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Abstract 
TiO2 based photocatalysis is an emerging green nanotechnology that can be used for 
removal of pollutants from water and air. It has had an increased research interest, both 
from an application and fundamental point of view, during the last decades. Despite this 
many elementary processes that occur on the photocatalyst surface are not fully 
understood and are thus limiting our ability to purposefully manufacture more efficient 
photocatalytic materials.  

In this licentiate thesis, the adsorption geometry and photodecomposition of formic 
acid on differently prepared rutile TiO2 (110) surfaces were investigated. The surface was 
prepared by repeated cycles of Argon ion sputtering and annealing. By modifying this 
procedure either reduced, stoichiometric or oxylated surfaces have been obtained. These 
different surfaces are all well-ordered as evident from the obtained low energy electron 
diffraction pattern. In addition, a totally disordered surface was also prepared by Argon 
sputtering alone. Grazing incidence infrared reflection-absorption spectroscopy (IRRAS) 
employing polarized light with different azimuthal orientations of the TiO2 single crystal 
was used to investigate the binding geometry of formic acid (HCOOH) on the surface. 
Upon adsorption of formic acid on the TiO2 surface, the molecule is deprotonated 
resulting in a formate (HCOO-) and a hydrogen (H+) molecule on the surface. The formate 
molecules are mainly bridge-bonded to the Ti5c surface atoms with their molecular axis 
along the [001] direction. A minority of the formate species was found to adsorb through 
hydroxylated oxygen vacancies (or protonated oxygen atoms) and therefore have different 
orientations on the surface. For the disordered surface, it was found that the orientation of 
the formate adsorbates are more or less random since no changes in the IRRAS spectra 
are seen for the different directions of the single crystal. The adsorption geometry for the 
disordered surface is also changed, as seen in the shift of the peak positions in the IRRAS 
spectra. This changed adsorption geometry is attributed to exposures of Ti3+ atoms on the 
surface, and is a result of the Ar ion sputtering.  

Irradiation of the HCOO/TiO2 systems by UV light (365 nm, 2 mW/cm2) showed only 
a small change in formate coverage after 100 minutes of illumination. The decrease was 
largest on the disordered surface and miniscule on the ordered surface. These results were 
compared with those obtained on rutile nanoparticles at ambient conditions. The 
comparison shows that the adsorption geometry for the nanoparticles is similar to that of 
the ordered single crystal surfaces and that the photodecomposition rate is about a factor 
of 30 higher on the nanoparticles than on the disordered surface. This difference is 
expected as the single crystal experiments were performed in vacuum, where the supply 
of O2 electron acceptors and OH/H2O donors from the gas phase is limited.  

These results shows that the rutile TiO2 (110) surface is a good model system for 
fundamental studies of nanoparticle systems and that the presence of hydroxylated oxygen 
vacancies and protonated oxygen atoms are important for the reactivity of the TiO2 
surface and must be included in the description of surface reactions on rutile surfaces. 
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Abbreviations 

BTXS benzene, toluene, xylenes and styrene 
DC Direct current 
DRIFTS Diffuse reflectance infrared fourier transform

spectroscopy 
DFT Density functional theory 
E-field (E) Electric field 
Εg Band gap 
eV Electron volt 
FT-IR Fourier Transform Infrared 
IARC International agency for research on cancer 
IR Infrared 
IRRAS Infrared Reflection-Absorption Spectroscopy 
k Imaginary part of refractive index 
k


 Wave vector 
LEED Low energy electron diffraction 
LN2 Liquid nitrogen 
MCT Mercury cadmium tellurium 
n̂  Complex refractive index 

n Real part of complex refractive index 
n


 Surface normal 
p-polarized E-field parallel to the plane of incidence 
o-TiO2 Oxylated TiO2 surface 
Οvac Oxygen vacancy 
q Vibrational coordinate 
R0 Initial reflectance from surface 
Ra Reflectance from surface with adsorbate layer 
r-TiO2 Reduced TiO2 surface 
SBS Sick building syndrome 
s-polarized E-field perpendicular to the plane of incidence 
s-TiO2 Stoichiometric TiO2 surface 
SNR Signal to noise ratio 
sp-TiO2 Sputtered TiO2 surface 
TiO2 Titanium dioxide 



 

UHV Ultra-high vacuum 
UV Ultra violet 
VOC Volatile organic compounds 
α Polarizability 
δ Vibrational wagging 
ΔR Difference in reflectance 
ε Dielectric function 
φ Azimuthal angle 
ν Wavenumber 
ν Vibrational stretch 
θi Angle of incidence 
υ Quantum number 
ψ Wave function 
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1 Introduction 

In our daily life we use and come in contact with a range of different 
chemicals no matter whether we are indoor or outdoor. In the outdoor 
environment the sources of exposure to different chemicals is widespread, 
ranging from emissions from industrial- and manufacturing processes into 
both air and water, contamination of water from leakage of contaminated 
soils and waste dumps as well as emissions such as hydrocarbons and 
nitrogen oxides from combustion engines in our vehicles. The international 
Agency for Research on Cancer (IARC) recently declared that the urban 
outdoor air is cancerogenic and that more than 200 000 peoples where 
estimated to have died from lung cancer caused by outdoor air pollution in 
2010.1 Likewise, in our indoor environment we are exposed to a variety of 
different chemicals emanating from plastics and glues used in adhesives, 
carpets, paint, furniture upholstery as well as detergents and cleaning 
products; over 900 different compounds have been detected in indoor air.2 
Organic chemicals emitted from theses sources are called volatile organic 
compounds (VOC) and include a variety of molecules. The most commonly 
found are BTXS (benzene, toluene, xylenes and styrene), terpenes (α-pinene, 
limonene, etc.) and carbonyls (formaldehyde, acetaldehyde, acetone), which 
are regarded as a heath issues and are in some case also reported to be 
cancerogenic.3 This problem with indoor air pollution is commonly 
manifested as the sick building syndrome (SBS), where the low quality of 
the indoor air is known to cause diffuse illnesses in people working or living 
in such building. This is in part a consequence of the development in 
building design to produce more energy efficient buildings. This results in 
buildings which are more air tight than older ones. While this is manifested 
in more comfortable and energy efficient buildings, it may also result in a 
build-up of high concentrations of VOCs in the indoor climate. It has been 
reported that as many as 30% of all new or refurbished buildings can be 
affected by the SBS syndrome.4  

How to efficiently and cost-effectively deal with these threats to our daily 
life is an open question. Photocatalysis can be one part of the solution to the 
problem. The increased research interest in photocatalysis since the late 20th 
century emanates from the idea of using sun light to remove pollutants in air 
and water,5-10 as well as splitting water – by the same principles – to 
hydrogen (and oxygen) for environmentally sustainable energy production.11-

14 With the increasing research interest in photocatalysis both from a 
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fundamental and application perspective our knowledge of the processes that 
occurs on the photocatalyst surface has increased tremendously.11, 15-17 
Despite this, even the most simple chemical reactions on model catalyst 
surfaces such as the rutile TiO2 (110) surface, which is studied in the present 
thesis, is still not fully understood. Therefore additional studies on the 
fundamental processes are needed in order to increase our knowledge and 
thereby enable us to produced photocatalytic materials with improved 
properties. In the present thesis fundamental investigations of how formic 
acid molecules adsorb on and interact with model TiO2 photocatalyst 
surfaces have been investigated.  
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2 Photocatalysis 

In short one can say that a photocatalyst is a material that uses light to 
facilitate chemical (reduction and oxidation) processes on its surface without 
being consumed. It may sound simple but the actual process is complicated 
and involves several steps with limitations and pitfalls as will be discussed in 
the following section.  

