption (TPD) is a well established technique in surface
science, not only to gain insights for coverage determinations, but also for reaction path-
ways. The fundamentals of the techniques and the in-depth data analysis are very well
described in the literature.!'87188] The measurement principle is shown in Figure 3.11.
The adsorbate coverage in this work is typically performed at 100 K, either by back-
ground dosage or the molecular beam doser. Then, the sample is placed at a given dis-
tance from the QMS, usually about 2 mm below the skimmer of the QMS in a line of sight

5 Typically, a cluster current of 5 nA of unselected platinum clusters is obtained on the sample. The highest
current observed for unselected clusters was about 12 nA.

¢ For size-selected clusters, the observed current on the sample was in the range of 90 pA for Pt;; and
350 pA for Pt;.



3.4. Typical Reactivity Measurements 23

Skimmer to QMS
02
02
02
(0]
o, 2 0,

o, O, T E
,,,2,,7702 : 02 3777,,93——7

Figure 3.11. Measurement principle of a temperature programmed desorption experi-
ments. The adsorbed species in this scheme is O,, which desorbs upon heating the single
crystal with a linear heating rate.

geometry. Then, a heating ramp is either performed by the PID controller (Eurotherm
2408) or manually with a typical heating rate of around 1.2 K/s up to 800 K or higher tem-
peratures. During the heating rate, the desorbing species are monitored with the QMS to
identify desorption and/or reaction products. Afterwards, if necessary, another cleaning
cycle is performed and the next experiment can be started when the sample is cooled
down. By varying the coverage, the saturation coverages of an adsorbate and products
formed from the adsorbate on the surface can be determined. Furthermore, by the des-
orption temperatures the adsorption energies of the adsorbate can be estimated.[¥”] By
integrating over all the reaction products, the coverage dependent reaction channels can

be explored in a quantitative manner. [24920]

3.4.2. Photon-Stimulated Desorption

Photon-Stimulated Desorption measurements are an established technique to monitor
the desorption of molecule upon illumination. 207210211251 The surface is covered with
the adsorbate at 100 K and positioned with a distance of about 4 mm under the QMS
in a line-of-sight geometry. The reaction is initiated by unblocking the laser, that then
illuminates the semiconductor. A scheme is shown in Figure 3.12. If the photon energy
is above the band gap, excitons are formed and in n-type and p-type semiconductors
and the respective minority charge carrier travels to the surface. In the case of the O,-
PSD on TiO,(110), photo-holes are believed to be responsible for the neutralization of an
O; species on the surface and a consecutive desorption of molecular oxygen.[!3! The
incident light energy is monitored before every experiment with a powermeter and can
be adjusted by a gradual gray filter (Thorlabs GmbH) or by neutral UV filters (Thor-
labs GmbH) with optical densities between 0.4 and 1.0. To further analyze the formed
reaction products at cryogenic temperatures, a consecutive post irradiation-temperature
programmed desorption (PI-TPD) can be carried out to investigate the conversion of the
reactant with respect to the illumination time. To elucidate photochemical reaction path-
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Figure 3.12. Measurement principle of a Photon Stimulated Desorption (PSD) experi-
ments. The surface is covered with molecules (in this case O,) and illuminated under
isothermal conditions, while the molecule desorption is monitored with the QMS.

ways, the PSD experiment can be performed at different temperatures, for which the
photochemical reaction product can thermally form and/or desorb.[?5>2%3] Furthermore,
the orientation of the crystal with respect to the QMS can be varied to investigated an-
gular distributions of the photoreaction products, which gives further insights in the ad-
sorption geometries of the photo-reactive species.[122%42%] An in-depth analysis of the
time of flight of the different products desorbed upon illumination can show different
reaction/excitation pathways for the same photo-product.[213.253,257,258]

3.4.3. Photocatalytic Measurements

The photocatalytic measurements in this work are carried out similarly to the PSD exper-
iments. For single-coverage photocatalytic measurements a certain amount of molecules
is dosed onto the surface of the metal cluster decorated semiconductor. Then, the catalyst
temperature is set to a value, for which both reaction products can desorb and, consec-
utively, illumination is started. For the continuous photocatalytic experiments, a certain

Methanol to QMS
S
f
N
$ H,
A\
S
H

CH,OH CH,0
2
H, CH,0
H2 H2
CH,0 (%CHZOCHzO & CH,OH
TiO,(110)

Figure 3.13. Principle of the photocatalytic measurements of the metal cluster decorated
semiconductor. The reaction is always started by the UV illumination and the back-
ground pressure of the reactant (here methanol). The catalyst temperature can also be
changed during one run.
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background pressure of the reactant is established and the freshly prepared catalyst is set
to the reaction temperature, to ensure a reactant saturation at the surface. The photocat-
alytic reaction is then started by the UV illumination.



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

While GaN is already used technologically 226!l and photocatalytically 2622641, the sur-
face chemistry and especially the reactivity of the bare material have been largely unex-
plored. Previous studies focussed on functionalization of the the surface!2652¢7l or elec-
tronic properties!28278l including their relations to surface defects. A comprehensive
review of the surface science of GaN was published in 2017 by Bermudez.??’!

In this work, CO is used as a chemical probe to investigate the surface properties of MBE-
grown GaN(0001) surfaces. Further details can be found in the respective publication 23!
in Appendix C.

In brief, CO only physisorbs on the MBE-grown GaN(0001) surface and is inert towards
oxidation, also in the presence of oxygen. However, the amount of CO adsorption is
found to be a function of the bulk n-type dopant concentration (see Fig. 4.1(a)). In order

to describe this effect, a model was developed (see Fig. 4.1(b)), relating the amount of CO
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Figure 4.1. (a) Integrals of CO desorption from several MBE-grown GaN(0001) samples
with different dopant concentrations. The dopant concentrations are given in charge car-
riers per cm?®.

(b) Model for the doping-dependent CO adsorption. The higher the n-doping, the more
negatively charged surface states are present at the surface, when a constant band bend-
ing is considered. The most negatively charged surface can physisorb only the smallest
amounts of CO, possibly due to repulsive interactions of the negative charge on the sur-

face with the molecule.
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adsorption to the negatively charged semiconductor surface states. Carbon monoxide
seems to be repelled on the surface by the negative charges.! Therefore, for highest n-
type dopant concentration, the smallest amount of CO can adsorb on the surface. Since
a similar band-bending of about 1 eV is found for different Ga-face n-type GaN(0001)
samples 2792801 the space-charge region does not extend as far into the semiconductor as
for less n-doped samples. This results in a different amount of negatively charged surface
states. Additionally, a photon-stimulated desorption of physisorbed CO was found upon
illumination with photon energies above the band gap. Upon illumination, an exciton is
created and the photoholes travel to the surface. There, they either extinguish negatively
charged surface states causing a flattening of the bands or facilitate the CO-desorption by
weakening the polarization of the physisorbed CO bond (Fig. 4.2).

hv

n-type GaN(0001)

Figure 4.2. Illustration of the CO PSD on n-type MBE-grown GaN(0001) at cryogenic
temperatures. Under illumination, holes travel to the surface and either extinguish the

negatively charged surface states or are responsible for the photon-stimulated desorption
of CO.

Although only a certain portion of the physisorbed CO can be photodesorbed, no distinct
binding site was found in this study. While it was found that the adsorption of CO is
independent of the surface oxidation state, it significantly affects the photoactive centers,
which get passivated upon oxidation. However, since the PSD of CO can also be observed
on p-type GaN(0001), it seems that the desorption of CO is rather assigned to a change
in the electronic structure of the surface upon illumination, than a specific charge carrier
neutralizing a bound species as believed for O,/TiO,(110).[13! Over the course of this
thesis, another example for the photoactivity of CO was found on TiO,(110), where CO
is desorbed from Ti-interstitials upon illumination. 28!l

1 A similar behavior was found for NH,; on TiO,(110), where the molecule is repelled by the BBO-
vacancies. 22



Ethanol Chemistry on GaN(0001)

In the following, ethanol is chosen as a probe molecule to investigate the surface chem-
istry of gallium nitrides, since ethanol on oxide supports (such as TiO,, ZnO or Fe,0O;)
can undergo both reductive (to ethylene) and oxidative reaction (to acetaldehyde) path-
ways. 12822871 Tn addition to the aforementioned pathways, complete reduction to coke
formation is observed on catalytically active metals such as Pt (288] pq[289] Ryul290] and
Ni?1, which is highly undesired. In the following, a mechanistic study of ethanol on
GaN(0001) is presented, that shows a high activity and and preferential dehydrogenation
to acetaldehyde, which makes it a possible future support material for such reactions.

5.1. Ethanol Surface Chemistry on MOCVD-grown GaN(0001)

These results are part of a publication, where the nitride surface chemistry is bench-
marked against a well-known TiO,(110) model catalyst. 233!

5.1.1. Ethanol Thermal chemistry on MOCVD-grown GaN(0001)

In Figure 5.1, the raw data of the relevant traces for 0.85 ML ethanol desorption from

3 was de-

n-type GaN(0001) are shown. The charge carrier concentration of 1.4 - 1017 cm™
termined by Hall measurements. Ethanol (mass 31) desorbs in a broad feature between
250 K and 450 K, peaking around 320 K. Fragments of 29 and 27 occur also in the crack-
ing pattern of ethanol as observed below 300 K. However, at the temperatures above
they deviate from the expected ethanol cracking pattern, indicating a reactivity towards
acetaldehyde (mass 29) and ethylene (mass 27) as well. The trace for hydrogen (mass 2) is
shown as well and in grey color. It is found that a feature around 450 K is superimposed
with a rising background. This background is attributed to hydrogen desorbing from the
bulk sapphire as it was observed in a blank TPD experiment (data not shown) to 800 K
without any adsorbate.

For a quantitative analysis of the TPD data, a correction including cracking pattern con-
tribution, experimentally determined QMS transmission coefficients and ionization cross
sections is applied to identify the products in a quantitative way. The method is further
explained in Appendix B.

A coverage series of TPDs of ethanol on MOCVD-grown GaN(0001) is shown in Fig-
ure 5.2. For the smallest coverage, no ethanol desorbs during the TPD run and all of the
alcohol reacts. With rising coverages, first a feature around 350 K is saturated and then a

28
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Figure 5.1. Uncorrected relevant mass fragments for a TPD of 0.85 ML ethanol on an
MOCVD-grown GaN(0001). Ethanol is identified by mass trace 31, acetaldehyde by 29,
ethylene by 27 and hydrogen by 2. Note that the significant hydrogen background is also
obtained in blank experiments and is attributed to outgassing from the bulk sapphire
wafer. The mass traces 29 and 27 also contribute to the cracking pattern of ethanol, but
above 350 K a deviation is observed indicating an reaction.

second one appears around 210 K, which is shifting to lower temperatures. The overall
recorded signal for an initial molecule coverage of 1.00 ML matches the expected con-
centration of Ga>*-lattice sites of 6.0 - 10'* cm~2 calculated from a atomically flat surface
using the unit cell dimensions 2?21,

For the lowest ethanol coverage, no intact ethanol desorption is observed, but all the al-
cohol reacts either to acetaldehyde or ethylene as depicted in Fig. 5.3. With rising ethanol
coverage, both, the acetaldehyde and ethylene features are growing respectively until no
further molecule yield is observed by increasing the coverages higher than 1 ML. Both
reaction products are observed at higher temperatures than the molecular ethanol des-
orption, indicating that a more strongly bound species is responsible for their formation.
In analogy with many studies on oxides, this species is attributed to be ethoxys from dis-
sociative ethanol adsorption, since they presumably facilitate both, dehydrogenation and
dehydration, pathways. [284-2861

AES data after 8 TPD runs shows no formation of carbon deposits, indicating that all
carbon-containing species desorb and that the carbon mass balance can be closed. Based
on the stoichiometry, both acetaldehyde and ethylene should be accompanied by the by-
products H, and H,O, respectively. The corrected hydrogen trace is shown in Figure 5.4.
Molecular hydrogen is evolved around 450 K and the yield also increases with the ini-
tial alcohol coverage and levels off once an initial coverage of a monolayer of ethanol is
reached. The overall molecular hydrogen yield, however, matches the acetaldehyde for-
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Figure 5.2. Coverage series of ethanol dosages on a MOCVD-grown GaN(0001). Note
that a coverage of 1 ML is set to the trace with the saturated 350 K feature. For the
calculations of the desorption yield, the reactive species are also added to the total carbon
content. For the smallest initial dosage, no ethanol desorption is observed, indicating that
all the alcohol reacts. Eventually, with rising dosages, at peak at around 350 K evolves.
With higher coverages, this feature saturates and another peak around 200 K, shifting to
even lower temperatures, is observed.
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Figure 5.3. Acetaldehyde (a) and ethylene (b) yields from TPD experiments of ethanol on
MOCVD-grown GaN(0001). Acetaldehyde as well as ethylene are evolved around 450 K.
Once an initial coverage of 1 ML is reached, the product formation saturates, also shown
in the respective integrated molecule yield displayed on the right. The traces are offset
for clarity.
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Figure 5.4. Hydrogen yields from the ethanol TPD experiments. The traces are corrected
for the rising background observed in Fig. 5.1. For all coverages, a H, peak is observed
around 450 K, matching the reaction temperature of acetaldehyde. The integrated molec-
ular hydrogen desorption yields are displayed on the right over the respective traces.
Approaching monolayer coverages of ethanol, the hydrogen desorption as well as the
reactivity in Fig. 5.3 are saturated. For high coverages of ethanol, a small signal appears
around 220 K, which is attributed to cracking of ethanol in the QMS.

mation only qualitatively, since it is not stoichiometric to the acetaldehyde yield and in
general lower than expected from the acetaldehyde signal.! At ethanol coverages higher
than a monolayer, an additional feature in the H, yield seems to appear. This is attributed
to be an artifact, as there is a considerable error in the background subtraction and espe-
cially the cracking pattern at high signal intensities of ethanol in the QMS.

Since ethylene is also observed as the ethanol dehydration product, water formation is
expected. In Figure 5.5, the water traces of several ethanol TPDs are displayed, but no
water is observed. A first assumption, that the entire oxygen of H,O remains on the
surface as part the native oxide on MOCVD-grown GaN(0001)1227-232] (see also in Chap-
ter 3.3.3), can be ruled out. Although ethylene formation is a minor reaction channel with
about 0.1 ML, over the course of about 20 TPD runs, more than 2 ML of oxygen would
be left on the surface to form an oxide film. However, the reactivity of the TPDs did not
change in the experiments over several runs and no molecular oxygen desorption was
observed (data not shown). Furthermore, no appreciable change in the AES spectra after
all experiments was observed. The fate of the oxygen remains unclear, especially since a

! Note, for the smallest investigated ethanol coverage, more H, than acetaldehyde is evolved. However, es-
pecially because of the background subtraction of the H,, the value is somehow within the experimental
uncertainties.
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Figure 5.5. Water traces from ethanol TPDs on GaN. For all ethanol coverages (given in
dosages here), no water desorption was observed.
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Figure 5.6. Integrated molecule yields from a TPD coverage series of ethanol on a
MOCVD-grown GaN(0001) sample. The molecule yields up to 2 ML are shown. Af-
ter a coverage of 0.6 ML of initial ethanol dosage, no further increase in acetaldehyde
and ethylene yields are obtained, indicating that the reactive sites are saturated at this

coverage.
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Figure 5.7. Coverage-dependent normalized selectivities for all desorbing carbon species
for three exemplary ethanol TPD runs.

follow-up study on MBE-grown GaN(0001) showed, that with a rising degree of oxida-
tion, the ethanol reactivity vanishes as presented in Chapter 5.2.[2%2!

The carbon mass balance however can be closed and the coverage-dependent desorption
yields are displayed in Fig. 5.6. The saturation behavior of the reactivity can easily be seen
in this representation, showing that the reactivity is saturated at about 0.6 ML of ethanol
dosage. Higher ethanol coverages only result in more ethanol desorption. At the low-
coverage limit, all of the ethanol reacts to acetaldehyde and ethylene. The selectivity of
converted ethanol in the reactivity saturation regime limit is about 70% acetaldehyde and
30% ethylene. This behavior is displayed in normalized selectivities in Fig. 5.7, showing
normalized amounts of all desorbing species.

The reactivity of the surface can be described by the following reaction equations. Ethanol,
at least partly, adsorbs dissociatively on the Ga>"-sites on the surface (Eq. 5.1), which is
the origin of both reaction channels on the surface:

CH,CH,OH + Gag, + N, — CH;CH,0—-Ga_ + N H 6.1)

ethanol ethoxy

The dehydrogenation of the ethoxy species is attributed to an aH-abstraction in analogy
to reactivity studies on oxides (Eq. 5.2).282285] This picture is also consistent with the
desorption temperatures, since ethoxy species are generally more strongly bound than
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molecular ethanol and at the reaction temperature of about 450 K both formed products
(acetaldehyde and hydrogen) are liberated upon formation (Eq. 5.3).

oH-abstraction
CH,;CH,0—-Ga_  + N, H ———— CH;CHO—-Ga_ . + Ng,.H, (5.2)
ethoxy acetaldehyde

CH,CHO—Ga,,; + N, ;H, — CH,CHO 1 + H, 1 + Ga,,;+N
acetaldehyde acetaldehyde

surf (53)
The other reaction pathway is the formal dehydration of ethanol. Studies on TiO,(110)
showed, that the mechanism is likely to proceed via a BH-abstraction and is attributed
to a concerted scission of the C-O bond in a cyclic transition state.?82%] Ethylene is
liberated upon formation and immediately desorbs (Eq. 5.4). Formally, a hydroxyl and
the surface amine could recombine to form water (Eq. 5.5) and complete the catalytic
cycle. However, no water is observed in the investigated temperature range.

CH,CH,O—Ga, + N H Ltsmion o 1+ 4 Ga

ethoxy ethylene

OH+N, H (54

surf

Ga,,OH + N, H — H,01 +Ga_ (+ N (5.5)

surf

Although unlikely, some of the H, could stem from a recombination of the two hydrogen
atoms in this reaction channel, leaving a formal oxide on the surface behind. Concluding
the discussion above, the fate of the oxygen in this reaction channel still remains elusive.
This lack of stoichiometry and water formation, however, is a known obstacle in surface
science studies for ethanol dehydration. 283294291 From the amount of reaction products
for 1 ML, it is deduced with the described mechanism, that at least 43% of ethanol are
bound dissociatively on the surface. A shift in the leading edge of the ethanol desorption
feature is also characteristic for a second-order desorption!?202%] indicating that ethanol
is also formed by recombinative desorption of ethanol, inferring even a higher degree of
dissociatively bound ethanol.

