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ABSTRACT
FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
SCHOOL OF CHEMISTRY

Doctor of Philosophy

METAL DEPOSITION ON TiO,(110) VIA THERMAL EVAPORATION,
PHOTOLYSIS AND THERMOLYSIS: A COMBINED FT-RAIRS AND XPS STUDY

by Alexandros Anastasopoulos

Model systems combined with surface science techniques provide a powerful tool for the
study of oxide supported metal overlayers. This thesis describes the synthesis and
characterisation of Cu, Mo and Au overlayers on TiO,(110) deposited using a number of
methods.

Cu overlayers were deposited on the TiO,(110) surface via Physical Vapour Deposition
(PVD) at 295 K. Using CO as a probe adsorbate molecule, FT-RAIRS revealed that Cu
islands with sizes less than ca. 3.5 nm exhibited predominantly high Miller Index surfaces,
whereas larger islands exhibited (110), (100) and (111) facets. By comparing XPS and FT-
RAIRS results collected before and after annealing, a complex growth mode is proposed
which resembles a combination of Volmer-Weber and Stranski-Krastanov types. The
reactivity between O, and pre-adsorbed CO appeared highest for the particles exhibiting
the high Miller Index facets. Finally, FT-RAIRS allowed for the identification of a
threshold Cu coverage, 4.48 MLE, above which the influence of the oxide support to the
local dielectric field seized, and metallic behaviour was exhibited.

The photolysis of Mo(CO)e adsorbed on the TiO,(110) surface at 130 K was studied as an
alternative to PVD deposition of Mo. Photo-dissociation of 1.53 L of exposed Mo(CO)s
resulted in a single photoproduct, Mo(CO);, which adopted a geometry perpendicular to
the surface. The tricarbonyl was the main photoproduct following the dissociation of 2.73
L of exposed Mo(CO)e, although higher carbonyls were also observed with FT-RAIRS.
Photolysis of adsorbed multilayers resulted in the production of Mo(CO)s and traces of
Mo(CO)s. The dependence between the initial coverage of the Mo(CO)¢ and the
photoproducts provides direct evidence of a substrate mediated decomposition path on
TiO,(110).

The deposition of (CH3),Au(acac) on TiO,(110) at different temperatures was examined to
establish its potential application as an OrganoMetallic Chemical Vapour Deposition
(OMCVD) precursor of highly dispersed Au particles. At 130 K, oxidised Au overlayers
were prepared, whereas at 295 K a mixture of metallic and oxidised gold overlayers were
observed, indicating the formation of an intermediate decomposition product of the
precursor. In both cases, annealing above 700 K resulted in metallic Au. Deposition at 550
K resulted directly in the formation of metallic gold overlayers, but with some
contamination by residual graphitic carbon.
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Chapter 1

Introduction

Metal overlayers deposited on oxide supports have attracted interest from the
scientific community as they find applications in different fields such as heterogeneous
catalysis, microelectronics, gas sensing and magnetic applications for information
storage.! Complete understanding though of their properties has not yet been achieved. A
way forward is to employ surface science techniques and tools to gain an insight into the
fundamental behaviour of these systems.2 Working though with oxides, induces a serious
hurdle as most of them are insulating hence measurements with techniques that utilise
electrons or ions are experimentally difficult.’ As a result, there are currently two trends
for studying these metal/oxide systems. In the first, the metal is deposited on a bulk single
crystal oxide support, whilst in the second one deposition takes place on thin oxide films
grown on a metallic substrate.* With the second one the problem of conductivity can be
overcome, although bulk single crystals of reducable oxides like TiO, can be used with all
surface science techniques.” In the following section some general comments regarding
the interaction of metals with oxide surfaces are going to be presented, followed by
specific information regarding TiO,(110) as a support. At the end a section is devoted to
physical concepts used throughout this work such as physical and chemical adsorption,

growth mechanisms of thin films and reaction pathways.

1.1 Metal Overlayers Supported on Oxide Substrates

One of the most significant observations for these systems lies with the fact that
their properties depend on both overlayer and support. For example it has been shown that
the catalytic activity towards CO oxidation of Au nanoparticles supported on TiO, is
higher than Au supported on SiO,.° Another example is the deposition of Ag. On Mg(100)

layer by layer growth is observed whereas on TiO,(110) three dimensional (3D) islands



are formed.” On the other hand, Cu forms 3D islands when deposited on Mg(100) and Ag
2D.” The chemical interactions between support and overlayer control the above

behaviour, hence these are explained in the following paragraph.

In a recent review by Fu and Wagner, the chemical interactions taking place
between metal overlayer and oxide support have been grouped into four categories.* The
first involves a redox reaction where oxidation of the metal and reduction of the substrate
takes place. According to Campbell such a reaction can take place when the heat of
formation of the oxide of the metal, AH’, is more negative than that of the metal oxide
support.® For example the AH{ for Nb is more negative than Ti, hence an oxidation should
occurred when the latter is deposited on TiO,, and indeed this has been observed
experimentally.” These authors observed using High Resolution Transmission Electron
Microscopy (HRTEM) the formation of a structurally distorted layer at the interface,
which upon examination with Electron Energy Loss Spectroscopy (EELS) was found to
contain oxidised Nb and reduced TiO,. The second interaction involves the formation of
an alloy between the metal of the overlayer and the metal of the oxide. For example after
reducing a 5 % Pt/CeTbOy catalyst at 1173 K, the formation of LnPts (Ln=Ce or Tb) was
observed.'® The third interaction relates with encapsulation, upon which the metal particles
are covered by a thin layer of reduced oxide support. Usually noble metals like Pt, Pd, and
Rh exhibit this behaviour, for example in a review by Chen and Goodman, encapsulation
of Pt was reported when the latter was deposited on TiO; and Al,Os3 thin oxide films.” This
is usually attributed to the Strong Metal Support Interaction (SMSI), phenomenon
according to which the adsorption behaviour of a catalyst is modified upon increasing its
reduction temperature.!' Finally, the fourth interaction taking place correlates to
interdiffusion, where material from the metal diffuses into the support and vise versa. As a
result interdiffusion zones can be observed at the interfaces. Since the oxide support used
in this thesis was a rutile TiO,(110) single crystal, the next section contains a short review
of the (110)-(1x1) surface along with some information regarding the deposition of

various metals on TiO»(110).



1.2 TiOy(110)

1.2.1 The Stoichiometric TiO,(110)-(1x1) Surface

Bulk rutile TiO, exhibits a tetragonal unit cell with a=b=4.584 A and ¢=2.953
A The cell is comprised of two TiO; units with Ti occupying the corners and body-centre
positions, while each Ti is coordinated to six neighboring O atoms situated at the vertices
of a distorted octahedron.'? Each O atom is coordinated to three Ti atoms. A schematic of
this unit cell can be observed in Figure 1-la. The bulk rutile TiO, can terminate in
different surface structures, which are produced by the various truncations of the
octahedra. Ramamoorthy et al. have performed ab initio calculations on stoichiometric
(1x1) surfaces to establish the most energetically favourable termination.'” According to
their findings, amongst (110), (100), (011) and (001) the first one is the surface of lowest
energy. Indeed this has also been observed experimentally.’ Hence the majority of
experimental work has been performed on a (110) surface. Since TiO, single crystals used
in this study were also of the (110) termination, the following discussion is going to be

focused on the properties of this surface.

The stoichiometric TiO,(110)-(1x1) surface consists of a plane of alternating Ti
and O rows along the [001] direction, while an extra row of bridging oxygen atoms exists
every other Ti row."” The O atoms of these rows are twofold coordinated while the rest O
atoms are threefold. The Ti atoms situated below the protruding row are sixfold
coordinated, whilst the rest fivefold.> A ball and stick model of the surface along with a
2D representation can be observed in Figures 1-1b and 1-1c¢ respectively. This description
has been confirmed by Scanning Tunneling Microscopy (STM) and Atomic Force
Microscopy (AFM) investigations. In STM the appearance of the surface is mainly
characterized by alternating bright and dark rows along the [001], with the former being
attributed to the Ti rows as electronic rather than geometric effects dominate the
imaging."® On the other hand AFM images collected in the non contact mode represent the
protruding O rows as bright features, consistent with the topographic orientation.'*

Nevertheless, the inverse picture has been recently obtained in non contact AFM,



indicating that electronic effects can be present in AFM due to charging of the tip."
Surface X-Ray Diffraction (SXRD) measurements have also shown that surface atoms
near the bulk exhibit the smallest relaxation, whilst atoms further away from the bulk,
hence bridging O, exhibit the larger relaxation.'® Furthermore sixfold Ti atoms move away
from the surface and fivefold Ti towards it. For bridging O atoms it was observed that they
relax towards the surface. However, a recent LEED-IV study performed by the same
group revealed that the bridging O atoms move away from the surface, while the
relaxation of the in plane O atoms was found higher than before.!” These discrepancies
were attributed to improved methodology towards surface preparation. It is worth
mentioning though, that the latest data were reproduced by ab initio DFT calculations to a

very good agreement.'®
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Figure 1-1 (a) Unit cell of bulk TiO,(1 10), (b) ball and stick model of the TiO,(110)-(1x1) surface and (c)

its two dimensional representation.'



1.2.2 Defects on the TiO,(110)-(1x1) Surface

The aforementioned representation of the TiO,(110)-(1x1) surface
experimentally is difficult to be obtained as the existence of point defects is almost always
unavoidable.’ Nonetheless, it is the presence of those defects that make TiO,(110)
attractive for many applications, as its surface chemistry is strongly related with them.'**°
These defects are usually created after annealing sputtered surfaces,”’ whilst they are
imaged in STM as bright spots situated on top of dark rows.** Furthermore, Diebold et al.
observed that upon exposure to O, their population decreased as a function of O,
exposure.zo This observation along with the fact that oxygen vacancies are known to be
healed with O, led those authors to conclude that the observed defects were due to oxygen
vacancies on the rows of bridge bonded O. Indeed, additional STM investigations have

. . . . 19,23, 24
confirmed this allocation of oxygen vacancies, 9 2

although the interaction of those
vacancies with O, was found to be more complicated. For example Schaub et al. proposed
that upon adsorption of O, on the vacancy, the molecule dissociated with one atom filling
the vacancy while the other formed O, with an O atom from a neighboring row, thus
creating a new vacancy.'” Du ef al. observed three different locations for the second
dissociated O atom near the oxygen filled vacancy.”” The diffusion was not attributed to
thermal effects but rather due to transient mobility due to dissociation. A transient
mechanism has been proposed for the diffusion of O, molecules on the TiO,(110) surface
at 240 K.* According to these authors, electron transfer from donor states of the surface

resulted in the formation of charged O,. The diffusion of O, was attributed to its discharge,

while the existence of donor states was allocated to the presence of oxygen vacancies.

Oxygen vacancies are related with another point defect, which is H adatoms.
These are thought to originate from H,O' dissociation at oxygen vacancies.”’ The
proposed mechanism for this dissociation involves first the occupation of one O vacancy
by the OH fragment, and secondly the adsorption of H by a bridging oxygen atom of an

25,27

adjacent row. The two OH pairs formed upon dissociation of H,O are believed to be

immobile on the surface, but could readily diffuse upon interaction with another H,O

"H,0 is always present even in minimal quantities as residual in UHV chambers



molecule.”® The H adatoms exhibit similar characteristics to oxygen vacancies when
imaged with STM, hence their discrimination is often subtle.” Suzuki et al. identified
them by collecting STM images before and after Electron Stimulated Desorption (ESD)
tuned for H.*’ Recently, Bikondoa ef al. managed to differentiate between H adatoms and
O vacancies by monitoring their population after H desorption and after H,O exposure
using STM.?” They observed that the population of defects allocated to H adatoms
increased upon adsorption of H,O, indicative of correctly allocating them to H adatoms.
To conclude oxygen vacancies, individual OH and OH pairs are expected to be present on

the TiO,(110) surface.”

Another important point defect on the TiO»(110) surface is Ti interstitials. These
can exist on the surface after sputtering, and during annealing they will diffuse in the bulk
to restore the stoichiometry, contrary to O vacancies which stay on the surface.*® Ab initio
calculations have also shown that Ti interstitials are the major diffusing species since their
migration barriers are lower compared to the ones for oxygen vacancies.”’ Subsurface Ti
interstitials are believed to play an important role in the electronic structure of the
surface.”* Wendt er al. based on STM and PES measurements proposed that these
interstitials were responsible for the defect Ti3d state of TiO,(110) surface.”* In addition,
they observed that interaction with adsorbed O, molecules brought the Ti atoms to the
surface. A similar phenomenon was observed by Li et al. following the high temperature
(500 to 710 K) oxidation of the TiO,(110) surface.’” The Ti interstitials can also be driven
to the surface collectively during the reoxidation procedure, thus forming extra rows of Ti
on the (110) surface.*® This phenomenon has serious implications as it can lead to the
reconstruction of the surface from (1x1) to (1x2).34 One model of reconstruction has been
proposed by Pang et al. and involves the formation of added rows along the [001]
direction the edges of which are terminated by O.*> Another proposed model comprised of
the introduction of an added row of Ti,O; stoichiometry.3 ® Bennett et al. observed both

structures, albeit modifying the first one.*



1.2.3 TiO,(110) as Support for Metal Overlayers

Single crystal TiO,(110) has been extensively used as a support for metal
overlayers as these systems find application in different fields as microelectronics and
heterogeneous catalysis. In addition, as evident from the discussion of Sections 1.2.1 and
1.2.2 its surface is well characterised, hence it offers a very good starting point for every
research.’ Furthermore as it is reducable, all the surface science techniques can be
employed without charging problems.” Over 24 different metals have been deposited on
TiO(110),” and this interest is also reflected in the number of review papers devoting at

least a section to the metal/TiO,(110) system." >’

Following discussion in Section 1.1 regarding the interaction of metals with
metal oxide supports, the interaction of a metal with TiO,(110) can be classified by
comparing the heat of formation of the deposited metal with that of Ti. But since TiO, can
be reduced to Ti,O3 or TiO, one should compare these AH;’ values against the one for the
metal. By performing this Diebold has proposed that metals situated on the left hand side
of a line that connects Co and Re in the periodic table, should react with TiO,(110) and
form oxides.” Fu and Wagner have proposed another way of categorising the interaction
between metals and TiO,(110) according to the change of the surface work function, Ag,
and this is described below.® The change of Ag reflects the position of Fermi levels for
metal and oxide before contact, which are indicative of electron flow after contact. The
first category involves Cs, K, Na, Ca and Ba, the work function of which is less than 3.0
eV, much smaller that TiO,(110) ca 5.2 eV. As a result these are the highest reactive
metals with the oxide surface, and upon deposition oxidised layers are expected to form.
For example, Grant and Campbell reported the formation of ionic Cs up to ca 0.6 ML
coverage,”’ whilst for Ba deposition Li et al. observed that up to 1 ML all Ba was in
oxidised form while metallic Ba appeared after IML.*® Recent theoretical calculations of
K deposition on thin TiO, films have also predicted the formation of K ions upon
aldsorption.39 As discussed in Section 1.3.1, this strong interaction between metal and
support leads to the formation of layers (2D growth) of the former, as observed for Cs®’

and Ca.** The second category contains metals with work function values between 3.75



and 5 eV as Mo, Fe, Cr, V, Ti, Nb, Hf and Al. Redox reactions are expected as well to take
place between metal and oxide but not to the extent observed for alkali metals. For
example (Section 1.1) Nb forms a thin oxidised layer when deposited on TiO,(1 10),9 while
See and Bartynski have reported the existence of oxidised phases of FeO and Fe,0; at the
interface of Fe/TiOz(llo).41 The third group contains three metals Au, Ag and Cu, whose
work function is comparable to TiO,(110), 4.6 eV<p<5.4 eV. As explained in Chapters 3
and 5 little or no interaction takes place between Au or Cu and the TiO; surface. Finally
the last category includes metals with work function values above 5.4 eV. These are noble
metals Pt, Pd, Rh, Ir and Ni. For these metals the opposite electron transfer is observed,
from TiO,(110) to the metal overlayer. The latter promotes the outward diffusion of Ti
interstitials which lead to encapsulation of the overlayer. Indeed encapsulation of pt,*
Rh,” and Pd* has been observed experimentally when the latter are deposited on

TiO,(110).

1.3 Physical Concepts

1.3.1 Growth and Nucleation of Thin Films

As discussed in the previous Section, the growth of metals on metal oxide
supports can follow different modes, while this is a general result for the deposition of thin
films on any substrate. It is now established that the growth of thin films on various
substrates can proceed via three different types of growth.* In the first type, Frank-Van
der Merwe, the deposition proceeds layer by layer as the deposited atoms are bound
stronger to the support that to themselves. The second one, Volmer-Weber, is
characterised by the formation of islands of the deposited material, as these atoms bind
stronger between one another. Finally, an intermediate type exists, Stranski-Krastanov,
where upon completion of the first monolayer, the growth proceeds by forming islands.*°
The latter appears when the Frank-Van der Merwe type is disrupted upon completion of
one monolayer due to one or several factors, as for example the inability of the second
layer to follow the lattice parameter of the first."’ Schematically these three growth modes

are presented in figure 1-3. Thermodynamically the appearance of each mode can be



understood by taking into consideration the surface free energies of the substrate (ys), the
deposited material (yq) and the interfacial free energy between them (y") .*” When ya+y <y,
then the growth follows the Frank-Van der Merwe type, while when y4+y >y the Volmer-
Weber type is followed. For the third type, Stranski-Krastanov, 7d+y*§ys ceases to exist

after the first layer is formed.

a b c
Figure 1-2 The three different types of growth: (a) layer by layer or Frank-Van der Merwe, (b) island or

Volmer-Weber and (c) layer-plus-island or Stranski-Krastanov.

The above approach though is only valid for a perfectly flat surface and it does
not take into consideration kinetic processes during growth. For example surface diffusion,
binding of atoms, re evaporation, overcoming steps.’® As a result several models have
been developed to explain the procedure as a whole.* * %" For example Campbell
introduced a kinetic model to account for the formation of 2D islands at the initial stages
of Cu growth on ZnO(0001), which is against the thermodynamically favoured 3D
growth.® According to this model when an atom lands on a 2D island, it feels the strong
attraction towards the edge which along with the small energy barriers for downstepping,
force it to nucleate at the edge. An atom landing on a clean ZnO(0001) site will diffuse
until it encounters an island. Then upstepping is kinetically limited as the activation
energy for the latter is larger than the thermal energies. These kinetic barriers can be

overcome upon annealing, and 3D islands are formed.

1.3.2 Adsorption on Surfaces

Adsorption of a molecule on a solid surface can be classified according to the
nature of the bond formed between the two. Consequently, two adsorption forms exist:
physical adsorption (physisorption) and chemical adsorption (chemisorption).*® In the first

case, the molecule is attracted to the surface via van der Waals forces, which are weak and



long range. In other words no real chemical bond exists between surface and molecule,*
and the bonding is characterized by a redistribution of electron densities.”® The total
interaction potential (V,) as a function of the distance z from the surface, can be described

by the following equation:49

C

V.= Kn(r)—|—v3 (1-1)
72—z,

where K is an experimentally derived constant, n(r) the ground state charge density of the
surface, C, is a constant related with the ability of the surface and molecule to polarise one
another and z, is a term that defines from where to measure the van der Waals interaction.
Figure 1-3 represents calculated physisorption potentials for He adsorption on different

surfaces. It is evident that a minimum exists a few Angstroms from the surface.

V(z) (meV)

Figure 1-3 Physical adsorption potential as a function of distance (z) calculated for He near jelium surfaces

with noble metal electron densities.*’

In the second case, chemisorption, a true chemical bond exists between adsorbate
and surface.*’ This bond is usually covalent, and much stronger that the van der Waals
interaction of physisorption. This is reflected in the enthalpy of adsorption values, as for
chemisorption typical values are near 200 kJ per mol whereas for physisorption around 20
kJ per mol.* For chemisorption, two separate conditions exist. The first involves the
dissociation of the molecule on the surface and the second the associate adsorption. For

example, O, adsorbs dissociatively, while CO in molecular form.* A Lennard-Jones
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potential can describe the energy of adsorbate-surface system as a function of their
distance, and a schematic of this for the dissociative adsorption of a diatomic molecule
(AB) can be found in Figure 1-4. The solid line represents the potential of the system
while the dashed lines the potential of the individual atoms and the physisorption potential
respectively. It can be observed that as the molecule approaches the surface, the energy of
the system lowers and the molecule becomes physically adsorbed, potential well 1. This is
considered to be a precursor state.”* Then by overcoming E, it can chemisorb by
dissociation, potential well 1I. The potential of Figure 1-4 represents a case known as non-
activated chemisorption. For an activated chemisorption to occur, the intersection of the

two lines must be situated above 0.*

Figure 1-4 Potential energy for dissociative chemisorption of AB (solid line). Dashed curves represent the
potential for physisorption (AB) and individual atoms (A+B). The energy for chemisorption is depicted as

Eg, whilst for physisorption E,. Schematic adapted from 9

1.3.3 Reaction Mechanisms

When a surface acts as a catalyst for any given reaction, then the mechanism of
this reaction would follow either one of the following two types. In the simple case of two
reactants A and B, the first type involves the reaction of the surface adsorbed reactant A
with reactant B which is in the gas phase and is not adsorbed on the surface. This

mechanism is called Eley-Rideal, and the reaction rate is proportional of the surface
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coverage of A and of the partial pressure of B.* The second mechanism involves the
reaction of A and B, with both being adsorbed on the surface. This type of mechanism is
called Langmuir-Hinshelwood, and the reaction rate is proportional of the surface
coverage of A and the surface coverage of B.** A schematic of both mechanisms is given
in Figure 1-5, obtained from DFT calculations of the CO oxidation catalysed by Au
nanoparticles supported in magnesia.”’ In the Eley-Rideal type (a), O, preadsorbed on a
Au cluster reacts with an incoming CO to form CO,. In the Langmuir-Hinshelwood type
(b), both molecules are adsorbed on the Au cluster, and react upon encounter to COs,.
Finally it should be noted that both types should be treated more correctly as the two limits

of possible mechanisms.*’

Figure 1-5 Eley-Rideal (a) and Langmuir-Hinshelwood (b) mechanisms proposed for the CO oxidation

catalysed by magnesia supported Au nanoparticles.”
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Chapter 2

Instrumentation and Experimental Techniques

2.1 The UHV System

All the experiments presented in this thesis were conducted in a UHV chamber
with a base pressure of 5x10™"° mbar. Pumping was provided via a Liebold turbo
molecular pump (pumping rate 1000 I/s) supported by Edwards E2M12 rotary pump.
Additional pumping was also supplied by a Titanium Sublimation Pump (Vacuum
Generators) to improve the vacuum and minimise water contamination. The pressure was
monitored using an ion gauge from AML. Three surface sensitive techniques were
available to use with the chamber: Fourier Transform-Reflection Absorption Infrared
Spectroscopy (FT-RAIRS), X-ray Photoelectron Spectroscopy (XPS) and Low Energy
Electron Diffraction (LEED). The Fourier transform infrared spectrometer was a 1760x
model from Perkin Elmer situated on one side of the chamber. The infrared beam travelled
into the chamber and was collected on the opposite side (grazing angle geometry) with the
aid of either an Indium Antimonide (InSb) or a Mercury Cadmium Telluride (MCT)
detector, coupled to the spectrometer. Both entrance and exit windows were made from
KBr. The XPS equipment comprised of an X-ray gun and an analyser. The XPS analyser
(Concentric Hemispherical analyser, CHA) and gun (twin Al-Mg anode) were
manufactured by Vacuum Generators. The angle between the analyser and the sample was
at 15°. Finally the LEED equipment was supplied from Vacuum Science Instruments.
Residual gas analysis and leak detection were performed using a quadropole mass
spectrometer by Vacuum Generators. An ion gun (Ar") from Ion Tech was also available,
used for sample cleaning via the sputtering procedure. The simultaneous or individual
dosing of various gases (maximum of three) was achieved using three Varian leak valves
attached to a gas manifold. For the deposition of the materials two separate doser

configurations were employed, which are presented in detail in the experimental section of
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relevant chapters. The sample was placed at the tip of a hollow stainless steel tube which
was attached on the top of the chamber. Figure 2-1 represents a schematic of the UHV

system described above.