2.1 Principles of semiconductor photocatalysis 
Up till now the word photocatalysis has been used without an explanation of 
the actual reaction mechanisms. A schematic sketch of the process in a 
nanoparticle semiconductor photocatalyst is given in Figure 1, and as can be 
seen it involves several different elementary steps. 

 
Figure 1. Schematic figure of the photocatalytic process on a nanoparticle starting 
with (1) creation of electron-hole pairs from absorption of photons followed by (2) 
diffusion of the charge carriers to the surface where (3) charge transfers occur 
between photogenerated charge carriers and adsorbed molecules. 
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The first step in the photocatalytic process is the creation of charge carriers 
by absorption of light. There are a wide range of different materials that can 
be used for photocatalysis ranging from single metal oxide semiconductors 
to doped and mixed metal oxides layered (perovskite) structures, as well as 
nanostructured composites and core-shell structures.5, 9, 18-20 Absorption of 
photons facilitates interband transitions in the material. Most of the research 
in photocatalysis has been done on wide band gap metal oxide 
semiconductors, and TiO2 in particular.9, 10, 18, 20 In these types of 
photocatalysts the charge carriers are created by excitation of an electron 
from the valence band to the conduction band thereby creating an electron-
hole pair. This is done by absorption of a photon whose energy is larger than 
the optical band gap (Eg). One of the drawbacks with TiO2 as a photocatalyst 
is the large band gap. The width of the band gap changes with TiO2 crystal 
structure and particle size, and for nanoparticles it is larger than 3.0 eV for 
its three common phases (Eg(anatase) = 3.2 eV, Eg(rutile) = 3.0, Eg(brookite) 
= 3.3 eV).21 Much of the research into TiO2 photocatalysis has been devoted 
to find a way to dope the photocatalyst in order to lower the band gap 
without introducing negative side effects, such as recombination centres that 
lowers the performance.9, 11, 22 

The second step is the migration of the charge carriers to the surface. The 
lifetime of an electron-hole pair is not infinite, after a certain time the 
electron and the hole will recombine unless they are separated. After the 
creation of the electron-hole pairs, within the penetration depth of the light, 
the charge carriers will perform a random walk (if no bias is applied and 
since band bending usually is negligible) until they either reaches the surface 
and are trapped there, or are trapped in the bulk and eventually recombine 
there. Trapping of electrons and holes is beneficial for the lifetime of the 
charge carriers and thus decrease the recombination rate. This is because the 
electrons and holes need to be in the vicinity of each other to recombine. If 
the trapping sites for electrons and holes are separated the trapped charge 
carriers are hindered to get close to each other and thus prevent 
recombination. The trapping process is relatively quick, in the order of 
nanoseconds, compared to the lifetimes of the trapped charge carriers.8, 9, 11 
In nano-porous TiO2 charge carrier lifetimes in the microsecond range have 
been measured,11 and even hours have been inferred for deep traps.23, 24 

 The charge carriers trapped at the surface can either recombine or 
participate in the next step of the photocatalytic process, which is the charge 
transfer from the photocatalyst to different molecules. For the latter to occur, 
the molecules need to be adsorbed on the surface of the photocatalyst. Since 
oxygen and water vapour is always present in the air, hydroxyl groups and 
water molecules as well as molecularly adsorbed oxygen will be 
chemisorbed or physisorbed on the surface. Other types of molecules present 
in the air, like VOCs, will also adsorb on the surface. The charge carriers 
trapped at the surface can then interact with the adsorbed molecules. 
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Conduction band electrons will be interacting with so called acceptor 
molecules such as oxygen. The reason for the name acceptor molecules 
comes from the fact that these molecules accept an extra electron from the 
photocatalyst. Likewise the holes will be transferred to donor molecules like 
water and hydroxyls, i.e. an electron is transferred from the molecule to the 
photocatalyst. Thus oxygen and hydroxyl radicals are formed on the surface 
of the photocatalyst. These OH● and O2

●- radicals are reactive and readily 
interact with other molecules in reduction-oxidation processes, or with each 
other to form other radicals and reactive species. Thus reduction and 
oxidation processes of air and water pollutants can be obtained. The creation 
of oxygen and hydroxyl radicals is summarized by the following reaction 
schemes, eq. 1-3. 

+−> +⎯⎯ →⎯ heTiO gEhv
2    (1) 

+•+ +⎯→⎯+ HOHhOH2    (2) 

−•− ⎯→⎯+  
22 OeO    (3) 

Following this scheme one can be led to believe that any semiconductor will 
be suitable for photocatalysis and the smaller the bandgap the better it is 
because less energy is needed to create the electron-hole pairs. Unfortunately 
it is not as simple as that. The band gap influences the activity in several 
ways. It has been shown that for metal oxides an increased band gap energy 
results in an increased photocatalytic activity.25, 26 Furthermore for every 
reduction-oxidation process there is a certain energy needed. Thus it is 
important that the conduction band and valence band edges in the 
photocatalyst are positioned in such a way that it is energetically favourable 
for the charge carriers to create the radicals. For a reduction process to occur 
the conduction band edge needs to be more negative than the reduction 
potential of the chemical species. Likewise for an oxidation process to occur 
the valence band edge should be more positive than the oxidation potential 
of the chemical species. In Figure 2 below, the valence and conduction band 
edges for different semiconducting metal oxides are shown together with the 
energy potentials, versus the normal hydrogen electrode (NHE), for different 
reduction and oxidation processes. The absolute value of the NHE at 25°C is 
4.44 eV with respect to the vacuum level. Thus the energy levels versus the 
NHE can easily be converted to absolute values. From Figure 2 it can be 
seen that the conduction band edge for TiO2 is suitably positioned for 
reduction of O2 atoms into oxygen radicals O2

●- and that the valence band 
edge is much more positive than the energy needed for oxidation of water 
into hydroxyl radicals, OH●. For other semiconductors, such as iron oxide 
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(hematite), the band edges are not positioned equally favourable for the 
formation of these radicals, although some degree of band gap engineering 
can be made by novel nanostructuring of the photocatalyst material. Another 
aspect of photocatalysis is that the photocatalyst needs to be resilient to the 
created charge carriers. Cadmium sulphide, which from Figure 2 seems 
attractive for photocatalytic applications due to the lower band gap and 
favourably positioned valence and conduction band edges suffers from 
problems with photo-induced corrosion, i.e. degradation of the photocatalyst 
by the reduction-oxidation process created from the photogenerated charge 
carriers.5     

 
Figure 2. Valence band and conduction band edges for different metal oxide 
semiconductors at pH 1 versus the normal hydrogen electrode (NHE) as well as the 
absolute potential. The energy barrier for different common reduction-oxidation 
process is also shown. The figure is adapted from ref. 27. 
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3 Titanium dioxide and its surface 

Although TiO2 exists in different phases and crystals, which have a variety 
of surface facets that can be exposed to the surrounding environment, most 
of the fundamental surface science studies to date is performed on the rutile 
TiO2 (110) surface, simply because it is by far the most stable surface (i.e it 
has the lowest surface energy), and can thus readily be prepared as large 
single crystals. 

