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Abstract 

Thin films of a variety of technologically important oxide systems (chromium oxide, 

barium oxide, titanium oxide and iron oxide) have been grown under ultra-high 

vacuum conditions by vapour deposition techniques. The surface structure and 

chemistry of these oxide films have been characterised by x-ray photoelectron 

spectroscopy (XPS), low energy electron diffraction (LEED), reflection absorption 
infrared spectroscopy (RAIRS) and temperature programmed desorption spectroscopy 
(T'PD). These studies have included investigation of both the clean oxide surface and 

their interaction with small molecules. 

Well-defined chromium oxide films were produced and the surface structure of these 

films was found to be consistent with the (0001) surface Of C17203- The studies of 

barium oxide have revealed a complicated oxygen chemistry with transformation 

between different forms being brought about by different preparation conditions and 

post-treatments including heating and exposure to 02, C02 and CO. Well-defined iron 

oxide films have been generated and in addition to their characterisation such films 

have been used as a support for the deposition of silver metal nanoparticles. The 

surface chemistry of this mixed metal/oxide Ag/FeO., system has been probed in 

particular by the adsorption of propene at sub-ambient temperatures. 

The ultimate aim of this research was to study these metal oxide thin films as a means 

to elucidating a deeper fundamental understanding of the surface chemistry of these 

systems, which is of both academic and industrial interest. 
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Chapter I- Introduction 

1.1 UHV Surface Science Studies 

Surface science is the study of the structure, composition and reactivity of 
(commonly) low index solid surfaces in a controlled, highly idealised environment 
(i. e. ultra-high vacuum), utilising a variety of surface sensitive techniques to obtain a 
fundamental understanding of the properties of the solid surface. Why study surfaces 

and why in vacuum conditions? Solid surfaces are interesting from a purely 

scholastic point of view, since the surface represents a termination of the bulk 

structure and possesses its own unique electronic and structural characteristics, as 

well as being an interface with the local environment at which reactions will occur. 
Whereas the properties of bulk binary oxides, for example, are relatively well 

understood, it is only fairly recently that we have started to study their surfaces. 
Moreover, the findings of such studies can also be considered of great interest to 

application-orientated research. One of the main motivations for surface science 

research is to obtain a better understanding of heterogeneous catalysis, which is a 

major part of the chemical industry, playing a crucial role in industrial synthesis, 

petroleum refining and environmental applications. It is on the surface of the catalyst 

that the crucial reactions occur and from research on such surfaces we can gain vital 

clues as to the mechanistic aspects of the catalytic reactions. Many of the most 
important heterogeneous catalysts consist of a catalytically active metal dispersed on 

a support material, usually a metal oxide (see Figure 1.1). 

bý 

(10 . 

#C'02 

Figure I. I: CO oxidation on a supported metal catalyst - one example of heterogeneous catalysis. 
Metal clusters of the sizes typically present in real catalysts expose low-index surfaces and the aim of 
surface science is to study these surfaces to understand better how these reactions occur. 
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Chapter I- Introduction 

Apart from heterogeneous catalysis, surface science has also played an important 

role in the development of semiconductor device technology and in areas such as 

corrosion control of materials. These are all technological areas where an 

understanding of the properties of the surface is critical. 

Why study surfaces in UHV? Indeed a large proportion of catalytic research consists 

of studies on powdered samples in flow reactors at pressures far closer to those in the 

real application. Although such research provides much useful information, study 
under UHV conditions can offer ftu-ther benefits. Firstly in UHV it is possible to 

employ a variety of analytical techniques which provide characterisation of the 

surface of the sample and which cannot operate at higher pressures - techniques that 
involve low-energy electrons, e. g. x-ray photoelectron spectroscopy (XPS), low 

energy electron diffiraction (LEED), etc. must be carried out in high vacuum to avoid 
scattering of the electrons. Secondly, by studying the interaction of molecules at the 
highly idealised (i. e. clean) vacuum-solid interface we can focus on the chemistry of 
individual interactions in a way that is not possible in more complex realistic 
systems. Dispersed metal clusters on a support (as in many technologically important 

materials) can generally be considered as a collection of low-index crystal surfaces 
(see Figure 1.1). Therefore in UHV studies the aim is to characterise well-defined 
surfaces and to combine this with study of their individual adsorption and catalytic 
properties. Although this idealised approach appears too abstract to many industrial 

applications (it should be recognised that solid surfaces behave differently in vacuum 
compared to higher pressures and the conditions present in UHV studies are different 

from the conditions found in real applications), it can be argued that a ftindamental 

understanding of well defined surfaces does provide useful information. Indeed such 
information, derived from UHV studies, has benefited industry. Furthermore, this 
type of research fills a gap, since in industry there is commonly little time or money 
invested in actually understanding how particular systems work. 

In fact there has been a tremendous growth in surface science research since the 
1960's. This growth has coincided with the development of many surface analytical 
techniques (e. g. XPS) and has further been facilitated by the availability of stainless 
steel chambers into which equipment can easily be mounted and de-mounted with 
stainless steel flanges sealed by copper gaskets, allowing a whole range of UHV 
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Chapter I- Introduction 

techniques to be carried out in one system. Most of the early surface science work 

was carried out on well-defined metals, however the explosion in research into metal 

oxide systems has been phenomenal, clearly as a result of their many important 

technological applications (not least heterogeneous catalysis). To obviate problems 

associated with in situ cleaving and low conductivity, it is common to grow films 

when studying oxides. More recently the systems under study have been extended to 

metals dispersed on metal oxides and this is a step in the direction of modelling the 

typical heterogeneous catalyst, Whilst still retaining the well-defined fundamental 

approach. 

11 



Chapter I- Introduction 

1.2 Studies of Metal Oxide Surfaces 
Metal oxides are ubiquitous and are applied in a diverse range of technologies. This 

diversity is largely due to a number of distinct properties that they possess. In many 

cases understanding their surfaces and the chemical processes that occur at their 

surfaces is critical to targeted product design. As a consequence a number of 

approaches and techniques have been adopted to study metal oxide surfaces. 

LZI Applications of Metal Oxides 

The utilisation of metal oxides in heterogeneous catalysis has already been 

mentioned in section I. I. This is arguably the greatest motivation for surface science 

research. There are a multitude of catalytic reactions in which metal oxides play a 

role either as the catalytically active component or as the support. One of the most 

important examples is the use of metal oxides in three-way catalysts (TWCs) in 

automobiles. The purpose of these is to convert CO, NO,, and hydrocarbons (HCs) in 

the exhaust gas to less harmful C02, N2 and H20, as indicated in Figure 1.2. 

co C02 

NOx N2 

C. ]Hý TWC H20 

1 Co + /202 -> CO2 

C�HY + 0, --> CO2 + H20 
N02 + 205 --> %N2 + 2C02 

Figure 1.2: Principle reactions in a three-way catalytic converter 

The catalyst typically consists of one or more metals (e. g. Pt, Rh, Pd) dispersed on an 

oxide support (generally A1203). Additionally the catalyst is usually modified with 
Ce02 or Ce02/ZrO2. As will be discussed ftu-ther in chapter 4, one current concern is 

the development of efficient catalysts for use with the economical lean-bum engines, 

which operate in oxygen-rich conditions and therefore make NO,, reduction more 
difficult. This has been addressed by the development of NO,, storage/reduction 

catalysts, which use BaO as the storage medium. Heterogeneous catalysis is also 
important in the chemical and petroleum industries, where a wide range of synthesis 

and rearrangement reactions are carried out in the presence of metal oxide-based 
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Chapter I- Introduction 

catalysts. Dehydrogenation of alkanes is an alternative to thermal cracking for 

producing alkenes, and is carried out on a potassium-modified Cr2O3/y-AI203 

catalyst. Styrene synthesis by dehydrogenation of ethylbenzene is carried out 

industrially in the presence of steam using a potassium-promoted FeO. catalyst. 

These are just a few examples of metal oxide-based catalysts used in industrial 

synthesis and there are many more. ' 

The application of TWCs is not the only reason why metal oxide studies are 

important in environmental science. A1203 particles in the stratosphere and mineral 

dust (consisting of a mixture Of SiO2s A1203, Fe203, MgO and CaO) present in the 

troposphere come from a number of natural sources (e. g. volcano eruptions) and 
2 anthropogenic sources (e. g. space shuttle exhaust). It has been recognised that the 

role that these oxide surfaces play in their interactions with gases in the atmosphere 
(e. g. N02 and S02) is very significant to atmospheric chemistry and they have even 
been linked to 03 depletion. 2 

Steel is a commonly used iron-containing alloy (e. g. as a construction material) and 

corrosion is a major problem. Therefore understanding iron oxide surface chemistry, 
in particular its interaction with H20, is useful. Natural segregation of alloy 

components to the surface can lead to the formation of passivating oxide layers, as 
illustrated by stainless steel. Furthermore metal oxides may be deliberately applied to 

corrosion control in protective coatings? For example, anodising involves the 

formation of an A1203 film by electrolytic oxidation of the surface of an Al anode in 

an acidic solution. 

Metal oxides are also used in a variety of electrical technologies, where both their 
bulk and surface properties are important. Not least is the application of insulating 

metal oxide dielectric layers in capacitors. Dielectrics improve the performance of 

capacitors by allowing conducting plates to be placed in close proximity without risk 

of contact and in addition they increase the capacitance. Typically Si02 has been 

used, but with the drive for miniaturisation and higher performance of computer and 
telecommunication technology, increasingly thinner dielectric materials are required 

and Ta2O5 and Nb2O5 have gained attention! Structural defects at the surface of the 
layers are largely responsible for limiting their dielectric properties and therefore 
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Chapter I- Introduc&n 

studies of the surfaces of these oxides are important. High-temperature 

superconductors are materials that exhibit superconductivity at liquid nitrogen 

temperature (77 K), as a result of having a higher critical temperature T. than low- 

temperature superconductors (which require liquid helium as a coolant). The most 

widely studied high-temperature superconductor is yttrium-barium-copper-oxide 

(YBCO). Thin films of YBCO have been grown on various substrates (e. g. MgO and 

5 SM03) 
. 

Many metal oxides (including oxides of chromium, iron, tin and zinc), doped and 

undoped, are used as gas sensors, which are important for pollution monitoring and 
detection of toxic gases (e. g. CO). 6 In some cases surface properties (such as surface 

conductivity) are responsible for their gas detection properties. 

LZ2 Properties of Metal Oxides and their Surfaces 

In section 1.2.1 the diverse technological applications of metal oxides were 
discussed. The range of different applications is phenomenal - from catalytic 

oxidation to catalytic reduction, and from insulators to superconductors - and the 

variety of applications reflects the properties that metal oxides possess. 

Many binary metal oxides are substantially ionic in nature and consist of metal 

cations and oxygen anions in a giant ionic lattice. Termination of this bulk structure 

to create a surface results in a positive contribution to the total free energy of the 

system, since electrostatic interactions/bonds have to be broken when a solid is split 

to produce a surface. Therefore all surfaces are energetically unfavourable to some 

extent and undergo relaxations and/or reconstructions to lower the surface energy. 
What properties do metal oxides posses that are relevant to their technological 

application? 

For non-transition metal oxides, redox chemistry is not particularly important in 

understanding metal oxide surface chemistry since the electronic states are separated 
by a band gap and thus less accessible. 7 Rather it is the presence of acidic and basic 

sites which tend to control their surface chemistry. These arise from co-ordinative 

unsaturation of ions on the surface, which remain despite reconstruction. Examples 
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Chapter I- Introduction 

of such sites are given in Figure 1.3. Various surface science studies investigate the 

existence of acidic and basic sites by adsorption of probe molecules. 8,9 

The presence of surface defects are also clearly an important aspect of metal oxides 

and their properties. It is recognised that the presence of surface defects are often 

responsible for catalytic activity. A common defect on oxide surfaces is the presence 

of anion or cation vacancies and these affect the electronic energy levels at the site. 
Oxide vacancies are more common than metal cation vacancies. 2 Other defects that 

metal oxides may possess are similar to those found on elemental surfaces, such as 

steps, kinks and impurity atoms. The effect of surface defects have been investigated 

by various researchers, often in a rather uncontrolled fashion, by sputtering metal 

oxide surfaces to create vacancies. ' 0,11 

Bridging, two- 
coordinate 02- 

anions 
(basic sites) 

Single bridging 
vacanev 

Five-ewrdinate 
Til' cations 
(acidic sites) 

[1101 

Figure 1.3: Acidic and basic sites and an oxygen vacancy on a rutile Ti020 10) surface 2 

With transition metal oxides, the ability of transition metal cations to undergo 

oxidation and reduction is a key property, in particular with regards to catalytic 

chemistry. For example iron(III) oxide, Fe203, can be reduced to Fe304 or even FeO. 

In the opposite direction the iron cation is oxidised. This property allows metal 

oxides to exchange oxygen with reacting molecules and this is especially important 

in catalytic oxidation and reduction. High oxygen ion mobility is also an important 

property that some metal oxides possess and this can have an important role in 

catalytic processes (e. g. oxygen storage by ceria in TWCs). 
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Chapter I- Introduction 

1.2.3 Methods used to study Metal Oxide Surfaces 

As a result of the technological significance of metal oxides and their surfaces, there 

have been an abundance of different techniques and approaches adopted to study 

their surface properties and chemistry. 12-15 Despite this there are a number of 

problems particular to the study of oxides which need to be addressed and study of 

metal oxide surfaces has proved difficult. Ironically the diversity and complexity of 

metal oxides responsible for their technological importance is also the reason for this 
difficulty. For example, varying stoichiometry can make it difficult to obtain well- 
defined oxide surfaces. Amongst the approaches adopted it is possible to differentiate 

a well-defined, fundamental approach, generally under UHV conditions, from 

catalytic studies carried out on polycrystal line, less well-defined samples under more 

realistic conditions. Clearly both approaches have much to contribute to our 

understanding of these important materials. However, some caution is required when 
interpreting the findings of fundamental UHV research (as was mentioned in section 
I- 1). Knowledge must be carefully applied across the material gap and the pressure 

gap (see Figure 1.4). 

Practical catal I tic 

......... ... processes involving 

All k en% iron mental 
M poll tants 

E 
-2- Pressure gap 

rA (A Q 

Materials gap 

8 

Surface complexity 

Figure 1.4: The material and pressure gaps that must be accounted for in fundamental UHV studieS2 

Additionally, when conducting more fundamental studies, surface scientists have the 

option of either using commercially available single crystals which are cleaved to 

expose the relevant surface orientation, or preparing thin films of the oxide in situ on 
an appropriate substrate, which for practical reasons is often a metallic single crystal. 
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Chapter I- Introduction 

A variety of single crystal metal oxides, cleaved to expose the relevant surface 

orientation, are commercially available and can be used for surface science study, 

e. g. rutile TiO2(1 10). A major issue here is the availability of single crystals. This 

can be for a number of reasons, both commercial (e. g. customer demand) and 

practical (e. g. difficulty in preparing the single crystals themselves, or in cleaving 

some materials). Additionally when available, the samples are often of rather small 

dimensions. There may also be issues with purity (maybe resulting in surface 

segregation of one impurity component) and thermal conductivity (leading to issues 

with the uniformity of heating). The most significant problem with most oxide single 

crystals however is with their low electrical conductivity. This can cause particular 

problems with spectroscopic techniques involving electrons and ions, where sample 

charging is a serious obstacle. To some extent this problem can be partially 

addressed by in situ sputtering and annealing in 02 to create surface defects which 

support electrical conductivity. 16 However in so-doing one is modifying the nature of 

the surface which one is intending to study. Many of the problems associated with 

using single crystals of metal oxides can be overcome by using the thin film 

approach. This approach consists of growing a film (usually between I nin and 5 nm 
in thickness) on a substrate. It is generally desirable for the oxide to be conducting to 

avoid the charging problem mentioned above; for this reason single crystal metal 

substrates are generally preferred. The oxide film can be grown either by deposition 

of the metal followed by oxidation, or by direct deposition of the metal oxide. There 

are a number of techniques which can be employed for deposition onto a substrate in 

UHV. The method used in this work is the thermal evaporation method. This consists 

of vaporising the metal (or metal oxide) in UHV, creating a flux of atoms or 

molecular fragments, which then condense onto and build up on the substrate 

surface. The designs of the deposition sources used in this work are discussed in 

detail in section 2.2. In general, a commonly adopted method is to resistively heat a 

wire filament of the required metal by passing sufficient electrical current through it, 

or to resistively heat a crucible that contains the material. The evaporation deposition 

technique is conceptually straightforward and suitable sources can be fabricated by 

researchers to their own specifications. Although deposition of contaminants can 

arise, outgassing of the source before use significantly reduces this problem. 
Alternative methods of preparing thin films are sputtering, chemical vapour 
deposition (CVD) and molecular beam epitaxy (MBE). The thin film approach 
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Chapter I- Introduction 

described above overcomes many of the issues associated with the poor thermal and 

electrical conductivity of oxides, since the films are just a few atomic layers in 

thickness and are in contact with a conductive metal substrate. Therefore techniques 

such as XPS and LEED can be used without the problems encountered with bulk 

single crystals. A wide range of oxide films can be grown with high purity. It should 
however be recognised that the structure and properties of thin films in contact with a 

substrate may vary from those of the bulk metal oxide. In the case of an epitaxial 
film, the overlayers ideally adopt the geometric structure of the substrate, but if a 

substrate with an appropriately-sized unit cell is not available, then the oxide film 

may contain a high concentration of defects or even be polycrystalline in nature. The 

differing properties of thin films may themselves be of technological significance, 
nonetheless this is a further reason why caution is required when attempting to make 

a connection between the findings of thin film studies and the properties of materials 

used in real applications. Another potential problem with this approach is with the 
degree (and control) of stoichiometry of the metal oxides films. Much time may be 

spent in refining the preparation method to generate films of the required 
specification (crystalline orientation, degree of order, morphology and 
stoichiometry). However this gives researchers tremendous scope for generating 
films of particular structures and properties that could not be obtained elsewhere. 

In this next section, the various experimental techniques which are commonly 
applied to the study of oxide surfaces are discussed, with particular reference to 
0 issues that arise in the study of these surfaces. 

Scanning probe techniques have revolutionised surface science, allowing routine 
imaging of surfaces up to atomic resolution. Scanning tunnelling microscopy 
(STM) operates by bringing a sharp conductive tip very close (: 5 1 nm) to a 

conducting surface. A voltage difference is applied between the tip and the surface 

and a tunnelling current is observed between the tip and the surface. An image may 
be obtained by controlling and recording the height of the tip as it is scanned across 
the surface Whilst maintaining a constant tunnelling current (using a feedback 

circuit). In atomic force microscopy (AFM) a conducting or insulating surface can 
be imaged by scanning a tip attached to a nonrigid cantilever. The tip experiences 
attractive or repulsive forces (van der Waals, chemical, magnetic or electrostatic) 
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Chapter I- Introduction 

which causes the cantilever to bend. An image may be formed in a similar fashion to 
STM, by using a feedback loop to adjust the tip height. STM is not possible with 
bulk samples of insulating oxides, but it can be applied to some semiconducting 

oxide surfaces. In particular their have been extensive studies of Ti02 single crystal 

surfaces. 17-20 When thin films of oxides are employed then STM may be used to 
image oxides of much lower conductivity as illustrated by work on oxides such as 
A1203 21 and CeO2ý2 AFM may be applied to both single crystal oxides and thin film 

oxides, but it doesn't generally provide atomic resolution. 

Electron spectroscopic techniques are amongst the most important in surface science. 
These techniques frequently involve the excitation of sample atoms leading to 

electron emission, in which case the energy of emitted electrons is measured 
providing useful characterisation of the sample surface. X-ray photoclectron 
spectroscopy (XPS) is one of the techniques utilised in this study and the 
background to the technique is discussed in section 2.3. Basically, XPS involves the 

photoemission of core electrons, stimulated by irradiation of the sample by soft 
monochromatic x-rays. The kinetic energies of the photoelectrons are measured and 
correlated with binding energy of the electrons to the atom. This provides qualitative 
and quantitative elemental analysis along with information on chemical states (e. g. 
oxidation state and chemical environment). The main issue with applying XPS to the 

study of metal oxides is that surface charging can occur due to the inability of 
insulating oxides to dissipate the charge caused by the photoemission process. The 

positive charge on the surface results in a higher measured binding energy and can 
cloud judgement when extracting information on chemical states. One solution is to 

use a charge neutraliser. 23 Alternatively, this problem can be largely overcome by 

using the thin film deposition approach, since the degree of charging that can occur 
at the surface of very thin oxide films on metallic substrates is very small. In 

ultraviolet photoelectron spectroscopy (UPS), ultraviolet photons excite 
photoemission from valence levels. Therefore UPS is well-suited to the study of 
bonding at surfaces, providing measurements of the work function and band structure 
of the surface and adsorbed layers. UPS has been widely applied in the study of both 

single crystal and thin film oxide surfaces, since it is sensitive to the presence of 
surface defects (e. g. oxygen vacancies) and surface hydroxylation (an important 
issue with oxides)ý4 Finally, in Auger electron spectroscopy (AES), an Auger 
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transition occurs after ionisation of a core level, and a higher lying core or valence 

electron fills the resulting hole in a radiationless transition. This leaves the atom in an 

excited state, which is removed by the ejection of a second electron. Auger 

transitions can be excited by photons, electrons or by ion bombardment, but electron 
bombardment is commonly used in surface analytical AES. AES provides 

quantitative elemental analysis. 

Another technique making use of low energy electrons is low energy electron 
diffraction (LEED) and this is also employed in this study and therefore explained in 

greater detail in section 2.4. In LEED electrons of a well-defined energy are back- 

scattered by atoms in the surface region giving rise to a diffiaction pattern which is 

observed on a fluorescent screen. From this it is possible to extract structural 
information on the size and symmetry of the crystal unit cell. Furthermore LEED can 
be used to analyse overlayer structures formed by adsorbates. Like XPS however, 

LEED can be problematic with highly insulating samples. This can either be 

overcome by employing very low beam currents, together with high sensitivity 
25,26 detectors (e. g. channelplates) orusing the thin film approach. 

Vibrational spectroscopies are amongst the most important techniques for analysing 
species adsorbed on oxide surfaces. The vibrations of molecules adsorbed on a 
surface can be probed by reflection absorption infrared spectroscopy (RAIRS) 

and this technique is discussed ftirther in section 2.5. RAIRS is similar to 

conventional IR spectroscopy except the IR beam is specularly reflected off the 

sample. From this it is possible to identify modes of vibrational excitation of 
particular chemical bonds, thus providing identification of adsorbed species. In 

addition the dipole selection rule makes it possible to deduce the orientation of the 
adsorbed molecule on a metal or a thin film of an insulator (e. g. metal oxide) on a 
metallic substrate. RAIRS provides high spectral resolution and can be carried out at 
relatively high pressure, allowing better comparison with real conditions. However 
RAIRS can only be applied easily to highly reflective samples, so it is not well suited 
to studies of single crystal metal oxide surfaces. This problem can be overcome by 
depositing thin films of the metal oxide onto a metallic (and therefore reflecting) 
substrate, and there are now a significant number of researchers using this approach 
for the study of oxide surface chemistry. 27,28 Another limitation of RAIRS however is 

20 



Chapter I- Introduction 

that the signal to noise ratio can be quite poor, since the amount of adsorbed 

molecules on the sample is very small (e. g. approximately I nanomole). Another 

form of vibrational spectroscopy is electron energy loss spectroscopy (EELS). In 

EELS monochromatic electrons are backscattered by the sample and the energy 

measured. From the energy loss vibrational and electronic transitions can be 

observed. Study of vibrations is often called high-resolution EELS (HREELS) and 

this technique is widely employed for the study of adsorbates on metal surfaces. On 

oxide surfaces, however, there are frequently strong signals due to the optical 

phonons of the oxide lattice and these can mask the signals due to adsorbates. 23 

Finally, in temperature programmed desorption spectroscopy (TPD), discussed 

in section 2.6, a gas is dosed onto the surface and then the surface is heated at a 

controlled rate whilst recording desorbing species (usually with a quadrupole mass 

spectrometer). This provides information on the surface coverage, binding energy of 

the molecules to the surface and kinetics of desorption. One problem with using TPD 

to study adsorption on single crystal metal oxide samples is with their low thermal 

conductivity, which can lead to issues with the uniformity of heating. The technique 

can, however, be readily applied to studies of adsorption on thin film oxides. 29-31 
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1.3 BaCkgroundto the Svstims Studied 

The tremendous increase in the output of surface science literature on metal oxides 
over the past few decades is a reflection of the importance of these materials to 
industry and the significance of their physical and chemical surface properties in 
these applications. Metal oxides are used in heterogeneous catalysis, both as the 

catalytically active component and as support material, in important industrial 

reactions (e. g. methanol synthesis) and for removing environmentally damaging 

compounds (e. g. catalytic converters in automobiles). Metal oxides are also used in 

numerous other technologies, including semiconductor devices and corrosion 
control. In all of these examples understanding the surface properties is essential. In 
the course of the work described in this thesis, studies have been carried out looking 

at the growth of ultra-thin (sub-nanometer and nanometer thick) layers of CrO., 
BaO., TiO. and FeO. on Cu(1 11) and a Ag/FeO. model catalyst. 

Chromium oxide is an important industrial catalyst used in the dehydrogenation of 

alkanes; to alkenes 32 and oxidation of environmentally damaging compounds (CO, 

VOCS, etC. )33,34 Resultantly there has been a great deal of surface science research 
into the surface chemistry of chromium oxide, the specific findings of which will be 

reviewed in more detail in section 3.1. Chromium oxide surfaces are quite well 

understood in terms of structure, but our understanding of molecular interactions 

with well-defined surfaces is at a somewhat rudimentary stage, with the interactions 

of water and oxygen with such surfaces being the most commonly studied. 
Considering the importance ofchromium oxide to industry it is surprising that its 

surface chemistry has not been more extensively researched. A better understanding 

of how small molecules interact with well-defined chromium oxide surfaces would 
be an important step towards appreciating how chromia-based catalysts function. 

There is no published work of chromium oxide films on a Cu(I 11) substrate. 

Barium oxide has received attention recently as a storage medium in NO. 

storagc/reduction catalysts for automobiles. 35 This research is reviewed in section 
4.1. The majority of these studies involve the testing of prepared model catalysts in 
flow reactors. In contrast there is little published work on BaO surface science in 
UHV, despite the fact that such studies clearly have much to contribute to our 
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understanding. There is much potential for additional research here; for example, a 

recent surface science study of NO., /BaO36 utilised XPS, but not other potentially 
interesting techniques (e. g. TPD, RAIRS). Furthermore NO. storage/reduction 

catalysts used in the real world will also be exposed to other gases (e. g. C02,021, 

hydrocarbons, S02). and the interaction of these molecules with BaO surfaces is 

therefore also of interest. Yet there are no UHV studies of hydrocarbon or S02 

interaction with BaO in the existing literature (in contrast to a fair number of studies 

of the effect of sulfur poisoning on NO. trap catalysts). 37,38 Finally, there has been no 

published work on BaO grown on a copper substrate. 

Titanium dioxide is a support material used in many important heterogeneous 

catalysis applications (e. g. selective oxidation)39 and also has interesting 

photochemical properties which enable it to be used in photodegredation of harmful 
40 or unwanted compounds. The importance of understanding its surface properties 

has led to an abundance of surface science studies, which are reviewed in section 5.1. 

Although TiO2 surfaces have been extensively researched under UHV conditions, 
including their interaction with molecules, the majority of this research is on the 

readily obtainable TiO2(1 10) rutile surface. In fact most catalysts in industrial use 
consist of largely the anatase form of Ti02 - and this is also believed to be the most 
catalytically active. Yet, there are only a handful of studies on well-defined anatase 
surfaces. There have been no reports of Ti02 MMS grown on a Cu(I 11) substrate. 

Iron oxides are to be found in many industrial catalyst applications including styrene, 
synthesis by ethylbenzene dehydrogenation4l and removal of environmentally 
unfriendly compounds. 42 43 The substantial research into iron oxide surfaces (both 
Fe203 and Fe304) is reviewed in section 6.1. Despite this research iron oxides are not 

very well understood, largely as a result of their complicated interconversion from 

one phase to another under oxidising and reducing conditions. 

Recently surface scientists have turned their attention towards dispersed metal on 
metal oxide systems in an attempt to bridge the gap between single crystal surfaces 
and real catalysts. Noble metals, which are commonly employed as the catalytically 
active component on an oxide support, have received particular attention. A review 
of some studies of silver clusters on metal oxides is presented in section 6.4. 
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Dispersed silver on iron oxide was chosen as the focus of this research. Supported 

silver is known to exhibit catalytic activity, for example in three-way catalysts. 44 

Additionally Ag on metal oxide systems are relevant to solid state gas sensor 
technology. 45 Although Ag/Ti02 systems have been studied, no UHV studies of 
Ag/FeO,, have yet been published. 

Despite the substantial amount of research on the metal oxides mentioned above, 
there is clearly still plenty of scope for finther studies to enhance our understanding 
of these very important systems. 
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1.4 Aims of the Research 

The previous section clearly demonstrated the technological importance of the 

particular oxide systems discussed and the significance of understanding their 

surface properties. Yet it also revealed that there are many gaps in our current 
understanding and much potential for UHV surface science studies. The ultimate aim 
of this research therefore is to elucidate a deeper understanding-of the surface 
chemiga of these oxide systems at a fundamental level. In order to achieve this, the 

approach which has been adopted is to grow and characterise well-defined oxide 
films. For each system, the initial phase of work involves optimising the parameters 
for obtaining these films. X-ray photoelectron spectroscopy (XPS) and low energy 
electron diffraction (LEED) are the main analytical techniques in this phase. The 

next phase is to investigate the interaction of small molecules with these surfaces. In 

addition to the techniques mentioned before, reflection-absorption infrared 

spectroscopy (RAIRS) and temperature programmed desorption (TPD) are used to 

provide information on surface adsorbates and adsorption behaviour. In each case the 

aim is to relate information obtained on the adsorption characteristics of particular 
species to the surface structure elucidated in the characterisation phase. 
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Chapter 2- Experimental Techniques 

ZI The UHVSvslem 

The experiments detailed in this report were carried out in a stainless steel ultra-high 

vacuum chamber (see Figure 2.1) consisting of an analytical chamber and an 
independently-pumped chamber for RAIRS studies. The main analytical chamber 

was pumped by a difftision pump (Edwards E04) fitted with a liquid nitrogen trap 

and an ion pump. Base pressures of <5x 10-10 Torr were readily achieved when 

pumping with the diffusion pump. The RAIRS chamber was pumped by a 

turbomolecular pump (Leybold, 60 Is-) backed by a rotary pump. The pressures in 

the main chamber and RAIRS chamber were measured by hot filament ionisation 

gauges. Dosing Of 02 or other gases was achieved from a gas-dosing manifold which 

could be evacuated with a rotary pump and a diffusion pump (Edwards E02). The 

Cu(I 11) substrate was mounted on a sample holder attached to a high precision 

manipulator. Heating of the sample could be achieved by passing an electrical 

current through a tantalum wire which was fed through a ceramic block contained in 

the molybdenum holder upon which the Cu crystal was mounted. The temperature of 

the Cu crystal was monitored by use of a chromel/alumel thermocouple junction, 

which was in contact with one comer of the crystal. The sample was cleaned by 

argon ion sputtering, using an ion gun (VG AG5000). Following annealing the 

Cu(I 11) surface was re-ordered by annealing at 923 K for 10 minutes. Integrated in 

the system was an x-ray source (VG XR2E3) and an electron energy analyser (VG 

CLAM 2 concentric hemispherical analyser) for XPS, reverse-view low energy 

electron diffraction (LEED) optics for LEED, and a quadrupole mass spectrometer 
(VG Micromass 200D). Additionally there were several extra flanges allowing the 

evaporation sources (described in section 2.2) to be installed. 

