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Abstract

Titanium dioxide is a material finding applications in variety of areas, including
catalysis, photocatalysis, photovoltaics, energy storage, gas sensors and biocom-
patible materials. As a consequence, this material has been the target of numerous
scientific studies over the last years. Due to its availability the rutile polymorph of
TiO; has become the benchmark surface for fundamental studies of metal oxide
surface chemistry and the majority of experimental studies have been performed
on this phase. The emergence of nanoscience has shifted the focus towards the
anatase polymorph since this phase is preferred when forming TiO; nanoparticles
and applied systems almost exclusively comprise anatase TiO, nanostructures. In
this thesis synchrotron based high resolution photoelectron spectroscopy (PES)
in combination with X-ray absorption spectroscopy (XAS) has been utilized to
study how clean TiO» single crystal surfaces interact with molecular and metallic
adsorbates and formation of TiO, films on a metal surface.

O 1s XAS in conjunction with PES was used to explore the conduction-band edge
of single crystalline and nanostructured anatase TiO;. In the O 1s XAS process
pure Ti d states cannot be probed due to selection rules. By appropriate energy
referencing, the separation between the Ti d derived conduction-band edge and
the threshold of the unoccupied Ti d-O p states was revealed. Also, 4% of an
electronic charge per Ti ion was found to be sufficient to change the character of
the empty states at threshold from pure Ti d to Ti d-O p, in good agreement with
theoretical values.

By using highly surface sensitive PES, water adsorption on the rutile TiO,(110)
and anatase TiO(101) and (001) surfaces was investigated. For all three surfaces
the formation of a water monolayer involving both associative and dissociative
adsorption was demonstrated. Reducing the coverage by heating the monolayer
resulted in an increased OH:H;O ratio. For the rutile TiO,(110) surface, without
oxygen vacancies, neither OH nor H,O originating from the monolayer could be
detected at room temperature, indicating that OH in the mixed monolayer is much
less stable than OH formed at oxygen vacancies. The detailed nature of OH in
the mixed layer was consistent with the notion of pseudo-dissociated water. For
the anatase TiO,(001) surface dissociation occurred on the ridges of the (4 x 1)
reconstruction, while a mixture of molecular and dissociated water was formed
either in connection to the ridges or on the terraces. The exact composition of the
monolayer on the anatase TiO,(101) was difficult to deduce due to simultaneous
desorption of first and second layer water.



Submonolayer growth of Au on the anatase TiO,(101) surface resulted in two
different Au particle types forming, one defect related minority type, which was
only discerned up to an Au coverage of 0.14 ML. It appeared to be size-limited
and had a constant relative CO uptake. A second particle type was first observed
at 0.14 ML Au and continued to grow at higher Au coverages. It exhibited a
decreasing relative CO uptake with increasing Au dose. The first particle type
was attributed to oxidized gold, nucleating at oxygen adatoms on the terraces,
while the second type was believed to be neutral gold particles growing at steps.

High resolution PES and XAS were used to study the formation of an ultrathin
TiOy film on the Pt(110)-(1 x 2) reconstructed surface. A structural change from
a rutile-like structure when TiOy coexisted with PtO, to an anatase-like structure
upon completion of the TiOy bilayer on the Pt surface was observed. A band
bending of about 0.8 eV, induced by the PtO, structures, was seen for the TiOy
bilayer islands, an effect that disappeared upon completion of the bilayer. The
full TiOy bilayer displayed a band gap 0.2 eV lower than that observed for bulk
anatase.
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Chapter 1

Introduction

In 1959 Richard P. Feynman stated that there is “plenty of room at the bottom” [1].
By this he meant that there are plenty of new exciting phenomena to be found if
we are able to gain control of matter down to the atomic level. During the last
decades we have witnessed numerous examples of atomically controlled prepara-
tions of systems with amazing properties. Many of these have been prepared and
characterized using surface science methodology, which provides information on
the characteristic physical and chemical properties in the surface region of a solid
and the interaction of surfaces with adsorbed atoms and molecules. The interest
in studying surfaces has since the 1960’s resulted in a number of surface sensitive
experimental techniques using photon, electron, molecule and ion scattering, as
well as scanning probe methods [2]. Currently, this field has reached a high level
of maturity and systems with increasing complexity are targeted.

A surface represents an abrupt change in the symmetry compared to the bulk of a
material, leading to a lower coordination of the atoms in the topmost surface layer.
The reduced coordination means higher energy, resulting in a high reactivity [3].
The changed properties in the surface region give rise to other phenomena com-
pared to the bulk, for instance surface reconstructions, where the surface atoms
rearrange to reduce the energy of the surface, and surface states that are forbidden
in the bulk [3,4]. Moreover, surface behaviour is important for understanding fun-
damental processes in real-world applications, including heterogeneous catalysis,
corrosion, fabrication of semiconductor devices and development of nanomateri-
als and nanotechnology [5].

Surface science investigations are commonly associated with studies of single
crystal surfaces, offering a well-ordered array of atoms, under ultra-high vacuum
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(UHV) conditions [2]. Links to applications can be obtained through selecting
simple systems that can model certain aspects of a more complex behaviour. In
this context, single crystals serve as well-defined model systems where it is possi-
ble to experimentally study surface processes while the number of unknowns can
be kept to a minimum. The usefulness of this approach was underscored in 2007
when the Nobel Prize in chemistry was awarded Prof. Gerhard Ertl for his studies
of chemical processes on solid surfaces.

1.1 Motivation for studying TiO, systems

Titanium dioxide, commonly referred to as titania, is a non-toxic, wide band gap
semiconductor which has become one of the most-commonly investigated metal
oxide systems in surface science. Polished crystals with a high surface quality
are readily available. TiO, crystallizes in three major different structures: rutile,
anatase and brookite. Only the rutile and anatase phases play a role in applications

[6].

The main reason for studying TiO, is to gain a detailed understanding of fun-
damental aspects of its surfaces and interfaces. Such knowledge can potentially
have a positive impact on several technological applications, including heteroge-
neous catalysis, photocatalysis, solar cells for production of hydrogen and electric
energy, gas sensors, white pigment, corrosion-protective coatings, optical coat-
ings, ceramics, electric devices, biomedical implants, Li-based batteries and elec-
trochromic devices. TiO; is also being discussed as a possible material for the
gate insulator for the next generation of MOSFETS. The hope is that insight into
the surface properties on the fundamental level can help improve materials and
device performance in many of these fields. Furthermore, an important question
concerning the future of nanotechnology is how one should manufacture nanode-
vices outside the laboratory while maintaining the desired functionality on the
atomic scale. The functionality of these devices requires control over molecular
adsorption, deposition of metal particles and insertion of alkali ions, which are
questions that can be tackled by surface science [7].

As an example, a well-known molecular modification of TiO; is the dye-sensitized
solar cell electrode [8]. Here light is harvested by a dye molecule and electrons are
injected into the TiO; conduction band before regeneration of the dye is accom-
plished by a hole-conductor closing the circuit. Most important for the success of
this application is the use of a nanoporous TiO; film, providing a huge internal
area of the film onto which large dye molecules are anchored. The role of the dye
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molecule anchor group and its interaction with the TiO; substrate are key issues
for the solar cell performance.

Already in the 70’s photocatalytic production of hydrogen from water on a rutile
TiO, single crystal was observed [9]. The prospect of converting solar energy
to chemical energy for hydrogen production has therefore been a strong motiva-
tion for studies of water interaction with TiO;, [10]. However, since pure TiO;
has a rather low activity towards photocatalytic water splitting under band gap
radiation, carefully designed systems are required in order to effectively separate
the photogenerated electrons and holes. A well-known example is the TiO,-Pt
photoelectrochemical cell, where oxygen evolves from the TiO, anode whereas
hydrogen is produced at the Pt cathode [11].

In this thesis synchrotron based photoelectron spectroscopy and X-ray absorp-
tion spectroscopy have been used to study adsorption behaviour of technologi-
cal important single crystal TiO; systems and the growth of thin TiO, films on
metal substrates. In Paper I the conduction-band edge, which is an important
aspect for all processes involving electrons populating the conduction band, of
single crystalline and nanostructured anatase TiO; is explored. Paper II, III and
IV are directed towards photochemical water splitting by dealing with adsorption
of water on the rutile TiO,(110) and the anatase TiO,(101) and (001) surfaces.
Gold nanoparticles, functioning as an effective catalyst for several process, on
an anatase TiO,(101) support are explored in Paper V. In the last paper ultrathin
TiOy films assembled on a Pt(110) surface are investigated, serving as nanosheet
models.

1.2 The structure of titanium dioxide

In the following, the structures of the rutile and anatase phases of TiO, are shortly
presented. Formally, both anatase and rutile have a tetragonal bulk unit cell which
is made up of titanium ions (Ti*T) at the center of an octahedron of six oxygen
(O?7) ions, and the two polymorphs mainly differ by distortion inside the octahe-
dron [6]. The unit cells of anatase and rutile are shown in Fig. 1.1. The average
distance between the Ti*t ions in anatase is smaller compared to rutile, which
makes it thermodynamically less stable in bulk form. However, for grains smaller
than 14 nm in diameter anatase becomes thermodynamically more stable than
rutile, which explains why anatase often stabilizes in nano structures [13]. By
heating to between 700 — 1000°C, depending on crystal size and impurity content,
it is possible to convert anatase into rutile [14].



6 CHAPTER 1. INTRODUCTION

e o

s

Figure 1.1: Bulk unit cell of (left) rutile (with dimensions a = b = 4.587 A, ¢ =
2.953 A) and (right) anatase (with dimensions a = b = 3.782 A,c = 9.502 A)
TiO;. Oxygen atoms are coloured red while titanium atoms are grey. In both
structures, slightly distorted octahedra are the basic building units. The figures
are taken from [12].

Despite anatase being the favourable phase in applications, experimental surface
studies of TiO; have so far been focused on rutile. This is primarily due to the
difficulty of obtaining anatase samples of good quality. While rutile samples are
easy to manufacture, the metastable nature of anatase complicates the growth of
crystals large enough for convenient sample handling. Therefore, investigations
of anatase TiO; often use natural grown mineral samples cut at the desired ori-
entation. However, these crystals may be brittle and often contain impurities like
alkali and alkaline earth elements, complicating the experiments.

In this thesis, we have mainly studied the rutile TiO(110)-(1 x 1) surface, and
the anatase TiO,(101)-(1 x 1) and (001)-(4 x 1) surfaces. The most stable ru-
tile surface, TiO,(110), has become a benchmark surface for fundamental studies
of metal oxides because it is well-characterized, easy accessible and maintains
a bulk-like structure. The atoms are arranged in alternating rows of fivefold-
coordinated Ti atoms and twofold-coordinated bridging oxygen atoms [6, 7], as
shown in Fig. 1.2.

The clean anatase TiO,(101) surface, illustrated in Fig. 1.3 (a), is also bulk termi-
nated, consisting of twofold coordinated bridging oxygen atoms and fivefold coor-
dinated Ti atoms with a density comparable to the one found on rutile (110) [16].
Whereas, the clean anatase TiO,(001) surface undergoes a (4 x 1) reconstruction
in UHV [17,18]. A model of this surface structure has been derived from scanning
tunneling microscopy (STM) in conjunction with density functional theory (DFT)
calculations [19,20], shown in Fig. 1.3 (b). The surface can be described as con-
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[110]

bridging O
5-fold coordinated Ti /

[001] [i10]

6-fold coordinated Ti

Figure 1.2: The rutile TiO,(110)-(1 x 1) surface. Small spheres represent Ti and
large spheres represent O. The illustration is taken from [15]

Figure 1.3: Structure model for the (a) (101)-(1 x 1) and (b) (001)-(4 x 1) surfaces
of anatase TiO,. The figures are taken from [6,21].

sisting of ridges, made up by TiO3 chains, separated by terraces. The Ti atoms of
the ridges are four-fold coordinated only while the terrace Ti atoms are five-fold
coordinated. Therefore, the ridges are often more reactive upon adsorption.






Chapter 2

Experimental techniques

This chapter gives a short introduction to the principles of the experimental tech-
niques used to study surfaces in this thesis. First, the need for vacuum and how
the samples are prepared are presented, before the basics of the following tech-
niques are explained: low energy electron diffraction (LEED), photoelectron spec-
troscopy (PES), X-ray absorption spectroscopy (XAS) and synchrotron radiation.

2.1 Vacuum and sample preparation

2.1.1 Vacuum

The topic of this thesis is how clean surfaces of single crystals interact with dif-
ferent adsorbates and thin films of metals or metal oxides. If these studies had
been performed at ambient pressure conditions, the surfaces would instantly be
covered with contaminants from the air. Such contaminants can seriously alter
the system and give uncontrolled results. For instance, if we assume that all the
molecules hitting a surface actually stick, it will only take 3 seconds to cover the
surface completely at a background pressure of 10~ mbar [2]. Thus, to be able
to work with a clean surface for several hours, the experiments presented in this
thesis have been performed at ultra-high vacuum (UHV) conditions, typically in
the low 10~'9 mbar pressure range. For comparison, the pressure at the surface of
the moon is about 10~ mbar [22].

To achieve such low pressures, a combination of special materials, effective pump-

9
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ing and baking of the system is required. Modern vacuum chambers are usually
made of stainless steal and use three different types of pumps: turbo molecular
pumps, ion pumps and titanium sublimation pumps [23]. Pumping alone is not
enough to reach a pressure in the low 1070 range. The pressure will be limited
by the desorption of adsorbed gases, mainly water vapour, from the inner walls of
the chamber. By baking the system, which means heating the whole chamber to
temperatures above 100°C for approximately 24 hours, the rate of desorption is
increased and the coverage of adsorbed gases on the surfaces reduced, resulting in
a lower pressure [2].

2.1.2 Sample preparation

In order to obtain atomically clean surfaces, the crystals must be cleaned in UHV.
For our TiO; and Pt single crystals, this was done by repeated cycles of argon
sputtering and annealing. During sputtering the surface is bombarded with high
energy (typically between 0.5 and 2 keV) Ar™ ions that knock out atoms and
molecules, including impurities, in the surface region. After sputtering the sur-
face will be in a heavily damaged and disordered state, often with embedded Ar
atoms. This can be amended by annealing (i.e. heating) the sample. Annealing
results in desorption of weakly bound adsorbed species, as well as reordering of
the damaged surface. Annealing temperature and time vary between materials and
different surface reconstructions. The cleaning procedure is usually repeated until
no contaminations can be detected by photoemission, and a sharp LEED pattern
(see section 2.3) is observed. The number of necessary cleaning cycles will de-
pend on the type of sample and its previous history. Further details of the cleaning
procedure for the different crystals can be found in the individual papers.

Several of our experiments involve exposing the samples to gases (O, and CO)
or vapour from liquids (H,O). The molecules are introduced into the UHV sys-
tem through a leak valve, while monitoring the pressure with the ion gauge. Gas
exposure is measured in Langmuir, where 1 L = 1.33- 107% mbar-s [24].

In Paper V and VI, metal is evaporated onto the samples. For gold, this was done
from a tungsten crucible heated by electron bombardment in an e-beam evapora-
tor. Titanium, on the other hand, was evaporated by sending direct current through
a Ti wire filament. In both cases the evaporation rate was determined by using a
quartz crystal microbalance, which measures the deposited mass by monitoring
the change in frequency of a quartz crystal resonator [25]. The microbalance was
placed at the sample position and therefore gave a direct measure of the deposited
material.
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2.2 The electron mean free path

All the experimental techniques used in this thesis rely on the detection of elec-
trons emitted from the sample, typically with an energy between 0 and 1500 eV.
Electrons at these kinetic energies interact strongly with matter and therefore have
a short inelastic mean free path. The inelastic mean free path is the average dis-
tance an electron can move before it loses energy [2, 3]. Fig. 2.1 shows the mean
free path for electrons in different solids as a function of kinetic energy. The
dashed curve shows a calculated mean free path independent of the material. Since
the experimental points for many different solids follow this trend line, it is com-
monly called the universal curve. From the figure we see that the mean free path
has a broad minimum centered around a kinetic energy of 70 eV, with a value of
less than 10 A. This means that detected electrons with kinetic energies in this en-
ergy range must originate from the surface region, which is the main reason why
the electron based techniques have high surface sensitivity. The universality of
the mean free path curve is caused by the fact that the density of conduction elec-
trons is more or less the same for all elements, and excitation of these conduction
electrons is the main origin of the inelastic scattering in this energy range [3].
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Figure 2.1: The inelastic mean free path for electrons in different solids as a func-
tion of kinetic energy. The dashed line is based on theoretical calculations and is
called the universal curve. The figure is taken from [26], which is based on [3].
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2.3 Low energy electron diffraction (LEED)

Low energy electron diffraction (LEED) is rooted in the fact that electrons have a
wave-particle duality. Louis de Broglie suggested in 1924 that electrons could be

. . _h _ h . .
treated as waves with a wavelength given by A = »= TamE where £ is Planck’s

constant, p the linear momentum and E the energy of the electron [27]. This
opened up the possibility that electrons could be diffracted by crystalline solids,
which was confirmed experimentally by Davisson and Germer in 1927 who ob-
served diffraction effects from a single crystal of nickel [28,29]. In the 1960’s the
technique was further developed by Germer and co-workers into today’s modern
LEED system [30].

In LEED electrons in the kinetic energy range 20-300 eV are applied, yielding
wavelengths around 1 A, which is in the same order of magnitude as the periodic-
ity of the atomic lattice, a requirement for forming diffraction patterns [2,31]. The
short mean free path of low energy electrons (see Fig. 2.1), typically around 10 A
for 100 eV electrons, makes LEED a highly surface sensitive method. LEED pat-
terns are therefore due to diffraction from only the few topmost atomic layers of a
surface [3], making the technique an important tool for determining surface struc-
ture and periodicity. It can provide information on average bond angles, nearest
neighbour distances and translational symmetry. In addition, the sharpness of the
diffraction pattern reflects the long range order of the surface. LEED is therefore
often used to evaluate the cleanness of a surface, and to study surface reconstruc-
tions and overlayer structures [31,32].

A schematic diagram of a typical LEED system is shown in Fig. 2.2. It consists
of an electron gun with a variable accelerating potential (—Vg) which generates
a monoenergetic electron beam. The electrons are accelerated and focused by a
series of electrostatic lenses before hitting the grounded sample. A hemispherical
retarding-field energy analyzer, consisting of four hemispherical concentric grids
and a fluorescent screen, is used for detecting the electrons [2,31]. Electrons scat-
tered from the surface travel to the first spherical sector grid, which is at the same
potential as the sample providing a field-free region between the sample and the
grid. The next two grids have a potential of —Vg + AV. By adjusting AV, in-
elastically scattered electrons, which would otherwise only contribute to a diffuse
background in the diffraction pattern, are prevented from entering the accelera-
tion field between the fourth grid and the screen. After being accelerated to about
6 keV, the diffracted electrons hit the fluorescent screen, where the diffraction
pattern can be observed.