3.1 Titanium dioxide phases 
TiO2 can be found in several different phases and the most common ones are 
anatase, brookite and rutile.28 These three can all be found naturally in 
different minerals whereas others, like baddeleyite- and α-PbO2-types, are 
exotic high pressure phases, or metastable systems that can only be made 
synthetically,29-31 and are therefore of limited interest for photocatalytic 
applications. Anatase, brookite and rutile all have the same basic building 
block: a Ti atom surrounded by six oxygen atoms in an octahedral geometry, 
Figure 3. The arrangement of these octahedral is different for the anatase, 
brookite and rutile phases, creating a tetragonal crystal structure for anatase 
and rutile and an orthorhombic structure for brookite, Figure 4.  

 
Figure 3. Arrangement of a TiO2 octahedral with a Titanium atom (red) six-fold 
coordinated to oxygen atoms (blue). 

Rutile is the most stable phase at all temperatures and at pressures up to 60 
kbar according to thermodynamic calculations.31, 32 The differences in Gibbs 
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free energy between the three phases is however small, so brookite and 
especially anatase can readily be synthesized.9, 18 For nanoparticles size 
effects has to be accounted for, and then anatase and brookite are calculated 
to be thermodynamically stable for particle sizes less than 11 nm and 
between 11-35 nm, respectively.9, 33, 34 If the particles are larger than about 
35 nm, the rutile phase becomes again the most thermodynamically stable 
phase. Anatase and brookite can readily be converted to rutile by heating at 
ambient pressures. The exact phase transformation temperature depends on a 
variety of different factors such as crystallite size, morphology, impurity 
concentration, and is thus not exact and difficult to control.28, 33, 35 However a 
general consensus is that temperatures above 600°C is needed for 
transformation of rutile to anatase.21, 28 This is one of the reasons why single 
crystals of rutile TiO2 with large area are readily available, whereas anatase 
TiO2 single crystals can only be obtained at small crystal sizes or from 
naturally occurring minerals.36-38  

 
Figure 4.  Crystal structures for a) anatase, b) rutile and c) brookite showing the 
stacking of the octahedral TiO6 building blocks. The figure is adapted from ref. 9.  

3.2 The rutile (110) surface 
One important aspect in photocatalysis is the surface of the photocatalyst. 
The reason for its importance lies in the charge transfer between the 
photogenerated electrons and holes and the adsorbed molecules, which 
occurs at the surface. Another aspect of its importance is that the surface 
structure can also affect how molecules adsorb, i.e. the binding geometries 
of the molecules. This is of importance because the molecules ability to be 
oxidized or reduced is greatly affected by the binding strength and 
adsorption geometry. It has previously been reported that the surface 
structure and exposure of different facets affects the bonding of formic acid 
on anatase nanoparticles and thereby influence the photocatalytic 
reactivity.39 
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From an application point of view the surface of the photocatalyst should 
have three prerequisites; i) a large surface area allowing for a large number 
of sites for molecules to adsorb on; ii)  a surface which exposes facets that 
promotes beneficial adsorbate structures; and (iii) appropriate surface 
electronic properties of exposed facets for efficient interfacial charge 
transfer40, 41. It should be noted that fulfilment of all three criteria may not be 
simultaneously optimized on a single crystal facet, since charge transfer and 
adsorbate bonding may compete,41 and that instead an optimum balance 
should be found. Alternatively, facet communication between surfaces with 
different surface electronic properties should be considered. 

From a surface science point of view a surface that is stable and uniform 
is preferred as it makes the sample preparation easier and the interpretation 
of the results less dubious. Therefore single crystals are often used as they 
always expose the same facet unlike nanoparticles or nanoporous films 
where a multitude of facets can be exposed simultaneously. For the different 
TiO2 facets, the rutile (110) surface is the most stable face.16 The surface, 
depicted as a ball model in Figure 5, can be seen as being built up of rows 
with six-folded coordinated Ti atoms (Ti6c) each surrounded by oxygen 
atoms as depicted in Figure 3. In every second row along the [001] direction 
the top-most bridging oxygen is removed exposing the titanium atoms. 
These Ti atoms are five-folded coordinated, Ti5c. As a result two types of 
titanium atoms can be found on the surface: Ti6c atoms below the bridging 
oxygen in the ridges along the [001] direction, and Ti5c atoms in the trenches 
between the oxygen bridging rows.  
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Figure 5. Ball model of the rutile TiO2 (110) surface.  

3.3 Surface defects 
What has been described so far is a perfect rutile (110) surface. Although the 
surface preparation techniques have advanced tremendously, allowing us to 
manipulate and investigate surfaces down to the atom level using tools such 
as scanning tunnelling microscopes, a completely perfect surface with a 
relatively large area, in the order of cm2 is still not achievable. On the TiO2 
(110) surface the most common defect is an oxygen vacancy in the bridging 
oxygen rows (Ovac). Depending on the surface preparation methods the 
number of Ovac sites can be somewhat controlled. Typically the bridging 
oxygen vacancies are in the range of 5-10% of a monolayer for a reduced 
surface but on heavily reduced surfaces the number of vacancies can be as 
much as 15% of a monolayer.16, 42, 43 In order to differentiate a reduced 
surface, with an excess of oxygen vacancies, from a more stoichiometric 
surface, the term r-TiO2 is used for the reduced TiO2 surface. Likewise the 
term s-TiO2 will here be used for a stoichiometric TiO2 surface, i.e. a surface 
prepared to obtain a minimum of surface defects. A general consensus when 
working with the TiO2 (110) surface is that cleaning the surface with Argon-
ion sputtering and subsequent annealing in UHV will create a reduced 
surface.16, 42, 43 To replenish the oxygen vacancies annealing can be done in 
vacuum in the presence of a low partial pressure of O2. This will reduced the 
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number of Ovac and result in large domains of defect free surfaces, of the 
order of several thousand nm2.16, 44 Exposure of the s-TiO2 surface to oxygen 
at low temperatures are expected to heal remaining Ovac sites present on the 
surface, as well as to create oxygen adatoms on the surface. This oxylated 
surface is by analogy called o-TiO2 to differentiate it from the other surface 
preparations.45-47  

The study of these oxygen vacancies requires some precautions. It is 
widely known that Ovac sites on the TiO2 (110) surface dissociates water 
molecules and that they thereby become hydroxylated with an OH group 
filling the bridging oxygen vacancy position.16, 42 This process is reported to 
be a fast process unless the surface is studied at good ultra high vacuum 
(UHV) conditions, or special care is taken to reduce the water partial 
pressure in the chamber.42, 46, 48 
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4 Surface infrared spectroscopy 

Infrared (IR) spectroscopy is a widely used tool for chemical analysis. There 
are different specialized IR spectroscopy techniques for different 
applications, but they are all based on the same principle, absorption of light 
to excite molecular vibrations. In this thesis infrared reflection-absorption 
spectroscopy (IRRAS) has been used to study thin films of formic acid to 
determine adsorbate geometry and photodecomposition of said adsorbate on 
a single crystal substrate. 

4.1 Principles of infrared spectroscopy 
A molecule consists of atoms, ranging from only a few to several thousands 
depending on the size and complexity of the molecule. A single isolated 
atom has three degrees of freedom since its position needs to be defined 
using any coordination system, which for instance can be the Cartesian 
system with an x-, y- and z-axis. A molecule with N atoms thus has 3N 
degrees of freedom. Three of these refer to the translational movement of the 
molecule as a whole along the x-, y- and z-axis. Three additional degrees of 
freedom are attributed to the rotation of the whole molecule along any of 
these axes. The remaining 3N-6 degrees of freedom for the molecule then 
represent the vibrations of the atoms in respect to each other. For a linear 
molecule there is symmetry around the internuclear axis, which means that 
there is no moment of inertia in this direction. Hence there is no degree of 
freedom for rotation in this direction and as a result the number of vibration 
modes in such a molecule is 3N-5.49 Due to symmetry in the molecule some 
of the vibrational modes are degenerate and thus have the same frequency. 