Figure 2.1: The UHV system 
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22 Fabrication oLMetal IMetal Oxide ft2oraflon Sources 

Evaporation sources were constructed to allow deposition of Cr, BaO, Ti, Fe and Ag 

onto the substrate. The Cr source utilised electron bombardment heating, whereas all 

other sources functioned by resistive heating of a filament or boat. 

ZZI Chromium Metal Evaporation Source 

The chromium evaporation source (see Figure 2.2) functioned by electron 
bombardment of a chromium plated tungsten wire (10 mm long, 1.8 mm diameter 

(1.3 mm W), from Alfa Aesar), supported in a coil of tungsten wire (0.15 mm thick). 

Emission Current 
- 2.2 mA 

e- 

Cr-plated W n02-w 

ffigh Voltage Filament Current 
-+2kV - 2.4 A 

Figure 2.2: Schematic representation of the chromium evaporation source 

Electrons are thermionically emitted from the filament and accelerated across the gap 
by a high positive potential (- +2 W). The heating caused by this bombardment 

results in evaporation of the Cr metal and thus a flux of Cr atoms. 

The quadrupole mass spectrometer (located with line of sight to the source) was used 

to ascertain the high voltage and emission current needed to evaporate chromium. It 

was determined that with a high voltage of 1950 V and a filament current of 2.4 A, 

corresponding to an emission current of 2.2 mA chromium evaporation could be 

observed (i. e. there was an increase in the m1z = 52 peak). During this operation, Cr 

evaporation was not seen until the source had been run for - 30 s and a steady-state 
flux was not achieved until - 70 s. Therefore the Cr evaporation source was always 

run for 90 s before the sample was wound into place, to ensure consistency with 
different deposition times. With continued use of the evaporation source in the 

experiments in this report it was found that the Cr flux began to decrease gradually. 
This problem was solved by increasing the operational power, eventually up to 
2050 V and an emission current of 2.9 mA. In normal operation the total pressure of 
the main chamber (measured by an ion gauge) increased from a base pressure of - 
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10-10 Torr to a pressure of -3x 10-8 Torr during deposition. Analysis of the XPS 

survey scan (see Figure 2.3) showed the only impurity to be carbon, as indicated by a 

small C Is signal. 
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Figure 2.3: Survey spectrum for Cr deposition on a Cu(I 11) substrate 

ZZ2 Barium Oxide Evaporation Source 

The deposition source consisted of BaO lumps (from Fluka/Riedel-de Haýn, 95% 

BaO, 5% Ba02,0.1% Cl-, 0.05% Fe) measuring a few millimetres in diameter 

supported in a "boat" made by folding a piece of PVRh foil into a "V" shape 

(Johnson Matthey, 10% Rh, 0.015 mm thick) and sealing at either end by pinching. 

The sample holder was joined to the electrical feedthroughs by spot-welding (see 

Figure 2.4). 

Figure 2A BaO evaporation source 

Cu 3s Cu 3p 
122 eV 74 eV Cr 3p 

40 eV 
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This evaporation source works simply by the resistive heating of the foil "boat" and 

the transference of this heat to the BaO lumps leading to BaO evaporation. The 

choice of Pt and Rh was undertaken with consideration to their evaporation 

temperatures (compared to BaO) and their chemical inertness towards BaO. The 

inclusion of 10% Rh provides additional mechanical strength to the foil. 

The fabricated BaO deposition source was run at 14 A for 90 s while recording Mlz 

values 2,18,28,32,44,138,154 and 170 on the residual gas mass spectrometer and 

this data is presented in Figure 2.5. No Ba (mlz = 138) or BaO (Mlz = 154) were seen 

until the deposition source had been running for 10 s. It then took a further 10 s for 

the Ba and BaO fluxes to reach a constant value. For consistency the source was 

always run for I minute before each deposition, during which time the sample was 

facing away from it. No Ba02 OWZ = 170) was observed. The levels of background 

components (1712, HA C09 C02 and 02) were seen to rise gradually as the source 

was run. This is the result of parts of the deposition source outgassing as they 

become heated. When the source was turned off the levels of Ba and BaO dropped 

immediately and the level of the background gases soon returned to normal. 

1. E-08 

1. E-09 

:i 

1. E-10 
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I 
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a 
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Figure 2.5: Mass spectral data recorded during operation of the BaO deposition source (the source was 
switched on at t-5 s). 
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Analysis of the XPS survey scan (see Figure 2.6) showed the only impurity to be 

carbon, as indicated by a small CIs signal. 

160000 -, Ba 3p - Ba 3d 
1062 eV 795.780 eV 

140000- Cu 2p 
952,933 eV 

120000 -I -IL 

100000- Ba (MNN) 

531 OV Cu (LMM) 
80000- Ba 4d 

Cu 33 90 ov 
ev 60000 Cu 3p 

Ba 4p .v 
177 eV 17j 40000- .1 ýz 

20000- 2c8108eVý 
a. fin - 

0iIIII 
1100 1000 900 800 700 600 500 400 300 200 100 0 

Binding Energy I 9V 

Figure 2.6: Survey spectrum for Bao deposition on a Cu(I 11) substrate 

ZZ3 Titanium Metal Evaporation Source 

The titanium deposition source consisted of two tantalum/titanium alloy wire 
filaments (Kemet - 80% Ta /20% Ti, 0.25 mm diameter) coiled and spot welded to 

the electrical feedthroughs. The source was run by passing current through just one 

of the Ta/Ti filaments, leaving the second filament as a reserve. The source was 

outgassed for one minute before each deposition, during which time the sample was 
facing away from it. Ti deposition was first observed at an operating current of 
2.0 A. 

During the early stages of operation, XPS analysis of the deposited Ti film showed 

weak peaks at binding energies of 685 eV, 620 eV and 595 eV, indicative of the 

presence of F. However after running the source for some time no more F was 
detected. The deposition current initially used for experiments was 2.25 A, but after 
time this needed to be increased to 2.5 A to maintain the Ti flux (as measured as the 
48 tWz peak on the mass spectrometer), which was required for depositions of - 
1.3 nm Ti per 5 minutes deposition time. Analysis of the XPS survey scan (see 

Figure 2.7) showed the only impurity to be carbon, as indicated by a small C Is 

signal. 
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Figure 2.7: Survey spectrum for Ti deposition on a Cu(I 11) substrate 
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ZZ4 Iron Metal Evaporation Source 

The iron deposition source consisted of two tungsten wire filaments (0.35mm 

diameter), with tungsten wire (0.125 mm) and iron wire (Johnson Matthey - 0.25 mm 

diameter) wound around it and spot welded to the electrical feedthroughs. The 

intention was to operate just one of the filaments, the other being left as a reserve. 
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Figure 2.8: Survey spectrum for Fe deposition on a Cu(I 11) substrate 

0 

During initial tests, the Fe deposition source was run at increasing current each time 
for I minute with the Cu(I 11) substrate facing away from the deposition source 
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followed by I minute with the crystal in position for deposition. Slight Fe deposition 

was first evidenced by XPS for operation at 9.0 A and at 9.5 A there was further 

deposition. Analysis of the XPS survey scan (see Figure 2.8) showed the only 
impurity to be carbon, as indicated by a small C1s signal. During normal operation 
the source was run at 9.5 A. 

ZZ5 Silver Metal Evaporation Source 

The silver deposition source was of a similar design to the Fe-source and consisted 

of two tungsten wire filaments, with tungsten wire (0.125 mm) and silver wire 
(Advent - 99.99%, 0.125 mm diameter) wound around it and spot welded to the 

electrical feedthroughs. The source was always run for I minute before each 
deposition, during which time the sample was facing away from it. Evaporation of 
Ag was observed for filament currents in excess of 10.0 A. Analysis of the XPS 

survey scan (see Figure 2.9) showed the only impurity to be carbon, as indicated by a 

small C Is signal. 
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Figure 2.9: Survey spectrum for Ag deposition on an FeO. covered Cu(I 11) substrate 
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23 X-ray Photoelectron Spectroscom (XPS) 

In XPS the sample is irradiated with monochromatic x-rays inducing a photoelectric 

effect, whereby core electrons are emitted. 1-7 An electron energy analyser records the 

kinetic energy (EK) of the emitted photoelectrons, which is less than the energy of the 

photons (hv), due to the energy needed to remove the electron from its core state to 

the vacuum level - this includes the binding energy (EB) of electrons to the atoms and 

the workfunction (0) between the Fermi level and vacuum level. Thus: 

EB=hv -EK-0 (2.1) 

Vacuum Level 
EK 

FermiLevel 

EB 

hv 

Ik. 

Core Level 

Figure 2.10: Electron energy level diagram for the XPS process 

This technique is inherently surface sensitive since the kinetic energies of the emitted 

photoelectrons are low, thus photoelectrons emitted from nearer the surface have a 

greater probability of reaching the detector without loss of kinetic energy through 
inelastic scattering. 'Me inelastic mean free path of a photoelectron, A, is dependent 

upon the nature of the solid through which it traverses and the kinetic energy the 

electron possesses. 

Firstly, peaks at particular binding energies relate to the characteristic energy levels 
in different atoms and XPS thereby provides a qualitative elemental analysis of the 

sample. Secondly, XPS is quantitative, since the area under the peaks is proportional 
to the amount of each element present in the surface region. However, in order to 

compare the concentration of elements it is necessary to know the atomic sensitivity 
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factors and to account for a variety of instrumental factors. Because XPS is a surface 

sensitive technique, the signal intensity also varies depending on the depth 

distribution of the element. Finally, the precise binding energy values are subject to 

"chemical shifW', which arise from (and give information on) the chemical 

environment of the atom and its oxidation state. 

The binding energy -of a particular electron is equal to the difference in energy 
between the initial state (the atom with n electrons) and the final state (the ion with n 

-I elcctrons). 

EB = EKn - 1) - Ei(n) (2.2) 

The binding energy can be influenced by both initial-state and final-state effects. 
Chemical shifts are generally regarded as being the result of initial state effects 

caused by chemical bonding influencing the electronic configuration of the atom and 
its environment. Usually the binding energy increases with increasing oxidation state 
due to increased electrostatic attraction between the atom or ion and outgoing 
photoelectron. Electronegative substituents have a similar effect. 

Since the energy of a particular electronic state is partly determined by angular 
momentum coupling, any fmal state with an unpaired electron with I>0 exhibits 
spin-orbit splitting, where it is split into two states relating toj =I± 1/2, thus giving 

rise to a doublet in the spectrum. There are also a number of final state effects that 

give rise to satellite features. Multiplet splitting is the consequence of spin-spin 
interactions between an unpaired electron in an ionised orbital and any other 
unpaired electrons in the outer shells of the atom. Shake-up satellites result from the 
loss of kinetic energy from the emitted photoelectron as it excites a valence electron 
to a previously unoccupied state (e. g. formation of an electron-hole pair in metals). 
Therefore a shake-up feature lies to the high binding energy side of the main peak. 

The two essential components in XPS are the x-ray source (commonly twin-anode) 

and the electron energy analyser (commonly a concentric hemispherical analyser). 
Typically Mg Kaj, 2 x-rays are used which have a photon energy of 1253.6 ev). XPS 
is normally carried out in a high vacuum, preferably better than 10-7 Torr -a 
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significant pressure would cause scattering of the photoelectrons as they travel from 

surface to the detector and the x-ray source can be damaged by operation at higher 

pressures. 

For the purpose of x-ray photoelectron spectroscopy (XPS) the system used in the 

experiments detailed in this work was equipped with a VG CLAM-2 concentric 
hemispherical analyser with single-channeltron detector system. The photoelectron 
emission was stimulated by Mg Ka radiation from a single-anode x-ray source. The 
XPS control unit was interfaced to a data acquisition program (VGX900) allowing 
the collection of experimental data under PC control and its subsequent manipulation 
and interpretation in Microsoft Excel. The core electron binding energies were 
calibrated with respect to the Cu 2P3/2 peak and the Cu 3p peak (binding energies 
932.66 eV and 75.13 eV respectivel Y)2 of the clean Cu(I 11) substrate. The electron 
emission angle, 0,, (angle between detector and sample normal) was typically 15" 
(Le near-normal emission). However, measurements involving the study of adsorbed 

species were carried out with an emission angle of 75* (grazing emission) to increase 

the sensitivity for species on the surface. For angle-resolved XPS measurements 
(AR-XPS) take-off angles of 15", 75" and sometimes 450 were employed. Since the 
detector position is fixed, different emission angles were achieved by rotating the 

sample. Ile angle between the x-ray source and the detector was 70". 

£- 1S 

Figure 2.11: The electron emission angles 

0= 750 a 

The factors that affect the relative signal intensity for a particular XPS peak at 
different emission angles are complicated and include the kinetic energy of the 

emitted photoelectron and the thickness of the film. A modelling program was used 
to assess these factors when drawing conclusions as to the relative concentrations of 
different elements at the surface compared to the sub-surface layers of the film e. g. if 
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the film is oxygen-terminated. In addition to a survey scan (0 eV -I 100 eV) it was 

customary to record at higher resolution the 01s region, the C Is region and the 

strongest peak from the metal system being studied (Cr, Ba, Ti, Fe or Ag). The 

typical parameters used in XPS measurements are presented in the following tables. 

Chapter 3- Chromium oxide 
Region Range/eV Steps / eV Scans Dwell Time /s Pass Energy / eV 
Ols 525-538 0.15 4 0.4 50 
Cu 2p 928-938 0.1 4 0.1 20 
C Is 282-297 0.15 8 0.4 50 
Cr 2p 567-597 0.15 4 0.2 50 
Survey 0-1100 0.5 2 0.1 100 

Chapter 4- Barium oxide 
Region Range / eV Steps / eV Scans Dwell Time /s Pass energy / eV 
Ols 527-537 0.15 4 0.8 50 
Cu 2p 929-937 0.1 4 0.2 20 
C Is 282-297 0.2 4 0.4 100 
Ba 3d 775-790 0.2 4 0.2 50 

1ý urvey 0-1100 0.5 2 0.1 100 

Chapter 5- Titanium oxide 
Region Range / eV Steps / eV Scans Dwell Time /s Pass energy / eV 
Ols 528-538 0.15 4 0.8 50 
Cu 2p 929-937 0.1 4 0.2 20 
C Is 282-297 0.2 4 0.4 100 
Ti 2p 448-470 0.2 4 0.8 50 
Survey 0-1100 0.5 2 0.1 100 

Chapter 6- Iron oxide and silver nanoparticles 
Region Range / eV Steps / eV Scans Dwell TiMe /s Pass energy / eV 
Ols 528-538 0.15 4 0.4 50 

Cu 2p 929-937 0.1 4 0.2 20 

CIS 282-297 0.2 4 0.4 100 

Fe 2p 702-732 0.2 4 0.2 50 

Ag 3d 365-380 0.1 4 0.4 50 

Ag MVV 893-913 0.15 4 1.6 50 

Survey 0-1100 0.5 2 1 00 
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2.4 Low Enerrov Electron Diffraction aEED) 

In LEED a beam of well-defined low energy electrons (20-200 eV) are incident 

normally-upon the surface?, 4,6-9 The electrons are back-scattered by regions of high 

electron density i. e. surface atoms and detected on a fluorescent screen. Due to the 

principles of wave-particle duality, electrons can be considered as waves and 
furthennore at the energies employed in LEED the corresponding wavelength is 

comparable to atomic spacing - thus diffraction effects associated with atomic 
structure can be observed. The electron wavefront is scattered by the surface atoms 
in all directions. However due to the path difference (d) between the scattered waves 
from adjacent atoms, the electron waves will interfere constructively or destructively 

at the detector depending on the scattering angle (0). 

d= a sin 0 

0 

Figure 2.12: Schematic representation of LEED 

(2.3) " 

Constructive interference will occur when the path difference is equal to an integer 

number of wavelengths (, %) and the intensity will only be significant when the Bragg 

condition (see equation 2.4) is satisfied exactly. 

a sin 0= nA (2.4) 

Providing the sarnple exhibits long-range ordering a diffraction pattern is created. 
The diffiraction patterns, evident as a series of "spots" on the fluorescent screen, 
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show symmetry relating to the surface structure, are centrally symmetric and 

distances between the spots are the reciprocal of the spacings in real space. Clearly in 

the case where the sample is disordered or amorphous, there will be no spots but a 
diffuse background. 

At the centre we observe the so called 00 spot, where n=0. Outside this we see the 

first order spot, where n=1. Whether we can see spots of other order may depend 

upon the beam energy. At higher beam energy the pattern displayed on the screen 

appears to contract, because at higher energy the wavelength is less and the angle 0, 

where n=I is smaller. This technique provides qualitative information on the size, 

symmetry and rotational alignment of an adsorbate unit cell relative to the substrate 

unit cell. The real space vectors aI and a2 are mathematically related to the reciprocal 

space a, * and a2* (see equations 2.5 - 2.7)7 where 7 is the angle between the vectors 

al and a2- 

(2.5) 
a, sinv 

a2 *=1 (2.6) 
a2sin y 

sin y= sin y* (2.7) 

00 

11 

Figure 2.13: Relationship of real space and reciprocal space vectors 
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Since this technique involves electrons moving between the sample and detector, 

LEED must be carried out in ultra-high vacuum conditions to avoid scattering of the 

electrons by molecules in the gas phase '10-7 Torr would actually be satisfactory). 
The electron gun produces low energy electrons. These electrons may be diffracted 

(elastically scattered) or may be inelastically scattered. In LEED only the elastically 

scattered electrons are of interest. The electrons pass through a series of 
hemispherical grids positioned before the phosphor screen. The sample and first grid 

are earthed so that the electrons traverse a field-free region after being diffracted 

from the surface. A negative potential is applied to the second and third grids so as to 

repel (filter out) the secondary electrons. The remaining electrons are then 

accelerated towards the phosphor screen, upon which a high voltage (typically 4- 

5 kV) is applied. When the electrons strike the phosphor, photons are emitted which 

we see as spots. The image is typically caught on photographically. The 

instrumentation can be either front-view or rear-view. 

The system used in these experiments was equipped with Omicron 3-grid reverse 

view low energy electron diff-raction (LEED) optics with integral electron gun. 

LEED patterns were recorded using a digital camera. Figure 2.14 shows LEED 

patterns of the clean Cu(I 11) substrate at various beam energies. 

abc 

0 41 

a 

Figure 2.14: LEED patterns for the Cu(I 11) substrate at beam energy a) 78 eV; b) 135 eV; c) 176 eV 
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v MI ) Z5 Re&ection Absorption Infrared Spectroscop RS 

Vibrational spectroscopy can be implemented in a number of ways for the study of 

species adsorbed on solid surfaces. Reflection absorption infrared spectroscopy 

(RAIRS or IRAS as it is sometimes called) is one example in which an infi-ared beam 

is 'specularly reflected off a highly reflective surface at grazing incidence. 3.4,6-9 

IR Beam 00 

Sample 

Figure 2.15: Specular reflection of IR light at grazing incidence off a metallic sample 

As in other forms of infi-ared spectroscopy the light reaching the IR detector is found 

to have reduced intensity at particular frequencies, which relate to modes of 

vibrational excitation of particular chemical bonds. Typically the instrumentation 

allows analysis in the 600 cm71 - 3600 cm" range, where vibrations of the adsorbed 

molecule, rather than the metal-adsorbate bond are observed. On metal surfaces, only 

molecular vibrations giving rise to an oscillating dipole with a component that is 

perpendicular to the surface will be IR active, in accordance with the surface dipole 

selection rule. This can be explained by the fact that metals can only support an 

electric field perpendicular to their surfaces due to the image dipole effect. The 

signals are usually, very weak (< 2%) as a result of the small number of adsorbed 

in I olecules (< 1015 cm-2). 

The RAIRS experiments detailed in this report were carried out in a separately 

pumped extension to the main UHV system, into which the sample mounted on the 

high-precision manipulator could be translated. IR-transparent windows (KBr) 

allowed the light to pass from source to detector with grazing reflection from the 

sample surface, The instrumentation consisted of a Mattison RS2 Fourier-transform 

IR (FTIR) spectrometer and a narrow-band mercury-telluride detector. In some of the 
RAIRS experiments it was necessary to cool the sample to sub-ambient temperature 
in order to study the adsorption of gases. Cooling was achieved by passing a constant 
flow of liquid nitrogen through the cooling tubes of the sample probe. Temperatures 

approaching 123 K were obtainable. 

43 



Chapter 2- Experimental Techniques 

Z6 Temperature ProgrammedDisorption (TPD) 

TPD is a technique for studying the adsorption of molecules on surfaces. 3,4,6,8 This 
involves the adsorption of a particular gas (or gas mixture) on the sample surface and 
then controlled heating (ideally linearly) of the surface, Whilst simultaneously 
monitoring any gaseous species desorbing from the surface. Typically a quadrupole 
mass spectrometer is used for detection of evolving species. Effectively this records 
the intensity of different mass fragments as a function of temperature. The desorption 

of different species give rise to desorption peaks. There is a wealth of information 
that can be inferred from this data. The peak area is proportional to the initial surface 
coverage and the temperature at which desorption occurs is related to the strength of 
binding to the surface. It is possible to distinguish between molecular and 
dissociative adsorption, and between different adsorbed states. In some cases where 
molecules are dissociatively adsorbed, there may be surface reactions such that the 

species which are evolved differ from those adsorbed. Again this provides important 
information on the surface chemistry, but this is usually referred to as temperature 

programmed reaction spectroscopy (TPRS). 

In the experiments detailed in this report, gases were dosed from the gas line into the 

main chamber through a leak valve, Whilst monitoring the pressure on the ion gauge. 
All TPD experiments were typically run with the mass spectrometer (VG Quadrupole 

Micromass 200D) ion source positioned approximately 5 mm above the sample, to 

optimise the sensitivity of the technique towards desorption components from the 

sample. A selection (up to 15) of relevant mass fragments were recorded 
simultaneously with thermocouple data. 
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27 Data Analysis Procedures 

Z 7.1 Determination of XPS Peak Intensities 

Peak intensities were normally estimated manually as the difference between the top 

of the peak and a linear baseline projected under the peak (see Figure 2.16). 

Intensity 

Kinetic Energy 

Figure 2.16: Estimation of peak height 

This method provided a satisfactory estimate of the peak intensities for 0 Is, Cu 2p, 

Cr 2p, Ba 3d, Ti 2p, Fe 2p, Ag 3d and C Is peaks. In cases where more accurate 
determination was required (e. g. for calculating stoichiometries) peak areas were 

calculated using a fitting program, normalised for experimental parameters (e. g. 

dwell time) and corrected using atomic sensitivity factors. 2 In pnnciple using peak 

areas provides a more accurate estimation of the peak intensity, particularly for peaks 

subject to changes in shape due to factors such as chemical environment. The main 

application of the estimated peak intensities was the use of the Cu 2p peak intensities 

for oxide film thickness estimation (detailed in section 2.7.2). For this purpose, peak 
heights were certainly sufficient, as the Cu substrate was not subject to any chemical 

change and retained the same Cu 2P3/2 peak shape throughout. 

2 7.2 Determination of Film Thickness 

The oxide layer thickness, d, was estimated from the attenuated Cu 2P3/2 signal using 
the following formula: 

d= -A. cosO. In 
10 

(2.8) (I) 
Where, A is the inelastic mean free path of Cu 2P3/2 electrons in the oxide, 

0 is the angle of the detector from the sample normal, 
No is the ratio of the reduced peak intensity exhibited by the oxide- 

covered surface to the peak intensity of the clean Cu substrate. 
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For Cu 2P3/2 emission stimulated by Mg K, radiation, the inelastic mean free path (A) 

of the photoelectrons; in an element is taken to be 0.97 rim and for an oxide around 
1.72 nm. 10 

It is important to appreciate that the above calculation is nothing more than an 

estimate of film thickness which is useful in comparing otherwise similar films. This 

estimate is subject to a number of assumptions, the most important being: 

1. The oxide is present as a uniform layer on the surface of the copper substrate. 

2. The mean free path of electrons in the oxide is adequately represented by the 

value taken from the "universal curve" of Seah and Dench. 10 

Such estimates of film thickness are also very dependent upon the reproducibility of 

the XPS data collected over quite extended periods. 

2 7.3 Determination of Lattice Cell Constantsfront LEED Data 

The LEED pattern dimensions a, *, a2* and bl*, b2* are the reciprocal of the real 

space vectors a,, a2 and bl, b2- It is known that the lattice cell constant of the 

Cu(I 11) surface is 2.556 A. Providing that the Cu substrate spots are observable and 

identifiable, it is possible to calculate the real space dimensions of the oxide unit cell. 

A simple example is shown in Figure 2.17 of an oxide with hexagonal symmetry. 

Figure 2.17: Determination of lattice cell parameter 

b=2.556 
Ax 

(2.9) (a*)-' 
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3.1 Literature Review of CrO , Surface Science Studies 

There are many important catalytic applications involving the transition metal oxide 

chromium(Ill) oxide, Cr, 203, (usually modified - either promoted or supported) and 
this has led to a considerable amount of research. 

3.1.1 Motivationfor Surface Science Studies 
Supported chromium oxide has been found to be active in the catalytic 
dehydrogenation of alkanes to alkenes and this has received a lot of attention from 

researchers as an alternative to the thermal cracking process which has a number of 
disadvantages. This subject dominates the literature reflecting the growing demand 

for alkenes and the recent need for isobutene used in the synthesis of MTBE (methyl 

tertiary-butyl ether). In industrial applications the catalyst (usually Cr203/y-A1203 

modified by alkali ions, often potassium) is rapidly deactivated and so must be 

reactivated in an oxidising atmosphere, which is carried out in cycles. ' Recently the 

activity for supported chromium oxide catalysts has been demonstrated in many 

research articles for dehydrogenation of ethane, 2-4 propane" and iso-butane. 4,7-9 

Issues addressed include deactivation, mechanism of catalysis and obtaining a 

selective yield (i. e. favouring the dehydrogenation product over oxides of carbon). 

While the industrial catalyst in common use is alumina-supported, research suggests 

that zirconia-supported catalysts may be superior. 25 The higher activity Of Zr02' 

supported chromium oxide was rationalised in terms of active Cr3+ sites arising from 

reduction of Cr5+ abundant in the chromia-zirconia, system. Despite the amount of 

research on this subject, there is much controversy regarding the active sites for 

dehydrogenation. 1-5,7'9 Most research agrees that C? + sites play an important role. 

Chromium oxide based catalysts have also been widely researched for catalytic 
oxidation. Many of these are in relation to elimination of environmentally-unfriendly 
compounds. Oxidation of carbon monoxide to the less damaging carbon dioxide by 

chromium oxide based catalysts has been the focus of various research articles 
commonly using copper-modified chromium oxide. 10,11 Other environmental 
applications of chromium oxide include the selective oxidation of hydrogen sulphide 
to elemental sulfur by unsupported amorphous chromium oxide and SiO2-supported 
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chromium oxide, 12 and the oxidative removal of chlorine-containing organic 

compounds such as trichlorocthylenel3 and polychlorinated aromatics. 14 

There are many other examples of catalytic application involving chromium oxide 

to be found in the literature. Methanol synthesis through catalytic hydrogenation of 

carbon dioxide, ethylene polymerisation and various isomerisation reactions are just 

a few. However many of these involve chromium oxide as a modifier of other 

catalytic systems. NO decomposition has been achieved by redox-treated CuO- 

CT203/Mordenite (an aluminosilicate), where the activity has been attributed to 

copper chromate sites, 15 however, the selective catalytic reduction of NO by 

ammonia in excess oxygen using chromium oxide catalysts is more well known. It 

has been widely found 16 that amorphous Cr203 is very much more active and 

selective than crystalline a-Cr203- 

Chromium oxide films have been grown and charactcrised on CU(I 10)17 

Cu(100), 18 by chromium evaporation onto the substrate and oxidation in increments 

at 673 K. However, to the author's knowledge, there have not yet been any published 

studies of CrO. on Cu(I 11). 

3. L2 Bulk Structure 
Chromium oxide occurs naturally as eskolaite (chromium (III) oxide) with the 

stoichiometric formula Cr203 and this is by far the most important and widely 

researched form. Other forms include the synthetically produced chromium (IV) 

oxide (Cr02) and chromium (VI) oxide (Cr03)-19 Chromium (111) oxide, Cr203,, is 

isomorphous with corundum (a-AI203). which has the R5 c (167) space group. The 

bulk structure can be envisaged as an approximately hexagonal close packed army of 

oxygen anions (02), which possesses octahedral and tetrahedral holes. Two thirds of 

the octahedral holes are occupied by the chromium cations (C? ), which are six-co- 

ordinated. An alternative perspective is to consider the structure as comprising pairs 

of face-sharing Cr06 octahedra linked by edge sharing, stacked along the c-axis (see 

Figure 3.1). 20 
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Figure 3.1: Unit cell of chromium (111) oxide 21 

The primitive cell is rhombohedral, but is commonly displayed as the equivalent 
hexagonal lattice, containing 3 primitive cells. The hexagonal lattice cell parameters 

have been determined by numerous research groups 22-28 to be a=b=4.95 A, c= 

13.59 A. There is known to be some deviation from ideality in the hexagonally close 

packed array of oxygen anions 24 and in the chromium sublattice as a result of the 

filled-filled-unfilled pattern of the Cr3+ cations along the c-axiS. 29 

3.1.3 Surface Structure 

The Cr203(0001) plane is formed by cutting between the buckled Cr layer (see 

Figure 3.2) effectively giving a half Cr3' layer. This avoids the electrostatically 

unstable chromium-terminated surface with a full Cr3+ layer formed by cutting 

between the 0 and Cr layers (to give an oxygen-tenninated and a chromium- 

tenninated surface). 

Cr 

0 94 A 
Cr X 

0 ml 1.32 A 

Cr 

0 

(Ixl) 

unit cc 

[0101 

Figure 3.2: Schematic diagram of stacking perpendicular to the (0001) plane 30 (left) and ball model of 
chromium-terminated (0001) surface viewed from above 31 (right) 
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In the chromium-terminated (0001) Cr203 surface, a very pronounced surface 

relaxation extending a few layers into the bulk structure has been calculated by MD, 

and this is also supported by quantitative low energy electron diffraction (LEED). 30 

The interlayer distances from top were found to be -38%, -21%, +17% and +33%, 

expressed as a percentage of the unrelaxed bulk values. These general trends have 

been supported by other studies. 30,32-34 

The formation of the (0112) Cr203 surface involves each Cr 3+ losing a short Cr-O 

bond and becoming 5-co-ordinate with two short and three long Cr-O bonds. 

Although controversial, the (0112) Cr203 surface is believed to be energetically 
favoured to the (0001) by authors using X-ray diffraction 35 

, electron microscopy 36 

and also theoretical methods. 32 The (0112) surface is believed to be the 

predominantly exposed crystal plane on microcrystalline Cr203 powders. 36 

10221 
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Figure 3.3: Ball model of the ideal (0112) Cr201 surface 37 (darker balls represent increasing distance 

from the surface) 

Relaxation of the (0112) Cr203 surface has been calculated to be much less dramatic 

than the (0001) Cr203 surface and this has been explained in terms of the differences 

in the two structures. 32 

3.1.4 Surface Chemistry 

The interaction of water with a-Cr203 is known to result in surface hydroxylation 

and this has been the subject of a number of research articles, which have addressed 
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various different crystal planes by largely experimental approaches, 31-3840 but also by 

theoretical study. 41 In 1971 it was acknowledged that adsorption of water on 

microcrystalline a-Cr203 leads to dissociation and hydroxyl groups (evidenced by 

infra-red spectroscopy) . 
38 Surface hydroxide groups have been studied on a- 

Cr203(11 1)39 by molecular adsorption of an ice film under ultra-high vacuum (UHV) 

conditions. Using angle resolved ultraviolet photoelectron spectroscopy (ARUPS) it 

was found that the OH layer was stable up to 540 K. It was believed that the 

adsorption occurred only at defect sites. A more recent study4o looked at 
hydroxylation by dosing of water on a-Cr203(000 1) films (grown on Cr(I 10)). Water 

dissociation resulting in surface hydroxylation was evidenced by XPS. In contrast to 

the study on Cr20301 1) mentioned above, 39 it was believed from scanning 

tunnelling microscopy (STM) data that the reaction was not defect specific and that 

water dissociated on regular sites. Furthermore it was inferred from the resulting 

disordered surface that there was significant OH-induced surface diffusion and 

rearrangement of the surface cation and anion planes. Another study3' also 

investigating the a-Cr203(0001) surface established that adsorption results in paired 

OH groups consisting of a terminal OH group and a bridging OH group which are 

hydrogen bonded, evidenced by high resolution electron energy loss spectroscopy 

(HREELS). The paired OH groups recombine to evolve water at 345 K according to 

temperature programmed desorption (T? D). 