For a structure-function relation, the wurzite GaN(0001) surface is compared to the wurzite
ZnO(0001) surface. On this surface, a dehydrogenation reaction of ethanol is predomi-
nantly observed, while dehydration is a minor reaction pathways. [294.295] Ty these stud-
ies, the reactivity was limited and attributed to only occur on step edges and defect sites.
However, STM studies on ZnO(0001) have shown, that instead of atomic point-defects,
triangular structures are found on the surface. %1 The edges and steps of those struc-
tures lead to dangling bonds and a stabilization of partial charges, that may faciliate
ethoxy formation on the surface.[?832%71 With an amount of 43% of conversion of a mono-
layer ethanol and a saturation of the reaction behavior at 0.6 ML initial coverage, it is
ruled out that special defect sites may be the active sites for the reaction. Instead, the
high amount of ethoxy intermediate is attributed to the oxophilicity of Ga and the bind-
ing properties of hydrogen to the surface. This may result on the formation of Ga-H
species®?! or the expected surface amines. The binding of molecular and atomic hydro-
gen on GaN(0001) and its influence from and on the semiconductor’s electronic structure



5.1. Ethanol Surface Chemistry on MOCVD-grown GaN(0001) 35

at the surface and vice versa are still not very well understood.*=3%! Molecular hy-
drogen formation from ethanol dehydrogenation was detected around 450 K, at a similar
temperature as Vohs and co-workers reported trace amounts of H, for the ZnO(0001) sur-
face.[283] Full stoichiometry was not achieved, which is a common phenomenon in such
studies. 283294291 This may be due to residual surface amines or diffusion in the bulk. In
contrast, most oxides form stable hydroxyls and thus prevent molecular hydrogen forma-
tion, which ultimatively leads to water formation at high temperatures.[3%°3%! The des-
orption of D, from a GaN film was observed at significantly lower temperatures®'! as
that from hydroxyls on i.e. TiO,-surfaces, which remain stable up to 1000 K.*!!] From this
perspective, surface amines seem less stable than surface hydroxyls and, therefore, facil-
itate the formation of molecular hydrogen. Wurzite-structured nitrides in general might
therefore be superior support materials than oxides for thermal alcohol reforming for hy-
312,313

drogen production. They may represent a new material class for thermall I'and pho-

tocatalytic[152159169314315] a]cohol reforming materials, adding to oxide-supported met-

als and unsupported metal catalysts. [316-31]

5.1.2. Ethanol Photochemistry on MOCVD-grown GaN(0001)

Bare GaN particles show some photocatalytic activity with[722622633203211 anqd without
any (noble) metal co-catalyst.[®?2%23] In order to study the photocatalytic activity 0.82 ML
ethanol are dosed on the sample at 100 K and the desorbing masses are monitored be-
fore and during UV-illumination (Fig. 5.8 a), but no desorbing species are observed. A
post-irradiation TPD after 20 min of irradiation at 100 K shows no significant difference
to a TPD run without illumination (Fig. 5.8 b). Upon illumination, holes travel to the
surface on this n-type GaN(0001) and either extinguish the negatively charged surface
states and/or oxidize adsorbed species on the surface, if the molecule has a favorable
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Figure 5.8. Isothermal illumination experiment of 0.82 ML ethanol on MOCVD-grown
GaN(0001) at 100 K depicted in a). Laser irradiation with 266 nm UV light (600 uJ pulse
energy) from the dye laser shows no immediate product desorption and a consecutive
post-irradiation TPD (b) after 20 min irradiation neither results in additional peaks nor
in a different product distribution than an ethanol TPD without irradiation. The exact
illumination conditions for the photochemistry are the same as in Chapters 4 and 7.2.
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energy level alignment with the valance band.®?*l The lack of photo-reactivtiy of ethanol
on GaN(0001) shows, that no energy states exist that enable photo-oxidation on this sur-
face. In comparison with TiO,, GaN generally shows a higher energetic position of the
valence band with respect to vacuum[¥%, that might hinder a desirable adsorbate-band

alignment for photo-oxidation.
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5.2. Ethanol Surface Chemistry on MBE-grown GaN(0001),
Ga0,/GaN(0001) and Ga,0,(201)

In this work, n-type doped MBE-grown GalN(0001) samples were used to monitor the ef-
fect of surface oxidation on the reactivity of ethanol. Further details are presented in Ap-
pendix D. Although the GaN(0001) MBE-surface exhibits a different morphology [326-3281
than MOCVD-grown samples 22932773301 the observed chemistry is similar. By monitor-
ing the dehydrogenation channel of ethanol via an ethoxy intermediate it is shown, that
the formation of an oxide layer inhibits the reactivity towards ethanol. A Ga,05(201)
single crystal is used as a reference model system for gallia chemistry, since this crystal
facet is the natural growth direction of epitaxial gallium oxide growth on GaN(0001). 2211
Besides some native oxide?, the dehydrogenation activity is similar to the previously de-
scribed MOCVD-grown GaN(0001). When a native oxide film is closed, since it grows in
a layer-by-layer manner,[331332] the reactivity of the nitride vanishes. The oxide film still
shows dissociative adsorption, which is indicated by the shift in the leading edge?202%],
but no reactivity. The single crystal model oxide confirms this lack of reactivity, and
even, only exhibits molecular adsorption of ethanol in agreement with previous studies
for methanol on gallium oxide powders.[333334] The reactivity results are illustrated in
Figure 5.9.

Acetaldehyde
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!

Figure 5.9. A scheme of the work presented for the described results. The reactivity of
ethanol to acetaldehyde was used to probe the degree of surface oxidation. Upon full
oxidation of the GaN(0001) surface, acetaldehyde is no longer observed as a dehydro-
genation product, although the alcohol adsorption is still dissociatively. Ga,05(201) is
investigated as a reference system and no reactivity is observed.

While the influence of the oxide film on the band bending is still under discussion [276,335]

photoelectron spectrosopy 28336l and electrochemical!?””! studies reveal that the surface
states are removed. The lack of reactivity can also be rationalized by a removal of these
surface states, i.e. negative charges at the surfaces are removed, which depletes the reac-
tivity of the n-type semiconductor. These results are an example of the fragile chemistry
(and electronic properties as well) of oxynitride materials, which depend on the surface

2 This is discussed earlier in Chapter 3.3.3.
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composition. 3] Furthermore, this work illustrates how crucial the control of surface

chemistry can be for the reactivity and it should strongly be considered when tailoring

new oxynitride photocatalysts by bend-engineering only. 335460731



Alcohol chemistry on «-Fe,03(0001)

The results presented here were obtained in a collaboration with Dr. Andrew Crampton
in the group of Prof. Dr. Cynthia Friend at Harvard University (MA, USA). Different
alcohols were chosen to monitor the thermal and photochemical reactivity of an earth-
abundant semiconductor, that offers in principle the possibility for hydrogen production
with visible light.

The surface structure of the x-Fe;O3(0001)-surface has been a long standing controversy
for the past decades.[3383%] Parkinson concludes, that "a-Fe,O3(0001) is certainly the
most difficult and controversial of the iron oxide surfaces, partly because the prepara-
tion conditions required to create a stoichiometric surface are out of the comfort zone of
surface science experiments". 1338l

Haematite iron oxide is a semiconductor of earth abundant elements with a band gap
of 2.2 eV.1340341] The (0001)-surface has attracted a lot of attention in photocatalysis and
photoelectrocatalysis both experimentally!®”342-347] and theoretically.[3#8-3521 Water oxi-
dation, although with sluggish kinetics, is facilitated without any co-catalyst on the sur-
face.3#3] Recently, Zandi et al. discovered spectroscopically the Ferryl-species (Fe=0) as
an intermediate in the oxygen evolution reaction from water.!%03%] However, almost
all other mechanistic intermediates and details of reaction sites remain unknown. There-
fore, the goal of this project was to investigate adsorption sites, thermal reaction channels
and ultimatively the photochemistry in UHV to gain further insights into photochemical
mechanisms that are transferable to a benchmark of thin-film haematite photoelectrodes.
In the following, the denomination of Parkinson is followed for the three surface termina-
tions of the a-Fe;O3(0001) crystal.[338] Structures created by sputtering and annealing up
to 1000 K in oxygen atmosphere (1 - 10~° mbar) are assigned to the reduced Fe;O4(111)-
like termination. Annealing in the same oxygen background to 1173 K results in the so-
called "bi-phase”-termination. This termination essentially refers to the LEED pattern con-
sisting of hexagonal "florets" around the integer order spots.[3%#! The structure is predom-
inantly described as Fe;.cO(111)/ x-Fe;O3(0001) with ordered islands of FeO coinciding
with the Fe3O4(111)-like termination. 35! Experimentally, the stoichiometric termination
of the «-Fe;O3(0001)-surface has been reported once in vacuo by annealing the haematite
film on Pt(111) to 1100 K at 1 mbar O,[3%! or by annealing a haematite single crystal in
atomic oxygen. 3]

Previous surface science studies on stoichiometric haematite surfaces were performed on
the o-Fe,O3(012) surface, where two different surface terminations can be prepared by
annealing in molecular oxygen.!3%8-361l Very recent work from Parkinson’s group sup-

39
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plied an extensive characterization by AFM, STM, XPS and UPS of the o-Fe,O3(012)
surface. 2] The only alcohol reactivity study on this surface found a methanol dispro-
portionation reaction at high temperatures and showed that the redox-chemistry can be
influenced by the oxidation state of the iron cations in the surface.3*! This dispropor-
tionation reaction was also observed for the magnetite Fe;0,(111)[3%%! and Fe;0,(001)[3¢4l
surfaces, making it the perfect model reaction for a quantitative evaluation of alcohol re-
activity on the stoichiometric «-Fe;,O3(0001)-surface.

6.1. Experimental Methods

The experiments with iron oxide single crystal surfaces were done at Professor Cynthia
Friend’s group at Harvard University. The ultra-high vacuum apparatus is equipped for
thermal and photochemical measurements in the UHV and has also been described else-
where.[365366] Briefly, it is equipped with a QMS (Hiden Analytical) with a skimmer for
thermal reactivity measurements and a Xenon Lamp (Sutter Instruments, Lamda 10-3)
with several filters for photochemical measurements. The surface preparation is mon-
itored with LEED (Princeton Research Instruments, 11-020) and Auger Electron Spec-
troscopy (Physical Electronics Industries, PHI 10-805). The chamber is also equipped
with several molecular beam dosers of in-house design, one of them connected to an
ozone source (LG-7 CD Laboratories) for surface cleaning procedures with high oxidation
potentials. The «-Fe,O3(0001) single crystal (SurfaceNet GmbH, Germany) is mounted
on a tantalum sheet with gold foil. Tungsten wires are cemented to the back of it (Aremco,
Ceramabond 569) and are mounted on the liquid nitrogen-cooled manipulator. The tem-
perature, which is measured with a type-K thermocouple, can be controlled up to 1000 K
by resisitive heating with a PID controller (Eurotherm 2404). Surface cleaning is rou-
tinely achieved by Ar*-sputtering (1.5 - 107 torr, 0.5 keV, 2 pA sputter current, 25 min)
and subsequent annealing at 1000 K in an ozone atmosphere of 2.6 - 10~ Torr for 20 min.
The ozone concentration is monitored online and regulated to 70 g/nm?. The source for
UV-illumination is a 300 W Xe lamp with a 400 nm short pass filter (3.1 eV, Asahi Spec-
tra). From previous work, the flux at the surface is estimated to be 92 mW/ cm?, 14% of
which are >400 nm. %] TPD measurements were carried out in a line-of-sight geometry
between 200 and 800 K. Methanol (Sigma-Aldrich, >99.98%) and ethanol were purified
by pump-freeze cycles. The dosage was performed at 200 K and the data presented is
corrected for ionization cross sections, transmission coefficients, cracking patterns and
their respective detector efficiencies (see also Appendix B).

6.2. Characterization of the «-Fe,03(0001) surface

The characterization of the «-Fe;O3(0001) surface after a cleaning cycle is performed by
AES and LEED. For the above mentioned crystal preparation, an AES spectrum is shown
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Figure 6.1. Auger Electron Spectrum of the Ozone-annealed o-Fe,O3(0001)-crystal. The
single crystal shows the characteristic signals 490 eV and 510 eV for oxygen and the ones
for iron at 47 eV, 598 eV, 651 eV and 703 eV.[!8%] The small feature around 250 eV is
attributed to a K contamination of the natural crystal. Quantitative AES analysis yields a

contamination of 1% within the 8 uppermost single crystal layers. Note, that the Fe-peak

at 47 eV shows a peak splitting, characteristic of Fe’"-cations in the surface region. [3%8]

in Figure 6.1. Apart from a small potassium contamination?, only iron and oxygen peaks
are observed within the expected stoichiometry. The peak splitting for the iron signal
at 47 eV suggests that the full oxidation was achieved, since it is characteristic of Fe’'-
cations in the surface region. 3!

LEED measurements allow for a further characterization of the oxidized o-Fe,O3(0001)
surface. In the above mentioned conditions, a (v/3 x v/3)R30° LEED pattern is observed
(upper part of Fig. 6.2), which is in very good accordance to previous work on haematite
films on Pt(111).3%] The LEED measurements further show, how crucial the surface
structure depends on the preparation conditions. Cycles of sputtering an oxygen anneal-
ing in a 1-10° torr background result in a LEED pattern with hexagonal florets attributed
to the “bi-phase”-reconstruction (Fig. 6.2).13543%%] When sputtered and annealed to 900 K
in vacuum, the crystal termination exhibits the well-known Fe3O4(111)(2 x 2) reconstruc-
tion. 3343693701 A] of the LEED patterns and corresponding surface structures are given
in Figure 6.2. A further discrimination of the Fe-termination is only possible by LEED I-V
curves3¥! or SPM techniques.

As a further observation, the oxygen signals from dosing oxygen and ozone are presented
in Figure 6.3. While oxygen does not adsorb in the investigated temperature range,?

molecular was oxygen desorption was observed when cooling the crystal down to 300 K

! The potassium is a known contamination in natural single crystals and amounts to 1% in the first eight
layers. Therefore, it is deemed insignificant for the LEED and TPD results presented here.

2 The lowest cooling temperature achieved was 180 K.
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Figure 6.2. An overview of LEED patterns for different surface terminations of a «-
Fe>O3(0001) single crystal and corresponding structural models proposed by Weiss and
coworkers, [356:367368] Three different surface terminations of x-Fe,O3(0001) have been
reported so far, which were mostly determined by LEED and STM measurements. (368!
The assignment of the LEED patterns stems from thin films on Pt(111).13%] The surface
nomenclature on the left labels the termination surface. For haematite and magnetite re-
constructions, two iron terminations are possible from the crystal structure. However,
they are not distinguishable from each other without SPM techniques. Oxygen atoms are
shown in red, while iron atoms are given in dark blue and purple. The parallelograms
represent the unit cells in real and reciprocal space, respectively.
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Figure 6.3. TPD results from dosing 1L of oxygen at 200 K on a clean «-Fe;O3(0001)
surface and from cooling down the surface to 300 K in ozone atmosphere (1 - 10~¢ mbar)
after the cleaning cycle. While on the stoichiometric o-Fe;O3(0001) no molecular oxygen
desorbs, the ozone covered surface shows some molecular oxygen in the TPD run around
450 K.
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in an ozone atmosphere. Possibly, residual ozone is still adsorbed even above 300 K,
which decomposes readily on the surface yielding molecular oxygen around 420 K. For
the reactivity measurements, the ozone background pressure is turned off at the anneal-

ing temperature, just before cooling the sample.

6.3. Thermal Chemistry of Methanol and Ethanol

Adsorption of methanol and TPD from the stoichiometric x-Fe;O3(0001) surface leads to
three distinct desorption features at 280 K, 370 K and 620 K (Fig. 6.4). The desorption of
methanol accompanied by formaldehyde at 620 K is indicative for a disproportionation
mechanism, similar to that observed on TiO, 237! and Fe;0,.[3%4] A similar behavior
was reported earlier from Henderson for the «-Fe,O3(012) surface, [3591 and attributed to
the disproportionation of methoxy groups, although the yields did not follow the ex-
pected stoichiometry. The feature around 370 K might be from recombinative desorp-
tion of methanol, while the main feature around 280 K might be attributed to molecular
methanol on the surface in analogy to the study of Henderson on the x-Fe;O3(012) sur-
face.l®! The small formaldehyde signal around 300 K and the oxygen one in Fig. 6.3

might be indicators that the ozone preparation could lead to O-adatom formation. 372!
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Figure 6.4. TPD of 0.42 ML of methanol adsorbed at 200 K on a «-Fe,O3(0001) surface.
Around 650 K, a high temperature feature of equal amounts for both, methanol and
formaldehyde, is obtained. It is attributed to a disproportionation reaction of methoxy
species on the surface. Most methanol desorbs between 250 K and 400 K, which is as-
signed to molecular adsorption. No further side-products such as hydrogen and methyl-
formate are observed. The traces are offset for clarity.
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Figure 6.5. Integrated molecule yields from a TPD coverage series of methanol on «-
Fe;O3(0001). In the left panel, the molecule yields up to 6 ML are shown, while in the
right panel the reactivity below 1 ML is displayed in more detail. Analyzing the high tem-
perature features in more details, above 500 K equal amounts of methanol and formalde-
hyde are obtained. Since no formation of carbon deposits is observed over 10 TPD exper-
iments, the carbon mass balance can be closed.

From TiO,(110), they are known to have a strong oxidation potential. 197372373 Nio molec-
ular hydrogen formation was observed during all the experiments (see Fig. 6.4) and some
water formation was observed, although super-imposed with background H,O from the
ceramic glue. The extremely broad water feature of the glue strongly depends on the
duration of the cleaning procedure and the experiment’s history. Higher oxidation prod-
ucts like methylformate are not obtained in this work. No coking is observed by AES
after consecutive TPD runs for all alcohols. Therefore, the carbon mass balance can be
closed and the coverage dependent desorption yields are shown in Fig. 6.5. When inte-
grating only the high temperature signals of methanol and formaldehyde, stoichiometric
desorption yields are obtained for the disproportionation reaction. The high tempera-
ture formaldehyde feature saturates with coverages high than 1 ML and further dosage
mostly results in further alcohol desorption.

Ethanol adsorption on the Fe,O3(0001) surface demonstrated similar characteristics as
for methanol (Fig. 6.6). High temperature evolution of acetaldehyde and ethanol are ob-
served at 630 K and the slight shift to higher temperatures may be explained by a higher
stability of the ethoxy species on the surface, originating from the longer chain length. 374!
The molecular yield of the acetaldehyde also saturates at coverages around one mono-
layer and higher dosage only results in more molecular ethanol desorption from the
peaks around 290 K and 385 K. The dehydrogenation pathway is observed for both al-
cohols, but dehydration to ethylene is not observed for ethanol (data not shown). This
supplies further evidence, that a fully oxidized «-Fe,O;-(0001) surface is achieved, since
the dehydration is usually attributed to oxygen vacancies in the surface?>?%!, which
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Figure 6.6. TPD of 0.91 ML of ethanol adsorbed at 200 K on a «-Fe,O3(0001) surface. At
650 K, both, ethanol and acetaldehyde, are evolved. The main ethanol feature is observed
at 290 K with a shoulder at 400 K. Although acetaldehyde as a dehydrogenation product
is obtained at the high temperature feature, no hydrogen is evolved. The traces are offset
for clarity.
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Figure 6.7. Integrated molecule yields from a TPD coverage series of ethanol on «-
Fe;O3(0001). In the left panel, the molecule yields up to 3 ML are shown, while in the
right panel the reactivity below 1.2 ML is displayed in more detail. The analysis of the
high temperature features in more details gives no clear stoichiometric trend, since in the
low coverage regime more acetaldehyde than total ethanol is evolved. As the formation
of carbon deposits is not observed over 13 TPD experiments, the carbon mass balance
can be closed. No ethylene desorption is obtained in any of these experiments.
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"heal" the surface by alcohol deoxygenation. The coverage-dependent yields (Fig. 6.7)
show, that only a crude stoichiometry is obtained for the high temperature features of
ethanol and acetaldehyde.