The LEED pattern can be shown to be in direct correspondence to the reciprocal
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Electron gun

Fluorescent screen
at 6 kV potential

Figure 2.2: A schematic diagram of a typical LEED optics. The sample is
grounded and placed in the centre of a hemispherical retarding-field energy an-
alyzer consisting of 4 grids and a fluorescent screen. An electron gun, inserted
through a central hole in the screen, emits electrons that are diffracted at the sam-
ple surface and backscattered towards the analyzer [2,31].

lattice of the surface. If a; and a, are two lattice vectors of a two dimensional real
space lattice, and aj and aj are lattice vectors for the corresponding reciprocal
lattice, the vectors are related by [32]

aj-aj =ay-a; =1, (2.1)
aj-ay=aj-a;=0. (2.2)
Reconstructions and overlayers are always referred to the periodicity of the sub-

strate. The lattice vectors of the overlayer or reconstruction (b; and b,) are related
to the substrate (a; and aj) by the following relation [2,31]

by G Gu2| |a a
= =G . 2.3
[bz] {Gﬂ G| |a2 ay 23)
As suggested by Park and Madden [33], the matrix G can be used to state the
structure of a reconstruction or overlayer. However, often a simpler notation, the
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Figure 2.3: LEED patterns of the pristine anatase TiO>(101) and (001) surfaces.
(a) The (101) surface is bulk terminated and shows a (1 x 1) LEED pattern. The
diffraction pattern was recorded at an electron kinetic energy of 142 eV. (b) The
(001) surface undergoes a (4 x 1) surface reconstruction, recorded at an electron
kinetic energy of 147 eV.

Wood-notation [34], is used. Here the ratio of the lengths of the overlayer and
substrate nets, together with a possible rotation angle ¢, are used, which can be

expressed as
('bll X |b2|> Ro. (2.4)
lai|  [ay]

In Fig. 2.3 the Wood notation is used for describing the LEED pattern of the clean
anatase TiO(101) and (001) surfaces.

2.4 Synchrotron radiation

Techniques like photoelectron spectroscopy require an X-ray or ultraviolet (UV)
source to produce the radiation. This can be achieved either by using a conven-
tional X-ray tube or by using a synchrotron. Synchrotron radiation facilities, with
their ability to produce tunable radiation of high intensity, have opened up many
new possibilities in electron spectroscopy [35,36]. Some of these include resonant
photoemission, soft X-ray absorption, surface magnetism studies, photoelectron
microscopy and photoelectron diffraction. Most important, the high brilliance' of

'Brilliance is defined as #photons/(s - mm? - mrad? - 0.1% bandwidth) [38].
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these sources facilitates a high degree of monochromatization, which has made
it possible to perform core level photoelectron spectroscopy of very high energy
resolution.

Another important aspect of synchrotron radiation is the ability to tune the photon
energy. In a home laboratory you usually only have access to a few standard X-
ray and UV sources with fixed energies (typically Al Ky, Mg Ky, He-I and He-I1
radiation), while at a synchrotron the energy can be selected freely within a wide
energy range. Since the inelastic mean free path of electrons depends on their
kinetic energy, this means that the degree of surface sensitivity can be chosen. In
addition, tunable photon energy is essential for techniques where you need to scan
the energy, like X-ray absorption spectroscopy.

2.4.1 Basic principles of synchrotron radiation and synchrotron
storage rings

Accelerated charged particles, such as electrons travelling on a curved trajectory,
will emit radiation. If the particles move at relativistic speed, the radiation will be
emitted in a narrow cone tangential to the path of the particles [37]. This forms the
basis for synchrotron radiation. Synchrotron radiation was first observed as energy
loss in electron storage rings used for high-energy physics, and the radiation was
utilized for scientific experiments by extracting light through parasitic beam ports
taking advantage of the otherwise lost radiation [38]. Later, dedicated synchrotron
radiation sources were built.

In today’s synchrotron facilities (often called third generation facilities) the stor-
age rings consist of many straight sections separated by bending magnet sections.
Electrons are accelerated to relativistic speed in a linear accelerator before they
are injected into the storage ring and further accelerated there. The trajectory of
the electrons in the ring is controlled by the use of various magnetic lenses. Syn-
chrotron radiation can be created either by bending magnets, or by insertion de-
vices (undulators and wigglers) in the straight sections of the storage ring. While
bending magnets cause the electrons to move in a single curved trajectory, undu-
lators and wigglers consist of periodic magnetic structures forcing the electrons
to experience harmonic oscillations as they move through the insertion device.
Fig. 2.4 shows a schematic illustration of an undulator. The main difference be-
tween an undulator and a wiggler is the strength of the magnetic field, and there-
fore also the amplitude of the electron oscillations. Undulators operate with rel-
atively weak magnetic fields and the generated radiation from each period of the
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Figure 2.4: Schematic illustration of the radiation emitted by the periodic mag-
netic structure in an undulator. The figure is taken from [39].

magnetic structure is added in phase, resulting in a narrow radiation cone with
extremely bright and partially coherent radiation. The wavelength of the emit-
ted radiation from an undulator can be tuned by changing the gap between the
magnets in the periodic structure. Wigglers are a strong magnetic field version
of undulators. Here the radiation is not added in phase, resulting in a broader
radiation cone in both space and angle. The radiation spectrum from a wiggler
is similar to a bending magnet, except that it is shifted to higher energies and the
total radiated power is much higher [38]. Fig. 2.5 shows the radiation cone and
the radiation spectrum for bending magnets, wigglers and undulators.

The radiation produced by the synchrotron is directed into beamlines where the
desired energy can be selected using a grating monochromator. Finally the monochro-
matized light is focus onto the sample in the experimental station. To avoid energy
losses due to collisions between electrons and air molecules, and because soft X-
ray radiation (typically in the energy range of 301500 eV) is strongly absorbed
by air, both the storage ring, the beamlines and the end stations have to be under
vacuum [38].

2.4.2 Beamlines D1011 and I311 at MAX-lab

All the experiments presented in this thesis have been carried out at either beam-
line D1011 or 1311 of the MAX II storage ring at the Swedish National Syn-
chrotron Laboratory, MAX-lab [41], located in Lund. The MAX Il ring has a cir-
cumference of 90 m and stores electrons with an energy of 1.5 GeV [42]. Fig. 2.6
shows a schematic overview of the storage rings and beamlines at MAX-lab.
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Figure 2.5: The radiation cone and radiation spectrum from bending magnets,
wigglers and undulators. The width of the radiation cone is determined by
7, which is given by the electron energy (E.) in the storage ring, y = n‘bl:;Z =

1957-E,(GeV), and N, which is the numbers of periods in the magnetic struc-
ture. The figure is taken from [40].

Beamline D1011 [43] is a bending magnet beamline, while I311 [44] is undulator
based. Both beamlines are equipped with a modified SX-700 monochromator and
cover a photon energy range of 30—1500 eV. In addition to the usual equipment
for preparation and characterization of surfaces in UHV (sputter gun, LEED op-
tics, etc.), the experimental stations of both beamlines are equipped with a 200
mm hemispherical electron energy analyzer of Scienta type providing for high
resolution photoelectron spectroscopy (PES) and X-ray absorption spectroscopy
(XAS).

Even though both I311 and D1011 are specially designed for surface studies, they
have different strengths and weaknesses, and complement each other. Since 1311
is undulator based, it has a small spot size and a high photon flux which is needed
for studying low doping levels, low coverages, band mapping and resonant pro-
cesses. D1011, on the other hand, has a larger spot and lower photon flux be-
cause of the bending magnet. This is ideal for studying metal-organic precursor
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Figure 2.6: Schematic overview of MAX-lab. The figure is taken from the MAX-
lab homepage [41].

molecules and water, which are very susceptible to radiation damage. Fig. 2.7
shows the experimental stations of the D1011 beamline. Our experiments at this
beamline have all been carried out in the front station.

2.5 Photoelectron spectroscopy (PES)

Photoelectron spectroscopy? (PES) is an experimental technique based on the
photoelectric effect that probes the occupied electronic levels in a material [46].
The photoelectric effect was discovered experimentally by Hertz in 1887 [47]
and later explained by Einstein in 1905 [48], an achievement for which he was
awarded the Nobel Prize in Physics in 1921. Hertz observed that when a material
was exposed to electromagnetic radiation, it emitted electrons (photoelectrons),
but he could not explain why the kinetic energy of the electrons seemed to be
independent of the intensity of the radiation. Einstein solved this problem by
treating light as particles (photons) with a precise energy and by proposing that
a minimum energy is required to make an electron escape from a solid. This
threshold energy depends on the material and is given by

Emin = hvmin = CI)7 (25)

2 Also called photoemission spectroscopy.
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Figure 2.7: The two experimental stations of the D1011 beamline at MAX-
lab. The front station features photoemission and X-ray absorption spectroscopy,
while the back station is optimized for studying magnetic materials. The picture
is taken from [45].

where / is Planck’s constant, v is the frequency of the incident photon and & is
the work function for the given material.

In the 1950’s and 1960’s Kai Siegbahn (awarded the Nobel Prize in Physics in
1981) and co-workers in Uppsala developed the technique we today know as pho-
toelectron spectroscopy [49]. Because of its chemical specificity it was originally
called Electron Spectroscopy for Chemical Analysis (ESCA). Photoelectron spec-
troscopy provides information on the atomic composition of a sample as well as
the chemical states and electronic structure of the observed atoms. Since the in-
troduction of soft X-ray synchrotron radiation sources, PES has become one of
the major techniques for studying surfaces, interfaces and thin films [24].

2.5.1 The principles of photoelectron spectroscopy

PES relies on detecting emitted photoelectrons and determining their kinetic en-
ergy. This is accomplished by the use of an electron spectrometer. A hemispher-
ical type electron spectrometer is illustrated in Fig. 2.8. It consists of a set of
electronic lenses, an energy analyser and a detector [2,46]. After being emitted
from the sample, the photoelectrons are collected, accelerated or decelerate to a
selected pass energy and focused onto the entrance of the energy analyser by the
electron lenses. A concentric hemispherical analyser (CHA), which is made of
two concentric hemispheres with an applied voltage difference, is then used to
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Lenses

Detector

Figure 2.8: (Left) A schematic diagram of a typical electron spectrometer which
is used to determine the kinetic energy of photoelectrons. It consists of a set
of electronic lenses, a concentric hemispherical analyser (CHA) and a detector.
(Right) A model of a spectrometer, taken from [50].

disperse the incoming electrons according to kinetic energy and momentum. Fi-
nally the electrons reach a detector commonly consisting of two micro-channel
plates connected to a phosphor screen. Electrons accelerated onto the phosphor
screen give off a light flash which is counted by a CCD camera.

The main features of the photoemission process are summarized in Fig. 2.9. When
a sample is irradiated by light, the photons may be absorbed and excite a core or
valence electron, which can be emitted. Since the total energy is conserved, the
process can be described by

Ei+ hv = Ey+ Exin, (2.6)

where hv is the energy of the incoming photons, Ey;, the kinetic energy of the
emitted photoelectrons, and E; and E; the initial and final state energies of the
system. The binding energy of the electrons, Ep, is then defined as the difference
in total energy before and after excitation

Eg =E¢—E; =hv —Ey,. 2.7

Given that the energy of the incoming photons is AV > Ep + ®g, electrons with
binding energy Ep can be excited into the vacuum region. ®g is here the work
function of the sample. By using the electron energy analyser for measuring the
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Figure 2.9: Schematic illustration of the photoelectron spectroscopy principle. In-
coming photons of sufficient energy can excite core or valence electrons into the
vacuum region, where their kinetic energy are measured by an electron energy
analyser, after overcoming the work function of the analyser, ®,. When the anal-
yser energy is scanned this produces a photoemission spectrum, I(E), which is re-
lated to the electronic density, N(E), in the sample. The figure is taken from [51],
which has been adapted from [52].
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Figure 2.10: O 1s photoemission spectrum of water adsorbed on the rutile
TiO,(110) surface at 210 K. The spectrum is recorded at 610 eV photon energy
and 60° off-normal emission angle to allow for the observation of OH on the sur-
face when substrate oxygen is present.

kinetic energy of the photoelectrons, the binding energy can be calculated by
Eg = hv —Ej;, — ®@a, (2.8)

where E;. is the kinetic energy as measured by the spectrometer and ®, is the
work function of the analyser. To be detected the photoelectrons have to overcome
the work function @ of the analyser, which in general is different from ®g. This
is the reason why the measured kinetic energy, Ey, , is slightly different from Ej,
in eq. (2.7). The measured distribution of photoelectrons, I(E), is related to the
electronic density, N(E), in the sample. For solid surfaces the binding energy is
usually referenced to the Fermi level (EF) [2,46].

2.5.2 Surface sensitivity of PES

Even though photons can penetrate several micrometers into a sample, photo-
electron spectroscopy is a highly surface sensitive technique because of the short
inelastic mean free path of electrons with an energy in the range 10—1000 eV. In
order to increase the surface sensitivity even further two approaches can be taken:
(1) the kinetic energy can be optimized with respect to the mean free path by an
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appropriate choice of photon energy, or (2) the angle between the sample and the
detector can be altered to increase the amount of emitted photoelectrons originat-
ing from the surface relative to the bulk [46]. In Paper II, III and IV, both these
two approaches had to be combined to increase the surface sensitivity sufficiently
to be able to separate the peak due to adsorbed OH species from the much stronger
TiO, substrate peak in the O 1s spectrum, as illustrated in Fig 2.10.

2.5.3 Core levels and core level shifts

Core levels are localized electronic states that do not participate in chemical bond-
ing. Even so, they are influenced by changes in the local charge and potential of
the atom [46, 53]. Emitted electrons from atoms with different chemical environ-
ments will therefore have a slight energy difference and the core level peak in the
photoemission spectrum may be split into features with slightly different binding
energies [54]. These shifts are called chemical shifts or core level shifts. Studying
chemical shifts can provide information on how the atoms are chemically bonded
in a system, and they may also be used as a fingerprints to identify various chem-
ical states of the atom. An example of a chemical shift due to CO directly bonded
to Au atoms on an anatase TiO,(101) surface is shown in Fig. 2.11.

Another kind of shift which is often observed in high resolution photoemission
experiments, are surface core level shifts. These shifts are caused by the reduced
coordination of the surface atoms of the material. Surface core level shifts are
present for most materials and are expected to be larger for open surfaces because
of the smaller coordination number compared to more closely packed surfaces
[46]. The direction and magnitude of the surface core level shift depend on the
difference in cohesive energies between the initial and final states of the bulk and
surface atoms, as shown using a Born-Haber-approach by Johansson et al. [55].

As can be seen from eq. (2.7) both initial and final state effects contribute to the
observed binding energy. The initial state is just the ground state of the atom
before the photoemission process. A change in the atom’s initial state, for instance
by the formation of chemical bonds with other atoms, will alter the binding energy
of the electrons in that atom and is called an initial state effect. Final state effects
are on the other hand related to the screening of the resulting core hole. For
simplicity it is often assumed that initial state effects are responsible for observed
chemical shifts, but in a complete analysis of the core level shifts, it is necessary
to also include final state effects since they may have a significant impact on the
measured binding energy [46, 56].
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Figure 2.11: Au 4f photoemission spectra for the anatase TiO,(101) surface with
0.5 ML Au evaporated on top, before (lower spectrum) and after (upper spectrum)
adsorption of 10 L. CO. The chemical shifted peaks (green curves) are due to Au
atoms directly bonded to CO.

2.5.4 Valence band

The valence electrons are delocalized and interact strongly with their surround-
ings. Due to the band structure of a solid sample, the electron density of states
is usually relatively high for an extended energy interval. This makes the valence
spectra complex and direct line shape analysis (see section 2.5.5) can rarely be
used. Information that can be extracted from the valence band region includes
band gap width, existence of filled defect states in the band gap and peaks due
to adsorbates reacting with the substrate. Moreover, by performing angle re-
solved photoelectron spectroscopy, where both energy and angular momentum
are recorded, the band structure formed by the valence electrons can be mapped
out. The latter technique is not used in this thesis.

2.5.5 PES line shapes and fitting procedures

In order to extract detailed information from photoemission spectra, they have
to be delineated into their individual components based on a fitting procedure.
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This decomposition consists of determining binding energies, intensities and line
shapes of the different contributions. For most materials, the line shape of core
levels can be described by a convolution of Lorentzian and Gaussian functions,
together with an asymmetry factor. Even though the energies of the core levels
are well defined, the observed photoemission peaks still have a certain width due
to different broadening effects.

Lorentzian contribution — lifetime broadening

The final state in the photoemission process does not have a well defined energy
because of its finite lifetime. The excited state decays exponentially with time,
resulting in the following relation between intensity and lifetime

1(t) =1(0)e™ 2", (2.9)

where ¢ = 0 is the time of excitation. From Heisenberg’s uncertainty principle [57]
it follows that this finite lifetime induces an uncertainty in the binding energy. The
intensity distribution as a function of energy can be found by a Fourier transform
of eq. (2.9), which gives the Lorentzian contribution to the line shape

2

MO R

(2.10)
where Ij is the intensity in the peak at E = Ej and 27 is the Lorentzian full width
at half maximum (FWHM) [53].

Asymmetry — electron-hole pair excitations

Additional electrons in the sample may be excited during the photoemission pro-
cess, leading to a partial energy loss for the photoelectron. In metals valence
electron excitations can create electron-hole pairs within the continuum around
the Fermi level contributing to this loss [58]. This affects the photoemission line
shape by making it asymmetric. By combining the effect of finite lifetime with
electron-hole production, Doniach and Sunji¢ found the following line shape [59]

B I(l1—o)-y Ta 1 (E-Eo
IDS(E)—10[(E_E0)2+,Y2](1—a)/lcos 7+(1—0¢)tan <V>]2’ |
(2.11)

where « is the asymmetry parameter (if o« = 0 then Ipg = I1), I is the gamma
function and 2y is the FWHM.
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Gaussian contribution — phonon and experimental broadening

Broadening can also be caused by phonons, experimental effects such as the reso-
lution of the electron analyser and the beamline monochromator, small unresolved
chemical shifts and disorder. These effects are often assumed to give rise to Gaus-
sian broadening, which can be described by

(E—Eg)*

7l 2.12)

—1In2
IG(E)=1Ipe

where o is the Gaussian FWHM.

Fitting procedure

The photoemission spectrum also includes a background caused by inelastically
scattered electrons. This background is usually subtracted from the spectrum by
using a linear or Shirley [60] type function. The final line shape for each compo-
nent can be found by convoluting the Doniach-Suji¢ function with the Gaussian
contribution, giving

I(E) = [ ZIDS(E’)I(;(E —E"dE'. (2.13)

Each core level component is then described by the following parameters: inten-
sity (Ip), binding energy (Ey), Lorentzian FWHM (L = 27), asymmetry factor ()
and Gaussian FWHM (G = o). The actual fitting procedure in the present thesis
has been performed using Igor [61] and FitXPS [62].

2.6 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is an experimental technique that probes the
unoccupied valence states in a sample in the presence of a core hole [63]. The X-
ray absorption process is shown schematically in Fig. 2.12. A photon is absorbed
by an electron in a core level which is excited into an unoccupied state above
the Fermi level, leaving the atom in a highly excited neutral state. A spectrum is
obtained by scanning the photon energy across an absorption edge, making XAS
a synchrotron based experimental method.