A number of IR studies have found that oxygen is strongly adsorbed by Cr203 

powders, which" are believed to expose mostly the (01 i2) surface. 42 43 Both 

dissociative and molecular adsorption Of 02 have been reported in this context. Two 

states of adsorbed oxygen have been reported -a terminal chromyl oxygen (Cr = 0) 

species and an adsorbate believed to be 02% It was also shown that the sample 

pretreatment could influence the type of adsorption (i. e. dissociative or molecular). 
Furthermore it was postulated that dissociative 02 adsorption occurred at C? + sites 
and that molecular adsorption occurred at Cr3' sites leading to a Cr4+-027 COMPIeX43 
In a more recent well-defined stud Y37 of Cr203 (01 i2) it was noted that dissociative 

adsorption giving an oxygen terminated surface was preferred to molecular 
adsorption. At 163 K molecular adsorption led to a coverage equivalent to only 2% 

of the available chromium sites, leading to the belief that adsorption occurred at 
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defect sites. Well-defined Cr203 (0001) surfaces have also been studied in terms of 
oxygen adsorption. 44-45 Following 02 adsorption, molecularly adsorbed 02 was 

removed between I 10 K and 320 K, and removal of dissociatively adsorbed 02 did 

not occur until 800 K. 45 

Adsorption Of C02 on a thin Cr203(0001) film grown on Cr(110) has been 

investigated utilising IR methods. 46 The researchers have identified four different 

adsorbed species of which two are strong (believed to be chemisorbed) and two are 

weak (believed to be physisorbed). The physisorbed species desorbed at 120 K and - 
180 K, whereas the chemisorbed species were stable to room temperature. The 

chemisorbed species were believed to be bent C028- species (carboxylates) bound to 

the surface metal cations. The authors explained the formation of carboxylates as 

opposed to surface carbonates by the characteristics of the polar Cr2O3(0001) surface 

which is terminated by Cr ions with a reduced charge. A comparison with 

polycrystalline a-Cr203 was made and it was found that the IR spectra of the 

chemisorbates, differed; those from the polycrystalline surface were compatible with 

either a different kind of carboxylate or more likely bidentate surface carbonates 
formed from C02 adsorption on Cr3+_02- ion pairs. A different earlier stud Y47 had 

identified strong chemisorption resulting in bidentate carbonates and bicarbonates 

and weak chemisorption resulting in organic carbonates, upon C02 adsorption on a- 
Cr203 with predominately the (0001) face exposed. CO adsorption has also been 

studied. 38 It is believed to chemisorb through formation of weak a bonds to C? + ions. 

The surface acidity has been probed by ammonia (a Lewis base) by reaction with 
Lewis acid sites on Cr203(0001) (grown on Cr(I 10)). 48 XPS and TPD identified non- 
dissociated (NI-13) and partially dissociated (NI-12) species. Another study" identified 

NI-13 on Lewis acid sites but also another species involving N-0. H2S adsorption on 
CT203 has been studied with relevance to catalytic poisoning. 50 At 300 K with an 
exposure of 22 L H2S, a sulfur coverage of 0.15 ML was realised. At doses of 100 L 

an XPS peak, believed to be indicative of an SH species, was seen, which 
disappeared upon annealing at 450 K. Both NO and N02 adsorption on a Cr203(11 1) 
film (grown on Cr(I 10)) were the subject of one study. 51 NO was found to 

chemisorb, as judged by a desorption maximum of 340 K. N02 however adsorbed 
dissociatively yielding adsorbed NO and oxygen. It was believed that 0 released in 
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the dissociation process led to oxidation of Cr2+ to Cr3+ while N02 was reduced to 

NO. An IR stud y52 addressed adsorption of methane and hydrogen on the (0112) 

and (112 0) surfaces of a-Cr203, finding that both molecules were adsorbed on Cr3' 

sites. 
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3.2 Growth in Different Conditions 

CrO. films were grown in a variety of conditions and in particular the technique of 

XPS was used to characterise the films grown - and thus to assess the effect of the 

different preparation parameters. 

Firstly, film A was grown by Cr metal deposition and then oxidation carried out in 

small increments, to establish the required 02 exposure to completely oxidise the 

base metal. Deposition of chromium was carried out in the manner described in 

chapter 2 for 5 minutes. The XP spectra of the Cr 2p3/2,0 Is, Cu 2p3/2, C Is regions 

and a survey scan were recorded before and after deposition. The intensity of the Cu 

2P3/2 peak (see Figure 3.4a) was seen to fall as chromium is deposited and from this a 

film thickness of 0.34 nin was estimated. Furthermore the appearance of the double 

Cr 2p XP peaks (see Figure 3.5a) with the 2P3/2 peak at a binding energy of 574.1 eV 

were in good agreement with literature values for Cr metal. 53 The oxidation was then 

carried out in 10 L (200 s at 5x 10-8 Toff) increments at 673 K and each time the'N? 

spectra recorded until a total exposure of 50 L 02 had been achieved. The Cu 2p3/2 

peak intensity (see Figure 3.4a) was seen to fall from 0L to 20 L exposure, but 

showed no significant variation thereafter. From this an oxide thickness of 1.1 (±O. I) 

nm was estimated. The film thickness after 10 L 02 was not calculated, because it 

was assumed that at this stage the chromium had not been fidly oxidised and so there 

was uncertainty as to the inelastic mean free path UMFP) of the overlayers. The 

experimental data suggests that ca. 20 L 02 is required to oxidise 0.34 Mn Cr at 

673 K. After the first exposure to 10 L 02, there was a clear shift in the Cr 2p3/2 

binding energy from 574.1 eV to 576.5 eV (see Figure 3.5a), which was again in 

excellent agreement with the literature values 53 for oxidised Cr. Furthermore after 

oxidation there was a change of XP peak shape (the Cr 2p peaks became broader) 

and the spin-orbit splitting (i. e. the gap between the Cr 2P3/2 and Cr 2pl/2 

components) changed from 9.2 eV to 9.8 eV, which is also in agreement with 

reference SpeCtra. 53 In the 0 Is region there was an increase in the peak area (see 

Figure 3.4b) which stabilised after about 20 L exposure. With respect to the binding 

energies (see Figure 3.5b) there was a shift from 530.4 eV after 10 L exposure to 

530.1 eV after 20 L, but the peak position was (within experimental error) stable 
thereafter. 
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Figure 3.5: XPS data after Cr evaporation and with increasing 02 exposure a) Cr 2p region; b) 0 Is 

region 

A certain amount of caution is required in the interpretation of XPS data. Binding 

energies are generally well determined by the instrumentation, however peak areas, 

although well determined by the peak fitting program, have been seen to fluctuate 

slightly (both from day to day and from measurement to measurement) and this has 

been attributed to the instrumentation (most likely due to variations in the 

channeltron sensitivity). 
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Since the Cu 2p peak intensity has been used to estimate layer thickness these values 

are also subject to some uncertainty - especially the absolute values - since the 

calculation makes a number of assumptions. Not least is the assumption that the 

system being studied is consistent with the simple model of a uniform film of equal 
thickness. In many cases this is not correct as, for example, in the case 

' 
of island 

growth. One ftirther area where care is required in the interpretation is the fact that 

there is often uncertainty as to the IMFP of the electron traversing the film. Figure 

3.4a shows the change in Cu 2p3/2 peak intensity, but fully-quantitative statements 

are incorrect, since in one case we have a film consisting of elemental chromium, in 

another we have the oxide and in between we have partially oxidised metal. Clearly 

the IMFPs of these films will differ and this effects the intensity observed, 
Nevertheless the general trend is that the Cu 2p intensity decreases as the film is 

oxidised, and that this appears to even out after about 20 L 02 exposure. From the 
layer thickness estimation it would appear that the final oxide film has a thickness of 

approximately 1.1 mn. Despite the above discussion on the inaccuracies in thickness 

estimation, it should be appreciated that whilst precise values may not be obtainable, 
this method does give sufficient information to compare films prepared by the same 

method (e. g. this film is as thick as that one, those films are much thicker, etc). 

It has been assumed that since the 01s peak intensity is relatively constant after 

about 20 L and the Cu 2P3/2 peak intensity is also relatively stable after this value, 
that 20 L 02 is sufficient for the oxidation of a Cr metal film of this particular 
thickness. After this point there is no appreciable change in composition observable 
by XPS. After oxidation there was an observed binding energy shift in the Cr 2P3/2 

spectrum, which was in excellent agreement with the reference data. In order to do 

this one would ideally need to use references. A binding energy shift was likewise 

observed in the 01s spectra. After 10 L 02 the 0 Is binding energy is about 
530.4 eV, but after further oxidation the peak shifts before the binding energy attains 
a relatively constant value at around 530.1 eV. The shift to lower binding energy 
may be indicative of an increasing electron density associated with oxygen anions (as 

chromium becomes more oxidised) which would support the theory that after 10 L 
02 the chromium is only partially oxidised. 
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A second film (film B) was grown to demonstrate growth of a thicker film by cycles 

of deposition and oxidation. Once again Cr was initially deposited for 5 minutes, 

although this time a layer thickness -of 0.28 nrn was estimated (see Figure 3.6). 

Having established previously that 20 L 02 at 673 K was required for complete 

oxidation, the oxidation was this time carried out in one 20 L step (i. e. 5x 10"8 Torr 

for 400 s) and the XP spectra recorded. From the attenuated Cu 2P3/2 peak, an oxide 

thickness of 0.73 run was estimated (see Figure 3.6). A shift in the Cr 2p binding 

energy (see Figure 3.7a) from 573.9 eV to 576.1 eV and an increase in the peak 

width are indicative of oxidation as previously observed with film A. Further 

chromium was then deposited for 5 minutes onto the oxide film. The film thickness 

was not calculated from this, because the film may have consisted of elemental and 

oxide phases and hence there is considerable uncertainty as to the appropriate IMFP 

value. There was no significant change in the binding energy of the Cr 2P3/2 peak 

maximum, but the peak became visibly broader (see Figure 3.7a). There was also an 
increase in 0 Is binding energy from 530.02 eV to 530.9 eV (see Figure 3.7b), and 

also some attenuation of the 0 Is signal intensity. Oxidation was then carried out for 

a second time (again 20 L 02 at 673 ýC). From the final Cu 2P3/2 signal, an oxide layer 

thickness of 1.35 nm was estimated (see Figure 3.6). 

Thickness 

E 

1 2- . 

1- 

0 4- . 

0.2 

CL 
a) 

Figure 3.6: Film thickness at different stages of film growth 
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Figure 3.7: XP spectra at different stages of film growth a) Cr 2p region; b) 0 Is region 

524 

The same general trends were observed in the growth of film B as had been observed 

with film A. Again there was a shift in the Cr 2P3/2 binding energy to higher binding 

energy indicative of oxidation. In the step where chromium was deposited onto the 

oxide, great caution is needed when interpreting the XPS data, especially the peak 

areas. The film can be considered to consist of either 1) two phases, metal and oxide, 

with some extent of inter-diffusion between the phases (heterogeneous), or 2) a fully 

homogeneous oxygen deficient layer (CrOy). In both cases there is great uncertainty 

as to the IMFP of electrons in such a film, so an estimate cannot be made of the 

thickness. However it is interesting to look at the data and see if it favours one of the 
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above models. The Cr 2P3/2 peak is visibly broader (see Figure 3.7a), which could 

suggest the existence of two states (supporting the heterogeneous model), although 

the peak maximum remains at the same binding energy as the oxidised chromium. 
The 01s peak has also been attenuated (see Figure 3.7b) which would also support 
the idea of an elemental phase on top of the initial oxide layer. However this does not 

provide an explanation for the shift in the 01s binding energy. Finally, peak fitting 

and nonnalisation of the Cr 2P3/2 peak area and the 0 Is peak area gives an O: Cr 

ratio of 1.3. Although this value is slightly different to the expected value of 1.5 for 

Cr203,, it should be recognised that the experimentally obtained value can be affected 
by the choice of atomic sensitivity factor and/or a higher surface concentration of 

oxygen due to a different stoichiometry at the surface or 0-terinination. 

Having analysed films grown with an oxidation temperature of 673 K in some detail, 

the investigation was extended to look at films grown at a range of other oxidation 
temperatures, to see what the effect of this parameter would be on the properties of 

the film generated. Films C, D, E and F were grown in an identical manner to before 

(a single deposition of Cr metal with subsequent exposure to 20L 02), except with 
different temperatures for oxidation. Oxidation temperatures used were 573 K, 

773 K, 823 K and 873 K respectively. Firstly, all conditions used were successful in 

producing chromium oxide films and all of the XPS characteristics (binding energy 

shifts, changes in peak area, etc), discussed in more detail previously, were again 

observed. Table 3.1 (see below) summarises the thickness (estimated from the 

attenuation of the Cu substrate photoelectron peak) of chromium oxide obtained from 

deposited chromium metal for all of the oxidation temperatures investigated in the 

course of this work. 

T.. /K dc, / nm dc, (), / nm dco,, / dc, 
573 0.45 1.40 3.1 

673 0.34 1.10 3.2 

773 0.55 1.75 3.2 

823 0.44 1.15 2.6 

873 0.48 0.90 1.9 

i ame i. i: I IIICKness ol Chromium oxide obtained at different oxidation temperatures 
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As can be clearly seen from the dco,, / dc, ratio, the amount of oxide film obtained 

from oxidising the deposited metal is stable up to 773 K, but decreases rapidly 

thereafter. This does appear to be a genuine trend and it suggests that higher 

temperatures have a detrimental effect on the oxide film growth. In these 

experiments when the correct amount of oxidation time (400 s) had elapsed the 

heating was switched off and the oxygen dosing simultaneously stopped. Since the 

crystal cools relatively slowly, this has the effect of exposing the film to vacuum 

while it is still at a high temperature. This could lead to partial 

breakdown/decomposition of the film and explain the trend in Table 3.1. 

Additionally this trend could be indicative of the mode of growth. Figure 3.8 shows 

different solid-on-solid growth modes. The trend in estimated thickness suggests that 

films grown at lower temperatures (up to 773 K) grow layer by layer ("a" in Figure 

3.8), whereas films grown at higher temperatures exhibit layer plus island growth or 

island growth ("b" or "c"). 

Figure 3.8: Different solid-on-solid growth modes (a) Frank-van der Merwe; (b) Stranski-Krastinov; 

(c) Volmer-Weber 

It is worth mentioning that the absolute values of thickness given in this table are 

subject to some uncertainty (as discussed previously) and an increase in film 

thickness of three times upon oxidation (as seen at T, ), < 773 K) is unrealistic. 

Throughout the experiments detailed in this report, the presence of metallic and non- 

metallic impurities was monitored. Carbon is a common impurity in these kind of 

systems (especially with resistive deposition sources) and for this reason the carbon 
Is region was routinely recorded. Although always present (see, for example, Figure 

63 



Chapter 3- Growth & Characterisation o CrOlCu(I 11) !f 

3.9), the intensity of this peak did not vary significantly between experiments. It 

needs to be remembered that as the atomic sensitivity factor of carbon in XPS is very 

low, the amount of carbon present is greater than might initially seem to be the case. 
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Figure 3.9: Typical C Is spectrum obtained from a deposited chromium oxide film 
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In addition, a weak but significant peak was observable at 527.4 eV (see Figure 3.10) 

in the low binding energy range of many of the 01s spectra. This peak was most 

pronounced after chromium deposition and decreased rapidly after oxidation. 
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Figure 3.10: Unidentified peak at low binding energy end of 01s region 
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This peak is most likely to be a Mg Kp satellite associated with the Cr 2p3/2 peak. 

Such a satellite is expected at - 48 eV to lower binding energy of the main peak and 

to have a relative intensity of 0.5%. 

No other impurity peaks were observed in the (relatively low resolution) survey scan, 

or in the regional spectra that were measured over particular ranges of binding 

energy. 
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3.3 Post-Deposition Treatments 

A fi-eshly deposited oxide film, film G, (which had been prepared by oxidation at 
673 K) was further-annealed in vacuum at higher temperatures in order to assess its 

thermal stability and to investigate the parameters required for generation of ordered 
CrO,, films. From the attenuated Cu 2p3l2signal the thickness of the initial oxide film 

was estimated to be 1.9 run. The sample was then heated again to 673 K for five 

minutes and allowed to cool, after which the Cu 2p, Cr 2p and 0 Is regions were 
recorded. This procedure was repeated with the temperature being raised in 50 K 
increments up to 973 K. No significant changes in the XP spectra were observed up 
to and including a temperature of 873 K. At 923 K however some breakdown of the 
CrO. film was evident from the XP spectra (see Figure 3.11 a and b). An increase in 

the Cu 2P3f2peak intensity and a decrease in the both the Cr 2p and 0 Is peak areas 
was observed. Furthermore there was a shift in the Cr 2p3/2peak maximum to higher 
binding energy (from 576.4 eV to 576.6 eV) and the 0 Is binding energy also 
increased (from 530.3 eV to 530.5 eV). After heating the crystal to a temperature of 
973 K, further breakdown of the CrO. film was evidenced by XPS (see Figure 3.11 a 
and b), with a further shift to higher binding energies for the Cr 2p3/2and 0 Is peaks 
(576.6 eV to 576.8 eV and 530.5 eV to 530.7 eV respectively). The O/Cr ratio was 
seen to decrease significantly (see Figure 3.11 c). 

The decrease in O/Cr ratio is interesting. There was a general decrease over the 

course of the experiment, but a much larger decrease from 923 K to 973 K. The 

observed decrease in O/Cr could arise for several reasons. It could be indicative of 
different diffusion coefficients (0 greater than Cr) in the Cu substrate. Alternatively 
it is reasonable to expect a change in stoichiometry as oxygen is lost from the 

chromium oxide to the vacuum at high temperatures. Additionally, the breakdown is 

probably associated with a change in morphology (3D crystallite nucleation). 
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One final point to make is that post-annealing has shown these films to be stable over 
873 K, whereas breakdown/change in morphology (assumed from decreasing yield) 

was apparently observed in films grown at oxidation temperatures of 823 K and 

above (as discussed in the previous section). This may be a result of the different 

conditions (Le. under vacuum or a pressure of oxygen). In a previous study 17 the 

stability of thin films (a number of monolayers) of chromium oxide grown on 
Cu(I 10) in 02 was investigated. Although stable during oxygen exposures up to 

1000 L at room temperature, such films were much less stable in an oxygen pressure 

of - 1.3 x 10-5 Torr at temperatures over 473 K, with Cu segregating to the surface. 
Nevertheless, in that study there was no comparison with heating under vacuum 

conditions; the films were also thinner and the oxygen pressure much higher than in 

the present study. 
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3.4 Conditions for Ordering 

The ultimate aim of this research was to investigate well-defined films. It was 

therefore necessary to investigate the conditions required for generating ordered 

films. LEED was the primary technique used to see if an ordered film had been 

grown and to assist in the characterisation of the film, although XPS was also carried 

out to estimate the film thickness and to observe any binding energy shifts, that may 

relate to any underlying processes. Ordered films were obtained by either post 

growth-annealing of a film previously disordered or by altering the conditions of film 

growth. 

The post-annealing in vacuum of film G was discussed in the previous section where 
it was found that at 923 K and above there was significant breakdown of the film and 

reduction in O/Cr ratio. There was no LEED pattern (only a diffuse background) up 

to and including the annealing at 873 K. At 923 K however an ordered pattern was 

observed. Superimposed upon the Cu(I 11) substrate spots was a hexagonal pattern 

with a unit cell constant a=4.8 (±O. I) A (see Figure 3.12a and b). This structure is 

1.9 x 1.9R30' with respect to the underlying Cu(I 11) substrate. The pattern was 

recorded at various different beam energies. After annealing at 973 K the same 

LEED pattern was observed (see Figures 3.12c and d). 
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Figure 3.12: LEED patterns after heating a) 923 K, beam energy = 133 eV; b) 923 K, beam energy = 
117 e; c) 973 K, beam energy = 133 eV; d) 973 K, beam energy = 117 eV; the Cu(I 11) substrate spots 
are the outermost of the pair of spots 
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Before making the assumption that the observed structure formed after post-heating 
is chromium oxide, it is first necessary to prove that copper is not in some way 
involved in the oxide: It is not inconceivable that a copper oxide (Cu2O or CuO), 

copper chromate (CuCrO2) or copper dichromium oxide (CuCr2O4) could be formed 

under these conditions at the substrate-film interface. Although copper oxidation 

states are notoriously difficult to deduce from XPS, there are a number of points 

worthy of discussion. Firstly from the XPS measurements we might expect to see a 

shift in the Cu 2p3n binding energy if copper were oxidised. Table 3.2 shows the 

peaks one would expect for relevant compounds obtained from the literature. 54 

Compound Cr 2p342 / eV Cu 2p3n / eV Cu satellites Cu LMM 

Cr203 577.0 - 
Cu 932.8 918.3 

CU20 932.7 916.0 

Cuo - 934.5 8.6(31%) 917.3 

CuCr2O4 577.3 934.9 7.3(50%) 917.8 

Table 3.2: Binding energies and Cu LMM Auger kinetic energies" 

There was no change in the Cu 2p3/2 binding energy and no satellites were observed 

which ndes out the possibility of significant mounts of CuO or CuCr204. Cu2O can 

not be ruled out in this way because a 0.1 eV shift would not be observed. 
Unfortunately a high resolution scan of the Cu LMM region wasn't recorded and 
there is some disagreement in the literature as to the magnitude of this shift (c. f. refs. 
53 and 54). With respect to the different binding energies for Cr 2p3t2 for Cr203 and 

CuCr204,0.3 eV is again rather a small shift to be really observable and there may be 

other factors affecting the binding energies. Attention is therefore turned towards the 

LEED data. A hexagonal pattern with unit cell constant 4.8 (±O. 1) A was observed. 

Compound Cell dimensions 
Cr203 a=b=4.9507 A, c= 13.5656 A; a 900,7 120" 24 
CuCr2O4 

a=b=6.04 A, c=7.78 A; a =. 8 = 900 53 
CUcrO2 

a=b=2.9747 A, c= 17.1015 A; a= 90*, y 120* 56 

iat)ie: 3. j: ceit annensions tor relevant crystal structures 

This value is in reasonable agreement with that expected for the (0001) surface of 
Cr203, which possesses a hexagonal unit cell with a=4.95 A (see Table 3.3). The 
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determination of the cell size from LEED may be slightly in error, or the cell 
dimensions of the surface may indeed vary slightly from the bulk due to relaxation 

effects or the different energetic environment that a thin film on a metal substrate 

experiences compared to the topmost layers of a bulk oxide. it is thus reasonable to 

assume that the observed structure is that of Cr203. As previously noted, ordering of 

the oxide film was only evident at temperatures where some breakdown was also 

apparent. The change in binding energies observed, as the film orders (Cr 2P3/2 and 0 

Is binding energies increasing), although slight, may be an indication as to the 

process occurring. Either the initially-disordered chromium oxide film may 

restructure into crystalline particles on the substrate surface or there may be some 
diffusion of the chromium and oxygen into the copper substrate (quite possibly with 
different diffusion coefficients) leaving just a thin ordered epitaxial oxide film 

remaining on the surface. Both of these models could lead to an increase in Cr 2P3/2 

and 0 Is binding energies. There was no observable asymmetry in the 0 Is peak, 

which would be indicative of different 0 environments. 

The effect of oxidation temperature during film growth upon the ordering of films 

was investigated. No ordered pattern was observed for oxidation temperatures up to 

and including 773 K. Film E, which had been grown at 823 K, however, exhibited a 

faint LEED pattern. This pattern was different to the one observed before in that 

there were less spots (see Figure 3.13a and b for comparison). Upon closer analysis, 
however, it seems that the pattern is in fact the same as before, but that the first order 

spots are not immediately evident (due to the faintness of the pattern). Further stages 

of deposition and oxidation were carried out on top of this film. The LEED pattern 

was still observed up to a film thickness of 2 nm, but after that only the increasingly- 

faint substrate spots were visible upon a diff-use background. 
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Figure 3.13: LEED patterns of film grown at a) 823 K, beam energy = 123 eV; b) 873 K, beam energy 
= 122 eV 
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Film H was grown by multiple cycles of chromium metal deposition followed by 

oxidation at 873 K under an oxygen pressure of 5x 10-8 Torr for 16 minutes for the 

first cycle and an oxygen partial pressure of Ix 10-7 Torr for 8 minutes for 

subsequent cycles (approximately 50 L). In addition to ascertaining whether ordered 
films could be grown under these conditions, the aim of the experiment was also to 

grow the film to a reasonable thickness. It was found necessary for 10 consecutive Cr 

depositions/oxidations to be carried out in order to obtain a film of 2.5 nm thickness 
(as estimated from the Cu 2p peak attenuation). From the first cycle of Cr deposition 

and oxidation, an ordered film was evidenced by the observed LEED pattern proving 
that at 873 K an ordered film could be grown. The LEED pattern observed in this 

experiment had the same appearance as the one obtained from film G (where 

ordering was induced by heating), with a hexagonal pattern with lattice parameter 

a=4.8 A. As the film became thicker, two observations were made. Firstly, the Cu 

spots become less clear. It is difficult to establish exactly where this occurs, since at 

certain beam energies the Cu spots are less intense anyway. Secondly above a 
thickness of 2 nm, an extra pattern was observed albei ta very faint one (see Figure 

3.14). From the spacing it is evident that this pattern is associated with the oxide film 

and seems to relate to a (4/43 x 4/43)R30' overlayer structure in real space, with 

respect to the original chromium oxide structure. After 10 cycles of 
deposition/oxidation a thickness of approximately 2.5 nrn was estimated by XPS (see 

Figure 3.15a). At this stage an ordered pattern was still observed by LEED. With 

respect to the XPS data gathered, similar binding energy shifts were evident to those 

seen in previous experiments. The final point to make is that the growth of the film, 

as measured by the attenuation of the Cu substrate signal, was very slow. The first 

cycle of deposition/oxidation led to a film of I nni in thickness. After that, however 
2 nin was not reached until the fifth cycle and by ten cycles the thickness was only 
just approaching 2.5 run. 
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Figure 3.14: LEED pattern showing extra spots, film thickness - 2.3 run, beam energy = 71 eV 
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Figure 3.15: Thickness of Film growth at 873 K 
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The fact that the Cu spots became less clear at greater film thickness is to be 

expected. In fact for a uniform film with a thickness of over 2 nm one would really 

not expect to see them at all. Taken together with the previous observations this 

suggests that the oxide film produced at higher temperatures is not a uniform layer, 

but instead probably involves 3D crystallite growth after the first layer of oxide has 

formed. The (4N3 x 4N3)R30' overlayer structure observed by LEED at greater film 

thickness is particularly interesting. It would be helpful if it was possible to obtain a 

clearer pattern, perhaps through growing an even thicker film. 

In summary, with the parameters chosen for these experiments, films are disordered 

up to and including an oxidation temperature of 773 K, are at an intermediate state at 
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823 K (perhaps dependant upon the annealing time) and are ordered above 873 K. 

This is different to the temperature of 923 K required for ordering by post-annealing, 

which may be a result of the different conditions (i. e. heating in a vacuum or oxygen) 

and/or the different process occurring (e. g. perhaps a lower temperature is required 
for ordering while the oxide is being grown, as opposed to ordering a film after it has 

been grown). 
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3.5 Anzle-ResolvedXPS 
Angle-resolved XPS provides insight into the depth distribution of detected species 
by recording spectra at varying emission angles and hence exhibiting different 

surface sensitivities. AR-XPS was used to study a film (1) which had been grown 

with an oxidation temperature of 573 K. The thickness of the oxide film generated 

was estimated to be 1.7 nm. XPS was recorded at a near-normal electron emission 

angle (15' from sample normal) and grazing electron emission angle (75' from 

sample normal). 
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Figure 3.16: XPS data at grazing and near-normal emission angle a) 01s region; b) Cr 2p region 
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As mentioned in section 2.3, when comparing XPS data recorded at different 

electron emission angles, a number factors come into play, which affect the 

intensities of the XP peaks. It was no surprise that the Cu 2p signal decreased to half 

its intensity when measured at a grazing angle, since the substrate is covered by the 

overlying film. The 0 Is peak actually appears to be little affected in intensity (see 

Figure 3.16a), whereas the Cr 2p peak reduces in intensity somewhat (see Figure 

3.16b). The Cr 2p/O Is signal intensity ratio is thus seen to decrease. This proves that 

the concentration of 0 is higher at the surface than that of Cr. From this alone it is 

not possible to say whether this is because the film is 0-terminated or there is a 
different stoichiometry at the surface. However there were no shifts in binding 

energy observed between different emission angle measurements. This suggests that 

the film is reasonably uniform throughout, with no evidence for any variation in 

stoichiometry or different chemical species, between the surface and sub-surface 
layers of this 1.7 nm thick film. Some caution is needed in this assertion, since it is 

possible there are different species with similar binding energies. 
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3.6 Interaction with ffiA CH ! jOH and C02 

The next phase of work concerned the interaction of small molecules with the surface 

of the chromium oxide films. The molecules chosen for the investigation were H20, 

CH30H and C02. Films were grown in the manner previously described. For the 

purpose of these adsorption studies, two different types of film were considered: low 

temperature annealed films grown with an oxidation temperature of 573 K, known to 
be disordered, and high temperature annealed films grown with an oxidation 
temperature of 873 K, known to be ordered. Typically, XPS measurements used for 

analysing surface adsorbates were carried out with a grazing electron emission angle 

of 75* (angle between detector and sample normal). In addition to the 01s, Cr 2p and 
C Is regions, the Cu 2p3/2 region was also scanned in order to provide a reference 
peak so that the intensities could be normalised, thus eliminating experimental 
inconsistencies with the data. Gascs were typically dosed directly onto the sample for 

1000 s at a pressure of 5x 10"8 Torr. TPD was also used in these studies. 