In analogy to the behavior of GaN reported in Chapter 5.2, an interpretation based on
the surface states of the n-type semiconductor can be given.[?*?l A change in reactivity of
the surface states has been also demonstrated by photo-electrochemical experiments for

water splitting, (3751

since these could facilitate a lower energy pathway for the proton ab-
straction from the alcohol. These results also corroborate the methanol chemistry on iron
oxide surfaces, where two different active intermediates for methanol oxidation where
observed on a hematite photoelectrode.3¢] The surface states are presumably a possi-
ble reason for dissociative alcohol adsorption on the semiconductor, since (somewhat)
localized charges on the surface may facilitate dissociative adsorption of the alcohol as

observed on previous polar surfaces.[?%4]

6.4. Photochemistry of Ethanol on «-Fe,O3(0001)

Photochemical experiments have been performed by dosing 0.91 ML at 200 K and illumi-
nation both with visible and UV light (see Fig. 6.8). No change in any trace is observed
for both experiments, while a variety of possible products has been scanned including
hydrogen, acetaldehyde, water, methyl radicals and further oxidation products such as
CO and CO,. Also the post irradiation-temperature programmed desorption (PI-TPD)
experiments show no significant changes in the desorption features with respect to ther-
mal desorption (compare Fig. 6.9 also with Fig. 6.6). The photo-oxidation reactions in
haematite are always reported for photo-electrochemical systems, where an external bias
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Figure 6.8. Isothermal illumination experiment of 0.91 ML ethanol on x-Fe,O3(0001) at
200 K. Neither visible nor UV light illumination results in a desorbing photoproduct.
Ilumination is started 30 seconds after the traces and ended after a further 300 s.
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Figure 6.9. TPD experiments after the corresponding illumination experiments shown in
Fig. 6.8. No further products were obtained, that are formed during the illumination and
the reactivity remains unchanged with respect to the thermal chemistry (see Fig. 6.8).

voltage is applied.[67344353,377-380] Without an external bias, no photoreaction was ob-
served on the haematite, which could be either due to an unsuitable valence band posi-
tion[32%] or due to the short charge carrier lifetimes (below 1 ps)[3817383 or hole diffusion
length (2 to 4 nm). [341]

6.5. Summary

In summary, annealing in ozone after sputtering proves to be a viable approach to pre-
serve a stoichiometric «-Fe,O3(0001) surface as shown by LEED and AES. The ther-
mal chemistry on the stoichiometric surface reveals a high-temperature dehydrogenation
pathway for methanol as well as ethanol, indicating a general absence of dehydration re-
action channels for aliphatic alcohols. The reason for this reactivity could result from a
surface redox-reaction or a disproportionation reaction. Also, a high temperature recon-
struction as obtained on magnetite(100) surface could not be ruled out. [384]

For both alcohols, the reactivity is saturated with monolayer coverages. The two addi-
tional desorption features at intermediate (380 K) and low temperatures (285 K) appear
for both alcohols, indicating two further adsorption sites that are unreactive, possibly due
to dissociative and molecular adsorption on the oxide. These three adsorption states are
in agreement with photo-electrochemical experiments, in which two differently bound
alcohol species have been identified as intermediates.[37°l This result stresses the signif-

icance of the chemical species of the molecule on semiconductor surfaces, both via the
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influence of surface states in thermal catalysis as well as the reactive species in photo-
catalysis. Further, ozone cleaning is demonstrated a viable technique for single crystal
semi-conductor preparation, while the conditions are less harsh than in oxygen plasma
treatments.!®”? The comparison between the nature of thermal intermediates and ad-
sorbed species from surface science studies with their corresponding species under am-
bient conditions is of great importance for understanding and tailoring the chemical pro-
cesses on the surfaces of promising photocatalytic materials.



Ethanol Chemistry on TiO,(110)

In the following, the thermal chemistry of ethanol is studied on a TiO,(110) model cata-
lyst to investigate possible reaction pathways. This TiO, model catalyst has been inves-
tigated previously for thermal and photocatalytical reforming of biomass, alcohols and

polyols, [81159,160,249,250,385-389]

7.1. Quantified Thermal Ethanol Chemistry on r-TiO,(110)

Parts of these results have been published previously[?**l and all experimental details can
found in this publication.

The thermal reaction pathways of ethanol on TiO, surface has been previously investi-
gated and the dehydration product ethylene %28l and the dehydrogenation products
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Figure 7.1. TPD for 0.66 ML (0.6 L) of ethanol on a r-TiO,(110) surface. The majority of
ethanol desorbs around 270 K, tailing to higher temperatures with a high temperature
feature around 480 K. This behavior is in good agreement with previous studies. 2363741
Further, the high temperature feature is accompanied by the desorption of acetaldehyde,
as the dehydrogenation product, and ethylene, as the dehydration product. The traces
are set to the same baseline.
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Figure 7.2. Series of TPDs of different ethanol coverages. The coverage of 1.0 L only
shows a signal around 270 K and is set to 1 ML in this study. The TPDs as a function
of coverage indicate, that at this coverage most Ti-lattice sites are filled. The next higher
coverage investigated already shows an additional peak around 170 K. This additional
peak can be attributed to ethanol desorbing from bridging oxygens on the surface. 37l
While it is obvious, that this definition of 1 ML (= 5.2 - 10* cm ™2 Ti-sites) includes a
significant absolute error, the conventional coverage determination from literature also
results in an uncertainty of 0.16 ML.[374] The traces are set to the same baseline.

acetaldehyde!?842%!] have been identified as the two reaction channels. Those products
both desorb at the same temperature around 480 K.

Ethanol also desorbs in a high-temperature feature in this region, which could be at-
tributed to the recombination of ethoxy species with hydrogen atoms from the dehydra-
tion and dehydrogenation reaction channels to form molecular ethanol again. The main
peak, however, occurs around 270 K, which is assigned to ethanol desorbing from Ti-
lattice sites.”4l From stoichiometry, molecular hydrogen should be formed upon dehy-
drogenation. However, molecular hydrogen is not observed. The hydrogen atoms lead
to hydroxylation and consecutively to water formation on the surface, that is also the
side-product of the dehydration from ethanol to ethylene. Successively, this is known to
lead to a formal reduction of the surface?®®! (see also Eq. 7.3 in the following), but upon
annealing to temperatures higher than 500 K a "bulk-assisted reoxidation"**! takes place
so that the BBO-vacancy concentration remains constant, as H,O-TPD titration reveals.
All traces of the carbon containing products are also evaluated for all coverages, but only
exemplary ones for acetaldehyde and ethylene can be seen in Fig. 7.3. For both products,
the high temperature feature was integrated for the determination of the molecule yield.
Note, that the heavy noise, both in a) and b), around 290 K results from the cracking

pattern correction and a noise accumulation. Previously, a minor low temperature ethy-
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Figure 7.3. Acetaldehyde (a) and ethylene (b) yields from TPD experiments of ethanol on
r-TiO,(110). Both products are evolved around 450 K from ethoxy species strongly bound
to the surface.[?85] Both reaction channels saturate at an initial coverage of 0.66 ML, for
acetaldehyde around 2% and for ethylene at about 6.5% of 1 ML, respectively.

lene peak has also been observed by Dohnalek and co-workers, 28] but at best only trace
amounts are detected in this work. It may be speculated, that the reaction may occur on
Ti-interstitial sites, which are highly dependent on the degree of bulk reduction of the
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Figure 7.4. Hydrogen traces for two exemplary ethanol TPD experiments on the r-
TiO,(110) surface. No significant formation of molecular hydrogen is observed.
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Figure 7.5. Water traces for three exemplary ethanol TPD experiments on the r-TiO,(110)
surface. The initial coverages of ethanol are given above the respective water trace. Two
major signals are observed for all those ethanol TPDs, one saturated around 400 K and
ohne around 240 K. In this setup, the thermocouple was mounted differently with regards
to later studies, so the peaks appear around 40 K shifted with regard to the literature of
the bare system. [374] Further, the co-existence of another alcohol is also known to shift the
water desorption feature to lower temperature. [371]

single crystal and the preparation history.[¥!l However, for increasing initial coverages
in Fig. 7.3(b) some small acetaldehyde signal can be detected around 240 K, but no mean-
ingful assignment of the peak is possible, since the peak is strongly influenced by the
cracking pattern analysis as well as an increase in the heating current in this temperature
region. No hydrogen is evolved from both reaction channels, as shown in Fig. 7.4 which
is in accordance with literature. 2852861 It is known for some oxides in general [2823923%]
and TiO,(110) in particular?®!, that if molecular hydrogen formation is not facile, the
hydrogen atoms from reaction eventually form water.! The water signals (Fig. 7.5) show
that in all the TPD experiments, water formation occurs and especially water desorbing
from BBO-sites is obtained for all coverages. Since no "coking" is observed for aliphatic
alcohols on TiO,(110) in general and AES after 9 TPD runs indeed did not show carbon
deposits (data not shown), the carbon mass balance can be closed. Therefore, the cover-
age dependent selectivity can be evaluated (Fig. 7.6) and shows that no further increase
of reaction products after an initial coverage of 0.5 ML takes place. Adsorption of more
ethanol only results in a higher ethanol desorption. The overall conversion with respect
to 1 ML is 2% acetaldehyde and 7% of ethylene, which is in good agreement with the
estimated defect concentration of 10%42% by H,O-TPD.

This study of ethanol reactivity on the r-TiO,(110) shows that dehydration to ethylene is
the major thermal reaction pathway for ethanol on r-TiO,(110), while the dehydrogena-

The exceptions (like ZnO(0001) 2531y prove the rule.
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Figure 7.6. Integrated molecule yields from a TPD coverage series of ethanol on r-
TiO,(110). Molecule yields up to 2.1 ML are shown. After a coverage of 0.66 ML of initial
ethanol dosage, no further increase in acetaldehyde and ethylene yields are obtained,
indicating that the reactive sites are saturated at this coverage.

tion to acetaldehyde only contributes to 2% of the monolayer coverage. Both reaction
channels are believed to occur in the same reaction site, the BBO-vacancy, which matches
the overall conversion of 9% of 1 ML.

Ethanol adsorbs dissociatively on the BBO-vacancies!?8#2%°l and to some extent also in
regular Ti troughs.[3%83943%] However, based on the overall conversion in a TPD ex-
periment, only the displayed reaction pathways are attributed to occur only in BBO-
vacancies, while ethoxy from regular Ti-lattice sites desorbs recombinatively to form
ethanol. The mechanism of the acetaldehyde formation is generally rationalized by the

following reaction equations:

CH,CH,OH + Ti,,. + O,, — CH,CH,0—Ti ,_+ O, H (7.1)
ethanol ethoxy
CH,CH,O-Ti_+ O, H Sbsmacion, ey cHO-Ti, + O, H, (7.2)
ethoxy acetaldehyde
CH,CHO-Ti,,. + O,,H, — CH,CHO1 + H,01 +Ti,,_ (7.3)
acetaldehyde acetaldehyde

The major reaction pathway is the dehydration of ethanol, where previous studies showed,
that the mechanism is likely to proceed via a fH-abstraction and a concerted scission of
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the C-Obond in a cyclic transition state. 285293 Both ethylene (Fig. 7.4) and water (Fig. 7.5)
are formed and eventually desorb, restoring the initial surface configuration.

CH,CH,O-Ti,_+ O, H 2E2edion o py 4 L Ti  OH + O, H (7.4)

ethoxy ethylene

Ti,, OH + O, H — H,01 + Ti,_ + O,, (7.5)

vac

In summary, the high temperature reaction channels have been studied quantitatively
and a saturation of converted acetaldehyde and ethylene was obtained at the BBO-vacancy
concentration. Both mechanisms are attributed to occur in the BBO-vacancy in agree-
ment with previous studies?42%], but the underlying effect that governs the selectivity
remains still elusive.
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7.2. The Mechanism of Ethanol Photo-Oxidation on TiO,(110)

The results in this chapter have previously been published. *%! The detailed experimental
conditions and illumination properties can be found in the respective paper.[3%!

When a coverage of 1 L ethanol is irradiated with UV-light at 110 K, no desorption prod-
ucts are observed (data not shown). A PI-TPD is carried out and an additional peak
around 220 K appears, that can be clearly assigned to acetaldehyde (Fig. 7.7(b)). A con-
trol experiment without UV-illumination is given in Fig. 7.7(a), which shows no signifi-
cant acetaldehyde production after 5 min of waiting after the dosage and before the TPD
experiment.

a) b)
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Figure 7.7. TPD experiments without UV illumination (a) and after 5 min of UV illumina-
tion (b) are displayed. The experiment in the left panel is carried out after a waiting time
of 5 min, to exclude any background adsorption. It shows no significant difference to the
immediate TPD result (Fig. 7.1). In (b), an additional peak around 220 K of acetaldehyde
is observed, while the overall ethanol desorption yield is decreased.

When the adsorbed ethanol is illuminated at 110 K with UV light for 5 min, a new ac-
etaldehyde feature appears around 210 K in a subsequent TPD run (Fig. 7.7b)). This
desorption feature of the produced acetaldehyde is consistent with earlier photochem-
istry studies of ethanol[3%¢3%7] and with thermal desorption of acetaldehyde at high cov-
erages.[’®®] However, molecular hydrogen formation is not observed during both TPD
experiments. To elucidate, whether hydrogen can just simply not desorb at temperatures
lower than the reaction temperature and therefore presumably leads to water formation,
the illumination experiment is carried out at the acetaldehyde desorption temperature of
around 220 K (Fig. 7.8). Upon illumination, an immediate rise in acetaldehyde is seen,
followed by a multi-exponential decay. At the temperature of 222 K, neither ethanol des-

orption nor hydrogen evolution is observed. Only Idriss and co-workers observed very
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Figure 7.8. Isothermal UV illumination experiment carried out at 222 K. After the initial
dosage of 1 L of ethanol is performed at 120 K, the crystal temperature is increased to
222 K. Upon illumination (start at 1 s) an immediate rise in acetaldehyde desorption
is obtained, while significant changes in H, and ethanol desorption are not observed.
INlumination is stopped after 98 s in this experiment.

small quantities of molecular hydrogen[®®, but they carefully never assign the molecular
H, signal to the photo-product acetaldehyde.

The conversion of acetaldehyde is investigated in the following by accumulating the
photo-product at cryogenic temperatures and in PI-TPD experiments after different il-
lumination times. The integral of the 220 K peak of acetaldehyde from Fig. 7.7 for var-
ious illumination times shows a saturation after 5 min of UV-illumination (Fig. 7.10(a)).
Since hydrogen desorption is not observed, water is monitored as a by-product of the
reaction (Fig. 7.9). While some water is also obtained in the blank experiment, a clear in-
crease in the feature(s) above 300 K is obtained upon illumination. When this desorption
above 300 K is integrated, a very similar trend to the saturation of acetaldehyde is found
(Fig. 7.10(b)). The rise characteristics after only a few seconds, as well as the saturation
value and behavior do match the acetaldehyde integrals perfectly, indicating a poisoning
of the reaction by site-blocking. If illumination is stopped and started again in Fig. 7.8,
the acetaldehyde intensity does only pick up at the level where the photo-reaction is ter-
minated, similar to the behavior of the O,-PSD shown earlier (Fig. 3.6). This indicates,
that a poisoning of the photo-reactive site takes place although the photo-product can
desorb. The poisoning is also observed, if ethanol is dosed again after the photoreaction
(data not shown), indicating that site-blocking is not associated with the acetaldehyde
only.
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Figure 7.9. Water traces of the experiments (a) and (b) shown in Fig. 7.7. Water is ob-
served both in the waiting and the PI-TPD experiment, presumably from background
adsorption or co-dosage. While the peak around 220 K does not differ for both exper-
iments, substantially more water is observed between 300 K and 450 K. The traces are
offset for clarity.

0.2 o

0.1 —

Acetaldehyde Integral /arb. u.
L]
H,O Desorption Yields /arb. u.

1 s 1 s 1 L 1 L 1 L 1 0.0 L 1 1 1 1 1

0 4 8 12 16 20 0 4 8 12 16 20
lllumination Time /min lllumination Time /min
(a) Acetaldehyde integrals (b) Water integrals

Figure 7.10. (a) The integrals of the acetaldehyde signal around 220 K in PI-TPD exper-
iment (Fig. 7.7(b)) after different illumination times at 110 K. Even after an illumination
of 15, a substantial amount of acetaldehyde is produced and the signal saturates after an
illumination time of approximately 5 min of UV-irradiation in cryogenic conditions.

(b) Integrals of the water signal between 300 K and 450 K from PI-TPD experiments
(Fig. 7.7) after the different illumination times. Similar to the trend for acetaldehyde
production on the r-TiO,(110) (a), an immediate rise in the water desorption in that tem-
perature windows is observed, which saturates after 5 min.
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Figure 7.11. Scheme of the photochemical reaction mechanism of ethanol on the r-
TiO,(110) surface. The figure displays the relevant reaction steps starting from the top
left. Ethanol adsorbs in a BBO-vacancy in a dissociative way, forming an ethoxy in the
oxygen bridge and a hydroxyl. Under UV-illumination on the n-type semiconductor.
photoholes travel to the surface and photo-oxidize the ethoxy species by «-H abstrac-
tion to form acetaldehyde bound to the defect. The abstracted H-atom forms another
hydroxyl on the row, while the two hydroxyls are in an equilibrium with water forma-
tion.[205306:39] When the temperature is high enough, the desorption barrier of acetalde-
hyde is overcome first and subsequently water also desorbs on a further increase in tem-
perature, leaving formally two BBO-vacancies behind. Note, that these do not have to
be neighboring, since hydroxyls easily can diffuse along the BBO row.[40401l The dou-
bling of the vacancy concentration after ethanol photo-oxidation was later confirmed by
an STM study.[*%?l When heating the crystal to higher temperatures, the vacancy concen-
tration equilibrates again by reducing the bulk of the single crystal.[®"! The Ti-atoms are
presented in grey, the oxygen ones in red, carbon in green and hydrogen in light blue.
Note, that the BBO-vacancies are presented in black. Reproduced from [3%! with permis-
sion from the PCCP Owner Societies.
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From all these findings, a mechanistic picture (Fig. 7.11) can be drawn for the photo-
oxidation of ethanol. Ethanol adsorbs dissociatively by forming an ethoxy and a bridg-
ing hydroxyl (Eq. 7.1). Upon UV irradiation in a n-type semiconductor, holes travel to
the surface and electron move into the bulk due to the upward band bending.*®! The
adsorbed ethoxy is photo-oxidized by the generated photohole by x-abstraction and an-
other hydroxyl or a paired one respectively is created:

.
CH,CH,O-Ti,,. + OH,, ~— CH,CHOTi,,_+ 20H,, (7.6)
ethoxy acetaldehyde

The bound acetaldehyde desorbs from the BBO-vacancy leaving the initial adsorption site
behind (Eq. 7.7). The two hydroxyls either exist separately or as a paired hydroxy][101-306401]
and can thermally recombine above 300 K to form water (Eq. 7.8).12%%]

CH,CHO-Ti,,. — CH,CHO® + Ti, . (7.7)
acetaldehyde acetaldehyde
20H,, —> H,01 +Ti,, + Oy, (7.8)

The mechanism is not catalytic, since the water formation leads to a further reduction of
the surface and the BBO-defect concentration is doubled, which was confirmed by the
work from Wendt and co-workers later. *2] The vacancy concentration from TPD experi-
ment to TPD experiment however remains quite constant, since the surface is reoxidized
by the bulk. 30

Most studies on the ethanol photo-oxidation on TiO,(110) also investigate aerob condi-
tions either by pre-oxidizing the crystal*024%] or performing the illumination experi-
ments in an oxygen atmosphere. 395394031 The pre-oxidation as well as the atmosphere
complicates the assignment of sites on the surface significantly?, as not all BBO-vacancies
are filled by pre-oxidation!'912172183%] and O-adatom formation does not necessarily
scale with the defect concentration, since it occurs also on regular Ti troughs. 1012181 A
PI-TPD experiment after 1 min of UV-irradiation on an 0-TiO,(110) surface similar to
Fig. 7.7b) is displayed in Fig. 7.12. Oxygen is generally thought to promote the photo-
oxidation[3%>3%l 5o after 1 min of UV irradiation substantially more acetaldehyde is ob-
tained than on the reduced surface, while the temperature of the desorption feature re-
mains the same. A distinct difference is observed in the water desorption, since no peak
above 300 K is obtained, but the intensity of the 220 K feature also includes water formed
in the photoreaction and is, hence, increased. The high temperature features are similar to
the thermal chemistry on the r-TiO,(110) surface. The observation is in good agreement
with all previous studies, since oxygen from the gas-phase or on the pre-oxidized surface
generates O-adatoms. These are known to promote alkoxy-formation, as observed by

[371

Henderson and co-workers[*”! and further studies revealed that alkoxy are the photoac-

2 The effect of oxygen on the TiO,(110) surface is discussed in Chapter 3.3.1.2
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Figure 7.12. PI-TPD of ethanol on an o0-TiO,(110)-surface after 1 min of UV illumination
at 120 K. Note, that the surface is prepared by cooling down the crystal after the annealing
in an oxygen atmosphere to 300 K4, Similar to the reduced surface, an acetaldehyde
peak is observed at 220 K. The water trace, however, is significantly different, since no
feature is obtained at the temperature between 300 K and 450 K, indicating possibly a
different reaction mechanism in comparison.

tive species. [11 By increasing the oxygen-background pressure, effectively the O-adatom
concentration is increased, leading to an increased ethoxy formation.®?! Under the as-
sumption, that all BBO vacancies are filled?, the ethoxy photo-oxidation can also readily
occur on Ti-lattice sites in agreement with previous reports. 397402l The absence of the wa-
ter peak above 300 K indicates, that the O adatoms are consumed by the water formation,
since at this temperature water desorption from the Ti troughs is expected. Therefore, the
photo-oxidation mechanism can be explained by the following set of reaction equations:

CH,CH,OH + Tiy .. + 0,4 — CHyCH,0—Ti, ;.o + O,qH (7.9)
ethanol ethoxy
CH,CH,O—Ti,_ ... + O,y + O, H s CH;CHO—Ti .. + 20, H (7.10)
ethoxy acetaldehyde
CH,CHO-Ti, ;.. +20,,H — CH,CHO 1 + H,01 + Ti, . + O,g (7.11)
acetaldehyde acetaldehyde

This mechanism is also not catalytic on the 0-TiO,(110) surface, since an O adatom is
consumed in the reaction scheme. In oxygen atmosphere, these are readily restored by
dissociative oxygen adsorption. [218]

Interestingly, neither of the both presented mechanisms is catalytic on the surface. In
both cases, this is attributed to the water formation from hydroxylation (Equations 7.8

3 Although this assumption might be inaccurate, the enhancement of the acetaldehyde production in all
studies suggest a parallel mechanism not involving the BBO vacancy as a binding site. %6402
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and 7.11). However, the reaction can be driven catalytically in the oxidized mechanism,
when molecular oxygen is a stoichiometric co-reactant and dissociates on the TiO,(110)

surface. The implications for catalysis will be discussed in Chapter 9.