QMS

Ion gauge
/\
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\ \ \

1. R Detector N FTIR
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L] |

Sample

Doser

Figure 2-1 A top view schematic of the UHV system used for the experiments presented in this study. Items

not in scale.

2.2 Sample Mounting and Preparation of an Atomically Clean TiO,(110) Surface

The TiO,(110) single crystal (PI-KEM 1td) was mounted on a homemade
housing made from Ta foil. The latter was attached to a Cu block to allow for good
thermal conductivity. Resistive heating of the sample was achieved by two W wires (0.25
mm in thickness) directly in contact with the Ta foil, that were spot welded on two Ta bars
connected to the Cu block. A schematic of this arrangement can be observed in Figure 2-2.
The Cu block was placed at the tip of a hollow stainless steel tube attached to a normal
Xxyz manipulator, able to rotate around the z axis. Cooling of the sample down to 130 K
was achieved by filling the hollow tube with Liquid Nitrogen (LN). In order to monitor the

temperature of the sample, a K-type thermocouple was spot welded at the side of the Ta
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boat. It should be mentioned that placing the thermocouple directly below the crystal was

avoided because when once attempted it resulted in cracking of the crystal.

2.5cm
.............................. i Thermocouple
Thermocouple
TiO, crystal TiO, crystal —>
4cm Ta support Ta support
Ta bar
Cu block

Figure 2-2 A schematic of the Cu block used for the mounting of the TiO, crystal. Notice on the side view
that the crystal’s surface was above any other part of the holder. This was done to prevent any interference

with the infrared beam.

In order to prepare an atomically clean TiO,(110) surface, the sample was
subjected to repeated cycles of Ar" bombardment (2.4 kV, 0.6 mA, 20 min, at grazing
angle) followed by thermal annealing at 900 K for 30 min. After the final cycle, oxygen
treatment was employed for 5 min at 700 K. At the end of the cleaning procedure an
atomically clean TiO,(110) surface was achieved. This was verified both by XPS and
LEED. Figure 2-3 represents an XPS spectrum of the Ti(2p) energy region immediately
after treatment. Both the characteristic Ti(2p3,) and Ti(2pi2) peaks were observable at
458.7 eV and 464.5 eV respectively. Their positions and energy difference of 5.8 eV were
in very good agreement with literature values.”> Spectra collected from the C(1s) region
did not reveal any C contamination of the surface. Figure 2-4 represents a picture of the
LEED fluorescent screen collected immediately after cleaning the surface. A clear (110)-

(1x1) pattern was observable, indicating the presence of long range order.” Finally, recent
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studies have indicated that annealing the TiO,(110) surface in oxygen can cause the
appearance of rosette structures which comprise of partially incomplete TiO, layers.” !
Hence, the possibility of such structures being present on our surface cannot be excluded.

However, their existence can only be monitored using STM, a technique not available in

this work.
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Figure 2-3 Ti(2p) energy spectrum collected immediately after cleaning treatment. Both Ti(2ps») and

Ti(2p,,,) peaks were present.

Figure 2-4 LEED picture collected immediately after cleaning treatment. A (110)-(1x1) pattern can be

observed due to presence of long range order on the TiO,(110) surface.
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2.3 Fourier Transform Reflection Absorption InfraRed Spectroscopy (FR-RAIRS)

Over the last 30 years, the FT-RAIRS technique has proven to be a valuable tool
for studying surfaces and the molecular processes that take place on them. By examining a
FT-RAIRS spectrum, a wealth of information can be obtained that spans from the
identification of adsorbates and determination of their chemical environment and
molecular symmetry, to the characterisation of the structure and reactivity of a surface.”
In the following section the theoretical aspects of this technique are going to be discussed
with an emphasis shown on oxide and semiconductor supports as these are the relevant

ones to this thesis.

2.3.1 Theory

As with every variation of infrared spectroscopy, FT-RAIRS utilises the
absorption of radiation that takes place when the electromagnetic field of an infrared beam
excites the vibrational modes of a molecule, which in this case is adsorbed on the surface.
But rather than collecting the transmitted beam as routinely done in an L.LR spectroscopy
measurement, the beam reflected off the surface is collected and analysed. A typical
geometry of this can be found in Figure 2-5, where one should note that both components
of the I.R beam, p and s, can potentially excite the vibrational modes of the adsorbates. In
reality though, this strongly depends on the properties of the substrate, i.e. metal,
semiconductor or oxide. Finally the quantity that is normally used in FT-RAIRS is that of
AR/R which is defined from equation (2-1) as:

AR/RO:R"_R

2-1)

where R, is the reflectivity of the clean surface and R the reflectivity of the adsorbate

covered surface.
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Figure 2-5 Reflection of infrared light at a surface. Depending on the surface, all components can potentially

be infrared active.

2.3.1.1 Metal Support

Historically the RAIRS technique has been developed on well defined metal
surfaces.”™® The theoretical treatment of these systems has long been established and a
short description is going to be presented here, to serve as a basis for the discussion on
oxide surfaces. The vibrational dipole of molecules adsorbed on a metallic surface will
induce and equal and opposite dipole on the latter, due to the presence of free electrons.
As a result the net electric field is going to be zero for vibrations oriented parallel to the
surface, and non-zero for vibrations perpendicular to it. Thus the actual surface poses a
strict selection rule, which is called the surface selection rule, according to which only
light polarised perpendicular to the surface can excite vibrations. More precisely only the
pn component can be involved in infrared active excitations, as shown in Figure 2.5.
Furthermore it has been established that the angle of incidence of the light has to be near

90° (grazing) as this will lead to a greater interaction with the adsorbate. The reason for

this is not only the fact that the length travelled by the light is greater but also| 13”| = | [7| 2

All the above considerations can also be expressed mathematically by using the
three layer model, developed by Mclntyre and Aspnes.58 In this model, Figure 2-6, the
optical properties of adsorbate film, metal substrate, and vacuum are taken into

consideration.”* More precisely the quantity used is the dielectric constante, which
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expresses the macroscopic response of a solid to electromagnetic radiation.” This function

is generally complex and can be written as:
£ =& +ig; (2-2)
with i=1, 2 and 3 for the substrate, adsorbate layer and vacuum respectively, and ¢ and €

the refractive index and absorption coefficient.

Vacuum €,
e RS OOO®
Substrate £
Figure 2-6 The three layer model: vacuum &3, adsorbate €, and substrate €;

With the above in mind one can express the change in reflectivity for both p and

S components as:

AR, 8md E,—&
$ =———cos@Im[—2—1 2-3
R A plm| 1-¢ ] (29
AR e 1- in
p 8 s pimpE =4l a SENETESIN D) i cnt (2-4)
R, A l1-g 1-(/&,)(1+&,)sin* &

where d is the thickness of the adsorbate layer, ¢ is the angle of incidence and A the

wavelength of the radiation.

Using Equations (2-3) and (2-4) a simulation has been performed in the literature
where the dependence of AR/R from the angle of incidence can be obtained.”® These

findings are presented in Figure 2-7.
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Figure 2-7 AR/R as a function of angle of incidence for the s (figure a) and the p (figure b) component of
infrared light. With k=30 representing the behaviour of a metal, k=0.05 of an oxide and k=0 of a

. 60
semiconductor.

It becomes obvious that the change in reflectivity for the s component is almost
zero for all the values of ¢, agreeing with the qualitative approach of the image dipole. As
far as the p component is concerned, maximum values appear near 90° highlighting the
need for performing RAIRS at grazing angles of incidence. By changing the values for g,
similar information can be extracted for an oxide or semiconducting surface, Figure 2-7.
For the p component of the radiation, maximum absolute values of AR/R appear at angles
around 70°, which is the Brewster angle ¢g. It is noteworthy that depending on which side
of ¢p the incident angle lays, either a transmission or an absorption band is going to be
present on the spectrumﬁ. For the s component a transmission band is predicted, as image
dipoles cannot be formed near the surface of these supports. Nevertheless, such an
approach does not take into consideration the fact that the p-component of the radiation is
actually comprised of two vectors, p, and ps. For metals this is not important as ps will not
excite any vibrations as it is parallel to the surface. But for an oxide surface this vector is
infrared active, along of course with the s component. Thus a new model has to be used

which is going to be presented in the following section.

" Since AR=R jean surface~R adsorbate covereds AR<0 will result in a transmission band and AR>0 in an absorption

band.
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2.3.1.2 Semiconducting or Oxide Supports

In order for a model to be able to fully characterise the I.R behaviour of the three
layer arrangement, Figure 2-6, it has to include the microscopic characteristics of the
adsorbate layer. This has been done by Chabal by separating the x, y and z components of
the electric field at the vacuum-substrate interface and assuming a Lorentz oscillator to
model the microscopic properties of the adsorbate layer.”” If it is assumed that for a
semiconductor ¢ is real and isotropic, the change in reflectivity for each component of the

infrared light can be written as:

AR 27V
£ = I .(ed 2-5
R, cos@ (&5d,) (2-5)
AR 2
b2 erd 41— (e7d)] (2-6)
R, cosg £ +e

where Iy, are the intensities of the field, as expressed by:

! _4cos’e  [(I/g)sin’ p-1]

2-7
Y l-g [((1+&)/g)sin® p—1] @7
2
I = 4cos” @ (2-8)
: I-¢
2 « 2
I _4cos” g (I/g)sin” @ (2.9)

o 1-g [((+g)/g)sin’ p—1]

In addition to the above equations, the three components (g, &y, €,) of the
anisotropic dielectric function of the adsorbate layer have to be expressed in terms of
meaningful microscopic quantities. This can be performed by employing a Lorentzian
oscillator parameterisation of the adsorbate layer, and then the dielectric function for any

vibrational mode will be:

~

2
Ew=¢€,+— = (2-10)

@ - @& —iyd
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with €_ the electronic part of the dielectric function, ®, the plasma frequency associated

with the adsorbate layer and y the natural line width of the oscillator.

Thus by employing all of the above a model calculation of AR/R as a function of
wavenumber has been made by Hayden60 and the results for an angle of incidence of 80°

are presented in Figure 2-8.
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Figure 2-8 Model calculation of AR/R as a function of wavenumber for all components i.e. p, p, and s.

Angle of incidence at 80°.%°

According to this plot, all components of the radiation are infrared active and
coupling to them will result in either absorption or transmission bands. More precisely
coupling to the ps vector (parallel to the surface plane) will lead to an absorption band
whereas coupling to the p, vector (perpendicular) will lead to a transmission band. The
latter is also shifted away form the singleton frequency as a result of dipole coupling along
the z direction. Finally a small transmission band is predicted for coupling to the s
component of the radiation. Thus contrary to a metal substrate where only perpendicular
aligned modes can be studied, conducting RAIRS on a metal oxide or semiconducting

support can provide an insight for all the available orientations. This can be extremely
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useful in the adsorption studies of both isotropic and oriented molecules as information
regarding the adsorption geometry of these systems can be acquired from the RAIRS

61, 62

spectra. Moreover when combined with an azimuthal dependence, the molecular

orientation of the adsorbates can be determined.®*%

2.3.2 Experimental Considerations

Conducting FT-RAIRS on a metal oxide support is extremely difficult as both
reflectivity and sensitivity are low. Furthermore the collected spectra can be complex in
interpretation as all available modes can be infrared active. In real experimental conditions
the correct angle of incidence has to be found that will result in maximum signal. In
addition one has to be certain that the infrared beam is only reflected from the metal oxide
surface and not from some other part of the manipulator. Thus, in order to calibrate our
experimental set up, experiments were undertaken at the beginning of this study where
rhodium carbonyl chloride [Rh(CO),Cl], was deposited on the TiO,(110) single crystal
surface. The behaviour of this system has already been examined and FT-RAIRS spectra

of the organometallic molecule adsorbed on the oxide surface are well documented.®!

[Rh(CO),Cl], (Sigma Aldrich, 97 %) was placed inside a glass vial, attached to a
leak valve. The latter was connected to the UHV chamber at the doser position, Figure 2-
1. The organometallic was introduced into the chamber through a thin stainless steel tube,
its open end situated approximately 15 mm from the sample. During deposition the sample
was kept at 130 K. All FT-RAIRS spectra were collected using: a Mercury Cadmium
Telluride (MCT) detector; a p polarised light; a spectral resolution of 4 cm'l, 200 scans, in

the spectral region from 2200 to 1900 cm™.

Figure 2-9 represents the spectra collected from the deposition of [Rh(CO),Cl],
as a function of exposure. Following the initial two exposures, up to 4.78 L, no bands were
observable on FT-RAIRS spectra. Nevertheless after 8.2 L features started to emerge
around 2100 and 2050 cm™'. These grew into well distinguished infrared peaks after 11.62
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L of [Rh(CO),Cl],. More precisely three transmission bands were observable at 2108,
2094 and 2048 cm™ respectively whereas an absorption band was evident at 2087 cm.
The intensity of bands grew upon further exposure of the molecule but their position
remained unchanged. Upon comparing these results with previously published data by
Evans ef al.,’" a very good agreement was observed. This comparison, along with the
identification of the bands, can be found in Table 2-1. Finally it is noteworthy that both

transmission and absorption bands were observable as predicted by the theory.

2108 | 2048

| 2094
4 % 3 :

2087

Transmittance / %
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Figure 2-9 FT-RAIRS spectra of the TiO,(110) surface as a function of [Rh(CO),Cl], exposure in Langmuir
L).

Table 2-1 Assignment of the observable bands, along with a comparison with previously published results.

Vibrational mode | This study / (cm™) by Eva(r?l3 er;’f (} (cm™)
Al 2108 2108
Bl 2094 2094
Bl 2086 2087
B> 2048 2050
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Approximately at the midpoint of this study some important repairs had to be
conducted on the manipulator which supported the TiO, single crystal. As a result the
optimum position for conducting FT-RAIRS had to be obtained once again. Bearing in
mind that one part of this study would involve the investigation of Cu particles and films
deposited on the metal oxide crystal, it was chosen to use a Cu (110) single crystal in order

to regain the optimum position.

Prior to loading the Cu(110) single crystal on the manipulator, the latter was
polished with alumina paste of varying size (5, 1 and 0.05 pum particles respectively).
Once inside the UHV chamber the crystal was cleaned by repeated cycles of sputtering (5
min, 1.8 kV, 0.6 mA) and annealing (25 min at 673 K).®® In order to test the alignment of
the FT-RAIRS set up, CO adsorption studies were performed at 130K on Cu(110) surface.
FT-RAIRS spectra were collected using: an Indium Antimony (InSb) detector, a p
polarised light; a spectral resolution of 4 cm™, 100 scans, in the spectral region from 2200

to 1900 cm™.

Figure 2-10 represents spectra collected after exposing the Cu(110) crystal to 3 L
of CO. The spectrum collected from the bare surface is also shown as a reference. A sharp
single peak situated at 2094 cm™ was observable which can be attributed to the v(C-O)
mode, in accordance with Pritchard er al. ®' Tt should also be noted that only absorption
peaks were observable which is in agreement with the theory presented in the previous
section. Some studies were also performed where prior to any CO dosing, the Cu(110)
surface was exposed to 15L of O, at 400 K. On the inset of Figure 2.10 the FT-RAIRS
spectrum of v(C-O) is presented for O, covered surface. The presence of O, altered the
appearance of the spectrum, with two bands emerging at 2106 and 2070 cm™, probably

due to CO adsorbing on two different sites.*®
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Figure 2-10 FT-RAIRS spectra collected before (top) and after (bottom) the Cu(110) single crystal was
exposed to 3L of CO. Inset: FT-RAIRS spectrum after exposing the O, covered surface to 3L of CO.

2.4 X-ray Photoelectron Spectroscopy (XPS)

2.4.1 Theory

X-ray Photoelectron Spectroscopy has been routinely used since its development
in the early 60s by Siegbahn, to study the elemental composition and chemical state of
surfaces. As a consequence it is also know as Electron Spectroscopy for Chemical
Analysis, a term not commonly used nowadays due to the existence of a variety of
techniques with the same objective.”” The fundamental principal behind XPS lies with the
photoelectron effect as explained by Albert Einstein (Nobel prize in Physics, 1921).
According to the photoelectron effect, photons of suitable energy can excite electrons of
occupied states of a solid and as a result escape the material with a certain kinetic energy.

A simple mathematical expression describes this phenomenon :*°

hv =E,, +E, +® 2-11)
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where hv is the energy of incoming photons, Ey;, the kinetic energy of photoelectrons, E,
the binding energy of photoelectrons and ® the work function of the material. A schematic

representation of the process can be found in Figure 2-11.
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Figure 2-11 The photoelectric phenomenon

According to Equation (2-11) if hv, Eyx, and @ are known quantities then the
binding energy of the photoelectrons, thus the electronic configuration of the material, can
be obtained. In an XPS experimental set up the energy of incoming photons is known as
they are produced from a soft x-ray source which is usually either Al-K, (hv=1486.6 eV)
or Mg-K, (hv=1253.6 eV). The kinetic energy of the photoelectrons can be measured
using an electrostatic deflection analyser, which can selectively allow electrons of only
certain energy to pass through it by applying an electrostatic field. Thus by knowing also
®, the binding energy of the excited photoelectrons can be calculated. Because of the
energy value of the x-rays used, the information acquired from an XPS spectrum is related
with the core electrons of the material. As the energy configuration of these is unique for
each element, an elemental analysis can be performed. Of course information regarding
the valence band can also be obtained but this energy region near the Fermi level is better

studied using Ultraviolet Photoelectron Spectroscopy.

Although in theory Equation (2-11) contains all the required information in order
to understand a XPS spectrum, in reality some of the features present in a spectrum
cannot be explained by it. The reason for this is the fact that Equation (2-11) is only an
approximation. This approximation follows Koopmans theorem according to which: ‘for a
closed shell molecule the ionisation energy of an electron in a particular orbital is

approximately equal to the negative of the orbital energy calculated by a self consistent
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field method’.”® According to the above the excitation of a photoelectron does not affect
the electronic state of its environment and hence the binding energy measured should be
equal to the real binding energy of the electron. In reality this is not true because as soon
as a hole is created by the photoelectron some of the electrons are going to relax to lower
energy state in order to screen it. Consequently, the energy of the outgoing photoelectron
is going to be affected by this process and will appear shifted from the expected one.
These shifts are known as final state effects since they originate from the photoelectric
excitation. On the other hand, shifts that originate from a change of the chemical
environment are known as initial state effects or ‘true’ chemical shifts.*> "' Due to these an

identification of different chemical states, i.e. oxidised or reduced species can be made.

To conclude, it is important to explain why XPS is a surface sensitive technique.
When photoelectrons or electrons in general, travel through a material they can lose their
energy due to various phenomena such as plasmon scattering, single particle electron
excitations involving valence electrons and ionisation of core levels of the atoms.”” Seah
and Dench have presented a collection of both theoretical and experimental findings upon
which the distance covered by an electron before losing its energy is calculated for various
materials.”” This distance is known as the Inelastic Mean Free Path (IMFP) and its value
as a function of the energy (above the Fermi level) of the electrons can be found in Figure

2-12.
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Figure 2-12 The IMFP in nanometres as a function of electron energy for a wide selection of elements,

7
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A minimum in the IMFP at around 0.5 to 1 nm, is observed in the energy region
between 50 and 1000 eV. Thus as photoelectrons produced by soft x-rays typical have
values in this range, XPS is a strictly surface sensitive technique. Seah and Dench have

also presented an equation that best describes the trend observed in Figure 2-12:

538 2

A =F+0.41(aE) (2-12)

m

where A, is the IMFP in monolayers, E is the energy of the electrons above the Fermi
level in electronvolts and a is the monolayer thickness in nanometres which can be defined

as:

A
PnN

where A is the atomic or molecular weight, n is the number of atoms in the molecule, N is

x10%* (2-13)

a=3

the Avogadro’s number and p is the bulk density in kg per m’.

2.4.2 Quantification of Spectra

Although the main objective of XPS is to provide an insight in the elemental
composition and chemical state of surfaces, quantified information can also be extracted
from a photoelectron spectrum. Seah has provided a way of calculating either the
fractional monolayer coverage of an adsorbate on a surface or the thickness of an
overlayer adsorbed on the surface.”> This method is widely used in the literature and it is
the one used throughout this thesis for the calculation of coverage values. When a
substrate B is covered by a fractional monolayer @5 of A, the detected signal of B, I, is
constituted by two parts. One is due to the covered area (attenuated signal) and one due to

the adsorbate free surface (unattenuated signal). This leads to the expression:”

- a
I, =1, [1_¢A+¢Aexp(_/1ACgsﬂ)] (2-14)
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where a, is defined in equation (2-13), 4, =0.41a}’E$’ (an approximation of Equation
(2-12) with A in nanometres), 0 is the angle of emission, and I is the signal from pure B.

Values of I in general are used to calibrate the measured intensity Ix and they are also

known as Atomic Sensitivity Factors.

The intensity of the signal due to the adsorbate can be defined as:

a,

A, cost}

I, =¢,I[1-exp(— )] (2-15)

By combining Equations (2-14) and (2-15) and assuming high electron energies and small

coverage values, ¢ can be written as

_ﬂAcosﬁ.IA/I:’

2-16
NI (10

This equation is used for the calculation of submonolayer coverages. For coverages above

1 ML this equation is not accurate and the following has to be used.

The intensity of an adsorbate covered substrate B can be defined as:

d
I, =1 exp[— 4 2-17
5 =1y expl /lAcosﬁ] ( )

where da is the thickness in nm of the adsorbate layer. The intensity of the latter can be

expressed as:

- d
L=l =exp(-—— 2 )] (2-18)
A

By combining equations (2-17) and (2-18) and solving for d4 the following is produced:

I7-1,

d Z—ﬂ COSZ?]II s ——
4 4 (1A1;+1;°13

) (2-19)
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With equation (2-19) the thickness of the film can be calculated. The coverage in ML can

then be calculated by dividing by the atom size.

It should be noted that application of these equations typically provides results
with errors of the order of 15-20 %."* This is because they are based on the measurement
of the intensity of the peaks, (or areas)’* which can be difficult to estimate. Furthermore
the use of the atomic sensitivity factors contributes towards the error as they also contain

some degree of uncertainty.

2.5 Low Energy Electron Diffraction (LEED)

Information regarding the structure of surfaces and their adsorbates is extremely
valuable, as the physical properties of these systems can be better understood. Low Energy
Electron Diffraction is a surface science technique that can readily provide such structural
information. Historically the first experiments demonstrating this technique were
conducted by Davisson and Germer (1927), with which they famously proven the wave
nature of electrons.”” It started to be routinely used throughout in the early 60s as a
consequence of the development of UHV technology. A description of the basic

principles of LEED is given below.