3.6.1 Blank Tests 

Blank tests were carried out to eliminate a number of factors that could contribute to 

misinterpretation of the adsorption data. Firstly, CH30H was dosed and TPD carried 
out in the normal way, except that no chromium oxide film was grown. It is known 

that CH30H does not adsorb on a clean Cu(i 11) substrate at ambient temperatures. 58 

This experiment shows the effect of adsorption of the gas on parts of the system 
which become heated during TPD and give rise to their own desorption peaks, which 
are not related to the sample being tested. The only peaks evident in this experiment 
were at very low temperatures (1, e. at the beginning of the run), and most likely relate 
to gas evolution from the heating wires. The second test was to grow a chromium 
oxide film (in this case a high temperature annealed film) and to carry out a TPD 
measurement, but without dosing any gas. This experiment gave rise to a peak for 
m1z = 28, with a maximum at 798 K and weak shoulders at 548 K and 673 K (see 
Figure 3.17). The m1z = 44 trace exhibited similar features, but all much weaker in 
intensity. These peaks relate almost certainly to CO and C02 as the features coincide 
at the same temperatures. The most likely explanation for the source of these peaks is 
due to carbon (which is present as an impurity in the deposited films) which under 
heating becomes oxidised to give rise to (predominantly) CO. Crucially, this 
experiment has shown that these peaks are unequivocally related to the film itself or 
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other parts of the system outgassing, rather than arising from an adsorbed species of 

interest. 
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Figure 3.17: TPD spectrum of high temperature annealed film with no exposure to gas (blank test) 

3.6.2 H20 Adsorption 

The study of water interaction with chromium oxide surfaces is considered important 

because water adsorption on chromia catalysts is known to result in reversible 
31,39,40,47 

surface hydroxylation , which is considered a key factor in determining the 

catalytic properties. Dissociatively adsorbed H20 has also been seen by TPD to 

desorb at 345 K from Cr203(0001 ). 31 In the present work, a low temperature annealed 

film was grown and grazing-emission XPS carried out. Although previous literature 40 

reports that the uptake of water leads to slight high binding energy shoulders on the 

0 Is and Cr 2p peaks, in the current study no conclusive evidence of H20 adsorption 

was observed by XPS. A TPD investigation of H20 adsorption also failed to produce 

evidence for uptake. The TPD spectrum of the existing low temperature annealed 
film showed no desorption peak for m1z = 18. There were however weak peaks 

associated with m1z = 28 and 44 (CO and C02). (which are without doubt a result of 
the phenomenon discussed in 3.6.1). Previous literature has discussed how oxygen 
interacts strongly with chromium oxide surfaces, generating Cr--O species, 

essentially producing an oxygen terminated surface. 45 02 pre-adsorption is known to 
block dissociative H20 adsorption channels. 31 Researches employ a number of 
methods to obviate this problem including annealing to T> 1000 K 39 and chemical 
treatment (e. g. reduction with CO). 38 It is possible that the procedures used in the 
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current study for growing films produce an O-terminated surface. Therefore two 

attempts were made to try and activate the surface towards H20 adsorption. Firstly, 

the film was annealed up to 823 K, 923 K and 973 K (it is not advisable to anneal at 

higher temperatures due to use of the Cu substrate), Whilst recording TPD to see if 

02 was desorbed. The film was then allowed to cool, exposed to H20 and a second 

TPD run carried out. The second approach was to sputter -a high temperature 

annealed film for a short period of time to produce surface defects and then to test for 

adsorption of water with both XPS and TPD. There were no desorption peaks for 

m1z = 18, with the high temperature vacuum annealed film or the pre-sputtered film. 

3.6.3 CH30HAdsorption 

Methanol interaction with well-defined chromium oxide surfaces is of interest since 

there are few surface science orientated studies on CH30H adsorption on chromium 

oxide films to be found in the published literature, despite the application of 

chromium(III) oxide in methanol synthesis discussed in section 3. L I. In the current 

work, some of the XPS data pointed in the direction of CH30H adsorption. For the 

high temperature annealed film there was a slight increase in the 0 Is peak intensity 

after exposure to CH30H, which returned to the original intensity after annealing. 
There was no significant change in the C Is peak. For the low temperature annealed 
film, however, there was a significant increase in the C Is peak intensity after 
CH30H dosing, which returned to the original intensity after annealing. However in 

this latter case the 0 Is peak did not increase, in fact it decreased very slightly. Since 

the data was normalised to the Cu 2P3/2 peaks, experimental error (i. e. variation in 

intensity from experiment to experiment) can be ruled out. Nonetheless, this data is 

not particularly conclusive. T? D was carried out on a high temperature annealed 
film. This was then repeated with a new film (to test reproducibility with different 

films) and the second film was tested twice more (to test reproducibility on the same 
film). There was no desorption for m1z values associated with CH30H (i. e. 31,29, 

15) in any of these experiments, which would have indicated molecular adsorption 
(or perhaps dissociation and re-association). There were however peaks for m1z = 28 

and (at a lower level) 44, at a comparable level ofintensity to those discussed in 

section 3.6.1. In some cases there are discrete peaks for m1z = 28 at 548 K and 648 K 
(like the sub-peaks mentioned in section 3.6.1) and in some cases a broader 
desorption feature at about 723 K. TPD was also carried out on a low temperature 
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annealed film. This resulted in a broad desorption peak for m1z = 28 and 44, with a 

peak maximum at 788 K (CO) and 823 K (CO2). Since all of these experiments result 
in CO and C02 adsorption at a comparable level and with similar temperatures to the 

peaks observed in the blank experiment discussed in section 3.6.1, it seems likely 

that these peaks too are the result of the factors suggested in 3.6.1, i. e. they do not 

arise from any interaction with CH30H, which would in part explain the 
inconsistency in the results. This is further supported by the observation that there is 

no H2 desorption observed. Nevertheless it is not completely implausible that these 

other features are obscuring some peaks associated with CH30H interaction with the 

surface. One possible way to test this hypothesis would be to grow a film and to 

anneal it at 973 K. This should remove any of the carbon impurity and hence the 

peaks which were causing confiision. CH30H adsorption could then be tested. An 

alternative explanation is that when a gas is dosed into the system the pressure of all 

gases increase to some extent, and this could lead to some adsorption from CO 

and/or CO2. It is quite possible that dissociative CH30H adsorption could be blocked 

by chemisorbed oxygen, in the same way as was discussed with respect to H20 

adsorption. 

3.6.4 C02 Adsorption 

A number of studies on C02 adsorption on chromium oxide films have already been 

undertaken by other researchers. 46,47,57 In the present work a high temperature 

annealed film was tested. XPS data was similar to that obtained for CH30H 

adsorption on the low temperature annealed film (i. e. an increase in the C Is peak 
area but a slight decrease in the 0 Is peak area). With respect to the TPD 

experiment, there was a broad desorption for m1z = 28 and (at a lower level) 44, at a 
comparable level to that seen before, with a sub-peak at 648 K. If there had have 
been a much more intense desorption then it would have been concluded that the 
peaks observed for CH30H adsorption may have been the result of small amounts of 
CO/CO2 in the gas phase. At any rate in previous literature CO and C02 were 
adsorbed at temperatures well below those in the present work (although 

chemisorbed species were found to be stable up to room temperature ý6,57 It is likely 

that the peaks observed in the present study are the same as those observed in the 
blank test. 0 
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3.7 Summaa 

CrO. films have been gown on Cu(I 11) in UHV by deposition of Cr metal and 

oxidation. The effect of different growth conditions and post-growth treatments were 

investigated, in particular by XPS and LEED. An oxidation temperature of 573 K 

was adequate to produce fully oxidised films with an estimated thickness of 1-2 nm 

and there was no significant difference in the XPS peaks for films grown at 673 K or 

773 K. For higher oxidation temperatures (823 K and 873 K) there was a reduction in 

dc, (),., / dc, ratio (Le. the thickness of oxide film obtained from a given thickness of Cr 

metal). This suggests that films grown below 773 K grow layer-by-layer resulting in 

a reasonably uniform film, whereas films gown at higher temperatures grow as 3D 

crystallites. Post annealing in vacuum of a film (grown at 673 K) showed the 

CrOx/Cu(I 11) system to be stable up to and including 873 K, but increasing 

breakdown occurred after annealing at 923 K and 997 K. Reduction in the O/Cr ratio 

suggests that the mechanism for film breakdown involves either loss Of 02 into the 

vacuum or diffusion of 0 into the Cu substrate. Angle-resolved XPS has revealed the 

films to be reasonably uniform throughout. Additionally there is reasonable evidence 

that the films are oxygen-terminated. 

Films grown at oxidation temperatures up to and including 773 K were disordered, at 

823 K were at an intermediate state and at 873 K were well-ordered. Additionally a 

disordered film grown at 673 K could be post annealed at 923 K or higher in vacuum 

to produce an ordered film. In the case of ordered films generated both during 

oxidation and by post annealing, it appears that the process of ordering coincides 

with film breakdown or change in morphology. All ordered structures resulted in a 
hexagonal LEED pattern, from which a surface unit cell constant of - 4.8 A was 

extracted. This is consistent with chromium(III) oxide, a-Cr203, orientated with the 

(0001) plane parallel to the surface. The small difference with the bulk value of 
4.95 A may be evidence of the film structure deviating slightly from that of the bulk 

oxide. Above a film thickness of 2 mn, an extra pattern was observed that relates to a 
(4/43 x 4N3)R30' overlayer structure associated with the oxide film. 

The interaction of small molecules with the chromium oxide films were investigated 

with disordered "low temperature annealed" films and ordered "high temperature- 
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annealed" films. Despite literature reports of dissociative adsorption of H20, no XPS 

or TPD evidence of adsorption were found on the low-T annealed film, even after 

post annealing to 997 K to induce ordering, or on a pre-sputtered high-T annealed 
film. There was some inconsistent XPS evidence of CH30H adsorption on both the 

low-T annealed film and high-T annealed film, in the form of an increase in C Is and 

0 Is peaks upon adsorption and decrease upon desorption. With regards to TPD data 

there was no clear observation of desorption peaks associated with CH30H. Likewise 

there was no conclusive XPS or TPD evidence for C02 adsorption on a high-T 

annealed film. 'Me inertness of these surfaces towards the probe molecules tested 

could be explained by the lack of surface Cr3+ sites due to oxygen-termination, as 

supported by the surface analysis. 
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4.1 Literature Review of BaO, Surface Science Studies 

The alkaline earth metal oxide barium oxide is used in a number of applications and 

there has been some research interest into its surface chemistry. 

4.1.1 Motivationfor Surface Science Studies 

Recently, BaO has been applied as a NO,, storage/reduction catalyst (in 

combination with Pt or similar noble metals), which has led to a large number of 

papers on this topic". TWC's (three-way catalysts) are reasonably effective at 

oxidising CO and hydrocarbons - however in modem lean-bum (oxygen rich) 

engines, which are more economical, reduction of NO,, is difficult. In the early 

1990's Toyota developed the NO,, storage concept, which makes use of (usually) 

A1203-supported BaO with a dispersed noble metal (e. g. Pt). The engine operates in 

lean-bum conditions, during which NO is oxidised to N02 on the Pt and becomes 

stored (as nitrate) on the BaO. At fixed intervals, the engine switches (for a much 

shorter period of time) to fuel rich operation, during which the stored NO,, is released 

and reduced to N2 on the Pt. Although BaO acts as a storage medium, and it is the 

noble metal that clearly plays the important role in the actual catalytic reduction of 
NOx9 it is important to understand the interactions between NOx and BaO as well as 

to study how the Pt interaction with BaO also affects the process. There is some 
debate as to the source of oxygen required to raise the state of nitrogen from +4 (as in 

N02) to +5 (as in N03). Possible sources include excess 02 in the exhaust gas, or 
from reduction of another NOx molecule. 4 There are also a number of catalytic 

studies of the effect of sulfur poisoning on model NOx trap catalysts. 12-17 Asides from 

NOx storage reduction catalysts there is some evidence that BaO may be of relevance 
to hydrocarbon oxidation, 18 although this appears to be as a thermal and 

morphological modifier (to A1203-supported Pd). 

There are some other applications of BaO, many of which inspired the early surface 
science work on BaO surfaces. For example, a BaO monolayer adsorbed on tungsten 
is used in dispenser cathodes, since it reduces the work function. 19 As a consequence 

there have been a number of surface science studies of BaO onW. 19,20 Additionally, 

BaO has been used for electron emission applications21,22 and a BaO thin film has 
23 been grown on a glass substrate in high vacuum (and then Cu deposited). In terms 
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of growth and characterisation of BaO thin films, there has been no published work 

on BaO grown on a copper substrate of any orientation. 

4.1.2 Bulk Structure 

Barium oxide, BaO, possesses the rock salt structure, which has the Fm 3m (225) 

space group. This bulk structure can be envisaged as a face-centred cubic array of 

oxygen anions (02-), in which all the octahedral sites are occupied by the barium 

cations (Ba2+), which are six-co-ordinated (see Figure 4.1). The cubic lattice cell 
24 parameters have been determined to be a=b=c=5.54 A. 

Figure 4.1: Bulk structure of Ba025 

4.1.3 Surface Structure 

The surfaces of BaO are not as well studied experimentally as other metal oxides, but 
26,27 

there are also a handful of computational studies. The BaO(100) surface consists 

of 5-fold co-ordinated Ba2+ cations and 5-fold co-ordinated 02- anions. The 

BaO(I 00) surface is believed to be more stable than the BaO(l 10) surface - although 

the difference is less than in the case of Mg. 26 Relaxation and the occurrence of 

surface rumpling have been suggested by theoretical methods for both the (100) and 
(I 10) surfaces. 

4.1.4 Surface Chemistry 

As a result of the application of BaO to NO,, storage catalysis, there have been a 

significant number of studies of the interaction of BaO with NO and N02- Of these 

studies the majority are studies of prepared catalysts in flow reactors' 3,4,6,8,9-11 

making use of a variety of techniques including IR spectroscopy, surface 

characterisation techniques, XRD and BET. It has been widely found that the stored 
NO, is in the form of surface nitrate and this has been proved by XRD and FTIR. 1- 11 
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In one study' on BaO/A1203 and noble metal/BaO/A1203 model catalysts, FTIR 

spectra showed characteristic nitrate peaks when NO. was stored, but isocyanate 

peaks during catalyst regeneration by hydrocarbons. Another study28 utilising IR and 

TPD on a model BaO/y-AI203 catalyst identified bridging and chelating bidentate 

nitrates and monodentate nitrate resulting from NO/02 coadsorptipn. According to a 

Raman spectroscopy studY6 of BaO/MgO, nitrate ions are formed via a nitro (Ba2+ - 
N02) species. Presence of molecular 02 suppresses the formation of the nitro species 

and increases the rate of nitrate formation. Above 673 K crystalline BaO2 was 
detected, which can also transform nitro species into nitrate ions. Obviously in real 

applications these catalysts will operate in environments with other gas phase 

molecules present. An investigation3 into the effect of different gas components on 
NO. storage on a noble metal/BaO catalyst found that C02 increases the release of 
NO. and this was explained by carbonates being thermodynamically favoured over 

nitrates. In contrast 02 was shown to suppress NOx release, which was explained by 

the thermodynamic 02 stabilisation of the nitrate phase. 

There is one UHV study of NO and N02 adsorption on a BaO thin film deposited on 

an Al substrate. 5 At high exposures of NO surface nitrates formed via molecular 

adsorption were evidenced by XPS, whereas for N02, surface nitrates were favoured, 

appearing to form via a nitrite intermediate. Additionally, there is a theoretical study 
of NO. storage on a modelled BaO(I 00) surface, 7 which found the BaO(100) surface 
to be highly reactive towards NO2. The reaction was initiated by N02 adsorption to 
form a nitrite over a Ba2+ site. A second N02 can either form a surface nitrite- 
peroxide pair or bind to an 0- surface site to generate a nitrate. 

To the authors knowledge there are no ftirther adsorption studies of molecules with 
well-defined BaO films in UHV. Due to application in dispenser cathodes, BaO 

overlayers on W(I 10) have been studied with respect to their interaction with H20, 
C02 and 02.19 This research found UPS evidence of surface OH and C03 species on 
W(I I 0)-c(5 x I)-BaO, W(I I 0)-c(7 x I)-BaO and W(I I 0)-c(2 x 4)-BaO. It should 
however be recognised that interaction with the exposed W surface is also probable 
and that such overlayer structures do not necessarily relate very closely to an actual 
bulk-truncated BaO surface. 
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4.2 Growth in t Conditions 

To investigate the effect of different conditions of growth on the structure of the 

BaO,, films generated, films were grown varying the deposition time and oxygen 

partial pressure. Table 4.1 shows the different films produced in the initial phase of 

this work and the conditions under which they were grown. 

Film Deposition 
Time 

Deposition 
Current 

_ 

Deposition 
Temperature 

Partial Pressure 02 (exposure) 

A 5 min 14 A Ambient Vacuum 

B 5 min 14 A Ambient Vacuum 

C 5 min 14 A Ambient 5x 10-8 Torr (15 L) 

D 5 min 14 A Ambient 5x 10-" Torr (15 L) 

E 2.5 min 14 A Ambient 2-x 10-8 Torr (3 L) 

F 5 min 14 A Ambient 2x 10-3 Torr (6 L) 

G I min 14 A Ambient 5 10-5 Torr (3 L) 

H I min 14 A 723 K 5x 10-8 Torr (3 L) 

Table 4.1: BaO, fthns grown and the conditions under Which they were grown 

In each case XPS was recorded prior to deposition to check that the Cu(l 11) 

substrate was suitably clean, following cleaning by argon ion sputtering, and to 

provide a substrate photoelectron peak intensity value used for estimating the 

thickness of the subsequently grown film. XPS was then recorded after deposition 

had taken place to characterise the film. Table 4.2 surnmarises the findings of the 

XPS data and Figures 4.2a and 4.2b show the 0 Is and Ba 3 d5/2 regions of films A- 

H. 

From the attenuation of the Cu 2py2 photoelectron peak, the thickness of each film 

was estimated as discussed in chapter 2. The estimated values for films A-H are 
displayed in Table 4.3. Values of the estimated growth rate in nm per minute are also 
given, which permits comparison of the thickness of different films regardless of the 
deposition time. 
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Film A Binding Energy 

0 Is (peak 1) 

0 Is (peak 2) 531.4 eV (90000) 

C Is 285.3 eV (9100) 

C Is (carbonate) 290.1 eV (9600) 

Ba 3d3j2 795.7 eV (113000) 
ýBa 

3dsa 780.5 eV (151000) 

Film B Binding Energy 

* ls (peak 1) 528.3 eV (36000) 

* ls (peak 2) 531.7 eV (44000) 

* ls 284.5 eV (6300) 

* ls (carbonate) 290.1 eV (7400) 

Ba 3d3/2 795.1 eV (110000) 

Ba 3dsa 779.9 eV (150000) 

Film C Binding Energy 
(intensi 

0 ls (peak 1) 528.4 eV (44000) 

0 ls (peak 2) 53 1.1 eV (32000) 

C ls 284.5 eV (7000) 

C ls (carbonate) 290.1 eV (4000) 

Ba 3d3/2 794.7 eV (118000) 

Ba 3dw 779.3 eV (160000) 

Film D Binding Energy 
(intensity) 

0 is (peak 1) 528.6 eV (48000) 

0 is (peak 2) 53 1.0 eV (28000) 

C is 284.5 eV (4200) 

C is (carbonate) - 
Ba 3d5a 779.3 eV (153000) 

Film E Binding Energy 

_(Intensity) " ls (peak 1) 528.8 eV (33000) 

" ls (peak 2) 530.9 eV (18000) 

Cls 284.5 eV (3900) 

C ls (carbonate) - 
Ba 3dm 779.4 eV (95000) 

Film F Binding Energy 
(intensity) 

0 ls (peak 1) 529.6 eV (43000) 

0 ls (peak 2) 530.9 eV (29000) 

C ls 284.5 eV (2900) 

C ls (carbonate) - 
Ba 3dm 779.5 eV (140000) 

Film G Binding Energy 
(intensity) 

" Is (peak 1) 528.9 eV (23000) 

" Is (peak 2) 531.3 eV (14000) 

CIS 285.5 eV (4800) 

C Is (carbonate) - 
Ba 3d5a 779.3 eV (4500) 

Film H Binding Energy 
(intensity) 

0 Is (peak 1) 529.4 eV (19000) 

0 Is (peak 2) 

C 1S 284.3 eV (4000) 

C Is (carbonate) - 
Ba 3dsa 779.5 eV (25000) 

Table 42: XPS data obtained from BaO,, films grown using the parameters specified in Table 4.1 
A dash (-) means that no peak was distinguishable from the noise 
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Figure 4.2: XPS data for films A-H a) 01s region; b) Ba 3d5/2 region 

Film dB. 0 /nm dB. 0 / nm. min-1 
A 2.2 0.44 

B 2.0 0.40 

c 2.1 0.42 

D 2.2 0.44 

E 0.9 0.36 

F 2.3 0.46 

G 0.6 0.6 

H 0.4 0.4 
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A number of interesting points can be drawn from the comparison of films grown 

under different conditions; firstly however it is useful to discuss the features, 

elucidated from the XPS data, of the films grown. In addition to the attenuation of 

the substrate (Cu) peak after deposition, we also see the appearance of all the 

photoelectron peaks that are associated with barium in the survey scan: Ba 3p3/2 

(1062 eV), Ba 3d3/2 and MR2 (795 eV and 780 eV respectively), the characteristic 
barium Auger peaks (between 550 eV - 700 eV), Ba 4p (177 eV) and Ba 4d (90 eV). 
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Cu 2p 
952,933 eV 
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Figure 4.3: XPS data for BaO,, film (survey scan) 

Ba 4d 
Cu 33 90 OV 
121 OV -/ýCu 3p 

Ba 4p 74 OV IT7eV 
I 

Cls 
280 OV 

300 200 100 0 

The Ba 3d doublet was also scanned at higher resolution because it is the most 
intense of all the barimn photoelectron peaks and therefore the most appropriate 
choice for attempts to extract some chemical state information. From the higher 

resolution scan the Ba 3d3/2 and 3d5/2 peaks are found to have maxima at 794.7 eV . - 
795.7 eV and 779.3 eV - 780.5 eV respectively with a spin-orbit splitting of 
approximately 15.2 eV. The exact values seem to depend upon the conditions of 
preparation, as shall be discussed later. These values are in good agreement with 
those in the literature29, which gives values of 795.05 eV and 779.65 eV with a 
15.4 eV splitting for BaO. An alternative comparison is with the work of Koenig and 
Graneo who quote a value of 779.9 eV for the Ba 3d5/2 peak of oxidised Ba. At this 
point it is also worth mentioning that there is reason to believe that there may be 
some surface charging effects in this current work. These would result in small shifts 
in the binding energy values obtained. 
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The appearance of an 01s peak at 530.9 eV - 531.7 eV (again depending on 

preparation conditions) after the deposition also shows that the film is at least 

partially oxidised. It should be borne in mind that XPS is more sensitive to barium 

3d5/2 photoelectrons than the oxygen Is photoelectrons by a factor of approximately 

10 (with atomic sensitivity factors of 6.1 and 0.63 respectivel Y29). 

The XPS data can also be used for assessing the purity of the films generated. 
Carbon is a common impurity of films grown in ultra-high vacuum conditions and 

although aC Is peak was not clearly evident in survey scans, the C Is region was 

also recorded as a separate region using longer dwell-times and more scans (since 

XPS is not very sensitive to carbon, ASF for C Is 0.205). 29 In the regional scans aC 
Is peak can clearly be seen at around 284.4 eV. In addition, some of the films also 

exhibit a second peak at around 290.1 eV. Comparing the peak area of C Is before 

and after BaO. deposition we find a great deal of variation - it sometimes doubles 

(approximately) and sometimes decreases slightly. The second C Is peak at about 
290.1 eV binding energy is most likely to be as a result of the formation of some 
barium carbonate (BaC03) on the surface. A piece of information we can potentially 
draw from the 0 Is region is whether the surface is hydroxylated. This could occur 

as a result of adsorption from the low level of background water vapour in the 

analytical chamber. If it was hydroxylated then one might expect to see some 
asymmetry in the 0 Is peak or even a distinct shoulder. Unfortunately no previous 
literature could be found to support this. As shall be discussed later, the oxygen 
chemistry appears to be rather complicated. There are a number of oxygen species 
evident from the 0 Is region and it may be that one of these is associated with 
hydroxide. Apart from carbon there was no XPS evidence for any other impurities. 
Particular attention was paid to the possible presence of peaks associated with 
platinum or rhodium (as the sample holder was made from Pt/Rh foil) or chlorine or 
iron (as the BaO lumps contain 0.1% Cl" and 0.05% Fe), but none were found in the 
survey spectra obtained. 

The film growth rate data of Table 4.3 will now be considered. In doing so it should 
be noted that the inelastic mean free path of the film is assumed to be that for an 
oxide system (1.72 nm). If, for example there were portions of unoxidised barium 
metal in the film, then the thickness may be underestimated. Secondly we are 
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assuming here a rather simplistic model of an evenly dispersed oxide on the surface. 
In reality there may be variation in thickness on a macroscopic level or indeed at a 

nanoscale-level (e. g. islands of oxide, patches of uncovered substrate, and surface 
defects affecting film thickness). With one exception the variation in the values 

obtained for the different films is quite small - the smallest value being 0.36 nm/min 
for film E and the greatest 0.46 run/min for film F. There are various possible reasons 
for the differences. Firstly it may be that there are differences in the metal/oxide flux, 

i. e. the deposition source is unstable. However, this would most likely manifest itself 

as a gradual decrease in flux, which is clearly not the case across the results 

presented. Secondly the difference may relate to the actual growth rate of the film, 

which may very well be affected by the conditions - in particular the gas-phase 

concentration Of 02, There are however no clear trends when one cross-references 
the growth rate with the preparation conditions. A third possibility for variation is 

that in dividing the thickness of the film by the deposition time to obtain a 

meaningful comparison we have overlooked the possibility that the rate of growth 

may vary over time, or that the estimated thickness may change over time due to 

changes in morphology with thickness (consider, for example, how a change from 

uniform coverage to island growth would affect the thickness estimation and hence 

how a film grown for one minute might be estimated to have a higher growth rate 
than one grown for 5 minutes). Finally of course, these thickness and growth rate 
estimations are all dependent upon the reproducibility of the XPS intensity data 

collected and this alone could lead to a significant variation in the estimated growth 

rate. 

In conclusion, there appears little evidence for the growth rate being strongly 
dependent upon the variations in growth conditions, and the apparent variations that 
are seen are most likely to arise from variations in the time to establish the steady- 
state operation of the dosing source (most evident in the data for short deposition 
times) and changes in the composition of the film (discussed further below). 
It is evident from the 0 Is region of different films that the oxygen chemistry of 
these films is somewhat complicated. There are several peaks present, although not 
always at the same time. There is usually (except for film A) a peak At 528.3 eV - 
529.6 eV which is named in the results (Table 4.2) as 01s peak 1. From a review of 
the current literature concerning XPS studies of BaO (see Table 4.4) we can 
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conclude that peak I is associated with lattice oxygen. All previous literature 30-34 

refers to this peak at 528.4 eV. From the results of the current study there is clearly 

some variation in this value, which shall be discussed later. 

Ba 3dsa 013 C Is Reference 

Ba BSO 
780.6 eV 

79.9 eV 528.4 W (lattice) [30] 
530.0 eV (adsorbed) 

780.4 eV 779.2 eV 530.0 eV [311 
528.4 eV (lattice) 290.6 eV (carbonate) [32] 
530.8 eV (0-containing 

adsorbates) 
532.0 eV (carbonate) 

779.1 eV 778.9 eV 528.4 eV [331 
781.0 eV 779.4 eV 

528.5 eV (lattice) [34] 
530.6 eV (0') 
532.1 eV (OH) 

Table 4.4: Previous Arb stuaies ot isau 

In the results of the current study there is usually an additional peak at higher binding 

energy, which is referred to in Table 4.2 as 01s peak 2. In actual fact this may arise 

from a number of different species which give rise to peaks with binding energies 

ranging from 530.9 eV - 531.7 eV. Such interpretation is only possible from analysis 

of other data (e. g. comparison with C Is region to see if there is a correlation to 

surface carbonate, angle-resolved XPS, etc. ) which will be dealt with in due course. 

Films A and B were actually prepared using identical conditions, but the 0.6 eV 

difference in Ba 3ds/2 binding energy is indicative of inconsistencies in these early 

growth experiments. This is even more evident in a comparison of the 0 Is region 

which is quite different for films A and B. In the case of film A there is no 01s peak 
I (assigned to lattice 0), but an intense peak at 531.4 eV, whereas film B has two 

peaks at 528.3 eV and 531.7 eV. There is clearly something fundamentally different 

about these two films, despite them being prepared in the same way. It may be that 

small partial pressures of background gases have a particularly profound effect on 

the films grown, especially in the absence of gas-phase oxygen. Comparison of the 0 

Is regions of all the films grown does clearly indicate that the oxygen-chemistry of 

these films is extremely variable which would be consistent with a high sensitivity to 

contamination by background gases. The 01s peak of film A at 531.4 eV is clearly 
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associated with a different oxygen/oxygen-containing species from the 02' of the 

lattice which gives rise to the peak at around 528.4 eV in other films. This 531.4 eV 

peak of film A may be associated with 022' (peroxide), Olr (hydroxide) or C03 2- 

(carbonate). The higher C Is signals for films A and B suggest that carbonate is the 

most likely possibility. Peak fitting and normalisation of the C Is peak area at 

290.1 eV and the 0 Is peak area at 531.4 eV, reveals a stoichiometric ratio of 4.5. 

This value is very close to the value of 4.4 obtained for film D after exposure to C02 

(discussed in section 4.6). The difference between these values and the expected 

value of 3 for carbonate could be due to the choice of atomic sensitivity factors. It 

should be noted, however, that the binding energy for the C Is peak (believed to be 

carbonate) is 290.1 eV for film A and 289.5 eV for film D after C02 exposure. 

Putting films A and B aside, all other films (prepared in more oxidising conditions) 
have Ba 3d5/2 peaks with similar binding energies (about 779.4 eV). Nonetheless, the 
01s regions are significantly different across all of the films grown. Films C and D 

were prepared in identical conditions. They both have two 0 Is peaks at about 
528.5 eV and 53 1.0 eV and film have similar overall 0 Is intensities, but there is a 

small difference in intensity ratio between the 0 Is peak I and 2. Overall this shows 

an acceptable reproducibility. The 0 Is peak at approximately 53 1.0 eV is seen with 
films C, D, E, F and G. This is clearly a different 0 species from the 02' in the 
lattice. This may or may not be the same species as that giving the peak at 531.4 eV 
for film A, but could be attributed to 022' (peroxide), OH' (hydroxide) or some 
similar species. Films F and H have an 0 Is peak maximum at about 529.5 eV, rather 
than around 528.4 eV. This could again be indicative of a different oxygen species, 
but in the absence of ftirther data it is difficult to reach any firm conclusion. 

One of the main conclusions of the work discussed above is that there was a 
reproducibility problem, possibly caused by instability of the deposition source or 
adsorption of background gases. A number of experiments were therefore carried out 
to obtain a more reproducible method of film generation, using deposition in an 
oxygen atmosphere at elevated temperature. Tle refined method consisted of BaO. 
deposition (5 min x 14 A, 15 L 02) with a substrate temperature of 573 K. This was 
successfid in producing films 1, J and K with a single 01s peak with a maximum at 
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529.2 eV and Ba 3d5/2 with a maximum at 779.3 eV. The XPS data is presented in 

Figures 4.4a and 4.4b. 
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Figure 4.4: XPS data for films 1, J and K a) 0 Is region; b) Ba 3d5/2 region 

A binding energy value of 529.2 eV for the 0 Is peak associated with lattice 02- is a 
little higher than the expected value of 528.4 eV from a variety of literature 
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souices. 3044 This cannot be the result of surface charging because the Ba 3d5/2 peak 
f. * 
kat 779.3 eV) does not exhibit the same shift. 

Peak fitting and normalisation of the Ba 3d5/2 and 01s peak areas results in an O: Ba 

ratio of I. I. This value is in good agreement with the expected value of 1.0 for BaO. 

As discussed previously some caution is required when regarding these values as 

absolute. 
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4.3 Post-Deposition Treatments 

Some of the films described in section 4.2 were subsequently subjected to various 
treatments, including annealing at different temperatures and exposure to oxygen. 

Film A was annealed at 373 K, 473 K, 573 K, 673 K and 773 K in vacuum for 

5 minutes each time and allowed to cool so that XPS could be recorded to assess the 

extent of film breakdown and to observe changes in composition, which may give 

clues as to the processes occurring as a result of annealing. The XPS data is 

presented in Table 4.5 and shown in Figures 4.5a and 4.5b. 