The atoms in the molecule are bonded to each other by the outermost 
(valence) electrons in the atom. One separates between ionic, physical (van 
der Waals) and chemical (covalent) bonds. In ionic bonds the electrons are 
transferred to the atom(s), which has the highest electronegativity, thus 
creating a positive and a negative ion that attracts each other by means of 
electrostatic interactions, i.e. we have a permanent dipole in the molecule. 
For covalent bonds the difference in electronegativity between the atoms is 
small and it can be viewed as the electrons are shared between the atoms. 
However as long as there are a difference in electronegativity between the 
atoms there will be a small displacement of the electrons towards one of the 
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atoms and hence a small permanent dipole can also be formed in covalent 
bonds. Alternatively, an induced dipole is created as the atoms in the 
molecule vibrate. The presence of the dipole is important in IR spectroscopy 
since it is the electromagnetic field in the IR light that excites the movement 
(or vibration) of the atoms in the molecule. This can only happen if there is a 
dipole moment in the molecule. Therefore linear diatomic molecules such as 
N2 are inactive in IR spectroscopy whereas carbon monoxide and non-linear 
molecules, which has a dipole moment, is easily seen with IR spectroscopy. 
Similarly, vibrational modes which are asymmetric and hence will have an 
induced dipole moment are IR active, while symmetric modes are IR 
inactive. An example is CO2, whose symmetrical stretch of CO2 is inactive, 
while the bending modes (scissoring modes) are IR active.  

The quantum mechanical explanation for this is briefly described below. 
It is referred to as the dipole selection rule and it is based on how light 
(electromagnetic waves) interacts with molecules. From this it is possible to 
derive which vibrations that are allowed and hence IR active.49, 50 If the 
vibration of the atoms is modelled as a harmonic oscillator, which is a good 
approximation for small displacements of the atoms, the dipole selection rule 
can be expressed as  

 ∗= υυ τψμψ dR ie  


   (4) 

where υR


is the vibrational transition moment, ψi and ψe is the wave function 
of the initial and excited state of the molecule, μ  is the electric dipole 
moment operator, re


=μ , and “*” represents the complex conjugate of the 

wave function. If the integral is zero the transition to the exited state is 
forbidden and thus IR inactive whereas it is allowed when the integral is non 
zero. If the dipole moment operator is expanded around the equilibrium 
position, q=0,   

0

0

=
= 








+≈

q

q dq

d
q

μμμ



   (5) 

it can be seen that for eq. 4 to be non-zero two criterion must be fulfilled. 
First, there must be a change in dipole moment during the vibration, i.e. 

0/ ≠dqdμ . Secondly, in the harmonic oscillator model the wave function 
for the ground state has even parity. As the wave functions for the two states 
are eigenfunctions of the same Hamiltonian they are therefore orthogonal. 
Since the dipole moment operator in turn has odd parity the wave function 
for the excited state must also have odd parity for the integral to be non-zero. 
As a consequence of this the change in quantum number, υ, between the two 
states must be ±1. From the dipole selection rule it also follows that the 
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intensity of the vibration is proportional to the square of the vibrational 
transition moment. 

To discriminate between different vibrational modes, which depend on 
how the atoms move in respect to each other one uses terms like stretching 
and wagging. These are differentiated in text by the use of different Greek 
letters. As formic acid (HCOOH) or formate (HCOO) being the molecule of 
interest here it will be used as an example, Figure 6. Stretching, ν, is when 
the atoms move in the plane of the bond and the distance between them is 
altered. Whether the atoms movement is in phase our out of phase with each 
other it is called a symmetric (νs) or asymmetric (νas) stretch, respectively. 
Wagging (δ) is a change in angle between the plane of a group of atoms, 
such as the C-H bond and the C2v symmetry axis of the HCOOH molecule. 
Additional modes, not pertinent for HCOOH, are rocking, twisting, in-plane 
bend, and out-of-plane bending vibrations. 

The different vibrational modes are distinguished from each other by the 
energy needed to excite them. Stronger bonds between the atoms and larger 
masses of the atoms results in a higher resonance frequency. As every type 
of molecule is unique they all have a characteristic IR spectrum that can be 
used for chemical identification. From the IR spectrum it is thus possible to 
identify a molecule and how it binds to the surface. 

 
Figure 6. Different vibrational modes of formate. Oxygen atoms are depicted as 
turquoise spheres, carbon as blue and hydrogen as a red spheres. The figure shows a) 
symmetric νa(OCO) stretch, b) asymmetric νas(OCO) stretch, and c) in-plane δ(C-H) 
wagging. 

4.2 Polarization of light 
Like electrons, light can either be described as a particle, a phonon, or as an 
oscillating electromagnetic field, i.e. an electromagnetic wave. The set of 
equations that describes the relations between electromagnetic fields was 
formulated by James Maxwell in the 19th century.51 From these equations it 
is possible to derive that light is composed of a transverse electromagnetic 
wave. This means that the electromagnetic fields are oriented in directions 
that are perpendicular to the propagating direction of the wave, Figure 7. 
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Figure 7. A transverse electromagnetic wave with the electric (E) and magnetic (B) 
field oriented perpendicular to the direction of propagation of the wave. 

Depending on how the orientation of the electric field (E-field) vectors 
change with time the light is said to have different polarizations. These are 
called linear, circular and elliptical polarizations. In linearly polarized light 
the E-field vectors oscillate in the same direction with time, whereas in 
circular or elliptical polarization the direction of the electric field vectors 
rotates around the azimuth of the propagation direction of the light, like a 
cork screw. In materials optics, when talking about polarized light, one 
mainly speaks about two special cases where the E-field of the linearly 
polarized light is oriented in certain directions with respect to the interface 
between two media (here vacuum/TiO2, or air/TiO2). These two cases of 
polarized light are denoted s-polarization (from the German word senkrecht, 
which means perpendicular) and p-polarization (parallel). Light incident on a 
surface is said to have a plane of incidence defined by the propagating 
direction of the light and the surface normal. For p-polarized light the E-field 
is in this plane of incidence and for s-polarized light the E-field is 
perpendicular to the plane of incidence. If the surface is oriented in the x-y 
plane and the light is propagating in the x-z plane as indicated in Figure 8, 
the plane of incidence is defined to be the x-z plane. For s-polarized light the 
E-field is then in the y-direction perpendicular to the plane of incidence. For 
p-polarized light the electric field is thus conversely oriented in the plane of 
incidence. With the orientation of the sample and light used in Figure 8 the 
E-field for p-polarized light will have two vector components, one in the x-
direction and one in the z-direction. Their relative magnitude depends on the 
angle of incidence, θi, of the light. Only at the extreme cases with θi equal to 
0 or 90° the p-polarized light will only have a component in either the x or z 
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direction, respectively. If there is an orientation of the adsorbed molecules 
on the surface it is possible to use polarized light to probe certain vibrational 
modes in the molecule. This is because if the dipole moment for the 
vibrational mode does not have a component in the same direction as the E-
field, there will be no coupling between the vibration and the 
electromagnetic field and hence the vibration can not be excited.  

 
Figure 8. Directions of the electric field for s- and p-polarized light incident on a 
surface. 