At 1924 de Broglie discovered the wave nature of electrons, which as mentioned
before was confirmed experimentally by Davisson and Germer. According to de Broglie
the wavelength (L) of a moving electron, or of a beam of monoenergetic electrons, can be

defined from the following equation:

aoh__h (2-20)
p 2mE

where h is Planck’s constant and p, m, and E the momentum, mass and energy of the

electron. With the correct use of units, equation (2-20) can be rewritten as:
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_ [150 _
A= = (2-21)

where E is in electronvolts (eV) and A in Angstroms (A).

According to Equation (2-21), the wavelength value of electrons with energies
between 10 to 500 eV will vary between 3.9 to 0.64A, respectively. These values are
smaller or equal to the interatomic distances of most crystalline materials.”® As a result,
the atoms of the materials can act as diffraction centres for the electrons, in the same
manner that diffraction gratings act for light. In LEED the surface under study is
bombarded with a monoenergetic beam of low energy electrons, Figure 2-13. When these
reach the surface, they are scattered from surface atoms. But only elastically scattered
electrons interfere constructively and produce diffraction patterns. These are formed on a
fluorescent screen situated in front of the sample, in a geometry that allows only elastically
backscattered electrons to be collected. Of course not all electrons are elastically
backscattered, and in order to prevent inelastic electrons from reaching the screen a set of
grids are placed in front of the latter and set at a potential that filters these electrons out.
The diffraction pattern formed on the fluorescent screen is a representation of the

reciprocal lattice of the material, which is directly related to the real space crystal lattice.

Figure 2-13 A schematic of LEED experimental set up. The incident beam of electrons is diffracted back by
the surface of the sample, and the diffracted electrons form the LEED pattern on the fluorescent screen. In

front of the latter, a set of grids is placed to filter out inelastically scattered electrons.
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The diffraction of electrons from crystalline solids and their surfaces follows the
same rules as x-ray diffraction.”” In order to describe it, it is useful to introduce Figure 2-
14 where we assume that a beam of X-rays is scattered from two lattice points A and B.

These are connected with a translation vector of the real lattice R = n,d + n,b + n,¢ . The

incident beam’s direction isn, while its wavelength is A and its wavenumber vector is

2z .. . . . .
=—rn . A necessary condition for the diffraction to take place is that x-rays (or

=

electrons) have to be elastically scattered from the surface. As a result the scattered beam

will have the same wavelength but the wavenumber vector k'is going to lie in a different

. . A2 g 272: N
direction 71", such that k :7’1 .

Figure 2-14 A simple geometrical model to explain the diffraction of x-rays from a crystal.

From Figure 2-14 one can determine that the difference (A) in the path length

covered by the incident and scattered beams will be:
A=AC—-BD=R-#—-R-A=R-(W -h) (2-22)
The latter has to be an integer number or wavelengths, thus

R-(W—-h)=nl (2-23)

Using the definitions of k’and k , equation (23) can be rewritten as

iR’(/?’—/E) —nle
27 (2-24)
R(k'—k)=2m
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The latter can also be expressed as

Y| (2-25)
But according to the definition of the reciprocal lattice

ef =1 (2-26)
where G = ha’ + kb’ +I¢” the translational vector of the reciprocal lattice.
By equating equations (2-25) and (2-26), the definition of x-ray (or electrons) diffraction
from a solid as given by Laue can be reached which is that in order for constructive
interference to take place between the scattered beams the change of the wavenumber
vector should be equal to a vector of the reciprocal lattice, or

Ak =k'-k=G (2-27)
According to Equation (2-27), the direction of the scattered beams is determined by the
vector of the reciprocal lattice. As these directions intersect the fluorescent LEED screen
they give rise to diffraction spots. Thus these diffraction spots are a direct representation

of the reciprocal lattice of the surface.”®

2.6 Physical Vapour Deposition (PVD)

The term Physical Vapour Deposition (PVD) is used to describe a variety of
techniques that result in the formation of nanoparticles or films on various substrates. The
main physical process behind any PVD technique lies with the vaporisation of any given
material. As the latter is vaporised in the form of atoms or molecules, its vapours travel
towards the substrate where they condense and form the film. The two main factors that
differentiate the various techniques are the environment in which the deposition takes
place, i.e. vacuum or low pressure gas or plasma, and the method of vaporisation of the
material. As a result three main categories exist: vacuum deposition or evaporation, sputter
deposition and ion planting.79 Vacuum evaporation was the PVD technique used in this

thesis, and consequently is described in more detail.

In vacuum evaporation the vapour atoms do not undergo any collisions with any

residual gas prior to condensing on the sample. As a result these depositions have to take
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place under UHV conditions. More importantly though, the transition from liquid
(evaporation) or solid (sublimation) phase to vapour' is thermally activated.”
Consequently the important factor controlling the deposition is the temperature of the
source that contains the material. As it can be seen in Figure 2-15, the vapour pressure of
any given element strongly depends on temperature. Good deposition rates can be
achieved with vapour pressure values above 10 Torr. Thus for most materials this
involves temperatures well above room temperature. In order for these temperatures to be
reached, the source is heated using various methods that span from electron and laser
beams to resistively heated configurations.* Such a configuration was also used in this

study, and its details are presented in Chapter 3.
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Figure 2-15 The vapour pressure of different elements as a function of temperature, redrawn from " The

symbol x marks the melting point value.

2.7 Organometallic Chemical Vapour Deposition (OMCVD)

Chemical Vapour Deposition (CVD) is an alternative process to PVD for

preparing thin solid films, coatings and nanoparticles. These are formed from the gaseous

il process which will eventually lead to the formation of a film.
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phase by a chemical reaction or dissociation.®' In most cases these gaseous reactants are
first activated by heat, light or plasma followed by the formation of a stable solid
product.82 These processes can be either homogeneous or heterogeneous, while a simple
schematic of them can be found in Figure 2-16. Depending on the source that provides the
energy for the reaction or dissociation of the precursors, CVD processes can be
categorised into: thermal, plasma enhanced, photo assisted, laser induced, electron beam

assisted, ion beam assisted and scanning tunnelling microscopy CVD.»
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and reaction gas (00 )
oo o o]
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Figure 2-16 The formation of a thin film using CVD. The precursors can either decompose on the surface or

volatile by-products

adsorption

in the gas phase. The by-products of the reactions have to be volatile in order to be removed from the film.*’

CVD processes can also be distinguished with respect to the precursors used.
When the latter is an organometallic compound the process is called Organometallic
Chemical Vapour Deposition (OMCVD)".** A variety of materials can be synthesised
using this method such as semiconductors, metallic and dielectric films in crystalline or
amorphous phase. These find applications in many technological areas such as solar cells,
optical memory and information recording systems and optical communications to name

but a few from a long list.®

An important property of the organometallic compounds used in OMCVD is
their volatility. This property defines how easy they can vaporise, and subsequently
transported, in the gas phase, to the substrate. The vapour pressure of organometallic

compounds is related with temperature according to the following expression83 :

¥ This technique is historically known as Metalorganic Chemical Vapour Deposition (MOCVD) but in
accordance with the exact definition of the precursors used, the term currently used is OMCVD.
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B-A
log(p) = RT
where p is the pressure in Torr, A and B are pressure constants, R is the gas constant and T
is the temperature in K.
As a result certain compounds need to be at elevated temperatures during deposition,
although this was not the case with the organometallics used in this study except for

[Rh(CO),Cl], in section 2.3.2.

OMCYVD has recently found a new application, the deposition of ultra-thin films
or nanoparticles on to various substrates. During such a process the chemical and physical
properties of the surface play an important role in the adsorption and nucleation of the
organometallic as shown for Mo(CO)e on alumina, [Rh(CO),Cl], on alumina or titania or
[PtMe,(COD)] on HOPG.® To conclude, it should be noted that all the studies performed
during this work both for Mo(CO)¢ and (CHj),Au(acac) were investigated with this

application in mind.
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Chapter 3

Ti0,(110) Supported Cu Particles and Films

3.1 Introduction

3.1.1 PVD of TiO,(110) Supported Cu Particles and Films

The growth mode of Cu on the TiO,(110) surface has been the subject of several
investigations, with contradicting results. According to the studies of Mgller and Wu, the
growth of Cu overlayers follows a Stranski-Krastanov (SK) mode.> This conclusion was
drawn from a combination of LEED and Auger Electron Spectroscopy (AES)
measurements. Nakajima et. al. agreed with the above, assigning a break in the evolution
of the Cu(3d) photoemission intensity as a function of coverage to the formation of the
first monolayer.*® On the contrary, Low Energy Ion Scattering (LEIS) experiments have
indicated that the growth of Cu on the oxide surface proceeds via a Volmer-Weber (VW)
mode.”’ It should be noted that LEIS is sensitive to the top most layer of the surface, thus
probably more reliable in elucidating growth modes. Characteristics of 3-D growth were
also observed in TEM studies.®® In addition, the presence of 3D islands was evident in
Scanning Tunnelling Microscopy (STM) measurements performed during growth.* 2-D
islands were also observed, but these were quickly transformed in 3D before covering the
surface. An indication as to which mode is adopted could lie with the interaction between
metal and support. For example Cr ( and Fe to a lesser extent) which interacts strongly
with the support, has been found to completely wet the surface.”” ' On the other hand, the
interaction of Cu with TiO, is weak as indicated by atomically abrupt interfaces imaged in
TEM,” and by UPS and Inverse Photoemission Spectroscopy (IPS) measurements which

did not reveal any Cu oxidation.*’
Another interesting topic is the location of Cu nucleation sites on the TiO,

surface. Surface X-ray Diffraction (SXRD) measurements of Cu overlayers on TiO,(110)

have revealed that at the interface O atoms of the surface were displaced up to 0.06 nm
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while no change was observed for the Ti ones.” This result clearly suggested the
formation of a Cu-O bond. The same conclusion was reached following Density
Functional Theory (DFT) calculations, with Cu bonding preferentially on top of bridging
oxygen sites,”* along the [001] direction.”” Indeed Cu atoms of the first layer have been
found to form between the characteristic protruding O rows, located along [001] direction,
of the TiO, surface.”® In addition along this direction an incommensurate growth was
observed, whilst along the [110] direction commensurate growth predominated.97 On the
other hand, recent STM studies following the initial stages of growth, less than 0.5 ML of
Cu, have revealed that more that 70 % of Cu islands resided in step edges.* Another
interesting feature originating from this investigation was the appearance of a self limiting
growth mode. At these low coverages, only the density of Cu islands appeared to increase
and not their size. Two possible explanations were given, a rejection mechanism due to
strain fields developing around Cu clusters, or preferential nucleation into new islands
rather than on existing ones. For higher coverage values, above 7ML, it has been found
that Cu clusters exhibited surface characteristics of the Cu(111) plane but with minority
sites resembling Cu(1 10).® Cu films have been found to exhibit fec(111) patterns,99 while

an epitaxial relation was observed to exist with TiOz.88

Upon annealing Cu overlayers to temperatures higher than ca. 570 K, the
general trend observed is in accordance with the coalescence of smaller particles into
larger ones.*" ¥ Further details are going to be given regarding these processes in the
results section. The effect of higher temperatures has also been examined during growth.
Wagner et al. reported that the deposition of Cu on TiO»(110) at 473 K resulted in the

formation of large (40 nm in width) (111) faceted islands.'®

Deposition at temperatures
higher than 773 K resulted in the formation of CuO and Cu,O at the metal/oxide
interface.'”" This oxidation was attributed to the high mobility of lattice oxygen at these
temperatures. At the other extreme, deposition at 160 K was found to resemble structures
observed at room temperature indicating the high mobility of Cu atoms on the TiO,(110)
surface.’’ In concluding this section it is worth mentioning an interesting effect observed
by Zhou et al. for particles observed at 1 ML coverage. Upon exposure to oxygen gas at

102

RT, these 3D islands were converted to 2D islands. ™~ They attributed this effect to a
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weakening of the metal-metal bond due to the adsorption of O, as the Cu-O bond is
stronger than the Cu-Cu bond. This transition was not observed for higher coverage

103
overlayers.

3.1.2 Growth and Properties of Cu Supported on Various Metal Oxides.

Besides TiO,, the structural properties and growth behaviour of supported Cu
overlayers deposited via PVD has been investigated on other metal oxides such as ZnO,
SiO; and Al,Os. Ernst et al. have studied the growth mode of Cu on ZnO(0001)-O single
crystals, during deposition at 130 K.'% Using a combination of XPS, LEIS and LEED,
they observed a Stranski-Krastanov (SK) type of mode. At low coverages, Cu atoms
formed 2D structures without though wetting the surface completely. At a critical
coverage, covering approximately 50 % of the surface, 3D islands started to form, which
grew into larger clusters upon further Cu evaporation. It should also be mentioned that Cu
particles exhibited metallic character even from the first stages of growth. Annealing the
2D structures up to 850 K resulted in their 3D transformation, as the latter are the
thermodynamically favoured structures. In separate communications, they have also
reported that as deposited overlayers exhibited (110) like structures, that where
transformed upon annealing into (111) like ones.'® '% These conclusions were derived by
comparing TPD experiments of adsorbed H,0'” and CO'™ to previously published data
on Cu(110) and Cu(111). Cu deposited on ZnO single crystals at 300 K was also found to
follow a Stranski-Krastanov mode.'”” An epitaxial relation was also observed between the
overlayer and the support. Furthermore in this study, three different crystal orientations
were investigated in an effort to mimic the behaviour of high surface area catalysts. It was
concluded that the (0001) and (1010) surfaces adsorbed CO with the same affinity as pure

Cu, while the (0001) surface much weaker due to stronger bonding of Cu on the latter.
On a SiO; thin film prepared on a Mo(110) substrate Cu has been observed to

adopt again the Stranski-Krastanov growth mode at 100 K.'% According to FT-RAIRS

spectra, as-deposited Cu overlayers of different coverages exhibited surface structures
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resembling the (111) and high index crystal planes. Upon annealing to 900 K several new
features emerged in the FT-RAIRS spectra which were attributed to the structural
transformation of Cu surfaces. A variety of structures was observed as (110), (111), (211)
and (311). In addition, the two dimensional structures were transformed into three
dimensional ones. Finally, it should be noted that less than 0.1 ML of Cu was found to be
oxidised, as indicated by a second Cu TPD peak situated around 1000 K.'” A bond
between the metal and surface O was also observed at the initial stages of growth of Cu on
an 0-Al,03(0001) single crystal, as confirmed by AES."'° The formation of Cu(I) species
during the first stages of growth (less than 0.4 ML) was reported during the deposition of
Cu on a thin alumina oxide.'"" These researchers also observed the formation of 3D
islands above ca 2ML. For smaller coverages, Rainer ef al. suggested that 2D islands were
present on the surface, thus the deposition of Cu on Al,O3 should follow the Stranski-
Krastanov mode.''? Using FT-RAIRS they also observed the same plethora of surface

structures, especially upon annealing, previously noticed for the Cu/SiO, system.

3.1.3 Catalytic Properties of Cu Supported on Various Metal Oxides.

The catalytic properties of Cu/metal oxide systems have been explored for a
variety of reactions. On planar oxides and in particular Al,03;, Wu and Goodman studied
the reaction of '"’NO+CO with Cu particles less than 100 nm in size, in the temperature
range between 150 and 250 K. They observed that in addition to PN, and "N,0
generated due the dissociation of 15NO, some CO, was also produced by the reaction of
adsorbed CO and O. Recently the reaction of methanol with metallic and oxygen covered
Cu particles supported on TiO,(110) was also investigated.''* Methanol was adsorbed at
100 K while TPD spectra were recorded up to 950 K. It was found that this process mainly
produced formaldehyde, CO,, H;O and H, both for the metallic and the oxygen covered
Cu. The reactivity though of the oxidised particles was severely enhanced as the presence
of oxygen facilitated the scission of O-H bond. On the other hand no particle size effects
were observed. The same research group has also reported the decomposition of Dimethyl

Methylphosphonate (DMMP) on TiO,(110) supported Cu particles.115 Again particle size
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effects were not observed, but different decomposed products were found for thin Cu

films, as TiO, can also induce decomposition of DMMP.

The room temperature oxidation of CO on high surface area Cu/TiO, and
Cu/ZnO catalysts has been reported by Boccuzzi and Chiorino.''® Following the
characterization of the process with FTIR spectroscopy, they proposed that the oxidation
proceeded via two separate paths. In the first one direct oxidation of gas phase O, with Cu
adsorbed CO resulted in the production of CO,. According to the second scheme
proposed, formation of carbonate like species took place following the interaction of
adsorbed CO and surface lattice oxygen. This process was promoted or activated by gas
phase O,. The hydrogenation of CO on various high surface area Cu/metal oxide systems

was studied and compared by Chen et al.'V’

Maximal rates were observed for p-type
supports such as ZrO,, while n-type oxides, as Al,O3, exhibited similar rates to bulk Cu.
Nevertheless for TiO, and MgO, n-type, almost no activity was detected. These results
were interpreted taking into consideration electronic effects between the support and Cu.
On the other hand Cu/TiO, catalysts were found to demonstrate the highest TOF for the
methanol synthesis from CO, hydrogenation between Cu/SiO, and Cu/Aleg,118 The rate
limiting step for this reaction was the creation of formate species on the surface of every
catalyst. The authors argued that a synergistic effect between Cu and TiO,, not present for
the other two catalysts, enhanced the activation of Hj, thus promoting the hydrogenation
of intermediate formate species. Cu/TiO; catalysts have also been found to promote the
production of H, via the water gas shift reaction (WGSR), although they were not as
active as Au/TiOz.119 Recently Nian er al. reported that calcined CuO loaded TiO,
nanotubes catalysed the selective reduction of NO with NH3 with higher activity that TiO,
nanoparticles.120 They attributed this increase due to formation of Cu,Ti; O, solid
solutions produced by the calcination process. These solid solutions were identified by
XRD, XANES and EXAFS. Finally Cu nanoparticles, less than 10 nm, dispersed on three
different oxide supports, were found to be highly active towards the partial oxidation of
cyclohexane.'?' This activity remained after the first experiment for two of the supports,

TiO, and y-Al,Os3, while Fe,O; became inactive. This deactivation was attributed to
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particle size effects, as larger Cu particles were formed on Fe,O; after the first cycle, as

observed on TEM images.

3.2 Experimental

The experiments described in the following sections were performed in the UHV
chamber described in Section 2.1. The surface of the TiO,(110) single crystal was cleaned
through repeated cycles of sputtering and annealing, followed at the end by O, treatment.
As previously discussed in Section 2.2 this procedure resulted in a well ordered surface,

free of C contamination.

For the deposition of Cu the PVD technique was utilised. The homemade PVD
source consisted of a Ta tube, 2.5 cm in length and 0.25 cm wide, resistively heated by
two W wires spot welded on either side of the source. A K-type thermocouple spot welded
in the middle of the tube was used to monitor the temperature. Current was supplied to the
source by spot welding the W wires onto two feedthroughs of a four feedthrough flange.
The other two were used to connect the thermocouple wire. At the end of each power
feedthrough one thick, 0.5 nm, Ni rod was attached to prevent evaporation of stainless
steel due to the high temperatures produced at the contact point between the W wire and
the rod. A Ta sheet was spot welded at the end of each Ni rod to stop any evaporating
material from contaminating other parts of the chamber. Cu in the form of a thin wire
(99.999% Goodfellows) was placed in the Ta tube, without any treatment. Once inside the
chamber, the PVD source was approximately 10 cm away from the sample. Under ultra
high vacuum, the source was outgassed for one to two hours at 650 °C. A schematic of the

arrangement can be found in Figure 3-1.
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10 cm

7 cm

Figure 3-1 A schematic (side view) of the PVD source. Items not in scale.

As discussed in Section 2.6, the evaporation rate of each material strongly
depends on the temperature of the source. In addition, other factors can affect the
deposition such as the geometry of the source and its position from the sample. In order to
establish the appropriate conditions for our source, several trial depositions were
performed. In these trials, the temperature of the source was varied while the deposition
time was kept constant. The amount present on the surface was confirmed via XPS. It was
found that deposition temperatures above 1000 °C resulted in the formation of Cu films
quite fast, while deposition temperatures below 1000 °C had very slow deposition rates.
Consequently, 1000 °C was selected as an adequate deposition temperature for the
deposition of both particles and films. Figure 3-2 represents different Cu coverage values
achieved using 1000 °C, as a function of deposition time. Employing a linear regression fit
of these data, a deposition rate of 0.009 ML / s was calculated. While the PVD source was
heated to the required temperature, the sample was kept facing towards the opposite
direction as evaporation occurred even below 1000 °C. At 1000 °C the sample was turned
to face the source and the deposition commenced. XPS spectra collected from C(1s)
region after deposition, indicated no C contamination on the surface. All depositions

reported in this chapter took place with the TiO»(110) crystal at 295 K.
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Figure 3-2 Cu coverage as a function of deposition time. From the linear fit of these data, an average
deposition rate of 0.009ML / s was estimated. The equation used for the fit can be found as an inset in the
figure. Cu coverage values were calculated from XPS using equations 2-16 for the fractional coverage and 2-

19 for films above 1 ML.

All FT-RAIRS spectra were collected via the InSb detector and 1760-x Perkin
Elmer spectrometer. Each spectrum was recorded (collection time of 60 s) using a p-
polarised light, 100 scans and resolution of 4 cm™ in the spectral region from 2200 cm™ to
1900 cm™. XPS spectra were collected using the Mg anode (1253.6 eV), while for each
scan the energy regions of C(1s), Ti(2p), O(1s) and Cu(2p) were measured. The spectra
were collected using a 0.1 eV step, duel time of 1 s and averaged over 3 scans. Analysis of
the XPS data was performed using the WSPECTRA software, which estimates the area,
intensity and position of the peaks by fitting the raw spectra with a Gaussian-Lorentzian
function. Prior to any analysis a Shirley background'** was subtracted from the raw data.
The coverage values were estimated using Equations 2-16 and 2-19 of Section 2.4.2. As
mentioned in that Section, an error of the order of 15-20 % can be expected from these
calculations. The LEED diffraction patterns were collected with an electron beam of 100

eV. CO adsorption studies were performed with the sample at 130 K. CO (99.999% purity,
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Messer) was introduced into the chamber via a variable leak valve. All exposure values
quoted here are in Lanqmuirs (1L is defined as an exposure of 10 Torr for 1 s). Spectra
recorded during the 130 K exposure of the clean TiO,(110) to CO did not reveal any

features.

The experimental protocol followed for the experiments described in this chapter
had as follows. Initially, the surface was cleaned through repeated cycles of sputtering and
annealing. Subsequently Cu was deposited at 295 K. While the sample was cooling down
to 130 K, XPS and LEED measurements were undertaken to establish the coverage and
structure of Cu overlayers. Once at 130 K CO adsorption studies took place, with FT-
RAIRS data recorded after each CO exposure. Additional XPS spectra were collected

following annealing of the Cu covered surface.

3.3 Results and Discussion

3.3.1 CO Adsorption

It would be useful before presenting the results of this study to mention some
information regarding the particle size of the Cu overlayers prepared within this
investigation. The combination of XPS, FT-RAIRS and LEED used here cannot reveal
direct information of the size of Cu particles. But by comparing findings of different
researchers with our XPS measurements, an estimation of these sizes can be made. As
mentioned in chapter 2, section 2.3.2, the thickness of an overlayer supported on a
substrate can be calculated using the area values of XPS peaks. Yang et al. have presented
a study where the average size of Cu particles deposited on the BCB polymer was

calculated using XPS data.'”