Film A 373 K 473 K 573 K 673 K 773 K 

"Is (peak 1) - - - - - 528.6 

(24000) 

" Is (peak 2) 531.4 eV 531.6 eV 532.0 eV 532.2 eV 532.5 eV 
(90000) (68000) (74000) (72000) (70000) 

Cu 2p3/2 (39000) (27000) (34000) (350000) (39000) (59000) 

C Is 285.3 eV 285.5 eV 285.5 eV 285.1 eV 285.3 eV 285.3 eV 
(9100) (11000) (11000) (12000) 1(10000) (10000) 

C Is 290.1 eV 289.7 eV 289.0 eV 290.1 eV 290.3 eV - 
(carbonate) (9600) (8600) (11000) (12000) 

1 

(11000) 

Ba 3d3t2 795.7 eV 795.9 eV 795.9 eV 795.9 eV 796.1 eV 795.3 eV 
(113000) (89000) (95000) (94000) (92000) (85000) 

Ba 3d" 780.5 eV 780.5 eV 780.5 eV 780.7 eV 780.9 eV 780.1 eV 
(151000) (119000) (128000) (126000) (123000) 1 (114000) 

iaDie 4.3: "b ciata Tor post annealing of film A: binding energies of the peak maxima and peak 
intensities (in parentheses). 
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Figure 4.5: XPS data for the post annealing of film A for 5 min at each of the indicated temperatures 
(a) 0 Is region; (b) Ba 3d5/2 region 

Film B was exposed to 50 L (500 s at 10-7 Torr) 02 at ambient temperature. The film 

was then heated up to 673 K during which it was exposed to 25 L (250 s at 1 0-7 Torr) 
02. Once at 673 K the film was exposed to a further 50 L (500 s at 10-7 Torr) 02, 
before being allowed to cool. At each stage XPS was recorded to analyse the effect 
of the oxidation treatments. The XPS data is presented in Table 4.6 and shown in 
Figures 4.6a and 4.6b. 
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Film B Oxidation I Oxidation 2 

" Is (peak 1) 528.3 eV (36000) - 528.3 eV (36000) 

" Is (peak 2) 531.7 eV (44000) 53 1.1 eV (106000) 531.7 eV (52000) 

CU 2P3/2 (38000) (35000) (40000) 

C Is 284.5 eV (6300) 284.5 eV (5000) 284.5 eV (4500) 

C Is (carbonate) 290.1 eV (7400) 290.1 eV (5800) 290.1 eV (7300) 

Ba M312 . eV (I 10000) 795.5 eV (130000) 795.0 eV (100000) 

Ba 3d5/2 779.9 eV (150000) 780.3 eV (180000) 779.5 eV (130000) 

Table 4.6: XPS data for post oxidation of film B: binding energies of the peak maxima and peak 

intensities (in parentheses). 
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Figure 4.6: XPS data for the oxidation of film B (a) 01s region; b) Ba 3d5/2 region; (Oxidation I 
After exposure to 50 L 02 at room temperature; Oxidation 2= After exposure to 50 L 02 at 673 K) 
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The film C (grown in oxidative conditions) was subsequently annealed at 373 K, 

473 K, 573 K, 673 K and 773 K in vacumn for 5 minutes each time and allowed to 

cool so that XPS could be recorded. This data was compared with particular interest 

to the post-annealing of film A (which had not been grown in oxidative conditions). 
The XPS data is presented in Table 4.7 and in Figures 4.7a and 4.7b. 

Film C 373 K 473 K 573 K 673 K 773 K 

" ls (peak 1) 528.4 eV 529.2 eV 528.9 eV 528.7 eV 528.3 eV 528.7 eV 
(44000) (34000) (40000) (34000) (34000) (44000) 

" ls (peak 2) 53 1.1 eV 531.1 eV 531A eV 531.7 eV 532.0 eV - 
(32000) (51000) (40000) (42000) (51000) 

Cu 2p3/2 (32000) (26000) (30000) (28000) (30000) (39000) 

C Is 284.5 eV 284.5 eV 284.5 eV 284.7 eV 284.7 eV 284.5 eV 
(7000) (6400) (7000) (6200., (4700) (5300) 

C Is 290.1 eV 290.1 eV 289.9 eV 289.7 eV 290.3 eV 
(carbonate) (4000) (4400) (5100) (6300) (8000) 

Ba 3d3a 794.7 eV 795.1 eV 795.1 eV 795.1 eV 795.1 eV 795.1 eV 
(118000) (109000) (111000) (105000) (94000) (111000) 

Ba 3dsn 779.3 eV 779.9 eV 779.7 eV 779.9 eV 779.9 eV 779.7 eV 
(160000) 1 (146000) (149000) (141000) (126000) (149000) 

Table 4.7: XFS data for post annealing of tilm Q binding energies of the peak maxima and peak 
intensities (in parentheses). 

Film D (deposited in oxidative conditions) was flashed at 673 K, 723 K, 773 K, 
823 K and 873 K in vacuum and each time allowed to cool so that XPS could be 

recorded. Then the film was exposed to 10 L 02 (5x 1 0-8 Torr x 200 s) at room 
temperature. The XPS data is presented in Table 4.8. Then 01s region and the Ba 
3d5/2 region are shown in Figures 4.8a and 4.8b respectively. . 
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Figure 4.7: XPS data for the post annealing of film C for 5 min at each of the indicated temperatures 

a) 0 Is region; b) Ba 3d5/2 region (grey trace is behind green) 

Film D 673 K 723 K 773 K 823 K 873 K 10 L 02 

"Is (peak 1) 528.6 eV 528.6 eV 528.6 eV 528.2 eV 528.6 eV 528.6 eV 528.6 eV 

(48000) (42000) (40000) (41000) (27000) (28000) (21000) 

" Is (peak 2) 53 1 .0 eV 531.6 eV 531.6 eV 531.6 eV - - 530.7 eV 
(28000) (34000) (42000) (40000) (27000) 

Cu 2p3/2 (29000) (30000) (32000) (34000) (77000) (77000) (64000) 

C Is 284.5 eV 284.5 eV 284.5 eV 284.5 eV 284.5 eV 284.5 eV 284.5 eV 
(4200) (25000) (17000) (22000) (31000) (27000) (25000) 

C Is - 289.7 eV 289.7 eV 289.7 eV - - - 
(carbonate) (5700) (6600) (6800) 

Ba 3d5n 779.3 eV 779.5 eV 779.4 eV 779.4 eV 779.5 eV 779.6 eV 779.5 eV 
(153000) (139000) (131000) (142000) (91000) 1 (89000) (78000) 
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Figure 4-8: XPS data for the post flashing of film D at each of the indicated temperatures a) 01s 

region; b) Ba 3d5/2 region; (Oxidation = After exposure to 10 L 02 at room temperature) 

The post deposition treatments used here can be divided into 2 types: heating 

(annealing or flashing) or oxidation. Film A (grown in vacuum conditions) was 

annealed in 373 K increments from 373 K up to 773 K for 5 minutes each time. Even 

upon annealing to 373 K there is a reduction in 0 Is and Ba 3d5/2 peak intensity. The 

substrate peak (Cu 2P3/2) also decreases in intensity. This might be due to 

experimental error (occasionally the intensities vary from experiment to experiment) 

or, if real, an indication that the barium layer is changing in both composition and 

morphology. One possibility is that as the film is heated oxygen is lost, either to the 

vacuum or by diffusion into the substrate, leaving behind portions of unoxidised 
barium metal. The inelastic mean free path of electrons is lower in a metal which 
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could explain the reduction in the intensity of the photoelectron peaks. This theory is 

supported by the fact that film A was prepared in vacuum, meaning that it was not 
fully oxidised (which is ftirther supported by the XPS evidence discussed later) and 

the fact that the O: Ba ratio decreases after annealing. Upon further annealing 

treatments there is a progressive shift of the 01s and Ba 3d5/2 peak to higher binding 

energy, which might suggest further reduction of the metal. However, the most likely 

explanation is that the film is predominately carbonate, as supported by the 

significantly higher C Is signal in comparison to other films and the comparison with 
film D after C02 exposure. After annealing at 773 K there is a distinct change in the 

appearance of the XPS spectra. The 0 Is peak 2 disappears completely but an 0 Is 

peak 1 appears at 528.6 eV. At the same time the Ba 3d5/2 peak shifts to lower 

binding energy from 780.9 eV to 780.1 eV. Also the substrate peak increases in 

intensity and there is a dramatic reduction in O: Ba peak ratio. Clearly these changes 

represent a breakdown of the film and a major change in the chemistry/structure of 
the oxide. This change also coincides with loss of the C Is peak at about 290.1 eV 
(believed to be surface carbonate). The break down of surface carbonate would be 

expected at elevated temperatures, and the coincidence with other changes in the film 

could suggest that the 0 Is peak 2 is entirely due to surface carbonate (which would 

also explain the dramatic drop in O: Ba peak ratio, because there are three times as 

many 0 atoms in BaC03 compared to BaO). However it is possible that this peak is 

partly due to another species such as peroxide. The reduction in O: Ba ratio could 
therefore be due to conversion of the peroxide Ba02 to BaO, which involves a 

reduction in O: Ba stoichiometry. It is known that BaO2 melts around 723 K and loses 

oxygen at around 1073 K, 35 but in vacuum or near the surface this may be different. 

Some possible reactions are shown below. 

BaO2 --> BaO + V202 

BaC03 -ý BaO + C02 

Ba(OH)2 --> BaO + H20 

Unlike film A, film C was prepared in more oxidising conditions. Film C was 
annealed in the same way as film A. After annealing to 3 73 K0 Is peak I decreased 
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and 0 Is peak 2 increased (a peak swap-over) and the Ba 3 d5/2 peak shifted to higher 

binding energy (779.3 eV to 779.9 eV). It seems that 0 Is peak 2 is associated with a 
higher binding energy state of Ba. This is discussed again in section 4.6 where angle- 

resolved XPS data is presented. With further incremental annealing, there is a 

gradual shift of 0 Is peak 2 to higher binding energies, but no corresponding shift of 

the Ba 3d5/2 peak. After annealing at 773 K there is again an apparent breakdown and 

transformation of the film. Again the 01s peak 2 disappears, leaving just the 0 Is 

peak I at 528.7 eV. As in the case of film A it appears the breakdown coincides with 
loss of the C Is peak believed to be associated with carbonate. 

Film D was prepared in an identical manner to film C, but the post treatment 

involved flashing (rather than annealing) the film and greater attention was paid to 

the temperatures near breakdown (50 K increments from 673 K to 873 K). The same 

swap-over was observed upon initial heating, as was seen with film C, but to a lesser 

extent. Film breakdown again occurred, but not until 823 K. The different 

temperature can be explained by the difference in heating duration (a period of 

seconds rather than 5 minutes at each temperature). In the 01s region the breakdown 

and transformation is characterised by an increase of peak I intensity and a decrease 

of peak 2 intensity. On this occasion peak 2 does not disappear completely. 
Interestingly re-exposing the film to 10 L 02 swaps the 0 Is peaks back again. This 

could suggest the following process: 

BaO + Y202 
-), Ba02 

This does not necessarily mean that film breakdown is the reverse of this process. 

Film B was grown in vacuum conditions, but then exposed to oxygen at ambient 
temperature and then at 673 K. After the first oxidation the 01s peak I (at 528.3 eV) 
and 0 Is peak 2 (at 531.7 eV) transformed to just one peak at 53 1.1 eV (which was 
slightly more intense than the sum of the previous two peaks). At the same time the 
Ba 3d5/2 peak shifted from 779.9 eV to 780.3 eV. It is not clear if the original peak at 
531.7 eV is the same species as the resulting 53 1.1 eV peak and that the shift is due 
to the change in environment. The second oxidation at elevated temperature appeared 
to convert the oxide back to its pre-oxidation form. One explanation is that the film is 
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initially a mixture of BaO and BaC03 and that the oxidation at room temperature 

converts the BaO to Ba02. The heating then breaks down the BaO2 but not the 

BaC03 (as evidenced by the CIs peak still remaining). 
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4.4 Conditions for 

Various attempts were made to prepare ordered films. Much thinner films were 

grown than before to assist the ordering process. Films were grown in one minute 

steps each time subjecting the film to various heat treatments and at each stage the 
film was allowed to cool and LEED used to assess which conditions are required for 

ordering. This was carried out in conjunction with XPS to correlate surface 

compositional changes with any observed ordering of the sample, so as to increase 

our understanding of the ordering process. 

A film (previously described as film G) was grown (with a deposition source current 

of 14 A for I minute at an 02 partial pressure of 5x 10-8 Torr -3 L) and 

subsequently flashed at 723 K and then 823 K (in vacuum). After this point what had 

been a difluse background in LEED (associated with lack of order) transformed into 

an extra pattern with spots superimposed upon the Cu(I 11) substrate pattern. This 

pattern was however somewhat unclear. After a further deposition, in an identical 

manner to the first, the film was again flashed this time at 723 K, 773 K and 823 K. 

The extra pattern was still visible at this stage, but still hard to discern. A third and 
final deposition was followed by flashing at 723 K and 823 K. The film was then 

annealed at 723 K and 823 K each time for 5 minutes, flashed to 873 K and finally 

annealed for 5 minutes at 873 K. Throughout these steps there was no improvement 

in the clarity of the LEED pattern. The XPS data is presented in Table 4.9. 

A second film (previously described as film H) was grown in an identical manner to 
the previous film (G) (with a deposition source current of 14 A for I minute at an 02 

partial pressure of 5x 10'8 Torr -3 L) except that the substrate was at a temperature 
of 723 K during this period. (Prior to this the Cu(I 11) substrate had been exposed to 
an 02 partial pressure of 5x 10-8 Torr (3 L) to confirm that it would not be oxidised 
by this treatment - no substrate oxidation was evidenced). The resulting film was 
then flashed to 773 K and 873 K in vacuum and then annealed at 773 K for 
5 minutes. A ftu-ther I minute deposition was carried out, as before, and finally the 
film was annealed at 773 K for 5 minutes in vacuum. Even after the first deposition, 
the image observed by LEED was clearer in comparison to the previous experiment 
(with film G). After the annealing step at 773 K the LEED patterns shown in Figure 
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4.9a and 4.9b were recorded. After the second deposition the image was again 

diffuse, but clearer after the annealing at 773 K. The XPS data is presented in Table 

4.10. 

Film G 723 K 823 K Deposition 723 K 773 K 823 K 

" Is (peak 1) 528.9 eV 
(23000) 

529.2 eV 
(20000) 

529.1 eV 
(17000) 

529.1 eV 
(25000) 

528.9 eV 
(25000) 

528.9 eV 
(24000) 

528.9 eV 
(25000) 

" Is (peak 2) 531.3 eV 
(14000) 

- - 531.3 eV 
(16000) 

Cu 2p3/2 (73000) (78000) (79000) (52000) (57000) (55000) (63000) 

C Is - 
Ba 3dsa 779.3 eV 

(41000) 

779.5 eV 
(34000) 

779.5 eV 
(37000) 

779.4 eV 

1 (58000) 

779.3 eV 
(55000) 

779.3 eV 

1 (55000) 

779.3 eV 
(59000) 

Deposition 723 K 823 K 823 K 823 K 873 K 873 K 
Anneal Anneal Anneal 

" ls (peak 1) 528.8 eV 528.8 eV 528.7 eV 528.8 eV 528.8 eV 528.6 eV 528.6 eV 
(24000) (25000) (28000) (26000) (26000) (21000) (16000) 

" Its (peak 2) 531.3 eV 531.5 eV 
(18000) (19000) 

Cu 2p3/2 (42000) (48000) (56000) (59000) (60000) (59000) (60000) 

C Is 

Ba 3dm 779.5 eV 779.5 eV 779.3 eV 779.3 eV 779.3 eV 779.4 eV 779.5 eV 
(79000) (80000) (74000) (70000) (72000) (63000) (49000) 

Table 4.9: XPS data for the ordering of film G 

Film H 773 K 873 K 773 K 
Anneal 

Deposition 773 K 
Anneal 

0 ls (peak 1) 529.4 eV 
(19000) 

529.4 eV 
(19000) 

529.4 eV 
(18000) 

529.4 eV 
(16000) 

529.2 eV 
(25000) 

529.4 eV 
(22000) 

01s (peak 2) - - - - - 
CU 2P312 (80000) (81000) (88000) (87000) (63000) (73000) 
C ls - - - - 
Ba 3dm 779.5 eV 

(25000) 
779.5 cV- 
(25000) 

779.7 eV 
(22000) 

779.7 eV 
(22000) 

779.3 eV 
(35000) 

779.5 eV 
(30000) 

i ame 4. j u: AFs data for ordering of film H 
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b a* 

Figure 4.9: LEED pattern observed from film H a) with beam energy 65 eV; b) with beam energy 

115 eV; the Cu(I 11) substrate spots are the outermost of the pair of spots near the edge of the screen 

Although still rather unclear, the LEED pattern appears to consist of more than one 

domain. There seems to be a hexagonal structure with a lattice cell constant of 

5.4 (±O. 1) A. This structure is 2.1 x 2.1 with respect to the underlying Cu(I 11) 

substrate. Additionally there are other spots present that must relate to some other 

structure. With the lack of clarity, however it is not possible to make any firm 

assertions as to this structure. The hexagonal structure does not relate to a possible 

termination of the bulk structure of rock-salt-type BaO. It therefore appears as if the 

oxide adopts a structure dictated by the substrate at this thickness. 

The importance of growing ordered films is not just to investigate the conditions 

required for ordering, and thus to increase the understanding of the ordering process 

and the BaO,, films themselves, but also because the production of ordered films 

would be very useful for studying the interaction of small molecules with these 

surfaces. After all it is the study of well-defined systems that allows us to better 

understand surface chemistry at a fundamental level. Clearly from the results 

obtained in this study, there was some success in generating ordered BaO, films; 

nevertheless this success was somewhat limited. The LEED patterns obtained show 

spots that are not associated with the substrate, but the image was not very clear. This 

probably means that the film was not uniformly ordered, but that there were some 

ordered domains. Some post-deposition annealing treatment was also required to 

obtain the LEED pattern. Some breakdown of the film (evidenced by an increase in 

the substrate photoelectron peak intensity) was observed with heating and the onset 
of such changes often coincides with the ordering of the oxide. 
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4.5 Anzle-ResolvedXPS 

In order to understand ftirther the structure of the BaO. films and in particular the 

oxygen chemistry (i. e. the different oxygen species observed in the 0 ls region) 

angle-resolved XPS measurements were carried out. Two films were grown for these 

experiments which differed in deposition time and consequently also in thickness. 

Film E was grown with a deposition time of 2.5 minutes and an oxygen exposure of 
just 2x 10-8 Torr (3 L). The film was then exposed to increasingly large doses Of 02: 

5L (5 x 10-8 Toff for 100 s), 10 L (5 x 10-8 Toff for 200 s) and 20 L (5 x 10-8 Torr 

for 400 s). XPS data from these post-oxidation treatments was recorded at the normal 

electron detection emission angle of 15* to the surface normal) and is presented in 

Table 4.11. 

Film E 5LO2 IOL02 / 20 L 02 

" Is (peak 1) 528.8 eV (33000) 528.9 eV (32000) 528.9 eV (3 1000) 528.9 eV (29000) 

" Is (peak 2) 53 0.9 eV (18000) 530.6 eV (39000) 530.6 eV (40000) 530.6 eV (40000) 

Cu 2p312 (55000) (54000) (54000) (53000) 

C Is 

j 

Ba 3dm 779.4 eV (95000) 779.5 eV (99000) 779.5 eV (99000) 779.5 eV (10000 0) o) 

i aDie 4.11: x" oata ior ine post oxictation ot nim h 

The film was then flashed in vacuum at progressively higher temperatures: 723 K, 
773 K, 823 K, and 873 K. After each treatment, XPS was recorded with the usual 
emission angle of 150 from the sample normal. However after the flash at 723 K 

where two well-defined peaks were observable in the 01s region, the XPS spectrum 
of all regions was additionally recorded using emission angles of 45" and 75* (i. e. 
grazing emission). After the final flash at 873 K the 0 Is region was also recorded 
with an emission angle of 75'. All of this XPS data is summarised in Table 4.12. The 
0 Is, Cls and Ba3d5/2 regions are presented in Figures 4.10a, 4.10b and 4.10c 

respectively. 
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723 K 723 K 723 OK 773 K 823 K 873 K 873 K 
0- 15* 0=45* 0- 75" 0- 15* 0-75* 

" Is (peak 1) 528.8 eV 528.8 eV 528.8 eV 528.6 eV 528.6 eV 528.8 eV 528.9 eV 
(27000) (33000) (28000) (24000) (19000) (19000) (24000) 

" Is (peak 2) 531.5 eV 531.5 eV 531.6 eV 531.5 eV 531.3 eV e V 5312 eV 531.3, eV 531.2 eV v 

(21000) (34000) (64000) (22000) (13000) )0) (35000) (10000) (35000) )o 

Cu 2p312 (57000) (41000) (15000) (62000) (76000) (78000) 

C 19 (3500) (4300) (6000) (3000) 

I 

Ba 3dsa 779.4 eV 779.5 eV 780.1 eV 779.5 eV 779.5 eV eV 779.60 eV 

. 
1(92000) 1(107000) 1(101000) (90000) (69000) )0) )0) (65000) 

Table 4.12: APS data ot angle-resolved investigation on the post flashing of film E (greyed-out boxes 

mean that no such measurement was recorded) 

Film F was grown with a deposition time of 5 minutes (with an 02 Partial pressure of 

2x 10-8 Torr resulting in an oxygen exposure of 6 L). The subsequent oxygen 

exposures and flashing treatments were identical to the experiment with Film E. XPS 

spectra were again recorded with emission angles of 15*, 45" and 75" after the flash 

at 723 K. Furthermore the 01s region was recorded at grazing emigsion (75" off 

sample normal) after the initial deposition, after the 5L 02 exposure and after the 
873 K flash at the end. Table 4.13 surnmarises, the XPS data and the 01s, C Is and 
Ba Mst2 regions are shown in Figures 4.11 a, 4.11 b, 4.12a and 4.12b. 
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Deposition Deposition 5L 02 5L 02 10 L 02 20L02 1 
O= 15* 0-75* 0- 15* 0-75* 

" ls (peak 1) 528.6 eV 528.6 eV - 
(43000) (28000) 

" ls (peak 2) 530.9 eV 53 1.0 eV 530.6 eV 530.9 eV 530.6 eV 530.6 eV 

(29000) (76000) (73000) (111000) (81000) (77000) 

Cu 2p3t2 (25000) (26000) (27000) (27000) 

Cls 

11 li 

Ba 3d5a 779.5 eV 779.7 eV 779.7 eV 779.7 eV 

1 (140000) (160000) (160000) (150000) 

823 K 823 K 823 K 773 K 773 K 873 K 873 K 
0- 15* 0-450 0-750 0- 15* 0-75* 

" ls (peak 1) 528.6 eV 528.6 eV 528.6 eV 528.5 eV 528.3 eV 528.6 eV 528.8 eV 

(49000) (52000) (36000) (43000) (36000) (31000) (38000) 

" ls (peak 2) 531A eV 531.4 eV 531.4 eV - -- 530.9 eV 

(25000) (38000) (65000) (29000) 

Cu 2p3/2 (34000) (23000) (12000) (42000) (52000) (55000) 

CIS (2400) (3200) (4400) - 
Ba 3dm 779.3 eV 779.5 eV 779.9 eV 779.3 eV 779.3 eV 779.3 eV 

(140000) 1 (150000) (120000) (130000) (110000) (83000) 

Table 4.13: XPS data of angle-resolved investigation on the post flashing of film F (emission angles 
15* unless stated otherwise) 
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Figure 4.12: XPS data for angle-resolved investigation on the post treatment of film F flashed at each 

of the indicated temperatures a) CIs region; b) Ba 3d5/2 region; (oxidation = After exposure to 5L 02 

at room temperature) 

In the 0 Is region is that the intensity of the peak around 531.5 eV (peak 2) increases 

as the emission angle becomes more grazing. What is more significant is that the 
intensity of peak 2 increases relative to the peak around 528.4 eV (peak 1). This 

means that peak 2 (around 531.5 eV) is associated with an oxygen/oxygen- 
containing species which is localised nearer to the surface. Furthermore the Ba 3d5/2 

peak is seen to shift to higher binding energy at more grazing emission angles, this 
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being particularly pronounced at an emission angle of 75" with a shift from 779.4 eV 
to 780.1 eV for Film E after annealing at 723 K and 779.3 eV to 779.9 eV for film F 

after annealing at 723 K. This shift can have two interpretations. It is either the result 

of surface charging near the surface, or a different state of Ba which is associated 

with the oxygen species that contributes to 01s peak 2. The peak at around 289.5 eV 
in the C Is region (believed to be associated with surface carbonate) becomes more 

pronounced at increasingly grazing angles. No significant differences were found 

between film E (0.9 nm thick) and F (2.3 nm thick) that might be a result of the 
different thickness. 

With the more reproducible films (grown at an elevated substrate temperature of 
573 K and 15 L 02 during BaO. deposition), angle-resolved XPS again was carried 

out. These films had only a single 01s peak even at the most grazing angle (75). 

This is in contrast to previously grown films (i. e. not at elevated temperature) which 
had a secondary peak that was more intense at grazing emission (Le. it was 
associated with a surface species). At the most grazing angle, there was also an 
observable binding energy shift from 529.2 eV to 529.5 eV in the 0 Is data and from 

779.3 eV to 779.7 eV in the Ba 3d data. This may be the effect of surface charging. 
One further point worthy of discussion is that there was an increase in the O: Ba ratio 
with increasingly grazing emission angle. This could be evidence that the surface is 
O-terminated. However, it is also possible that this is due to a different stoichiometry 
at the surface (e. g. Ba02) or a different chemical species (e. g. Ba(OH)2). 
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4.6 Interaction with C02, and CO 

Film D, which had been grown in oxidative conditions and then subjected to flashing 

and oxidation treatments (see sections 4.2 and 4.3), was used to investigate the effect 

of exposure to C02 and CO. The grounds for investigating the adsorption of 

carbonaceous, compounds during the characterisation phase of work was to better 

understand the observed carbon chemistry of the films. For example, was the carbon 

species responsible for the C Is peak at - 290 eV attributable to surface carbonate, 
did this interaction have any bearing on the redox chemistry of the BaO. film and did 

the presence of background gases in the UHV system have an effect on the films 

being generated? 

Firstly film D was flashed in vacuum to 823 K to desorb, any surface adsorbates. A 

ftirther deposition of BaO. was carried out (14 A deposition current, 5 minutes at 5x 

10-8 Torr 02)- The film was then once again flashed in vacuum to 823 K and then, 

after cooling, exposed to 10 L 02 (5 X 10-8 Torr for 200 s). The cycle of deposition, 

flashing and exposure to oxygen was repeated one further time. XPS was recorded at 

all stages, but only spectra for the final film (labelled "pre-exposure") are shown 
here. The film was then exposed to firstly 0.5 L C02 (5 x 10-8 Toff for 10 s) and 

secondly 5L C02 (5 x 10-8 Toff for 100 s). XPS was recorded, paying particular 

attention to the 01s and C ls regions. The XPS data is shown in Table 4.14 and the 

0 Is, C Is and Ba 3d5/2 regions are displayed in Figure 4.14a, 4.14b and 4.14c 

respectively, 

Pre-exposure 0.5 L C02 5L C02 

" ls (peak 1) 528.2 eV 528.3 eV 528.3 eV 
(57000) (53000) (49000) 

" Is (peak 2) - 53 1.0 eV 531.2 eV 
(32000) (45000) 

CU 2PM (45000) (43000) (39000) 

C ls 284.3 eV 284.5 eV 284.5 eV 
(3000) (2500) (2500) 

lp ls - 289.5 eV 289.5 eV 
(carbonate) (4300) (6200) 

Ba 3d5a 778.9 cV 779.1 eV 779.3 eV 
(160000) (147000) (147000) 

& au ic t. i, #. 
4%ra uata tor ine aasorption oi tU2 al rOOM teMPeratUre 
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The same surface (Film D after ftuther BaO, deposition and C02 exposure) was then 

flashed in vacuum to 823 K to desorb the adsorbed C02. It was then exposed to 10 L 

02 (5 x 10-8 Torr for 200 s) and flashed once more in vacuum to 823 K. Finally the 

film was exposed to 5L CO (5 x 10's Torr for 200 s). YPS data was recorded and is 

presented in Table 4.15. Additionally the 0 Is and Ba 3d5/2 region are shown in 

Figures 4.15a and 4.15b respectively. 

50011C 10 L 02 5500C 5LCO 

" ls (peak 1) 528.6 eV (43000) 528.6 eV (46000) 528.5 eV (48000) 528.6 eV (48000) 

" ls (peak 2) - 53 1.0 eV (22000) - 53 1.0 eV (22000) 

Cu 2p3a (36000) (39000) (39000) (41000) 

Cls - 184.3 eV (2300) - 184.3 eV (2300) 

C 13 

(carbonate) 
present but v small 
difficult to quantify 

- present but v small 
difficult to quantify 

Ba 3dm 779.4 eV 
(131000) 

779.4 eV (136000) 779.4 eV 
(133000) 

779.6 eV (139000) 

Table 4.15: XPS data for the exposure to ()2 and CO at room temperature 

The 0 Is region clearly shows the emergence of a peak at a binding energy of around 
531.0 eV after exposure to C02,, which increases in intensity with increasing 

exposure. At the same time there is the appearance of a peak in the C Is region at 
289.5 eV and the intensity of the original 0 Is peak (at 528.2 eV) decreases slightly. 
This is unequivocal evidence for the adsorption Of C02 to forni a surface carbon and 

oxygen-containing species. It was hoped that this would provide clear evidence that 
the peak observed for as-grown films in the C Is region peak at 290.1 eV was due to 

surface carbonate, resulting from adsorption of background C02 in the analytical 

chamber during the oxide deposition process. Although it demonstrates that C02 

adsorption can occur, it cannot be definitively concluded that these two carbon 
species are the same. The 0.6 eV binding energy difference between them suggests 
that they may be different. Ile slight attenuation of the 0 Is peak at 528.2 eV 
(believed to be lattice 02) could be due to either attenuation from the carbon 
containing species on the surface. There is also a slight increase in Ba 3d5/2 binding 

energy from 779.4 eV to 779.6 eV, which may represent the different binding energy 
of Ba in BaC03. The binding energy values for 0 Is and C Is are -I eV lower than 
literature values for BaC03.32 
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Figure 4.15: XPS data for the exposure of film D to CO a) 0 Is region; b) Ba 3d5/2 region; (Oxidation 

= after exposure to 10 L 02 at room temperature) 

Peak fitting and normalisation of the C Is peak at 289.5 eV and the 0 Is peak at 
531.2 eV, both believed to be attributed to carbonate, reveals a stoichiometric ratio of 
4.4. This value is very close to value obtained for film A, which was believed to 

consist mostly of BaC03. This strongly suggests that the difference between these 

values and the expected value of 3 for carbonate is largely due to the choice of 

atomic sensitivity factors. Furthermore if the reaction is C02 + BaO --> BaC03, and 
the 0 Is peaks at 528 eV and 531 eV are associated with lattice oxygen and 
carbonate respectively, then one would expect the increase in the 531 eV peak to be 
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approximately 3 times the decrease in the 528 eV peak. Peak fitting reveals the value 

to be 2.8 which is in good agreement and strongly supports the above explanation of 
the data. Since this calculation tequiteý no correction with atomic sensitivity factors, 

the value obtained should be more accurate than calculations of metal oxide 

stoichiometries. 

The similarity of the 0 Is region after 02 exposure and CO exposure is striking. 

Either this shows that an 0 species formed upon 02 adsorption is the same as the one 

formed upon CO adsorption, or the similarity is purely coincidental. It is a little odd 

that 02 and CO exposure should have such a similar effect on the film, since 02 is an 

oxidising agent and CO a reducing agent. Unfortunately the C Is region does not 

give any clues as to the possibility of carbon/oxygen-containing species. The only 

conclusion drawn from the C Is region is that there is no significant amount of 

carbon at any stage (in contrast to the results obtained from the C02 exposure 

experiment discussed above). Nevertheless, it is just possible that oxygen was 

reacting with carbon on the surface to form a carbon/oxygen-containing species 
(such as carbonate) and that CO interaction produces this same species. The shift in 

Ba 3d peak upon CO exposure may seem like an insignificant amount (0.2 eV), but 

(see Figure 4.15b) it is clearly a genuine shift. Such a shift would be indicative of 

reduction, which would be anticipated with CO. 