Photocatalytic Selectivity Switch to C-C
Scission: «x-Methyl Ejection of tert-Butanol
on TiO,(110)

While a stoichiometric photochemical mechanism for alcohol oxidation via «-H elimi-
nation on 1-TiO,(110) is found in Chapter 7.2, the experiments with a tertiary alcohol
were performed to examine the general validity of the mechanism. Contrary to what
one might expect, the tertiary alcohol tert-butanol is not inert towards photo-oxidation,
but readily ejects methyl radicals to form acetone. Most interestingly, also the regular
thermal dehydration reaction pathway seems affected by the UV-irradiation, leading to
an immediate desorption of the dehydration product isobutene below the expected ther-
mal reaction temperature. This work has recently been published: %! C.A. Walenta et
al., Phys. Chem. Chem. Phys., 2018 - Reproduced by permission of the PCCP Owner
Societies.

Introduction

While photocatalysis is currently heavily 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 to be found. [406] Ty this regard, primary, secondary
and tertiary alcohols are structural motives 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. [4074%], While titania exists in different modifications, rutile TiO,(110) is by
far the most researched surface.[””1%2l While detailed mechanisms via o-H abstraction of
alkoxy species are known for methanol 1163631 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.*1% Nevertheless, attempts have been
tried out to use platinum-loaded TiO, (P25) particles for the photochemical conversion

62
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of tert-butanol. *11412] Tt was shown that the alcohol can indeed be converted to a variety
of products. However, the exact reaction pathways still 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. 4!l

The thermal chemistry of tert-butanol exhibits a dehydration pathway to isobutene via
a concerted E2-elimination of water instead of an oxidation reaction.!??3! Furthermore,
Dohnalek and co-workers have only recently reported a new thermal reaction pathway
of phenylmethanol to methylbenzene and benzylradicals, because the benzene ring sta-
bilizes the radical species.[?¥ As in the case of tert-butanol an o-hydride elimination
is disabled, similarly a direct deoxygenation occurs in the thermal reaction.!?®®! In this
work, we study the photochemical reaction mechanism on the rutile reduced TiO,(110)
surface [r-TiO,(110)] for tert-butanol. It is shown how thermal and photochemical reac-

tion steps contribute to the selectivity of the overall reaction outcome.

Experimental

The experiments were carried out in an ultrahigh vacuum (UHV) apparatus equipped for
photochemical measurements as described previously.[32233] The cylindrical TiO,(110)
single crystal (Surface-net GmbH) is mounted on a 1 mm thick tantalum plate with tan-
talum clamps and a very thin gold foil to ensure good thermal conductivity. Crystal
cleaning was accomplished by cycles of Ar'-sputtering (5.0 - 10~¢ mbar, 20 min, 100 K,
11.8 pA), annealing in oxygen (1 - 10~ mbar, 820 K, 20 min) and vacuum annealing
(820 K, 10 min) and no impurities were detected in the Auger electron spectra. The de-
fect concentration of the reduced, blue crystal (denoted r-TiO,(110)) was determined by
H,O temperature programmed desorption (TPD) to be about 6% =+ 1%.[2%! Thermal
and photodesorption experiments were carried out in a line-of-sight geometry with re-
spect to the quadrupol mass spectrometer (QMA 430, Pfeiffer Vacuum GmbH) with a
distance of about 4 mm to the skimmer. UV illumination of the sample was accomplished
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) illumi-
nate 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. 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 desorp-
tion yield from all Ti-sites (1 ML = 5.2 - 10'* sites/cm~2). Further experimental details
including product identification, cracking pattern correction and ionization sensitivities

are given in the supporting information.
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Figure 8.1. 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 CH,-
radical is ejected from the tert-butanol, but further molecules neither from thermal- nor
photochemical-reactions do not desorb. 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 unre-
acted tert-butanol. Adapted from%! - Reproduced by permission of the PCCP Owner
Societies.

Results and Discussion

While the photochemical reaction behavior of tertiary alcohols has so far not been inves-
tigated on single crystalline surfaces, the thermal reaction pathway of tert-butanol is al-
ready quite well understood. In good agreement with the literature (293,374] it is found that
tert-butanol reacts via dehydration to isobutene, which occurs at around 425 K. In exper-
iments with the deuterated tert-butanol-OD, HDO is identified as a by-product at the re-
action temperature of 425 K (Fig. 8.6). The coverage dependent molecule yields (Fig. 8.8)
show that the thermal reactivity levels off after the coverage of all Ti-sites on the sur-
face. >l 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. 8.1a). While
a similar photochemical methyl-ejection from organic compounds has been observed
previously for ketones!!98255-257414415] anq acetaldehyde*'®l on oxidized TiO,(110) [o-
TiO,(110)] or in an oxygen atmosphere 3%, this pathway has so far not been identified
for the reaction of alcohols. This signal is indeed a methyl-radical as verified by a com-
parison of the masses 15 and 16 (Fig. 8.9).

As for tertiary alcohols the usual photochemical reaction pathway 1061163053651 yia the
abstraction of an «-H is intrinsically excluded, the reaction with photoholes instead ini-
tiates the cleavage of a C-C bond. More detailed insights into the reaction pathways are
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Figure 8.2. 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. Note, that the HDO yields are not scaled to the carbon mass
balance. Due to isotopic exchange of water with alcohol groups!?l, one refrains from a
quantitative relation. However, the trend of the 425 K water feature shows a scaling with
the isobutene yield. Adapted from!“%! - Reproduced by permission of the PCCP Owner
Societies.

obtained by subsequent post-irradiation TPD experiments (see Fig. 8.1b for 20 min illu-
mination). These experiments reveal the formation of three different species: Acetone
is identified as the resulting product from the photocatalytic methyl radical ejection. In
addition, unreacted tert-butanol and isobutene, which is also generated in the thermal
reaction (Fig. 8.6), are detected. Auger electron 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. 8.2). With an increas-
ing 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. Alkoxy species have previ-
ously been found to be the photoactive species. 116354174181 While the actual active site
for photooxidation still remains under discussion, we follow the interpretation of Hen-
derson, who reports that methoxy formation occurs either on defects, co-adsorbed oxy-
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Figure 8.3. 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, CH;-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 nor-
malized PSD yields from the same experiment as in a) are shown for a qualitative com-
parison of decay rates. All 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 a thermal desorption behavior after the photoreac-
tion to acetone. The isobutene decay is faster then the methyl-ejection, which may be
attributed to a photochemical desorption as observed in literature.[13¥] Adapted from [4%]
- Reproduced by permission of the PCCP Owner Societies.

gen adatoms or terminal OH groups.*7! As on the r-TiO,(110)-surface, only defects oc-
cur in significant amounts, we assign the tert-butoxy formation to occur predominantly
in bridge-bonding oxygen (BBO) defects, as attributed by the saturation value, which is
in excellent agreement with the concentration of BBO-vacancies of 0.06 = 0.01 ML on
the r-TiO,(110)-surface as determined by water-TPD.[?%! Furthermore, STM images of
2-butanol reveal the butoxy formation only occurs in the defect. 41!

Interestingly, in the present work and the previously mentioned 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 either from diffusion of the alcohol into the cleared BBO-vacancies dur-
ing the TPD experiments. The thermal reaction pathway is not expected to be strongly
affected by the photoreaction. This is also supported by the behavior of the isobutene
signal for different illumination times (Fig. 8.2), for which a drop from about 30% to only
somewhat below 20% is observed.

In a subsequent experiment, the photoreaction was investigated at 293 K (Fig. 8.3a). This
particular temperature was chosen, as on the one hand significant desorption of tert-
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butanol is not expected to occur. On the other hand, desorption of acetone shall be en-
abled according to the post-irradiation TPD experiments (Fig. 8.1b) and the desorption
behavior reported in the literature. %420 Similar as in Figure 8.1, 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 signifi-
cantly lower intensity during the beginning of the illumination. Unexpectedly, desorp-
tion of isobutene is also observed under UV illumination. While it has been shown that
this molecule can even be photodesorbed below 100 K on the r-TiO,(110) surface (3! it
is detected at least 50 K below its first desorption feature in the tert-butanol TPD experi-
ment (Fig. 8.6). When the resulting decay curves are normalized to their maximum value
(Fig. 8.3b), 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. 61311
However, the individual decay curves are significantly different from each other, which
is depending on 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 are
a combination of thermal and photochemical processes. The photochemistry at 100 K
and 293 K as well as the thermal reactivity enable detailed insights into the different reac-
tion 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 demonstrates that at least one reaction step, only accessible
by thermal chemistry, is of importance. To study the temperature dependency further,
PSD experiments of 0.18 ML tert-butanol are carried out at several temperatures between
239 K and 330 K (Fig. 8.10). The analysis of this data shows (Figure 8.4), that at 239 K
about equal amounts of isobutene and acetone are formed. An increase in the tempera-
ture of the photoreaction is enhancing 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 photoactive site. The changes in product yields are further reflected in
the selectivity of the photoreaction (Figure 8.4b). 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 distinct low-energy structure as the n*(C,0)-enolate for aldehydes and ke-
tones[255256:3%] suggest 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 alco-
hol molecules into the defects plays an important role for 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.[*1°421] Furthermore, the accompanied produc-
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enhanced apparent PSD selectivity towards acetone is obtained. Adapted from %! - Re-
produced by permission of the PCCP Owner Societies.

tion of acetone (eq. 8.2) is also found to be slow at 100 K and the yield only saturates after
30 min of illumination.

(CH,;);COH + Vacggq + Oggog — (CH;)3;CO—Vacypy + OHggq (8.1)

tert-butanol

acetone
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On the other hand, the resulting increase in methyl ejection at 293 K is not only increased
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 subse-
quent 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. 8.3b). While a very fast photodesorption behavior on the n-type semicon-
ductor 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. This temperature-dependence suggests, that a barrier to an activated
transition state for the H,O-elimination of tert-butanol exists, which can already be over-
come at lower temperatures than the complete thermal reaction to isobutene. UV illumi-
nation seems to propel the consecutive chemical reaction steps and, as the desorption is
not thermally hindered, the fastest kinetics of all observed products results. In the ther-
mal 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 (eq 8.5).

(CH,;);COH + Vacggg + Oggog — (CH;)3;CO—Vacypy + OHggq (8.3)
tert-butanol
(CH,),CO—Vacgg, + OHgpo 25 C,H,y + H,O + Vacggs + Oggo (8.4)
isobutene

hv

isobutene

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 Figure 8.5.

The water-free conditions also demonstrate, that such photoreactions do not necessarily
need to occur via the generation of OH-radical and a subsequent oxidation of the alco-
hol. Instead, a direct hole transfer to the organic molecule is observed. This mechanism
may also work under aqueous conditions, as long as 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.[411412] Tn line with our
observations, acetone was also identified as the main reaction product from the photore-
action, while isobutene was the sole thermal decomposition product. Based on our study,
we related these properties to originate from the peculiar chemistry of TiO,.



70

BO vac.
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Figure 8.5. 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 expected from the reaction tempera-
ture. The isobutene is either photo-desorbed in the illumination case or thermally des-
orbed. Reproduced from %! - Reproduced by permission of the PCCP Owner Societies.

Conclusions

In summary, we have shown that the photooxidation for alcohols without an «-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-vacancies 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 an 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 ace-
tone occurs, an additional 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 tempera-
tures, as the thermal desorption is generally believed to take place immediately after the
isobutene formation.1332%1 The temperature-dependent behavior of this reaction can be
attributed to a cyclic transition state involving the BBO-vacancy?*?l, and a redistribution
of charges upon illumination, which may facilitate the reaction and product desorption.
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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 chem-
istry with two different reaction pathways, dehydrogenation and dehydration, which can
be tuned by the judicious choice of the proper reaction parameters.

Supplementary Data

During the thermal and photo-desorption experiments, the potential products were mon-
itored with several masses: Isobutene with masses 56, 41 and 39; acetone with 58 and
43, tert-butanol-OD with 59, 31 and 32. The methyl-radical was detected during the ex-
periments on mass 15. Further molecules and corresponding masses including H, (2),
HD (3), CH, (16), H,O (18), HDO (19), CO (28), CO, (44) were recorded, but found to
be insignificant with the exception of water (see Fig. 8.6). To quantify the results, the
coverages of tert-butanol normalized to the H,O-TPD of a monolayer according to the
convention in literature. 34 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 con-
sidering the fragmentation of tert-butanol and the respective other molecules. For the
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Figure 8.6. TPD of 0.45 ML tert-butanol-OD on r-TiO,(110). Tert-butanol desorbs from
the lattice sites, while a dehydration pathway to isobutene is observed around 425 K,
which is in agreement with previous studies.?#>2l 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 addition,
another peak is observed around 250 K, which is attributed to the desorption from BBO-
sites. I arises from water adsorption from the background and some dissociative adsorp-
tion, since some exchange to background adsorption from water is obtained. Adapted
from[4%%] - Reproduced by permission of the PCCP Owner Societies.
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quantification, all molecule yields were corrected for their fragmentation pattern, their

transmission through the QMS and their ionization cross sections. 42274241
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Figure 8.7. Coverage-dependent TPD series of tert-butanol-OD on r-TiO,(110). At small
coverages, a desorption feature at around 400 K arises, that is attributed to tert-butanol
binding to 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 BBO surface
atoms. Another feature appearing below 200 K is attributed to multilayer desorption.
The coverages are referenced to the coverage determination of Dohnalek and co-workers
and in very good agreement with their work. 374
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Figure 8.8. 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 cir-
cles. Although not present from thermal TPD, the acetone baseline is shown in green
triangles. Auger electron spectroscopy and previous studies3”#! indicate, that there are
no carbon deposits for all aliphatic alcohols on r-TiO,(110). Hence, the carbon mass bal-
ance can be closed, which is addressed by black triangles showing the total carbon dosage
by addition of the carbon containing desorbing molecules. Note, that the dosage axis is
broken, to display more data points. Adapted from[*®®! - Reproduced by permission of
the PCCP Owner Societies.
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Figure 8.9. Isothermal photodesorption yield vs time for 0.18 ML of tert-butanol at 295 K
on the r-TiO,(110) surface. Note, that for the explicitly stated molecules the cracking
pattern contributions and ionization sensitivities are accounted for. The traces are offset
for clarity. The signal of m/z = 15 is more than 8 times as much as for m/z = 16. This
clearly indicates, that a methyl radical is ejected during the photoreaction, while only
traces amounts of methane are observed. The pink trace represents the raw data for mass
16. The different signal to noise ratios in this data set stem from the scaling by the above
mentioned correction factors from cracking pattern and ionization coefficients. Adapted
from %] - Reproduced by permission of the PCCP Owner Societies.

T T T T T T T T T
2.0x10™ | —— Isobutene |
239 K Acetone

1.8x10™°

260K

1.6x10™°

283K Koo

1.4x107° | e
294 K .

1.2x10™ | E
310 K

1.0x10™ | E
330 K

0 40 80 120 160 200
Time /s

Molecule Intensity /arb. u.

Figure 8.10. Isothermal photodesorption yield vs time for 0.18 ML of tert-butanol at dif-
ferent temperatures on the r-TiO,(110) surface. The UV illumination is started at 0 s and
ended after 180 s. For all temperatures, some desorption of both isobutene and acetone is
observed, while no tert-butanol desorbs upon irradiation. By increasing the temperature,
both the overall apparent desorption and the selectivity towards acetone are increased.
The traces are offset for clarity. Reproduced from %! - Reproduced by permission of the
PCCP Owner Societies.



"When all think alike, then no one is thinking."
The Stakes of Diplomacy - Walter Lippmann

The Mechanism of H, Evolution from
Methanol on Pt /TiO,(110)

Abstract

As the conduction band edge of rutile TiO, 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 TiO,(110) single crystal decorated with platinum clus-
ters indeed enable the evolution of H,. 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.

Introduction

Hydrogen generated from renewable feedstocks is envisioned to act as a potential fuel
for clean transportation.[?2425426] In the last decade research focusing on increasing the
efficiency of hydrogen production has tremendously been intensified by following both
conventional and novel approaches. ¥4 Photocatalytic water splitting facilitated by
co-catalyst loaded semiconductor particles is one promising way for clean hydrogen pro-
duction. Recently, such systems have been reported to exceed efficiencies of over 1% in
a scalable solar-to-hydrogen production.3% Surprisingly, detailed mechanistic insights
are still scarce despite of the intense research efforts undertaken in the past. Such knowl-
edge, however, may be vital for the development of devices, which economically out-
perform 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
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and the chemical reactions. For the latter, both partial reactions are usually treated some-
what 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 poten-
tial 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. 35431 Evidenced by the study of the photocatalysis of
methanol as model reaction, we show that H, 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 H, formation. 314! We believe that this mechanism
has to be considered in other photocatalytic systems, in particular for those that enable
hydrogen surface diffusion.