As part of their investigation they correlated this average
particle size with the thickness of the Cu overlayer, verifying their findings using AFM
and TEM. In addition, Diebold et al. while studying the growth mode of Cu on TiO, have
reported a model with which the average size of the Cu particles could be calculated using
XPS data.®” Again a correlation between this size and the thickness of the Cu overlayer

was made. In both models Cu particles were treated as having hemispherical shape.
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Comparing these findings with thickness values calculated from our XPS data an
estimation of the size of Cu particles was made. This comparison is presented in Table 3-

1.

Table 3-1 An estimation of the average Cu cluster sizes obtained by comparing thickness values calculated

from XPS data with previously published results.

Coverage / MLE Thickness / nm Cluster Size / A Cluster Size / A

(this study) (this study) (from 123) (from 87)
0.73 (in ML) 0.15 20 to 22 21to 23
1.36 0.3 31to 33 25 to 27

1.68 0.38 32 to 34 26 to 28

2.85 0.64 40 to 42 31to 33

4.48 1.01 45 to 47 36 to 38

6.04 1.37 49051 41 to 43

6.37 1.44 51to 53 42 to 44

8.25 1.87 55to0 57 47 to 49

3.3.1.1 Low Coverage

FT-RAIRS spectra of CO adsorbed on 0.73 ML of Cu deposited on the TiO;
single crystal as a function of exposure are presented in Figure 3-3. From the first stages of
exposure, 0.5 L, features were observable in the spectrum. These comprised of two bands:
a dominant one at 2017 cm™ and a shoulder situated at 2100 cm™. Upon increasing the
exposure to 3L, the former saturated and the latter grew into a full peak. At 6 L, the
spectrum was composed of one main transmission band at 2100 cm™ along with a small

shoulder at 2107 cm™'. Following 9 L of exposure the system reached saturation.
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Figure 3-3 FT-RAIRS spectra of CO adsorbed at 130 K on a 0.73 ML overlayer of Cu on TiO,(110). CO

exposures are shown on the right hand side of the plot.

The presence of only transmission bands in the spectra of Figure 3-3 indicated
that at 0.73 ML of Cu, the size of the deposited islands was indeed very small, as it was
not enough to transform the character of the local dielectric field into metallic. The
appearance of two separate transmission bands in FT-RAIRS spectra hinted the presence
of two differently bound CO molecules. This difference might have risen from CO
adsorbed on two different Cu surfaces. As it has been shown by Pritchard e al.,®’ the
position of Vv(C-O) bands due to CO adsorption on Cu single crystals is strongly
dependent on the crystal structure. For example CO adsorbed on Cu(111) exhibits a band
at 2071 cm™ whereas on Cu(110) it is at 2093 cm’'. Bands at higher wavenumbers (similar
to Figure 3-3) are attributed to CO bound on high index planes. It is very hard to recognise
the exact Cu surface structure on to which CO molecules were adsorbed, but based on the
available literature, the (211), (311) and (755) are the main candidates. At coverage of

87, 89

0.73 ML, Cu has already formed islands on the oxide surface, thus it would be fair to

assume that these islands exhibited relatively high index plane facets. As a reference
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hereafter, Table 3-2 summarises the bands attributed to CO adsorbed on different Cu

facets, as reported by Pritchard et al.

Table 3-2 The positions of infrared absorption bands for CO adsorbed on various single crystal Cu faces at

saturation coverage, by Pritchard er al. ©’

Cu single crystal face Wavenumber / cm™
(100) 2085
(111) 2076
(110) 2093
(211) 2100
(311) 2102
(755) 2098

Islands formed at Cu coverage near to a monolayer exhibited similar behaviour.
Figure 3-4 represents FT-RAIRS spectra collected after CO adsorption at 1.68 MLE of Cu
as a function of CO exposure. Again at the early stages of dose a broad feature was
observable around 2100 cm™. As the exposure increased the position of this feature
remained the same whereas its intensity value changed dramatically after 1L of CO. At
this value the feature was comprised of two peaks similar to the ones observed in Figure 3-
3, i.e. one at 2107 cm™ and another at 2102 cm™'. Upon further increase in exposure, the
spectra were characterised only by one transmission band situated at 2100 cm™ which can
be attributed to CO bound on Cu islands with structures similar to the high index facets.
Hence, unlike the sub-monolayer islands, Figure 3-3, these larger clusters appeared to

accommodate only one formation since a single infrared band was observed.
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Figure 3-4 FT-RAIRS spectra of CO adsorbed at 130 K on a 1.68 MLE overlayer of Cu on TiO,(110). CO

exposures are shown on the right hand side of the plot.

Annealing the 1.68MLE particles to 650 K introduced two main changes in the
CO adsorption spectra, as it can be observed in Figure 3-5. Firstly the main peak red
shifted to 2097 cm™ and secondly a new feature emerged at around 2081 cm™, in the form
of a broad shoulder even from very low exposure values, 0.1 L. The two features grew in
intensity upon increasing exposure, with the one at 2097 cm™ remaining the dominant
band. The newly observed feature at 2081 cm™ could be attributed to CO bound on low
Miller index faces, such as (100) and (111). Generally during annealing, clusters on the
surface become extremely mobile and as a result several processes take place. One of them
is the formation of larger clusters.®” An important consequence of this process is that a
section of the substrate previously covered by Cu is now exposed. This effect was evident
in XPS spectra collected from the Ti(2p) region, where the XPS signal of the support
increased due to the annealing, Figure 3-6. XPS spectra collected in Cu(2p) region, Figure
3-7, revealed a decrease in the Cu (2ps;,) peak signal. This was due to the fact that metal
atoms located at the centre of these clusters could no longer contribute to the XPS signal.

Another important process taking place during annealing is the reorganisation of metal
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particles into thermodynamically favoured structures which in this case manifested itself
with the appearance of the v(C-O) band at 2081 cm™. Finally encapsulation of some

particles could occur, a phenomenon that has not been observed though for Cu islands on
TiO,."
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Figure 3-5 FT-RAIRS spectra of CO adsorbed at 130 K on a 1.68 MLE overlayer of Cu on TiO,(110), after

the latter were annealed at 650 K. CO exposures are shown on the right hand side of the plot.
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Figure 3-6 Ti(2p) energy region measured after 300 K deposition of 1.68 MLE Cu (solid line) and after

annealing the surface at 650 K (dotted line).
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Figure 3-7 Cu(2ps);) energy region measured after 300 K deposition of 1.68 MLE Cu (solid line) and after

annealing the surface at 650 K (dotted line).
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3.3.1.2 Medium Coverage

Upon increasing the size of the metallic islands, the appearance of infrared
spectra also changed, as it can be observed in Figure 3-8. This Figure represents FT-

RAIRS spectra of CO adsorption on 6.04 MLE Cu islands as a function of exposure.
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Figure 3-8 FT-RAIRS spectra of CO adsorbed at 130 K on a 6.04 MLE overlayer of Cu on TiO,(110). CO

exposures are shown on the right hand side of the plot.

After 0.15 L of CO an absorption band was distinguishable at 2098 cm™. As the
exposure increased this band red shifted to 2093 cm™ and reached saturation after 3 L of
CO. Following 1 L of exposure to CO, a broad shoulder was also evident, situated next to
the absorption peak. This shoulder grew into a peak at 2078 cm™ after 3 L of exposure,
while a new shoulder emerged at 2069 cm™. At exposure values above 9 L no alteration
took place indicating that all features reached saturation. According to Table 3-2, the peak
at 2093 cm™' can be attributed to CO bound on (110) facets whereas the peak at 2078 cm™
to CO bound on (100) facets. The small shoulder at 2069 cm’ can be correlated with the

(111) facet. Thus, it can be assumed that by increasing Cu particle size, the surface no
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longer accommodated high index facets but instead low Miller index structures were
formed. Cu particles grown on thin films of SiO, are also known to exhibit the same

. 108, 124
behaviour.'%®

Comparing the spectra of Figures 3-3 (Cu coverage 1.68 MLE) and 3-8 another
important difference can also be observed: the switching of the v(C-O) modes from
transmission to absorption. This change is an important consequence of conducting FT-
RAIRS experiments on oxide single crystals. As mentioned in Chapter 2, Section 2.2.1,
depending on the character of the local dielectric field, either transmission, absorption or
both bands will appear in FT-RAIRS spectra. When the field is dominated by the oxide
character of the support then transmission bands will emerge. On the other hand, when the
character is metallic absorption bands will be present. There is also an intermediate state
when the local dielectric field is in transition, hence bands in both directions are observed.
As already mentioned, at 1.68 MLE coverage the size of Cu overlayer (ca. 3.5 nm) is not
sufficient to transform the character of the local field to metallic. As a result, transmission
bands appeared in the FT-RAIRS spectra of Figure 3-3. On the other hand, at 6.04 MLE
coverage the size of the deposited Cu islands (ca. 5.2 nm) was sufficient to transform the
character of the dielectric field to metallic, thus absorption bands were observable on the
FT-RAIRS spectra. This conversion of FT-RAIRS bands is consistent with previous
studies during which the PVD of metals on TiO,(110) was examined. S1, €3, 125, 126
According to those investigations, the adsorption of CO on low coverage Rh ®'?° or Pd **
127 resulted in the appearance of transmission bands, whereas CO adsorption on higher
coverage overlayers resulted in absorption bands. For all systems, Rh, Pd and here Cu, the
transformation of the local dielectric field occurred over a narrow region of overlayer size,
and as discussed in the following Section, 3.3.2, a consistency appears to exist between

size and transformation.

Figure 3-9 represents FT-RAIRS spectra of CO adsorbed on 6.04 MLE of
Cu/TiO; as a function of CO exposure, collected after annealing at 650 K. During the first
stages of CO exposure no infrared bands were observable on the spectra. It was only after

exposing the surface to 1 L of CO that a peak appeared at 2079 cm’', which as the
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exposure increased grew in intensity and blue-sifted to 2083 cm™. In addition, after 3L a
small band was also introduced in the spectra, at 2072 cm™. By comparing the spectra pre
and post annealing, the first observation that can be made is the disappearance of the 2093
cm’ feature. A possible explanation for this would be that as part of the reorganisation
taking place during annealing, the structures of Cu clusters changed to the most
thermodynamically favourable. The second observation that can be made is the expression
of v(C-O) modes of Figure 3-9 as transmission rather than absorption peaks. Following the
discussion of the previous paragraph, this transformation would indicate that the annealed
Cu particles were not large enough to retain the metallic character of the local dielectric
field exhibited by the as deposited Cu overlayer. At first instance, this result contradicts
XPS results collected before and after annealing. Figures 3-10 and 3-11 represent spectra
of Cu(2ps2) and Ti(2p) energy regions respectively collected after the 300 K deposition
and after the 650 K annealing. The reduction of Cu(2ps3,) peak intensity along with the
increase of the Ti(2psn) peak intensity, are consistent with agglomeration of Cu into
larger particles, similar to the one described for the 1.68 MLE overlayer. Nevertheless the
FT-RAIRS spectra of Figure 3-9 indicate the formation of smaller islands upon annealing.
The results from both techniques can be reconciled by adopting the following deposition
model. During the RT deposition the growth mode followed by Cu is a mixture of
Volmer-Weber (VW, 3D islands) and Stranski-Krastanov (SK, 2D followed by 3D) type.
More precisely, the Cu first layers form 2D structures without though wetting the entire
oxide surface. Subsequently, 3D islands are formed on top of the flat islands. Upon
annealing these complex structures are transformed into 3D islands, which exhibit a high
dispersion on the TiO,(110) surface. Assuming this complex growth mode would not be
unreasonable, bearing in mind first the differences observed in the literature regarding the
growth mode of Cu on TiO,(110) and secondly the fact that Au which belongs to the same

periodic group as Cu, exhibits a similar type of growth on TiO4(110).'*'*
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Figure 3-9 FT-RAIRS spectra of CO adsorbed at 130 K on a 6.04 MLE overlayer of Cu on TiO,(110), after

the latter were annealed at 650 K. CO exposures are shown on the right hand side of the plot.
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Figure 3-10 Cu(2ps),) energy region measured after 300 K deposition (solid line) of 6.04 MLE Cu and after
annealing the surface at 650 K (dotted line).
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Figure 3-11 Ti(2p) energy region measured after 300 K deposition (solid line) of 6.04 MLE Cu and after

annealing the surface at 650 K (dotted line).

Further increase in Cu coverage, 8.25 MLE, resulted again in variation on the CO
adsorption spectra, Figure 3-12. One single peak was observed after 0.1 L of exposure
situated at 2089 cm™. Upon increasing the exposure, the peak increased also in intensity
and sifted to 2083 cm™'. After 3 L of CO, new features emerged on: one band at 2071 cm’!
along with a small shoulder at 2093 cm™. As with the spectra of 6.04 MLE, these were
also dominated by the same three distinctive features attributed to CO bound to structures
that resemble the (110), (100) and (111) facets respectively. Contrary to the smaller
clusters, the first band to appear on the spectra was the one allocated to the (100) site. As

this peak saturated the other absorption features emerged as well.
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Figure 3-12 FT-RAIRS spectra of CO adsorbed at 130 K on a 8.25 MLE overlayer of Cu on TiO,(110). CO

exposures are shown on the right hand side of the plot.

Upon annealing the surface, only the 2085 cm™ and 2073 cm’ features were
present in the recorded FT-RAIRS spectra, Figure 3-13. Again the direction of the bands
was inverted indicating the formation of highly dispersed Cu islands. Furthermore the
dominant band was the one attributed to CO adsorbed on the (111) surface indicating that
the majority of clusters formed structures with (111) facets. This was the highest
measured coverage, as further increase in deposition time resulted in the disappearance of
the XPS substrate signal. In order though to gain some information regarding the coverage
of the continuous films, the equation of the linear regression presented in Figure 3-2 was

used to extrapolate the coverage values.
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Figure 3-13 FT-RAIRS spectra of CO adsorbed at 130 K on a 8.25 ML overlayer of Cu on TiO,(110), after

the latter were annealed at 650 K. CO exposures are shown on the right hand side of the plot.

3.3.1.3 Continuous Film

The third part of this study was to investigate the behaviour of adsorbed CO on
TiO, supported Cu films. FT-RAIRS spectra of CO bound on a Cu thin film, 8.95 MLE,
are presented in Figure 3-14 as a function of CO exposure. No noticeable differences were
observed between the response of the Cu film and the 8.25 ML Cu clusters. Again the
spectra were initially dominated by a peak at 2084 cm™ and following further increase in

exposure the two other features at 2071 cm™ and 2093 cm™ emerged.
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Figure 3-14 FT-RAIRS spectra of CO adsorbed at 130 K on a thin Cu film on TiO,(110). CO exposures are
shown on the right hand side of the plot.

On the contrary important changes were observed to FT-RAIRS spectra
collected after annealing the surface to 650 K, Figure 3-15. These were dominated by the
presence of a single absorption band situated at 2073 cm™, although a small shoulder at
2083 cm’ was also evident. The first appeared on a higher wavenumber value at the early
stages of dose, but as the exposure increased it red-sifted to the saturation value. The
shoulder at 2083 cm™ emerged after 1 L of CO. Although these same features were also
observed for the 8.25 ML clusters the main difference can be found in the direction of the
band. The intense absorption peak observed here is a strong indication that the local
dielectric field of the film was no longer dominated by the substrate, but it retained its
metallic character even after annealing. Consequently the annealed particles were large
enough to exhibit metallic character. Annealing the 8.95 MLE Cu film transformed most
of the (110) and (100) sites to the (111) one as indicated by the strong absorption at 2073
cm” and by the LEED patterned observed after anneal. This pattern, which can be
observed in Figure 3-16, revealed the existence of two formations on the surface. One due

to the (110) structure of the TiO, support expressed as well defined small spots, and one
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due to the (111) structure of the annealed Cu film expressed as blurred large spots. In
addition this mixed pattern revealed an epitaxial relation between Cu overlayer and
TiO,(110) substrate with Cu(111)//TiO,(110), in accordance with previously published
studies of this system,88 and of PVD of Pd on TiO,(1 10).127
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Figure 3-15 FT-RAIRS spectra of CO adsorbed at 130 K on thin Cu film, 8.95 MLE, on TiO,(110), after the

latter were annealed at 650 K. CO exposures are shown on the right hand side of the plot.

Figure 3-16 LEED picture collected after annealing the TiO, supported thin Cu film at 650 K. Both (110)
and (111) patterns can be observed; the latter being attributed to the Cu film (larger spots) and the former to

the oxide support (smaller sports).
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An interesting comment regarding the influence of the local dielectric field in the
appearance of FT-RAIRS spectra can be made by comparing spectra collected from the
annealed 8.25 and 8.95 MLE Cu overlayers (Figures 3-13 and 3-15). Although the two Cu
structures differ by 0.7 MLE, an approximate ten-fold increase can be observed in the
intensity values of the main infrared peaks. This substantial difference can be explained by
taking into consideration the character of the local dielectric field for both coverages. For
the highly dispersed islands, the latter is non-metallic in nature hence the small intensity
values. On the other hand, the metallic nature exhibited for thin film results in high
intensity values. Analogous trends have also been observed during the growth of Pd and

Rh particles on TiO(110).%

Finally the CO adsorption was studied on a thicker film of Cu deposited on TiO,.
The coverage of this film was estimated at 15.17 MLE. The FT-RAIRS CO adsorption
spectra as a function of exposure can be found in Figure 3-17. Similar to the medium
coverage and the 8.95 MLE film results, the spectra of Figure 3-17 were characterised by
the three absorption features: one peak at 2071 cm™; a second one at 2083 cm™' and one
shoulder at 2093 c¢cm™'. Thus this film, 15.17 MLE, was also characterised by the three
structures that were encountered before, with the majority of the sites following the (100)

and (111) formations.

62



Transmittance / %

;2071

2083:
L FE—————
2200 2150 2100 2050 2000 1950 1900
Wavenumber /cm’

Figure 3-17 FT-RAIRS spectra of CO adsorbed at 130 K on a 15.17 MLE Cu film on TiO, (110). CO

exposures are shown on the right hand side of the plot.

Annealing the 15.17 MLE Cu film at 650 K, resulted in the transformation of the
two other structures into the (111) formation. The strong absorption feature present on the
FT-RAIRS spectra at 2072 cm™' was indicative of this, as it can be observed in Figure 3-
18. Furthermore the LEED pattern collected after annealing revealed only one structure
present on the surface. The formation appearing in Figure 3-19 is characteristic of

Cu(111). Unlike the LEED pattern of Figure 3-16 no signal due to the TiO,(110) support

was present.
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Figure 3-18 FT-RAIRS spectra of CO adsorbed at 130 K on Cu film on TiO,(110), after the latter was
annealed at 650 K. CO exposures are shown on the right hand side of the plot.

Figure 3-19 LEED picture collected after annealing the TiO, supported Cu film at 650 K. Only the (111)

pattern was observed which is attributed to the Cu film.
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3.3.2 Structural Changes During Growth

According to data presented in the previous Section, the adsorption of CO on
various Cu coverages resulted in different FT-RAIRS spectra. In this section these
coverage dependent changes, from sub monolayer islands up to thin films, are going to be

discussed in detail.
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Figure 3-20 FT-RAIRS spectra of CO adsorbed on TiO, supported Cu as a function of the overlayer’s
coverage: a) 0.78 ML, b) 1.36 MLE, c) 1.68 MLE, d) 2.85 MLE, e) 4.48 MLE, f) 6.37 MLE, g) 8.25 MLE,
h) 8.95 MLE, i) 15.17 MLE. Spectra collected at CO saturation coverage.

Figure 3-20 represents FT-RAIRS spectra collected at CO saturation coverage as
a function of Cu coverage. Up to 2.85 MLE spectra were characterised by a transmission
band around 2101 cm™. As mentioned earlier this wavenumber value is in very close
proximity to the values observed for CO bound on a variety of Cu terminations such as
(211); (311) and (755) facets. Hence it can be assumed that these Cu islands could
accommodate structures with high Miller index faces. The origin of this phenomenon

though is difficult to determine. A possible explanation could involve the nature of TiO,
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sites where nucleation took place. As mentioned in the Introduction, STM studies
performed during the RT deposition of Cu on a TiO,(110) single crystal revealed that at
the early stages of nucleation most clusters were located at step edges of the substrate.*
Although in this case the Cu coverage of the surface reached higher values, still one would
expect the majority of the islands to be at these step sites. This preferential nucleation
could affect the formation of specific structures on the Cu clusters leading to the
characteristic CO adsorption bands observed here. The existence of the transmission band
for coverages up to 2.85 ML would indicate that Cu clusters of these sizes were not
capable of transforming the character of the local dielectric field into metallic. According
to Table 3-1 the sizes corresponded to 3.7 £ 0.6 nm, for 2.85 MLE Cu. Finally for all the
above coverages the LEED pattern observed was that of TiO,(110).

A special note has to be made regarding plot e of Figure 3-20, which represents
the FT-RAIRS spectrum collected at 4.48 MLE Cu coverage after saturation with CO.
Indeed, the appearance of the spectrum was complex as both transmission and absorption
bands were recorded. The absorption band was manifested as a broad peak centred around
2070 cm™, while the transmission band appeared as a less intense peak situated at 2100
cm™'. This result hints at a transition of the local dielectric field, with its character
changing from reflecting the semiconducting support to that of the metallic overlayer. This
coverage value appeared to be a threshold, after which no transmission bands were
observable in FT-RAIRS spectra. According to Table 3-1 this should correspond to Cu
clusters with an average size of 4.2 + 0.6 nm. Upon comparing this behaviour with FT-
RAIRS spectra collected from other TiO,(110) supported metals, an interesting
observation can be made. For Pd supported clusters the switching of infrared modes from
transmission to absorption occurred for clusters with sizes above 5 nm,127 while for Rh
supported overlayers the threshold coverage was estimated at ca. 15 MLE,'*® which
corresponds to an approximate thickness of 4 nm, assuming a nearest neighbour distance
of 2.67 A for close packed fcc Rh."" Hence, for all three TiO»(110) supported overlayers
the transformation of the local dielectric field occurred over a narrow size region, ca 1 nm.
Since the dielectric function of the oxide support remains constant, the transformation of

the local dielectric field could be associated with a change in the dielectric function of the
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metal clusters. In the optical region such phenomena have been observed as in the case of
Au nanoparticles embedded in Al,O3 matrix.">! These authors observed a significant
change in the dielectric function of the Au nanoparticles, when the size of the latter
decreased below 3.5 nm. Significant differences in the optical response as a function of
particle size have also been reported by Bigot er al. upon studying Cu and Ag

nanoparticles embedded in transparent matrixes.'>

FT-RAIRS spectra collected after the deposition of 6.37 MLE Cu were
characterised by bands attributed to Cu(111), Cu(110) and Cu(100) adsorption sites. As
mentioned in Section 3.3.1.2, the size of the as-deposited Cu overlayers was sufficiently
large to induce a metallic character to the local dielectric field. Consequently, only
absorption peaks were observed in FT-RAIRS spectra. In spectrum f of Figure 3-20, the
main absorption peak corresponded to CO molecules adsorbed on Cu(110) facets. This
would indicate that the major formation adopted by the Cu overlayer was that of Cu(110),
although the intensity of the other two bands, reduced only by ca. 20% relative to the 2092
cm’ one, hinted that Cu(100) and Cu(111) were not minor adsorption sites. Indeed by
increasing the coverage to 8.25 MLE of Cu, the two absorption bands at 2084 and 2071
cm” became the dominant features in the spectrum. Consequently at this coverage the
major adsorption sites must have been Cu(100) and Cu(111). Nevertheless the presence of

a shoulder at 2092 cm™ would be consistent with the existence of Cu(110) sites as well.