The adsorption of CO was investigated with the more reproducible films (grown at 
an elevated substrate temperature of 573 K and 15 L 02 during BaO. deposition). CO 

was dosed in increments of 0.5 L, 5L and 20 L, each time recording XPS at an 
emission angle of 75" (i. e. grazing). Upon adsorption of CO there is a slight increase 
in electron emission to the higher binding energy end of the 0 Is peak with 
increasing exposure to CO, probably due to the emergence of a secondary XP peak 
(associated with adsorbed CO, or some induced change in the oxygen chemistry on 
the BaO. surface. Coinciding with the secondary peak increase is attenuation of the 
primary 0 Is peak (perhaps due to attenuation due to the overlayer (increasing elastic 
collisions), or transfer between species - attenuation of Ba and Cu peaks seems to 
suggest the forrner. There is however no evidence in the C Is region, with no 
appreciable change in binding energy of the CIs peak with CO dosing. 
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Figure 4.16: XPS data for the exposure to CO (0 1s region) 

Immediately after CO adsorption, the film was flashed to 723 K whilst recording 
TPD, but there is no TPD evidence to support the desorption below 723 K and the C 

Is region data was confused by the adsorption of further CO/CO2 from outgassing 
during the heating. 
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4.7 TPD Studies 

Prior to any studies of the oxide films, a blank TPD experiment was carried out in 

which the clean Cu(1 11) substrate was heated up to 873 K whilst recording Mlz = 2, 

18,28,32,44,138,154 and 170. The purpose of the blank experiment was to show 

the change in background gas pressures while heating. The data is shown in Figure 

4.17, from which it can be seen that there are significant increases in the H2 and CO 

levels during heating of the crystal. 

1. E-08 

1. E-09 

Co 

1. E-10 

I 

LO Cl) 
(D 000000000 

LO 0 LO 0 W) 0 1jr) 0 LC) 
(0 co I- r- co OD 

Temp /K 

Figure 4.17: TPD spectrum for blank test (heating of the clean substrate) 

An increase in these partial pressures can be expected since parts of the system (in 

the proximity of the sample being heated) outgas as they become heated. It is 

essential to know what these profiles look like so that they can be disregarded when 

analysing results from desorption experiments with a film. It must however be 

recognised that these profiles can depend upon the state of the system, e. g. if the 

crystal is being heated for the first time after an extended period at ambient 

temperature then one might expect to see more outgassing than if it has recently been 

heated. 

It was hoped that TPD studies of species desorbing from the oxide surfaces would 

shed some light on the nature of the films. BaO,, films were generated by deposition 

onto the Cu(I 11) substrate for 5 minutes at ambient temperature using a deposition 
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current of 14 A producing films of 1.5 nm - 2.3 nm estimated thickness. Films L and 

M had their main 0 Is peak at 530.6 eV with shoulders at around 528.6 eV, whereas 

films N and 0 had the major 01s peak at 528.5 eV and smaller peaks at 531.2 eV. 

The films were then heated to 873 K (except film 0) whilst recording Mlz = 2,18, 

28,32,44,138,154 and 170 on the mass spectrometer. After this heating XPS data 

showed breakdown of the films and loss of oxygen and carbon. The TPD data 

showed a broad H20 desorption peak with maximum around 473 K and smaller 

peaks associated with C02 at 503 K-518 K, 683 K-703 K (but not for films N and 0) 

and 813 K-838 K. It was difficult to detect CO desorption, especially approaching 

873 K, due to the rising background signal, as seen in the blank experiment. Figure 

4.18 shows the TPD spectrum for film L with the features described above. 
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Figure 4.18: TPD spectrum for film L 

The H20 desorption could be due to dehydration of the surface of the oxide, or 

possibly to the decomposition of some hydroxide present in the film. After heating 

the 0 Is region of films L and M transformed to two peaks at 528.8 eV and 531.2 eV 

with a reduction in intensity. There was also a reduction in the intensity of the Ols 

region for films N and 0 upon heating, but no binding energy shifts. Film 0 was 
heated only to 723 K during TPD and interestingly only the 0 Is peak at 531.2 eV 

reduced in intensity. This suggests that the desorption of H20 at around 473 K is 

related to the reduction of the 0 Is peak at 531.2 eV. Only small shifts in the Ba 3d5/2 
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peak were observed, but reductions in intensity were observed, more so for those 

films heated to 873 K. 

TPD on the more reproducible films (grown at an elevated substrate temperature of 

573 K and 15 L 02 during BaO, deposition), revealed that the H20 desorption (mlz = 

17,18) was much reduced (as anticipated). There was a C02 (mlz = 44) desorption 

peak at around 763 K and there was a broad CO (nilz = 28) desorption as seen in the 

blank test, but which included a defined peak at around 603 K. 
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Figure 4.19: TPD spectrum for reproducible film 

Comparison of the XP spectra before and after the TPD run showed that the 01s 

peak shifted from 529.2 eV to 528.9 eV and reduced to about half its original 
intensity. The Ba 3d5/2 peak did not shift, but did reduce in intensity, although not as 

much as the 01s peak. Clearly this data represents breakdown of the film, with a 

reduction in O: Ba ratio. 
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4.8 Summarv 
BaO. films on Cu(I 11) have been grown in UHV by direct deposition of BaO.. The 

effect of different growth conditions and post-growth treatments were investigated 

by XPS. These films exhibited a complicated oxygen chemistry with transformation 

between different forms being brought about by different preparation conditions and 

post-deposition treatments. It is possible that small concentrations of background 

gases in the UHV analytical chamber and instability of the deposition source may 

have affected the films grown. In agreement with previous XPS studies of BaO, it is 

believed that the 0 Is peak at about 528.4 eV is due to 02- in the BaO lattice. 

However there are a number of other 0 Is peaks at a higher binding energy, which 

appear to be the result of a number of different species. After vacuum annealing to 

773 K there was significant breakdown of the BaOx film and disappearance of the 

higher binding energy 0 Is peak, which was restored after re-exposure to 02. 

Furthermore, there is evidence in the angle-resolved XPS studies that the higher 

binding energy 0 Is peak is associated with a higher binding energy state of Ba 3d 

and that this species is located at or near the surface. Additionally TPD shows 
desorption of H20,, which also appears to be associated with a higher binding energy 
0 Is peak. In any single case it is difficult to say whether the higher binding energy 

peak relates to the peroxide (02 2) 
, hydroxide (OH), carbonate (C03 2) or some other 

oxygen-containing species. The exact assignment of different 0 Is peaks would be 

speculative from the data obtained. By depositing BaOx at an elevated temperature 

(573 K) it was possible to obtain much more consistent films with just one 01s peak 

at 529.2 eV. LEED data suggested some long-range ordering of the oxide films, 

probably with multiple domains. Rapid C02 adsorption at room temperature has been 

evidenced from the emergence of an additional 0 Is XP peak to higher binding 

energy, additional C Is peak to higher binding energy and a shift to higher binding 

energy of the Ba 3d peak. It is believed the C02 adsorption results in the formation of 
a surface carbonate. XPS data also shows some interaction of the BaO,, film with 
CO, resulting in the appearance of an additional 0 Is XP peak to higher binding 

energy, which is evidence of either CO adsorption or a CO-induced change in the 
BaO. film chemistry, such as reduction. 
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5.1 Literature Review of VO, Surface Science Studies 

Titanium dioxide single crystal surfaces are the most researched oxide surfaces in 

fundamental surface science. This in part reflects the importance of understanding 
Ti02 surface chemistry, but also the availability of single crystals of this material and 
their suitability for study by UHV surface analysis techniques. 

5.1.1 Motivationfor Surface Science Studies 
One of the main applications of Ti02 is in heterogeneous catalysis where it usually 

finds a role as support material. This has led to much research activity in the growth 

of metals on well-defined titanium dioxide surfaces. " Recently there has been 

particular interest in the Au/Ti02 system. This is as a result of the finding that finely 

dispersed Au on reducible oxide supports (e. g. TiO2) has extra-ordinary activity for a 

range of low temperature catalytic reactions, including partial oxidation of 

hydrocarbons, reduction of nitrogen oxides and notably for CO oxidation. 4-6 TES 

discovery has led to a number of studies on the morphology of Au particles dispersed 

on rutile Ti020 10). 7-9 However, there are presently no studies of Au nanoparticles 

on anatase surfaces (which is the form of titania found in the majority of commercial 

catalysts). The findings of those studies on the Au/Ti020 10) system reveal that the 

size of Au particle must be very small (e. g. diameter <5 rim) if high catalytic activity 

is to be observed, and that the role of support material (i. e. the interactions between 

Au and support material) is very important - perhaps not surprising as neither Au nor 

Ti02 on their own have much activity for CO oxidation. 

Ti02 also has some interesting photochemical properties and the photocatalytic 
degradation of organic molecules to C02 and H20 has led to applications in water 

purification, bacterial disinfectants and development of self-cleaning coatings - to 

name but a few. 10 Similarly Ti02 can also remove common air pollutants, such as 
S02 and nitrogen oxides. " Ti02 has also been known for some time to be active in 

the photolysis of H20, where it is believed that surface defects play an important 

role. 12 

Asides from catalysis and photocatalysis there are many other applications of Ti02, 
in which understanding of the surface chemistry is important. In particular Ti02 has 
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been researched as a gas sensor for 02.13 Additionally Ti02 is used as a paint 

pigment, 14 in optical coatings 14 and in electrical devices. 16 

In previous research TiO,, films have been grown on Cu(I 00) substrates by oxidation 

of deposited Ti metal 17,18 and CVD'9 and investigated by AES, XPS and LEED. 

There appears to be no research on the growth of TiO,, on Cu(I 11). 

5.1.2 Bulk Structure 

Titatium dioxide (Ti02) is by far the most important oxide of titanium. Other well- 

defined stoichiometries include titanium (111) oxide (Ti203) and titanium pentoxide 

(T605). Titanium dioxide crystallises in a number of different structures, the most 

important being rutile and anatase. These bulk structures differ in the packing of the 

array of 0 2- anions, which is hexagonal in rutile (with half the octahedral sites 

occupied by Ti2+) and cubic in anatase. Rutile has the P42/Mnm (136) space group 

and comprises a body-centred cubic arrangement of the Ti4+ cations each of which is 

surrounded by an octahedra of 02- anions (the Ti-O bonds being elongated along one 

axis). The distorted Ti06 octahedra run parallel along the c-axis and the centre 

octahedra are rotated 90' with respect to the comer octahedra so that they are comer 

sharing (see Figure 5.1). The lattice cell parameters have been determined to be a=b 

= 4.59 A, c=2.95 A 
. 
20,2 1 Anatase has the 141/amd (141) space group and comprises 

Ti06 octahedra connected through the edges of neighbouring units (see Figure 5.1). 

There is significant deviation from 90' in the O-Ti-O bond angles. The lattice cell 
20,22 parameters have been determined to be a=b=3.78 A, c=9.50 A. 

Figure 5.1: Unit Cells of Rutile (left) and Anatase (right)23 
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5.1.3 Surface Structure 

The low index surfaces (110), (001) and (100) of rutile have all been studied. The 

Ti020 10) surface has the lowest surface energy of the low index surtaces 
24 

and has 

been found to be the most stable. Formation of the Ti02(110)-(l xI) surface results 

in 6-fold co-ordinated Ti atoms, alternating with 5-fold co-ordinated 'I'l atoms with a 

dangling bond. 3-fold 0 atoms and 2-fold bridging 0 atoms are also created. 

Figure 5.2: The RutileTiO, (I 10)-(l -I) Surfacel" 

Despite the stability of this surface reconstruction and restructuring occurs at high 

temperatures under oxidising or reducing conditions. Annealing in Ul IV leads to a 

flat (I x I) reconstruction. Reducing conditions have been found to render a variety 

of reconstructions, including (I x 2) formed, it is believed, by adding a row of' 

Ti'103 25 or missing a unit. 26 Relaxations have been found to extend Car into the bulk 

structure by both theoretical 27,24 and empirical studies . 
29 Surface defects play an 

important role in the properties of the Ti020 10) surface, the most common dctect 

being oxygen vacancies. 29 

On Ti02(100) surfiaces a (I x 1) reconstruction has been observed with LFFD, and 
STM and AFM images are also consistent with this sufface . 

30 This surface is highly 

corrugated and consists of rows of 2-fold co-ordinated 0 atoms at the end of each 

ridge connected to 5-fold co-ordinated Ti atoms, connected to 3-l'old co-ordinated 0 

atoms. 
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2-told 0 

Figure 5.3: The unreconstructed rutile TiO, (100)-(I x 1) Surface") 

The Ti02(001) surface consists of 4-fold Ti atoms and 2-fold 0-atoms and has the 

highest surface energy of the surfaces described so far. Thus there is a strong 

tendency for reconstruction and this has been consistent with observations by 

LEED 31,32 and STM. 33 

Figure 5.4: The unreconstructed rutile TiO,, (00 I) Surface 10 

Although rutile, especially the (110) surflace, is the most widely researched, 
industrial catalysts actually contain more anatase 34 and it is believed that in many 

cases this is the more active form Of Ti02. The (101) surface is the most 
thermodynamically stable of the common anatase truncations. 35,36 Although there 
have been only a handful of well-defined surface studies, it is believed 37 that the 
(101) surface exhibits a saw tooth-like structure consisting of Ti atoms at terraces 

with 5-fold and 6-fold co-ordination and Ti atoms at step edges with 4-fold co- 

ordination. In addition to 3-fold co-ordinated 0 atoms, the 0 atoms at the ridges Of 
the saw tooth-like structure are 2-fold co-ordinated. 
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r 

F igure 5.5: Proposed structure of the Anatase TiO, ( 10 1) Surface 10 

5.1.4 Surface Chemistry 

The interactions of molecules with all kinds of Ti02 surfaces, in particular rutile 

(I 10), have been extensively researched and are reviewed quite comprehensively. 10,38 

All surfaces discussed here are rutile unless stated otherwise. The adsorption of 

water has received considerable attention, with empirical studies 39-42 and many 

theoretical studies. 43,44 It is believed that the first layer of' ll-, O molecules adsorb at 

the 5-fold Ti4+ sites of the Ti020 10) surface. 39 A distinct second state has been 

observed by TPD to desorb at 180 K. Another author 40,4 1 has flound water adsorption 

on Ti020 10) to be dissociative or molecular depending upon the cxposure. The 

second water layer, however, is believed to interact mostly with the bridging 0 sites. 

An STM study 42 on this surface supports dissociative adsorption and suggests that 

there are terminal -OH groups at the T i4ý sites at step edges. Despite some 

disagreements in the literature, on the whole empirical studies, including STM, agree 

that dissociative adsorption occurs at defect sites, but that 1120 molecules are 

adsorbed molecularly on flat terraces. '() There does however seem to be a general 

disagreement between the empirical findings that H20 dissociates only at defect sites 

and the many theoretical studies that predict dissociative adsorption on the main 

surface. On the anatase (10 1) surface, water adsorption has been found by a '1-111) and 

XPS study, to be entirely molecular, 
10,45 

which is in agreement with theoretical 
46 

studies of this system . 

Oxygen is well known to interact strongly with partial I y-reduced 'r, 02 surfaces, 

filling up O-vacancies. It has been suggested by a study encompassing temperature- 
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progmmmed desorption (TPD), isotopic labelling studies, sticking probability 

measurements, and electron energy loss spectroscopy (ELS)'47 that at 120 K, a 

surface with 8% vacancies has a satumtion coverage Of 02 which is three times the 

concentration of vacancies. This has been explained in terms of adsorption of 02- 

species, near the vacancies. Hydrogen, carbon monoxide and carbon dioxide are 

found to interact weakly with the clean Ti02(110) surface. High pressures / 

exposures (105 L) were required for adsorption of molecular H2 to cause additional 

emission peaks in UPS data. 48 Atomic H, however has been found to stick to the 

Ti020 10) surfaces at room temperature. 49 Other researclý0,51 has found O-vacancies 

on the TiO2(I 10) surface to act as adsorption sites for H2 and CO. 

Due to the use of Ti02 in some environmental catalytic applications, the interaction 

of TiO20 10) with nitrogen oxides has received some interest. Upon interaction of 

NO with O-vacancies on the Ti020 10) surface, N20 is produced according to TPD 

studies. 52 In other research53,54 involving SHG, XPS and UPS, it has been found that 

N20 "heals" defects on the Ti02(1 10) surface, but that no N remains on the surface. 

A modelling study has suggested that N02 adsorbs on the Ti020 10) surface 

predominantly through formation of surface N03 as a result of disproportionation on 
55 Ti sites. Ammonia is known to adsorb molecularly on Ti020 10) at room 

temperature and bonds with the N-end down on the 5-fold co-ordinated Ti sites. 10,56 

Sulfur-containing compounds have also received some research interest. Although 

S02 has been found to interact only very weakly with stoichiometric Ti02(110)1151 

there was a strong interaction with sputter-induced defects, which leads to them 

being oxidised completely at room temperature. Furthermore, no XPS evidence of S- 

0 bonds were found, so it is believed the S atom binds to Ti sites forming TiS2-like 

structures. Likewise, interaction of Ti020 10) surfaces with 1-12S is weak, but 

adsorption has been observed on sputtered surfaces. 57 

Many organic molecules have also been studied in terms of their interaction with 
Ti02 surfaces. In particular, formic acid and other carboxylic acids have received 

much attention. Formic acid is well-known to interact strongly with rutile surfaces 58 

and to dissociate resulting in formation of a surface formate species and surface 
hydroxyl group. The formate ion bonds to two 5-fold co-ordinated Ti atoms in a bi- 

dendate manner. 59,60 Additionally it is has been shown by RAIRS, that formate ions 
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can bond to oxygen vacancies, 61 but this is considered a minority species. On the 

Ti020 10XI x 1) surface, one formate ion per every 2 unit cells (or exposed 5-fold 

co-ordinated Ti atom) was found at saturation coverage below 350 K, thus forming a 

regular p(2 x 1) structure. At cryogenic temperatures both fonnate ions and 

molecularly adsorbed formic acid molecules have been observed, the molecularly 

adsorbed multilayers desorbing at 164 K. 62 Acetic acid interacts with rutile surfaces 
in a similar manner to formic acid, forming a surface acetate species and a hydroxyl 

group. 58 

Adsorption of methanol has been investigated on a variety of rutile surfaces. A 

study63 utilising XPS, UPS, LEED and TPD found that molecular adsorption of 
CH30H occurs at 289 K on Ti020 10). Another stud Y64 on Ti02010) with 8% 

vacancies gave rise to a TPD peak at 480 K, believed to be recombinative desorption 

of dissociatively adsorbed CH30H. Tbeoretical studies also support both molecular 

and dissociative adsorption. 65 Dissociative adsorption is believed to occur by 

breaking of the O-H bond of CH30H, resulting in formation of a surface methoxy 

species and a surface hydroxyl group (probably on a bridging 0 atom). 
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5.2 Growth in Different Conditions 

During the initial studies, Ti metal was deposited and then oxidised in small 

increments to establish the required 02 exposure to completely oxidise the base 

metal. Film A was generated by depositing Ti onto the clean Cu(III) substrate at 

room temperature for 5 minutes at a deposition source current of 2.25 A. From the 

attenuation of the substrate photoelectron peak, the thickness of Ti was estimated to 

be 1.2 nin. Oxidation was then carried out in four 10 L 02 increments at 673 K. After 

each exposure the 0 Is, Cu 2p, C Is, Ti 2p regions and a survey scan were recorded 

in XPS. After oxidation the Ti 2p peak (see Figure 5.6a) was seen to shift to higher 

binding energy, as expected, but was not very well defined, suggesting that lower 

oxidation states were present in addition to Ti4+ 
. The 0 Is peak (see Figure 5.6b) 

increased in intensity and shifted to lower binding energy upon increasing exposure 

to 02. The thickness of the final oxide film was estimated to be 2.8 nin. The binding 

energy of the Ti 2P3/2 peak is around 458.7 eV. Literature values for the Ti 2p peak 

attributed to Ti4+ ions varies widely due to the effect of surface defects, 10 however 

458.5 eV is commonly used as the standard. 66 In carefully calibrated spectra 

459.3 eV has been found for formal Ti4+. 10 The values for reduced states of Ti also 

vary somewhat, however one author gives values of 457.2 eV and 455.3 eV for Ti3+ 

and Ti2+ respectively. 67 

To test the effect of different preparation conditions on the structure and properties of 

the TiO. films generated, a number of films were grown with different parameters 

and these films characterised at different stages by XPS. Films B, C and D were 

grown by deposition of Ti metal for I minute, which was then exposed to 10 L (200 s 

at 5x 10-8 TOff) 02 at ambient temperature and then 20 L (400 s at 5x 10'8 Torr) 02 

at an elevated temperature (623 K, 823 K and 773 K for B, C and D respectively). 
The reason for ambient temperature oxidation was to oxidise the deposited metal to 

some extent before annealing, as otherwise the heating might lead to migration of the 

Ti metal into the Cu substrate before oxidation occurs. 
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Figure 5.6: XPS data for stages of film A growth a) Ti 2p region; b) 01s region; (Substrate = clean 

Cu(I 11) substrate; Deposition = after deposition of Ti metal for 5 mins at 2.25 A; Oxidation = after 

exposure to 10 L 02 at 673 K) 

The process of metal deposition, ambient temperature oxidation and elevated- 

temperature oxidation was repeated a number of times to generate thicker titania 

films. A further film, film E, was generated in the same way as film D; partly to test 

reproducibility and partly to focus on other measurements (e. g. LEED and angle- 
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resolved XPS discussed in following sections). Film F was grown in a quite different 

manner to see if there would be a significant difference in the sample structure 

obtained as had been found in other research. 69 Oxidation of the Ti metal was 

achieved during metal deposition rather than afterwards, as had previously been the 

case. To reduce the possibility of Ti and 0 diffusing into the substrate, a temperature 

of just 673 K was used. An 02 partial pressure of 2x 10-7 Torr was employed for the 

2 minutes of Ti deposition, which corresponds to an exposure of 24 L. Two such 

cycles of metal evaporation in an oxidising environment were carried out. The 

preparation conditions of the films generated in this phase of research are 

surnmarised in Table 5.1. 

Film Cycles Deposition Oxidation during Oxidation at Oxidation at Elevated 
Time Deposition Ambient Temp Temp 

A - 5 min - 4 increments of 10 L 

02 at 673 K 

B 5x I min 10 L (200 s at 5x 20 L (400 s at 5x 10-" 

10-3 Toff) Torr) at 623 K 

C 6x I min 10 L (200 s at 5x 20 L (400 s at 5x 10-" 

10-8 Torr) Torr) at 823 K 

D 5x I min 10 L (200 s at 5x 20 L (400 

10-8 Torr) Torr) at 773 K 

E 4x I min 10 L (200 s at 5x 20 L (400 s at 5x 10-" 
I G"8 Torr) Torr) at 773 K 

F 2x 2 min 24 L (2 x 10'-' 

i Toff) at 673 K I I 

'lable. ). I: liL),, tilms anct tne conaltions uncierwnicii they were grown 

The thickness of the final film obtained in each case was estimated from the 
attenuation of the Cu 2P3/2 photoelectron peak, and is shown in Table 5.2 

Film dro. /nm 

A 2.8 

B 2.9 

c 1.9 

D 1.4 

E 1.8 

1.8 

Fable 5.2: Estimated thickness of TiO, films 
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In the case of films B, C and D (where the deposited Ti metal was oxidised at both 

ambient temperature and elevated temperature), it was apparent from the binding 

energy of the Ti 2P3/2 peak that oxidation of the base metal had occurred even after 

exposure to 02 at ambient temperature on the first cycle (see Figure 5.7a and 5.7b). 

In fact the following exposure to 20 L Of 02 seemed to have relatively little effect on 

the spectra, other than leading to a slight increase in 0 Is intensity. Incidentally, the 

feature at 455 eV in the substrate spectrum shown in Figure 5.7a is due to the Cu 

Auger transition seen for the substrate only scan and not a reduced state of Ti, since 

this feature is present on all the Ti 2p regional spectra from films of comparable 

thickness. 
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Figure 5.7: XPS data for cycle I of film B growth a) Ti 2p region; b) 0 Is region; (Oxidation I= after 

exposure to 10 L 02 at room temperature; Oxidation 2= after exposure to 20 L 02 at 623 K) 
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At this stage in the preparation the Ti 2p region was still poorly defined suggesting 

either the presence of multiple oxidation states, or at least a very inhomogenous film. 

With subsequent cycles of deposition and oxidation (see Figure 5.8), the peaks in the 

Ti 2p and 0 Is regions show a steady increase in intensity, whilst the Cu 2p peak 

shows a steady decrease in intensity, reflecting the growth and increasing thickness 

of the titania films. 
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Figure 5.8: Ti 2p region for cycles of growth of film C (Cycle = after I min of Ti metal deposition, 

exposure to 10 L 02 at room temperature and 20 L 02 at 823 K) 

As is shown in Table 5.2, the estimated final thicknesses of films B, C and D are 
2.9 nm, 1.9 nm and 1.4 nrn respectively. All discussions of inaccuracies in film 

thickness estimation aside, the values obtained should be consistent within 
themselves, and therefore the differences above (especially those between film B and 

other films) are quite significant. One possibility is that the oxide film is somewhat 
unstable at higher oxidation temperatures, and some "decomposition" (e. g. diffusion 
into the substrate) occurs once the 02 dosing and heating cease and the film is 

exposed to vacuum at high temperature whilst cooling or during the oxidation itself. 
Alternatively the differences may represent a different morphology in the films 

grown with higher oxidation temperature (as was discussed in chapter 3 in the case 

of chromium oxide films). 
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It is interesting to compare how well-defined the Ti 2p peaks are for films B, C and 

D after completion of growth, to see what effect the temperature of oxidation has. 

Due to the difference in thickness of these three films, however, the data in Figure 

5.9 has been normalised by dividing the electron counts by the estimated thickness of 

the film. As expected, this manipulation makes all three spectra appear to have the 

same Ti 2p intensity. It is now however much easier to compare the spectra and we 

see that the peak profile for film B, grown at just 623 K, is clearly less well-defined 

with shoulders on the low binding energy side of both of the Ti 2p doublet peaks. In 

contrast, the Ti 2p peaks for films C and D grown at a higher temperature (823 K and 

773 K respectively) are better (though not perfectly) well-defined. Any difference 

between the Ti 2p spectra of films C and D are negligible. The other point to make is 

that there is no clear difference in the peak binding energy between these three films 

in the Ti 2p spectra. 
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Figure 5.9: A comparison of the Ti 2p region for films B, C and D 

The XPS data for film F, which was grown by oxidation during Ti deposition, 

showed the expected attenuation of the Cu 2P3/2 signal, from which an oxide film 

thickness of 1.8 run was estimated after the two cycles. The 0 Is region seemed 

reasonably well-defined, but the Ti 2p peak profile was very poor (see Figure 5.10). 

This raises the question of whether Ti diffusion was occurring into the Cu substrate. 
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Figure 5.10: Ti 2p region for growth of film F (Deposition/Ox idat ion = after deposition of Ti metal for 

2 mins whist exposing to 24 L 02 at 673 K) 

After the second step of growth, the Ti 2p spectrum much more closely resembles 

those seen for the other films, but the peaks are still poorly defined and there is 

clearly a significant shoulder on the low binding energy side of the main peak. This 

strongly suggests the presence of more than one Ti-species. 
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5.3 Post-Deposition Treatments 

A variety of post-deposition treatments were carried out on the films discussed in the 

previous section. These treatments included annealing in vacuum, annealing under a 

pressureOf 02and further exposure to02 at ambient temperature. The purpose of 

such treatments was to elucidate specific information on the films (such as thermal 

stability) and to attempt to attain a better-defined peak structure in the Ti 2p regions 

of the XPS data. As discussed in section 5.2, all of the films had relatively poorly- 
defined Ti 2p spectra, suggesting the presence of different states of Ti ions. It was 
found that the spectra of films gown at higher oxidation temperature were better 
defined, but these still compared poorly with those from Ti02 single crystals. What 

would be the effect of post annealing? 

Film A, which was oxidised in increments at 673 K, was annealed to 873 K for 5 

minutes in vacuum to test the thermal stability and to see if this treatment would 
improve the uniformity of the film. After this treatment there was only a small 
decrease in the intensity of the Ti 2p and 01s peaks relative to the Cu 2p peak, 

suggesting that this film was reasonably thermally stable. However there was no 

clear improvement to the peak structure in the Ti 2p region (see Figure 5.11 a). 

Film B, which was oxidised at 623 K, was then exposed to a further 20 L 02 at 

ambient temperature to see if it had lost any oxygen whilst cooling down from 623 K 

(see Figures 5.12a and 5.12b). A very slight increase in 0 Is peak was observed. The 

TiO,, film was then exposed to 20 L 02 at 723 K, 773 K and 823 K, each time 

allowing to cool in UHV before XPS data was recorded (see Figures 5.12a and 
5.12b). After each fin-ther heating in 02 the Ti 2p doublet became significantly better 

defined. This trend was accompanied by a slight decrease in 0 Is peak intensity and 
a smaller decrease in Ti 2p3/2 peak intensity. This seems to suggest that a higher 

temperature is required to generate well-defined Ti02 films- Some "breakdown" of 
the film (e. g. oxide aggregation/sintering) is evident from the reduction in 0 and Ti 

peak intensities. The binding energy of the Ti 2P3/2 peak is 458.9 eV and this slowly 
increased to 459.1 eV with increasing temperature of oxidation. 
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Figure 5.11: XPS data for film A before and after annealing at 873 K for 5 mins in vacuum a) Ti 2p 

region; b) 01s region 
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Figure 5.12: XPS data for film B before and after exposure to 20 L 0, 
- at each of the indicated 

temperatures a) Ti 2p region; b) 01s region 

Peak fitting and normalisation of the data obtained after annealing at 823 K (i. e. 

when the Ti 2p region is better-defined) gives an O: Ti ratio of 1.6. This is nearest to 
Ti203 stoichiometry, but as previously mentioned some caution is required when 

regarding these values as absolute. 