Results and Discussion

The photochemical behavior of methanol [116:206:365417418421,432-434] and other aliphatic al-
cohols3953%64034091 on bare TiO,(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.['”! From studies in UHV it is known that on a reduced ti-
tania crystal the main photochemical reaction pathway is a disproportionation reaction
yielding formaldehyde and the hydroxylated semiconductor (see Eq. 9.1).[417]

CH,OH—Ti,,,+ O, % CH,O1 + Ti,; + 2OH,, .1)

sur sur:

At best only very small amounts of molecular hydrogen are detected.?%! As the semi-
conductor stays significantly hydroxylated until the desorption of water at elevated tem-
perature (above 300 K), catalyst poisoning is observed.

In contrast, the deposition of small platinum clusters on the semiconductor completely
changes the behavior (see Fig. 9.1). While the rate constant of the formaldehyde produc-
tion, which is reflected in the respective decay curve, remains the same, strong produc-
tion 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. Con-
trary 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,
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Figure 9.1. Isothermal photochemical reaction of 1 L of methanol on r-TiO,(110) (a) and
on Pt,/TiO,(110) (b) at 260 K. Upon UV illumination (shown in a blue background),
methoxy species are photo-oxidized to formaldehyde, which desorbs thermally. In (a)
only trace amounts of H, are formed upon illumination, while the catalyst poisoning
is observed in subsequent runs (see Fig. 9.7 and Fig. 9.8). The Pt-loaded photocatalyst
(b) shows an almost identical decay curve for formaldehyde desorption, but significant
production of H, is additionally visible during illumination.

due to its reaction with the methanol, the kinetics stay the same in subsequent cycles (see
Figure 9.13).

The comparison of the photocatalytic reaction behavior of the bare semiconductor with
the Pt-loaded one leads to the following reaction mechanism, which is illustrated in Fig-
ure 9.2. From the alcohol chemistry on the bare semiconductor it is known that methoxy
species are formed in titania defects, acting as photoactive centers for a hole-mediated
oH abstraction. [116417] Upon co-catalyst loading, this photoreaction mechanism remains
unaltered, as evidenced by the unchanged apparent rate constant of formaldehyde pro-
duction. However, the appearance of the intense H, signal demonstrates that the role
of the co-catalyst is to enable the recombination of hydrogen atoms of the hydroxylated
TiO, crystal (Eq. 9.2 and 9.3).

CH,OH—Ti,,, + O,, % CH,O1 + Ti_; +2OH, 9.2)
Tiyp +20H,, — H, 1 + Tig, + 20, 9.3)

While the desorption of H, may be facilitated by the recombination of photoholes at
or in the vicinity of the co-catalysts, an electron-consuming reduction of H* can be ex-
cluded due to the conservation of charges. The comparison of Eq. 9.2 and 9.3 with Eq. 9.1
demonstrates that the release of H, occurs via the recombination of hydrogen atoms on
the co-catalyst, which can already by facilitated thermally (see Fig. 9.14). As the contri-
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Figure 9.2. Scheme of the mechanism of photocatalytic methanol conversion at 260 K at
a co-catalyst loaded r-TiO,(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) gets oxidized by photoholes [116418] (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 photo-oxidation step.

bution of photogenerated electrons is not required for yielding the respective products,
the overall reaction is in fact a hole-mediated disproportion reaction of the alcohol rather
than two different redox reactions, with the first step being the same as Eq. 9.1. This
mechanism is also in good agreement with findings from semiconductor physics. As the
TiO, 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 photogener-
ated 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 de-
fect regeneration by corresponding photoelectrons. The resulting neutral charge balance
is fully compatible with the mechanism described above.

The absence of poisoning in Pt, /TiO,(110) enables to perform the reaction under steady-
state conditions (Fig. 9.3a) and to determine the turnover frequency (TOF) of the photo-
catalyst. Surprisingly, it is found that higher coverages of co-catalysts only lead to very
small changes in the TOF (Fig. 9.3b). 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,
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Figure 9.3. Photocatalytic conversion of methanol on Pt-loaded r-TiO,(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.

this coverage amounts to weight loadings of less than 0.01 to over 0.3 w% of platinum
(assuming the bulk density of rutile TiO, and Pt;5 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. 314!



80

With the hole-mediated disproportionation reaction mechanism, a straightforward inter-
pretation 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 influ-
ence 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 TiO,, which has
been attributed to the redox properties of the semiconductor.!*3%! As a result, the distance
of the co-catalyst to the center of photoreaction is not of paramount importance for the
H, evolution rate. Interestingly, the photocatalytic reaction is not dependent on the en-
ergy of the incident light as observed for the O,-PSD[*®! (Fig. 9.11). Further, no difference
in amount or in the kinetics of the onset or the trail for the photoreforming products is
observed, when the sample is irradiated continuously or with ns-laser pulses (Fig. 9.4).
This further indicates, that the chemical kinetics dominate in this reaction regime and
that the charge carrier dynamics seem negligible. The co-catalyst coverage dependence
again demonstrates, how strongly formaldehyde formation is governing the overall reac-
tion rate. As the density of oxygen vacancies, which were previously identified as active
sites for the hole-mediated reaction, is about 6% (see Fig. 3.5), it is over two orders of
magnitude higher than the lowest cluster coverage. Therefore, the vital role of these de-
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Figure 9.4. Photocatalytic experiments depending on wavelength and illumination con-
ditions with Pt, /TiO,(110) and a cluster coverage of 1% is shown in a background of
1 - 1077 mbar methanol. In a), 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. 9.12 for details), well above the band gap value for rutile TiO,
of 3.0 eV. The photocatalytic reaction of methanol shows the same behavior as in Fig. 9.3
and Fig. 9.11. In panel (b), a direct comparison of the LED to laser excitation is shown,
while the pulse energy of the laser is only 38 uJ at 241.8 nm and the characteristics show
no appreciable difference.
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Figure 9.5. Different mechanistic pathways for photocatalyic reactions. In the left part,
the conventional model (adapted from Domen and coworkers!!7428]) based on photoelec-
trochemisty is displayed. In this picture, H, 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 mech-
anism 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 photocat-
alytic reaction in case of TiO,. 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.

fects 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. [4364%71

The photon-stimulated desorption of oxygen, which is a powerful tool to probe the con-

(2071, further confirms this assumption as it does not

centration of accessible BBO-defects
significantly change after cluster deposition and even catalysis (see Fig. 9.15). For ex-
ample, 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 pho-
tooxidation of CO in case of Pt[1?°! or the O, photodesorption in case of gold M4l 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.

The new mechanism, which differs from the generally adopted photoelectrochemical pic-
ture, (see Figure 9.5) is an alternative possibility for the evolution of molecular hydrogen.
While the established pathway still may be dominant in certain systems, the new mech-
anism extends the range of possible semiconductor materials. In particular, hydroxyl-
forming oxides may be potential candidates and their conduction band edges do not
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necessarily have to match the reduction potential of hydrogen, as it is illustrated here in
the case for rutile decorated with co-catalysts. 31l

The amount of co-catalyst for the H, 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 H, 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.

As oxygen vacancies enable the «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.[**®! The optimal preparation procedure may differ for different
metals, depending on the metal mobility on the semiconductor. 43!

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

each other.

Experimental Methods

All experiments were performed in an ultra-high vacuum apparatus %! with an attached
laser-vaporization cluster source. A rutile TiO,(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.[”! Over the course of the ex-
periments, 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 (6%=1 in this case).[”3%! The Pt (99.95% purity, ESG Edelmetalle, Ger-
many) 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.*3#40] 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-TiO,(110)
surface under soft-landing conditions (< 1leV/atom in kinetic energy). The resulting cat-
alyst is therefore named Pt, /TiO,(110) in the following. The cluster size distribution is
checked before every experiment and determined by a mass scan over all sizes. The re-
sulting mass spectrum is displayed in Figure 9.6. The clusters are deposited randomly
on the surface and show no preferential adsorption as evidenced by Kelvin Probe Force
Microscopy and STM. [436437,441]
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Table 9.1. Cluster coverages used in this work on the TiO,(110) surface.

% ML /cm—2 ‘ Number of clusters /e - nm 2 ‘ Number of clusters /e - cm 2 ‘

0.02 0.003 3. 101
0.10 0.015 1.2 - 10%2
0.12 0.018 1.8 - 102
0.50 0.075 7.5 - 102
1.00 0.150 1.5 - 1013

Between the experiments, a few cycles in sputtering, lasting in total more than 1 h, were
employed to facilitate a clean surface. The surface purity is verified by D, and H,O TPD,
since also the smallest contamination of Pt clusters on the surface leads to a desorption
feature in Hydrogen in a TPD between 200 K and 300 K. Methanol (Chromasolv, >99.9%
purity) and Methanol-d; (Sigma Aldrich, 99.8 atom % D) are cleaned via several pump-
freeze cycles and either dosed at cryogenic temperatures or via a constant background,
while all relevant masses are monitored with a QMS.

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 con-
ditions, unless stated otherwise. The crystal is heated to the reaction temperature and
then the UV-illumination is started. To determine turnover-frequencies (TOFs), the cat-
alyst 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 H, (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 sec-
tions 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 -1014).0574]

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-vacancies2%!
(see Fig. 3.5)) to yield a number of molecules per active site per second. Stoichiometry
was checked for every catalytic experiment (see Fig. 9.9). This TOF is possibly still limited
by mass transport, but pressures higher than 4 -10~7 mbar were not investigated to ensure
the proper detection by QMS. The apparent quantum yield (AQY) can be calculated by
relating the number of evolved molecules per second to the photon flux: 434281

AQY(O/o) _ Product Molecules (s~ 1) .100 (94)

Photons (s~ 1)

In this work, the amount of product molecule (either formaldehyde or hydrogen) is di-
vided 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
H,.[#142428] For the lowest photon fluxes (compare to Fig. 9.10), a quantum yield of 3.2%
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is obtained, while in the saturation regime (see Fig. 9.10), the quantum yield is about
0.11%.

Supplementary information

Cluster Current /pA

1000 2000 3000 4000 5000 6000

7000 8000

Mass /amu

Figure 9.6. 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 Pt; up to Pt;,. When depositing in the ion guide mode, all masses
lower than Ptg are discarded. The clusters show a log-normal distribution and have a
size about 1 nm in diameter. 44!
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Figure 9.7. Isothermal photoreaction of methanol on the r-TiO,(110) surface at 260 K
while H, and formaldehyde are detected by the masses 2 and 30 respectively. In the first
experiment (1), 1 of methanol is adsorbed on the crystal at cryogenic temperatures and
then the crystal temperature is set to 260 K. The blue box in the figure indicates the illu-
mination. Upon UV excitation of the n-type semiconductor, the photoholes travel to the
surface and oxidize methoxy to formaldehyde.[116417418] At this temperature, the ther-
mal desorption of formaldehyde is observed [118365442] accompanied by trace amounts of
H,.12091 After the first run, the hydroxylation of the semiconductor leads to site-blocking
of the reactive sites. [*%! 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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Figure 9.8. Isothermal experiment at 260 K on a r-TiO,(110)-surface in a constant
methanol background of 1 - 1077 mbar. In agreement with Fig. 9.7, upon the first irradi-
ation 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. No appreciable hydrogen signal is obtained during
those irradiations.
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Figure 9.9. Methanol pressure-dependent TOF for Pt, cluster on r-TiO,(110) for pho-
tocatalytic conversion. The cluster coverage is 0.1% Pt clusters per (TiO2)(110) surface
atom and the experiment is run at 260 K. The reaction stoichiometry is independent of
the pressure. Every circle and triangle resembles a photocatalytic experiment. To ensure
the integrity of the ultra-high vacuum and a proper quantitative detection with the QMS,
pressure higher than 4 - 1077 mbar are not investigated.
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Figure 9.10. Turnover Frequency of formaldehyde in a background of 1 - 10~7 mbar
methanol in dependence on the incident laser pulse energy at 260 K. A typical pulse
energy of 250 yJ is obtained when the OPO-Laser is operated at 241.8 nm. The grey line
is only a guide to the eye to show that the photoreaction saturates. The error bars are
determined by the standard deviation of the laser power as measured, while the error
bars in the TOF are 10%, except for the one at 250 pJ, which is a standard deviation of
four measurements. The inset shows the low energy area, where a linear dependence on
the laser power is obtained.
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Figure 9.11. Photocatalytic experiments depending on wavelength and illumination con-
ditions with Pt, /TiO,(110) and a cluster coverage of 1% is shown in a background of
1 - 1077 mbar methanol. In (a), the sample is illuminated with 250 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 held
constant at 250 pJ, but the wavelength is changed to 355 nm. The same amounts of hy-
drogen and formaldehyde are obtained, also in the second illumination over a time of

45 min.
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Figure 9.12. Characteristics of the light emission 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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Figure 9.13. Consecutive photocatalytic experiments with methanol on Pt, /r-TiO,(110).
The Pt coverage is 0.75% cluster per surface atom and the reaction is carried out at 260 K
after adsorption of 1L methanol-d3. In contrast to Fig. 9.7, no catalyst poisoning is ob-
served 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 H, is ob-
served, 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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Figure 9.14. TPD of Methanol in a background of 1 - 10~7 mbar on 0.1% Ptx/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 ex-
pected from TPD data. Hydrogen desorption from the Pt clusters is observed, too. As
methanol adsorbs dissociatively on the TiO,(110), which is known from STM studies [400]
the abstracted hydrogen atoms thermally recombine at the Pt clusters and desorb.
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Figure 9.15. O,-PSD at 100 K of the r-TiO,(110)-surface and the Pt, /TiO,(110) catalyst
after 2 h of photocatalysis. The red trace represents a O, PSD from bare surface, that is in
excellent agreement with literature.[13%210] 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 oxygen, to fill the BBO-defect sites. Upon UV
illumination, the same intensity and kinetics for the O, 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.



"An investment in knowledge pays the best interest."

- Benjamin Franklin

Tuning the Selectivity of Photoreactions:
Temperature Control in Water-Free Alcohol
Reforming TiO,(110)-Supported Pt Clusters

10.1. Results

While the previous Chapter 9 focussed on the H,-evolution and the co-catalyst, this chap-
ter shifts the focus on the oxidation pathway of the photocatalytic alcohol disproportion-
ation reactions. The validity of the presented mechanism will be evaluated further by
changing the reactant to other alcohols such as ethanol, tert-butanol, cyclohexanol and
benzylalcohol.

10.1.1. Methanol

First, the photo-reforming of methanol is revisited. Previous work on rutile TiO,(110)
observed methylformate as a further photo-coupling product from the photo-oxidation
of methanol both on the r-TiO,(110)117443] and 0-TiO,(110)[3%! surfaces and on TiO,
nanowires3%°l. While quite clear at a first glance, the studies are in disagreement to that
of Phillips et al., who only observe the reaction on 0-TiO,(110). 3! Further, formaldehyde
disproportionation can be ruled out as a mechanistic pathway, but there is no consensus
which intermediate is involved in the second photo-oxidation step.[117:365443444]

To establish the basic photo-oxidation pathways on bare TiO,(110), both the reduced
and oxidized surfaces are investigated with the methodology presented in the previous
Chapters 7.2 and 8. PI-TPD of methanol on r-TiO,(110) irradiated for 15 min with UV
light shows the formation of the photo-oxidation product formaldehyde, which desorbs
around 260 K. Additionally, a small feature around 240 K of methylformate is detected,
that is assigend to the consecutive photo-coupling product (see Fig. 10.1). All other fea-
tures result from thermal chemistry and are well-known.[200445] PL-TPDs after various

90
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Figure 10.1. (a) Post-irradiation TPD experiment of 1 L methanol is shown after 15 min
of UV illumination on r-TiO,(110). The features in formaldehyde and methylformate
around 240 K result from the photo-oxidation of methanol by photo-holes from the n-
type semiconductor. The high temperature formaldehyde feature results from a dispro-
portionation with methanol at high temperatures in the cleared BBO vacancies, while still
molecular methanol desorption is observed around 270 K.

(b) Normalized integrated molecule yields vs illumination time on r-TiO,(110). 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
1 L methanol at 100 K. Since no coking is observed for the experiments by AES and
in previous studies [445] the carbon mass balance can be closed. Even for the shortest UV
irradiation, about 13% of methanol are converted to formaldehyde. The formaldehyde
production saturates about at about 16% and then diminishes with the rise in methylfor-
mate. The yield of the consecutive photo-coupling product methylformate is even more
increased after 55 min of illumination.

illumination times (Fig. 10.1(b)) show that the conversion to formaldehyde is very fast in
this time range!, and somehow is saturated around 0.15% of the methanol coverage. Sig-
nificant methylformate formation is observed after more than 5 min and the formation
increases even at 55 min of illumination time at cryogenic conditions, which corroborates
the results from Yang’s group. (117!

For the 0-TiO,(110) surface, the photo-products formaldehyde and methylformate are
also observed around 250 K (see Fig. 10.2(a)), which is in excellent agreement with the
work from Friend’s group. 3! All other features are known to result from thermal chem-
istry and are already well established.[116200445] The behavior of the formation of photo-
products (see Fig. 10.2(b)) from PI-TPDs is very similar to the one on r-TiO,(110) (see
Fig. 10.1(b)). Namely, formaldehyde is formed even at the shortest investigated time to
about 20% of the initial methanol coverage and methylformate is observed for all illumi-
nation times and rises with longer illumination. As discussed earlier (see Chapter 3.3.1.2),

I Note, that illumination times shorter than a few seconds are not easily achieved. The use of a pulsed laser
for illumination offers in principle the possibilty for single-shot experiments with just one pulse. Such
experiments might be of further use to give accurate quantum efficiencies down to the sub-monolayer
level. (183
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Figure 10.2. (a) Post-irradiation TPD experiment of 1 L methanol is shown after 12 min
of UV illumination on 0-TiO,(110). The features in formaldehyde and methylformate
around 250 K result from the photo-oxidation of methanol by photo-holes from the n-
type semiconductor. The high temperature formaldehyde feature significantly dimin-
ishes, since most methoxys are already photo-oxidized. The methanol feature around
270 K is assigned to molecular desorption, while a very broad feature is obtained for
the high temperature species, which can be attributed to the lack of definition on the so-
prepared o-TiO,(110) surface.

(b) Normalized integrated molecule yields vs illumination time on 0-TiO,(110). Each
of the data points represents the integrated molecule yields from a consecutive post-
irradiation TPD run. Prior to this illumination, the 0-TiO,(110) surface is exposed to
1 L methanol at 100 K. Since coking is not observed for the experiments by AES and in
previous studies [445] ' the carbon mass balance can be closed. Even for the shortest UV
irradiation, about 18% of methanol are converted to formaldehyde. The formaldehyde
production saturates at about 22% while more methylformate is formed with increased
illumination time. The kinetics are less obvious due to significant deviations from the
expected trends. This is due to the more undefined surface preparation (annealing and
cooling down in oxygen atmosphere to 300 K%, see also chapter 3.3.1.2) with regard to
the r-TiO,(110) surface, which could lead to oxidized interstitials on the surface.

the 0-TiO,(110) surface obtained by this preparation method [“**! is less defined than the
r-TiO,(110) surface, which can also be seen in the data points in Figure 10.2(b). Therefore,
it is refrained from a quantitative analysis here, but, qualitatively, the photo-oxidation of
methoxy to formaldehyde and the consecutive photo-oxidation and -coupling to methyl-
formate are observed on both crystal surfaces.