In general, all the above results highlight the presence on the TiO,(110) surface
of multifaceted Cu overlayers. For the low coverage regime, overlayers were dominated
by structures accommodating high Miller index facets. On the other hand upon increasing
Cu coverage, these structures were transformed into the most thermodynamically
favoured, which are the low Miller index (110), (100) and (111). The presence of different
Cu facets has indeed been confirmed by TEM studies of this system, although much
higher Cu thicknesses, above 20 nm, were examined.® °* 1% For Cu(110) and Cu(111) Lu
and Cosandey proposed an epitaxy parallel to TiO,[001] and TiO,(110) respectively,®®
92, 100

while Wagner et al. proposed the growth of Cu(100) parallel to TiO,[110] direction.
A note has to be made regarding the interpretation of the intensity of bands of Figure 3-20.
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It has been previously reported that bands at higher frequency tend to borrow intensity
from bands with lower frequency values.”*® *® Nevertheless, we believe that this is not
the case here as due to the size of the Cu overlayers, the CO oscillators adsorbed on the
different facets are separated, hence no intensity borrowing can take place. However, for
the smaller particles described in Section 3.3.1.1 the issue of intensity borrowing cannot
be excluded. Finally, there was not much difference between the FT-RAIRS spectra
collected after CO adsorption on 8.25 ML of Cu and on Cu films, 8.95 and 15.17 MLE
respectively. Two peaks at 2084 and 2071 cm™ were present in all of them indicating that
the Cu overlayers accommodated structures similar to the (100) and (111) formations.
Some (110) sites must have also been present giving rise to the small shoulder around

2091 cm™.

As mentioned in the previous paragraph, FT-RAIRS spectra collected after the
CO adsorption on 8.25 MLE of Cu bore many similarities with those from the thin films.
On the other hand though, the data collected from XPS and LEED revealed interesting
differences. Figure 3-21 represents the XPS spectra of the Ti(2p) energy region collected
after Cu deposition of 8.25 MLE and of the thin films. Both Cu films blocked the Ti signal
whereas for the 8.25 MLE overlayer a small feature due to Ti(2ps) was observable. No
LEED pattern was observed for the Cu islands or the 8.95 MLE thin film whereas a faint
hexagonal pattern was observed for the 15.17 MLE film. Hence combining the results
from the two techniques several points could be made. The first is that after 8.25 MLE
deposition some portion of the oxide surface still remained uncovered. It was substantial
enough to contribute to the XPS spectrum but not enough to produce a pattern on the
fluorescent LEED screen. The second is that the thickness of the 8.95 MLE film was large
enough to block photoelectrons and diffracted electrons originating from the support.
Finally, long range order of the Cu overlayer was present only on the 15.17 MLE film as a

faint (111) LEED pattern was observed.
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Figure 3-21 Ti 2p energy region after three different depositions: a) 8.25 ML of Cu (black line), b) 8.95
MLE film (red line), ¢) 15.17 MLE film (green line).

A remark that has to be made at this stage correlates with the interpretation of the
Ti(2p) signal of 8.25 MLE Cu, Figure 3-21. As argued previously, it belonged to some
portion of the oxide support being left uncovered by the deposited material. An opposing
argument to the latter would be that the overlayer had formed a film rather than islands,
and that the signal of the Ti peak was due to photoelectrons escaping this metallic film.
Thus in order to understand which of the previous arguments was valid, a calculation was
made of the inelastic mean free path (IMFP) of these photoelectrons. Using Equation (2-
12) provided by Seah and Dench,’* Section 2.3.2, it was calculated that for electrons with
kinetic energy of 794.9 eV (Ti(2ps2) at 458.7 eV binding energy) the IMFP for Cu would
be 5.508 MLE. Therefore if the 8.25 MLE overlayer had actually formed a film on the

surface, no photoelectrons from the oxide support could have been detected.
Another interesting information extracted from XPS spectra relates with the

position of Cu(2p32) peak. Figure 3-22 represents the binding energy value of Cu(2ps)

peak as a function of Cu coverage. As it can be observed, increasing Cu coverage (or Cu
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cluster size) resulted in a decrease of the Cu(2ps;,) peak position. Within experimental
error, = 0.1 eV, the value of bulk Cu(2ps,) (at 932.7 eV)87 was obtained for coverages
above 4 MLE, or according to Table 3-1 for clusters with average size above 4 nm. The
trend observed here is commonly observed for metal clusters supported on relatively inert

33

substrates,1 as for example for Au supported on different substrates (C, SiO, and

ALO3),"** Ag and Pd supported on amorphous C,"*> and Pd supported on TiO,(110)."
This shift of the core level binding energy has been attributed to the inability of small
clusters to neutralise effectively the hole left behind by the ejection of a photoelectron,'*
7 hence final state effects are responsible for the observed shift. Mason though has
proposed that for certain substrates as C and SiO, changes in the initial-state electronic

structure can account for the core level shifts.'>*

Based on XPS spectra collected near the
Fermi level, he has shown that the population of valence states of smaller clusters is quite
different from larger ones, thus their initial state electronic structure will be quite different.
For C supported Pd clusters, Kuhrt and Harsdorff have proposed that both initial and final
state effects take place, with the latter contributing to the core level shift and the former to
a narrowing of the valence band. Despite the different explanations though, the trend
observed in Figure 3-22 for the Cu(2ps;,) peak position is consistent with previously

published findings.
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Figure 3-22 Cu(2ps),) binding energy value as a function of Cu coverage. The dotted vertical line represents

the literature value of Cu(2ps),) at 932.7 eVv.Y
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Figure 3-23 represents the FT-RAIRS spectra collected after CO adsorption on
the annealed Cu/TiO; system as a function of Cu coverage. As it can be observed, several
changes were introduced in the spectra as a consequence of the annealing procedure. For
example at the low coverage regime, a tendency was observed for peaks assigned to CO
bound on high Miller index sites to shift towards lower wavenumber values. For higher
coverages the transformation of absorption to transmission bands was observed. Finally
for Cu thin films, a single absorption band attributed to Cu(111) adsorption sites was

recorded.
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Figure 3-23 FT-RAIRS spectra of CO adsorbed on TiO, supported Cu, after annealing at 650 K, as a

function of the overlayer’s coverage: a) 1.68 MLE, b) 2.85 MLE, c) 6.37 MLE, d) 8.25 MLE, e) 8.95 MLE
film, f) 15.17 MLE film.

One of the main consequences of the annealing process is agglomeration of
smaller clusters and formation of larger ones. The mechanism of this process, also know
as Ostwald ripening,87 has been described by Campbell et al. for Cu islands deposited on a
ZnO substrate,'™ and has as follows. Upon annealing Cu atoms that are located on the first

few layers of the island move upwards as the energy barriers, previously inaccessible, can
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be overcome. In addition smaller Cu clusters with increased mobility attach themselves to
the larger ones, providing in this way new atoms on the first layers, which later are going
to move upwards. The end result of all these processes is first the formation of large
particles, primarily in height, and secondly an increase in the surface area of the substrate.
The XPS data collected in this study are in agreement with the previous findings. For all
Cu coverages, spectra recorded at the Ti(2p) energy region after anneal exhibited an
increase in the Ti(2ps;) peak area when compared with the values obtained after 300 K
deposition. On the other hand, Cu(2ps3,;) peak area measured after annealing had a value
lower than the one measured after the 295 K deposition. The reason being that as clusters
grew bigger, fewer photoelectrons contributed to the spectra since the ones originating
from the core of the clusters could not reach the detector. Similar behaviour has been
observed for various oxide supported Cu systems such as Cu/WO,,"** Cu/Zn0O"" and
Cu/TiOz.41’ 87. 101 These results are summarised in Table 3-3, where a comparison is made
between the area values of Cu(2ps/,) and Ti(2ps3,2) peaks before and after annealing at 650

K.

Table 3-3 A comparison of Cu(2p;,) and Ti(2p;,) peak areas calculated from XPS spectra collected after
300 K PVD and after annealing at 650 K, for different Cu coverages. Also shown is the Cu(2p;5,) peak area
ratio between annealed and deposited surface. All ratios have values below 1 indicating that the Cu(2ps/;)

signal of the as deposited islands was higher.

Area after deposition Area after anneal )
Coverage / MLE Cu ratio
Cu2psz)  Ti(2ps3p) Cu(2p3p2) Ti(2p32)
1.68 57170.18 17287.96 28872.35 25442.63 0.505025
2.85 78248.17 17011.29 29992.64 17594.05 0.383301
6.37 159582.8 8251.701 65874.78 12143.33 0.412794
8.25 286869.8 7932.151 50243.03 17469.18 0.175142
8.95 249380.6 0 152941.5 4009.406 0.613285
15.17 226294.4 0 136657.1 0 0.603891

As discussed in Section 3.3.1.2, FT-RAIRS results collected after annealing at
650 K, Figure 3-23, would appear to contradict the XPS findings. The reason for this
discrepancy is that the transformation of FT-RAIRS modes from absorption to

transmission observed for the medium coverage islands is indicative of formation of Cu
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particles not sufficiently large to retain the metallic character of the local dielectric field.
This difference though can be resolved by assuming that Cu grows on the TiO»(110)
surface by a complex type of mode. The latter is a mixture of the Volmer-Weber and
Stranski-Krastanov types, resulting initially in 2D islands that do not wet the entire surface
and upon which 3D structures are formed. Upon annealing these complex formations were
transformed into 3D Cu particles, which exhibited a high dispersion on the TiO,(110)

surface.

The annealing process resulted also in the structural transformation of Cu islands
and films. A tendency was observed for the formation of thermodynamically favoured
structures. For the low coverage islands, the red shift of the v(CO) peak and the
appearance of the broad feature around 2082 cm™ were indicative of a change from high to
low Miller index like structures. For larger islands and films, annealing appeared to
transform the majority of their sites into Cu(111). Especially for the metallic films, FT-
RAIRS spectra were dominated by a sharp peak at 2072 cm™ and furthermore a (111)
pattern was observed with LEED, Figures 3-16 and 3-19. This behaviour is in agreement
with the one observed for ZnO(0001)-O supported Cu.'® More precisely, using TPD they
observed that upon annealing both submonolayer and multilayer islands, CO desorbed at
temperatures associated with adsorption on Cu (111) sites. On the contrary, as-deposited

islands exhibited TPD peaks associated CO bound on Cu(110) sites.

3.3.3 Interaction with O,

In the previous sections a detailed investigation was presented regarding the
structural properties of TiO, supported Cu particles and films. This study would have been
incomplete without any examination of the catalytic properties of this system. Hence, the
interaction of O, with CO adsorbed on various Cu coverages was examined, and these

results are presented below.
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Figure 3-24 represents spectra collected before and after O, exposure for a 2.85
MLE Cu coverage. Prior to the oxygen dose, the surface was saturated with 100 L of CO
which resulted in the sharp peak at around 2099 cm™. As mentioned earlier this band can
be attributed to CO bound on sites with high Miller index facets. As evident from Figure
3-24, the introduction of O,, 137 L, resulted in the complete disappearance of the v(C-O)
band from the spectrum. Two reasons could be responsible for this behaviour. The first
relates to CO displacement due to oxygen molecules. The other one is consistent with a
reaction taking place between adsorbed CO and O, These two possibilities are going to be
examined in more detail further on as such a discussion would be more inclusive after the

results for higher Cu coverages are presented.
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Figure 3-24 FT-RAIRS spectra of the v(C-O) region recorded before (black line) and after 137 L of O,

exposure (red line). Before exposing to molecular oxygen the 2.85 MLE overlayer was saturated with 100 L

of CO.

Thus Figure 3-25 represents the spectra collected pre and post O, exposure for a
Cu coverage of 6.37 MLE. It becomes apparent that a different behaviour was observed
for this overlayer. Upon exposing the surface to O, the FT-RAIRS spectrum of the
adsorbed CO was transformed in three major ways. To begin with the intensity of the main

absorption feature situated at 2092 cm™ was reduced. Secondly the small band at 2078 cm™
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! disappeared completely, and finally a new feature appeared on the spectrum with the
form of a small shoulder situated around 2108 cm™. As with the thinner overlayer, some
CO molecules were removed from the surface either through displacement or via reaction
with O, but contrary to the previous system, CO was left on the surface. In addition, the
appearance of a new feature at higher wavenumbers would be in accordance with an
interaction between the adsorbed CO and O,. It would also be useful here to remember the
spectrum of Figure 2-10, where similar behaviour was observed for CO adsorbed on a O,

covered Cu(110) crystal.
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Figure 3-25 FT-RAIRS spectra of the v(C-O) region recorded before (black line) and after 137 L of O,
exposure (red line). Before exposing to molecular oxygen the 6.37 MLE overlayer was saturated with 100 L

of CO.

Finally the interaction of molecular oxygen with adsorbed CO was also studied
for the thick Cu film, 15.17 MLE. Figure 3-26 represents the FT-RAIRS spectra collected
before and after the introduction of O, inside the chamber for the annealed film. For this
overlayer, the structure of which was dominated by the (111) formation, significant
changes where not observed. Indeed only a small reduction in the intensity value of the

2072 cm™ peak was detected.
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Figure 3-26 FT-RAIRS spectra of the v(C-O) region recorded before (black line) and after 137 L of O,

exposure (red line). Before exposing to molecular oxygen the annealed (650 K) film was saturated with 100

L of CO.

According to the last three figures, the introduction of molecular oxygen induced
different responses to FT-RAIRS spectra of various Cu coverages. The most noticeable
changes were observed for the low and medium coverage overlayers, whereas little to no
change was observed for the Cu film. A possible explanation for the observed differences
could lie in the size of the Cu particles. Over the past few years it has been established that
TiO, supported metal nanoparticles, Au in particular, exhibit enhanced catalytic activity

139190 Bor 4 and 5 nm size

towards CO oxidation when compared with that of bulk metals.
Cu particles (2.85 and 6.37 MLE respectively) an interaction appeared to have taken place
between O, and CO. On the other hand little interaction was observed for the thin Cu film.
The observed differences could alternatively be explained by taking into consideration the
coverage dependent structural changes, described previously. As demonstrated in Section
3.3.2 small Cu particles exhibited structures with high miller index formations, whereas
the structures of larger particles resembled the (110), (100) and (111) facets. Previous

studies on Cu single crystals have shown that the crystal structure can affect the catalytic
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activity. For example Fu and Somorjai have shown that the (311) surface of Cu is more
active towards the CO oxidation than the Cu(110) one.'*! In addition Iwasawa et al. have
demonstrated that the catalytic reactivity of oxygen atoms towards CO, production is

much higher on a Cu(110) than a Cu(111) surface.'*

As stated earlier, the disappearance or alteration of CO bands from infrared
spectra collected from the 2.85 and 6.37 MLE overlayers, cannot constitute a proof that a
reaction took place. Another explanation could involve the displacement of the adsorbed
species by the molecular oxygen as the latter binds stronger to Cu than CO. Nevertheless
there are reports in the literature that a reaction can take place, despite the fact that CO is
adsorbed first. For example, Crew and Madix observed that exposing a partially oxygen
and CO covered, Cu(110) surface to oxygen at 150 K, resulted in CO oxidation.®® They
claimed that the partially oxidised surface was responsible for the catalytic activity. Of
course in the experiments reported here there was no preadsorption of oxygen onto the Cu
particles", but the presence of surface lattice O might have played a similar role. Boccuzzi
and Chiorino have proposed two possible independent pathways for the oxidation of CO
on Cu/TiOz.116 The first involves the production of CO, from the direct interaction of O,
with CO adsorbed on the metallic particles. The second one involves the formation of
carbonate species from the interaction of CO with oxygen from the surface lattice. They

propose that the latter is enhanced by the O, of the gas phase.

3.4 Conclusions

The growth of Cu clusters and films on the TiO,(110) surface has been
investigated, using CO as a probe molecule. According to the results presented in this
Chapter, a dependence has been found between the size of Cu overlayers and the structure
that their surfaces accommodate. For the smallest clusters, up to ca 3 nm, high Miller
index structures were indentified based on the vibrational properties of adsorbed CO. As

Cu overlayers increased in size, these structures were transformed to the more

¥ Experiments were actually performed with preadsorbed O, but no CO adsorption was detectable with FT-
RAIRS for different overlayer coverages.
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thermodynamically stable formations of (110), (100) and (111). XPS results revealed that
even for the highest coverages, a portion of the TiO,(110) surface was still left uncovered.
Thin Cu films exhibited the same structural characteristics as the 8.25 MLE clusters,
although according to XPS results complete wetting of the oxide surface took place. A size
dependence shift of the core level binding energy of Cu(2ps,) was also observed, which
was attributed to ineffective screening of core holes created during the photoelectron
process. Upon annealing XPS provided evidence of coalescence for all coverages
examined, although the transformation of FT-RAIRS bands from absorption to
transmission for the 6.37 and 8.25 MLE overlayers hinted the formation of highly
dispersed Cu particles. The accommodated surface structures were also affected by
annealing at 650 K, with Cu(111) being the major post annealing formation. This effect
was especially pronounced for Cu thin films, with a Cu(111) hexagonal pattern observable
in LEED and the FT-RAIRS band attributed to CO adsorbed on Cu(111) sites dominating
the spectra. From the LEED pattern collected after annealing the 8.95 MLE overlayer, an
epitaxial relation between Cu and TiO,(110) was also found. Finally, the interaction of
molecular oxygen with the already adsorbed CO was investigated. According to FT-
RAIRS spectra, this interaction was pronounced for the low Cu coverage overlayers,
whereas no interaction was observed for the annealed thin Cu film. A summary of FT-

RAIRS, XPS and LEED findings is presented in Table 3-4 for characteristic Cu coverages.
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Table 3-4 A summary of results obtained from XPS, FT-RAIRS and LEED for 4 characteristic Cu
coverages, for as deposited and annealed overlayers. Coverages are selected as limits after which important
changes were recorded in the three techniques. The last row compares the results collected via FT-RAIRS

following the interaction of the system with O,. Band positions are given in cm’', while bold numbers

represent the dominant peak.

Cu coverage »
2.85/ MLE 6.37 / MLE 8.95/MLE 15.17 MLE
Technique v
High Miller (110), (100), (110), (100), (110), (100),
__.index facets | (111)facets | | (111) facets (111) facets |
FT-RAIRS Transmission Absorption Absorption Absorption
band (2100) bands (2092, bands (2092, bands (2092,
2084, 2071) 2084, 2071) 2084, 2071)
XPS Core level shift Bulk value Bulk value Bulk value
LEED Ti0, (110) No pattern No pattern Faint (111) Cu
pattern pattern
Annealing at 650 K
High Miller (100) and (111) (111) major (111) facet
) facets facet, (100) as
index and (111) e 1
facets Transmission we
FT-RAIRS bands (2083,
) T . 2072) Absorption Absorption
Fansmission o bands (2072, band (2072)
bands (2098, = High dispersion
) 2083)
2072) of Cu particles
XPS Evidence of Evidence of Evidence of i
coalescence coalescence coalescence
) ) Mixed (110)
| O TOOD ggtih, e
p p Cu pattern P
Interaction with O,
FT-RAIRS Strong | Little | - None
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Chapter 4

The Photolysis of MoCOg¢ on TiO,(110)

As an alternative to Physical Vapour Deposition, Mo particles can potentially be
prepared via Organometallic Chemical Vapour Deposition using Molebnynum
Hexacarbonyl, Mo(CO)g, as the organometallic precursor. Previous studies though have
shown that common thermal decomposition is not adequate as the prepared Mo particles
suffered from C contamination.®® Consequently, in this Chapter the photolysis of adsorbed

Mo(CO)sis examined as a different method of removing the CO ligands.

4.1 Introduction

Before presenting the various studies relevant to the photolysis of Mo(CO)g in
the gas phase or in various media and supports, it is important to explain why this
organometallic compound (and the other two transition metal hexacarbonyls of the same
periodic group) undergoes such transformations when irradiated with UV light. The
Mo(CO)e molecule is susceptible to photodecomposition under UV radiation, as according
to its electronic spectrum several transitions take place in this energy region. These
transitions are identified by the appearance in electronic spectra of absorptions due to
ligand field transitions or metal to ligand and ligand to metal excited states.'* The
identification and assignment of these transitions was performed in the late 60s by Gray

and Beach, and their findings are summarised in Table 4- 1144
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Table 4-1 Mo(CO), transitions and their assignment by Gray and Beach. The equivalent energies are

calculated here using E=hv.

Wavelength / nm Wavenumber / cm™ Energy / eV Assignment
319 31350 3.89 'A,>'T,
286.7 34880 4.33 ‘A, —'T,"
265.3 37680 4.68 'A,—>'T,,
228 43860 5.44 ‘A>T,
193 51810 6.43 t (M) > 1, ()

4.1.1 Photolysis of Mo(CO)e in Different Phases: Gas, Matrix Isolation and Solution.

The photolysis of Mo(CO)s in the gas phase can proceed via two alternative
paths. The first involves dissociation of the molecule due to single photon absorption
whilst the second involves multi-photon excitations.'* Eventually each path leads to the
formation of different photoproducts.'*® According to different authors, the fluence of the

light used for the photodecomposition determines which process will be adopted.”‘”'149

During the single photon excitation process, photon absorption by the initial
molecule results to the ejection of one CO and the production of an unsaturated fragment
in an excited state. The excess in energy leads to the ejection of another CO, with the
process continuing in a similar manner until the retained energy stops being adequate for

decomposition to continue.'® These can be summarised as:

Mo(CO), +hv — Mo(CO); + CO
Mo(CO); — Mo(CO), + CO (4-1)
Mo(CO), — Mo(CO); + CO

Both Ishikawa er al. and Ganske et al. using Time Resolved Infrared
Spectroscopy (TRIS) independently found that the major photofragments due to the single
photon absorption were Mo(CO)s, Mo(CO); and Mo(CO);.">" > According to these

studies the population of each photofragment depended on the laser energy used. Thus the
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dominant features of the spectra for lower excitation energy were bands due to Mo(CO)s,
whereas higher energy photons resulted in the formation of mainly Mo(CO);. The
photofragments also reacted either with the parent molecule to form more complicated

molecules, for example Mo(CO), + Mo(CO); — Mo, (CO),,, or with CO to recombine

into the previous fragment, for example Mo(CO), + CO — Mo(CO), %% The geometry

adopted for the three photofragments had as follows: C4, for Mo(CO)s, C,, for Mo(CO)4
and finally Cs, for Mo(CO)."** The above mechanism of sequential CO elimination was
also adopted by Venkataraman et al. 147 Based on qualitative molecular orbital arguments
they attributed the first step to a repulsive overlap of the 5c¢ orbital of CO and a hybrid
metal orbital. The following steps were explained as statistical like decompositions. This
justification though was not confirmed by the experimental and theoretical treatment of

Cavanagh et al., although they did not propose an alternative one.'”