The absorption process can be observed by several detection schemes, includ-
ing measuring the drain current, detection of fluorescent photons and detection
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Figure 2.12: Schematic figure of the X-ray absorption process and the following
decay.

of electrons. When the excited states decay, electrons will be emitted from the
sample (called secondary electrons). The number of these secondary electrons is
measured as a function of the photon energy. The yield is then assumed to be
proportional to the probability of exciting an electron from a core level to a given
energy level above the Fermi level. The XAS process is highly photon energy
dependent and a peak in the XAS spectrum will be seen when the photon energy
exactly matches the energy difference between the core excited final state and the
ground state, given that the transitions are allowed by dipole selection rules [63].

Different modes can be used when detecting the secondary electrons: (i) Total
yield, which means that all electrons (including both Auger electrons and photo-
electrons) at all kinetic energies are collected. (ii) Partial yield, where a retarding
voltage in front of the XAS detector is used to cut off the low kinetic energy elec-
trons. (iii) Auger yield, where a single Auger line is measured by adjusting the
energy analyzer to only accept electrons in a selected energy window. The surface
sensitivity of XAS is determined by the mean free path of the emitted electrons,
as well as by how many inelastically scattered electrons (i.e. electrons with lower
kinetic energy) that are allowed to reach the detector. Total yield measurements
are therefore most bulk sensitive, while partial and Auger yield are more surface
sensitive [35,63].
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Figure 2.13: X-ray absorption spectra for the Ti L-edge (2p — 3d) of single crys-
tal rutile TiO,(110) and anatase TiO,(001) surfaces. The Ti XAS spectrum is
sensitive to the local geometry of the Ti atoms, and the relative intensities of the
peaks making up the doublet feature centered at 460 eV become reversed when
changing from anatase to rutile structure. The doublet is commonly assigned to
€, states, and the difference in the relative intensities between rutile and anatase
is attributed to a difference in the octahedral distortion of the lattice [64, 65].

X-ray absorption spectroscopy is very useful as a fingerprint technique for de-
termining different structural phases of materials, and also separating between
crystalline and amorphous samples. In our work, we have mainly used the tech-
nique for determining the structural phase of TiO,, by comparing with fingerprint
spectra [64, 65]. Fig. 2.13 shows an example of such fingerprint spectra for sin-
gle crystal anatase and rutile TiO, surfaces. By utilizing the polarized nature of
synchrotron radiation, X-ray absorption spectroscopy can also be used as a very
sensitive experimental tool for determining molecular orientation on crystal sur-
faces. The technique is then often called NEXAFS (near-edge X-ray absorption
fine structure) [63].

2.6.1 Combining XAS and PES

By combining PES and XAS data on the same energy scale, it is possible to moni-
tor the location of the valence and conduction band edges of the metal oxide. The
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Figure 2.14: Using O 1s XAS and valence band PES spectra on the same energy
scale to monitor the location of the valence and conduction band edges and to
follow the band alignment during growth of TiOx on Pt(110).

valence band is represented by the Fermi level referenced PES spectrum, while
the conduction band is represented by the O 1s XAS spectrum referenced to the
Fermi level by using the O 1s PES binding energy. Changes in the position of
the leading peak in the O 1s XAS spectrum is expected to reflect changes in the
location of the conduction band edge [66]. For TiO; the position of the leading
peak relative the Fermi level may however be slightly offset with respect to the
conduction band onset, as we find in Paper 1. In Paper VI this method has been
utilized to follow the band alignment during the growth of a thin TiOx film on
Pt(110), as shown in Fig. 2.14.






Chapter 3

Summary of papers

This chapter briefly summarizes the main results from the six papers included in
this thesis and gives a short description of the studied systems.

3.1 The conduction-band edge of anatase TiO,

Most of the applications of TiO; involve processes were electrons populate empty
states in the conduction band. In the fields of photocatalysis, photovoltaics and Li
ion storage [8,11,67,68], anatase TiO, has been the primary material choice. Be-
cause the access to anatase single-crystal samples until recently has been very
limited, most experimental studies have, however, been performed on the ru-
tile phase. Previous theoretical work has shown unique electronic properties for
anatase TiO; [69,70]. Confirming and quantifying these theoretical findings ex-
perimentally is thus of great importance.

Paper I
Probing and modifying the empty-state threshold of anatase TiO,:
Experiments and ab initio theory

In this paper we use O 1s X-ray absorption spectroscopy (XAS) in conjunction
with photoelectron spectroscopy to explore the conduction-band edge of single
crystalline and nanostructured anatase TiO,. The experiments are supported by ab
initio density-functional calculations in which both the initial and core hole final
states are considered. The calculations show that the states at the conduction-band

31
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edge of anatase are of pure dy, character. This is also the case in the presence of
an O 1s core hole. In the O 1s XAS process, pure Ti d states cannot be probed due
to selection rules. By appropriate energy referencing, the separation between the
Ti d derived conduction-band edge and the threshold of the unoccupied Ti d-O p
states can therefore be revealed. The electronic charge needed per Ti to eliminate
this offset is discussed in quantitative terms. The theoretical and experimental
values are in good agreement, showing that 4% of an electronic charge per Ti ion
is sufficient to change the character of the empty states at threshold from pure Ti d
to Ti d-O p.

3.2 Water adsorption on TiO; surfaces

Water is an integral part of the environment and the adsorption behaviour on TiO»
is central for a wide range of applications, including photochemical water split-
ting, solar cells, catalysis, gas sensing and biocompatible materials [6]. After the
discovery of photoinduced splitting of water into hydrogen and oxygen on a ru-
tile TiO, single crystal in 1972 [9], the H,O/TiO,(110) system has received more
attention than any other comparable oxide system. The dissociation of water on
the oxygen deficient TiO,(110) surface has been characterized in detail, however,
there is still no consensus reached between experimentalists and theorists regard-
ing a very fundamental question: Does water dissociate upon adsorption on the
defect-free TiO,(110) surface? In Paper III we give experimental input on this
important question.

The emergence of nanoscience has now put the focus on the anatase polymorph
of TiO,. Anatase is the preferred phase of TiO, nanoparticles [71] and is an
even more potent photocatalyst compared to rutile [11]. As seen from Fig. 3.1,
the equilibrium shape of an anatase crystallite exposes (101) and (001) surfaces
with the latter as a minority termination. Studies of adsorption and reactivity of
water on well-defined anatase surfaces can therefore be a stepping stone towards
an understanding of surface processes on nanocrystalline TiO; in aqueous envi-
ronments. In Paper I we have performed the first reported spectroscopic study
of water adsorption on single crystalline anatase TiO,(001)-(4 x 1), and in Paper
IV we continue this work by doing a side-by-side comparison of the temperature
dependent adsorption state of water on the anatase TiO,(101)-(1 x 1) and (001)-
(4 x 1) surfaces.
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Figure 3.1: (a) The calculated equilibrium shape of an anatase TiO, crystal [19].
(b) Picture of an anatase mineral crystal. The figure is taken from [6].

Paper 11
Water Dissociation on Single Crystalline Anatase TiO,(001)
Studied by Photoelectron Spectroscopy

Here we study the adsorption of water on the anatase TiO,(001)-(4 x 1) surface
using synchrotron radiation-excited core level photoelectron spectroscopy. The
coverage dependent adsorption of water at low temperature is monitored and com-
pared to the sequence obtained after heating of a water multilayer. Two adsorp-
tion phases of submonolayer coverage can be defined: Phase 1 consists only of
dissociated water, observed as OH-groups. This phase is found at low coverage
at low temperature (190 K) and is the only state of adsorbed water above ~230
K. The saturation coverage of phase 1 is consistent with dissociation on the 4-
fold-coordinated Ti ridge atoms of the (4 x 1) surface reconstruction. The high
reactivity and the location of the hydroxyl groups confirm previous theoretical
predictions. Phase 2 is found at higher coverage, reached at lower temperature. It
consists of a mixture of dissociated and molecular water with a ratio of 1:1 at 170
K. The molecular water is found to bond to the hydroxyl groups. The hydroxyl
coverage of phase 2 is approximately 2 times that of phase 1. The results suggest
that the OH and H,O species of phase 2 are confined to the ridges of the surface.
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Paper 111
Experimental evidence for mixed dissociative and molecular adsorption of
water on a rutile TiO,(110) surface without oxygen vacancies

In this paper we present a study of the interaction of water with the rutile TiO,(110)
surface using synchrotron radiation photoemission spectroscopy. We demonstrate
that O 1s spectra recorded at grazing emission angle at optimized photon energy
in conjunction with valence spectra allow for the observation of OH on the sur-
face in the presence of substrate oxygen. We present clear evidence for mixed
molecular and dissociate water adsorption, with a OH:H;O ratio close to 0.5, at
monolayer coverage on a TiO,(110) surface free from oxygen vacancies. Reduc-
ing the coverage by heating of the monolayer results in an increased OH:H,O ra-
tio. Importantly, neither species originating from the monolayer on the defect free
surface are detected at room temperature. This demonstrates that OH in the mixed
monolayer is much less stable than OH formed at oxygen vacancies. The detailed
nature of OH in the mixed layer is not possible to unveil with present experimental
results but they are clearly consistent with the notion of pseudo-dissociated water
on the vacancy free surface.

Paper IV
Mixed dissociative and molecular water adsorption on single crystal anatase
TiO, surfaces studied by core level photoemission spectroscopy

In this study, we make a side-by-side comparison of the temperature dependent
adsorption state of water on the (101)-(1 x 1) and (001)-(4 x 1) surfaces of anatase
TiO;. Using extremely surface sensitive synchrotron radiation excited O 1s pho-
toemission spectra, we demonstrate that the formation of a water monolayer on the
anatase TiO,(101) surface involves both associative and dissociative adsorption.
The behaviour is similar to that on rutile TiO,(110) and illustrates the importance
of intermolecular interactions present at higher coverages. The exact composition
of the monolayer on the anatase TiO,(101) is however difficult to deduce due to
simultaneous desorption of first and second layer water. We also continue the dis-
cussion on the nature of the water layer on the (001) surface. Dissociation occurs
on the ridges of the (4 x 1) reconstruction, while a mixture of molecular and dis-
sociated water is formed either in connection to the ridges or on the terraces. Due
to the high complexity of the surface a clear assignment of the location of all the
OH groups is however not possible.
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3.3 Submonolayer growth of Au on the anatase TiO,(101)
surface

Even though gold for a long time was regarded as an inert material when it came to
catalysis, gold nanoparticles supported on metal oxides have recently been found
to be effective catalysts for several processes, including CO oxidation at remark-
ably low temperatures [72]. There is also a strong size dependence, particles
below 5 nm in size are far superior to larger particles in terms of catalytic activ-
ity [73]. Even though the Au/TiO; system has been heavily investigated, primar-
ily on the rutile phase, the mechanism behind the CO oxidation process is still
not well understood. Anatase TiO; is the preferred phase when forming nano-
sized particles [71] and model studies of Au on single crystalline anatase TiO, are
therefore of strong relevance.

Paper V
Growth of Au on Single Crystalline Anatase TiO,(101):
Formation of oxidized gold

We have used synchrotron based core level photoelectron spectroscopy to study
submonolayer growth of gold and its interaction with CO on the anatase TiO,(101)
surface. Here we observe two different Au species forming. The first type is char-
acterized by an Au 4f; ; binding energy of 84.8 £0.1 eV and a CO induced shift
of 1.5 eV. This type of particles is only discerned up to an Au coverage of 0.14
ML and appears to be size-limited. It also has a constant relative CO uptake. The
second particle type has an Au 4f; ; binding energy of 84.1+0.1 eV and a CO
induced shift of 0.9 eV. It is first observed at 0.14 ML and continues to grow at
higher Au coverages, exhibiting a decreasing relative CO uptake with increasing
Au dose, which is typical for an increasing particle size. We propose that the first
particle type contains oxidized gold and the low coverage suggests nucleation at
defects, possibly oxygen ad-atoms located on the terraces. The oxidized gold ag-
gregates appear to be size-limited. The second type is attributed to neutral gold
that most likely nucleate at steps on the anatase TiO,(101) surface. For the second
particle type, we have used the CO uptake to estimate the particle size. Here we
find an average particle size of 2 nm for the 0.4 ML Au coverage, while after an
Au dose of 1 ML, the particles typically have a size of 3.5 nm.
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Figure 3.2: A suggested model of the TiOy bilayer on Pt(110). The red and blue
balls are oxygen and titanium, respectively. The figure is taken from [78].

3.4 Thin TiOy films on Pt(110)

Remarkable properties of nanostructured titania, in the form of nanosheets, nan-
otubes, nanorods and nanoclusters, have recently been reported [74,75]. Several
of these new phases do not have a bulk counterpart and their properties are closely
related to surface structure and interface effects. Titania nanosheets are thought to
be the building blocks of titania nanotubes and nanorods, calling for careful inves-
tigations of their physical and structural properties. Additionally, a TiOx double
layer can be assembled on Pt(110) and Pt(111) surfaces with a geometric structure
similar to that found for unsupported TiO, nanosheets [76—78]. Studying such ul-
trathin films on a single crystal metal support can serve both as a nanosheet model
as well as a new material in its own right. Its properties are determined by the
combination of the oxide film properties and those of the support. Fig. 3.2 shows
a suggested model of the TiO bilayer on Pt(110).

Paper VI
Growth of ultrathin TiOy films on Pt(110) studied by high resolution
photoemission and X-ray absorption spectroscopy

In this paper we utilize high resolution photoemission and X-ray absorption spec-
troscopy to study the formation of an ultrathin TiOy film on the Pt(110)-(1 x 2)
reconstructed surface. From Ti 2p XAS spectra of the deposited TiOy film a
structural change from a rutile-like structure when TiOy coexists with PtO; to
an anatase-like structure upon completion of a TiOy bilayer on the Pt surface is
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observed. Upon comparison to an anatase TiO,(001) single crystal, the complete
TiOx bilayer displays a very similar band alignment with respect to the Fermi
level, but with a band gap that is 0.2 eV lower. In contrast, a rigid shift of —0.8
eV is found for the electronic states of the bilayer islands. This shift can be ex-
plained in terms of a band bending effect imposed by the PtO, patches.
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O 1s x-ray absorption spectroscopy (XAS) in conjunction with photoelectron spectroscopy has been used to
explore the conduction-band edge of single crystalline and nanostructured anatase TiO,. The experiments are
supported by ab initio density-functional calculations in which both the initial and core hole final states are
considered. The calculations show that the states at the conduction-band edge of anatase are of pure d,,
character. This is also the case in the presence of an O 1s core hole. In the O 1s XAS process pure Ti d states
cannot be probed and, by appropriate energy referencing, the separation between the Ti d derived conduction-
band edge and the threshold of the unoccupied Ti d—O p states can therefore be revealed. The electronic
charge needed per Ti to eliminate this offset is discussed in quantitative terms. The theoretical and experimental
values are in good agreement, showing that 4 = 2% of an electronic charge per Ti ion is sufficient to change the
character of the empty states at threshold from pure Ti d to Ti d—O p.

DOI: 10.1103/PhysRevB.78.075113

I. INTRODUCTION

TiO, is a material with a wide range of applications in
many different technical areas. It is important within the
fields of gas sensors, biocompatible materials, energy stor-
age, photovoltaics, and photocatalysis.'~* Most of these ap-
plications involve processes where electrons populate empty
states in the conduction band. Within the dye sensitized solar
cell the first step is light absorption by the dye molecule
upon which the excited electron is injected into the TiO,
conduction band.’ The key step in photocatalysis is the sepa-
ration of photoinduced charge carriers.!> Subsequent transfer
of holes and electrons between the TiO, substrate and the
adsorbed molecules govern the surface reactions. Examples
of chemical modifications that lead to the population of
conduction-band states are Li ion insertion and creation of
defects in the form of oxygen vacancies.**'" Doping of
TiO, with other transition metals is a modification that has
attracted enormous interest recently.'’'> This largely stems
from the prospect of preparing dilute magnetic semiconduc-
tors (DMSs) for use in spintronic applications. Whether tran-
sition metal doped TiO, qualifies as a true DMS is heavily
disputed. Still, the system poses many interesting fundamen-
tal questions, such as the influence of defects on the mag-
netic coupling between the dopants.

Anatase TiO, is the structural phase that has been the
primary choice for applications within the fields of photoca-
talysis, photovoltaics, and Li ion storage.'~*® Previous theo-
retical work has revealed ground-state electronic properties
unique for the anatase phase of TiO,.'> The states at the
conduction-band minimum (CBM) are of pure Ti d,, charac-
ter with the Ti d—O p mixed states clearly separated from
the CBM. This separation is much less pronounced for rutile
TiO,. A considerable optical anisotropy found for anatase
was related to the offset between the d and p thresholds.'> A
transition from the nonbonding p, states (located at the top
of the valence band) to the d,, states is dipole forbidden for

1098-0121/2008/78(7)/075113(6)

075113-1

PACS number(s): 71.20.—b, 73.20.At, 79.60.Bm, 78.70.Dm

the Ellc polarization while it is allowed for the E L ¢ polar-
ization. In a theoretical study on the effects of Li insertion in
anatase TiO, it was furthermore shown that the donated elec-
trons first populate d,, states. 14 At higher d populations Ti d,.
and d,, states mixed with O p states become populated. The
orthorhombic  distortion ~ of the Ilattice  observed
experimentally'> is not initiated until the Ti d,, states be-
come populated.' '

Based on the theoretical studies described above it can be
concluded that Ti d—O p mixed states become degenerate
with the empty states threshold only above a critical popula-
tion of the d,, states. This point may define: (i) a change in
the transport properties of photoexcited or injected electrons,
(ii) a change in the optical properties, and (iii) the onset for
geometric changes. Confirming and quantifying these in-
triguing theoretical findings experimentally is a very impor-
tant objective. The optimal way to do this is by acquiring
high quality experimental data for single-crystal anatase
samples. Up to date, the access to anatase single-crystal
samples has been very limited. This is in stark contrast to the
case of rutile TiO, where single crystals of various surface
terminations have been readily available for a long time. For
this reason rutile TiO, has been established as the benchmark
metal oxide.

Very recently, studies on the electronic properties of ana-
tase single crystals have started to appear. This allows for
fundamental studies of the TiO, polymorph primarily used in
applications. The results obtained for anatase also serves as
the most important complement to the numerous studies of
the rutile phase. For example, photoelectron spectroscopy
(PES) in a resonant mode has been used to probe the char-
acter of the valence band, and important differences between
rutile and anatase were highlighted.'® A significant optical
anisotropy has furthermore been found for single-crystal ana-
tase TiO,.!” The E L c oscillator strength near the absorption
edge was found to be one orders of magnitude larger than for
Ellc. The Ellc and E L ¢ absorption edges were assigned to

©2008 The American Physical Society
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be direct and indirect optical absorption processes, respec-
tively. This is fully consistent with the theoretical
calculations.'?

In this paper, we use O 1s x-ray absorption spectroscopy
(XAS) in conjunction with PES to explore the conduction-
band edge of single crystalline anatase TiO,. The experi-
ments are supported by ab initio density-functional calcula-
tions in which both the initial and core hole final states are
considered. We demonstrate that appropriately energy refer-
enced O ls PES and XAS spectra confirm the theoretically
predicted separation between the CBM and the Ti3d
—O 2p mixed states. We furthermore quantify the electronic
charge needed per Ti to eliminate this offset, thereby chang-
ing the character of the empty states at threshold from pure
Tid to Tid-O p.