To investigate this reaction pathway under catalytic conditions, methylformate is also
monitored during photocatalytic experiments of 1% Pt, on r-TiO,(110). As can be seen
in Figure 10.3, small amounts of methylformate are formed upon illumination at 262 K.
A further investigation of the reaction temperature shows that for temperatures above
265 K, the methylformate formation is negligible and the reaction selectivity towards
formaldehyde approaches almost 100%. This changes for temperatures below 260 K,
where substantial methylformate evolution is observed, yielding a selectivity of 57% and



10.1. Results 93

T T T T T T T T T T T T T T T T T T T y
ﬁ —— Methanol J’N

NS Ay o/

_g —— Hydrogen

g

> i
‘®»

C

Q

=

L) —— Formaldehyde
3

o

o

=

Methylformate x10

[T U (U U (RS (U H T N B R
0 100 200 300 400 500 600 700 800 900 1000

Time /s

Figure 10.3. Products from a photocatalytic experiment of 1% Pt, clusters on the r-
TiO,(110) surface. The methanol background is set to 7-10~® mbar and the UV excitation
is performed at 241.8 nm with a pulse energy of 195 pJ and the reaction temperature
is 262 K. Methanol, hydrogen, formaldehyde and methylformate are identified by the
masses 32, 2, 30 and 60 respectively. The methylformate trace is multiplied by 10 for a
better visibility.
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Figure 10.4. Temperature-dependent TOFs for the photocatalytic conversion of methanol
on Pt /r-TiO,(110) in a background of 1 - 1078 mbar. The reaction is highly selective
towards formaldehyde above 260 K. At lower temperatures, the methylformate forma-
tion as a consecutive photo-oxidation product is observed, while the formaldehyde yield
diminishes.
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Figure 10.5. Photocatalytic experiment in a methanol background on Pt, /r-TiO,(110)
with different UV illumination intensities. The methylformate trace is multiplied by 23 to
ensure a better visibility. With a declining UV intensity, the formation of methylformate
is decreased to a larger extent than the one of formaldehyde, proving that the formation
of methylformate occurs via a second photo-oxidation in catalytic conditions.

43% for formaldehyde and methylformate, respectively. To confirm that the methylfor-
mate is indeed a consecutive photo-oxidation product, the yield of formaldehyde and
methylformate is displayed in dependence of the UV-irradiation intensity in Figure 10.5.
While both product yields are diminished by lower light intensities, the methylformate
yield is decreased to a higher extent than the formaldehyde yield, leaving a clear indica-
tion that the consecutive photo-oxidation and coupling is dependent on a second photon.
Thus, a solely thermal reaction pathway can be excluded.
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10.1.2. Ethanol, Benzaldehyde and Cyclohexanol

Ethanol is chosen as the next higher homologue alcohol, since it offers an additional
thermal dehydration chemistry on TiO,(110).12852%3 Further it is also relevant as a po-
tential renewable feedstock for thermall34429446-448] and photocatalytic hydrogen pro-
duction. [3381/149,168,169,315449-451] Cyclohexanol is a representative of a secondary alcohol
with relatively bulky steric demand and benzaldehyde is of industrial relevance. 5] The
corresponding benzylalcohol shows an interesting thermal deoxygenation chemistry at
elevated temperatures. %]

First, the selectivity for the catalytic ethanol photo-oxidation is displayed in Figure 10.6,
while the reaction to acetaldehyde and hydrogen is stoichiometric (data not shown).
In agreement with previous single crystal studies, 353974331 no further photo-oxidation
product was found (marked in yellow). Surprisingly, the acetaldehyde formation does
not show a clear temperature dependence above 200 K, while the main desorption feature
was previously assigned to 225 K.3%! No further oxidation products like acetic acid or
other coupling products like diethyl ether are found, so a selectivity of 100% is obtained
for the photoreforming of ethanol.

As a secondary alcohol, the photoreforming of cyclohexanol is investigated on Pt, /r-
TiO,(110) as shown in Figure 10.7(a). As evidenced by the pressure series, both cyclohex-
anone and hydrogen are evolved in stoichiometric amounts at the reaction temperature of
280 K. No further oxidation or ring-opening products are observed at these conditions.
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Figure 10.6. The temperature-dependent TOFs for 7 - 10~% mbar ethanol on 1% Pt, /r-
TiO,(110) show that in the investigated temperature range no photo-oxidative coupling
product is formed at all. The acetaldehyde production is independent of the temperature
between 200 and 300 K and only below 200 K a depletion in the acetaldehyde yield is
observed.
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Figure 10.7. (a) Pressure series of cyclohexanol background pressure for photoreforming
on 1% Pt, /r-TiO,(110) at 280 K. The reaction is stoichiometric towards the cyclohexanone

and molecular hydrogen.
(b) Temperature-dependent TOFs for 1 - 10~ mbar cyclohexanol on 1%Pt, /1-TiO,(110).
The reaction seems saturated around 280 K and only at 240 K a reduced TOF is observed.

The temperature-dependent TOFs are shown in Figure 10.7(b). A plateau is observed
from 240 K to 300 K and the TOF is only lessened, when the reaction temperature is
below 260 K.

Further, benzylalcohol photoreforming is investigated in dependence of the benzylalco-
hol pressure (Fig. 10.8(a)). Hydrogen and benzaldehyde are observed as stoichiomet-
ric products. To further clarify, whether the selectivity is controlled thermally, the tem-
perature dependent TOFs are investigated (Fig. 10.8(b)) No deoxygenation product like
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Figure 10.8. (a) Pressure series of benzylalcohol background pressure for photoreforming
on 1% Pt, /r-TiO,(110) at 280 K. The reaction is stoichiometric towards the benzaldehyde
and molecular hydrogen. (b) Temperature-dependent TOFs for 5 - 10~8 mbar cyclohex-
anol on 1%Pt, /r-TiO,(110). The reaction seems saturated around room temperature and
only below 240 K a decrease in the TOF is observed.
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toluene are observed that would stem from a thermal reaction channel. 3%} Only around
240 K, trace amounts of mass 92 are observed, that could be indicative of the photo-
oxidative coupling product benzyl benzoate. However, the raw data signal is barely dis-
tinguishable from the background noise, which is why it is refrained from a quantitative

evaluation here.

10.1.3. tert-Butanol

As already examined previously (see chap. 8), tert-butanol is interesting mainly from
a mechanistic point of view. Since it is a tertiary alcohol, no cH-species can dissoci-
ate by the photo-oxidation reaction. Instead, both acetone and isobutene formation have
been observed at room temperature with the accompanying by-products methyl-radicals,
molecular hydrogen and water, respectively (see Fig. 10.9). The largest amount of direct
photo-oxidation of tert-butanol to acetone is obtained at 320 K, accompanied by a stoi-
chiometric methyl-radical ejection and 1/2 H, per converted alcohol. Note, that mass 15 is
indeed an ejected methyl-radical and not methane as confirmed previously (see Fig. 8.9).
Additionally, a second photo-reaction channel is observed as in the previous chapter 8:

the dehydration of tert-butanol to isobutene and H,O;

[ IH2
Ace.tone Water
CH, Isobutene |

Illumination

lon Yields /arb. u.

2500 3000 3500 4000 4500 5000 5500
Time /s

Figure 10.9. Products from a photocatalytic experiment of 1% Pt, clusters on the r-
TiO,(110) surface in a background of 1 - 107 mbar tert-butanol at 300 K. All relevant
molecules are shown and most interestingly, water desorption is also observed upon UV-
illumination. Every UV illumination is marked with a light blue box.
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Figure 10.10. Temperature-dependent TOFs for 1 - 10~7 mbar tert-butanol on 1% Pt, /r-
TiO,(110). Below room temperature, the TOFs for the photo-oxidation products ace-
tone, H, and the methyl-radical rise, until a saturation is observed that carries on until
350 K. Additionally, a second photo-reaction channel is observed, namely the formation
of isobutene and water. This reaction channel is relevant especially for temperatures
around and below 300 K and it diminishes with a rise in the reaction temperature. In-
terestingly, water is also formed catalytically even in the presence of platinum and no
poisoning is observed.

Both stoichiometric products desorb upon UV-illumination. However, the highest yield
is obtained for the coldest investigated temperature and with a rise in reaction tempera-
ture, the isobutene and water yields diminish. The selectivity towards acetone is largest
at 354 K with 96% and the smallest value is obtained for 234 K with 65% for acetone and
35% for isobutene, respectively.

10.2. Discussion

The results above show that the presented mechanism in Chapter 9 is of general validity,
since all investigated alcohols can be oxidized photocatalytically with the desired molec-
ular H, as by-product. In the following, molecular mechanisms are presented for all
photoreforming reactions.

10.2.1. Photoactive Intermediates and Reaction Sites

The active species and active sites of alcohol photoreforming on the TiO,(110) surface are
still under discussion in literature, [104116,305,365,394,395,397,402,403,417 418,421,434 443,444,454] o the
active species, there are basically two general lines of interpretation: The groups of Yang
and Huang share the idea, that the O-H bond cleavage (either homo- or heterolytic) of
the alcohol involves a photon-generated hole!10437443454] while the group of Friend and
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Henderson’s work suggest that the thermally formed alkoxy species are the photoac-
tive ones. [116:3654174211 Henderson in particular emphasizes explicitly, that the molecular
methanol species on TiO,(110) surfaces are photo-inactive*'”l and the thermally formed
methoxy species get photo-oxidized.['!®l In this regard, the author tends to follow the
interpretation of Henderson’s work, where only alkoxy species are photoactive on the
surface.?

Regarding the active site for photo-oxidation, even less is known, mostly because of the
lack of in-situ spectroscopic methods with the sensitivity to the subtle differences in sites.
Likewise, there are two general lines of interpretation for the photochemical results:

The first line of interpretation is mostly based on thermal chemistry. Many previous
STM 3084004194551 and TPD studies!285286.2934561 show clearly that the alcohol adsorbs dis-
sociatively on r-TiO,(110) in the BBO-vacancy, forming the alkoxy species and surface
hydroxyl. As discussed above, the alkoxy are presumably the photoactive species that
get oxidized by the photo-hole.[11®l Therefore, the justifiable assumption can be made,
that the photoreactivity is somehow limited by the number of BBO-vacancies, if the
conversion to the photo-product fits the amount of BBO-vacancies as in chapters 8 and
7.2.13%1 Note that in the PI-TPD of those studies, still some thermal reaction products are
found at high temperatures. This can easily be rationalized, since in general the photo-
oxidation products (aldehydes and ketones) desorb at lower temperatures [3053653%l and
clear the defect, when the alcohol is still to some degree on the surface and can repop-
ulate the BBO-vacancies, which in turn then show the high temperature reactivity from
the thermal studies to varying extent.[3%3%7] Yang specifically speculates in a review [1%4]
that the actual amount of photoactive sites is governed by the density of subsurface
defects, since the sample history seems to play a role for the ethanol photo-oxidation.
Further evidence for the photo-active BBO vacancies is the O,-PSD, that was believed
to take place out of the defect!?%124207] and defect-mediated in its direct vicinity,#>4%]
while in contrary a more recent study identified regular Tis -sites as the active sites by
STM.13U In the other line of argumentation, a regular Tis_-site is deemed to bw the pho-
toactive adsorption site, although the chemical environment of the site itself might be
different (such as O-adatoms or terminal hydroxyls in regular Tis_-sites).> The basis of
this argumentation is often an oxidative surface preparation (0-TiO,(110)), where the
alkoxy formation is believed to take place on a Tis.-site at the resulting O-adatoms on
the surface.[116:365402417445] The gurface itself remains controversial (see Chapter 3.3.1.2),
as contradicting STM studies!1%1217211 show that not all BBO vacancies can be filled
and, in turn, even more O-adatoms can be formed from molecular oxygen dissociation
in regular Ti troughs.?!®l On the o-TiO,(110) surface however, a surface only covered
by methoxy-species can be prepared by judicious choice of the adsorption temperatures.
Consequently, those methoxy species get photo-oxidized to formaldehyde.'1®l Making
the assumption, that most of the vacancies are blocked and quantifying the converted

2 This interpretation is also used in the previous chapters 7.2, 8 and 9.

3 For trimethy] acetic acid BBO-vacancies were found to inhibit the photo-oxidation. 58!
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methoxys to be significantly larger than the initial BBO-vacancy concentration, it is clear
that the reaction can in principle also take place on Tis-sites. This has also been observed
by STM for ethanol by Besenbacher’s group, since the population of surface sites before
and after the photoreaction showed, that the ethoxys are photo-oxidized more efficiently,
while the ones in BBO vacancies react to a lesser extent.[40?l A similar assignment of pho-
toreactivity to Tis.-sites for methanol by Friend’s group for o-TiO,(110).13%54l Although
unclear under illumination conditions, alcohol diffusion 4214601 seems only to be relevant
at temperatures of 200 K and higher. Regardless of the surface preparation, Henderson
states that the methoxy formation is only initiated by defects, oxygen adatoms or termi-
nal OH groups, but not on the regular surface.*”! Following the longstanding discussion
of the degree of water dissociation on TiO,(110)[215461462 Ren’s group showed spectro-
scopically by SFG that methanol can also dissociate to some degree on regular lattice
sites.[463464] To conclude this discussion of the reactive site, the following points seem
reasonable: Alkoxy species can be formed thermally on all kinds of defects and maybe
to some extent also on regular surface sites. Alkoxy is definitely an intermediate in the
photo-oxidation of alcohols, that gets oxidized by a hole to the respective aldehyde or
ketone. The oxidized surface (0-TiO,(110)) offers way more kinds of defects and those
are only quantifiable by an tremendous amount of STM studies to get an integral, sta-
tistically relevant picture of the surface. Therefore, it is somewhat less defined then the
r-TiO,(110) surface with its BBO-vacancies.* For all photoreactive studies only a certain
amount of reactant in the range of 5% to 20% is converted.[!04116117.305409 For the fur-
ther interpretation of the results, the authors follows the accepted point of view, that the
alkoxy formation occurs thermally and that the photoreaction is somehow in the defect
or in its vicinity, and therefore scales with the defect concentration.

It is the author’s belief, that the underlying governing factor might be the surface states of
the n-type semiconductor. Assuming a constant band-bending, the amount of negatively

charged surface states on a n-type semiconductor scales with the bulk doping level 23],

which is, in this case, the overall degree of bulk reduction of the semiconductor. [99,466,467]
This is in great accordance with the observation of Yang, that the sample history plays
a role in the photo-activity.[1%! Preparing the oxidized surface presumably creates more
surface alterations in form of O adatoms or terminal OH groups by contamination, than
expected from a stoichiometric reaction of oxygen with the initial BBO-vacancies. 101218l
These defects all can stabilize charges from other adsorbates, that might lead to a higher
band-bending. 81151 A recent study of the O,-PSD showed, that even noble gases have a
significant influence on the photo-activity of TiO,(110), which stresses the point of a local

assessment of electrostatic potentials of the chemical environment even more.

* Ti-interstitials may occur on both surface preparations, but are usually a minority species and only of
reactive relevance at elevated temperatures. [46°]
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10.2.2. A Detailed Mechanistic Picture for Alcohol Reforming

Based on the results and the mechanism of Chapter 9, the overall reaction equation of
photocatalytic methanol reforming can be described as the following:

CH,OH + Pt /TiO, ™Y+ CH,01 +H, 1 + Pt /TiO, (10.1)

However, the mechanistic picture, that can be drawn for the results is much more detailed
(see Fig. 10.11). It consists of eight steps, from dissociative adsorption of methanol in the

CH,OH
BBO Vacancy 7 Pt Clusters
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Figure 10.11. The scheme displays a catalytic cycle consisting of elementary steps in the
photocatalytic alcohol reforming of methanol to formaldehyde and hydrogen. First, the
bare catalyst [1] adsorbs methanol, which adsorbs dissociatively in the BBO vacancies
[2]. The abstracted hydrogen atom can then easily diffuse on the surface at the reaction
temperatures and presumably to a Pt cluster [3]. When the catalyst is irradiated with UV-
light, a photo-generated hole and electron are formed. In the n-type semiconductor, the
hole travels to the surface [4], where it can oxidize a methoxy species by aH abstraction to
form formaldehyde [5]. The formaldehyde can then thermally desorb and the remaining
hydrogen atom can also diffuse on the surface [6]. Two hydrogen atoms can thermally
recombine at the Pt cluster [7] to form molecular hydrogen, that desorbs at the reaction
temperature. Also charge conservation is obtained, since the defect site is replenished by
a photon-generated electron [8] to yield the bare catalyst. Note, that the elementary steps
do not necessarily need to occur in this order.
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BBO-vacancies to the photo-oxidation of the methoxy to formaldehyde, that eventually
desorbs, while the hydrogen atoms liberated in the process can thermally recombine at
a platinum cluster and desorb. The charge balance is conserved, since the electron is
needed to recharge the defects; else, a flattening of the bands would occur, leading to
a drop in photocatalytic reactivity. Theoretical work on a Pt;3 cluster on a TiO, surface
shows, that the barriers for the charge carrier diffusion are significantly changed upon
H adsorption and strongly depend on the charge density of the adsorbate H and the Pt
cluster. [468]

When the reaction conditions are changed to lower temperatures, methylformate as an
additional photo-product is observed. This is in good agreement with previous photo-
chemical studies the bare TiO,(110) surface.!11736>443] The reaction can be described by

the following equation, starting from the intermediate photo-product formaldehyde.
CH,OH + CH,O + Pt /TiO, SN HCOOCH; 1 + H, 1 + Pt,/TiO, (10.2)
The total reaction equation from methanol can be written as follows:

2CH,OH + Pt,_/TiO, ™~ HCOOCH, 1 + 2H, 1 + Pt /TiO, (10.3)

The exact nature of the photo-coupling mechanism is still under discussion, [117/365443444]

but either formaldehyde gets further oxidized by a hole to a formyl species, which then
couples with a methoxy or the intermediate species involve the formation of a hemiacetal.
In both reaction pathways, a hole photo-oxidizes an intermediate, which is in good agree-
ment with our results (Fig. 10.5). The observed temperature dependence is attributed to
the thermal desorption behavior of the first photo-product formaldehyde. If the thermal
desorption is hindered for formaldehyde at lower reaction temperatures like 235 K, a sec-
ond hole can oxidize the formaldehyde leading to methylformate formation. At elevated
temperatures in turn, the desorption is faster than a second photo-oxidation reaction.

For ethanol, cyclohexanol and benzylalcohol high selectivities towards hydrogen and
the aldehydes and the respective ketone are observed. The proposed reaction model
can therefore be generalized for primary and secondary alcohols to the following set of

reaction equations:

R,CHOH + TiO, — R,CHO, ,/TiO, + H,,/TiO, (10.4)
R,CHO,,/TiO, ~¥+ R,C=01 + H,,/TiO, (10.5)
2H,,/TiO, 200 oy /Pt — H, t +Pt, (10.6)

The overall reaction equation results in:

hv
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The unifying idea of this reaction scheme is the «H abstraction of the alkoxy species, that
occurs exclusively for the investigate primary and secondary alcohols. The rests R can
range from two hydrogen atoms in the case for methanol two a chain of 5 carbon atoms in
a 6-membered ring for cyclohexanol. The absence of a further photo-oxidation in general
then results in a selectivity of 100%. If further photo-oxidation products are obtained, the
judicious selection of the reaction temperature above the desorption temperature of the
aldehyde yields very high selectivities up to 100% in the case for methanol.