Photofragments with lower number of CO, i.e. Mo(CO),, Mo(CO) or even
neutral or ionised Mo, can be produced via the multi-photon excitation path, which, as
stated earlier, is accessible by increasing the fluence of the laser used for the photolysis.
Tyndall and Jackson suggested that this process proceeds via a combination of phenomena
which comprise of both sequential and direct dissociation channels.'*® In their
interpretation the latter involved the direct absorption of two or three photons by the
parent molecule whilst the former involved the absorption of a second photon by one of
the original photoproducts. These photoproducts were also observed by Chen et al. and Yu

et al. by increasing the energy of the excitation light.'** !>

Photodissociation of the metal carbonyl in matrix isolation or in solution has
been shown to yield results different from the ones for the gas phase. In one of the first
studies performed, Perutz and Turner observed that the photolysis of M(CO)g
(M=Mo,Cr,W) in a variety of matrices resulted in the generation of M(CO)5.157 A weak
chemical bond was found to exist between the unsaturated carbonyl and the matrix gas.
Similar results were found by later studies following the photolysis of these carbonyls in
noble gas matrices where the formation of M(CO)sL (L=Ar, Kr and Xe) was observed."®

% In solution, photolysis has been found to proceed in a analogous way. After its
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production, the wunsaturated pentacarbonyl forms a bond with the solution,
MO(CO)5(Sol).16O'162 Further dissociation of the molecule is prevented due to the efficient
energy relaxation imposed by the bond.'* Interestingly though, prolonged photolysis of
Mo(CO)¢ in a CHy matrix at 20 K, resulted in the production of two secondary
photofragments Mo(CO); and Mo(CO);.'* A possible explanation could involve the

absorption of a second photon by Mo(CO)s.'*

4.1.2 Adsorption and Photodecomposition of Mo(CO)e on Si and Metals

One of first single crystal materials chosen as a substrate for the adsorption and
subsequent photodecomposition of Mo(CO)e was Si. This was primarily thanks to the
potential application of Mo in microelectronic applications,'® when grown on

166

semiconducting surfaces via photo assisted CVD. ™ A brief summary of these studies is

going to be presented in the following paragraph.

Mo(CO)g¢ can adsorb on a Si single crystal surface at liquid nitrogen
temperatures forming a physical bond,'"” with TDS studies revealing zeroth order
desorption kinetics.'®> ' Similar thermal desorption spectra have also shown that the
molecule adsorbs on the surface without any dissociation.'®’ Furthermore the O, symmetry
exhibited in the gas phase is to a large extent also present in the Si supported carbonyls.'®
[Nluminating the Mo(CO)s —Si system with UV light (either from a laser or from a
continuous source) results in the photodecomposition of the adsorbed molecule, with the
cleavage of the first CO bond being identified as the rate determining step.'® By
performing HREELS Gluck et al. proposed that the major photofragments included
Mo(CO)s, Mo(CO)4 and MO(CO)3.167 Richter et al. however, using FT-RAIRS could only

confirm the presence of Mo(CO)s.'

Unsaturated photofragments were also observed in
TDS spectra.168 Nevertheless Mo(CO)x (x=1,2) or Mo species have never been reported.
This would indicate that quenching of highly excited states was favoured by adsorption on
the Si surface. According to a proposed mechanism for the photolytic reaction, the

adsorption of sequential photons first by the initial molecule and then by the
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photofragments leads to their photodissociation.'®’ Interestingly Resonance Enhanced
Multiphoton Ionisation (REMPI) studies of the CO molecules produced from the
photolysis revealed two different desorption channels.'”! The first involved CO molecules
that underwent minimal interactions with either Si or the adlayer. The second one involved
molecules that did interact with Si or the adlayer. Finally the photolysis of thick Mo(CO)g
layers resulted in polymerisation, which was exhibited by the appearance of M02(CO)g.x

s 16
Species. o

Significant amount of work has also been perfomed on the adsorption and
photodecomposition of Mo(CO)s supported on various metal substrates. At low
temperatures, ca 100 K, Mo(CO)s can adsorb either molecularly or via dissociation
depending on the substrate. For example on Cu(11D)'", Ag(lll)173 and Pe(111)'™ it has
been found to physisorb as a molecule, whereas on Ru(OOl)175 and Rh(lOO)176 is adsorbed
dissociatively. It has been proposed that the interaction of CO with each surface could
account for this difference.'”> CO adsorbs weakly on Cu and as a result no strong
interaction can take place that could result in dissociation. On the other hand Rh adsorbs
CO strongly, with a temperature of desorption at 500 K compared to 150 K for Cu. The
substrate contribution to the dissociative adsorption was also demonstrated from the fact
that Mo(CO)¢ multilayers desorbed molecularly from both Rh(100) and Ru(OOl).”S’ 176
Similar surface effects were also observed during the photolysis of adsorbed molecules.
For Rh(100) it was found that the yield of Mo(CO) photolysis increased by an order of
magnitude when a layer of CO was preadsorbed on Rh(100). This increase was explained
by means of less effective quenching of the exited states by the CO lalyer.176
Photodecomposition of Mo(CO)s adsorbed on Pt resulted in the formation of Mo(CO)g«

species on the surface, which were bound stronger than the parent molecule.'™

Mo(CO)e has also been employed as a precursor for the high temperature CVD
of Mo films and clusters on metallic substrates. Hrbek et al. have reported the deposition
of metallic Mo nanoclusters on Au(lll)—(22x\/3).177 During deposition the sample was
kept at 500 K in order to break the Mo-CO bonds. Further annealing to 600 K was needed

to fully remove the CO from the surface. Nevertheless this method was only effective for
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Mo coverages below 0.15 ML. For higher coverages the Mo clusters were contaminated
with C and O."® High temperature CVD (700 K) of Mo(CO)s was also employed in the
deposition of Mo films on Al substrate.'”’ Although this process resulted in the appearance
of MoC and Mo,C, C was later removed by annealing to 1200 K. This last step though
produced the formation of MoAl alloy. NiMo alloy was also formed following a similar

CVD procedure.lgo

4.1.3 Adsorption of Mo(CO)s on Metal Oxide Surfaces

The adsorption behaviour of Mo(CO)s on high surface area alumina, Al,O3, has
been extensively studied in the past.'® On a more recent study Reddy and Brown
identified two Lewis acid adsorption sites for Mo(CO)e.'®* On a partially dehydroxylated
surface the decarbonylation of the molecule proceeded via a Mo(CO)s intermediate, before
terminating with the formation of Mo(CO);. On a fully hydroxylated surface no Mo(CO);
formation was observed although the presence of a lower subcarbonyl was identified that
resulted from the decarbonylation of Mo(CO)s(OH). On both surfaces these processes
were found to be reversible at room temperature. On planar alumina relative few studies
have been performed, mainly by the Tysoe group whose approach was to deposit a thin
alumina film on a Mo(100) substrate.'®'®" Contrary to the high surface area supports no
Mo(CO)e adsorption was observed at room temperature. The hexacarbonyl was found to
adsorb as a molecule on the dehydroxylated surface at 190 K. Upon progressive heating up
to 245 K, the latter decomposed to Mo(CO)s and Mo(CO); as identified by FT-RAIRS.
Further heating resulted to the formation of a strongly bound adsorbate which was
identified as an oxalate species.'® Similar results were observed for the hydroxylated and
partially hydroxylated surface, and the degree of decarbonylation was found to depend on

the extent of hydroxylaltion.183

High temperature deposition (700 K) on hydroxylated
alumina resulted in the formation of MoC. Annealing to 1500 K resulted in the removal of
carbon contamination by reacting with oxygen from the substrate.'™ Bao er al. recently

. 1
observed the same behaviour.'®
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There are not many studies in the literature investigating the adsorption and
decomposition of Mo(CO)s on planar TiO, substrates. Evans et. al. using TiO,(110)
reported the physisorption of the hexacarbonyl at 150 K.% By means of FT-RAIRS they
were able to identify different bands attributed both to the monolayer and multilayer. This
difference was explained as a dipole coupling effect taking place in the multilayers and not
as different species produced by dissociation of the monolayer. Annealing resulted in the
formation of weakly bound Mo(CO)s carbonyls that desorbed above 220 K. Deposition at
400 K resulted in the formation of Mo with a substantial amount of graphitic carbon
present on the surface. Analogous results have recently been reported by Prunier et. al.
although their investigation hinted that some dissociation of the molecule must have taken

place during adsorption at 140 K.'%

Upon annealing all the adsorbed hexacarbonyl was
decarbonylated producing submonolayer coverages of Mo. In order to increase this
amount they first irradiated the system with a strong photon beam (30 to 350 eV). This
resulted in the formation of stable Mo(CO)y species that when annealed to 420 K produced
higher Mo coverages than before. An MoO, overlayer on TiO,(110) has also been
produced by the adsorption of Mo(CO)s at 673 K in UHV environment, followed by 30
min thermal treatment in air at 853 K.'! Photodecomposition of Mo(CO)s via UV
irradiation has only been reported on high surface area TiO,."”* According to this study,
the photooxidation of the carbonyl does not proceed via direct absorption of the irradiation
and subsequent breaking of the M-CO bond. The proposed mechanism involves enhanced

decarbonylation of Mo(CO)s by photoinduced electron holes of the TiO,, which will lead
to MoOs.

4.1.4 Infrared Assignment

As it can be observed from the previous discussion, many studies have utilised
infrared spectroscopic techniques to characterise the photolysis process. As this greatly
facilitated our FT-RAIRS study, Table 4-2 summarises previously observed assignments.
In addition Figure 4-1 represents the geometries adopted by Mo(CO)s and its

photofragments.
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Table 4-2 Infrared bands (cm™) of Mo(CO)s and its photofragments as observed by different authors in

various media

Molecule Assignment Gas phase ' Gas phase ! In CH,'*
Mo(CO)s Th 2003 1993
Mo(CO)s Ay 2093
E 1990 1983 1967
Ay 1942 1940 1926
Mo(CO), Ay 2057
B, 1972 1914 1887
Ay 1946 1927
B, 1911 1970 1945
Mo(CO); Ay 1990 1981
E 1891 1888 1862

Mo(CO),
(On) (Ca)

Figure 4-1 Geometries adopted by Mo(CO), and its photofragments, in the gas phase '>*

4.2 Experimental

The experiments described in the following sections regarding the adsorption
and subsequent photolysis of Mo(CO)s on TiO,(110), were performed in the UHV
chamber described in section 2.1. The surface of the TiO,(110) crystal was cleaned
through repeated cycles of sputtering and annealing, followed at the end by O, treatment.

As previously discussed in Section 2.2 this procedure resulted in a well ordered surface,
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free of C contamination. The organometallic (Sigma-Aldrich, solid crystals, 99% pure)
was placed inside a glass vial as acquired, i.e. without any further purification. The glass
vial was covered with aluminium foil to prevent any photodecomposition, and attached to
a leak valve already connected to the chamber. Subsequently, repeated freeze-pump-thaw
cycles were performed to purify the hexacarbonyl. Before each deposition, further
purification was employed as discussed later. The organometallic was introduced into the
chamber through a thin stainless steel tube, the open end of which was situated

approximately 15 mm from the front of the sample.

The photolysis experiments were performed using the light produced by an Hg-
Xe lamp (185 W) acquired from Advanced Radiation Corporation, the energy spectrum of
which can be found in Figure 4-2 as provided by the supplier. Emission peaks can be
observed in the energy range, 190 to 320 nm (Table 4.1), required for the excitation of
Mo(CO)¢ or the TiO; (rutile) band gap. The lamp was placed inside an Oriel housing that
allowed for the focusing of the beam. The housing was powered by an Oriel controller,
while all experiments were performed at a power of 140 W. As thermal decomposition due
to the radiation had to be avoided, a water filter was placed in the beam between focusing
optics and the UHV window. This comprised of a water filled cylinder which had both its
bases made from quartz glass. The beam of light entered the chamber via a quartz UHV
window and illuminated the sample. Some small portion of the manipulator was also
illuminated during the experiments, despite all efforts to prevent it. For the experiments
described in Section 4.3.6. an optical filter was used to cut-off specific wavelengths. This
was placed in front of the quartz UHV window. The filter was supplied by UQG optics
and its spectrum is provided in Figure 4-3, as supplied by the manufacturer. A schematic

of the entire arrangement can be found in Figure 4-4.
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Figure 4-2 Emission spectrum of Hg-Xe lamp as provided by the supplier. Clear emission peaks can be

observed in the energy region of Mo(CO)g transitions.
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Figure 4-3 Transmission spectrum of the optical filter used during the experiments of section 4.3.6,

provided by the supplier, UQG optics.
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Figure 4-4 Schematic of the experimental arrangement used during photolysis.

All FT-RAIRS spectra were collected via the InSb detector and 1760-x Perkin
Elmer spectrometer. Each spectrum was recorded (collection time of 60 s) using a p-
polarised light, 100 scans and resolution of 4 cm™ in the spectral region from 2100 cm™ to
1900 cm™. XPS spectra were collected using the Mg anode (1253.6 eV), while for each
scan the energy regions of C(1s), Ti(2p), O(1s) and Mo(3d) were measured. The C(1s) and
Mo(3d) spectra were collected using a 0.1 eV step, duel time of 1 s and averaging over 2
scans. The O(1s) spectra were collected using a 0.1 eV step, duel time 0.5 s and averaging
over 2 scans while the Ti(2p) spectra using a 0.1 eV step, duel time 0.5 s and 1 scan.
Employing these settings resulted in a collection time of less than 12 min. This was done
to prevent any significant decomposition of the Mo(CO)g during the scan. The analysis of
the XPS data was performed using the WSPECTRA software, which estimates the area,
intensity and position of the peaks by fitting the raw spectra with a Gaussian-Lorentzian
function. Prior to any analysis a Shirley background'** was subtracted from the raw data.
The coverage values were estimated using equation 2-16 of section 2.4.2. As mentioned in

that Section, an error of the order of 15-20 % can be expected from these calculations.
The experimental protocol used for each experiment had as follows. Initially

the glass vial containing the organometallic was outgassed for 10 min, P;,=1x10" mbar.

During this procedure the sample was facing away from the doser. Upon completion the
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TSP was operated for 60 s to help the system recover the base pressure. One or two cycles
of sputtering and annealing were then employed to clean the surface from contaminants
due to the outgassing. The surface was then checked with XPS, and if contamination was
still present, further cycles of sputtering and annealing were performed. Subsequently, the
sample was cooled down to 130 K and the experiments could commence. Both deposition
and photolysis procedures took place at 130 K, whilst no temperature increase was
observed when the sample was irradiated with the light beam. An FT-RAIRS spectrum
was collected after each exposure of the surface to Mo(CO)s. The time of each photolysis
was controlled using a manual shutter placed in front of the quartz UHV window, while
after each illumination an FT-RAIRS spectrum was collected. During the XPS study of the
photodecomposition process, a XPS spectrum was first collected prior to exposure to UV
light. Subsequently each UV illumination was followed by an XPS scan. Finally it should
be noted that all the exposure values quoted here are in Langmuirs (1L is defined as an

exposure of 10 Torr for 1 s).
4.3 Results and Discussion

4.3.1 Deposition of Mo(CO)

Before discussing the photolysis of Mo(CO)s on the oxide support, it is
imperative to examine the adsorption properties of this molecule on the surface and
subsequently the way its deposition proceeded. Figure 4-5 represents a FT-RAIRS
spectrum collected after exposing the surface to 0.37 L of Mo(CO)e. Three features were
observable, two of them as transmission bands at 2034 and 2008 cm™ and a single one as
absorption band situated at 1963 cm™'. Upon increasing the exposure the appearance of
these bands changed as it can be observed in Figure 4-6, where the FT-RAIRS spectra
collected for increasing exposure values are presented. For 1.53 L of Mo(CO)¢ both
transmission peaks blue shifted to 2039 and 2020 cm™ whereas the absorption band red
shifted to 1954 cm™. Upon further dosing, the 2017 cm™ band saturated in the form of a
shoulder while the two other features continued to increase in intensity. Their positions on
the other hand remained constant at 2041 and 1951 cm™ respectively. Further Mo(CO)s

exposures (not shown) resulted only to an increase in the intensity of the two modes, with
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their shape and position remaining the same. A spectrum collected for a multilayer of

Mo(CO)e adsorbed on the TiO, surface can be found on the inset of Figure 4-6.
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Figure 4-5 FT-RAIRS spectrum of Mo(CO)s adsorbed on the TiO,(110) surface, collected after 0.37 L
exposure at 130 K.
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Figure 4-6 FT-RAIRS spectra of Mo(CO)s adsorbed on the TiO,(110) surface as a function of exposure.
Inset: FT-RAIRS spectrum collected following the exposure of 7.33 L of Mo(CO)j, vertical line represents
the position of the triple degenerate v(C-O) T;, mode at the gas phase.
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On the spectral region recorded here, the Mo(CO)s molecule has one active IR
mode with T, symmetry, which in the gas phase manifests itself at 2003 cm’! (see also
inset of Figure 4-6).'"” As a result, the bands observed in Figures 4-5 and 4-6 can be
attributed to the three fold degenerate v(C-O) mode. As it was described in Section 2.2.1
one of the advantages of performing FT-RAIRS on an oxide surface is that both
components of the p-polarised light become infrared active. Consequently the infrared
radiation can excite modes that are parallel to the surface plane, which normally would
have been inactive due to dipole screening. A demonstration of this phenomenon can be
observed in previous spectra, Figure 4-6, where the transmission bands can be allocated to
CO vibrations perpendicular to the surface, and the absorption band to modes parallel to
the surface, as previously described by Evans et al. and Cavanagh et al..’” ' The
deviation from the gas phase value that was observed for both bands, 2014 and 1951 cm™
respectively, can be explained by taking into consideration the effect of dipole coupling.
Coupling of dipoles aligned perpendicular to the surface gave rise to the blue shift,

whereas coupling of dipoles aligned parallel to the surface gave rise to the red shift.®” ®*

Another interesting point arising from the spectra of Figures 4-5 and 4-6 is the
evolution of the bands. Figure 4-5 represents spectra collected at the very beginning of the
deposition, thus it would be reasonable to assume that the features observed were due to
adsorbates directly in contact with the support. Furthermore the transmission and
absorption bands at 2034 and 1963 cm™ are suggestive that the coverage of the molecule
on the surface was near the monolayer threshold, as suggested by previous studies.*
Further increase in exposure, Figure 4-6, resulted in the formation of multilayers on the
titania surface, indicated again from the two characteristic peaks at 2041 and 1951 cm™.
Although the interpretation of these two modes is clear, there is some controversy in the
literature regarding the nature of the 2008 cm™ mode as its frequency value is similar to

182 188 A5 mentioned in section 4.1.3, Prunier et. al.

the ones from Mo(CO)x fragments.
have reported that some dissociation of Mo(CO)s must take place upon adsorption on the
TiO, surface. Based on previous studies and our FT-RAIRS and XPS results (next

paragraph) we believe that this is not the case. The nature of the 2008 cm™' mode can be
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explained by taking into consideration the effect of dipole coupling. At the initial stages of
growth the islands were isolated on the surface thus the dipole coupling should have been
minimal. As a result only one mode should be observed at the gas phase value of 2003 cm’
' The 2008 cm™ peak observed here is very close to the gas phase frequency (at 2003 cm”
!>2 and it could originate from isolated molecules on the surface. Of course the presence
of the other two bands at 2034 and 1963 cm™ would indicate that some clustering of the

molecules must have taken place even at 0.37 L of exposure.

The deposition of the Mo(CO)s molecule on the oxide surface was also examined
using XPS. Figures 4-7 to 4-9 represent spectra collected from Mo(3d), C(1s) and O(1s)
energy regions for three different exposure values. In Figure 4-7 two peaks appeared even
from 1.53 L of exposure at 228.7 and 232 eV that can be assigned to the Mo(3ds,) and
Mo(3ds/) transitions of Mo respectively. Their energy spacing, 3.2 eV, is in agreement
with the spin orbit splitting reported for molybdenum.” Upon further increase in exposure,
the intensity of both peaks increased while no change was observed in their position.
Similar behaviour was also observed for the C and O spectral features. For C(1s) region,
Figure 4-8, a single peak at 287.8 eV was observable attributed to the CO ligands of the
molecule. A second peak appearing for higher exposure values has been previously

identified as a satellite peak.194

The O(1s) region, Figure 4-9, was initially dominated by
the O peak of the support situated at 530.5 eV, while O from the molecule contributed to
the spectrum with the formation of a small peak at 534.3 eV. As multilayers, 20.2 L, were
formed on the surface, the latter became the dominant feature in the spectrum. For all
spectra an important observation is the fact that the position of the peaks attributed to
Mo(CO)¢ did not change, indicating that no change in the chemical environment took
place upon deposition. This observation would be in accord with the physisorption of the
intact molecule on the surface. Finally by utilising the area under the Mo(3ds;,) peak and

the area under the C(1s) peak, the coverage of both on the surface was calculated using

Equation 2-16 of Chapter 2. The results of these calculations can be found in Table 4-3.
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Figure 4-7 XPS spectra of Mo(3d) region as a function of Mo(CO)4 exposure.
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Figure 4-8 XPS spectra of C(1s) region as a function of Mo(CO), exposure.
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Figure 4-9 XPS spectra of O(1s) region as a function of Mo(CO) exposure.

Table 4-3 Mo and C coverage calculations for three different depositions.

Mo(CO)¢ exposure / L. . Mo coverage / ML.  C coverage / ML

1.53 0.34 0.81
2.73 0.7 1.78
20.2 14.95 37.92

4.3.2 Photodecomposition of 1.53 L of Mo(CO)

The main objective of this study was the investigation of the photodecomposition
of the physisorbed Mo(CO)s on the TiO, surface. Towards this goal, three different Mo
coverage regimes were examined: 0.34 ML, 0.7 ML and 7.33 MLE. In this section the
first one resulting from a 1.53 L deposition is presented. As it was mentioned previously
this should result in the formation of multilayers on the surface but with a substantial

proportion of the molecules being in contact with the support.
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Figure 4-10 represents FT-RAIRS spectra collected from the Mo(CO)s covered
surface (0.34 ML of Mo) as a function of irradiation time. The first spectrum (black line)
was collected immediately after the 1.53 L deposition and before any exposure to UV
radiation. The latter induced several transformations to the spectra. After 30 s irradiation
the intensity of the two main bands at 2041 and 1954 cm™ was reduced by half whereas
the shoulder around 2020 cm™ grew in intensity. Near the 2041 cm™ transmission band, an
unresolved transmission peak was also observable at 2033 cm™. A further 60 s irradiation
(90 s in total) resulted in the appearance of a new transmission band at 2017 cm™', while
the two transmission and absorption bands of the multilayer continued to decrease in
intensity. Similar behaviour was also observed for the 2033 cm™ peak. All three bands
almost disappeared from the spectra after 150 s irradiation and at the same time the 2017
cm” red shifted and a new transmission band started to emerge around 2006 cm™. This
was the dominant band in the spectrum collected after 270 s irradiation, whilst a further
120 s of irradiation resulted in the red shift of this band. The final spectrum was collected
after total irradiation of 690 s. As it can be observed from the inset of Figure 4-10 it was
composed of several unresolved transmission bands around 2000 cm™. It is worth pointing
out that two transmission bands at 1967 and 1943 cm™ must correspond to noise coming
from the spectrometer or the detector rather than the actual adsorbates, as will be discussed
in Section 4.3.5. To summarise, the spectra of Figure 4-10 can be divided into two regions.
The first, up to 90s radiation, contains spectra that retained most of the characteristic
vibrations of the parent molecule. The second, longer radiation times, all vibrational
modes of the parent molecule disappeared and new vibrations were observed which are

assigned below.
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Figure 4-10 FT-RAIRS spectra collected from the surface as a function of irradiation time. The first, black

line, measured after 1.53 L of Mo(CO). Inset: spectrum collected after the final 690 s irradiation.