II. EXPERIMENT

The spectra were recorded at the beamlines D1011 and
1311 at the Swedish national synchrotron facility MAX IL.'8
The end stations at both beamlines comprise a Scienta 200
mm radius hemispherical electron energy analyzer. Binding-
energy (BE) calibration was made relative to the Fermi level
of a platinum foil mounted on the sample holder. The x-ray
absorption spectra were calibrated by the recording of a PES
peak excited with first-order and second-order light from the
monochromator. The anatase TiO, (001) and (101) single
crystals (supplied by PI-KEM Ltd., U.K.) were cleaned by
cycles of Ar sputtering and subsequent annealing in oxygen
to 650°C. The preparation and characterization of the pris-
tine and Li-modified nanostructured anatase TiO, films have
been discussed in detail elsewhere.'*?

III. CALCULATIONS

Ab initio calculations have been performed by a plane-
wave code (VASP) (Ref. 21) within density-functional theory
(DFT). A projector augmented wave (PAW) (Ref. 22) basis is
used in the local-density approximation (LDA) with Ceper-
ley and Alder exchange-correlation functional parametrized
by Perdew and Zunger. We have used a kinetic-energy cutoff
of 450 eV for the plane waves included in the basis set. For
Brillouin zone integration, k points were generated in the
Monkhorst Pack scheme. The local density of states (DOS)
was calculated by projecting the wave functions onto spheri-
cal harmonics. To simulate the final-state effects in the pres-
ence of a core hole, we used the Z+1 approximation where
an impurity with atomic number Z+1 is substituted in place
of the atom (with atomic number Z), for which spectroscopic
measurement is done. For this purpose, we have used the
supercell of a 3 X3 X3 geometry and have placed an F im-
purity atom in the place of an O atom. The calculations have
been done for the anatase phase of TiO,. The lattice param-
eters and atomic coordinates were extracted from the experi-
mental results in the literature. The DOS is artificially broad-
ened by a Gaussian function with a full width at half
maximum (FWHM) of 0.2 eV.

IV. RESULTS AND DISCUSSION

Figure 1 shows occupied valence electronic states as
probed by PES. Clear changes are observed in the valence
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FIG. 1. Valence-band electronic states for (a) TiO,(101)-(1x1)
and (b) TiO,(001)-(4x1) in the anatase phase. The energy scale is
relative to the sample holder Fermi level (dashed line). The Gauss-
ian peaks (dotted) represent the edges of the DOS. The vertical
dashed dotted line indicates the experimentally determined optical
band gap (Ref. 25) assuming an alignment of the conduction-band
edge to the Fermi level.

band depending on the surface studied in line with previous
work.'® An important property is the location of the valence-
band edge (VBE). Qualitatively, the results displayed in Fig.
1 suggest that the VBE of the (101) surface is located at a
slightly higher BE than that of the (001) surface. DOS cal-
culations show that the VBE of anatase is very sharp.'* Con-
sequently, the broadening in the experimentally measured
VBE is at the present resolution (about 60 meV) dominated
by phonons. Fitting of a Gaussian curve therefore yields an
estimate of the location of the DOS VBE. These are indi-
cated in Fig. 1. The VBE can also be estimated by use of a
linear approach as described in Ref. 23. In the case of semi-
conductors and metal oxides a common approach is further-
more to assume that the shifts in the VBE position are traced
by the BE shifts of the core-level peaks.’* Since core-level
peaks are better defined than the valence band, a more accu-
rate measure of relative shifts of the VBE is provided. In the
present case, we have monitored the BE shifts of the Ti 2p
(4+) and O 1s peaks. After applying all three methods de-
scribed above we estimate that the VBE of the (101) surface
is located 0.15+0.05 eV above that of the (001) surface.
The binding energy of the VBE relative to the Fermi level
is expected to increase upon the population of Ti 3d states. It
is known that Ti 3d states become populated when defects in
the form of oxygen vacancies occur, that is, Ti%* states are
formed. The (101) surface is more prone to defect formation

075113-2
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FIG. 2. Total (for the entire unit cell with s, p, and d electrons)
and partial (projected on an atom with particular orbital character)
density of states for anatase TiO, obtained by ab initio calculations.
The energy scale is relative to the valence-band maximum of the
initial state. Dashed lines: DOS curves for the initial state. Solid
lines: DOS curves for the final state with an O 1s core hole present.
The total density of states is scaled in order to facilitate a compari-
son. As indicated, the O-p DOS is comparable to the Ti-d DOS if
divided by a factor of ten. The Ti-d and O-2p onsets of the final
states are marked with vertical solid lines. The inset shows a mag-
nified view of the different Ti-d and O-2p onsets for anatase.

than the (001) surface as pointed out previously.'® A weak
Ti 3d related feature at 1 eV BE is indeed observed for the
(101) surface, while no Ti 3d state can be discerned for the
(001) surface. (It can be noted that both spectra exhibit a
much lower defect density than those previously reported.)
By normalizing to a sputtered and annealed surface where
reduced states are clearly visible in the Ti 2p spectrum, it
was possible to estimate the Ti** density to 1.0 0.5% per Ti
ion for the (101) surface. (The difficulty in defining the back-
ground is the major cause of a rather large error.) The pres-
ence of a Ti3d feature is consistent with the positive
binding-energy shift of the VBE for the (101) surface when
compared with the (001) surface.

Most important for the analysis is to determine the loca-
tion of the CBM. There are two observations that suggest
that the CBM is well aligned to the Fermi-level reference.
First, the expanded spectra show populated band-gap states
reaching up to a point that coincides with the Fermi level
(Fig. 1). Second, the band gap of anatase TiO, is reported to
be
3.3 eV.” When taking this value relative to the Fermi level
(dashed dotted line in Fig. 1), the position agrees very well
with the low BE onset of the valence band. Thus, the energy
difference between the VBE and the Fermi level agrees very
well with the band-gap energy given by optical absorption.

Figure 2 shows the calculated unoccupied DOS for ana-
tase TiO,. The curves for the initial and final states are in-
cluded, aligned against the VBE of the initial state. The par-
tial DOS curves show clearly that the unoccupied states in
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this energy region are predominantly of Ti 3d character with
a small admixture of O 2p. The states closest to the CBM are
however of pure Ti 3d character. The ground-state calcula-
tions presented are in very good agreement with previous
work.!3 The final-state DOS reveal significant effects upon
the formation of an O 1s core hole. The weight of the Ti 3d
DOS and O 2p DOS moves closer to threshold and the inte-
grated O 2p DOS decreases. An increased population of the
O 2p states is expected given that the final state can be en-
visaged as a fluorine ion according to the Z+1 approxima-
tion. Most important, however, is that the offset between the
Ti 3d DOS and the O 2p onsets is retained. The offset be-
tween the Ti 3d DOS and the O 2p onsets amounts to 0.45
eV. The spatial distribution of the states at the CBM confirms
that these are made up of nonbonding Ti 3d,, states (not
shown).

The fact that the offset is retained in the presence of an
O 1s hole strongly suggests that it is present also upon the
formation of a hole in the valence band. This lends strong
support for the interpretation that the large optical dichroism
is correlated with the existence of nonbonding d,, states at
the bottom of the conduction band.!?

That the offset is present upon the creation of an O ls
hole justifies furthermore the use of O 1s XAS to probe the
properties of the empty states threshold. The symmetry con-
dition and the strong core hole localization leads to popula-
tion of states of predominantly O p character in the O 1s
XAS process.”® Hence pure Ti d states cannot be probed and
a central issue is therefore to determine the position of the
CBM in the O 1s XAS spectrum. This can be accomplished
by a comparison with the O ls PES spectrum. Figures 3(a)
and 3(b) show O 1s XAS and PES spectra for anatase (001)
and (101), respectively. The XAS and PES spectra are placed
on a common energy scale. The energy values of the PES
spectra are relative to the Fermi level, whereas the energy
values of the XAS spectra correspond to the absolute photon
energy. The spectra are normalized as to have the same peak
height. The final-state calculations show an unoccupied O p
DOS that is sharp at threshold. Together with additional dy-
namical effects”’ this results in nearly identical shapes of the
XAS edge and the low BE side of the O 1s PES line.”® That
is, the shape of the XAS threshold is predominantly influ-
enced by phonon excitations, similar to the VBE. Conse-
quently, the DOS threshold is given by the position of the
leading XAS peak.”’?® With this in mind it stands clear from
Figs. 3(a) and 3(b) that the DOS threshold as probed by O 1s
XAS is well separated from the Fermi level for both sur-
faces. This separation is associated with the aforementioned
offset between the pure d states at the CBM and the p-d
states reachable in the O lIs XAS process. The offset is
0.6+0.1eV for the (001) surface and 0.4+0.1eV for the
(101) surface. The difference in the offset furthermore
matches the difference in the VBE location very well, which
suggests a rigid shift of the electronic levels.

The nanostructured anatase TiO, film provides very im-
portant information on the O p-CBM offset since the Tid
population can be increased in a controlled fashion by Li
insertion. Insertion of lithium leads to electron donation from
the Li 2s orbital to Ti 3d states.”'> As a result, the gap
between the CBM and the O 2p empty DOS is expected to
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Single crystalline anatase TiO,

(b) TiO,(101) %

Nanostructured anatase TiO2

(d) 2% Li per Ti

(c) as prep.
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FIG. 3. O 1s XAS and PES spectra for anatase (a) TiO,(001)-(4x1) and (b) TiO,(101)-(1x1) on a common energy scale. The energy
values of the PES spectra are relative to the Fermi level, whereas the energy values of the XAS spectra correspond to the absolute photon
energy. The spectra are normalized as to have the same peak height. A clear separation between the XAS and PES peaks are observed for
both surfaces with a smaller separation noted for the (101) surface. (c) The same comparison for an as-prepared nanostructured anatase film
also reveals an XAS-PES separation. As shown in (d), this offset can be eliminated by the insertion of small amounts of lithium.

decrease. At sufficient Li concentration the O 2p DOS
threshold will become degenerate with the empty states
threshold.

The valence spectra before and after insertion of Li are
shown in Fig. 4. The as-prepared film exhibits a small Ti 3d
peak at 1 eV BE due to defects. Upon insertion of 2% Li per
Ti ion the intensity of the Ti 3d state increases significantly
and the valence band shifts toward higher BE. The O 1s
PES-XAS relationship for the as-prepared nanostructured
anatase film is qualitatively similar to the single-crystal sur-
faces. Figure 3(c) shows that the binding energy of the O 1s
PES line relative to the Fermi level is about 0.3 eV lower
than the photon energy of the XAS peak. Figure 3(d) shows
that the PES-XAS offset for the as-prepared anatase film is
eliminated by the addition of only 2% Li per Ti ion. That is,
the Fermi-level referenced binding energy of the O 1s peak
has become identical to the photon energy of the leading
O ls XAS peak. Since no further shift of the O 1s BE is
found at higher Li concentrations,” the matching of the O 1s
PES peak to the XAS peak remains. The conclusion that the
population of d states eventually eliminates the O 1s PES-
XAS separation is supported by the results for the (101) sur-
face. Extended sputtering leads to an additional shift of
+0.35+0.05eV, in very good agreement with the 0.4 eV
offset found for the pristine surface.

The results are summarized in Fig. 5. The CBM-O p off-
set, as determined from the O 1s PES and XAS results—is
plotted as a function of the additional Ti d population for the

different experimental situations. (The word “additional” is
used to take the small d character of the valence band into
consideration.) The offset at zero additional Ti d population
is set to 0.6 0.1 eV, which is the value for the (001) sur-

Nanostructured anatase TiO,
Valence
hv=130eV

e A8 PrEP.
— 2%LiperTi

Intensity (arb. units)

10 8 6 4 2 0
Binding energy (eV)

FIG. 4. Valence-band electronic states for an in situ prepared
film of anatase TiO, nanoparticles before (dotted line) and after
(solid line) insertion of 2% Li per Ti ion. The binding-energy scale
is referenced to the sample holder Fermi level. The addition induces
an increase in the intensity of the Ti 3d related band-gap state and a
positive binding-energy shift of the valence band.
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FIG. 5. Squares: The experimental offset between the
conduction-band minimum and the threshold of the unoccupied O p
states as a function of the additional Ti d population estimated from
the intensity of the band-gap state. The dashed and solid lines show
the offset as a function of the additional Ti d population for the
uncorrected and corrected (shifted) calculated DOSs, respectively.

face. A progressive decrease is observed as qualitatively ex-
pected, with an elimination of the CBM—O p offset at about
4% d population per Ti.

In quantitative terms, it is the shape of the d band that
determines the decrease in the offset as a function of the
additional d population. This motivates a comparison with
the theoretical results. The dashed line is derived from the
calculated final-state DOS, whereas the solid line is for the
shifted O-p edge toward higher energy. It is well known that
DFT produces much smaller band gap of semiconductors and
insulators. Often a scissor operator is employed to correct the
band gap by shifting the band edges in order to fit with the
experimental band gap. Here, a similar concept is used to
shift the O-p edge by 0.15 eV to match the experimentally
observed offset of 0.6 eV for zero additional d population.
‘We find that this operation results in a significantly improved
agreement. However, we emphasize that this shift should be
regarded only as a way to fit the theory with the experimental
observations.

The results have a clear relevance to the many applica-
tions of TiO, where the properties near the CBM are impor-
tant, such as photovoltaic cells and photocatalysis. The re-
sults are also of importance for the understanding of TiO,
modified by the addition of small amounts of other elements.
In particular, this work can be an important input to the in-
tense debate concerning room-temperature ferromagnetism
(RTFM) in anatase TiO, doped with magnetic elements.® In
the case of Co-doped TiO, oxygen vacancies (O,,) are
needed in order to charge compensate for the replacement of
Ti** with Co?*. The O,,. electrons are believed to reside
close to the Co?* sites. However, it has become clear that
additional oxygen vacancies are required to provide charge
carriers for achieving RTFM in an n-type DMS.® Such addi-
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tional oxygen vacancies result in the population of TiO, CB
states. As the hybridization between the transition metal d
states and the O p states may become crucial for ferromag-
netism, the character of the electronic states near CBM is
important to understand. It is finally intriguing to note that
the typical Co concentrations needed for RTFM (1%—7% per
Ti ion) matches well the critical concentration for the change
in the character of the populated band-gap states of TiO,.
Whether this is pure coincidence or not remains to be eluci-
dated.

With respect to the general applicability of the approach
involving O s core-level spectroscopy in conjunction with
calculations, we can compare it with our previous work on
7r0,.2%30 The results for TiO, and ZrO, have in common
that the leading O 1s XAS peak, when related in energy to
the valence band, represents the onset for the O p empty
states. The core hole appears to modify the intensity distri-
bution of the empty DOS but not the energy position of the
threshold. We therefore propose that O 1s XAS combined
with O 1s PES is a general method to locate the O p empty
states threshold for transition metal oxides. In the case of
71O, the O p empty states threshold is degenerate with the
CBM. O 1s core-level spectroscopy can therefore be used to
monitor the position of the CBM.?*** However, the threshold
for the empty O p states is not always degenerate with the
CBM. Anatase TiO, is one example where this occurs. The
kind of information derived from this particular experimental
approach can therefore change depending on the electronic
properties of the material under study. In order to define the
issue to address supporting information from calculations or
other experimental techniques is essential.

V. CONCLUSIONS

In summary, PES, XAS, and ab initio density-functional
calculations have been used to study the properties of the
electronic states located at or near the CBM of anatase tita-
nium dioxide. In agreement with previous work we find that
the states at the CBM are of pure Ti d,, character. States with
p-d character are offset from the CBM and can only be popu-
lated after a critical d,, population has been reached. This
point can be reached by creation of defects in the form of
oxygen vacancies or by Li insertion. The theoretical and ex-
perimental estimates of the critical population are in good
agreement, giving a value of about 4 +2% of an electronic
charge per Ti ion.

ACKNOWLEDGMENTS

We thank the staff at MAX-laboratory for their excellent
assistance. The authors are grateful to the Swedish Science
Council (VR), the Goran Gustafsson Foundation, the Knut
and Alice Wallenberg (KAW) Foundation, and the Crafoord
Foundation for the financial support. B.S. acknowledges the
Swedish National Infrastructure for Computing (SNIC) for
the allocation of computational time.

075113-5



SANDELL et al.

*Corresponding author. Fax: +46 18 4713524.

anders.sandell @fysik.uu.se.

1o. Carp, C. L. Huisman, and A. Reller, Prog. Solid State Chem.
32, 33 (2004).

2A. L. Linsebigler, G. Lu, and J. T. Yates, Chem. Rev. (Washing-
ton, D.C.) 95, 735 (1995).

3U. Diebold, Surf. Sci. Rep. 48, 53 (2003).

4M. Ni, M. K. H. Leung, D. Y. C. Leung, and K. Sumathy, Re-
newable Sustainable Energy Rev. 11, 401 (2007).

3B. O’Regan and M. Griitzel, Nature (London) 353, 737 (1991).

6S.Y. Huang, L. Kavan, I. Exnar, and M. Gritzel, J. Electrochem.
Soc. 142, L142 (1995).

7A. Henningsson, H. Rensmo, A. Sandell, H. Siegbahn, S. Soder-
gren, H. Lindstrom, and A. Hagfeldt, J. Chem. Phys. 118, 5607
(2003).

SM. Wagemaker, D. Liitzenkirchen-Hecht, A. A. van Well, and R.
Frahm, J. Phys. Chem. B 108, 12456 (2004).

°J. H. Richter, A. Henningsson, B. Sanyal, P. G. Karlsson, M. P.
Andersson, P. Uvdal, H. Siegbahn, O. Eriksson, and A. Sandell,
Phys. Rev. B 71, 235419 (2005).

10C. Di Valentin, G. Pacchioni, and A. Selloni, Phys. Rev. Lett.
97, 166803 (2006).

1S, A. Chambers, Surf. Sci. Rep. 61, 345 (2006).

12, Osorio-Guillén, S. Lany, and A. Zunger, Phys. Rev. Lett. 100,
036601 (2008).

13R. Asahi, Y. Taga, W. Mannstadt, and A. J. Freeman, Phys. Rev.
B 61, 7459 (2000).

14M. V. Koudriachova, S. W. de Leeuw, and N. M. Harrison, Phys.
Rev. B 69, 054106 (2004).

I5R. J. Cava, D. W. Murphy, S. Zahurak, A. Santoro, and R. S.
Roth, J. Solid State Chem. 53, 64 (1984).

16 A, G. Thomas, W. R. Flavell, A. K. Mallick, A. R. Kumaras-
inghe, D. Tsoutsou, N. Khan, C. Chatwin, S. Rayner, G. C.
Smith, R. L. Stockbauer, S. Warren, T. K. Johal, S. Patel, D.
Holland, A. Taleb, and F. Wiame, Phys. Rev. B 75, 035105

PHYSICAL REVIEW B 78, 075113 (2008)

(2007).

7N. Hosaka, T. Sekiya, C. Aatoko, and S. Kurita, J. Phys. Soc.
Jpn. 66, 877 (1997).

I8R, Nyholm, J. N. Andersen, U. Johansson, B. N. Jensen, and L.
Lindau, Nucl. Instrum. Methods Phys. Res. A 467-468, 520
(2001); J. N. Andersen, O. Bjorneholm, A. Sandell, R. Nyholm,
J. Forsell, L. Thanell, A. Nilsson, and N. Martensson, Synchro-
tron Radiat. News 4, 15 (1991).