For the tertiary alcohol tert-butanol, no ocH abstraction is possible, but methyl ejection is
observed (see Fig. 10.10). The mechanistic picture, however, breaks down for the photo-
oxidation channel of tert-butanol to acetone:

(CH,);COH + TiO, — (CH,),CO,,4/TiO, + H_4TiO, (10.8)

tert-butanol

(CH,);CO,4/TiO, ~¥+ (CH,),C=01 + CH; (10.9)
acetone
iffusion 1
Hoa/TIO, PH% Hoy /Pt — 5 Hy T+ Pty (1010)

Although similar to the generalized mechanism presented above, no recombination of the
methyl-radical species with the hydrogen is observed. This behavior might drastically
change in solution, since those methyl radicals are known to recombine for example in
multilayers of water adsorbed on top of them.[1%! Further, the so-called photothermal
reaction pathway is observed at all investigated temperatures under catalytic conditions:

(CH,);COH + Vacgg + Oggo — (CH,3),CO—Vacgpgy + OHppo (10.11)
tert-butanol
(CH;),CO—Vacgpy + OHgp AT, C,Hgy +H,0 + Vacgpy + Ogpo (10.12)
isobutene
(CH,),CO—Vacggg, + OHpgo, — .CéHs T+ HyO + Vacggg + Oggo (10.13)
1sobutene

This pathway is the same as described in Chapter 8 and does not involve the Pt clusters.
As previously discussed, the crucial thermal intermediate (the 5-membered transition
state) must be formed at lower temperatures than the observed reaction temperature of
425 K. Note that in all the work in Chapter 8, no desorption of water upon illumination
was observed. Since all the other reaction products were recorded in a similar manner,
the water desorption upon illumination may be either an effect of catalytic conditions or
the platinum clusters on the surface. For a detailed assessment of the desorption behavior
of water, more studies are needed.
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The overall photoreforming reaction equations for tert-butanol can be described as the
combination of the photo-oxidation to acetone and the photothermal reaction pathway
to isobutene:

1
2(CH,),COH —__; (CH,),C=01 C,Hg 1 + sHyt +CHy 1 +H,01  (10.14)

Pty/Ti0O .
tert-butanol x/T10; acetone isobutene

Tert-butanol is the only investigated reactant, that shows two parallel photo-reaction
pathways. The selectivity is again temperature dependent ranging from 65% towards
acetone at 234 K to 96% towards acetone at 354 K. This selectivity stems from an increase
in the acetone conversion with temperature, while the isobutene formation slowly de-

creases.

10.2.3. Mechanistic Consequences for Applied Systems

The results show that from alcohol-reforming of primary and secondary alcohols, water-
free aldeyhdes and ketones can be obtained with highest selectivity. tert-Butanol as a
tertiary alcohol is an exception, since both reaction pathways to acetone and isobutene
involve a photon as shown previously (see Chapter 8). By the control of the temperature,
it is also possible to tune the selectivity towards acetone close to 100%. These high se-
lectivities result on one hand from the selective photo-oxidation process on the TiO,(110)
and on the other hand from the reaction control in the gas-phase. Under these conditions,
readsorption of the products is highly unlikely, which makes consecutive reactions less
likely. The case of the consecutive photo-coupling to methylformate clearly showed, that
by preventing the thermal desorption of formaldehyde intentionally, a further photo-
oxidation product was observed. In addition, the reaction conditions are anaerobic,
which has a strong influence on the oxidation pathways. Further oxidation in aerobic
conditions on TiO,(110) was observed for formaldehyde['!8], acetaldehyde[395:396398403]
and acetone[253255-257416469] \yhich, in combination with photo-decomposition of organic
molecules in general [79] 'leads to the conclusion that in aerobic conditions a total oxida-
tion of alcohols is indeed possible. Consequently, this is accompanied with a decrease
in selectivity. The observed reaction pathways and selectivities for tert-butanol under
catalytic conditions are in good agreement with previous studies on the photo-oxidation
of tert-butanol on co-catalyst loaded TiO, (P25) at 373 K in the gas-phase, where acetone
was the main product and trace amounts of isobutene® were observed.*11#12] In further
studies on alcohol reforming on Pd- and Pt-loaded TiO, powders, the hydrogen evolu-
tion from tert-butanol was very sluggish. 152158l

In aqueous solution, a major contribution to photo-oxidation pathways is attributed to
indirect hole transfer from OH' radicals.[79159160.169385] Thoge are in particular believed
to be responsible for C-C scission steps and other for the formation of other (radical) inter-
mediates. 3151 Furthermore, complete oxidation [2%153168173178470] and reduction prod-

S [31,32,168

uct: I, CO, and CH, respectively, are also commonly observed. It is clear from

% Those were found to stem from a thermal reaction pathway. 412!



10.2. Discussion 105

the presented mechanistic findings, that they are capable of explaining the products in
gas-phase photocatalysis[1472] but in solution other competitive pathways including
oxygen and hydroxyl-radicals might dominate the product distribution. In this regard, a
deliberate choice of reactor design, the catalyst and reaction parameters is a prerequisite
for highly selective photo-reforming of alcohols.



Single-Atom Photocatalysis of Methanol on
Pt,/TiO,(110) - Co-Catalysts at the Lowest
Size-Limit

In this preliminary (and still ongoing) work, the role of the co-catalyst is explored. While
in the previous chapters, the co-catalyst was always a distribution of Pt clusters, in this
part, the co-catalyst is chosen to be Pt atoms. Those are known to be randomly distributed
on r-TiO,(110) as evidenced by previous AFM study by the group of Onishi[**! and S-
TEM work by Shibata[#”3l, which shows also a variety of adsorption sites for Pt atoms.
The thermal stability of single atoms on various supports has stimulated quite some aca-
demic research recently, 3103194744751 since the catalytically active atoms are the lowest
possible size-limit for metal catalysts.[*’? Single Pt atoms have been shown to be a co-
catalyst in photocatalytic hydrogen evolution in general 77478 and also specifically when
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Figure 11.1. Products from a photocatalytic experiment of 1% Pt; on the r-TiO,(110)
surface. The UV excitation (shown in light blue) is performed at 241.8 nm with a pulse
energy of 218 J, the methanol background is set to 1 - 1077 mbar and and the reaction
temperature is 262 K. Hydrogen and formaldehyde are identified by the masses 2 and 30
respectively and raw data is displayed here.
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Figure 11.2. Methanol pressure-dependent TOF for Pt; on r-TiO,(110) for photocatalytic
conversion. The cluster coverage is 1.0% Pt atoms per TiO,(110) surface atom and the
experiment is run at 260 K. The reaction stoichiometry is independent of the pressure.
Every circle, triangle and square resembles a photocatalytic experiment. The data points
suggest some saturation at higher pressures, although the value remains unclear.

being supported on TiO,.[*”°l Figure 11.1 shows that the photocatalyst is stable for over
one hour in a methanol background at 262 K. The slight decay in both curves is observed
with a slight decrease in background methanol pressure over the whole time of illumi-
nation from 1-10~7 mbar to 9.6 - 10~8 mbar. Interestingly, a single Pt atom can act as an
active site for hydrogen recombination, since the bare r-TiO,(110) surface does not evolve
significant amounts of molecular hydrogen (see Figures 9.7 and 9.8). Further measure-
ments and in-situ characterization methods are needed to confirm that the Pt; is really
the active species for H,-evolution, since a possible adsorbate induced diffusion*! and
sintering 8!l can not be ruled out.! The pressure-dependent TOFs for methanol reform-
ing have been investigated (Fig. 11.2) and a maximal value of 0.4 molecules per active site
and second is achieved. The data points suggest, that the gas-phase alcohol reforming
somehow saturates, although the exact value is not clear. Methylformate is produced as
well on the Pt; /TiO,(110) catalyst, but its yield is negligible at higher pressures.
Additionally, the TOF-dependence on the incident light is displayed in Figure 11.3. In
analogy to the previous measurements (Fig. 9.10) a saturation is observed around 200 pJ
pulse energy. A significant TOF is observed for all pulse energies down to 3 uJ per pulse,
which equivales to 0.06 mW/cm?.

! The TOF might not be a good indicator, since differences in two orders of magnitude in cluster coverage
did only change the TOF of the photoreaction by a factor of 2 (see Fig. 9.3(b)).
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Figure 11.3. Turnover frequencies of formaldehyde and molecular hydrogen in a back-
ground of 1 - 1077 mbar methanol in dependence on the incident laser pulse energy for
1% Pt; on the r-TiO,(110) at 261 K. A typical pulse energy of 230 uJ is obtained, when
the OPO-Laser is operated at 241.8 nm. The error bars are determined by the standard
deviation of the laser power, while the error bars in the TOF are 10%. Note, that the pulse
energy axis is broken for a better visibility.

In summary, these preliminary results show the remarkable activity of Pt atoms on the
r-TiO,(110) surface and further suggest, that tuning the size of the co-catalyst might be
not as important for gas-phase photocatalysis, since one Pt-atom is presumably enough
for the recombination and desorption of molecular hydrogen on this surface. This is
especially valid for gas-phase reactions, where product readsorption and the undesired
backreaction”4+7¢! do not significantly contribute due to the low pressures in this reaction

regime.



O,-PSD from differently prepared TiO,(110)

The photon-stimulated desorption of O, is a commonly used technique to probe the pho-
tochemistry of the TiO,(110) surface.[9697:123-126,131,132.211,213416] A very detailed descrip-
tion of known mechanism and the active species can be found elsewhere. 713! Especially

120,125,132 .
(12012513 ], while

co-adsorption of organic molecules has been investigated systematically
the effect of the surface preparation has usually been ignored previously. The O,-PSD

is studied as a model reaction for e.g. the electronic properties of photochemical and

photocatalytic systems. [114115.211]
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Figure 12.1. O,-PSD from 1 L molecular oxygen the r-TiO,(110) surface. Upon UV illu-
mination, a desorption signal of molecular oxygen is obtained (similar to Fig. 3.6). The
trace follows a multi-exponential decay, as reported previously.!*3?] Desorption signals
from traces representing CO, and CO are also found, that are attributed to background
adsorption of CO and its photo-oxidation.!'?812%1 The UV illumination (242 nm, 600yJ
pulse energy) is started at 0 seconds.
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12.1. Effect of surface preparation

For a systematic comparison, the three well characterized surface terminations of the
TiO,(110) (described in Chapter 3.3.1) are investigated. On the r-TiO,(110) surface, three
signals upon UV-illumination at 100 K are obtained. The one for molecular oxygen
originates most likely from the PSD of an O,-species on the regular Tis -sites from the
surface.['®] This study from Henderson found, that the active species is most likely
not a O, -species on the surface as believed previously[®>?712] but rather an n>-0,>"-
species.[3! The active site of the O,-PSD is assigned to a regular Tis -site!!3!], rather than
the BBO vacancy.[%! Further desorbing species from the PSD results from a contamina-
tion with CO from the background: The trace amounts of CO, formation have been iden-
tified as a photo-oxidation product from adsorbed CO and O,.[12%12 The PSD from CO
has only recently been reported to occur from point defects on the TiO,(110) surface. 28]
To investigate the effect of the surface preparation on the O,-PSD, the PSD of 1 L of
molecular oxygen at 100 K is investigated on the r-TiO,(110), 0-TiO,(110) and h-TiO,(110)
surfaces (Fig. 12.2).

A previous study with ammonia on the three surface terminations showed that the high-
est Lewis acidity of the Tis -sites is obtained on the r-TiO,(110) surface. In contrast, it
is believed on the 0-TiO,(110) surface that the surface charge is eliminated upon oxida-
tion and the charge is assigned to the electronegative O-adatoms. 1012204834841 [ contrast,
upon hydroxylation, the BBO-vacancy sites are blocked chemically by hydroxyl forma-
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Figure 12.2. O,-PSD from 1 L molecular oxygen on r-TiO,(110), o-TiO,(110) and h-
TiO,(110) at 100 K. A PSD for molecular oxygen of comparable intensity is observed for
all surface preparations. The traces are offset for clarity.
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Figure 12.3. Normalized O,-PSD from 1 L molecular oxygen on r-TiO,(110), 0-TiO,(110)
and h-TiO,(110) at 100 K. It can be seen, that decay kinetic for the O,-PSD from the hy-
droxylated surface may differ from the other ones, but a better time resolution would be
needed for a quantitative evaluation.

tion, but remain negatively charged as on the r-TiO,(110) surface. 220483484 The observed
PSD intensity for all 3 different surfaces are very similar (Fig. 12.2). This indicates, that
the active site is present on all of those surface terminations, which is in good agree-
ment with previous work.!3!l Petrik et al. compared the intensity of the O,-PSD from a
r-TiO,(110) with the one from a hydroxylated TiO,(110) surface.[!*?l While the exact hy-
droxylation conditions are not clearly stated, the observed initial intensity is 40% lower
than for r-TiO,(110) surface. The integral amounts of O, photodesorption for both termi-
nations look very similar, though. The integral yields of molecular oxygen for the three
surface terminations are similar within the experimental error. This indicates, that the
O,-PSD is not affected by a removal of the surface states by a preoxidation of the crystal
and also does not occur directly from the BBO-vacancy, since the hydroxylated surface
shows also a similar amount.

The study of Petrik et al. found that the band bending model can not fully explain the
observed differences in the O,-PSD with co-adsorbates, since also co-adsorption of rare
gases also affects the O,-PSD, while no charge is donated from the rare gases to the semi-
conductor.[13?] Therefore, they stress the importance of the local changes in the electro-
static potential of the surface instead of the very common macroscopic picture. While
most studies here focus on the integral desorption yield, photochemical dissociation of
molecular oxygen is the other reaction pathway under illumination. The nature of the un-
derlying mechanisms on an atomic scale are still elusive, both the photophysics leading
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to the desorption as well as the photochemistry of the dissociation of molecular oxygen.
Further studies are needed, but an analysis of the decay kinetics of the desorption of
molecular oxygen in very well defined conditions and preparations seems an appropri-
ate way to disentangle the fundamental mechanisms on the surface.

12.2. Effect of Pt-loading

Further measurements of the O,-PSD are carried out on the r-TiO,(110) supported Pt
clusters, since they have attracted a lot of attention over last years.[102'240'436'441'485491]
The Pt cluster coverage is 1% of a monolayer and size distribution is the same Figures 9.6
and A.6.

In Figure 12.4, the PSDs of 1 L oxygen from the r-TiO,(110) surface and the Pt, /r-TiO,(110)
hybrid material are presented. On both, r-TiO,(110)(a) and Pt, /r-TiO,(110), oxygen des-
orbs upon UV-illumination. The error bars in the measurements represent an experimen-
tal uncertainty of 4 measurements. This means, that if the measurements are performed
four times, the highest data point will be within the error bar. Clearly, at this time reso-
lution of the measurements, the highest intensity strongly depends on the timing of the
mass 32 measurements and the laser illuminating the sample. The limited number of
data points also render a fitting of the multi-exponential decay an arbitrary task. The
intensity of the PSD on the Pt co-catalyst loaded sample is significantly decreased. While
in this value, both the kinetics and the number of active sites are superimposed, the PSDs
are normalized to qualitatively analyze the decay rates. This is illustrated in Figure 12.5.
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Figure 12.4. O,-PSD from 1 L molecular oxygen on r-TiO,(110)(a) and on the Pt,/r-
TiO,(110)(b) at 100 K. For both surfaces, a PSD signal of oxygen is obtained. The re-
spective error bar at the highest intensity of the molecular oxygen peak represents the
experimental uncertainty of the peak intensity of four measurements at this time resolu-
tion.
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Figure 12.5. Normalized O,-PSD from 1 L molecular oxygen on r-TiO,(110) and on the
Pt /r-TiO,(110) at 100 K. The decay kinetics are the same within the experimental uncer-
tainty.

The kinetics of all the performed measurements are normalized and show no appreciable
difference in these experimental conditions. It seems, that the multi-exponential decay
consists of a very fast process with a time constant of a few seconds, and an additional
slower one in the range of several seconds up to a minute.

The effect of a metal deposited on the O,-PSD has been studied once before for the depo-
sition of Au atoms on the r-TiO,(110) surface.[''*] Zhang et al. investigated the O,-PSD in
the dependence of the Au atom coverage. Their main finding was a decrease in the initial
PSD yield upon higher metal loadings. Their decay kinetics, however, look fairly similar
as in the measurements here. The authors of the study attribute the phenomenon to a
depression of the photo-induced hole transport rate from the bulk to the surface of the
semiconductor. They even predict a downward band-bending for higher Au; coverages
by DFT. However, if the band bending is so strongly affected by the presumably posi-
tively charged gold atoms, one would expect an effect in the decay kinetics of the PSD as
well. Furthermore, the possibility of site-blocking and sintering by mobile Au atoms on
the surface cannot be ruled out.[4924%

Pt clusters on oxide supports can also be significantly charged (up to about 2 e~ per
cluster), as previous DFT results showed. 2% Although the effect of the Pt co-catalyst
are rather of an empiric nature, these results may give the impetus for further studies of
the influence of metal loading on basic photochemical processes. While the molecular
mechanism presumably does not differ from the bare TiO,(110) semiconductor, the metal
(in this case Pt) is expected to significantly alter the electronic processes upon illumina-
tion as shown for other n-type semiconductors.**¥ Size selected clusters therefore are
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the ideal model system, since they are uniform in distribution and the cluster coverage
can be investigated separately from size-effects. Furthermore, XPS, FI-IR measurements
and theory may give more insights into the charge state of the cluster on the surface and
of the surface itself.[*>#%81 A combination of these results for the O,-PSD and its de-
cay kinetics with electronic measurements such as KPFM, CPD and photocurrents of the
same or comparable samples will further the understanding of underlying mechanisms
of photocatalysis by the unraveling the nature of the governing parameters.



Conclusion and Outlook

In this work it is shown how the surface science approach can contribute to a more pro-
found understanding of photocatalysis. By the clear assignment of reactive sites both
for thermal and photochemical reactions, mechanisms on a molecular scale can be found
for both photochemical and photo-thermal reactions. By altering the properties of the
semiconductor (e.g. by doping or surface oxidation), the influence on model reactions
can be studied successfully. These mechanistic details are a fundamental prerequisite
for understanding photocatalytic reactions as shown for alcohol reforming on TiO,(110)
supported platinum clusters. By the combined knowledge of single crystal studies of the
photoreaction pathways and the observations under catalytic conditions, a new mech-
anism is found for the photocatalytic H, formation and the observed selectivity for the
photo-oxidation reactions was found to depend crucially on the temperature. The plau-
sible correlation of adsorption states, thermal and photochemical products under single
coverage and catalytic conditions, with experiments under ambient conditions is of great
importance to improve our understanding of fundamental surface chemistry on photo-
catalytic materials. The findings include details for the semiconductor properties, surface
properties and thermal and photochemical reaction mechanisms.

By CO-adsorption, the influence of the bulk doping level on the adsorption properties on
the surface is shown for MBE-grown n-type GaN(0001). While the saturation coverage of
physisorbed CO is found to be smaller for higher dopant levels, this effect is observed to
be independent for the degree of oxidation of the GaN(0001) surface. The latter, however,
is a crucial factor governing the photoactivity of the GaN(0001) films towards a photon-
stimulated desorption of CO.

Ethanol is used as a second probe molecule for the GaN samples. The MOCVD-grown
GaN(0001) surface shows a remarkable reactivity towards ethanol dehydrogenation as
the major reaction pathway and dehydration as the minor one without formation of car-
bon deposits. In contrast to many studies on oxides, as i.e. TiO,(110), molecular hy-
drogen formation is observed from the GaN samples. Furthermore, ethanol is used as a
chemical probe to investigate the effects of surface oxidation on the reactivity. Indeed it
is found that the reactivity is not observed upon full oxidation of the surface layer, while
ethanol still adsorbs dissociatively. By a comparison of the reactivity with Ga,05(201)
single crystal, it is observed that the adsorption properties on the oxidized GaN(0001)
surface are similar to the clean MBE-grown GaN(0001) sample, while the suppression
of the reactivity is assigned to the oxide layer. The results on GaN(0001) already show,
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that the observed adsorption properties and reactivity is governed by a delicate balance
of bulk electronic influences, the chemical nature of the surface structure and electric
charges at the surface (surface states), that can be removed upon oxidation.