As mentioned in Section 4.1.1, the absorption of selected wavelength radiation
from the Mo(CO)¢ molecule will lead to the photodecomposition of the latter by removal
of CO ligands. FT-RAIRS spectra collected in this study, following the sequential
irradiation of the adsorbed molecule were consistent with the aforementioned statement.
After 30 s of irradiation, approximately half of Mo(CO)s molecules remained unaffected,
as indicated by the ca. 50 % reduction in intensity of the two characteristic peaks at 2036
and 1954 cm™ respectively. Nevertheless, new species were also formed on the surface,
hinted by the unresolved band at 2033 cm™, and the growth of the broad shoulder around
2020 cm™. The formation of those species can be attributed to the photodecomposition of
Mo(CO)¢ molecules, hence their identity should be that of Mo(CO). Additional
irradiation induced further changes to FT-RAIRS spectra, with the appearance for example
of two distinct bands after 270 s of irradiation at 2017 and 2006 cm™ respectively. The
three bands at 2033, 2017 and 2006 cm™ can be assigned to different photodecomposed
species on the surface, labelled for the moment A, B and C respectively. The effect of

progressive irradiation can be best described with the help of Figure 4-11. In this figure,
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the intensity of four characteristic bands is plotted against irradiation time. These bands
are: first the one due to the parent molecule at 2041 cm'l, second the one attributed to
species A at 2033 cm™, third the 2017 cm™ band allocated to species B and finally the one

assigned to species C at 2006 cm™.
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Figure 4-11 Intensity of four characteristic FT-RAIRS bands of Figure 4-10, as a function of UV irradiation
time. Black squares represent the intensity of the peak situated initially at 2041 cm™, green triangles
represent the intensity of the peak situated initially at 2033 cm™, red circles represent the intensity of the
peak situated initially at 2017 cm™ and blue triangles represent the intensity of the peak situated initially at

2006 cm™'. Lines are drawn as guide to the eye.

Following the data of Figure 4-11, after 270 s of irradiation no peak was
recorded for the 2041 cm™ band (black squares), indicating that by 270 s all parent
molecules had photodecomposed. The peak assigned to photoproduct A (green triangles)
exhibited a maximum in intensity after 30 s of irradiation, followed by a non linear
decrease as a function of irradiation time. Similar to the parent molecule, by 270 s
photoproduct A was also removed from the surface. On the other hand the intensity of the
band attributed to photoproduct B (red circles) exhibited a maximum in intensity after 90 s
of irradiation, followed by a steady decrease. By 390 s of irradiation, species B was also

removed from the surface, as indicated by the intensity value of the 2017 cm’ peak.
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Finally the intensity of the peak attributed to photoproduct C (blue triangles), reached a
maximum after 270 s of irradiation, while even after 690 s its value remained almost
unchanged within experimental error. According to the above description, at the initial
stage of irradiation, after 30 s, the main product of Mo(CO)s photolysis is species A
although both B and C were also present on the surface to a lesser extent. After 90 s of
irradiation, the opposite effect was observed, with species B being the major
photofragment. Prolonged irradiation though, resulted in the disappearance of both peaks
attributed to species A (after 270 s) and B (after 390 s) whereas the only remaining
contribution in the FT-RAIRS spectra was from the band attributed to species C. Since the
temperature of the sample remained the same for the whole period of irradiation, the only
possible explanation for the removal of species A and B would be that they also
photodecomposed when irradiated with the UV light. Indeed, the evolution of all four data
sets presented in Figure 4-11 would be consistent with a sequential type of
photodecomposition of Mo(CO)s to species A, species A to B and species B to C:
Mo(CO)¢ — A — B — C. No further photodecomposition of species C was observed, as
indicated by its intensity value after 690 s. As discussed in Section 4.1.1., the first product
of the one photon photolysis of Mo(CO)s is Mo(CO)s. Hence it would not be unreasonable
to assume to assign species A to Mo(CO)s. Since a sequential process was observed,
species B can be attributed to Mo(CO)4 and species C to Mo(CO)s. Moreover for species
C, XPS data collected during the photodecomposition process (presented in the following
paragraph) and the position of the relevant FT-RAIRS band (at 2006 cm™) are consistent
with the assignment of photoproduct C to Mo(CO);. Indeed bands situated around 2006
cm’™' have previously been assigned to Mo(CO); for studies conducted on planar Al,O5'%
and on Si(111)-(7x7)."% Finally, it should be noted that no absorption bands were
observable at the final steps of the photolysis, indicating that the final photofragments,
Mo(CO)s, adopted a geometry consistent with the alignment of their dipole moments

perpendicular to the surface plane.
As mentioned earlier, the photodecomposition process was also followed by

XPS. In the following Figures 4-12 and 4-13 three different properties of the Mo(3ds),)
and C(1s) peaks respectively are plotted against the time of UV exposure: area, FWHM
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and position. All the spectra used to perform this analysis can be found in Appendix A.
Figure 4-12 represents the above three plots for Mo(3ds»). The dependence of the
Mo(3dsy,) peak area from the UV exposure can be observed in Figure 4-12a. Although the
data exhibit a certain amount of scattering, a general trend can be observed according to
which the amount of Mo on the surface remained constant. Consequently, the photolysis
process did not induce any desorption of Mo from the surface, in accordance with
previously studied behaviour of the molecule under UV illumination. In Figure 4-12b, the
change of the Mo(3ds;,) peak FWHM value is plotted against UV irradiation time. As it
can be observed, a small increase from ca 1.95 to 2.25 e V was obtained with prolonged
irradiation, although for the last two stages of irradiation the values appeared to reach a
plateau. This trend would be consistent with the observation made from FT-RAIRS,
Figures 4-10 and 4-11, that during the intermediate stages of irradiation the photolysis
process resulted in the formation of different species" on the TiO,(110) surface. Figure 4-
12¢ represents the variation of Mo(3ds;;) peak position as a function of UV irradiation
time. During the first two steps of the photolysis process, a dramatic shift away from the
227.8 eV value of the Mo(CO)¢ molecule was observed. Further irradiation did not result
in dramatic differences, with the values almost reaching a plateau. The change in trend
after 270 s of irradiation agrees well with the data of Figure 4-11, where the intensity of
the band attributed to Mo(CO)s exhibited a value near 0. Thus by combining FT-RAIRS
and XPS results it would be safe to suggest that after 270 s of irradiation no Mo(CO)s was
present on the surface. In addition, the plateau observed after 270 s would be in
accordance with the fact that the population of photofragments on the surface was
dominated by a single species. An indication for the nature of this species was provided in
the previous paragraph by FT-RAIRS, where Mo(CO); was identified. This assignment is

in agreement with XPS data of Figure 12c, as explained henceforth.

It can be expected that the effective charge of Mo atom will change according to
how many CO molecules are attached to the metal. It has been shown theoretically that the
relation between the chemical shift of a core orbital i, AE;, and the charge, qa, of its

relevant atom A is linear,'”” according to the following equation:

¥ These contribute differently to the Mo(3ds),) peak thus increasing the FWHM of the overall peak.
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AE, = kg, + zlg—B +1 (4-2)

B#A*Y*AB
where k; is a constant equal to the Coulomb repulsion integral between a core and a
valence electron, | represents a constant determined by the energy reference level, and the
summation term represents the effect from surrounding atomic charges, and is normally
treated as a constant.'”® In addition, Lindberg et al. have experimentally confirmed the
above for the case of sulphur compounds, where a linear relationship was observed

197 Based on the above, it would be within

between S(2p) binding energy and charge.
reason to assume that the change of Mo(3ds/;) binding energy depended linearly from the
effective charge of Mo, which as mentioned before relates with the number of attached CO
molecules. This linear relationship is represented schematically in Figure 4-13 where the
Mo(3ds/,) binding energy is plotted against the number of CO molecules attached to Mo.
The binding energy values of Mo(3ds;;) for Mo(CO)y (x=1, 2, 3, 4 or 5) should lie along
the line (blank dashed line) connecting metallic Mo at 227.8 eV 3 and Mo(CO)g, which
from this set of data was measured at 228.77 eV. Three data points are also plotted in
Figure 4-13, which correspond to an average binding energy value (calculated from the
last three data points of figure 4-12c) for three different species: Mo(CO), (red square),
Mo(CO)s (green square) and Mo(CO), (blue square). As it can be observed only the point
corresponding to Mo(CO);3 is close to the ideal line, while both other points deviate away
from it. Hence another evidence is obtained of the Mo(CO); nature of the final
photoproduct, which is additionally supported by Figure 4-12d. Figure 4-12d represents
the C to Mo relative area ratio, Ciel area/ MOrelarea, Value as a function of UV irradiation time.
Ideally, for the Mo(CO)s molecule this value should be at 6. From Figure 4-12d, for this
set of data this value comes at 2.7 for Mo(CO)e, quite away from the ideal value. We
believe that this is due to inconsistency in the values of relative sensitivity factors used
during calculation. For the final three irradiation times, an average value of 1.68 is
obtained. By normalising the first data point to 6, corresponding thus to Mo(CO)g, the
value for the final photoproduct is calculated at 3.73 + 0.7. Although this value is closer to
Mo(CO)4 than to Mo(CO)3;, when placed in context with the previous presented XPS and

FT-RAIRS data and taking into consideration the large amount of error present in the
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former calculation, the assignment of the final photoproduct to Mo(CO); appears more

probable.
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Figure 4-12 (a) Mo(3ds,) peak area as a function of irradiation time, (b) Mo(3ds;,) peak FWHM as a

function of irradiation time, (c) Mo(3ds,) peak position as a function of irradiation time (d) C(ls) to

Mo(3ds,) relative area as a function of irradiation time. The first point represents data collected immediately

after deposition of the molecule.
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only the point corresponding to Mo(CO); (green square) lies close to the dashed line, whereas the other two
for Mo(CO),(red square) and Mo(CO);(blue square) deviate away from it. The red and blue dotted lines are
guides to the eye.

The area, intensity and position of C(1s) peak as a function of UV irradiation
time are presented in Figure 4-14. The data collected for the area, Figure 4-14a, were very
irregular. Within experimental error, the trend observed did not reveal any change over
time. This is very peculiar because as shown before the photolysis process resulted in
desorption of CO molecules from the surface. Initially we believed that this was due to an
inability of the analysis software to correctly estimate the area under the C(1s) peak for
low C coverages. To address this issue the spectra were analysed manually using a graph
paper. Again though, the same irregular behaviour was observed. On the other hand the
trend observed for the FWHM value of the peak, Figure 4-14b, was in accord with the
photodecomposition process. Again as in the case of the Mo(3ds,) peak an increase in
value was observed as a function of irradiation time, consistent with the presence on the
surface of more than one photodecomposed species for the intermediate stages of

irradiation. The trend observed for the binding energy of C(1s), Figure 4-14c, resembled
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that of an exponential like decay. After 270 s of irradiation, a plateau was reached in
accordance with the presence of a single photoproduct, namely Mo(CO);. Figure 4-13d
represents the change of O(ls) peak position as a function of irradiation time. By
comparing the latter with the plot of Figure 4-13c a similar trend can be observed. This
comparison reveals that the peak observed at 287.8 eV was indeed due to the CO ligands
of the molecule and not due to graphitic carbon. In addition, according to the literature a

photoelectron peak from the latter normally appears at 284.5 + 0.5 eV, 19820
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Figure 4-14 (a) C(1s) peak area as a function of irradiation time (b) C(1s) peak FWHM as a function of
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after deposition of the molecule.
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4.3.3 Photodecomposition of 2.73 L of Mo(CO)

The photodecomposition of TiO,(110) supported Mo(CO)e was also investigated
for higher coverage values of the latter, namely 0.7 ML. This specific overlayer was
deposited by exposing the TiO,(110) surface to 2.73 L of Mo(CO)e. Figures 4-15 and 4-16
represent FT-RAIRS spectra collected following the photolysis process as a function of
irradiation time. These data are presented in two separate figures to facilitate the
presentation of these results. The first spectrum of Figure 4-15 was collected immediately
after the deposition, whilst the first spectrum of Figure 4-16 is the same as the last one

from Figure 4-15, collected after 450 s of UV exposure.

After 2.73 L of Mo(CO)s exposure two sharp infrared bands were observable,
one transmission at 2041 cm™ and one absorption at 1951 cm™. As mentioned earlier these
belong to the triple degenerate T}, mode of Mo(CO)s and their positions are indicative of
the presence of adsorbed multilayers. After a short UV exposure, 30 s, both bands
decreased in intensity whereas a small shoulder (transmission band) started to grown
around 2025 cm™'. Further 90 s of irradiation resulted in decrease of the intensity of both
multilayer Mo(CO) bands by almost half, whilst the shoulder at 2025 cm™ started to grow
and shift into a peak at around 2020 cm™. The same behaviour was observed for the
following three UV exposures, and after 450 s the intensity of the bands due to the parent
molecule was severely reduced while the shoulder had grown into a full peak situated at
2013 cm™. By then the peak at 2041 cm’’ had red shifted to 2038 cm™. In addition a small
absorption band was also observable at 1937 cm™, which is more easily observed in the
spectra of Figure 4-16. The intensity of both bands attributed to Mo(CO)s continued to
drop as a function of exposure while at the same time the peak at 2013 cm’' red shifted. Its
intensity was also reduced as was the case with the absorption peak at 1937 cm™. At the
end of irradiation, after a total of UV exposure of 1350 s, the spectrum had the following
characteristics (inset of Figure 4-16). A broad transmission band was observed
incorporating a variety of peaks with the ones at 2033 cm™ and 2004 cm™ best resolved.

The absorption bands at 1951 cm™ and 1937 cm™ were barely observable.
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Figure 4-15 FT-RAIRS spectra collected from the surface as a function of irradiation time. The first, black
line, measured after 2.73 L of Mo(CO)e.
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Figure 4-16 FT-RAIRS spectra collected from the surface as a function of irradiation time. The first, black
line, measured after 450 s irradiation. Inset: spectrum collected after the final 1350 s irradiation. Vertical

dotted lines link

According to data presented above, evidence of photodecomposition was
observable in FT-RAIRS spectra immediately after 30 s of irradiation. The reduction in
intensity of both bands along with the appearance of a small shoulder around 2025 cm™ is
indicative of the photolysis of Mo(CO)s to Mo(CO)y. This shoulder due to the unsaturated
photofragments grew in intensity as a function of UV exposure, hinting that the population
of the fragments increased with time. The red shift observed for the transmission band at
2041 cm™ complies well with the previous statement, as it is probably due to a change in
the chemical environment of Mo(CO)g. In the previous section, Figure 4-10, bands around
2006 cm™' were attributed to Mo(CO)3. Similar bands appeared in the spectra of Figures 4-

15 and 4-16 after 450 s of irradiation. Nevertheless several other bands were also
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observable, for example at 2033, 2013 and 1937 cm™ respectively. An assignment of those
bands can be made by taking into consideration the following two effects, present only
when conducting FT-RAIRS on oxide single crystals. The first effect is the activation of
infrared modes aligned both perpendicular (v,) and parallel (v,) to the surface. The second
effect is the shifting of those modes away from the gas phase value due to dipole coupling.
As mentioned in Section 4.3.1 coupling of dipoles aligned perpendicular to the surface
results in a blue shift, whereas coupling of dipoles aligned parallel to the surface results in
a red shift. For Mo(CO)s the perpendicular (v,) mode appeared at 2041 cm™ and the
parallel (v,) at 1951 cm’ first spectrum of Figure 4-15 (black line). If we assume to a first
approximation that both modes"" were shifted by equal amount away from the gas phase
value, then the latter is calculated at 1996 cm™ which is very near the literature value of
2003 cm™."? By applying the same approach to the other bands present in the spectra of
Figure 4-16 an assignment can be made based on their gas phase value. For example by
linking the 2033 cm™ transmission band with the 1946 cm™ absorption band, a gas phase
value of 1989.5 cm™ is calculated, which according to Table 4-2 is very close to the gas
phase value of the E v(C-O) mode of Mo(CO)s. Furthermore by associating the
transmission band at 2013 cm™ with the absorption band at 1937 cm™ the calculated gas
phase value is 1975 cm'l, which based on Table 4-2 can be correlated with the 1972 cm™
(or 1970 cm'l) gas phase value of the B; (or B;) or v(C-O) mode of Mo(CO),4. For the
transmission band at 2004 cm’, previously assigned to Mo(CO)s, an absorption
counterpart could be assigned to the 1926 cm™ band, hence a gas phase value of 1965 cm™
can be found. The latter deviates from the literature value of 1990 cm’ by 25 cm'l, which
is comparably higher than the previous three assignments. Nevertheless, as it can be
observed in Table 4-2, Mo(CO); exhibits also an E v(C-O) mode at 1891 cm’'. For this
value the absorption band must be red shifted into a spectral region not accessible in this
study due to the InSb detector limitations. The above calculations are presented
schematically in Figure 4-16, while Table 4-4 contains all the numerical values. It should

be noted that this analysis is consistent with the band assignment made in section 4.3.2,

¥ To be more precise, Mo(CO)s has only one active infrared mode. The triple degenerate v(C-O) of Ty,

symmetry.
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photodecomposition of 1.53 L overlayer, highlighting the fact that two different analysis

processes reached the same conclusion.

Table 4-4 v, and v, modes for all carbonyls along with their calculated gas phase value. The observed

. . . . -1
literature values are also provided for comparison. All values in cm

Vi Vp Calculated gas phase value Literature lgzr?slsp;hase
value "
Mo(CO)s 2041 1951 1996 2003
Mo(CO)s 2033 1946 1989.5 1990/ 1983
Mo(CO)4 2013 1937 1975 1972 /1970
Mo(CO); 2004 1926 1965 1990

Based on the previous analysis, at the end of photolysis the surface
accommodated a plethora of photoproducts along of course with parent molecules which
remained unaffected. The unsaturated carbonyls identified were Mo(CO)s, Mo(CO), and
Mo(CO)s, which highlighted the sequential nature of the photodecomposition.
Furthermore it should be noted that the majority of the photoproducts adopted a geometry
perpendicular to the surface, as indicated by the relevant intensities of transmission
(normal, v,) and absorption (parallel, v,) bands. Apart from the aforementioned
photofragments, the presence of polymer species should not be excluded. Indeed Richter
et. al. have reported the formation of Mo,COy carbonyls following the photolysis of
multilayer Mo(CO)g on Si(111)", whilst Perutz and Turner assigned infrared bands at
2000 cm™ and 2045 cm™ to polymer species of the hexacarbonyl.164 Interestingly at no
point during the photolysis of this overlayer did the bands attributed to Mo(CO)s disappear
from the spectra, even though the irradiation time was almost double from the one used in
Section 4.3.3. This observation asks the question of whether there is a factor hindering the
decomposition for the multilayers or favours it for the low coverage overlayers. For

example direct contact with the surface could favour the reaction due to excitation of
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surface electron holes, as with the case of high surface area TiO, reported by Okamoto et.

192
al.

As with the 0.34 ML of Mo overlayer, the photodecomposition process was also
followed by XPS. Figure 4-17 represents the Mo(3ds;,) peak area (a), peak intensity (b)
and binding energy (c) as a function of irradiation time. The values collected for the area
did not exhibit significant variation with time. Once more this indicated that no Mo was
desorbed from the surface as part of the photodecomposition process. The change of
FWHM as a function of irradiation time, Figure 4-17b, exhibited a trend similar to the one
observed in Figure 4-12b for the low coverage overlayer. For intermediate irradiation
times, an increase in the Mo(3ds,) FWHM value was observed, indicative of the presence
of various species on the TiO,(110) surface. Prolonged irradiation times, i.e. 1350 s, did
not alter significantly the FWHM value, only by ca 0.04, in accordance with the final FT-
RAIRS spectra of Figure 4-16 which hinted the presence of different species. Finally the
change of binding energy as a function of time exhibited similar characteristics with the
equivalent one in Figure 4-12c, although differences were also observable. To begin with a
sharp decrease was evident in the first steps of the photolysis, indicating the
decomposition of Mo(CO)e. On the other hand though the plateau observed in Figure 4-
12c at 150 s was reached here after 450 s of irradiation, triple the time. As with FT-RAIRS
spectra this could be considered as an indication for the dependence of the photoreaction
from Mo(CO)e coverage. Nevertheless the energy difference between the 0 s exposure and
the 1350 s one was calculated at 0.59 eV which is very close to the 0.47 eV value
observed in Figure 4-12c. As a result the majority of photofragments should be Mo(CO);
although as observed in the FT-RAIRS spectra, Figure 4-16, other species were also
adsorbed on the surface. The dominant presence of Mo(CO); was also demonstrated by
the values of Cielarea/MOrelarea calculated before and at the end of the photodecomposition
procedure. As it can be observed in Figure 4-17d, the value before exposing the sample to
UV radiation was calculated at 2.67, whereas the value following the 1350 s irradiation
was calculated at 1.61. As in the case of Figure 4-12d, these values are away from the
ideal ones, but by assuming that 2.67 corresponds to Mo(CO)s hence 6 then 1.61 is
estimated at 3.61. This value does deviate from the ideal 3 for Mo(CO)s, but it should be
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taken into consideration first that the existence of other species on the surface would also

affect the outcome of the calculation and second the amount of error relevant with this

estimation.
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Figure 4-17 (a) Mo(3ds,) peak area as a function of irradiation time (b) Mo(3ds») peak intensity as a
function of irradiation time (c) Mo(3ds;,) peak position as a function of irradiation time and (d) C(1s) to
Mo(3ds,) relative area as a function of irradiation time. The first point on each plot represents data collected

immediately after deposition of the molecule.

Figure 4-18 represents the C(1s) peak area (a), peak intensity (b) and binding
energy (c) as a function of irradiation time along with the binding energy of O(1s) due to
Mo(CO)e (d) to serve as a comparison. A linear decrease was observed for the C(1s) area
as a function of irradiation time in accord with desorption from the surface of CO
molecules. Contrary to Figure 4-14a this trend was in agreement with the photolysis

process, indicating the difficulty of estimating the C(ls) area for very low coverages,
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Figure 4-14a. The change of C(1s) FWHM value as a function of UV irradiation time is
presented in Figure 4-17b. It can be observed that for intermediate UV exposures, up to
450 s, the C(1s) FWHM increased in size. As for the case of 0.34 ML of Mo, this increase
hints at the existence of various species on the surface, produced by the
photodecomposition of the parent molecule. On the other hand, the plateau observed for
the last two exposures would indicate that the effect of prolonged UV irradiation was not
as dramatic as for the initial times. An exponential like decay was also present in the data
of Figures 4-18c and 4-18d. The comparable trends between C(1s) and O(1s) peaks and
the position of the C(1s) peak, i.e. away from graphitic C which normally appears at 284.5
+ 0.5 eV,"”"2% indicated that the photofragments did indeed belong to carbonyls.
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after deposition of the molecule.
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4.3.4 Photodecomposition of 20.2 L. of Mo(CO)

The third overlayer examined with regards to its photolysis on the TiO,(110)
surface, was the one produced after the deposition of 20.2 L of Mo(CO)e. This exposure
value resulted in 14.95 MLE of Mo on the oxide surface. Figure 4-19 represents FT-
RAIRS spectra collected during the photodecomposition process as a function of
irradiation time. In contrast to the previous two overlayers (1.53 and 2.73 L of Mo(CO)y),
exposing the sample to UV radiation did not induce significant changes to the collected
spectra, even for long irradiation times. A steady decrease in intensity was observed for
both bands attributed to the triple degenerate T, mode of Mo(CO)s, situated at 2040 cm’!
and 1951 cm™ , whilst a broad shoulder became distinguishable after long irradiation
times, ca 1170 s, near 2020 cm’'. It must also be mentioned that a small absorption band
situated at 1937 cm™ was observable as well, which as explained in the previous Section,
4.3.3, is linked with the shoulder at 2020 cm™. The reduction of bands at 2040 cm™ and
19517 was consistent with the photodecomposition of the parent molecule. Based on the
analysis performed in Sections 4.3.2 and 4.3.3, Mo(CO)s should be the product of the
photolysis process. A distinguishable peak that could be attributed to Mo(CO)s was not
observable, nevertheless the broadness exhibited by the 2040 cm™ peaks towards lower
wavenumber values can be associated with the presence of Mo(CO)s. For longer
irradiation times, evidence for the photodecomposition of Mo(CO)s into Mo(CO)s was
observable. This was indicated by the transmission shoulder near 2015 cm™ which can be
assigned to the B; or B, v(C-O) modes of Mo(CO), aligned perpendicular to the surface
and by the absorption band at 1937 cm'l, associated with the B; or B, v(C-O) modes of
Mo(CO), aligned parallel to the surface. Based on the intensity of the bands attributed to
Mo(CO)s, Mo(CO)s and Mo(CO)4, the majority of species on the surface after 3870 s of
irradiation comprised of the parent molecule. In addition the population of photoproducts
was dominated by species belonging to Mo(CO)s. It is noticeable that no bands were
observable due to the tricarbonyl even after prolonged irradiation. Thus it appears that the
photolysis process stopped with the formation of the first two unsaturated carbonyls.