19 A. Sandell, M. P. Andersson, Y. Alfredsson, M. K.-J. Johansson,
J. Schnadt, H. Rensmo, H. Siegbahn, and P. Uvdal, J. Appl.
Phys. 92, 3381 (2002).

204, Henningsson, M. P. Andersson, P. Uvdal, H. Siegbahn, and A.
Sandell, Chem. Phys. Lett. 360, 85 (2002).

21 G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993); G. Kresse
and J. Furthmiiller, ibid. 54, 11169 (1996).

22P. E. Blochl, Phys. Rev. B 50, 17953 (1994).

23S. A. Chambers, Y. Liang, Z. Yu, R. Droopad, J. Ramandi, and
K. Eisenbeiser, Appl. Phys. Lett. 77, 1662 (2000).

24R. Puthenkovilakam and J. P. Chang, Appl. Phys. Lett. 84, 1353
(2004).

3G, K. Boschloo, A. Goossens, and J. Schoonman, J. Electro-
chem. Soc. 144, 1311 (1997).

20, Stohr, NEXAFS Spectroscopy, Springer Series in Surface Sci-
ence Vol. 25 (Springer-Verlag, Heidelberg, 1992).

27E. O. F. Zdansky, A. Nilsson, H. Tillborg, O. Bjorneholm, N.
Martensson, J. N. Andersen, and R. Nyholm, Phys. Rev. B 48,
2632 (1993).

28] H. Richter, P. G. Karlsson, B. Sanyal, J. Blomquist, P. Uvdal,
and A. Sandell, J. Appl. Phys. 101, 104120 (2007).

29§, H. Richter, A. Henningsson, P. G. Karlsson, M. P. Andersson,
P. Uvdal, H. Siegbahn, and A. Sandell, Phys. Rev. B 71, 235418
(2005).

30 A. Sandell, P. G. Karlsson, J. H. Richter, J. Blomquist, P. Uvdal,
and T. M. Grehk, Appl. Phys. Lett. 88, 132905 (2006).

075113-6



Paper 11

Water Dissociation on Single Crystalline Anatase TiO,(001)
Studied by Photoelectron Spectroscopy

J. Blomquist, L. E. Walle, P. Uvdal, A. Borg and A. Sandell

Journal of Physical Chemistry C 112, 16616 (2008).






16616

J. Phys. Chem. C 2008, 112, 16616-16621

Water Dissociation on Single Crystalline Anatase TiO»(001) Studied by Photoelectron
Spectroscopy

J. Blomquist," L. E. Walle* P. Uvdal," A. Borg,* and A. Sandell* 8

Chemical Physics, Department of Chemistry, Lund University, P.O. Box 124, SE-221 00 Lund, Sweden,
Department of Physics, Norwegian University of Science and Technology, NO-7491 Trondheim, Norway, and
Department of Physics and Materials Science, Uppsala University, P.O. Box 530, SE-751 21 Uppsala, Swveden

Received: June 27, 2008; Revised Manuscript Received: August 10, 2008

The adsorption of water on the anatase TiO,(001)-(4 x 1) surface is studied using synchrotron radiation-
excited core level photoelectron spectroscopy. The coverage-dependent adsorption of water at low temperature
is monitored and compared to the sequence obtained after heating of a water multilayer. Two adsorption
phases of submonolayer coverage can be defined: Phase 1 consists only of dissociated water, observed as
OH-groups. This phase is found at low coverage at low temperature (190 K) and is the only state of adsorbed
water above ~230 K. The saturation coverage of phase 1 is consistent with dissociation on the
4-fold-coordinated Ti ridge atoms of the (4 x 1) surface reconstruction. Phase 2 is found at higher coverage,
reached at lower temperature. It consists of a mixture of dissociated and molecular water with a ratio of 1:1
at 170 K. The molecular water is found to bond to the hydroxyl groups. The hydroxyl coverage of phase 2
is approximately 2 times that of phase 1. The results suggest that the OH and H,O species of phase 2 are

confined to the ridges of the surface.

1. Introduction

Water interaction with solid surfaces is central for a wide
range of fields, such as catalysis, photochemistry, electrochem-
istry, corrosion, and biocompatible materials."-> Titanium dioxide
(TiO,) is a material used within a majority of the above
applications because it is photoactive and chemically stable in
a variety of environments.? Rutile TiO; of the (110) termination
is the most stable surface of the most stable polymorph of
titanium dioxide. Rutile TiO,(110) single crystals are readily
available, which is one reason why it is one of the most studied
metal oxide surfaces in the world. Water adsorption on rutile
TiO»(110) can in turn be considered as the benchmark system
for molecular adsorption on metal oxides. The observation of
photoinduced splitting of water into hydrogen and oxygen on a
rutile TiO; single crystal in 1972 is a discovery that has initiated
many of these studies.*

The anatase polymorph of TiO, appears to be an even more
potent photocatalyst than rutile.>~7 Anatase is furthermore the
preferred phase when TiO, nanoparticles are formed.® Nanopo-
rous TiO; electrodes can be prepared by forming a network of
sintered nanoparticles. These have been shown to be most useful
for photoelectrochemical applications by virtue of the huge
effective surface area.” Anatase nanoparticles typically expose
(101) and (100)/(010) surfaces at about equal amounts together
with small amounts of (001)."° Consequently, comparative
studies of water adsorption on well-defined anatase surfaces is
a stepping stone toward an understanding of surface processes
on nanocrystalline TiO, in aqueous environments. In addition,
studies of water on anatase TiO, can further the understanding
of the prototypical water/rutile TiO, system.

* Corresponding author. Fax: +46 18 4713524. E-mail: anders.sandell @
fysik.uu.se.
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The structure and energetics of water adsorption on the
anatase TiO»(101) and (001) surfaces at various coverages have
been studied by use of density functional theory (DFT)
calculations.'? It was shown that molecular water adsorption is
favored on the (101) surface. The behavior on the (001) surface
was found to be very different. At low coverages, water only
adsorbs dissociatively, while at higher coverages water adsorp-
tion results in a dissociated layer onto which molecular water
is hydrogen bonded. Dissociative adsorption on the (001) surface
and molecular adsorption on the (101) surface have also been
found in other theoretical studies.!'~13

Experimental studies of water adsorption on single crystalline
anatase TiO, are scarce. This can be attributed to the difficulty
in obtaining high-quality single crystal samples. The adsorption
of water on the anatase (101) surface under ultrahigh vacuum
(UHV) conditions has been studied using X-ray photoelectron
spectroscopy (XPS) and temperature-programmed desorption
(TPD).'* The (101) surface was prepared by growing a homo-
epitaxial film on a (101) mineral sample to ensure purity. The
results were found to confirm the theoretical prediction of
molecular adsorption. Desorption states were found at 160, 190,
and 250 K. These were assigned to multilayer water, water
adsorbed on 2-fold-coordinated (bridge) O, and water adsorbed
on 5-fold-coordinated Ti, respectively. In an earlier work, the
photoactivities of the anatase (001) and (101) surfaces was
compared.'’ The results were interpreted in terms of different
water adsorption states on the two surfaces. However, no study
of water adsorption on the (001) surface in UHV has been
undertaken so far.

The clean (001) surface of anatase TiO, undergoes a (4 x 1)
reconstruction in UHV.!017 A structure model of the (001)-
(4 x 1) surface has been derived from scanning tunneling
microscopy (STM) results in conjunction with DFT calcula-
tions.'®1° The surface can be described as consisting of ridges
separated by terraces. Recent calculations suggest that water
dissociates also on the reconstructed (4 x 1) surface but only

© 2008 American Chemical Society

Published on Web 09/25/2008



Water Dissociation on Single Crystalline Anatase TiO»(001)

at the ridges.?® The adsorption of formic acid on thin film anatase
TiO,(001) has been studied by STM and noncontact atomic
force microscopy.!” The high reactivity of the ridges of the
(001)-(4 x 1) surface was convincingly confirmed.

In this work, we study the coverage-dependent adsorption of
water on the anatase TiO,(001)-(4 x 1) surface by stepwise
heating of a multilayer water film and by progressive water
adsorption at low temperature. We find that water dissociates
on the surface at low coverage. The dissociation is strongly
connected to the highly reactive ridges forming the (4 x 1)
reconstruction, thereby confirming the theoretical predictions.
We also present evidence for a mixed phase consisting of
dissociated and molecular water at higher coverages. This phase
has not been addressed in the previous theoretical studies of
water adsorption on the reconstructed surface.

2. Experimental Section

The O 1s core level photoemission spectra were recorded at
beamline D1011 at the Swedish National Synchrotron Facility
MAX 112! The end station comprises a 200 mm radius
hemispherical electron energy analyzer of Scienta type. Binding
energy (BE) calibration of the core level photoelectron (PES)
spectra against the Fermi level was achieved by referencing to
a Pt foil mounted on the sample holder.

Two types of anatase TiO»(001)-(4 x 1) surfaces were
prepared: one by metal organic chemical vapor deposition on a
lattice matched substrate [SrTiO3(001)] and one by cleaning of
a natural single crystal. That single crystalline anatase TiO,(001)
forms on SrTiO3(001) has been demonstrated previously.!617.22

The Nb-doped (1.0 wt %) SrTiO3(001) crystals were pur-
chased from MaTeck GmbH, Germany. Cleaning of the
SrTiO3(001) substrate was accomplished by cycles of Ar™
sputtering (1 keV) followed by annealing to 1000 K in O,
atmosphere (5 x 1077 mbar). Titanium tetra-isopropoxide
(TTIP, 99.99% Aldrich) was dosed through a stainless steel
dosing tube facing the sample. The TiO, film was grown at a
TTIP background pressure of 5 x 107% mbar and a sample
temperature of 850 K. The Sr 3d states were barely visible after
TiO; film growth, suggesting a film at least 100 A thick. The
anatase TiO»(001) single crystal (provided by PI-KEM Ltd., UK)
was cleaned by cycles of Ar-sputtering and subsequent annealing
in oxygen to 920 K. For both surfaces, the formation of the
(4 x 1) reconstruction characteristic for the anatase (001) surface
was confirmed with low-energy electron diffraction (LEED).
A representative LEED image is shown in Figure 1. The PES
spectra of the Ti 2p core level and the valence region showed
that the defect density of the pristine surfaces was very low.
That is, the Ti 2p spectrum displayed only a Ti*" state, and no
discernible structures were found in the band gap region.

Radiation-induced effects have proved to be an important
issue for adsorbed water, especially on metallic surfaces.?>*
The insertion device used in the present case is a bending
magnet, giving a spot size at the sample of about 2 mm?. The
photon flux is approximately 5 x 10'° photons mm™2. Previous
measurements on water on rutile TiO,(110) using a flux 1 order
of magnitude greater were found to lead to minimal radiation
damage after 1 h.? In our case, the only radiation-induced
change was found for the mixed OH/H,O layer where a very
small decrease of the H,O coverage was noted after about 1 h.
Still, great care was taken to perform the measurement series
as quickly as possible.

3. Results and Discussion

Figure 2a shows O 1s PES spectra recorded upon adsorption
and subsequent stepwise annealing of a water multilayer on the
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Figure 1. Low-energy electron diffraction (LEED) pattern of the
pristine anatase TiO,(001) surface. The extra spots associated with the
(4 x 1) surface reconstruction are clearly visible. The electron kinetic
energy was 77 eV.

single crystal surface. Figure 2b shows O 1s PES spectra after
stepwise water adsorption on the anatase thin film surface at
190 £ 20 K. The spectra shown in Figure 2 are all normalized
to the ring current and number of scans. They were measured
at grazing emission angle (60°) and a photon energy of 610 eV
to obtain a high surface sensitivity. The BE for the O 1s peak
of the pristine TiO; surfaces is 530.60 eV for the film grown
on SrTiO3(001) and 530.45 eV for the bulk single crystal
sample. We attribute this effect to a higher defect density in
the MOCVD grown film, which leads to shifts of this magnitude
for defects at a percentage level.° Upon exposure to water, states
at BE:s of 532 and 534 eV are observed, assigned to adsorbed
OH and H,O, respectively.?>27

To derive quantitative information, the O 1s spectra have been
delineated. This was accomplished by curve fitting in combina-
tion with subtraction procedures to establish binding energies
and line widths. Spectra recorded in normal and grazing
emission as well as spectra for the clean surface and after
adsorption were used for the subtractions. The individual
components are included in Figure 2. Noteworthy is that some
additional intensity is found at the high BE side of the TiO,
related peak for the pristine surface. Figure 3 shows that the
change in the spectral shape when changing the emission angle
is negligible. The weak high BE tail is therefore not likely to
be due to an adsorbed species because its intensity relative to
the main peak would then change significantly. We therefore
propose that the high BE tail is an inherent property of the O
1s spectrum of pure anatase. To facilitate the analysis, a
component with parameters similar to those of the hydroxyl
component has been used to describe this structure. Noteworthy
is that a structure of the same BE as adsorbed OH but associated
with the oxide has been found for clean rutile TiO(110), lending
support for our interpretation.>

When comparing the intensities of the various components,
it can be concluded that the OH and H,O coverages above 170
K must be in the submonolayer regime. For this experimental
setting, the major part of the O Is intensity from the substrate
and the water multilayer originates from ionization of the surface
layer. The O Is components assigned to OH groups and
molecular H>O have both a maximum intensity of about 20%
of the clean substrate O 1s peak and about 14% of the O Is
peak for multilayer water. The low relative intensities together
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Figure 3. O 1s spectra for the pristine anatase TiO,(001)-(4 x 1)

surface recorded in normal (NE, —) and grazing (GE, O) emission. A

Shirley background has been subtracted in both spectra to facilitate

the comparison.

with the fact that the substrate surface contains both O and Ti
atoms show that the adsorbed OH and H,O can only cover a
fraction of the surface.

Better estimates of the adsorbate coverage can be derived
from O 1s PES spectra recorded at two different angles, normal
emission and 60° off normal emission. Two assumptions are
needed: first, that the angle-dependent attenuation of the
substrate signal follows the exponential expression and, second,
that the angle dependence of the (OH):(total signal) ratio equals
that of the (surface bridging O):(total signal) ratio. An advantage
with this approach is that no estimate of an electron mean free
path is needed. The intensities of the OH- and H,O-peaks can
in this way be translated into coverage relative to the surface

bridging (2-fold-coordinated) O atoms of the clean (4 x 1)
surface. The OH and H,O coverages are summarized in Figure
4. The intensity of the OH-related component has been corrected
by subtraction of the estimated contribution from the high BE
tail associated with the pristine anatase surface.

The coverages derived from the temperature series start from
the situation attained after desorption of the multilayer by
heating to 170 K. At this point, the OH and H,O coverages are
very similar. The estimated coverage corresponds to about 0.4
per bridging surface O atom. Heating to 230 K results in nearly
complete desorption of molecular water and a decrease in the
hydroxyl coverage to about 0.2 OH groups per surface O atom.
Subsequent heating to 300 K leads to a decrease in the OH
coverage down to 0.17 OH groups per surface O atom.

Upon water dosing on the clean surface held at 190 + 20 K,
the OH-related peak increases rapidly after the first dose (0.08
L). The OH coverage is here estimated to 0.17 OH groups per
surface O atom. After this point, the increase is slower, reaching
a kink at 0.64 L, after which the coverage increases only very
little. The OH coverage after 2.56 L amounts to 0.42 OH groups
per surface O atom. A significant increase of the component
assigned to adsorbed molecular water is not observed until after
adose of 0.32 L. The amount of adsorbed water increases further
up to a dose of 0.64 L, after which the increase is very slow,
just as for the amount of adsorbed OH. The OH/H,O ratio after
2.56 L water at 190 + 20 K is 1.6. When comparing to the
temperature series, it is found that the OH/H,O ratio at 190 K
is indeed expected to be greater than that at 170 K.

The O 1s binding energy as a function of coverage for the
different situations is shown in Figure 5. The binding energy
of the OH-related O 1s component shows an increase by 0.25
+ 0.05 eV for increasing coverage. The binding energies for



Water Dissociation on Single Crystalline Anatase TiO»(001)

0.4+ 8 ooH |
O H0
_ 0.3+ -
gs 0.2 | R g
0.1 -
0.0 . | . B|-| ....... QI
200 240 280
1
0.4+ -

O OH
T=190:20K o H,0

T T T
0.0 0.5 1.0 1.5 2.0 25
Dose [L]

Figure4. Summary of the quantitative results obtained from the O 1s
spectra shown in Figure 1. The plots show the OH and H,O coverages
as a function of temperature (top) and water dose at 190 + 20 K
(bottom). The coverages are given relative to the number of bridging
surface oxygen atoms within the (4 x 1) unit cell.

IR FEETI STUTE SRS T SUETENTETI FURTE FU RN FRUEE FUTw |

535 -
1. i, multilayer [

<~ ¥ w b A 3
3 R 4 E
> ] o
2 E s
2 533 E
w ] o
= 3 o
£ B "
T b o
& 532 o 2
» 9 o O O | ] £
- ] a " E
°o ] 3
531_: O OH uptake =

J = OH desorption F

q & H,0 uptake -

E A H,0 desorption E

I R LR R R R RER R RaR
0.0 0.1 0.2 0.3 04 0.5

Coverage (per bridging substrate surface O)

Figure5. O Is binding energies for the OH and H O components for
the desorption series measured by successive heating steps and the
growth series measured as the uptake at 190 K.

the uptake series are systematically greater by about 0.2 eV as
compared to the desorption series. As noted above, this shift is
also found when comparing the O 1s peaks of the clean surfaces
and is most likely associated with slightly different defect
densities in the two samples. The binding energy of the H,O-
related O 1s component increases by 0.20 £ 0.05 eV for
increasing coverage. At the highest coverage (0.4 per substrate
surface O), the O 1s binding energy for adsorbed water is found
to be lower than that of multilayer water by about 0.8 eV.
To summarize, we can define two phases on the basis of the
results presented in Figures 2 and 4, both of which are of
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Figure 6. Schematic illustrations of the (4 x 1) reconstructed anatase
TiO»(001) surface before and after hydroxylation. The atomic structures
are based on the ADM model.'® (a) The clean reconstructed surface
projected along the [100] direction. (b) Illustration of how the ridges
extend along the [010] direction. (c) Hydroxylation of the ridge Ti sites
as proposed in ref 20. This corresponds to phase 1 in the present study.

submonolayer coverage. The first phase consists only of
dissociated water, observed as OH-groups. This phase is found
at low coverage at low temperature and is the only state of
adsorbed water above 230 K. We define phase 1 as the situation
attained at 230 K, where the hydroxyl coverage is 0.2 OH per
substrate surface O. This situation is also formed after dosing
of 0.08—0.16 L water at 190 K. The second phase consists of
a mixture of dissociated and molecular water, which is possible
to form at higher coverage at low temperature. The maximum
hydroxyl coverage for phase 2 is about 0.4 OH per substrate
surface O, that is, approximately 2 times the hydroxyl coverage
of phase 1. The water coverage associated with this hydroxyl
coverage depends on the substrate temperature.