Film C, which was grown at 823 K, was subsequently exposed to 10 L 02 at ambient 

temperature, and then exposed to 20 L 02 at a temperature of 823 K (see Figures 
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5.13a and 5.13b). The latter step improved the definition of the Ti 2p peaks, albeit 

very slightly and not as much as the treatments to film B. 
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Figure 5.13: XPS data for film C before and after oxidation treatments a) Ti 2p region, b) 0 Is region-, 

(Oxidation I- 10 L 02 at room temperature; Oxidation 2= 20 L 02 at 823 K) 

Film E, which was grown at 773 K, was then exposed to 40 L 02 at 773 K and this 

was carried out twice (see Figures 5.14a and 5.14b). With this further oxidation the 0 

Is peak was seen to increase very slightly in intensity, and shift very slightly to lower 

binding energy consistent with an increase in oxidation state of the Ti. The Ti 2P3/2 
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peak became better-defined, which shows that the additional oxidation treatments 

successfully shifted the Ti to its 4+ oxidation state and Ti02 stoichiometry. The O: Ti 

ratio was estimated to be 1.7 by peak fitting and normalisation. 
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Figure 5.14: XPS data for film E before and after oxidation treatments a) Ti 2p region; b) 0 Is region; 

(Oxidation = after exposure to 40 L 02 at 773 K) 

Film E was then annealed at 773 K, 823 K, 873 K and 923 K each time for 5 minutes 
in vacuum (see Figures 5.15a and 5.15b). It appears that this treatment did not lead to 

a significant improvement in the Ti 2p region. Additionally the annealing led to 

significant breakdown of the film as evidenced by decreases in the intensities of the 
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Ti 2p and 01s peaks relative to Cu 2p. The estimated film thickness decreased from 

1.8 nm. to 1.0 nm as a result of these high temperature treatments. One might ask 

whether the changes to the film are associated with loss of oxygen by desorption into 

the vacuum or diffusion into the substrate. Examination of the XPS data, however, 

does not support this theory, since there is no decrease in the O: Ti ratio. The reason 

that film A appears more thermally stable than film E probably has less to do with 

the different preparation conditions (and resultantly different structure) and rather 

more to do with the fact that film A was annealed just once (at 873 K), whereas film 

E was annealed at 773 K, 823 K, 873 K and 923 K. 
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Figure 5.15: XPS data for film E before and after annealing in vacuum at each of the indicated 

temperatures a) Ti 2p region; b) 0 Is region 
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Film F, which was grown by oxidation during deposition at 673 K was subsequently 

exposed to 40 L 02 at 773 K (see Figures 5.16a and 5.16b). The XPS data supported 

a shift towards Ti02 stoichiometry, as the Ti 2P3/2 region became very much better- 

defined with a peak maximum at 458.9 eV. There was also a slight increase in 0 Is 

peak intensity and a slight shift of the 01s peak to lower binding energy. 
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Figure 5.16: XPS data for film F before and after oxidation treatments a) Ti 2p region; b) 0 Is region; 
(Oxidation = after exposure to 40 L 02 at 773 K) 

Film F was then exposed to a further 40 L 02 at 773 K, after which the Ti 2p region 

was even better-defined (see Figures 5.16a and 5.16b). 
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The resulting film was then annealed in vacuum at 773 K and 823 K each time for 

5 minutes in vacuum (see Figures 5.17a and 5.17b). There was no improvement in 

the Ti 2p peak definition with these treatments however and there was also evidence 

of some film breakdown, as previously observed when annealing at such 

temperatures in vacuum. 
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Figure 5.17: XPS data of film F before and after annealing in vacuum for 5 minutes at the indicated 

temperature a) Ti 2p region; b) 01s region 
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5.4 Conditions for 

The aim of this research is to generate well-defined films. One feature which needs 

to be well-defined is the stoichiometry, which has been tested to some extent by the 

attempt to produce films with a well-defined Ti 2p region in the XPS data, as 
discussed in section 5.3. The other key feature is the degree of ordering. The ultimate 

aim is to obtain a clear LEED pattern indicating the presence of well-ordered 
domains of crystal structure of a film of reasonable thickness in order to pursue 
further studies (e. g. interaction with small molecules). 

In the case of film A, only a diffuse background, suggesting no ordering of the oxide 
film, was observed before and after the annealing at 873 K for 5 minutes in vacuum. 
With films B, C and D, however there was evidence of some ordering. In the case of 
film Ba very faint hexagonal LEED pattern (on top of a very diffuse background) 

was observed during the experiment. This became slightly clearer after exposure to 

02 at increasing temperature, but was still of very poor quality. Perhaps it is 

unsurprising that a well-defined LEED pattern was unobtainable at such a thickness. 

This experiment suggested that higher temperatures are required to generate well- 
defined completely oxidised Ti02. The same hexagonal LEED pattern was observed 
for film C (see Figure 5.18) and in this instance it was much clearer, in agreement 

with the evidence from the XPS data that a more well-defined oxide had been 

generated at the higher temperature. Post-growth exposure of this film to 10 L 02 at 

room temperature and 20 L 02 at 823 K, did not significantly affect the LEED 

pattern. Similar observations were made for film D. 

a. 

Figure 5.18: LEED pattern of film C with beam energy 105 eV 
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The clear trend evident from this early work is that a higher temperature of growth is 

required for obtaining better (yet far from perfect) LEED patterns, as demonstrated 

by the differences described above between film B grown at 623 K and films C and 

D grown at 823 K and 773 K. The post-growth treatments seem to have had little or 

no effect on the LEED pattern clarity in these cases. It is interesting to look at 

correlations between the clarity of the LEED patterns obtained and how well-defined 

the Ti 2p region is, throughout the series of experiments. Some consideration 

however is required as to what such a correlation actually means. A clear well- 

defined LEED pattern suggests that domains of a specific crystal structure dominate 

the sample. A well-defined XP peak suggests that only one stoichiometry of (in this 

case) Ti is present. We might expect a strong correlation between these two results, 

although it is possible to have a crystal structure with an element present in different 

oxidation states and just because we have a well-defined stoichiometry, doesn't 

necessarily mean that the film will be ordered. Nevertheless, the correlation between 

LEED pattern clarity and how well-defined the Ti 2p XP region is seems to hold true 

throughout this work. 

The LEED pattern formation was examined in more detail with film E, grown at 

773 K, by checking the pattern after each cycle of growth. After the first cycle of 

growth (thickness estimated to be 0.4 nm) a pattern was observed (see Figure 5.19) 

consisting of a hexagon of rosettes. The Cu(I I I) substrate spots are the outermost 

spot of each rosette and the middle spot of each rosette relates to the TiO, film. 

lb 
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0 

Figure 5.19: LEED pattern of film E after I cycle of growth with beam energy H5 eV 
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With further growth all the spots became fainter and fainter leading to a diffuse 

background upon which the spots were barely visible. There was no significant 

increase in the clarity of the LEED pattern as a result of the two further exposures to 

40 L 02 at 773 K. The film was then annealed in vacuum at 773 K, 823 K, 873 K and 

923 K, each time for 5 minutes. No significant improvement to the LEED pattern 

was observed until the annealing treatment at 873 K and after annealing at 923 K, the 

pattern was somewhat clearer (see Figure 5.20). 

* 

0 00 

Figure 5.20: LEED pattern of film E after annealing at 923 K with beam energy 58 eV. 

By this stage, however, a significant amount of film breakdown had occurred, with 

the estimated film thickness having decreased from 1.8 nm to 1.0 nm. This shows 

that ordered films can be generated at low thickness, but with increasing thickness 

they tend to become disordered. Also, although it seems that the preparation 

conditions of the original film are more important than post-growth treatments in 

determining the extent of ordering, there is some evidence here that after the steps of 

annealing in vacuum there was some improvement in LEED pattern clarity. 
Furthennore, this improvement in LEED pattern clarity coincides with film 

breakdown and to some extent to improvement of peak definition in the Ti 2p XP 

region. 

The hexagonal pattern observed relates to a lattice cell parameter of 2.8 (±O. 1) A, 

which is 1.1 x 1.1 with respect to the Cu(I 11) substrate. Although this symmetry and 

structure does not relate to any of the commonly observed surfaces of rutile and 

anatase forms of Ti02, hexagonal symmetry and lattice cell constants of 2.9 A and 
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2.8 A were found by Maeda et al and Wu et al, respectively, for TiO, ultra-thin films 

on CU(l 00). 17,19 So it seems that although an ordered structure can be generated at 

low thickness, this is due to the influence of the underlying substrate, and the oxide 

becomes disordered after the initial layers. Ideally ordered films with much greater 

thickness than 0.4 nrn need to be grown in order to pursue further studies of the 

surface chemistry of the oxide. 

Film F, which had been grown by oxidation during Ti deposition, exhibited a LEED 

pattern after the first stage of growth (2 minutes Ti deposition at 673 K under a 

pressure of 2x 10-7 Torr 02) and an estimated thickness of 0.7 nm (see Figure 5.2 1 ). 

Furthermore this LEED pattern was different to those observed previously. 

77 

Figure 5.2 1: LEED pattern of film F with beam energy 77 eV 

The debate here is whether the pattern observed after the first deposition relates to a 

crystal structure formed as a result of Ti diffusion into the substrate (at the elevated 

temperature), or a different structure of TiO,, produced as a result of the different 

preparation conditions (in particular oxidation exposure during the deposition and a 

partial pressure Of 02 four times higher than previously). Unfortunately the pattern is 

not clear enough to extract reliable structural information. After further deposition 

the structure reverted back to that previously observed with LEED, consisting of a 
faint hexagon of spots superimposed upon a diffuse background. 
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The ensuing post-growth exposure to 02, in two 40 L steps at 773 K, resulted in 

some improvement of the LEED pattern clarity. There was no additional 
improvement after fiu-ther annealing at 773 K and 823 K in vacuum however. The 

improvement in LEED pattern with the second deposition and the exposure to 02 at 
773 K is consistent with the observations discussed previously with respect to the 
findings of section 5.2 and 5.3. It seems that the diffusion of Ti into the substrate 
initially led to a different LEED pattern (perhaps a mixed oxide of Ti, Cu and 0, or 

an oxide of Cu), but with subsequent deposition this was covered up resulting in the 
LEED pattern observed previously. The exposure to 02 pulled the TiO. to the surface 

explaining the improvement in LEED pattern clarity with these treatments. Once 

again the clarity of the LEED pattern coincides with how well-defined the peaks in 

the Ti 2p XP region are, since the films are better-defined in terms of Ti 2p region 
after the post-growth 02 exposure, and this coincides with improvement in the LEED 

pattern obtained. 
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5.5 Anvle-ResolvedXPS 

Angle-resolved XPS measurements were made on films E and F to see if different 

states were present at the surface of the oxide film compared to the bulk of the film. 

Measurements were made at the usual electron emission angle of 15' from the 

sample normal and at a grazing angle of 75' from the sample normal. Film E, which 
had been grown by oxidation at 773 K, was examined with angle-resolved XPS 

before any post-growth treatment. The intensity of the Cu 2P3/2 peak was seen to fall 

when measured at grazing emission angle, which is to be expected since the Cu 

substrate is covered by the oxide film. The Ti 2p and 0 Is regions, however, did not 

change very much in intensity (see Figures 5.22a and 5.22b). 
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Figure 5.22: XPS data for film E at grazing and near-normal emission angles a) Ti 2p region; b) 01s 
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Asides from looking at changes in intensity and drawing conclusions about the 

proximity of different elements to the surface, the most interesting thing here is the 

effect on the Ti 2p peak profile. At grazing emission angle there is clearly an 

improvement in how well-defined the peaks in the Ti 2p region are, which indicates 

that there is a difference between TiO. at the surface of the film and TiO. deeper in 

the bulk of the film. This suggests that the oxide at the surface exhibits just one 

stoichiometry and is fully oxidised Ti02, whereas in the sub-surface region there is 

more variation in the Ti oxidation state. 

The angle-resolved XPS measurements were repeated after two cycles of 40 L 02 

exposure at 773 K (see Figures 5.23a and 5.23b). As previously noted in section 5.3 

this treatment resulted in a significant improvement to the peak definition in the Ti 

2p region of the near-normal emission spectra, and there was now little difference 

evident between the Ti 2p peak profiles in the two types of spectra (Although at first 

glance it looks as if the near-normal spectrum is higher to the low binding energy 

side, this is probably due to changes in the baseline which is influenced by the 

adjacent Cu Auger peaks which are more intense at near-normal emission angle). 

This suggests that after the oxidation treatment at 773 K, the film was more uniform 

throughout. One further observation is that the intensity of the Ti 2p and 0 Is peaks 

at grazing emission angle is somewhat greater than at near-normal emission angle, 

whereas before the additional oxidation treatments the intensities of grazing and 

near-normal peaks were approximately the same. 

Angle resolved XPS was also carried out on film F which had been grown by 

oxidation during deposition and exhibited a well-defined Ti 2p XP region only after 
subsequent exposure to 02 at 773 K (see Figures 5.24a and 5.24b). 

At first glance it appears that there was a slight improvement in the Ti 2p region at 

grazing angle. Upon closer inspection however it is apparent that the weak shoulder 

at - 455 eV that is evident in the near-normal measurement is in fact due to the 

underlying Cu substrate (since it is observed in measurements on the clean substrate) 

which obviously disappears upon measuring at grazing emission angle with the 

decrease in substrate signal contribution. Unlike the other films there is a difference 

in the OM signal intensity ratio at grazing emission angle, which is seen to increase. 

161 



Chapter 5- Growth & Characterisation of TiO, 1Cu(l 11) 

This may be indicative of O-termination, since the film is thought to be reasonably 

uniform in stoichiometry. 
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Figure 5.23: XPS data for film E (after additional exposure to 02 at 773 K) at grazing and near-normal 

emission angles a) Ti 2p region; b) 0 Is region 
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5.6 Summarv 
TiO. films on Cu(I 11) have been grown in UHV by deposition of Ti metal and 

oxidation. The effect of different growth conditions and post-growth treatments were 

investigated using XPS and LEED. The oxidation was carried out in two steps, the 

first at ambient temperature to avoid diffusion of Ti into the Cu substrate and the 

second at elevated temperature. A temperature of 623 K was found to be adequate to 

oxidise the Ti metal, but the XPS data showed the peaks in the Ti 2p region to be 

poorly-defined, suggesting the presence of states other than the fally-oxidised Ti4+ . 
The Ti 2p region was better defined by carrying out the oxidation at 773 K or 823 Y" 

although there was evidence of breakdown or a different morphology of the oxide 
films with these preparation conditions as the films obtained were apparently not as 

thick. Further oxidation treatments at elevated temperature (typically 823 K) were 

required of these films to improve the definition of the Ti 2p peaks further, and this 

was again associated with some breakdown. Following this, annealing in vacuum (up 

to 923 K) also improved the definition but with significant film breakdown. Angle- 

resolved XPS proves that the initial films were not uniform and that fully-oxidised 

Ti4+ was localised at the surface. After the post treatments mentioned above, 
however, there was little difference between grazing and near-normal XPS data 

suggesting that these films had indeed become more uniform in stoichiometry. It was 

shown that a TiOx film could also be obtained by oxidation during deposition at 

673 K. However, this film was very-poorly defined and it is believed this may be due 

to diffusion of Ti metal into the substrate. Upon subsequent annealing under 02, 

however, there was an enormous improvement in the Ti 2p region definition. 

Films grown by the two step oxidation procedure exhibited LEED patterns 

characteristic of a hexagonal surface structure, with a unit cell size of 2.8 (±O. I) A. 

Above a film thickness of - 0.5 mn, though, the pattern became less clear suggesting 
the presence of disordered domains of the oxide. Substantial annealing of thicker 
films improved the LEED pattern clarity, but unfortunately only in conjunction with 
significant film breakdown. The film grown by oxidation during deposition 

possessed a different LEED pattern. 
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6.1 Literature Review of FeO, Surface Science Studies 

Iron oxides have been the subject of much research interest as a result of their 

utilisation in a number of technologies and also their geochemical significance. 

6.1.1 Motivation for Surface Science Studies 

Iron oxides have found numerous applications in heterogeneous catalysis. For 

example, they are used in a range of important synthesis reactions in the chemical 

industry, both as catalysts and support materials. In the dehydrogenation of ethyl 

benzene to styrene in the presence of steam, a potassium-promoted iron oxide 

catalyst is used; however, unpromoted iron oxide has also been found to be active. In 

one comprehensive studyl on (unpromoted) FeO(1 11), Fe3040 11) and a- 

Fe203(000 1) films grown on Pt(1 11), only a-Fe203(000 1) with surface defects was 

found to be active. The authors proposed a model of the reaction mechanism in 

which the active site consists of a regular acidic terrace site and a neighbouring 

defect site. It is believed that 0 anions with higher basicity are exposed at the defect 

sites, allowing deprotonation of the ethyl benzene molecule. The subsequent transfer 

of an electron from the reaction intermediate to an acidic Fe 3+ site, may explain the 

inactivity of Fe304- Iron oxide is also a component of Fischer Tropsch catalysts for 

alcohol synthesis and pure iron oxide is used to catalyse the hydrogenation of acetic 

acid to acetaldehyde. 2 

Iron oxides have also been applied to the catalytic removal of a variety of 

environmentally-unfriendly compounds. Destruction of the common laboratory 

and industrial solvent carbon tetrachloride is of particular importance and the 

chemistry Of CC14 on the Fe304(111) selvedge of a-Fe203(0001) has been 

and y investigated utilising TPD pS. 3,4 Silica-supported iron oxide has been found to 

be active in the selective oxidation of hydrogen sulphide to elemental sulfur. 5 The 

catalyst currently used is iron oxide/chromia supported on a-alumina. Furthermore 

iron oxides have been studied for their activity for selective catalytic reduction of 
NO. when potassium-promoted, 6 as nanoparticles, 7 and when mixed with other 

oxides. 8 There may also be some relevance to the atmospheric chemistry of mineral 
dust in the troposphere (mostly Si02, but partly Fe203)-9 Continuing the 
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environmental theme, partially reduced iron oxide surfaces can be used as sorbents of 

toxic metals ions, such as Cr(VI) in the form of chromate. ' 0 

There are a number of other applications, which warrant the study of iron oxide 

surfaces. Iron is a common component of construction materials and understanding 

the surface properties of iron oxides, in particular their interaction with water, is 

essential in corrosion control. " The magnetic properties of Fe304 (magnetite) has led 

to its utilisation in high-density magnetic recording media. 12 It is also found in a 

variety of electronic devices, including electromagnetic coils, microwave resonant 

circuits, computer memory cores 13 and spin electronics. 14 

FeO. films have been gown and characterised on CU(100), 15,20 CU(110)21,23 and 
CU(I 11). 24 In the previous study on a Cu(lll) substrate formation of Fe203 and 

Fe304 upon oxidation of deposited Fe was evidenced by AES, RHEED and LEED. 

6.1.2 Bulk Structure 

Iron oxide exists in a variety of stoichiometries, namely Fe203 (iron (111) oxide), 

Fe304 (iron(II, III) oxide) and FeO (iron (II) oxide) in order of decreasing oxidation 

state. The most stable and important phases are hematite (a-Fe203) and magnetite 

(Fe30A, which occur naturally. Other forms include maghemite (y-Fe203) and 

wustite (FeO). Hematite, cc-Fe203,, is isomorphous with corundum (a-A1203). which 

has the R3c (167) space group. This bulk structure can be envisaged as an 

approximately hexagonal close packed array of oxygen anions (02-), which possesses 

octahedral and tetrahedral holes. Two thirds of the octahedral holes are occupied by 

the iron cations (Fe 3) 
. An alternative perspective is to consider the structure as 

comprising pairs of face-sharing Fe06 octahedra linked by edge-sharing, stacked 

along the c-axis (see Figure 6.1). The hexagonal lattice cell parameters have been 
25,26 determined by numerous research to be a=b=5.03 A, c= 13.75 A. Magnetite 

possesses an inverse spinel Fe 3+ (Fe 2 +Fe 3 )04 structure, with space group FD 5 m. 
This consists of a face-centred cubic array of oxygen anions with half the Fe 3+ iron 

cations filling the tetraheral sites and half the Fe 3+ cations filling the octahedral sites 
along with the Fe 2+ cations. The cubic lattice cell parameters have been determined 
by numerous research to be a= b' c=8.40 A 

. 
27 
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Figure 6.1: Unit cells of hematite (left) and magnetite (right)" 

6.1.3 Surface Structure 

The natural growth faces of cc-Fe203 are the (0001) and (1-012), of which the (x- 

Fe203(0001) surface is the most studied. Several researchers have observed the 

formation of Fe304 and FeO surface phases 29-30 
, 

but this partial reduction can be 

avoided by preparation in higher pressures Of 02- 31 Theoretical work 32 has predicted 

unreconstructed, strongly-relaxed Fe-terminated and 0-terminated cc-Fe203(0001) 

surfaces depending on the pressure Of 02. This seems to be supported by empirical 
findings since both surfaces have been observed with STM. 31 

Figure 6.2: The a. -Fe203(000 1) surface, 0-terminated (left) and Fe-Terminated (right)" 

The (x-Fe203(1012) surface termination consists of a zigzag pattern of 3-fold co- 
ordinated oxide anions (compared to 4-fold in the bulk) and 5-fold co-ordinated iron 

33,34 
cations (compared to 6-fold in the bulk). The oc-Fe20300 12) surface can exhibit 
either a (I x 1) structure or (I x 2) reconstruction. 
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504 A 

544 A 

Figure 6.3: ct-Fel-03(1 012) surface 33 

With regards to Fe304 surfaces, most of the work concerns the (00 1) surtlace 1,13,14,35,36 

and the (I 11) surface, 1,37,38 which are the natural growth faces, although the (I 10) 

surface has also been studied . 
39 The (00 1) surtace consists of' alternating A and 11 

layers, the A-layer containing tetrahedrally co-ordinated Fe" [oils, and tile 11-layer 

consisting of rows of octahedrally co-ordinated Fe 31 and Fe 21 ions surrounded by () 2- 

anions. The rows in successive B-layers are rotated 90' with respect to each other. 

Both A-terminated and B-terminated (001) surfaces have been observed and a (ý2 x 

ý2)R45' reconstruction has been widely reported. 
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Fi gure 6.4: The Fe 104(00 

1) surface'5 

6.1.4 Surface Chemistry 

The interaction of well-defined iron oxide surl'accs with water has attracted 

particular interest, since these interactions play a major role in catalysis and 

corrosion. It is known from early experiments 40 on powdered samples that watcr 

chemisorbs dissociatively resulting in a monolayer of hydroxyl groups. More 

recently a number of studies' 0,41,42 concerning 114) adsorption on u-Fe-201(0001) 
have been carried out. The general findings are that 1120 does not bind strongly with 

this surface and that dissociative adsorption is only favoured at higher pressures, as 

evidenced by UpS. 41,42 In particular one study"' utilising PFS l'ound that dissociative 
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chemisorption of H20 only occurred at defect sites below 10 -4 Toff, but that above 

this threshold pressure extensive hydroxylation occurred. The a-Fe203(1012) 

surface, however, has been predicted by theoretical workj3 to be much more reactive 

towards H20 dissociation than the (0001) surface. This has indeed been found to be 

the case in a TPD, LEED, HREELS and SSIMS study of H20 adsorption on the 

reconstructed (I x 1) and (2 x 1) surfaces of a-Fe203(1012). Water dissociation on 

both surfaces resulted in terminal and bridging hydroxyl groups, with recombinative 

desorption occurring at 350 K and 400 K, respectively. Dissociative H20 adsorption 

has also been observed on the Fe304(111) surface' and the authors identified 3 

species: dissociatively chemisorbed water, physisorbed monomeric water and 

hydrogen-bonded condensed ice. 

Due to the application of iron oxides in ethyl benzene dehydrogenation to synthesise 

styrene, the adsorption of ethyl benzene and styrene on well-defined iron oxide 

surfaces has been studied. Experiments have been carried out on FeO(I 11), 

Fe304(l 11) and cc-Fe203(0001) surfaces grown to 1-2 ML thickness on Pt(I 11). 1 On 

both the Fe304(lll) and a-Fe203(0001) surfaces ethyl benzene was found to 

chemisorb up to a coverage of 0.8ML, followed by a physisorbed layer. The 

chernisorption was believed to take place on regular surface sites and was not related 

to defects. The absence of a chernisorbed state in the case of FeO(I 11), suggested 

that chernisorption on Fe3040 11) was related to the exposed surface iron cations. 

Similarly, styrene chernisorption was only observed for Fe3040 11) and a- 

Fe203(0001) surfaces. 

The adsorption of methanol on cc-Fe203(0001) has been studied by HREELS2 and 

CH30H was found to adsorb molecularly, desorbing between 140 K and 180 K. 

With the potential application of iron oxides in the removal of chlorinated 
hydrocarbons, the surface reactions of carbon tetrachloride with iron oxides have 

prompted a number of studies recently. 44 , 45 Synchrotron XPS and TPD were used to 

study the interaction of CC14 with the Fe304(111)-(2 x 2) selvedge of a-Fe203(000 1) 

and CC14 was found to dissociate at 100 K resulting in chemisorbed CI and CC12. At 

275 K the adsorbed CC12 extracted lattice oxygen and desorbed as phosgene. 
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6.2 Growth, Thermal Stabilitv and Orderiniv of Fe! 2, 

in order to examine the interaction of molecules with iron oxide surfaces, it was first 

necessary to grow and characterise FeOx films. Film A was generated by cycles 

consisting of Fe metal deposition (9.5 A for 90 s) followed by 20 1- 02 (5 x 10-8 Torr 

for 400 s) at ambient temperature and then a further 20 L02 at 673 K (see Figures 

6.5a and 6.5b). In total 6 cycles were carried out (see Figures 6.6a and 6.6b). The 

thickness at this stage was estimated from the attenuation of the substrate 

photoelectron peak to be 2.0 nm. 

a) 
30000 

25000 

20000 

CL 

15000 

10000 

5000 

0 
730 

8000 

7000 

6000 

5000 
CL 

4000 

3000 

2000 

1000 

0L 
534 533 532 531 530 529 528 

Binding Energy I eV 

Figure 6.5: XPD data for cycle I of film A a) Fe 2p region; b) 01s region; 
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Figure 6.6: XPS data for all cycles of film A growth a) Fe 2p region; b) 0 Is region 

The XPS binding energies of the Fe 2P3/2 peak obtained at the conclusion of film 

growth (709.9 eV) is about I eV lower than that given for Fe203 in the literature 46 

(this gives binding energies for a range of different stoichiometries of FeO., from 

various sources). There is also a noticeable shift in BE of the Fe 2P3/2 peak with 
increasing thickness and exposure to oxygen, from 708.5 eV after the first cycle to 
709.9 eV after cycle 6. Since the same reduction in binding energy is observed in the 
0 Is data at lower thickness, this is most likely due to the proximity to the metallic 

substrate, causing extra-atomic screening, rather than a real chemical shift. Peak 
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fitting and non-nalisation of the Fe 2p region and the 0 Is peak gives an O: Fe ratio of 

1.3. This is nearest to Fe304 stoichiometry. As discussed previously there are a 

number of reasons why such a value might not be absolute. 

The film was then annealed in vacuum at 673 K, 723 K, 773 K, 823 K, 873 K and 

923 K for 5 minutes each time, in order to asses the thermal stability of the film (see 

Figure 6.7a and 6.7b). 
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Figure 6.7: XPS data for the vacuum annealing of film A for 5 mins at each of the indicated 

temperatures a) Fe 2p region; b) 0 Is region 
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The XPS data indicates that gradual breakdown of the FeO, film occurs after 

annealing at 773 K or higher in vacuum (which may mean diffusion of Fe and 0 into 

the substrate or a morphological change in the film, such as 3D crystallite 

nucleation). This breakdown / morphological change is evident from reduction in the 

intensity of the Fe 2p and 01s peaks and an increase in the intensity of Cu 2p peak. 

It is possible to speculate as to the stoichiometry exhibited by the FeO, films 

described above, from the features present in the XPS spectra. According to previous 
47 literature , the Fe 2P3/2 peak for FeO is at 710 eV, whereas for Fe203 it is at 

711.3 eV. Fe203 also has a fairly obvious shake-up feature at 719.2 eV due to the 

Fe 3+ ions. The Fe 2p peaks of FeO are slightly broader than those for Fe304 and 

Fe203. The 0 Is peak should be at 530.1 eV (there is no variation From oxide to 

oxide). Additionally there is an excitation satellite observed for Fe304 and Fe203 at 

around 537.3 eV. Unfortunately the feature at 537.3 eV coincides with a Cu Auger 

transition, but at greater film thickness this disappears to some extent. The binding 

energy observed here (710eV) relates more closely to either FeO or Fe. 104 films 

grown in the literature. The lack of satellite at 719.2 eV rules out Fe203. 

After each cycle of growth LEED was used to analyse the extent ofordering. After 

the first cycle a hexagonal LEED pattern was observed corresponding to a unit cell 

with, a=3.2 A (±O. I) which is 1.25 x 1.25 with respect to the Cu(I 11) substrate (see 

Figure 6.8). 
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Figure 6.8: LEED pattern of film A after cycle I with beam energy 67 eV; the Cu(I 11) substrate spots 
are the outermost of the pair of spots 
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This pattern remained the same throughout the experiment, although the Cu spots 
became less clear with increased thickness, as would be expected. The value of 3.2 A 

is in reasonable agreement with the value of 3.1 A that would be expected for 

FeO(l 11) based upon the bulk cell constant. Lattice cell constants of 3.1 A have also 
been observed for FeO(I 11)1 grown on Pt. The slight difference compared to 

literature values could be due to electronic interaction between the substrate (Pt in 

the literature, Cu in this study). 

In order to carry out an angle-resolved XPS study and to assess the reproducibility of 

these films, a new FeO. film was grown. Film B was generated by deposition of Fe 

metal onto the cleaned Cu(1 11) substrate, followed by exposure to 5x 10'8 Torr 02 

for 400 s (20 L) at ambient temperature and a further 20 L 02 at 673 K (see Figures 

6.9a and 6.9b). This procedure generated a film of 0.9 nm estimated thickness. 

Repeating this cycle a second time resulted in a film of 1.8 nm estimated thickness. 

After each cycle the XPS spectra for 0 Is, Cu 2p3/2, C Is and Fe 2p regions were 

recorded with an electron emission angle of 15" from the sample normal. After the 

1.8 nm film had been generated, spectra were additionally recorded at more grazing 

emission angles of 45 " and 75" (see Figures 6.1 Oa and 6.1 Ob) 

Analysis of the collected data reveals no major differences between the Fe 2p and 0 

Is peaks for the FeO. film at different emission angles, except a reduction in 
intensity for the most grazing angle. There was an increase in the O: Fe signal 
intensity ratio at grazing emission angle. This suggests a variation in surface 

concentration of 0 compared to the bulk as has been discussed before in AR-XPS 

studies. This could be due to 0-termination or a different stoichiometry at the 

surface. There are no clear binding energy shifts or features in the Fe 2p region to 

suggest different oxidation states, but as discussed previously we don't expect a great 
change for FeO compared to Fe304- Peak fitting and normalisation of the Fe 2p 

region and the 0 Is peak gives an O: Fe ratio of 1.4. This is close to the value 
obtained for film A (1-3). These values are nearest to Fe304 StOiChiometry. If the 
films are indeed O-terminated, then this would result in a higher experimental value 
for the Fe: O ratio. 
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Figure 6.9: XPS data for growth of film B a) Fe 2p region; b) 0 Is region; 
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Figure 6.10: XPS data for film B at the indicated emission angles a) Fe 2p region; b) () Is region 

The next film grown, film C, was grown in a deliberate attempt to produce a film 

that was oxygen-deficient, so that the reactivity of such surfaces could be compared 

with those of more-oxidised surfaces. This film was generated by deposition of Fe 

metal (90 s at 9.5 A) onto the cleaned Cu(I 11) substrate, followed by exposure to 5x 

10-8 Torr 02 for 100 s (5 L) at ambient temperature (stage 1) and a further 10 1,02 at 
673 K (stage 2). This procedure generated a film of 0.4 nm estimated thickness (see 

Figures 6.11 a and 6.11 b). 
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Figure 6.11: XPS data for growth of film C a) Fe 2p region; b) 0 Is region-, (Stage I Fe metal 

deposition and oxidation with 5L 02 at room temperature; Stage 2= Oxidation with 10 1,0, at 

673 K) 

The XPS data, in particular that of the Fe 2p and 01s regions, suggested that this 
film was indeed less-well oxidised than previously grown FeO, films. This is on 

account of the Fe 2P3/2 peak maximum being at 707.5 eV with a shoulder at 
709.9 eV, which suggests that there are portions of unoxidised Fe metal. Peak fitting 

and normalisation gives an O: Fe ratio of 0.7. This value is quite low (suggesting 

FeOO. 7 stoichiometry), but as previously discussed, these values may not be absolute. 
Also the O: Fe ratio is reduced by a factor of 2 compared to film A and film 11. 
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The LEED pattern of the O-deficient Feo,, film displayed the same hexagonal pattern 

as previously observed for FeO,, films, with a lattice constant of 3.2 A (±O. I) (see 

Figure 6.12). 
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Figure 6.12: LEED pattern of film C with beam energy 67 eV; the Cu(I 11) substrate spots lire tile 

outermost of the pair of spots 

The XPS and LEED data suggests that film C consists of a mixture of unoxidised 

metal and FeOx, the FeO,, possessing a similar stoichiometry and structure to that 

observed for films A and B, rather than being a uniformly oxygen-de I ic lent film. 

Otherwise it is unlikely that the same LEED pattern would be observed with oxides 

of such different stoichiometry. Note also the diffuse background in the 

pattern of film C, probably associated with disordered Fe metal. 
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6.3 Interaction of FeO, with HCO, 2H, CII; OH, CO and C; hL6 

FTRAIRS was used as the primary instrumental technique to elucidate information 

on the interaction of small molecules with the FeO,, films generated. New films of 
thickness 1.4nm - 1.8nm were generated to provide a clean surface for these 

experiments, using the procedure described in section 6.2 (unless stated otherwise). 