4.3 Three layer model 
Using Maxwell’s equations as a starting point the interaction of light with 
matter can be calculated.52 This can be a tedious task depending on the 
complexity of the system. By doing some assumptions about the system the 
complexity can be reduced. For spectroscopic studies of thin films on a 
substrate a three-layer model can be employed. The model consists of three 
different layers; the incident medium, the thin surface film layer and the 
substrate. Each of these layers is characterized by their own complex 
refractive index and is separated by sharp boundaries.53-56 By picturing the 
adsorbate layer as a homogenous film with an effective refractive index and 
specific thickness, h, the reflectivity for s- and p-polarized light (Rs and Rp 
respectively) can then be described by the following equations56  
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with jn̂ being the complex refractive index and α the absorption coefficient 
expressed as α=4πk/λ with λ as the wavelength and k as the imaginary part 
of the complex refractive index, h is the adsorbate layer thickness and the 
index j (j = 1, 2, or 3) denotes the different layers. These simplified 
expressions allow one to easily see how different parameters such as the 
angle of incidence, refractive index of the substrate and adsorbate layer 
affect the reflectivity of the system. Thus the changes of reflectivity, ΔR, for 
a thin adsorbate layer can be calculated.57 Here ΔR is defined as R0-Ra, where 
R0 and Ra is the reflectivity without and with the adsorbate layer, 
respectively. In Figure 9 the calculated ΔR for a thin adsorbate layer (h=3 Å) 
with refractive index, 2n̂ = 1.4+0.4i is shown using typical values for the 
refractive index of stoichiometric (n3=2.4)58 and reduced (n3=1.9)59 rutile 
TiO2, at a wavelength of 1500 cm-1 using eq. 6-8. From these results one can 
clearly see that the largest ⏐ΔR⏐ occurs at different angle of incidence for s- 
and p-polarized light. The optimum angle also depends on the refractive 
index of the system. From Figure 9 it can also be inferred that the change in 
reflectivity, as mentioned earlier, depends on the refractive indexes and 
angle of incidence. For p-polarized light it can either be positive, negative or 
in some cases also zero, whereas for s-polarized light the change in 
reflectivity is always negative. These basic considerations are crucial when 
interpreting IRRAS spectra, in particular if the refractive index of the 
substrate is expected to change, e.g. as a function of sample preparation; 
sputtering and vacuum annealing results in a reduced surface, while oxygen 
or ozone pre-treatments render it more oxidized, which will affect the 
refractive index.  
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Figure 9. Difference in reflectivity (ΔR = R0 - Ra) for a surface without (R0) and 
with (Ra) adsorbate layer as a function of angle of incidence (θi) for s-  and p-
polarized light (red and blue lines, respectively). In the plot two different values of 
refractive index for the substrate, n3, is shown. Solid line is for n3=2.4 and dashed is 
for n3=1.9. The adsorbate layer thickness, h, is set to 3 Å with a refractive index 

2n̂ =1.4+0.4i. The results are calculated at a frequency of v=1500 cm-1 of the IR 
light. 

4.4 Simulation of infrared-reflection absorption 
spectrum 

The description of the adsorbate layer as a homogenous layer with a 
refractive index is in some cases, like studies of adsorbates on a surface, not 
satisfactory. Thus the model can be rewritten so that the orientation of the 
adsorbate layer is accounted for by the use of the polarizability of the 
adsorbate layer.60, 61 Thereby the change in reflectivity with a thin layer can 
be expressed as 
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where ω is the frequency ω=2πcν  and ν  is the wavenumber, and c the 
speed of light. F(θi) is a function that depends on the incidence angle θi, the 
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polarization of the light and the dielectric response of the surface, NS is the 
number of adsorbate molecules per surface unit cell and α(ω) is the 
polarizability of the adsorbate layer.  For thin layers of adsorbed molecules 
the molecules are going to be oriented on the surface. As a consequence of 
this the polarizability of the adsorbate is anisotropic but has its principal axis 
along the x-, y- and z-axis. The dielectric tensors of the thin layer is 
therefore diagonal.60 For a semiconducting substrate the expression for F(θi) 
is different depending on the incident polarization of the light. With light 
incident in the in the x-y plane along the x-direction the s-polarized light will 
be oriented in the y-direction and the normal and tangential component of 
the p-polarized will be in the z- and x direction respectively, see Figure 8. 
Thus ΔR/R0, in eq. 9 becomes; 
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Here Et,s is the electric field for s-polarized light, Et,p the tangential and En,p 
the normal component of the E-field for p-polarized light. The dielectric 
function for the incident vacuum medium and the substrate are denoted εv 
and εs respectively, θi is the angle of incidence for the incoming light, εa,z is 
the z-component of the adsorbate dielectric function and αi is the 
polarizability of the adsorbate layer in the different directions. The 
polarizability and the dielectric function are material properties that governs 
how the material, or in this case the molecule, is affected by external 
electromagnetic fields.  

Modelling the adsorbate molecule as a Lorentz oscillator allows one to 
also determine the polarizability, α(ω), and the dielectric function of the 
adsorbate layer, εa

52, 60. The polarizability for a Lorentz oscillator can be 
described as a summation of the electronic (αe) and vibrational (αv) part of 
the polarizability for the different modes 
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With e* and m* being the effective charge and mass, ω0 the resonant 
frequency and Γ the line width. The dielectric function is related to the 
polarizability and is given by 
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Here d is given by d=4πNS/CNS
3/2 with C as a constant whose value depends 

on the arrangement of the dipoles on the surface.60  
Since the imaginary part of eq. 13 always will be positive, ΔR/R0 for s-

polarized light, eq. 10, will always be negative, and as a result the vibrational 
bands probed with s-polarized light will show up as emission peaks, i.e. 
increased reflectivity compared to the reference surface without adsorbate 
layer, similar to the results presented in Figure 9. Similarly the tangential 
and normal component of ΔR/R0 , eq. 11 and eq. 12, for p-polarized light will 
be negative and positive, respectively, for grazing incidence spectroscopy. 
Thus the same vibrational mode can either appear as an emission or 
absorption peak, i.e. increased or decreased reflectivity compared to the 
reference surface without adsorbate layer, depending on the polarization of 
the light and how the molecule is oriented on the surface. A small frequency 
shift between the tangential and normal component, equation 11 and 12 
respectively, for the same vibrational mode can also occur. This is due to the 
frequency dependence of the εa,z term in eq. 12. 

By the use of density functional theory (DFT) it is possible to calculate 
the polarizability and dielectric function of the adsorbate layer.62-65 It is thus 
possible to simulate an infrared reflection-absorption spectroscopy (IRRAS) 
spectrum of a thin adsorbate layer and compare with experimental data, see 
Figure 10.47 As the orientation of the adsorbate molecules are known in the 
DFT calculations information about adsorbate geometry on the surface can 
be obtained.  
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Figure 10. Comparison of experimental (left) and simulated IRRAS spectra for 
formate on TiO2 with p-polarized light. The figure is adapted from ref. 47. 