In the following, we will discuss plausible scenarios for the
water adsorption and dissociation associated with the two
different phases. The (4 x 1) surface structure is nonuniform,
consisting of ridges separated by terraces. This has been verified
by STM measurements.'® Figure 6a and b illustrates schemati-
cally the ad-molecule (ADM) model, which is the atomic
structural model that at present seems to be most compatible
with available experimental data.'® Within the ADM model, the
(4 x 1) surface can be viewed as a transformation of the (1 x
1) surface by replacing bridging oxygen atoms by TiOj3 units.'8
The reconstruction is believed to occur to relieve the surface
stress. The 4-fold-coordinated Ti atoms [Ti(4)] are located on
the ridges, whereas 5-fold-coordinated [Ti(5)] atoms are located
on the terraces. One (4 x 1) surface unit cell comprises six
bridging O(2) atoms, four Ti(5) atoms, and one Ti(4) atom.'®

The coverage estimate for phase 1 derived from the O 1 s
spectra suggests the presence of dissociated water only on the
Ti(4) atoms located on the ridges of the (4 x 1) structure. The
OH amount of phase 1 is estimated to 0.20 & 0.03 relative to
the amount of bridging O atoms of the clean (4 x 1) surface,
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which translates into 1.2 = 0.2 OH groups per Ti(4) atom. This
value can be regarded as an upper limit because minute traces
of molecular water were observed after heating to 230 K,
indicating that this temperature lies on or slightly below the
border where mixed layer formation is allowed (water read-
sorption during the measurements is also possible). That the
OH coverage is consistent with efficient water dissociation on
the Ti(4) atoms is expected given the high reactivity of the ridges
found in the study on formic acid adsorption.!?

Our results provide the first experimental support of previous
calculations for water adsorption on the (4 x 1) reconstructed
surface. The theoretical work suggests that water dissociates
effectively on the ridges while no dissociation occurs on the
terraces.?’ The most favorable situation was found to be the
one shown in Figure 6c. It is a structure in which one terminally
bound hydroxyl group is found on all Ti(4) atoms on the ridge.
This would correspond to phase 1. The calculations also present
a feasible explanation to the low reactivity found for the
terraces: %20 The (4 x 1) reconstruction causes the Ti(5) atoms
to be pushed slightly away from the surface as compared to the
(1 x 1) surface.'®

Phase 2 is associated with additional water dissociation
concomitant with the adsorption of molecular water. Within the
temperature range 170—190 K, three different types of molecular
water adsorption may be considered:'?4?% hydrogen bonded
to hydroxyl groups, hydrogen bonded to O(2) atoms, and oxygen
bonded to Ti(5) atoms. Bonding to O(2) and Ti(5) atoms is
believed to occur on the anatase TiO,(101) surface. However,
when desorbing a water multilayer deposited on the TiO»(101)
surface, the O 1s BE is found to increase by 1 eV when reaching
the submonolayer regime. The increased O 1s BE is associated
with water adsorbed on the Ti(5) sites, while very similar O Is
binding energies are found for the water multilayer and water
presumably adsorbed on the O(2) sites. The coverage depen-
dence of the O Is BE for water on the (101) surface is thus
very different from the coverage dependence of the O 1s BE
for water on the (001) surface. The 0.8 eV decrease in the O 1s
BE for decreasing water coverage on the (001) surface is instead
in very good agreement with the behavior found for water
adsorption on a hydroxylated oxide surface.?® From this follows
that the molecular water observed on the (001) surface between
170—190 K is associated with hydrogen bonding to the hydroxyl
groups formed by water dissociation.

When discussing extensive hydroxylation of the anatase
TiO»(001) surface, it is important to determine if the (4 x 1)
reconstruction is affected. Calculations show that the unrecon-
structed (1 x 1) surface of anatase TiO,(001) becomes stabilized
by hydroxylation.2%? In a study of H,O/O/Cu(110), it was
furthermore found that the O p(2 x 1) reconstruction could be
lifted upon water adsorption and dissociation below 220 K.°
Thus, heating of the water multilayer on anatase TiO,(001) could
be complex and involve a (1 x 1) to (4 x 1) transition. In a
preliminary study using a standard LEED, we find no sign of a
lifting of the (4 x 1) structure upon water dosing at 160 K.
This is not conclusive information because a partial lifting of
the (4 x 1) structure can be difficult to observe and the LEED
can also influence the adsorbate layer.’!

Under the assumption of an unperturbed (4 x 1) surface, the
additional water dissociation will most likely occur either on
the already hydroxylated ridges or on the Ti(5) atoms located
at the terraces. According to the proposed model of phase 1,
the hydroxylated Ti sites on the ridges remain 4-fold-
coordinated. Thus, these sites may still be reactive toward water
dissociation but to a lesser extent due to the preceding
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hydroxylation step. A valuable comparison is the adsorption of
formic acid on the (4 x 1) surface, which has been studied
both experimentally and theoretically. Calculations suggest that
a bidentate configuration on the Ti ridge atoms is energetically
favored. The bidentate adsorption geometry leads to 5-fold-
coordinated Ti. However, the bidentate geometry is not observed
experimentally at room temperature.!® Instead, formic acid
appears to adsorb in a monodentate fashion.!?2 Consequently,
the results on formic acid suggest that doubly hydroxylated
5-fold-coordinated Ti atoms on the ridges may not be stable at
room temperature, which is what we observe. Regarding
dissociation on the terrace Ti(5) atoms, one OH group per Ti
atom would result in an increased OH coverage by a factor of
5. This is not observed, making dissociation on the terraces less
likely as was shown in the theoretical study.2’

With respect to uncertainties in the results, we stress that the
method of estimating the coverage is based on assumptions
regarding the spectral intensities. The error within this approach
is very difficult to estimate. One source of error is photoelectron
diffraction effects, which can be significant for single crystal
systems. In the case of water adsorbed on rutile TiO»(110),
modulations of about £40% were observed in the kinetic energy
regime used here.? Clearly, further studies are warranted. To
estimate the diffraction effects, O Is spectra for a range of
photon energies are needed. Low-temperature STM and non-
contact AFM studies can furthermore be important to shed light
on the structure of the mixed layer. Regarding the adsorption
mechanism, it is possible that the presence of molecular water
can aid in the stabilization of the high hydroxyl coverage in
the mixed layer. The interplay between the adsorbate—substrate
bond and the hydrogen bonding within the mixed layer is
something that could be worthwhile to address in future
theoretical studies.

4. Conclusions

In summary, we have studied the adsorption of water on
anatase TiO,(001) with respect to temperature and coverage
dependence. Above 230 K, only dissociated water is observed
in the form of hydroxyl groups. The hydroxylation is suggested
to occur on the 4-fold-coordinated Ti atoms located on the ridges
of the (4 x 1) reconstructed surface. The high reactivity and
the location of the hydroxyl groups confirm previous theoretical
predictions. Below 230 K, it is possible to form a mixed layer
consisting of hydroxyl groups and molecular water. The
molecular water is found to bond to the hydroxyl groups. The
OH coverage for the mixed layer can exceed that of the pure
OH layer by a factor of 2. The relatively low increase in OH
coverage suggests that also the additional water dissociation is
associated with the ridges of the (4 x 1) surface structure.
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Rutile TiO,(110) has for many years been regarded as the benchmark surface for
fundamental studies of metal oxide surface chemistry [1,2]. TiO; is also important in
a wide variety of applications, such as photochemical water splitting, solar cells,
catalysis, gas sensing and biomedical implants [1,3,4]. Since water is an integral part
of the environment in most of the above-mentioned applications, the HO/TiO,(110)
system has received more attention than any other comparable system [1,2,5]. A
better understanding of the interaction of water with the rutile TiO»(110) surface will
also broaden our understanding of water chemistry at oxide surfaces in general. While
the dissociation of water on the oxygen deficient TiO»(110) surface has been
characterized in detail [6-13], there is as of yet no consensus reached between
experimentalists and theorists regarding a very fundamental question: Does water
dissociate upon adsorption on the defect-free TiO,(110) surface?

Theoretical studies of water adsorption on the defect-free TiO,(110) surface
presented over the years are contradictory. Early studies predicted dissociative
adsorption at all coverages [14,15]. More recent studies suggest a delicate balance
between dissociated, partial dissociated and molecular configurations, a balance that
most probably depends on the coverage [16-24]. The TiO»(110)-(1x1) surface, shown
in Fig. 1, consists of alternating rows of fivefold-coordinated Ti atoms [Ti(5)] and
twofold-coordinated bridging oxygen atoms (Op;). The situation at a coverage
corresponding to one water molecule per Ti(5) site (defined as one monolayer, 1 ML)
has been heavily debated. Lindan et al. have proposed a mixed molecular-dissociated
configuration as the most stable state, emphasizing the importance of intermolecular
hydrogen bonding [16,19]. Still, the adsorption energies of the mixed phase and a
pure molecular phase were very similar. In a recent quantum molecular dynamics
study it was found that 20% of the water molecules dissociate, supporting the notion
of a mixed monolayer [22]. To conclude, available theoretical results do not give a
clear cut answer as to whether water adsorbs associatively or dissociatively on defect-
free TiO,(110).

The most common view expressed in experimental studies is that at all
coverages water adsorbs molecularly on the ideal TiO,(110) surface and dissociation
does only take place at defect sites [1,25-27]. One plausible reason for the lack of
conclusive experimental proof of dissociation on the defect-free surface can be the
elusive nature of the dissociated state. The dissociated state found in the theoretical

studies of the defect-free TiO,(110) surface is depicted in Fig. 1. It consists of one



terminal OH (OH;) at a Ti(5) site and a hydrogen atom adsorbed on a neighboring Oy,
giving a OHy, [12,16,19,28]. Since the two OH groups remain neighbors, the barrier
for the transition to a molecular state is low [12]. This state has therefore been
denoted “pseudo-dissociated”. The presence of a pseudo-dissociated state in scanning
tunneling microscopy (STM) images has been controversial. At room temperature
(RT), STM fails to image molecular water due to its high mobility at this temperature
[29,30]. Neither has there been any record of pseudo-dissociated water. Structures
assigned to OHy, and OH; species have been reported but they vanish as soon as they
occupy neighboring sites, leaving a bridging O atom [29]. Evidently pseudo-
dissociated water is not stable at RT. The presence of pseudo-dissociated water in
STM images recorded below 200 K and at low water coverages has been discussed
with the aid of theoretical STM image simulations [12,28]. However, discriminating
between pseudo-dissociated and molecular water using STM has proven to be
difficult. Conclusive experimental results that show whether OH is formed or not
upon water adsorption on a surface free from O vacancies are therefore much needed.

In this Letter, we present a study of the interaction of water with the rutile
TiO,(110) surface using synchrotron radiation photoemission. We demonstrate that O
Is spectra recorded at grazing emission angle at optimized photon energy in
conjunction with valence spectra allow for the observation of OH on the surface even
when substrate oxygen is present. We present clear evidence for mixed molecular and
dissociative water adsorption at monolayer coverage on a TiO,(110) surface free from
oxygen vacancies. Reducing the coverage by heating of the monolayer results in an
increased OH:H,O ratio. Importantly, neither species originating from the monolayer
is detected at room temperature, which shows that OH in the mixed monolayer is
much less stable than OH formed at oxygen vacancies. The detailed nature of OH in
the mixed layer is not possible to unveil with present experimental results but they are
clearly consistent with the notion of pseudo-dissociated water on the vacancy free
surface.

The photoemission measurements were performed at beamline D1011 at the
Swedish synchrotron radiation source MAX-II using a Scienta 200 mm hemispherical
electron energy analyzer [31]. The rutile TiO»(110) single crystal (SurfaceNet GmbH)
was cleaned by sputtering (Ar, 1 keV) and annealing to 900 K until no
contaminations could be discerned with photoelectron spectroscopy (PES) and a sharp

(1x1) low energy electron diffraction (LEED) pattern was observed. Pure water was



introduced through a leak valve and doses are given in Langmuirs (1 L = 1-10°
Torr-sec). Annealing of the adsorbate layer was performed at a rate of about 1 K per
second and with the sample kept at the desired temperature during measurements in
order to minimize re-adsorption of water. Spectra for the clean sputtered and annealed
surface were measured at elevated temperature (400-550 K). The presented O 1s
spectra were recorded in 60° off normal emission using 610 eV photons. The valence
spectra were recorded in normal emission using 130 eV photons. The binding energy
was referenced to the Fermi level of a Pt foil attached to the sample holder. Radiation
damage of the overlayer was carefully checked and found to be negligible [32].

A TiO,(110) surface free from oxygen vacancies was prepared following the
recipe in ref. [33]. Sputtering and annealing in vacuum produce a reduced surface,
denoted -TiO,(110). At room temperature, water dissociates on the Oy, vacancies on
the »-TiO»(110) surface giving a hydrated surface. The capping H atoms can be
reacted off by subsequent exposure to O, resulting in a surface with perfect Oy, rows
[33]. This is a critical step since O, doses exceeding the optimal value yields oxygen
ad-atoms that may affect the surface chemistry [30]. Therefore, the capping hydrogen
atoms were titrated away in a stepwise fashion by careful monitoring of the intensity
of the OH 3c peak. Figure 2 (a) shows valence photoemission results for such a
preparation sequence, performed at RT. Spectra are shown for: the clean »-TiO;
surface (green curve), after a subsequent dose of 5 L H,O (blue curve), after a total
dose of 5 L O, deposited in three steps (red curve) and finally after another 5 L of
H,O (black curve). An OH 3o peak at a binding energy of 11.0 eV is evident in the
spectrum measured after 5 L H,O on the »-TiO,(110) surface (blue curve). A much
lower OH 3o intensity is found after O, dosing and we find that 85+5 % of the
capping H atoms can be reacted off, giving an estimate of the degree of perfection of
the surface. Consistently, if the surface is subsequently exposed to water at RT there
is no increase of the OH 3o peak intensity.

Fig. 2 (b) shows the corresponding O 1s spectra with the same color-coding as
in Fig. 2 (a). The green, red and black curves are identical while the blue curve,
measured after 5 L H,O on the r-TiO,(110) surface, shows an increased intensity at
about 532 eV due to surface hydroxyls [32,34,35]. In agreement with previous STM
studies [8,12,28,33] we find that (1) water adsorbs through dissociation on O,

vacancies at room temperature, (2) a large fraction of the capping H atoms can be



removed through reaction with O, and (3) no water adsorption can be detected on the
ideal terraces, at RT. The density of Oy, vacancies in the RT experiment is estimated
to 6£1% and the O, dose sufficient for complete surface dehydration (5 L) is
consistent with that reported earlier (4 L) for an Oy, density of 5.5+0.2% [33].

The presence of a mixed OH/H,O monolayer is demonstrated in Fig. 2 (c).
The monolayer is prepared by annealing a multilayer of water to 210 K [26]. A
pronounced shoulder at 532 eV, related to OH, is observed for both the surface
without Oy, vacancies as well as for the »-Ti0, surface with vacancies. The presence
of molecular water is evident on both surfaces, giving rise to the O 1s peak at 534.2
eV. The OH peak is in both cases clearly more intense than the corresponding peak
observed for water adsorption at room temperature on the -TiO, surface [Fig. 2 (b)].
Clearly there is a mixed layer of dissociative and molecular water on the defect free
surface, confirming previous theoretical work [16,19,22].

O 1s spectra monitoring desorption of OH and H,O from the mixed monolayer
on the surface free of Oy, vacancies are shown in Fig. 3 (a). The O 1s spectra have
been recorded at different temperatures and delineated into individual contributions
from TiO,, OH and H,O. Based on the O 1s intensities at ML coverage [36] the
coverage of OH and H,O are estimated for the different temperatures, Fig. 3 (b). The
OH intensity is compensated for the O 1s line profile as well as for the trace amounts
of OH that remains after O, treatment to produce the surface free of O vacancies (see
above). No species originating from the mixed monolayer can be detected on the
surface at RT. The absence of water is consistent with previous TPD studies [6,26].
The OH originating from the mixed layer is clearly quite different from the OH
formed as OHy, at the O vacancies. The latter does not recombine and desorb until
about 490 K [6,26].

The OH coverage stays essentially at 0.43 ML up to 210 K. Assuming that all
the OH is in the pseudo-dissociated state, 0.22 ML will be accommodated on the OH;
sites. The H,O coverage at the monolayer point (210 K) is 0.78 ML. This means that
the Ti rows comprise 0.22 ML OH; and 0.78 ML H,O. In the theoretical treatment the
energies of a pure water phase and a mixed phase (with a OH:H,O ratio of two) were
found to be very similar at monolayer coverage [16,19]. Applying this model, we
obtain 0.44 ML of the mixed phase and 0.56 ML of the water phase. This suggests
rather similar energies with a slightly higher probability for the pure water phase to

form. The OH species formed at monolayer coverage is a result of the reduction of the



dissociation barrier induced by intermolecular hydrogen bonding [16,19]. Figure 3 (b)
shows that lowering the coverage by heating results in an increased OH:H,O ratio.
Importantly the OH:H,O ratio of the layer formed by heating the multilayer to 210 K
is identical to that found when exposing the surface to water at 210 K. The barrier is
thus reduced as the water coverage is reduced as predicted theoretically. Also, the
kinetic effects have to be minor.

Our results can be related to the nature of the wetting layer formed at ambient
conditions. The O 1s spectrum of a wetting layer on the rutile TiO,(110) surface was
presented recently [35]. Along with molecular water, OH was observed and attributed
to vacancy-assisted dissociation. However, assuming a typical amount (5-10 %) of O,
vacancies, our results show that the contribution from vacancy-assisted dissociation is
much too low to account for the OH peak of the wetting layer. We therefore propose
that the OH within the wetting layer stems predominantly from OH within a mixed
phase on defect free areas, similar to the monolayer formed under ultrahigh vacuum
(UHV) conditions.

Finally, the chemistry of the TiO»(110) surface may be influenced by Ti
interstitials [33]. Although no water adsorption has been related to Ti interstitials at
room temperature [33], the effect at low temperatures is as of yet unknown and
deserves further study.

In summary, we have demonstrated that the formation of a monolayer of water
on a rutile TiO»(110) surface free from oxygen vacancies at low temperature under
UHV conditions involves both molecular and dissociative adsorption. Lower
coverages are characterized by an increased OH:H,O ratio. At room temperature,
water adsorption is only possible through dissociation at oxygen vacancies. The
mixed nature of the monolayer demonstrates the importance of intermolecular
interaction at coverages reached at low temperature in ultra-high vacuum or under
ambient wetting conditions.
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Figure captions

FIG. 1 (color online). Schematic illustration of the rutile TiO>(110) surface. Blue and
red spheres denote lattice O and Ti, respectively. The light blue spheres are bridging
oxygen atoms (Oy,), which lie in the [001] azimuth of the substrate. One bridging
oxygen vacancy is indicated (Oy,). Parallel rows that lic between the Oy, rows are
Ti(5) atoms. Green spheres indicate oxygen atoms bonded to H atoms (yellow
spheres). Indicated are OH groups on bridging sites (OHy,) and on terminal [Ti(5)]

sites (OHy). One water molecule adsorbed on a Ti(5) site is also indicated.