6.3.1 HC02HAdsorption 

A test was carried out to adsorb some formic acid (HC02H) on a new FeO. film. 

Molecular and dissociative adsorption of HC02H on Fe203 under UHV at room 

temperature has been observed in previous research . 
48 Formic acid was dosed 

directly onto the sample to achieve a background pressure of IX 10,8 Torr for 100 s 
(this corresponds to a background exposure of I L, but the exposure at the sample 

would be around a factor of 10 greater due to the directional dosing). 'Me mass 

spectrometer was used to check the purity of the formic acid. After adsorption the 

FT-IR spectrum showed no new absorption peaks, so no evidence of formic acid 

adsorption was observed. 

6.3.2 CH30HAdsorption 

Methanol is also known to adsorb on some iron oxide surfaces. 2 After flashing the 

sample to 673 K, the surface was exposed to CH30H at a dosing pressure of Ix 10' 
7 Torr for 100 s, with the sample directly in front of the dosing tube of the leak valve. 
No evidence for methanol adsorption was observed in the IR spectrum. 

An XPS investigation of CH30H adsorption was also carried out on a new film. 

Particular attention was paid to the 0 Is and C Is regions but additionally the Cu 2p 

and Fe 2p peaks were recorded. From the attenuation of the Cu 2p signal the oxide 
film thickness was estimated to be 1.4 run. Each XPS spectrum was recorded at a 

grazing emission angle (75' from the sample normal) in addition to the usual 151, 

emission angle. After flashing the sample to 723 K and recording the "background" 

XP spectra, the sample was exposed to IX 10-7 Torr for 100 s as in the previous IR 

experiment (see Figure 6.13a, 6.13b, 6.14a and 6.14b). 
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Figure 6.13: XPS data for CH30H adsorption at the indicated emission angles a) Fe 2p region; b) 0 Is 

region 

No unequivocal evidence of methanol adsorption was observed. Arguably there was 

a very slight increase in C Is signal, in view of the greater decrease in all other peak 

intensities. In summary, although CH30H adsorption has been documented on (I- 

Fe203(0000,2 the surface of the FeO,, films grown in this study appears to exhibit 
different surface chemistry and no adsorption is observed. 

Pre-exposure e= 150 
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2133/2 region 

6.3.3 CO Adsorption 

Firstly, CO adsorption was carried out at ambient temperature. A new FeO, film was 

grown (as previously described) and exposed to 5x 10-' Torr CO for I minute. This 

did not result in any IR absorption peaks associated with CO adsorption, so the film 

was exposed to a further 5x 10-7 Torr for I minute and a further sample scan run. 
Still no adsorption of CO was evident. The absence of any adsorption could be due to 

the surface being fully-oxygen ten-ninated, the necessary adsorption sites having 
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being blocked by prior adventitious adsorption from the background or simply 

because the heat of adsorption is too low to permit significant adsorption at ambient 

temperatures. 

To try to define the conditions necessary to observe CO adsorption, the next 

experiments were carried out on the O-deficient FeO,, and at sub-ainbient 

temperature. Film C (as discussed in section 6.2) was investigated by XPS and 11 FD 

and was suspected to consist of a mixture of Fe metal and FeO, The film was cooled 

to 153 K, and the sample was then exposed to 5x 10-8 Torr of CO for I minute and a 

sample spectrum recorded (dose 1). This gave no evidence of adsorption. The sample 

was then exposed to 5x 10-7 Torr continuously (3 minutes) as a new sample scan 

was recorded (dose 2), leading to a small signal at 2074 cm-1 associated with 

adsorbed CO (see Figure 6.15). A further scan was run in this way (dose 3), but there 

was no change in intensity, so dosing was ceased and a new scan run (no dose). This 

time the signal disappeared completely, suggesting that at this particular temperature 

CO was adsorbing and desorbing simultaneously in dynamic equilibrium and that the 

static pressure of gaseous CO is therefore required to maintain a detectable surface 

coverage. 
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Figure 6.15: RAIRS spectra for CO adsorption on FeO, (See accompanying text for explanation of gas 

exposures) 

It is important to appreciate that this signal could have three origins. 1) CO 

adsorption on the O-deficient FeO,, film, 2) adsorption on exposed regions of the Cu 
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substrate, 3) adsorption on unoxidised Fe metal. The signal at 2074 cnf 1 is at exactly 

the same frequency as that observed in previous experiments in this project, where 

CO has been adsorbed on Cu(I 11) at these temperatures. At a thickness of 0.4 nm, 

some Cu substrate could be exposed. Moreover the frequency is thought to be to low 

for CO-oxide bonding. In conclusion, therefore, the most probable origin of this peak 

is adsorption of CO on a limited number of exposed Cu(I 11) sites. 

Finally CO adsorption was investigated using a pre-sputtered FeO. film, again at 

approaching 123 K. The FeO. film was generated using the procedure described 

previously, then sputtered lightly (2 keV beam energy, - 10 ItA for 60 s), in an 

attempt to expose surface Fe adsorption sites. The sample was then cooled down to 

approaching 123 K and exposed to 5x 10-8 Torr CO for 1 minute. Dosing then 

continued at this pressure while running a sample scan which took 3 minutes, but no 

adsorption was observed. A second scan was recorded with the sample exposed to 5 

X 10-7 Toff CO, however still no signal due to adsorbed CO was seen. 

6.3.4 C3II6 Adsorption on FeOlCu(111) 

As will be discussed later in section 6.6, the interaction Of C31-16 with FeO. -supported 
Ag was studied by RAIRS. It was therefore important to also test adsorption Of CA 

on an FeO. film to rule out the possibility that the signals observed were not due to 

the Ag clusters, but the oxide film. The FeO,, film was grown in the usual manner 

and cooled to sub-ambient, which in this instance was below 138 K. No signals were 

seen that could be conclusive evidence Of CA adsorption on the FeO" surface up to 

pressures of 5X 10-7 Torr. Certainly the frequencies observed with Ag/FeO., 

(presented later) were not present here. 
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6.4 Literature Review ofMetal Oxide-Supported A 

Dispersed metals on well-defined metal oxides have been the focus of a large amount 

of research. In particular noble metals such as Pt, Au and Ag have received much 

attention. 

The main reason for studying metal oxide-supported silver nanoparticles is as a 

model for heterogeneous catalysts, since these commonly consist of a dispersed 

noble metal on a metal oxide support. An important area of research for catalytic 

applications is orientated towards automobile emission control and alumina- 

supported silver has been found to Possess catalytic activity for the oxidation of CO 

and hydrocarbons and the reduction of NO.. 49 There are also a number of industrial 

reactions in which supported silver is known to be active, for example supported Ag 
is used for the highly-selective epoxidation of ethylene5o and has also been tested for 

catalytic activity for hydrogenation. 51 Ag/Au bimetallic catalysts supported on a- 
Fe203 have also recently been found to be active for the water-gas shift reaction. 52 

Other research motivations for studying metal oxide-supported Ag systems include 

the fabrication of new ceramic materials 53 and solid state gas sensors. 54 

A fair number of UHV surface science studies of metal oxide-supported Ag systems 
have been conducted as a result of the above applications and the need to better 

understand these systems. In particular the Ti020 10) surface has been used as an 

oxide support, probably as a result of this oxide surface already having been 

extensively studied. 53,55-57 

On the TiO2(I I 0)-(I x 2) and (I x 1) surfaces Ag clusters have been detennined to 
grow as 3-D islands, nucleating along the step edges. No reaction between metal and 

oxide has been observed, however XPS shifts have been observed with smaller 

cluster sizes. 56 STM has been commonly utilised for elucidating information on Ag 

cluster size and morphology 50,53 and investigations have reported Ag cluster sizes of 
1-20 mn. One STM study reports dispersed Ag particles deposited at room 
temperature on Ti020 10) to be remarkably stable, up to 900 K in vacUUM57 although 
Ostwald ripening has been observed to occur upon exposure to 10 Torr 02-50 In 

contrast it was found that an alumina support for Ag, reduces the reactivity of the 
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metal clusters towards oxygen and hence cluster ripening is inhibited. Bimetallic 

nanoparticles have also received some attention. One group has studied Ag/Au 

nanoparticles supported on Ti020 10) using STM. 58 

Although a-Fe203 films containing dispersed Ag nanoparticles have been prepared 

by a sol-gel method59 to the authors knowledge no study of Ag dispersed on a well- 

defined FeO. surface under UHV conditions currently exists in the published 
literature. 
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6.5 Growth and Thermal Stabilitv of AalFeO 

In order to examine the interaction of small molecules with silver supported on iron 

oxide it was first necessary to grow and characterise the Ag/FeO., system. Three 

metal-on-oxide systems of varying degrees of Ag loading were generated by growth 

of an FeO,, film as previously described in section 6.2 and then depositing Ag onto 
the oxide film. It was not possible to assess the extent of Ag loading from the 

attenuation of the oxide peaks, since with low loadings of Ag there was no 

attenuation of the Fe 2p or 01s peaks upon Ag deposition. It should also be noted 
that as we anticipate the growth of silver clusters on the iron oxide surface, this 

method of thickness estimation is systematically flawed, as it is based upon the 

model of uniform layer growth. In order to provide the reader with an indication of 
the relative amounts of Ag in the different samples, the absolute signal of the Ag is 

quoted. 

Sample A (Ag 3ds/2 peak height =7 kcps) was grown by first generating the iron 

oxide support using two cycles of Fe deposition (100 sx9.5 A), oxidation at ambient 

temperature (5 x 10-8 Toff for 400 s) and oxidation at 673 K (5 x 10'8 Torr for 

400 s). This led to a well-defined FeO. film with an estimated thickness of 2.2 rim. 
Ag was then deposited from the Ag deposition source (with a deposition source 

current of 13.25 A for 8 minutes). XPS data was recorded before and after Ag 

deposition (see Figure 6.16). In addition to the Ag 3d region, the Auger region Ag 

MVV was also recorded (920 eV - 880 eV). This was because according to literature 

valueS46 only a negligible shift in binding energy is anticipated for Agý to Ae or 
Agý'- In the Auger region, however, a shift is expected. Unfortimately, for the 

amount of Ag deposited in this experiment, the Auger peak was not intense enough 
to see. Since there was no attenuation of the FeO. signals, it was assumed that the 
thickness was under one monolayer, or that the Ag grew as 3-dimensional islands or 
clusters. One oddity here is that the signal for Fe 2p and 0 Is actually increased after 
Ag deposition - indeed all peaks increase in intensity (including Cu 2p3/2). This could 
be explained by experimental error - after all it makes no sense that the underlying 

substrate signal would increase when depositing metal on top and these XPS 
intensities have been known to be inconsistent on occasions - however this same 
trend was observed consistently with all other Ag/FeO. samples grown (including 
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those not detailed in this report). One must therefore at least consider that there may 
be an underlying reason for this trend associated with structural changes upon 

deposition. 
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Figure 6.16: Ag 3d region for sample A 

The Ag/FeO,, sample was then annealed for 2 minutes at various temperatures 

(473 K, 573 K, 673 K, 723 K and 773 K), each time recording XPS data to gauge the 

extent of breakdown (see Figure 6.17). At 673 K the Ag 3d doublet peak began to 

reduce in intensity and it was almost completely removed by heating to 773 K. There 

was no evidence of breakdown of the FeO,, support. 
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Figure 6.17: XPS data for vacuum annealing of sample A for 2 mins at each of the indicated 

temperatures (Ag 3d region) 
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Sample B (Ag 3d5/2 peak height = 25 kcps) was grown in the manner described 

previously. Firstly the FeO,, film was prepared using two cycles of Fe deposition 

(19.5 A for 100 s), oxidation at ambient temperature (5 x 10-8 Torr for 400 s) and 

oxidation at 673 K (5 x 10-8 Torr for 400 s). This led to a well-defined oxide film 

with an estimated thickness of 1.8 nm. Ag was then deposited from the Ag 

deposition source (as previously described except with a deposition source current of 

16 A for 4 minutes). XPS data was recorded before and after Ag deposition to 

analyse the sample generated at grazing and near-non-nal electron emission angle 

(see Figures 6.18a, 6.18b, 6.19a and 6.19b). 
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Figure 6.18: XPS data for sample B at the indicated emission angles a) Ag 3d region-, b) Ag MVV 
(Auger) region 
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Figure 6.19: XPS data for sample B at the indicated emission angles a) 01s region, b) Fe 2p region 

Even though more Ag was deposited this time (as evidenced by the stronger Ag 

signals and comparative peak heights in the survey scan), the same Fe 2p and 0 Is 

signals once again increased upon Ag deposition, as discussed previously, so no 

estimate could be made of the amount of Ag present on the surface. 

The Ag/FeO, sample was then annealed at increasing temperature for 2 minutes at 

each temperature (573 K, 673 K, 723 K and 773 K) each time recording XPS data to 

gauge the extent of breakdown. Grazing angle measurements (0 = 75*) were 
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compared to measurements at the usual angle (0 = 15*) in order to draw conclusions 

on the mode of breakdown (see Figure 6.20a and 6.20b). 

a) 
35000 

30000 

25000 

CL 20000 t 

15000 

10000 

5000 

0 
377 

b) 

Sample B, E) = 15* 
Sample B, 0= 75* 
573 K, e= 750 
673 K, 8= 750 
723 K, 0= 75* 
723 K. 0= 150 
773 K, E) = 75 
773 K, 0= 15* 

375 373 371 369 367 365 363 
Binding Energy I 9V 

80000 
Sampýe B. 6= 151 

70000 ---- Sample B, 0=7 5* 
573 K, 0= 75* 
673 K. 0= 750 

60000 723 K, 8- 75* 
723 K, 0= 15* 

50000 .... 773 K. 0- 75* 
CL 
U 773 K. 0= 150 
:: 40000 . -- . .,., . -Z 
P 
0) 30000 

20000 

10000 . .... .... 

0 
912 910 908 906 904 902 900 898 896 894 892 

Binding Energy / 9V 

Figure 6.20: XPS data at grazing and near-normal emission angles for sample B, vacuum annealed Ior 

2 mins at each of the indicated temperatures a) Ag 3d region; b) Ag MVV region 

Even after the first heating step at 573 K, there was a reduction in Ag signal 
intensity. Strangely the signal for Fe 2p and 0 Is also decreased after the first 

annealing step. It would be easy to dismiss this simply as experimental error - as was 
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discussed in the'case of changes before and after Ag deposition - however, as this 

occurred with annealing there may be an underlying reason for this to do with the 

structure of the metal/metal oxide system - for example an increase in the Ag cluster 

size. There was a shift in the binding energies of Ag (both 3d and MVV) and 01s. 

The small shift (368.3 eV to 368.2 eV) in the Ag 3d was perhaps interesting in that 

negligible shifts are expected for this peak with Ag oxidation. The Auger peak shift 
(901.9 eV to 901.5 eV) was bigger. A decrease in binding energy could be associated 

with an increase in cluster size. The shifts for 0 Is are so slight as to question their 

significance. Whereas shifts were observed after heating, no difference was observed 
in the peak positions when comparing grazing and near-normal photoemission data. 

It is interesting to compare the relative peak heights of grazing and near-normal data 

before and after heat treatments. Before any annealing, the signal for Ag peaks (3d 

and Auger) is more intense at grazing angle. If the Ag breaks down by diffusing into 

the underlying substrate, then we would expect to see a change in ratio between 

intensity of grazing and near-normal signal, such that the signal for near-normal 

angles increases relative to that for grazing emission. Looking at the data after 
heating to 723 K and 773 K, this is indeed the case since the grazing and near-normal 
data is at approximately the same intensity. 

The 3d and Ag MVV peaks decreased further with heating to 673 K and showed a 

particularly big reduction to almost nothing after heating to 723 K. This trend 

continued and the signals were barely detectable after heating to 773 K. This is 

similar to the observations made with sample A. 

Sample C (Ag 3d5/2 peak height = 104 kcps) was grown in the manner described 

previously, with two cycles of Fe deposition (9.5 A for 100 s), oxidation at ambient 
temperature (5 x 10'8 Torr for 400 s) and oxidation at 673 K (5 x 10-8 Torr for 400 s). 
This led to a well-defined FeO. film with an estimated thickness of 1.8 nin. Ag was 
then deposited from the Ag deposition source to give a much higher Ag loading (as 

previously described, except with 3 cycles with a deposition source current of 16 A 

for 4 minutes). XPS data was recorded before and after Ag deposition to analyse the 

sample generated (see Figures 6.21 a, 6.2 1b and 6.2 1 c). 
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Figure 6.2 1: XPS data for film C a) Ag 3d region; b) Fe 2p region; c) 0 Is region 
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The greater Ag loading was evident from a higher Ag signal intensity and attenuation 

of the underlying Fe 2p and 0 Is peaks. In fact the Fe 2P3/2 peak was attenuated by 

20%. This would suggest a Ag overlayer thickness of approximately 0.2 run 

although, as previously noted, it is too great an assumption to make that we are 
dealing with a morphology approximating that of a uniform film. 'Me data does 

however prove that there is a much higher loading of Ag than in samples A and B. 

There were no clear binding energy shifts in the Fe 2p or Ag 3d regions that would 

suggest changes of oxidation state. 
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6.6 Interaction ofAzlfeO, with CO, N0 and C 2 

FTRAIRS was used as the primary instrumental technique to provide information on 

the interaction of small molecules on the Ag/FeO,, samples generated. New samples 

were generated to provide a clean surface for these experiments, using the procedure 
described in section 6.2 (unless stated otherwise). 

6.6.1 CO Adsorption 

An FeO,, film was grown in the manner described previously, with two cycles of Fe 

deposition (100 s at 9.5 A), oxidation at ambient temperature (5 x 10-8 Torr for 

400 s) and oxidation at 673 K (5 x 10-8 Torr for 400 s). This led to a well-defined 
film with an estimated thickness of 2.2 mn. Ag was then deposited from the Ag 

deposition source (as previously described except with a deposition source current of 
16 A for 4 minutes). XPS data was recorded before and after Ag deposition to 

analyse the sample generated. The Ag 3ds/2 peak intensity was II kcps. 

The sample was then cooled down to around 123 K and then flashed to room 

temperature and re-cooled. After running a background IR scan the sample was 

exposed to 5x 10-8 Toff CO for I minute and then a sample scan run, whilst 

continuously exposing to CO at the same pressure (a further 3 minutes). No 

significant signal from surface adsorbates was seen, so this was repeated with a static 

pressure of 5x 10'7 Toff CO, but still no signal due to CO adsorption was observed. 

6.6.2 N20 Adsorption 

A fresh FeO,, film was grown in the Manner described previously, with two cycles of 
Fe deposition (9.5 A for 100 s), oxidation at ambient temperature (5 x 10-8 Torr for 

400 s) and oxidation at 673 K (5 x 10'8 Toff for 400 s). Ag was then deposited from 

the Ag deposition source (as previously described except with a deposition source 

current of 18.5 A for 5 minutes). XPS data was recorded before and after Ag 

deposition to analyse the sample generated. The Ag 3d5/2 peak intensity was 37 kcps. 

The sample was then cooled to around 123 K. A background scan was run, and then 
N20 dosed at a constant pressure of -5x 10'8 Torr and then -5x 10-7 Torr. No 
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peaks were reproducibly observed which could be clearly attributed to adsorbed 

N20. 

6.6.3 C3H6 Adsorption 

A new FeO,, film was grown in the manner described previously, with two cycles of 
Fe deposition (9.5 A for 100 s), oxidation at ambient temperature (5 x 10'8 Torr for 

400 s) and oxidation at 673 K (5 x 10"8 Torr for 400 s). Ag was then deposited from 

the Ag deposition source. This was done in 4 minute increments each time measuring 
XPS until the Fe 2p signal had been attenuated to 20-25%, which required three of 

these cycles. The Ag 3d5/2 peak intensity was 114 kcps and therefore this sample 

therefore had a much higher Ag loading than previous samples used in the adsorption 

experiments. 

The sample was then cooled to around 123 K. A background was run and CA then 

dosed onto the sample and sample spectra run (see Figure 6.22): A fixed exposure of 

5L at 5x 10-8 Toff (dose 1), a constant pressure of 5x 10'8 Torr (dose 2), a sample 

spectrum run with base pressure of <5x 10-9 Torr to see if anything desorbed (no 

dose), a fixed exposure of 5L at 5x 10-7 Toff (dose 3) and a constant pressure of 5x 

10.7 Toff (dose 4) 

It is worth noting that after dosing at the higher pressure (5 x 10-7 TOM) , the IR 

chamber pressure took a long time to reach optimum base pressure, such that the 

fixed exposure of 5L at 5x 10-7 Torr spectrum was effectively recorded with the 

sample exposed to a constant pressure of -5x 10-8 Torr Of C31-16- 

Peaks were observed at frequencies that related to previous researchýo 919 cm-1. 
908 cm", 986 cm7 1. An absorption peak was also evident at 898 cm7 1 (see Figure 

6.22) which has not been reported in the aforementioned study on Ag(I 11). This may 
relate to Ag(I 10) or Ag(I 00), but no previous RAIRS studies on these surfaces could 
be found in the literature. The peak at 908 cm"' was assigned to a state (so-called Ct3) 

which desorbed at a temperature of 123 K which is not quite that achieved here. This 

may however rcflect the higher exposure pressures used here compared to that study. 
The relative intensities of these signals change with different exposures. 
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Figure 6.22-. RAIRS spectra for adsorption Of C31-16 on Ag/FeO, (see accompanying text tor 

explanation of gas exposures) 

The same sample was flashed to 623 K and then re-cooled to bellow 143 K. The 

purpose was to remove any adsorbates and to change the morphology of the 

supported silver (the chosen temperature was based upon observations made during 

previous thermal stability experiments on Ag/FeO, samples). Once cooled, a 
background spectrum was collected and C3H6 dosed onto the sample and following 

sample spectra run: after a fixed exposure of 5L at 5x 10-8 Torr, whilst exposing to 

a constant pressure of 5x 10-8 Torr, after a fixed exposure of 5L at 5x 10-' and 

whilst exposing to a constant pressure of 5x 10-7 Torr. 

Once again at higher pressures, it took a long time for the IR cell to return to its 

normal base pressure. The most significant observation is that although the peaks at 
908 cm-1 and 919 cm-1 were again present, the peak at 898 cm-1 was not. This is 
interesting in terms of the previous discussion about the origin of this peak, which 
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had not been observed on Ag(l 11) in a previous study. In these spectra a peak at 

2927 cm7 1 was additionally seen, which is consistent with previous observations on 

Ag(l 11). 60 In this previous research the peaks at 908 cm7l / 919 cm"', 986 cm" and 

2927 crif 1 are assigned to =CH2 wagging, HC=CH trans wagging and asymmetrical 

methyl stretch modes respectively, in the molecularly-adsorbed propene. 

Assignment Vibrational frequency / cm" 

Current work Literature values (solid 61 / gaS62) 

=CH2 wagging 908 and 919 908/912 

HC=CH trans wagging 986 998/980 

CH3 asymmetrical stretch 2927 2941/2952 

Table 6.1: Vibrational assigmnents tor U3H6 acisorption on AgtreL),, 

These assignments are also consistent with previous IR studies of solid C3116 61 and 

gas phase CA. 62 as shown in table 6.1. Unfortunately it is not possible to determifie 

the orientation of the adsorbed C3H6 molecule by making use of the dipole selection 

rule, since the molecules are adsorbed on hemispherical clusters rather than a flat 

surface. However, it is known that at cryogenic temperature alkenes chemisorb 

weakly, lying flat, since the ; r-bonding interaction is strongest in this geometry. 63 

In summary, there is reasonable confidence in the reproducibility of the peaks seen in 

the IR data associated With C31-16 adsorption. The exact patterns (e. g. interchange 

between peaks, relative peak intensities under different conditions/at different stages 

of adsorption are less sure and open to speculation. The problem is that the signals 

observed (about 0-05%) are very weak (as is a common problem in RAIRS). Added 

to this, there are some electrical oscillations in the base line which do not help. 
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6.7 Summarv 

FeO,, films on Cu(I 11) have been grown in UHV by deposition of Fe metal and 

oxidation. The growth of the films was characterised by XPS and LEED. The 

oxidation was carried out in two steps, the first at ambient temperature to avoid 
diffusion of Fe into the Cu substrate and the second at 673 K. XPS data evidenced 

oxidation of the Fe metal under these conditions and with successive cycles an oxide 
film of 2 mn estimated thickness could be generated. The absence of the XP satellite 

at 719.2 eV associated with Fe203, rules out fully oxidised Fe 3+ 
. ne XPS data is 

believed to be most consistent with FeO or Fe304. Angle-resolved XPS revealed a 
difference in 0 concentration at the surface which could be evidence of 0- 

termination. Furthermore a clear LEED pattern was obtained without the need for 

post-treatment. The observed hexagonal structure, with a cell constant of 
3.2 (±O. 1) A, is most consistent with an FeO(1 11) surface. The bulk value for 

FeO(1 11) is 3.1 A and this value has also been observed for FeO(1 11) films grown 

on a Pt substrate. Upon annealing (up to 923 K) in vacuum, a gradual breakdown of 

the oxide film was observed. By reducing the exposure to 02 in the preparation, it 

was possible to produce an oxygen-deficient film with a significantly reduced O: Fe 

ratio. This FeO.,. y film also exhibited a well-defined LEED pattern. It is believed that 

this film consists of portions of unoxidised metal rather than a uniformly O-deficient 

film. There was no FT-RAIRS evidence of HC02H adsorption on FeO. and no FT- 

RAIRS or XPS evidence of CH30H adsorption either. Likewise there were no 

conclusive signs of CO adsorption on the FeO. film or a pre-sputtcred FeO ilm at - 
423 K. A peak was observed in the FT-RAIRS spectrum following CO-adsorption on 

the oxygen-deficient FeO,,. y film at 153 K, but is thought to be associated with 

adsorption on the Cu substrate. 

Ag clusters supported on FeO. were grown by Ag deposition onto FeOx films grown 

in the manner adopted in the previous section. Three systems of varying Ag loading 

were produced and analysed with XPS. The samples were stable up to 673 K in 

vacuum, but after annealing at 773 K the Ag signal had almost completely 

disappeared. Angle-resolved XPS data supports the theory that the Ag diffuses into 

the FeOx at these temperatures. No FT-RAIRS evidence was found for CO or N20 

adsorption on this system at sub-ambient temperature. There was more success with 
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C3H6 adsorption at sub-ambient temperatures. Peaks were observed in the Fr-RAIRS 

spectra which must relate to interaction with Ag, as they were not observed on FeO. 

in a control experiment. Furthermore the frequencies arc similar to those obtained in 

the literature for CA adsorption on Ag(I 11), but there was an additional peak at a 
frequency not reported in current literature, which could be associated with 

adsorption on Ag(I 10), Ag(I 00) surfaces or special adsorption sites (such as comers 

or edges) which may also be present on the Ag clusters. 
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Chapter 7- Conclusions 

Chromium oxide, barium oxide, titanium oxide, iron oxide and silver dispersed on 

iron oxide were identified as technologically interesting systems with much scope for 

surface science study. Thin films of the oxides were grown on a Cu(I 11) substrate 

and characterised by XPS and LEED. After extensive investigation of the parameters 

required for optimised growth, well-defined films of CrO., TiO. and FcO., were 

obtained. 

Well-defined CrO,, films (up to about 2 run estimated thickness) were obtained by 

deposition of Cr metal followed by oxidation at 873 K. Alternatively annealing of a 

disordered film to 923 K in vacuum also led to a well-defined oxide. The LEED data 

was consistent with the Cr203(0001) surface and XPS data suggested that the oxide is 

0-terminated. TiO., films were obtained by deposition of Ti metal and oxidation at 

ambient temperature followed by further oxidation at 773 K-823 K. Films with an 

estimated thickness of < 0.5 run were well-ordered, but above this thickness 

annealing only improved the LEED pattern to a limited extent. Well-dcfined FcO. 

films (up to about 2 nin estimated thickness) were obtained by deposition of Fe metal 
followed by oxidation at ambient temperature and then additional oxidation at 673 K. 

Clear LEED patterns were observed without the need for further treatment. Ile XPS 

data was consistent with Fe304 or FeO stoichiometry. BaO. films were grown by 

direct deposition of BaO onto the substrate. Despite a detailed investigation into the 

effect of different growth conditions and post-deposition treatments, only a very faint 

LEED pattern was obtained. The XPS data suggested the films possessed a 

complicated oxygen chemistry. In addition to the study of the pure oxide, model 
Ag/FeO. catalysts were prepared by the growth of silver metal clusters on well- 
defined iron oxide films. These clusters were shown to be stable up to 673 K. 

Having generated well-defined oxide films, the interaction of selected molecules 

with these surfaces was probed by RAIRS, TPD and XPS. There was no conclusive 

evidence of adsorption of H20, C113011 or C02 on the CrO., surface, which is 

consistent with the proposition that the films obtained were 0-terminated. There was 

also no conclusive evidence Of HC02Ht C113011 or CO adsorption on the FeO. 

surface. Although the BaO. films were not wcll-derined adsorption of C02 and CO 

was tested. There was clear evidence in XPS spectra Of C02 adsorption, which is 
believed to form surface carbonate. Additionally there was some XPS evidence of an 
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interaction with CO, which either adsorbs on or reduces the surface. The interaction 

of CO, N20 and C3116 with the dispersed silver metal on iron oxide system was 

probed by RAIRS at sub-ambient temperature. There was no conclusive evidence of 

CO adsorption. Some peaks in the RAIRS spectra may be evidence of N20 

adsorption. Most interestingly there was evidence Of C3116 adsorption and an 

additional peak not observed in published literature on the interaction Of C3116 with 

Ag(Ill). This peak may be due to CA adsorption on other surfaces of the Ag 

clusters, or on comer/edge atoms. 

There are many avenues for potentially interesting future work based on the studies 

described in this thesis: 

1) Activation of the CrO., surface. Some attempts were made to activate the CrO. 

surface (which was believed to be O-terminated). A further idea would be to 

chemically reduce the surface under a pressure of CO at elevated temperature. If 

it is possible to active the CrO,, surface (without loss of order), then it would be 

possible to pursue the interaction of molecules with this surface. 

2) Optimisation of the growth method for TiO. to generate well-deflned TiO. films 

of greater thickness. The interaction of molecules with these well-deflned TiOx 

films could then be studied, including by RAIRS which cannot be readily applied 

to Ti02 single crystal surfaces. 

3) Further work is required to obtain well-defined BaO films. This may be possible 
by optimisation of the post dcpostion parameters or (more radically) by re- 
fabrication of the depostion source. It is possible that deposition of Ba metal 
followed by oxidation would be more cffective at generating wcll-dcfincd rilms. 

The interaction of molecules, such as NO.,, S02 and C02, with wcll-dcrincd BaO 

films could then be studied. 

4) Better characterisation of the silver clusters on iron oxide. In the absence of 
direct imaging techniques, it might be possible to gather some information by 

careful measurement of the intensity of the Fe 2p photocIcctron peak (from the 

underlying FeO,, ) at increasing amounts of silver deposition. Therc may be a 
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breakpoint that relates to a change in growth mode and Ag morphology. 

However, the application of STM would be the preferred approach. 

5) The Ag/FeO. system is of particular interest since it models a real heterogeneous 

catalyst - this is an area that surface science has only recently turned attention 
towards. The experiments With C3H6 adsorption were promising but further work 
is needed here, both to characterise the interaction of the molecule with spccific 

surface sites and to study its reactivity with other adsorbed species (e. g. surface 

oxygen). 

There are many other metal on oxide systems that could be investigated. For example 

a UHV investigation of Pt/BaO would be of interest to the NO., storage/reduction 
technology. Such studies of systems which more closely align with those used in real 
industrial applications are the future of UIIV surface science investigations in the 

catalytic field. 
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