4.5 The FT-IR spectrophotometer 
Nowadays almost all IR spectrophotometers which are sold are so called 
Fourier-Transform IR (FT-IR) spectrometers. The heart of the FT-IR 
spectrometer is the Michelson interferometer, which is used to modulate the 
light. This can be compared to the monochromator used in dispersive 
instruments. The principle of the Michelson interferometer is that the 
incoming light from a broadband light source is divided into a reflected and 
transmitted beam using a beam splitter, Figure 11. The two beams are 
reflected back towards the beam splitter by a fixed and moving mirror, 
respectively. For every position of the moving mirror interference, either 
constructive or destructive, occurs for a specific wavelength. By sampling 
the signal in the detector at different positions of the moving mirror an 
interferogram is constructed. This interferogram can then be Fourier 
transformed into an infrared spectrum.66 As the spectral resolution, Δν, is 
inversely proportional to the distance the mirror moves, Δx, it is important to 
keep track of the mirror movements because any error in mirror position 
when sampling is done will affect the spectral resolution. For this a He-Ne 
laser is used. If the laser light is also modulated by the interferometer 
destructive interference will occur for certain positions of the moving mirror. 
By sampling the detector signal exactly when the signal from the laser is 
zero it is possible to accurately determine the distance the mirror moves and 
thus create an interferogram with well defined sampling intervals. As the 
wavelength of the He-Ne is well defined and stable the FT-IR spectrometers 
is said to have a built in wavenumber calibration of high accuracy, in the 
order of 0.01 cm-1. This benefit of the FT-IR spectrometers is generally 
referred to as the Connes advantage. 

Compared to traditional spectrometers the FT-IR spectrometers also have 
additional benefits. The use of the interferometer in the FT-IR instrument 
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allows for simultaneous measurement of all wavelengths. This has two 
implications, which both will improve the signal to noise ratio (SNR). As all 
wavelengths is measured simultaneously there will be higher energies 
impinging on the detector (higher throughput) that will enhance the SNR. 
Furthermore the SNR will also be improved as the square root of the number 
of sampling points when the signal noise is dominated by the detector noise. 
These two benefits for FT-IR instrument are referred to as the Jacquinot and 
Fellget advantages, respectively.67 Finally the measurement time for FT-IR 
instrument is governed by the time it takes to move the mirror a distance, Δx, 
corresponding to the desired resolution. This can be done quite fast and thus 
numerous repetitive scans can be made and averaged within a reasonable 
time. This will further improve the signal quality as the noise is reduced by 
the square root of the number of scans.  

 
Figure 11. Schematic picture of a Michelson interferometer. 
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5 Sample preparation and characterisation 

To fully benefit from the use of a single crystal it is necessary that the 
surface is well defined. Therefore the surface preparation and measurements 
are carried out in an UHV chamber in order to prevent adsorption of 
pollutants on the surface.   

5.1 Sample preparation 
In this thesis, sample preparation is made by Argon ion sputter cleaning of 
the 20 mm by 20 mm big rutile TiO2 (110) single crystal (PI-KEM Ltd, 
Tamsworth, UK). A differentially pumped sputter gun (OCI Vacuum 
Microengineering, London, Canada) mounted on one flange of the UHV 
chamber was used for surface cleaning. The working principle of the sputter 
gun is that electrons are emitted from a thermally heated tungsten-rhenium 
filament. The emitted electrons are accelerated in a magnetic field and by 
impactation Argon atoms will be ionized. These Argon ions are subsequently 
accelerated in the gun with a user selected voltage, and finally emitted 
through an aperture into the main UHV chamber where they impinge on the 
grounded sample. Argon ions with an energy of 1 keV and a sputter current 
of 1 µA on the TiO2 single crystal was employed for 10 minutes at 323 K 
with the ion beam having an angle of incidence of 30° with respect to the 
sample surface. Depending on the desired surface properties (r-TiO2, s-TiO2 
or o-TiO2) different preparation schemes were used. For the reduced surface, 
annealing at 973 K in vacuum for 20 minutes was employed. For the 
stoichiometric surface the annealing was done for 10 minutes at 1×10-6 mbar 
O2, and subsequently 10 min in UHV. The sputter-annealing cycles were 
repeated four times (except for a new crystal where several more cycles were 
used). For the oxidized surface the same pre-treatment as for the s-TiO2 was 
used except that after the sputtering-annealing cycles the sample was cooled 
down to 140 K and 2 Langmuir of O2 was dosed via backfilling of the 
chamber. Heating of the sample was done by the on-board resistive heater 
and cooling was done with copper braids connected to the sample holder and 
a liquid nitrogen (LN2) reservoir. To minimise contaminations of the sample 
the experiments were made in an UHV chamber with a base pressure of 
2×10-10 mbar.  
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5.2 Low energy electron diffraction 
Low energy electron diffraction, LEED, is a technique that allows for studies 
of the surface structure of a well defined system, such as single crystals and 
adsorbates orientated on the surface.68 The fact that the electron is a charged 
particle means that it interacts strongly with matter. The low energy of the 
incoming electrons, up to a few hundred eV, implies that the electron can not 
penetrate deep into the sample only in the orders of a few Ångström. As a 
result the structure of the topmost atoms, i.e. the surface is probed. As the 
name of the technique tells, LEED is based on the diffraction of electrons. 
The wave-particle duality of the electron gives it properties of both a particle 
and a wave, meaning it has the possibility to create interference effects. 
When probing the surface the incoming electrons can either be scattered 
inelastic or elastic in the forward or backward direction. For LEED 
measurements we are only interested in the elastically backscattered 
electrons, which compromise about a few percent of the electrons in the 
incoming beam.68 In order for diffraction to occur the path difference for the 
waves must be a multiple of the wavelength. By using the notation of wave-
vectors for the incoming, 0k


, and diffracted, dk


, electrons the requirement 

for diffraction to occur can then be expressed as  
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where hklG


 is the reciprocal lattice vector. The magnitude of the incoming 
and diffracted wave is the same, eq. 17, since we are working with elastic 
scattered electrons. Given that the electron only interacts with the topmost 
atomic layers the Laue condition for diffraction expressed in eq. 15 is 
reduced to a two-dimensional case where hkG


 represents a reciprocal lattice 

vector in the surface plane. By choosing a set of primitive vectors so that  
∗a


 and ∗b


 are the primitive reciprocal lattice vectors in the surface plane 
and ∗c


 is perpendicular to the surface, i.e. the surface normal, n


, one can 

relate the reciprocal lattice vectors to the real space lattice vectors;  
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Thus the diffraction spots in the LEED pattern can thereby be related to the 
surface structure in real space, Figure 12. 

 
Figure 12. Lattice surface structure in real space (left) and the corresponding 
reciprocal structure (right), which also corresponds to the observed LEED 
diffraction pattern. 

A standard LEED equipment (BDL800, OCI Vacuum Microengineering, 
London, Canada) was used to check the results of the surface preparation 
before each measurement. An ordered rutile TiO2 surface with little defects 
results in sharp spots in the diffraction pattern organized in a 1x1 structure. 
A typically obtained LEED pattern is shown in Figure 13. 
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Figure 13. Typically observed LEED pattern with a 100 eV primary electron beam. 