FIG. 2 (color online). (a) OH 3o spectra for the clean »-TiO, surface (green curve,
measured at elevated temperature), after 5 L H,O on the r-TiO, surface (H,O/r-
TiO,(110), blue curve), after a subsequent dose of 5 L O, (H,O+0,/r-TiO,(110), red
curve) and finally after adsorption of another 5 L of H,O (H,O/TiO,(110), black
curve). (b) O 1s spectra for the same situations as in (a) and with the same labeling
and color-coding. (c) O 1s spectra for the clean surface (green curve), after annealing
of a water multilayer on the TiO»(110) surface to 210 K (H,O/r-TiO2(110), blue
curve) and after annealing of a water multilayer on the oxygen vacancy free

TiO,(110) surface to 210 K (H,0O/TiO,(110), black curve).

FIG. 3 (color online). (a) O 1s spectra for water adsorption on a rutile TiO,(110)
surface free from oxygen vacancies. The spectra show the results after progressive
heating of a multilayer of water and each spectrum has been delineated into individual
contributions from the substrate, OH and H,O. (b) Estimates of the OH and H,O
coverages given in monolayers (ML) where one ML corresponds to the density of

Ti(5) sites on the surface.
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We demonstrate that the formation of a water monolayer on the anatase TiO,(101)
surface involves both associative and dissociative adsorption. The behavior is similar
to that recently found on rutile TiO,(110) and illustrates the importance of
intermolecular interactions. Water adsorption on the (001) surface becomes complex
due to the (4x1) reconstruction. Dissociative adsorption occurs on the under-
coordinated Ti sites of the ridges while a mixture of molecular and dissociated water

is formed either in connection to the ridges or on the terraces.



1. Introduction

One of the most important goals within the area of oxide surface chemistry is to reach
a fundamental understanding of the interaction of water with titanium dioxide (TiO,).
The adsorption of water on TiO, is central for a wide range of applications, such as
catalysis, photochemistry, electrochemistry, corrosion and biocompatible materials [1-
4]. With respect to fundamental studies, water adsorption on single crystalline rutile
TiO,(110) can be considered as the prototype system, owing to the readily available
high quality samples [2,5]. The extensive experimental and theoretical methods
developed to explore the H,O/TiO»(110) system can furthermore be regarded as
central for how to model the interaction of water with oxide surfaces in general.

The emergence of nanoscience has however put the focus on the anatase
polymorph of TiO,. Nanoporous TiO, electrodes can be prepared by forming a
network of sintered nanoparticles. These have been shown to be most useful for
photoelectrochemical applications by virtue of the huge effective surface area [6]. It
has been found that anatase is the preferred phase of TiO, nanoparticles [7].
Moreover, anatase TiO, appears to be an even more potent photocatalyst than rutile
[8-10]. The equilibium shape of an anatase crystallite exposes (101) and (001)
surfaces, of which the latter is the minority termination [1]. Consequently,
comparative studies of water adsorption on well-defined anatase surfaces is a stepping
stone towards an understanding of surface processes on nanocrystalline TiO, in
aqueous environments. There are however very few experimental studies of water
adsorption on single crystalline anatase TiO».

The anatase TiO,(101) surface is found to exhibit a bulk terminated,
unreconstructed (1x1) surface when prepared in ultra-high vacuum (UHV) [11]. The
anatase TiO»(101)-(1x1) surface is schematically depicted in Figure 1 (a). The
adsorption of water on the anatase (101) surface in UHV has previously been studied
using x-ray photoelectron spectroscopy (XPS) and temperature-programmed
desorption (TPD) [12]. The TPD spectrum displayed desorption states at 160, 190 and
250 K. These were assigned to multilayer water, water adsorbed on 2-fold-
coordinated (bridge) O, and water adsorbed on 5-fold-coordinated Ti [Ti(5)],
respectively. No evidence for water dissociation was found in the O 1s XPS spectra,

which was also suggested in an earlier theoretical study [13].



The clean (001) surface of anatase TiO, undergoes a (4x1) reconstruction in
UHV [14,15]. A structure model of the TiO,(001)-(4x1) surface has been derived
from scanning tunneling microscopy (STM) results in conjunction with DFT
calculations [16,17]. This structure model is shown in Figure 1 (b). The surface can be
described as consisting of ridges, made up by TiOs chains, separated by terraces. The
Ti atoms of the ridges are only four-fold coordinated [Ti(4)] while the terrace Ti
atoms are five-fold coordinated. Consequently, the ridges have been found to be very
reactive upon adsorption. Calculations demonstrate that water dissociates at the ridges
but not at the terraces [18]. We have recently demonstrated experimentally that the
ridges are indeed highly active towards water dissociation [19]. Using O 1s
photoelectron spectroscopy (PES) we showed that water dissociates on the anatase
TiO,(001)-(4x1) surface at low coverage and that the OH coverage shows a good
correspondence to the density of four-fold coordinated Ti sites. That is, this structure
contains terminally adsorbed OH (OH;) on Ti(4) sites as illustrated in Figure 1 (b). At
higher coverages, we found evidence for a mixed phase consisting of dissociated and
molecular water but the exact nature of this phase could not be elucidated.

In summary, the available experimental and theoretical results show that the
interaction of water with the TiO»(101)-(1x1) and TiO,(001)-(4x1) surfaces of anatase
TiO, is very different. The current view is that adsorption of water on the (101)-(1x1)
surface is purely molecular while dissociation takes place on the (001)-(4x1) surface.

Returning to the rutile TiO,(110) surface the adsorption state of water has
been subject to an intense debate. While the efficient dissociation of water on the
oxygen deficient TiO,(110) surface has been characterized in detail [20-27], there is
as of yet no consensus reached between experimentalists and theorists whether water
dissociates or not upon adsorption on a defect-free TiO»(110) surface. Very recently,
we demonstrated that mixed molecular and dissociative water adsorption occurs at
monolayer coverage on a rutile TiO,(110) surface free from oxygen vacancies [28].
The dissociated water is most likely in the form of an OH,—OH; pair. This
configuration, included in Figure 1, is often denoted pseudo-dissociated water. The
OHy,—OH; pair is not stable at room temperature [28,29] in contrast to the OHy,
groups formed at oxygen vacancy sites, which remain on the surface up to 490 K
[20,30]. The formation of a layer that comprises molecular and (pseudo-) dissociated

water is believed to be the result of intermolecular interactions [31,32]. The finding of



such a mechanism on the rutile TiO,(110) surface makes it highly motivated to
perform further studies on the adsorption of water on anatase surfaces.

In this study, we make a side-by-side comparison of the temperature
dependent adsorption state of water on the (101)-(1x1) and (001)-(4x1) surfaces of
anatase TiO,. Using extremely surface sensitive synchrotron radiation excited O 1s
photoemission spectra, we demonstrate that the formation of a water monolayer on
the anatase TiO,(101) surface involves both associative and dissociative adsorption.
This suggests that the mechanism leading to dissociation within the monolayer on
rutile (110) is also present for the anatase (101) surface. We also continue the
discussion on the nature of the water layer on the (001) surface. Dissociation occurs
on the ridges of the (4x1) reconstruction but the high complexity of the surface

prevents a clear assignment of the location of all the OH groups.

2. Experimental

The measurements were performed at beamline D1011 at the Swedish National
Synchrotron Facility MAX II [33]. The end station comprises a Scienta 200 mm
radius hemispherical electron energy analyzer. The presented O 1s spectra were
recorded in 60° off normal emission using 610 eV photons. Binding energy (BE)
calibration of the core level photoelectron (PES) spectra against the Fermi level was
achieved by referencing to a Pt foil mounted on the sample holder.

The anatase TiO,(101) and (001) single crystals (supplied by SurfaceNet
GmbH) were cleaned by cycles of Ar-sputtering and subsequent annealing in oxygen
to 650°C. The formation of the (4x1) reconstruction characteristic for the anatase
(001) surface was confirmed with low energy electron diffraction (LEED). A sharp
(1x1) LEED pattern was observed for the (101) surface. This cleaning procedure
results in a very low surface defect density according to PES spectra [34]. That is, the
Ti 2p spectrum displayed only a Ti*" state and no discernable structures were found in
the band gap region.

Pure water was introduced through a leak valve, backfilling the chamber.
Doses are given in Langmuirs (1 L = 1-10° Torrsec). Annealing of the adsorbate
layer was performed by increasing the temperature to the desired value at a rate of

about 1 K per second and then kept at this temperature for 60 seconds. Measurements



were started immediately after heating in order to reduce the effects of water re-
adsorption. The two samples were mounted together on a common sample holder.
Thus, they were exposed to identical amounts of water and heated to similar
temperatures for identical time periods. This arrangement furthermore optimizes the
ability to make direct quantitative comparisons of spectral intensities, which

otherwise may prove difficult when measuring at a synchrotron radiation source.

3. Results and discussion

Figures 2 (a) and (b) show surface sensitive O 1s spectra obtained after adsorption and
subsequent annealing of a water multilayer on the anatase TiO, (101)-(1x1) and
(001)-(4x1) surfaces, respectively. The spectra have been delineated into individual
contributions from the TiO, substrate, OH and H,O. We will initially focus on the
results for the (101) surface. After adsorption of water at 120 K followed by heating
to 160 K in order to desorb multilayer water two O 1s features are observed apart
from the TiO, substrate peak at 530.5 eV. The state at 531.5 eV can be assigned to
OH and the state at 534 eV to H,O. It is clear that the water monolayer consists of
both species since both OH and H,O are present between 160 K and 260 K. At 160 K,
multilayer water has desorbed and bonding to substrate atoms, i.e. bridge bonded O
and surface Ti(5) atoms, is the only possibility. Above 190 K bonding to surface Ti(5)
atoms strongly dominates according to the previous TPD results [12]. The O 1s peak
due to molecular water vanishes after heating to 300 K, which is in good agreement
with the previous study [12].

The appearance of an OH related feature is a striking result since it is in
apparent contradiction to theoretical calculations and the previous XPS study [12,13].
However, from an experimental point of view our observation of the OH related peak
is most likely by virtue of the optimized measurement conditions. The low surface
sensitivity (and worse resolution) in conventional XPS causes the OH peak to become
obscured by the substrate signal. We can therefore conclude that the water layer
attained by adsorption and subsequent annealing of a multilayer contains a mixture of
molecular and dissociated species. From this follows that the mechanism responsible
for creating a mixed phase on the rutile TiO,(110) surface is most probably also

operating for the water layer on the anatase TiO,(101) surface. That is, intermolecular



hydrogen bonding lowers the dissociation barrier, which leads to partial dissociation
[28,31,32].

The O 1s spectra for water adsorption and subsequent annealing on the anatase
Ti0,(001)-(4x1) surface show the same general behavior as those obtained for the
(101)-(1x1) surface. That is, a mixture of H;O and OH is found at lower temperatures.
At higher temperature adsorbed H,O vanishes leaving OH as the only adsorbed
species. The results are in good agreement with our previous study [19]. In contrast to
the (101) surface, the presence of OH is not unexpected since the four-fold
coordinated Ti atoms on the ridges of the (4x1) reconstruction are expected to be very
reactive [18].

The next step is to quantify the water and hydroxyl coverages based on the O
Is intensities. It is common to define one monolayer (ML) as equal to the density of
Ti surface sites available for adsorption. Consequently, a monolayer reference point is
needed. However, the TPD spectrum for H,O/anatase TiO»(101) shows a complex
desorption behavior; the structure associated with desorption from bridging oxygen
sites is overlapping with the structure associated with desorption from Ti sites [12].
This makes it difficult to prepare a monolayer without the presence of a partial layer
bonded to bridging oxygens. In contrast, the TPD spectrum for H,O/rutile TiO»(110)
shows that the monolayer point is relatively well-defined since there is a clear dip
between the desorption structure from bridging oxygen sites and the desorption
structure from Ti sites [20,30]. The coverage estimates in the present work were
therefore made by using the O 1s data recorded for water adsorption on the rutile
Ti0O,(110) surface using the same experimental parameters [28].

The dissociated state on the defect-free rutile TiO,(110) surface consists as
previously mentioned of one terminal OH (OHy) at a Ti(5) site and a hydrogen atom
adsorbed on a neighboring Oy, site, giving a bridging OH (OHy,) [26,31,32]. Since the
two OH groups remain neighbors, see Figure 1, the state has been denoted “pseudo-
dissociated”. For a mixture of molecular and pseudo-dissociated water the O 1s

intensity representing the density of occupied Ti sites is obtained by:

0 1s (Ti) = 1xO 1s (H,0) + 0.5xO 1s (OH) (1)

For a monolayer on the rutile TiO,(110) surface the O 1s intensity calculated

in this way defines a coverage corresponding to the Ti(5) density, which is 5.2:10"



cm™. Thus, by normalizing to the results for a monolayer of water adsorbed on rutile
Ti0O,(110), OH and H,O coverages on the anatase surfaces can be calculated [35]. The
results are shown in Figure 3.

The OH coverage on the (101) surface is found to be close to constant in the
temperature regime 160 — 200 K, with a density of about 3.1-10"* OH/cm?. At higher
temperatures the OH coverage decreases but at much lower rate than the H,O
coverage. The decrease in OH density signals desorption of first layer species, from
which follows that the last temperature at which the first layer is complete is 200 K.
At this point, however, Figure 3 shows that the H,O density is 6.7-10"* ¢cm™, which
exceeds the density of Ti(5) sites on the anatase (101) surface (5.2:10'* cm™). That is,
the coverage is greater than one monolayer. Increasing the temperature to 230 K leads
to a dramatic decrease of adsorbed H,O and a slight decrease of the OH coverage.
Adding the O Is intensities using (1) yields that the density of occupied Ti sites is
now 5.1-10" cm™, which is close to the monolayer density. That monolayer density is
obtained at a temperature at which some of the OH has desorbed can be taken as a
result of the complex desorption behavior mentioned above. A small amount of OH is
finally detected on the anatase TiO,(101) surface even after annealing to 400 K. This
is not expected from the previous TPD results [12]. We cannot exclude that re-
adsorption is the cause for the observation of a small OH related peak after this
annealing.

Concerning the (001)-(4x1) surface it is highly motivated to first compare the
present coverage estimate, obtained by normalization to the monolayer on the rutile
Ti0,(110) surface, with that in our previous study where the angular dependence of
the relative O 1s intensities was used [19]. In the present study, Figure 3 gives an
estimate of 1.6:10" OH/cm® after heating to 300 K. The value presented in our
previous work corresponds to a density of 1.7-10'* OH/cm?, that is, the agreement is
very good.

The detailed temperature dependences of the H,O and OH coverages are
different for the two surfaces. The density of molecularly adsorbed water on the (001)
surface is lower than on the (101) surface up to a temperature of 260 K. The OH
coverage on the (001) surface is higher than on the (101) surface within the whole
temperature range shown in Fig. 3. In addition, the OH coverage on the (001) surface
displays a maximum after heating to 180 K, rather than the plateau found in curve

showing the OH coverage on the (101) surface. The reason for having a maximum is



not clear. A plausible explanation is that the O 1s intensity from all or a part of the
OH groups becomes attenuated by second layer water. It is not unlikely that the
attenuation effect is different on the two surfaces due to the geometric differences,
especially since the (001) surface is reconstructed.

It is very difficult to obtain a detailed understanding of the water interaction
with the (001)-(4x1) surface based on the present results. The main complication is
the inhomogeneous properties of the (4x1) reconstructed surface. As previously noted,
the four-fold coordinated Ti atoms on the ridges are expected to be very reactive,
leading to water dissociation. However, the (4x1) reconstruction causes the five-fold
coordinated Ti atoms on the terraces to be pushed slightly inwards, towards the bulk,
which will reduce the interaction strength with adsorbates as compared to the
unreconstructed surface. Moreover, the Ti(5) atoms on the terraces are not identical,
the Ti atoms adjacent to the ridges are located even further below the neighboring
bridging O atoms than the Ti atoms located in the center of the terrace. That is, the
(4x1) reconstructed surface comprises three different types of Ti atoms for which the
interaction strength with adsorbates may vary considerably.

In our previous work, the OH coverage remaining after heating to 300 K was
consistent with one OH bonded to each ridge Ti, i.e. this is the most strongly
interacting species. This result is well reproduced in the present work since the
density of ridge atoms is 1.7-10'* cm™ and the OH density after heating to 300 K is
1.6:10"* ¢cm™. We have also shown that the uptake, if undertaken at 190 K, is
characterized by rapid filling of the Ti(4) ridge sites with one OH at each site.
Continued exposure leads to adsorption of H,O and OH with an intensity ratio close
to one. The reverse process to this second adsorption step, i.e. upon desorption, can be
seen in Fig. 3 where the H,O and OH coverages appear to be rather well correlated in
the temperature regime 200-300 K.

We can only speculate on the location of the H,O and OH species associated
with the desorption between 200-300 K. The OH and H,O desorbing in this
temperature regime correspond to densities of 2.3-10'" cm™ and 2.0-10" cm™,
respectively, in good agreement with our previous results [19]. These values are very
low with respect to the density of Ti(5) atoms on the terraces (6.98-10" cm™). This
fact, together with the presumed low reactivity of the terraces has lead us to the
conclusion that these species are interacting with the ridge atoms or with the OH

adsorbed on the ridge atoms. However, after finding partial dissociation on the rutile



(110) surface [28] that is most likely induced by the intermolecular interactions, the
formation of a mixed layer on the terraces is a definite possibility. Considering that
the central Ti atoms on the terraces may be more reactive than the others, partial
population of terrace sites is possible. The density values are compatible with such a
scenario.

It is finally important to note that the preparation of (natural) anatase samples
has far from reached the level of sophistication found for the grown rutile TiO,
samples. Impurities on a percentage level are present and the character of defects and
how they can be avoided are issues that deserve further studies. It is for example
plausible that the cleaning method employed here, with O, treatment, leads to the
presence of oxygen ad-atoms. Preliminary results on gold growth on the (101) surface
show the presence of oxidized gold, possibly formed by interaction with oxygen ad-
atoms. However, the coverage associated with this defect is only of the order of a few

percent.

4. Conclusions

In summary, we have demonstrated that the formation of a water monolayer on the
anatase TiO,(101) surface involves both associative and dissociative adsorption. The
behavior is similar to that on rutile TiO,(110) and illustrates the importance of
intermolecular interactions present at higher coverages. The exact composition of the
monolayer on the anatase TiO,(101) surface is however difficult to deduce due to
simultaneous desorption of first and second layer water. The (001) surface is more
reactive towards water dissociation than the (101) surface. The higher activity can to a
large extent be ascribed to the very reactive ridges of the (4x1) reconstruction,
comprising four-fold coordinated Ti atoms. The terraces are less active but adsorption

of a mixture of a mixed molecular and dissociated phase cannot be excluded.
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Figure captions

FIG. 1. Schematic illustration of (a) the anatase TiO,(101)-(1x1) surface and (b) the
anatase TiO,(001)-(4x1) surface. The rectangles define areas of (10.24x7.57) A* and
(15.14x7.57) A% respectively. Blue and red spheres denote lattice O and Ti,
respectively. The light blue spheres are bridging oxygen atoms (O). The
coordination number of the Ti atoms is given in parentheses. Green spheres indicate
oxygen atoms bonded to H atoms (yellow spheres). Indicated are OH groups on
bridging sites (OHy) and on terminal (Ti) sites (OHy). Molecular water molecules
adsorbed on Ti(5) sites are also indicated. The shaded areas of the (001)-(4x1) define

the ridges associated with the surface reconstruction.

FIG. 2. O 1s spectra for water adsorption on (a) the anatase TiO,(101)-(1x1) surface
and (b) the anatase TiO»(001)-(4x1) surface. The spectra show the results after
progressive heating of a multilayer of water and each spectrum has been delineated

into individual contributions from the TiO, substrate, OH and H,O.