In Chapter 6 it is shown that the ozone preparation of x-Fe;O3(0001) in the ultra-high
vacuum leads to the surface termination observed in an ambient atmosphere and wa-
ter. The thermal reactivity of the typical photochemical hole scavengers methanol and
ethanol is benchmarked and three distinct adsorption states are observed for both al-
cohols. The most strongly bound alkoxy species disproportionate in a high temperature
reaction channel to the yield the alcohol and the aldehyde, respectively. While commonly
used in photocatalysis, no photoreactivity is observed for ethanol under the investigated
conditions.

The experimental improvement of the apparatus has lead to the addition of an OPO laser
as a UV light source, a load lock with a sample transfer holder, a molecular beam doser
and the cluster source. The latter allows for the synthesis of TiO,(110) supported Pt
clusters, that are used as co-catalyst for photocatalysis.

As a prerequisite for understanding photochemical mechanisms on the TiO,(110) sur-
face, the thermal chemistry of ethanol is studied in a quantitative way and the bridge
bonding oxygen vacancies are found to be the reactive sites. The O,-PSD is investigated
over the whole work, to further the understanding of the effects of surface termination
and the presence of a co-catalyst on a photochemical probe reaction.

By a judicious choice of illumination length and temperature, the molecular mechanism
of ethanol photo-oxidation iss unravelled. The photo-generated hole oxidizes an ethoxy
species in a defect to acetaldehyde, while the hydrogen atoms eventually desorb as sto-
ichiometric water formation. The photoreactivity eventually vanishes by a site-blocking
(steric and/or electronic) of the formed hydroxyls, that desorb as water at higher tem-
peratures, leading to a formal reduction of the surface. This hydroxylation leads to a
poisoning for the photo-oxidation of alcohols.

To avoid the poisoning of the TiO,(110) catalyst, Pt clusters are deposited as a co-catalyst
and a photocatalytic reaction is found for methanol under conditions. The findings (see
chapter 9) lead to the formulation of a new photocatalytic mechanism for hydrogen
formation from alcohol photo-oxidation. The hydrogen evolution does not take place
by the reduction of a proton from solution, but by the thermal formation and consecu-
tive desorption of molecular hydrogen from the Pt clusters. This mechanism of the H,
formation occurs even on the smallest co-catalysts investigated in this work, Pt atoms.
The oxidation reaction is driven by the photoholes from the n-type semiconductor takes
place on the semiconductor without the involvement of the co-catalyst and is a one pho-
ton process. Based on band-bending of the n-type semiconductor, charge conservation,
the investigated reaction conditions and the observed reaction products, the reduction of
protons by photoelectrons can be ruled out as the mechanism of hydrogen evolution.
An investigation of photocatalytic reforming of other alcohols, such as ethanol, cyclohex-
anol, tert-butanol and benzylalcohol, further confirmed established mechanism of the
hydrogen evolution reaction and unravels a new reaction pathways of alcohol pho-
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tochemistry. In addition to the photo-oxidation, a new photo-thermal mechanism is
found, for which the originally thermal dehydration of tert-butanol to isobutene is ob-
served below the thermal reaction temperature upon UV illumination in addition to the
photo-oxidation of tert-butanol to acetone via a methyl radical ejection.

Furthermore, the reaction temperature is found to be crucial for the observed selec-
tivity of the photo-oxidation products in this work. While the photo-oxidiation reac-
tion on TiO,(110) supported Pt clusters is found to be highly selective for cyclohexanol,
ethanol and benzylalcohol, for methanol and tert-butanol, consecutive and parallel re-
action channels are found in agreement with previous single crystal studies. The se-
lectivity of the reaction pathways depends crucially on the reaction temperature. The
consecutive photoreaction to methylformate can be explained by a thermally hindered
desorption of formaldehyde, that gets photo-oxidized further, while the photo-oxidation
of tert-butanol and the photo-thermal dehydration are found to be parallel reactions un-
der catalytic conditions.

In the future, this unique apparatus offers many different possibilities for the investiga-
tion of photocatalytic systems in very well defined conditions. Fundamentally interesting
directions include the study the effects upon co-catalyst loading on very simple model re-
actions like to O, or CO PSD, in order to gain a deeper understanding of the electronic ef-
fects stemming from the catalyst and from co-adsorbates on the photochemical reactions.
Another very interesting direction is the search for a co-catalyst for the oxidation side of
a photocatalytic reaction, most prominently for water-splitting. A promising approach is
the deposition of a model co-catalyst material, which are known to be oxygen evolution
catalysts under ambient conditions, such as a Ru,O,, or Ni,O,. For these clusters their
cluster size and chemical composition can be tuned for a maximal oxygen evolution from
adsorbed water. This will also expand then the semiconductor materials that can be stud-
ied under catalytic conditions, since the oxidation reaction does no longer take place on
the semiconductor itself, other than observed in this work. An intriguing investigation
includes the use of bimodal co-catalysts, namely a size-selected metal oxide cluster for
the oxidation reaction and very small metallic clusters for the hydrogen evolution. This
offers a wide parameter space of two co-catalyst loadings, different preparation condi-
tions of the surface and, furthermore, of all bulk semiconductor properties such as the
charge carrier concentrations and the band gap.
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Further Experimental Details

A.1. The Cluster Source

In this chapter, some illustrative drawings of the cluster source are presented. The source
itself (Figures A.1 and A.2) is very similar to other ones used earlier.!'*?4%l An explosion
drawing of the skimmer and the octupole unit is shown in Figure A.3. The quadrupole
bender (Fig. A.4) is mounted in a new way, that offers more possibilities for geometrical
adjustments. In Figure A.5, a rendered view of the cluster source from the top perspective
is depicted.
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Piezo Valve
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Figure A.1. A cross-sectional drawing of the cluster source flange. The metal target is
pressed with a spring around the rotation axis in the outer gear. The piezo valve is fixed
to the point of ablation, with a small volume called "Waiting Room". The as-generated
clusters then expand through the nozzle into the vacuum.
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A.1. The Cluster Source 154

Figure A.2. Rendering of the cluster source assembly flange with the gas input into the
vacuum. The piezo valve is mounted on top of the cluster source and sealed by a Viton
ring.

Octupole Mount

Skimmer

Figure A.3. Explosion drawing of the octupole assembly. The skimmer is shown in the
left bottom part of the drawing and the isolated first holder
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Figure A.4. Drawing of the quadrupole bender and its mounting. By adjusting the
threaded rod, the position in the bender chamber and angles can be adjusted precisely.
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Figure A.5. Rendering of a cross-section of the cluster apparatus from a top viewpoint.
Note, that the ion optics after the quadrupole mass filter are shown in a simplified way.
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157

Table A.1. List of settings for the cluster source - part L.

Variable Value
He-backinge pressure 7 bar
Piezo voltage 300V
Piezo pulse width 400 us
Piezo pulse delay -200 ps @
Pressure in source chamber 1.1 mbar
Skimmer 13V
Octupole DC 23V
Octupole Frequency 2.11734 MHz
Octupole Guide 1 -160 V
Octupole Guide 2 9V
Octupole Guide 3 -310 V
Octupole Guide 4 -7V
Bender Lense 1 -113V
Bender Lense 2 -16 V
Bender Lense 3 -88V
Bender Lense 4 -188 V
Bender Lense 5 81V
Bender Lense 6 -124V
Plate In 72V
Quad A -66' V
Quad B -487 V
Plate Out 55V
Bender Lense 7 210V
Bender Lense 8 -120V
QMS Lense 1 3.6V
QMS Lense 2 22V
QMS Lense 3 25V
QMS Lense 4 -170 V
QMS Lense 5 50V
QMS Lense 6 9V
QMS Lense 7 200V
QMS Lense 8 9V
QMS Resolution 6.05
Bellow 1 -140V
Bellow 2 -15V
Bellow 3 -8V
Bellow 4 290V
Bellow 5 -160 V
Bellow 6 -10V
Bellow 7 -170V
Bellow 8 -14V
Bellow 9 90V
Bellow 10 -67 V
Bellow 11 -150V
Main Chamber 1 -80V
Main Chamber 2 -150V
Main Chamber 3 -40V
Main Chamber 4 -80V
Main Chamber 5 5V
Main Chamber 6 -8V
Main Chamber 7 36 V

[a] This value is negative with respect to the laser pulse, since the valve has a opening time of about 200 ps, so the He

reaches the target contemporaneous with the laser pulse.
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Figure A.6. A mass scan from 0 to 10000 amu for the generation of Pt clusters with the
settings reported in the table A.1.
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Figure A.7. A mass scan with for Pt atom with settings optimized for the atom.
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A.2. Chemicals

A list of the chemicals used in this work is presented in table A.2.

Table A.2. A list of reactants and chemicals used in this work.

Substance Supplier Purity
Ammonia Air Liquide 99.97% (3.8)
Argon Air Liquide 99.9999% (6.0)
Benzylalcohol Sigma-Aldrich 99,8%

Carbon Dioxide Westfalen 99.999% (5.0)
Carbon Monoxide Air Liquide 99.997% (4.7)
Cyclohexanol Sigma-Aldrich 99%
Deuterium Westfalen 99% (2.0)
Deuterium oxide Sigma-Aldrich 99.9 atom % D
Ethanol Sigma-Aldrich >99.8%
Ethanol-OD Sigma-Aldrich 98 % D
Ethanol-dg Sigma-Aldrich >99.5 atom % D
Helium Westfalen 99.996% (4.6)
Helium Westfalen 99.9999% (6.0)
Methanol Sigma-Aldrich >99.9%
Methanol-d; Sigma-Aldrich 99.8 atom % D
Oxygen Westfalen 99.999% (5.0)
Paraformaldehyde-d, Sigma-Aldrich 98 % D, 98%
Tert-butanol Sigma-Aldrich >99.5%
Tert-butanol-OD Sigma-Aldrich 99 atom % D
Water Milli-Q > 18.0 MQ-cm




TPD and TOF Quantification

The deconvolution of the fragmentation patterns for TPD allows for the exact quantifica-
tion of product formation of a TPD experiment. First, a known coverage is referenced to
standard experiment. To calibrate for the ion current signal of a monolayer, a waterfall
coverage plot with a clear peak assignment to lattice sites needs to be obtained without
any interfering signals. Suitable molecules include H,O?%%3745001 a]lcohols!®4 or small
hydrocarbons 5! on TiO,(110). In all of these studies, the coverages of 1 ML of H,O are
defined to be 1 ML = 5.2 - 10'* molecules/cm 2. Most other coverages from experiments
with molecular beam dosers are referenced to the one of water. 37450

This leads to a trace, where certain amount of reactant leads to a certain amount of ion
current for that molecule. This will be used later for the TOF determination. A very

T T T T T

—— mass 31

5 —— mass 29
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Figure B.1. Mass traces from a ethanol TPD experiment after 5 min of UV illumination
at 100 K. Mass trace 31 is the main fragment from ethanol, while mass trace 29 is the
main fragment of acetaldehyde, but occurs also in the ethanol fragmentation pattern. By
subtracting the mass 29 trace with the factor of 0.33 from the ethanol cracking pattern,
the acetaldehyde trace is obtained. This holds true, if no further fragments from other
molecules are contributing to the respective trace.
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simple example for the fragmentation pattern correction is the deconvolution of the ac-
etaldehyde signal from an ethanol photochemistry experiment. Here, a PI-TPD of ethanol
is shown in Figure B.1, in which some acetaldehyde is formed on the surface. Ethanol is
identified by mass 31, acetaldehyde usually by mass 29. The latter exhibits 4 features, at
200 K, 250 K, 375 K and 450 K. However, two of them originate from the fragmentation
pattern of ethanol. Therefore, the correction for acetaldehyde is presented as follows:

acetadelhyde = trace 29 — 0.33 x trace 29 (B.1)

However, this works only, if no further fragmentation from other molecules contributes
to the fragmentation pattern. In general, obviously more fragment masses than molecules
have to be available to be determined. While the analysis can be still performed by hand,
it is advisable to have a certain mass trace as a control fragment to see whether the correc-
tion is performed correctly. For more complex systems, a Matlab Code from the Friend
group is available publicly, that does an evaluation of the mass traces for molecules de-
fined by the user. % Further development for the data analysis is also reported for heav-
ily fragmenting model systems, without an educated guess by the user.[>%?!

While this fragmentation pattern correction is handy, the integrals from those signals are
not directly the quantified molecule yields. In the photoreforming experiments, no cover-
age determination as described above was feasible for H, and formaldehyde. Therefore,
the formed amount of i.e. hydrogen is integrated with respect to the baseline. This results
in an value A, qw for the respective molecule. From this value, the corrected area Acqrr
for hydrogen can be determined by the following equation:

Avaw - FF-T

Acorr = — (B.2)

The corrected integral for hydrogen is then the product of the mathematic integration
Araw, the Fragmentation Factor FF obtained from the fragmentation pattern and a value
for the transmission of the QMS T, divided by the ionization cross section o (see table B.1).
The obtained value is then related to the ion signal (2.8313-10~%) from 1 ML of methanol
on r-TiO,(110) from the coverage determination above. Furthermore, the amount of ac-
tive sites needs to be known. In this case we assumed those to be the BBO vacancies with
a density of 6% of a monolayer from TiO,(110). The TOF is therefore:

Acorr ( molecules )

F=
1O 2:1077-0.06 - t

- ; (B.3)
active site - s

This procedure gives stoichiometric values of the TOFs of all identified reaction products
in this work. The transmission coefficient T is determined either experimentally by ap-
plying a certain background pressure of gases and correlating this to the pressure (with
further factors considering the pressure determination with the ion gauge), or taking a
typical function for a QMS, that is mainly an exponential decay toward higher masses.
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Table B.1. Ionization Cross Sections used in this work.

Molecule Tonization Cross Section /A?
Acetaldehyde 6.71424]
Acetone 9.01424]
Benzylaldehyde 20.11504]
Benzyl benzoate 39.06[504]
Cycloehexanone 17.61504]
Ethanol 7.401422]
Ethylene 5.391505]
Formaldehyde 4.141506]
Hydrogen 1.021 14231
Isobutene 11.88914231
Methanol 4.61014241
Methylformate 6.81507]
Methyl-Radical 2.991508]
Tert-butanol 13.411424]
Toluene 16.11504]
Water 2.27504231




Doping-Dependent Adsorption and
Photon-Stimulated Desorption of CO on
GaN(0001)
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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
the semiconductor substrates. By the excitation of the semiconductor with UV o
photons a low-temperature desorption of CO is stimulated. The absolute photon-
stimulated desorption intensity strongly depends on the surface composition.

=0

(g}

re

weakly n-doped

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.

B 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
11—V materials such as gallium nitride (GaN) have proven to
be stable heterogeneous photocatalysts when decorated with
cocatalysts.”™® The most explored reactions in photocatalysis
on GaN are the H, evolution from water® "' and the CO
oxidation."* "¢

Pure GaN is a semiconductor with an energy gap of 3.4 eV."”
In contrast with other semiconductors used in photocatalysis
such as ZnO and TiO,, it can be n-type- as well as p-type-
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.'”* 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
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.’"*>

W ACS Publications © 2017 American Chemical Society

8473

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
charge carrier dynamics. Consequently, the reactivity during
catalysis is also affected by semiconductor doping.*’ The
common assumption of those studies is that the chemical
properties of the semiconductor surface are doping-independ-
ent, as doping only alters the bulk charge-carrier concentration.

In this work, we present a ultrahigh vacuum (UHV) study of
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
deposited by plasma-induced molecular beam epitaxy
(PIMBE). As substrates Fe-doped semi-insulating Ga-polar

Received: February 17, 2017
Revised:  March 28, 2017
Published: March 31, 2017
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GaN MOCVD templates (thickness 4 yum) on a-AL,05(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 way."' 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.”” 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 pJ/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'®
+ 1.2 X 10" cc/cm®), and sample c is strongly n-type doped
(2.1 X 10" + 2.2 X 10" cc/cm?).

Figure 1 presents a series of TPD spectra from various CO
exposures on sample ¢ (2.1 X 10" + 2.2 X 10'® cc/cm?). For
lower coverages only one desorption peak is observed at ~100
K. A second peak, which appears at ~225 K, is observed for
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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 {
= c) strongly n-type doped

Hoou ok i
é_ EE
g1 :
B :
8 ;1 ¥

ii

Exposure /L

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
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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 5. (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 correspond'mg 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).

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

Dopant concentration

- SCR
/D /; -
Ey / - E(,I / I Egl
Surface surface surface
10" charge carriers 10" charge carriers 10" charge carriers
0
o o o o o
Q o Il Il
I -go@ - v - @
I -
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it ii
¢
R A

@
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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.*®> 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.”* 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,” we estimate
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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 c (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
discussion.’**”"™% 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
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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- 100inm 100inm

Figure S1: AFM images of differently doped PIMBE GaN(0001) surfaces. The images show
that the surface morpholgy is unaffected by doping.
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Figure S2: Intensity normalized PSD signal of different UV wavelength (266.5 nm or 355 nm)
and UV intensities (200 wJ/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 COs 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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THE JOURNAL OF CHEMICAL PHYSICS 147, 124704 (2017)

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.”>=3! 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.

0021-9606/2017/147(12)/124704/5/$30.00

147, 1247041

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 107 mbar, Tpuer = 2.0 uA,
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 oxidation3*30 as free Ga surface species are easily oxi-
dized by oxygen or water from the residual background.3”-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 1076 mbar, I sputer = 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 Ke radiation (= 1486.6 eV) to avoid an overlap of
the Ga LMM Auger lines with the C Is 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.*

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,
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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 Ga203(§Ol). Furthermore, for the Ga,O3
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

a)

Ethanol Coverage
. (ML)

—1.33
—1.00
—0.72
—0.53

4 —0.26
—0.11

lon Intensity (m/z = 31) /arb.u.
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Temperature /K

b)
| Ethanol Coverage
(ML)

—0.72

M

,M

—0.11

Acetaldehyde Intensity /arb.u.
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Temperature /K

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
GaO,/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 Ga203(§01), 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

Ethanol Coverage 1.29 ML
corrected Acetaldehyde

Ethanol Coverage
(ML)

—1.66
—1.34
—1.29
—1.00
—0.85
——0.58
—0.22

Molecular Yield /arb.u.

T T T T T 1
100 200 300 400 500 600 700
Temperature /K

FIG. 2. Ethanol TPD spectra dosed with a molecular beam doser from
Ga0,/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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corrected Acetaldehyde
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FIG. 3. Ethanol TPD spectra (smoothed) with Langmuir dosing from
Gap03(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,

CH3CH20H + Nsurf + Gasurf —> CH3CH20 - Gasurf
+ 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,

CH3 CH,0 - Gasu,—f + Nourf — CH'; CHO + Gasurf + NHgyf.

@
On the Ga0O,/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.’>>3 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,03(201)
surface was studied (Fig. 3). No reaction of ethanol towards
acetaldehyde was observed, similar to the reactivity of the oxi-
dized Ga0O,/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 Ga;O3 surfaces on powders
and in theoretical studies.>*>> The adsorption property for high
ethanol coverages of Ga,03 (501) 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 GaO,/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 Gay03(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 Ga203(§01) 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
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Ga203(§01) 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 Ga;03(201) 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 Is, 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 Ga2O3 surface. Neither steps nor kink sites can be seen, which is in good agreement with observations
of Ga,05(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 Gay;Oj 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. It is found that CO and products
exhibiting fragments at m/z = 28 are not significantly formed during a TPD run.
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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,O3 crystal.