5.3 Formic acid dosing 
Exposure of the sample to formic acid was made with a directed gas doser. 
The gas doser consisted of a 1 µm pinhole mounted on a linear translator 
arm. Before dosing the arm is positioned in front of the sample and then 
made into contact with a reservoir of liquid formic acid. Prior to dosing the 
formic acid is subjected to several freeze thaw cycles using liquid nitrogen to 
remove impurities. After dosing the linear translator arm is evacuated and 
retracted. By controlling the dosage time, 60 seconds, saturation coverage of 
formate can be obtained on the rutile (110) surface. 
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5.4 IRRAS 
A vacuum pumped FT-IR spectrometer (Bruker IFS 66v/S, Ettlingen, 

Germany) was used for the IRRAS measurements. The spectrometer is 
connected to the UHV chamber via flexible metal tube, which in turn is 
connected to a KBr window mounted on the UHV chamber. Thereby the 
entire beam path, from source to the UHV chamber, is evacuated down to 
approximately 2 mbar using the spectrometer pump. A parabolic mirror 
(focual length 250 mm) is used to focus the IR beam through the KBr 
window and on the sample. A wire grid polarizer (KRS-5, Specac, UK) is 
used to polarize the light before entering the UHV chamber. The orientation 
of the wire grid polarizer can be adjusted manually to obtain the desired 
polarization. The sample surface is probed at grazing incidence angle 
(θi=85°) and the beam is specular reflected towards an elliptical mirror (focal 
lengths 203 and 34 mm), which directs the light to a LN2 cooled MCT 
(Mercury Cadmium Tellurium) detector. The mirror and detector is mounted 
in a compartment placed outside the UHV chamber. The department is 
separated from the UHV chamber with a KBr window and it is evacuated 
down to 8 mbar. A schematic picture of the beam path through the UHV 
chamber can be seen in Figure 14. 

 
Figure 14. The IR beam from the interferometer is directed on to the sample, 
through a polarizer with a parabolic mirror. An elliptical mirror is used to focus the 
IR light onto the detector after the sample. 

5.5 UV illumination 
UV irradiation of the samples was done using the 365 nm line from a 200 W 
Hg(Xe) lamp (Oriel Instruments, US) in combination with a narrow band 
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pass filter (Oriel Instruments, FWHM = 10 nm). A 54 mm long water filter 
was used to remove the IR part of the radiation to avoid excess heating of the 
sample. The light was directed on the sample via a plano-convex quartz lens 
(f = 200 mm) through a quartz viewport mounted on one flange of the UHV 
chamber and thus reaching the sample at an incident angle of 40°. The 
distance between the lens and the sample was 450 mm with a distance of 175 
mm between the quartz window and the sample. The incident light flux, 
measured in the focal plane of the lens with a thermophile detector (Ophir) 
was determined to be 34 mW cm-2. This gives an upper limit of the estimated 
flux at the sample surface of 2 mW cm-2. 
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6 Results 

In this chapter results from paper I and paper II, which are included in this 
thesis is discussed. In paper I results about orientation of formate molecules 
adsorbed on an ordered rutile (110) surface is presented. In paper II 
differences in adsorption and photodecomposition of formate for an ordered 
and disordered rutile (110) surface are investigated. 

6.1 Paper I  
Exposure of formic acid to a rutile TiO2 (110) surface leads to dissociation 
into a formate ion (HCOO-) and a proton (H+). It has been established that a 
majority of the formate species bond to the rutile surface in a bridged bonded 
fashion to two Ti5c atoms, so that the molecule is oriented parallel to the 
bridging oxygen rows in the [001] direction.16, 42, 69 This orientation of the 
formate is commonly denoted as species A.47, 70-72 Studies have also shown 
that a minority species is present on the surface. This has been attributed to 
bonding of formate via an oxygen vacancy and a Ti5c atom and it thus has 
the molecular axis in the [ 011 ] direction. This orientation of the formate 
species has in the literature been denoted species B.70-72 DFT+U calculations 
was performed on four different formate adsorption geometries, as shown in 
Figure 15, to determine their binding energy. These calculations showed that 
the binding energy was very similar for species A, B and C (-1.84, -1.85 and 
-1.87 eV respectively), whereas the binding energy for species D was lower 
(-1.31 eV) and thus the least stable species. From the DFT+U calculations a 
method to simulate the IR spectra was developed using a three layer model 
(see section 4.4). This was combined with experimentally measured IRRAS 
spectra on a TiO2 rutile (110) single crystal in order to investigate the 
adsorption geometry of formate. The single crystal was prepared according 
to different protocols to achieve either a stoichiometric, reduced or oxylated 
surface to obtain surfaces with a varying concentration of oxygen vacancies 
and hydroxyl groups. This was done by repeated cycles of Argon sputtering 
and annealing as described in section 5.1. After surface preparation the 
LEED pattern was checked and showed bright spots in a 1x1 orientation 
typical for the rutile (110) surface. 
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Figure 15. The rutile (110) surface with four different proposed formate adsorption 
geometries (denoted A-D). Also shown is the orientation of the incoming IR light. 
The figure is obtained from paper I. 

To be able to distinguish between different vibration modes of the molecule 
both s- and p-polarized light was employed incident into two different 
directions on the crystal, either the [001] or the [ 011 ] direction. Spectra for 
the different polarizations and incident direction of the light on r-TiO2 are 
shown in Figure 16 and Figure 17. Differences can be seen in the different 
IRRAS spectra for p-polarized (Figure 16) and s-polarized light (Figure 17). 
The differences seen are due both to the coupling of the polarized IR light to 
different vibrational modes in the formate, but also due to the different 
orientation of the majority species A and the minority species. From 
geometrical reasons it can be concluded that p-polarized light couples to the 
symmetric νs(OCO) mode in species A regardless of incident direction, 
whereas the asymmetric mode only couples to p-polarized light incident in 
the [001] direction. Likewise only s-polarized light incident in the [001] 
direction couples to the asymmetric νas(OCO) mode. This agrees well with 
the measured spectra where the symmetric and asymmetric ν(OCO) band is 
seen at 1360 and 1534 cm-1 for the majority species A. Furthermore, for s-
polarized light an emission band at 1374 cm-1 is only seen for light incident 
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in the [001] direction. This band is therefore attributed to the in-plane 
wagging, δ(C-H), for the majority species. 

 
Figure 16. IRRAS spectra measured with p-polarized light for formate adsorbed on 
a r-TiO2 surface. The IR light is incident in the [ 011 ] (φ =0°) and [001] (φ =90°) 
direction. The figure is adapted from paper I.  

 
Figure 17. IRRAS spectra measured with s-polarized light for formate adsorbed on a 
r-TiO2 surface. The IR light is incident in the [ 011 ] (φ=0°) and [001] (φ =90°) 
direction. The figure is adapted from paper I.  
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The band at 1564 cm-1 is attributed to the asymmetric νas(OCO) stretch for 
the minority species present on the surface. In order to resolve which of the 
minority species (species B, C or D in Figure 15) it is, comparisons with 
simulated IRRAS spectra were made. From this, species C (formate 
adsorbed in a monodentate configuration to an Ovac site) can be ruled out as 
the vibrational frequency for this species does not match the measured 
spectrum. As the reduced surface contains a larger amount of oxygen 
vacancies than the stoichiometric surface, a difference in intensities for the 
vibrational modes for a minority species bonded to an Ovac site (specie B) is 
expected to occur. This is however not the case (Figure 18) and it is 
attributed to the rapid hydroxylation of oxygen vacancies on the rutile TiO2 
creating a hydroxylated surface.42, 43, 46 This can be seen by the presence of 
hydrogen bonded formate ions at 1582 cm-1.73 Thus the band at 1564 cm-1 is 
attributed to the asymmetric νas(OCO) mode for species D (formate bridge 
bonded to a Ti5c atom and a protonated oxygen atom in the bridging oxygen 
row), despite this being the least stable species, as this specie does not 
require oxygen vacancies on the surface. Thus due to the rapid hydroxylation 
of the bridging Ovac sites formate bonded to a hydroxylated oxygen vacancy 
(or a protonated oxygen atom) and a Ti5c atom is expected to appear also at 
ambient conditions. Surface hydroxylation therefore play an important role 
for the reactivity of the rutile (110) surface and should thus be taken into 
account when modelling reactions on nanoparticles at ambient conditions in 
addition to bridging oxygen vacancies.  