FIG. 3. Estimates of the OH and H,O densities (in molecules per cm?) on the anatase

Ti02(101)-(1x1) and TiO,(001)-(4x1) surfaces as a function of temperature.
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Using high resolution photoemission and X-ray absorption spectroscopy the growth of
an ultrathin TiOy film on the Pt(110)-(1x2) surface has been studied. From Ti 2p XAS
spectra of the deposited TiOy film a structural change from a rutile-like structure
when TiOy coexists with PtO, to an anatase-like structure upon completion of a TiOy
bilayer on the Pt surface is observed. Upon comparison to an anatase TiO»(001) single
crystal, the complete TiOx bilayer displays a very similar band alignment with respect
to the Fermi level but with a band gap that is 0.2 eV lower. In contrast, a rigid shift of
—0.8 eV is found for the electronic states of the bilayer islands. This shift is explained

in terms of a band bending effect imposed by the PtO, patches.
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1. Introduction

Titanium dioxide is a material that has been thoroughly studied in the last couple of
decades because of its importance in technical areas, including catalysis and
photocatalysis [1-3], sensors [4,5], biomedical [6-8] implants and various energy
applications [9,10]. Recently nanostructured titania started to attract a lot of research
interest because of the remarkable properties found for new and exotic phases like
nanosheets, nanotubes, nanorods and nanoclusters [11,12]. Several of these new
phases do not have a bulk counterpart and their properties are closely related to the
surface structure and to interface effects, making a surface science approach highly
relevant.

Titania nanosheets are thought to be the building blocks of titania nanotubes
and nanorods calling for careful investigations of their physical and structural
properties. It was recently reported that a TiOx double layer can be assembled on
Pt(110) and Pt(111) surfaces with a geometric structure similar to that found for
unsupported TiO; nanosheets [13,14]. Studying such ultrathin films on a single crystal
metal support can serve both as a nanosheet model as well as a new material in its
own right, which properties are determined by the combination of the oxide film
properties and those of the support.

Agnoli et al. [15] have demonstrated that it is possible to prepare a fully
oxidized TiO, ultrathin film by deposition of Ti in an O, background pressure on the
Pt(110)—(1x2) reconstructed surface. They find that the oxide overlayer is a
stoichiometric lepidocrocite-like single domain nanosheet, which can be thought of as
originating from an anatase bilayer spontaneously reconstructing by an uniaxial
relative sliding of one single layer with respect to the other by half a unit cell. From
STM they find that the film grows in a bilayer mode even for submonolayer
coverages where only a fraction of the Pt surface is covered. LEED shows a (11x2)
pattern during the initial film growth, due to oxygen chemisorption on the Pt(110)-
(1x2) surface [16]. For higher coverages, this pattern disappears and a 14x splitting
develops. When reaching a complete bilayer, a (14x4) supercell becomes evident.

In the present work we have utilized synchrotron based photoemission and X-

ray absorption spectroscopy to study the formation of an ultrathin TiOy film on the



Pt(110)-(1x2) reconstructed surface complementing the reported detailed structural
analysis performed by STM and LEED by Agnoli et al [15]. Using X-ray absorption
spectroscopy (XAS) we are able to add to this picture an observed structural
difference between the sub-layer and the full double layer where the sub-layer has a
rutile-like structure, while the bilayer appears more anatase-like. Photoelectron
spectroscopy (PES) in combination with XAS reveal a band bending of about 0.8 eV
for the TiOy bilayer islands that vanishes upon completion of the bilayer. The band
gap of the bilayer is furthermore found to be about 0.2 ¢V lower than that of bulk

anatase.

2. Experimental

High-resolution synchrotron radiation PES and XAS measurements were performed
at beamline 1311 of the MAX II storage ring at the Swedish National Synchrotron
Laboratory, MAX-lab, in Lund, Sweden. The beam line is equipped with a modified
Zeiss SX-700 monochromator and a 200 mm radius hemispherical electron energy
analyzer of Scienta type [17]. The base pressure of the UHV chamber was about 1-10°
' mbar.

The Pt(110) single crystal (supplied by Surface Preparation Laboratory) was
cleaned by cycles of argon sputtering and annealing at 980 K, followed by cooling in
oxygen (p = 5-107 mbar) down to 700 K. Finally the sample was flashed to 980 K to
remove any adsorbed oxygen. The procedure gave a clean and well-defined surface,
as judged from photoemission measurements of the C 1s, O 1s and Pt 4f core level
regions, and observed low energy electron diffraction (LEED) patterns.

Titanium was evaporated by sending direct current through a 0.5 mm Ti wire
filament. The evaporation was performed in an oxygen atmosphere (p= 1-10" mbar),
followed by a post annealing treatment in oxygen at 700 K to improve long-range
order of the titania layer and to have a complete oxidation of Ti. The Pt crystal was
supported by 0.5 mm tungsten wires, and the temperature was measured by a
chromel-alumel thermocouple spot welded to the back side of the crystal.

The sample was kept at room temperature both during Ti evaporation and

measurements. The photoemission spectra were recorded at normal emission with a



photon energy of 610 eV for the Ti 2p, 625 eV for the O 1s and 125 ¢V for the Pt 4f
core levels, and 130 eV for the valence band region. For all spectra, a scan of the
Fermi level region was recorded immediately after measuring the core level region
and used as binding energy reference. The X-ray absorption spectra were calibrated
by recording the Fermi level region with first- and second-order light from the

monochromator.

3. Results and discussion

In the following, we will focus on three Ti depositions. As discussed below,
deposition 3 is assigned to a full bilayer. At this point a 14x LEED pattern was
observed. We were never able to observe the x4 periodicity. Increasing the coverage
inevitably leads to a complete loss of surface order according to LEED. Assuming
growth of bilayer islands that eventually form a full bilayer, the intensities of the Ti
2p photoemission peaks for deposition 1 and 2 correspond to a surface covered by
20% and 70% of TiOx, respectively.

Figure 1 shows Ti 2p XAS spectra for different TiOx coverages. Included for
comparison are also results for anatase TiO,(001) and rutile TiO»(110) single crystals.
The Ti 2p XAS spectrum is sensitive to the local geometry of the Ti atoms and can be
used to fingerprint different TiO, polymorphs [18]. This is demonstrated in Fig. 1
where the relative intensities of the peaks making up the doublet feature centered at
460 eV becomes reversed when changing from anatase to rutile. The doublet structure
is commonly assigned to e, states. The difference in the relative intensities between
rutile and anatase is attributed to a change in the octahedral distortion of the lattice. A
change in the e, structure is also observed in the case of TiO4 formation on Pt(110).
When separate TiOy islands are present (1st and 2nd deposition), the e, structure has a
rutile-like shape. However, once the extended TiOy layer is formed (3rd deposition) it
changes into a more anatase-like appearance. The anatase-like structure is in
accordance with the previous results on the full double layer [15]. After the 4th
deposition, the peaks broaden as an effect of the loss of order.

The Pt 4f7, spectra for deposition 1 to 3 are compared in Fig. 2. Deposition 1
and 2 are characterized by a high binding energy (BE) shoulder, located at 71.5 eV,

relative to the Pt 4f;,, bulk contribution. This shoulder appears as a result of formation



of PtO; stripes on the Pt(110)-(1x2) reconstructed surface, a reconstruction remaining
upon oxygen adsorption [19]. This stripe formation has been investigated by
STM [16], revealing formation of a nanopattern with a (11x2) superstructure at high
oxygen coverage. STM results for TiOx/Pt(110) show similar stripes on the areas not
covered by TiOy islands [15]. The magnitude of the Pt 4f shift depends on the O
coverage and the sites occupied by the O atoms. In a previous high resolution PES
study of O adsorbed on the stepped Pt(332) surface, one-dimensional (1D) PtO, was
found to form at the step edges [20]. The Pt 4f spectrum displayed a shoulder similar
to that in Fig. 2. Based on the Pt 4f spectrum we can therefore conclude that PtO,
most probably forms after the first deposition. Increasing the TiOx coverage leads to a
decrease in the amount of PtO, with very little left after the 3rd deposition. Our
photoemission data thus support PtO, coexisting with TiOy islands. The
disappearance of the PtO, contribution in the Pt 4f spectra after the 3rd deposition
coincides with the appearance of an anatase-like structure in the Ti 2p XAS spectra
and is taken as evidence for formation of a complete TiOx bilayer at this point. When
the coverage is sufficient to form a full double layer, PtO, vanishes and the geometric
structure of the TiOy film changes. Thus, PtO, appears to influence the geometric
structure of the TiOy film and in the following we will also show that it has a
significant influence on the electronic structure.

Figure 3 shows O 1s (a) and Ti 2ps, (b) photoemission spectra for deposition
1 to 3. Valence spectra measured after deposition 2 and 3 are found in Figure 4. It
stands clear that essentially all the TiOy related PES structures undergo a substantial
positive BE shift between the 2nd and 3rd deposition. The shifts are very similar: The
O 1s peak shifts by +0.83 eV, the Ti 2ps/, intensity maximum shifts by +0.83 eV and
the valence band maximum shifts by approximately +0.85 ¢V. This strongly suggests
a rigid shift of the TiOy electronic levels.

The Ti 2p;3, spectra show however a rather complex behavior with increasing
TiOx coverage. More than one state are present in all the spectra and while the shift of
the maximum is in accordance with the rigid band model, the low BE onset appears
unchanged. We therefore expect to have states that shift by about +0.8 eV and (at
least) one state that shifts very little with coverage. The spectra have therefore been
delineated based on this assumption. The width and position of species 3 in the
spectrum after deposition 2 were estimated by subtracting the spectrum after

deposition 1 from the spectrum measured after deposition 2. The spectrum after the



3rd deposition was fitted with components and the constraint that the width of peak 2
should not exceed the width of peak 2 after deposition 2. Moreover, provided that
peak 2 shifts by about 0.8 eV between deposition 2 and 3, it becomes very difficult to
discriminate this component from component 1. We have therefore chosen to indicate
the assumed BE of species 1 with a dashed line for the 1st and 2nd depositions.
Regarding peak 4, it is not clear whether this is a chemically shifted state or the result
of having asymmetric line shapes due to the presence of the Pt substrate.

In an initial state picture, the low BE of species 1 suggests that it is associated
with reduced Ti, that is, Ti of an oxidation state below +4. The low BE may also be
the result of efficient final state screening due to the proximity of the Pt substrate (c.f.
below). In either case, it is most likely that species 1 is related to direct Ti-Pt bonds
and hence associated with an O,Ti-Pt configuration. For reasons that will be discussed
in more detail in the next section, the other Ti 2p species are assigned to TiOx not in
direct contact with metallic Pt. Since the relative intensity of the low BE Ti 2p;/, states
increases with decreasing coverage, it is feasible that formation of Ti-Pt bonds are
important for the island nucleation.

Variations in the relative amount of species 1 should in principle modify the
Ti 2p XAS spectrum accordingly. However, the change in the Ti 2p XAS spectral
shape when going from deposition 1 to deposition 2 is very small. The fine structure
of the Ti 2p XAS spectrum is thus largely determined by the properties of species 2-4.
That is, the relative intensities of the e, states is a signature of the incomplete and
complete TiOy bilayer itself.

Except for the Ti 2p contribution due to species 1 all the TiOy related PES
structures undergo a rigid positive BE shift between the 2nd and 3rd deposition. We
will demonstrate that this shift can be understood in terms of a band bending effect.
The argumentation that follows is schematically illustrated in Fig. 5. We reiterate that
this step in the growth is associated with (1) the completion of the TiOx bilayer, (2)
the disappearance of PtO, and (3) a geometric change in the TiOy local structure.
Clearly, in the case of a semiconducting oxide in contact with a metal both initial and
final state effects can influence the photoemission results. With respect to initial state
effects, band bending typically appears when a metal is brought into contact with a
semiconductor since the Fermi levels have to match. The driving force for the band
bending is then the difference between the work function (WF) of the metal and the

electron affinity (EA) of the semiconductor. Charge will flow between the metal and



the semiconductor leading to a shift in the Fermi level location of the semiconductor.
TiO; is often found to be an n-type semiconductor in that the Fermi level is located
close to the conduction band minimum [21]. When in contact with a metal with higher
WEF than the EA of TiO,, charge will flow from the TiO, to the metal. As a result the
Fermi level of TiO, at the interface will be shifted towards the valence band
maximum and the valence and conduction band edges exhibit a bending downwards
in binding energy.

We have previously presented an approach with which the location of the
valence and conduction band edges can be monitored [21,22]. The valence band is
represented by the Fermi level referenced PES spectrum. The conduction band is
represented by the O 1s XAS spectrum, referenced to the Fermi level by using the O
1Is PES binding energy. Changes in the position of the leading peak in the O 1s XAS
spectrum is expected to reflect changes in the location of the conduction band
edge [22]. However, the position of the leading peak relative the Fermi level may be
offset with respect to the conduction band onset in the case of TiO; [21].

The band alignment obtained for the second and third TiOx depositions on
Pt(110) are shown in Fig. 4. The results for a clean anatase TiO,(001) bulk sample is
shown at the top for comparison. For the full TiOx double layer, attained after the 3rd
deposition, the band alignment relative to the Fermi level is very similar to that found
for bulk anatase TiO,(001). The leading peak of the unoccupied states is in both cases
found 0.79 eV above the Fermi level whereas the valence band maximum is found at
3.49 eV for the bulk sample and at 3.31 eV for the TiOx layer on Pt(110). This
indicates a smaller band gap for the TiOx film. Importantly, the similar alignment of
the TiOy layer and the bulk sample indicates that the band bending is small, i.e. the
difference between the TiOx EA and the substrate WF is small [23].The WF values
for Pt(110) in the literature varies between 5.1 and 5.9 eV [24,25]. A WF value of 5.1
eV for single crystalline anatase (001) has been reported [26]. Consequently, although
not straightforward to verify, the similar band alignments of the TiOy film and bulk
anatase are not unlikely.

The situation is different for the sub-layer coverages where PtO, is present.
The PtO,/Pt(110) system has a higher WF than the clean Pt(110) surface due to the
presence of adsorbed oxygen atoms [27,28]. Hence a shift of the TiOy derived levels
due to band bending is observed for the sub-layer situations (depositions 1 and 2). The

valence band maximum and the leading XAS peak shift by —0.85 eV and —0.79 eV,



respectively, relative to the Fermi level. The direction and magnitude are both
consistent with the increased the WF for PtO,/Pt relative to that of Pt(110). Previous
studies report WF changes of 0.3 eV [28] up to about 1 eV [27]. The lower value was
found after O adsorption at 300 K whereas the higher value was found after O
adsorption at 560 K. Since our preparation procedure includes post-oxidation at 700 K
it is most likely that a value similar to the higher one applies here.

The behavior in Fig. 4 shows that the BE shift for the Ti species 2-4 found in
the Ti 2p spectra is primarily the result of band bending and not a change in the
chemical state of Ti. The Ti 2ps, BE of species 3 after deposition 3 is 458.55 eV,
which is smaller than the BE found for bulk anatase, at 458.90 eV. The difference is
partly accounted for by the 0.2 eV wider band gap of the bulk sample. Thus, the
oxidation state of species 3 is +4. The chemical state of species 2 is more nebulous.
The peak undergoes a shift due to band bending, which indicates that it is
electronically a part of the oxide and not hybridized with the Pt. A plausible
explanation is that this state is associated with Ti in the first layer. The Ti atoms
within the first layer will be image screened more efficiently by the Pt substrate upon
ionization than the Ti atoms in the second layer. Thus, the split observed between
state 2 and 3 might therefore be the result of a layer dependent BE.

Species 1 in the Ti 2p core level PES spectrum is not subjected to the shift due
to band bending observed for the other TiOy related PES contributions. This behavior
can be understood from the fact that we attribute species 1 to be associated with Ti
atoms having electronic states hybridized with Pt states. This conjecture is further
supported by the energy relationship of the Ti 2p photoemission spectrum and the Ti
2p X-ray absorption spectrum. Figure 6 shows the results obtained after the 3rd
deposition. It is found that the binding energy of the Ti 2p photoemission peak is
located close to the photon energy onset of the Ti 2p XAS spectrum. The XAS onset
represents the neutral core excited state of lowest energy. If the PES BE is connected
to the XAS onset it thus implies that the PES final state is fully screened by charge
transfer. Charge transfer screening occurs by virtue of the Ti-Pt hybridization.

According to the atomic structure model presented by Agnoli et al.[15],
mixing of Ti and Pt electronic states may occur at certain anticoincidence regions.
However, only one Ti atom out of 14 within the first layer is located at an
anticoincidence site. This is not compatible with the relative intensity of species 1

found in Figure 3 (b) after deposition 3, which is considerably higher. One possible



explanation is that more than one Ti atom is electronically affected by the
anticoincidence site. Another possibility is that our preparation procedure needs to be
refined. We did not observe any clear evidence for the x4 periodicity and since the Ti-
Pt hybridization is probably connected to the nucleation of TiOy islands, the exact
preparation procedure is likely to be critical. How the high-resolution Ti 2p spectrum

depends on the preparation is therefore something that has to be investigated further.

4. Conclusions

In summary, from Ti 2p XAS spectra of a TiOy film deposited on the Pt(110)-(1x2)
surface a structural change from a rutile-like structure when TiOy coexists with PtO,
to an anatase-like structure upon completion of a TiOy bilayer on the Pt surface is
observed. A band bending of about 0.8 eV is seen for the TiOy bilayer islands, an
effect that disappears upon completion of the bilayer. The band bending is induced by
the PtO; structures that are present when the surface is not fully covered by TiOy. The
full TiOy bilayer displays a band gap 0.2 eV lower than that observed for bulk

anatase.
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Figure captions

FIG. 1. Ti 2p X-ray absorption spectra for four different TiOx coverages on the (1x2)
reconstructed Pt(110) surface, as well as for anatase TiO,(001) and rutile TiO,(110)

single crystals.

FIG. 2. Pt 4f;, spectra measured after deposition 1 to 3. The three curves have been

normalized to the same peak height to facilitate the comparison.

FIG. 3. O 1s (a) and Ti 2ps/; (b) spectra measured after deposition 1 to 3. The Ti 2ps3,»
spectra have been decomposed into four individual components. Assuming growth of
bilayer islands that form a full bilayer after deposition 3, the intensities of the Ti 2p
photoemission peaks for deposition 1 and 2 correspond to a surface covered by 20%

and 70% of TiOy, respectively.

FIG. 4. Valence band photoemission spectra and O 1s X-ray absorption spectra on
the same energy scale for the second and third TiOy depositions on Pt(110), as well as

for a clean anatase TiO,(001) bulk sample.

FIG. 5. Schematical illustration of the band bending effect. The figure shows the
position of the Fermi level (Er) relative to the valence band (VB) and the conduction
band (CB) for (a) bulk anatase TiO,, (b) a full TiOx double layer on Pt(110) and (c) a
sub-layer of TiOx on Pt(110).

FIG. 6. Ti 2p photoemission and X-ray absorption spectra measured after deposition

3, on a common energy scale. The binding energy of species 1 in the Ti 2p PES

spectrum is located close to the photon energy onset of the Ti 2p XAS spectrum.
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