To conclude, polarized IRRAS can be used to probe the orientation of the 
molecules on a surface. It has been shown that the formate C-H wagging 
occurs only along the molecular axis in the plane of the molecule. 
Furthermore, it has been demonstrated that simulation of IRRAS spectra can 
be done with good agreement to experimental data. Accurate simulation of 
IR spectra therefore provides an additional tool to obtain information about 
adsorbate geometries. Thereby the orientation of the minority species has 
been determined to be bridging formate molecules bonded to Ti5c atoms, and 
a protonated oxygen in the bridging oxygen row. Thus the Ti5c sites and 
protonated oxygen atoms (or hydroxylated Ovac sites) plays an important role 
for the reactivity of the TiO2 surface.   
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Figure 18. IRRAS spectra on formate adsorbed on differently prepared TiO2 single 
crystals. The measurement is performed with p-polarized light incident along the 
[ 011 ] direction. The figure is adapted from paper I.  

6.2 Paper II 
The importance of the surface structure on formate adsorption and 
photodecomposition was investigated in this paper by performing 
measurements either on a reduced and ordered, or a reduced and disordered 
TiO2 single crystal surface. The reduced surface is created by repeated 
Argon ion and annealing cycles like those described earlier in section 5.1. 
The disordered surface was obtained by Argon sputtering cycles without 
annealing-cooling cycles and is denoted sp-TiO2. LEED measurements on 
the disordered sp-TiO2 surface showed no pattern at all, which suggest a 
disordered surface structure within the coherence length of the LEED 
electrons.  

From the IRRAS spectra, obtained with p-polarized light incident in 
either the [001] (Figure 19) or the [ 011 ] (Figure 20) direction, it can be 
seen that regardless of incident direction of the IR light the formate spectra 
looks the same, which is not the case for the r-TiO2 surface. The position of 
the peaks on the sp-TiO2 surface is also shifted compared to the reduced 
TiO2. The change in appearance of the formate adsorption spectra is 
attributed to the lack of order on the sp-TiO2 surface. As a result of this 
formate can not adsorb in the same structured way as on the r-TiO2 sample, 
which manifests itself as the IRRAS spectrum being similar in both incident 
directions of the IR light. Another aspect of the Argon ion sputtering is that 
the surface consist of a larger amount of defects and also, due to the 
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preferential sputtering of oxygen, under-coordinated Ti atoms. These defects 
and Ti3+ atoms will change the way the formate molecule is adsorbed on the 
surface. Instead of the bridge bonding fashion seen for ordered TiO2 surfaces 
the formate molecule is expected to bond asymmetrically to the Ti3+ atoms.74, 

75 This change in adsorption geometry will affect the position of the 
vibrational bands. 

 
Figure 19. IRRAS spectra on an ordered (r-TiO2) and a disordered (sp-TiO2) surface 
obtained with p-polarized light incident along the [ 011 ] direction. For comparison 
DRIFT spectra of formate adsorbed on rutile nanoparticles (6x80 nm) acquired in 
synthetic air at atmospheric pressure is also shown at the bottom of the graph. The 
figure is adapted from paper II. 
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Figure 20.  IRRAS spectra on an ordered (r-TiO2) and a disordered (sp-TiO2) 
surface obtained with p-polarized light incident along the [001] direction. For 
comparison a DRIFT spectra of formate adsorbed on rutile nanoparticles (6x80 nm) 
acquired in synthetic air at atmospheric pressure is also shown at the bottom of the 
graph. The figure is adapted from paper II. 

Illumination with UV light of the adsorbed formate on the different surface 
preparations showed a miniscule change in peak intensity on the reduced 
TiO2 surface. On the sputtered disordered surface a larger, albeit still small, 
change in intensity of the formate vibration bands is seen. These small 
changes are not surprising as measurements on large rutile nanoparticles in 
atmospheric conditions also exhibits a very low photocatalytic activity.39 
Comparing the formate decomposition rate per incident photon with an 
energy larger than the band gap it is found to be about 30 times larger for the 
rutile nanoparticles compared to the sp-TiO2 surfaces.  As previously 
mentioned (section 2.1) the creation of oxygen radicals (O2

●-) by uptake of 
the photoelectrons from TiO2, and hydroxyl radicals (OH●) by donation of an 
electron to TiO2, is important for the photocatalytic process. These radicals 
will oxidize the adsorbed formate into carbonate, water and eventually CO2. 
For measurements in an UHV environment where the only available oxygen 
comes either from OH groups adsorbed on the surface, or from the bulk of 
the crystal, this low activity is not surprising.  

It can thus be concluded from these IRRAS measurements that the 
ordered rutile (110) surface is a good model surface for investigations of 
surface reactions of photocatalytic rutile nanoparticles and that the 
disordered surface due to its presence of Ti3+ atoms does not mimic the 
adsorption of formate on rutile nanoparticles well.  
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7 Future work 

In order to fully be able to couple the results from measurements on single 
crystals with those made at ambient conditions on nanoporous films or 
powders, studies on intermediate systems, which bridge the structure gap 
between the two systems, should be done. Thus experiments on nanoporous 
sputtered rutile films on IR reflective substrates (e.g. stainless steel) should 
be made. Initial measurements on such a system reveal slightly different 
spectra than for the single crystal measurements, Figure 21. To interpret the 
data for these nanoporous films calculations for the response of the system, 
in a similar manner as what is done for the single crystal measurements, is 
needed. In this case the system consists, however, of four different layers 
(the incident medium, a formate adsorbate layer, TiO2 nanoparticles and a 
metallic substrate) so modifications of equations 6-8, is necessary.  

 
Figure 21. IRRAS measurement with p- and s-polarized light of formic acid on 
nanoporous rutile TiO2 made by DC reactive sputtering, on a metallic substrate. 

Grazing incidence IRRAS measurements has been used here as it is the 
standard method to do IR spectroscopy on thin films.76, 77 However, those 
measurements employ a metallic substrate and thereby an enhancement of 
the signal with p-polarized light can be obtained due to coupling of the 
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electromagnetic field with the substrate. This enhancement is inverse 
proportional to the cosine of the angle of incidence,60 and thus a large θi is 
desirable to improve the responsivity. As has been shown in Figure 9 using 
eq. 6-8, this is not the case for semiconductor substrates. At grazing 
incidence the signal for p-polarized light is lower than for normal incidence 
and for s-polarized light the optimum response is achieved at θi smaller than 
grazing angles, and it is rapidly approaching zero at grazing incidence. Thus 
by changing θi to a lower angle, improved sensitivity for s-polarized light 
can be achieved. As a result of this the weak signals from formate minority 
species could possibly be resolved with s-polarized light giving new 
information about the system. Furthermore, the change in θi, will also be 
beneficial for the studies of the adsorption geometry for other species, such 
as CO2 on TiO2 single crystals.  

As anatase TiO2 exhibits a higher photocatalytic activity than the rutile 
phase in most of the cases,9, 21, 78 it would be interesting to perform more 
fundamental adsorbate studies on this system. The problem with anatase, as 
mentioned earlier is that there are limited options of anatase single crystals 
with large surface area available for many relevant crystal orientations. With 
optimisation of the angle of incidence in order to obtain a optimum response, 
studies of monolayer coverage on this system could maybe be possible on 
either a small synthetic single crystal or naturally occurring mineral.79  
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