Analogous behaviour was observed during the photolysis of Mo(CO)g in solution, where
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the process stopped with the production of Mo(CO)s, as the energy of the latter was

quenched due to the formation of a bond with the solution.'®
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Figure 4-19 FT-RAIRS spectra collected from the surface as a function of irradiation time. The first, black

line, measured after 20.2 L of Mo(CO). Inset: spectrum collected after the final 3870 s irradiation.

The results collected following the photolysis process via XPS are presented in
the next two figures. The Mo(3ds/;) peak area, FWHM and binding energy are plotted as a
function of irradiation time in Figures 4-20a, 4-20b and 4-20c respectively. In the first
two, similar trends were observed with the values increasing to begin with and after 570 s
reaching a plateau. This small initial increase, approximately by 16 % for the data points
of Figure 4-20a, could be associated with screening of the Mo atoms closest to the
TiO,(110) surface by the top layers. As the latter were removed via photodecomposition,
the former could contribute to the XPS Mo(3ds/,) signal. The presence of the plateau is
consistent with the absence of any Mo desorption due to UV radiation. Contrary to the
behaviour of the previous two overlayers, the binding energy change did not exhibit an
exponential like decay. Initially, after 90s of irradiation, the Mo(3ds,;) value decreased by
0.23 eV but further irradiation did not appear to alter the peak position. Of course in can

be observed that the next two data points were recorded at lower binding energies, but
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based on the fact that the last three points had the same value + 0.03 eV as 90 s one and
the error involved, it would be safe to assume that the peak position did not change after
the initial dose of radiation. The former observation would indicate that longer exposures
did not induce further decomposition on the surface and consequently the photoreaction
stopped with the production of Mo(CO)s and Mo(CO),. Furthermore, the energy
difference, AE, of the Mo(3ds,) peak before irradiation and after 3870 s is calculated at
0.28 eV, approximately 0.2 eV smaller than the one observed for the 0.34 ML overlayer,
AE at 0.47 eV, and for the 0.7 ML overlayer, AE at 0.59 eV. This difference again offers
an additional indication that the final products were quite different from the ones obtained
at lower coverage overlayers. The data presented in Figure 4-20d, plot of Ciej.area/MOrel area
as a function of UV irradiation time, were in accordance with the previous statement. The
first point, following the deposition of the multilayer, was calculated at 2.87. If the latter is
normalised at 6 then the final point is calculated at 4.34 (originally at 2.08), value that
deviates on average by 0.67 from the one obtained for the 0.34 ML overlayer,

Crelarea! MOrelarea at 3.73, and from the 0.7 ML, Ciel arcaMOrelarea at 3.61.
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Figure 4-20 (a) Mo(3ds») peak area as a function of irradiation time (b) Mo(3ds») peak intensity as a
function of irradiation time (c) Mo(3ds,) peak position as a function of irradiation time. The first point on

each plot represents data collected immediately after deposition of the molecule.

Figure 4-21 represents the C(1s) peak area (a), FWHM (b) and binding energy
(c) as a function of irradiation time along with the binding energy of O(ls) due to
Mo(CO)e (d) to serve as a comparison. The first 4 exposures to radiation did not appear to
alter dramatically the area under the C(1s) peak, probably due to the amount of CO
remaining on the surface. Longer irradiation times though, resulted in a sharp decrease
indicating CO desorption. The C1(s) FWHM values as a function of UV irradiation time
are plotted in Figure 4-21b. During initial irradiation times, up to 1170 s, the values
exhibited a steady increase, indicative of the formation of new species on the surface. On
the other hand, no change was observed for the final two exposures, in accordance with
the absence of formation of new products. Finally, the binding energy exhibited an

exponential like decay with values reaching a plateau after 2070 s, hinting as well that no
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Mo(CO)s species were produced by the photolysis process at the last stages of irradiation.
The binding energy difference between initial and final state was 0.97 eV contrary to 1.52
eV for the 0.34 ML and 1.25 eV for the 0.7 ML, supporting the argument made before that

the outcome of the photolysis of the multilayer was different to the one observed at lower

coverages.
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Figure 4-21 (a) C(1s) peak area as a function of irradiation time (b) C(1s) peak intensity as a function of
irradiation time (c) C(1s) peak position as a function of irradiation time (d) O(1s) (from Mo(CO)s) peak
intensity as a function of irradiation time. The first point on each plot represents data collected immediately

after deposition of the molecule.

4.3.5 Temperature Effects- Formation of Carbon Free Particles

The stability and thermal behaviour of the photofragments was also examined by

performing annealing experiments after completion of the photolysis process. The goal for
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these studies was to investigate whether is was possible to produce clean metallic Mo on
the TiO,(110) surface, similar to previous studies performed on the Au(111) substrate.”"!
Consequently the effect of temperature was examined for overlayers produced by 1.53 L
and 2.73 L Mo(CO)s exposure. The thick overlayer was not investigated for two reasons.
The first one was that we were mainly interested in producing nanoparticles, and the
second one related with the presence of a substantial amount of Mo(CO)s even after
prolonged exposure. Based on previous studies annealing high coverages of Mo(CO)e

results in C contaminated Mo.>*

Figure 4-22 represents FT-RAIRS spectra collected after terminating the
photolysis of Mo(CO)g as a function of annealing temperature. The initial coverage of Mo
was 0.34 ML, produced by exposing the surface to 1.53 L of Mo(CO)g, Section 4.3.2. The
black line represents the spectrum collected after 690 s of UV exposure, while the
following three lines represent spectra collected after flashing the sample to the relevant
temperature. The final one was collected after annealing the surface at 400 K for 60 s. As
it can be observed, the first two temperature rises did not result in any change, with the
spectra retaining the same characteristics of one recorded after the photolysis. Further
flashing to 300 K resulted in the disappearance of the broad transmission peak situated
around 2000 cm™. The final spectrum, collected after 60 s annealing at 400 K did not
reveal any infrared bands. This is the reason why it is believed that the peaks at 1967 cm’
and 1943 cm™ were noise due to the spectrometer and not actual infrared bands. An
interesting point to be made is the fact that the photofragments appeared to be more
strongly bound on the surface than the parent molecule. Mo(CO)s has been found to
desorb from the TiO,(110) surface at 200 K,62 whilst here all the infrared bands assigned

to the photofragments disappeared after annealing the surface above 245 K.
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Figure 4-22 FT-RAIRS spectra collected from the surface as a function of temperature. The first, black line,
measured after the last irradiation, 960 s. The observation of noise in these spectra becomes facilitated by the
low intensity values of the actual peaks. In other figures, the signal to noise ratio has large enough values

that fluctuations due to noise cannot easily be distinguished.

Following desorption of all species after annealing at 400 K, the surface
composition was examined with XPS. Figures 4-23, 4-24 and 4-25 represent the Mo(3d),
C(1s) and O(1s) energy regions respectively. In each figure the spectra collected after
adsorption of the parent molecule and after the end of the photolysis are given to work as a
comparison. According to the spectrum of Figure 4-23, Mo was still present on the
surface, its coverage calculated at 0.24 ML. The sizes of both Mo(3d) peaks were reduced
compared with the two other spectra probably due to some coalescence of Mo into
particles due to annealing. The position of the peak was very near the value of metallic
Mo, at 228.7 eV. In addition the 0.4 eV difference from the UV exposed surface indicated
that a change in the oxidation state of Mo had taken place as part of the annealing process.
A barely distinguishable broad peak situated around 286.2 eV was present in C(1s) region,
Figure 4-23, indicating that some C was still left on the surface, with its coverage

calculated at 0.14 ML. On the other hand no O(1s) peak due to photodecomposed species
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was observed in Figure 4-25, in accordance with the FT-RAIRS spectra of Figure 4-22.
Overall annealing the photodecomposed species resulted in the formation of metallic Mo
particles on the TiO,(110) surface, but with some amount of C still present. It is worth
mentioning that after performing these experiments the surface was cooled down to 130 K
and exposed to 40 L of CO. There was no evidence of CO re-adsorption observed in FT-

RAIRS possibly due to C contamination of the Mo particles.
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Figure 4-23 XPS spectra of Mo(3d) region collected after 1.53 L deposition (black line), after 690 s of
irradiation (dark red line) and following anneal at 400 K (navy line). The spectra are separated in order to

facilitate their observation.
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Figure 4-24 XPS spectra of C(1s) region collected after 1.53 L deposition (black line), after 690 s of

irradiation (dark red line) and following anneal at 400 K (navy line). The spectra are separated in order to

facilitate their observation.
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Figure 4-25 XPS spectra of O(1s) region collected after 1.53 L deposition (black line), after 690 s of

irradiation (dark red line) and following anneal at 400 K (navy line).
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Analogous temperature dependence experiments were undertaken for the higher
coverage overlayer, 0.7 ML, deposited from exposing the surface to 2.73 L of Mo(CO)g.
Figure 4-26 represents FT-RAIRS spectra collected from the surface as a function of
annealing time. Contrary to the ones of Figure 4-22 these were collected after annealing
the surface for 60 s. After 300 K the appearance of the FT-RAIRS spectrum was almost
identical to the one collected after 1350 s of UV exposure, with a broad transmission band
that incorporated at least two smaller peaks at 2032 cm™ and 2009 cm’™. Further annealing
at 368 K resulted in the complete transformation of the spectrum. The broad peak was
replaced by a well defined one situated at 2062 cm™', while a small shoulder was also
evident around 2050 cm™'. Following the annealing at higher temperatures the intensity of
the 2062 cm™' band was reduced in half and its position red shifted to 2058 cm™'. On the
other hand the shoulder at 2044 cm™ became more distinct. Finally heating the surface to
495 K resulted in the disappearance of all the infrared features. In a similar way to Figure
4-11, the intensities of the four peaks present in the spectra of Figure 4-26 are plotted

against annealing temperature in Figure 4-27.
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Figure 4-26 FT-RAIRS spectra collected from the surface as a function of temperature. The first, cyan line,

measured after the last irradiation, 960 s.
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Figure 4-27 Intensity of characteristic FT-RAIRS bands, Figure 4-26, as a function of annealing
temperature. Black squares intensity of 2032 cm™ peak, red triangles intensity of 2009 cm™ peak, blue circles

intensity of 2062 cm™ peak, green triangles intensity of 2044 cm™ peak. Lines are drawn as guide to the eye.

According to spectra of Figure 4-26 and intensity data presented in Figure 4-27,
at 300 K the photodecomposed species (black squares and red triangles) were still
adsorbed unperturbed on the surface. This indicates a surface bond stronger than the one
formed by the parent molecule and by the species produced from the photolysis of the 0.34
ML overlayer. Annealing at 368 K resulted in the transformation of the majority of
unsaturated carbonyls into a single adsorbate, as indicated by the peak at 2062 cm™'and its
equivalent intensity, Figure 4-27. He et. al. while studying the adsorption on CO on an O
covered Mo(110) surface, have reported an infrared band at the exact same position, 2062
cm™' 2 They attributed this band to an indirect interaction of O and CO, with O
withdrawing electronic charge from the metal, and the latter causing a reduction in the
backdonation from Mo to CO. A band due to direct interaction of O and CO was also
reported at 1983 cm'l, which was not observed here. A similar band, at 2060 cm'l, has
been reported following the simultaneous UV irradiation and CO exposure of a high

204

surface area MoQ3/Si0; catalyst.” Thus it is extremely probable that the band observed
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in Figure 4-26 was due to the v(C-O) mode of CO molecules adsorbed on oxidised Mo
particles. A smaller band was also present in the spectrum collected after 368 K, in the
form of a shoulder situated at 2044 cm™. A possible assignment of this band could involve
adsorbed CO on Mo particles of different oxidation state than the ones responsible for the
peak at 2062 cm™'. In addition the band at 2044 cm™ appeared more resistant to annealing
as its intensity value did not change even after annealing to 433 K. On the contrary, the
intensity of the band at 2062 cm™ was reduced more that 50 % by the 433 K annealing.
Finally both bands disappeared after 495 K, indicating the desorption of all species from

the TiO,(110) surface at that temperature.

The XPS spectrum of the Mo(3d) region collected after annealing revealed the
presence of oxidised Mo on the surface, Figure 4-28, in accordance with the FT-RAIRS
data. The oxidation state was similar to the one observed after the photolysis process,
while the amount of Mo appeared reduced probably due to some coalescence of the
particles. As revealed by spectra of C(1s) and O(1s) regions no C or O due to carbonyls
were present on the surface, Figures 4-29 and 4-30 respectively. Thus since no carbonyls
were detected, the oxidation of Mo must have taken place due to an interaction with the
support. Indeed the O(1s) spectrum collected after UV irradiation revealed a small shift of
the peak due to TiO,. The shift though disappeared after annealing. Overall the thermal
treatment of the surface resulted in the production of oxidised Mo particles which did not
suffer from C contamination, Figure 4-29 navy line. It is quite possible that the CO species
present at 368 K influenced this outcome, as they were not observed for the thinner
overlayer. Finally it should be mentioned that following the thermal treatment, the surface
was cooled to 130 K and exposed to 40 L of CO. No CO adsorption though was observed

in FT-RAIRS spectra, despite the fact that the Mo particles were not contaminated with C.
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Figure 4-28 XPS spectra of Mo(3d) region collected after 2.73 L deposition (black line), after 1350 s of

irradiation (dark red line) and following anneal at 495 K (navy line). The spectra are separated in order to

facilitate their observation.
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Figure 4-29 XPS spectra of C(1s) region collected after 2.73 L deposition (black line), after 1350 s of

irradiation (dark red line) and following anneal at 495 K (navy line). The spectra are separated in order to

facilitate their observation.
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Figure 4-30 XPS spectra of O(1s) region collected after 2.73 L deposition (black line), after 1350 s of

irradiation (dark red line) and following anneal at 495 K (navy line).

127



4.3.6 Photodecomposition with Optical Filter

According to the results previously presented, the photolysis of Mo(CO)¢ on the
TiO,(110) surface proceeded differently depending on the amount of adsorbed
hexacarbonyl. A possible explanation for this phenomenon could involve the participation
of the oxide surface in the photodecomposition reaction. Indeed there is evidence in the
literature that such involvement is possible. For example as mentioned before Okamoto et.
al. reported that the photooxidation of Mo(CO)g adsorbed on high surface area TiO, was

192 In

induced by surface electron holes and not via direct UV excitation of the molecule.
addition Ying and Ho observed that the yield of photodissociation of Mo(CO)e increased
substantially when the molecule was adsorbed on a potassium (K) preadsorbed Cu(111)
and Si(111)-(7x7) surface.'” They attributed this increase due to a new photodissociation
channel involving the adsorption of hot electrons from the support. The capturing of the
photogenerated electrons by Mo(CO)e becomes possible due to a raise of the Fermi level

by K 169

In an effort to observe similar effects, we repeated the photolysis of 0.34 ML of
Mo, but using this time the light transmitted through a filter, the spectral characteristics of
which can be found in the experimental Section, 4.2. TiO, has an indirect band gap of 3.0
eV, ~ 413 nm. Thus the light transmitted via the filter should be able to excite electrons
from the surface. Figure 4-31 represents FT-RAIRS spectra collected during the photolysis
process as a function of irradiation time. As it can be observed no change was observed in
the spectra even after prolonged exposure to the light, 1590 s. Thus it would appear that

no electrons from the support take part directly in the photodissociation process.
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Figure 4-31 FT-RAIRS spectra collected from the surface as a function of irradiation time. The first, black
line, measured after 1.53 L of Mo(CO)¢

4.4 Conclusions

The photolysis of Mo(CO)s supported on TiO,(110) was studied using a
combination of FT-RAIRS and XPS as a function of overlayer coverage. It was observed
that the final photofragments were different in every case. For the 1.53 L deposition, the
majority of the species comprised of Mo(CO)s while no indication of the parent molecule
was evident. For the 2.73 L deposition, several products were present on the surface after
the end of irradiation. The FT-RAIRS spectra incorporated features attributed to Mo(CO)y
(x=5.,4, and 3) and also to the parent molecule, while the existence of polymer species was
not excluded. XPS data though revealed that the oxidation state of Mo was similar in each
case, indicating that the dominant photofragment was common for both. On the contrary
the photolysis of multilayers, exposure 20.2 L, resulted in the formation of only Mo(CO)s,
whilst the majority of adsorbates still comprised of Mo(CO)s. By comparing all of the

above, a strong possibility emerges that the photolysis process is promoted in the low
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coverage regime. Two were the variables in all cases studied: direct contact with the oxide
support and the amount of adsorbed Mo(CO)s. In multilayers the photolysis might be
quenched in a similar way to the one observed in solution. On the other hand direct contact
with the surface appeared to enhance the photodecomposition, as observed for the 1.53 L
deposition. A possible scenario could involve the contribution to the process of
photoexcited electrons from the support. Experiments were performed, section 4.3.6.,
upon which the sample was irradiated with energies that could invoke band gap excitations
but not direct photodecomposition. Unfortunately there was no sign observed of
photofragments being produced. Nevertheless this cannot be considered as clear evidence
of the passive nature of the TiO,(110) surface, as the latter could act as a catalyst for the

photolysis process.

Finally the temperature dependence of the photofragments was investigated in an
effort to produce clean metallic Mo particles. Annealing at 400K of the first Mo(CO)s
overlayer, exposure 1.53 L, resulted in the formation of metallic particles, although C
contaminants were also present on the surface. On the other hand, annealing the second
Mo(CO)e overlayer, formed by exposure to 2.73 L, to 495 K resulted in the production of
oxidised Mo particles while no C contamination was evident in XPS spectra. During this
annealing process two new strongly bound species were observed, that contributed to an
infrared band similar to the v(C-O) mode of CO adsorbed on oxidised Mo. It is plausible
that the formation of this species was responsible for the complete removal of C from the
surface. In both experiments no CO readsorption was detected via FT-RAIRS, possibly

due to the presence of C in one case and due to oxidised particles in the other.
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Chapter 5

The deposition of (CHj3),Au(acac) on TiO,(110)

5.1 Introduction

Since the discovery by Haruta that oxide supported Au nanoparticles exhibit high
catalytic activity towards many reactions,’ a plethora of experimental and theoretical
investigations have been performed exploring this phenomenon. In the following section a
summary of these studies is going to be presented focusing mainly on model systems,
particularly Au deposited on TiO,, and their involvement in the oxidation of CO to CO,,

which is the simplest reaction.

5.1.1 Growth Mode of Au on TiO»(110) and TiOx

Following the discovery of the extraordinary catalytic properties of Au, when the
latter is dispersed as nanoparticles on titania substrates, several studies have been
performed to understand the growth mode and identify the adsorption sites of these
particles on the oxide surface. Using a combination of LEIS and XPS Zhang et al. have
shown that initially Au grows as 2D islands, or more precisely as quasi 2D islands for
substrate temperatures between 160 and 300 K.'” The growth continues in this fashion
until a critical coverage, 6., was reached, upon which 3D islands started to form. The
value of 0., was estimated at 0.15 ML, and identified by a break in the plot of LEIS signal
against average Au thickness. It should also be noted that no sign of oxidation or
encapsulation of Au particles was observed. Similar results were obtained by Parker et al.
where additionally, the value of 0, was observed to decrease with increasing
temperature.'” In this study a kinetic model was proposed, according to which kinetic
limitations result in the formation of two dimensional islands up to certain coverage.
Further deposition is controlled thermodynamically, hence the formation of 3D structures.

A schematic of the growth process can found in Figure 5-1.
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Figure 5-1 A schematic of the growth procedure established for Au islands on TiO,(110). The term quasi 2D

was used as these particles were found to be more than 1 ML thick.*”

The initial formation of two dimensional islands was also confirmed by STM-
STS experiments, although the 6. value was observed at coverages smaller than 0.1
ML.?® At this value a transition was observed upon which the nature of Au particles
changed from non-metallic to metallic. In addition these STM studies revealed that the
quasi 2D Au islands were formed on defect sites. Only when the latter were filled did
atoms nucleate on other sites. This observation is extremely important as it offers an
insight on the preferable nucleation sites for Au on the surface. Indeed several theoretical
studies have suggested that the most stable site for Au adsorption is an oxygen vacancy.207'
2% Wang and Hwang have proposed the formation of a strong ionic bond between Au and
Ti atoms on a reduced surface,207 whereas Lopez et al. claimed that Au could not bind to a
perfectly stoichiometric TiO, surface.”” Furthermore Wahlstrom er al. observed
experimentally using STM that the population of oxygen vacancies decreased almost
linearly with increasing Au amount.”” In addition their DFT calculations revealed that this
adsorption site was the most stable amongst different sites on stoichiometric and reduced
surfaces. Based on these findings a model was also proposed to account for the formation
of 2D structures which has as follows. The existence of a strong bond between Au and
vacancy prevents the creation of 3D particles, as Au-Au interactions are weak.
Nevertheless each vacancy can only accommodate a certain number of Au atoms, thus
when saturation is reached the Au island-vacancy system diffuses on the surface until it
meets another vacancy. As the number of vacancies is limited, above a critical value 3D
structures will appear. Changes in the photoemission spectra of Au and Ti induced as a

function of Au coverage have also been attributed to interaction with defect sites.*"

The pivotal role of oxygen vacancies both in the growth process and in the

catalytic activity has been highlighted by some recent publications from the Goodman
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group.”!'?'"* In their approach, Au atoms were deposited on a thin TiOy films, the surface
of which has protruding Ti** atoms. The oxidation state of these Ti atoms is similar to the
one exhibited by Ti atoms situated below an oxygen vacancy on a TiO, crystal. When
deposited on this substrate, Au completely wetted the surface forming (1x1) 2D
domains.”!® After the completion of 1 ML, a second ordered structure was formed this
time (1x3) with respect to the substrate. 3D Au islands were observed only after increasing
the coverage value above 1.4 ML. The reason for this different growth mode originates in
the strength of the Au-TiOy bond, which as observed with TPD was even stronger than the
sublimation energy of Au.”'* Further increase in coverage resulted in 3D islands as the
distance between atoms on the first two layers facilitated the formation of 3D structures. It
is also remarkable that the highest catalytic activity was observed for the bilayer (1x3)

211,212
structure.”

5.1.2 Catalytically Active Au Nanoparticles

The origin of the catalytic activity of oxide supported Au nanoparticles has been
the subject of many debates. Various factors appear to influence this activity such as
quantum size effects, the particle’s surface structure and electronic state, the presence of
defect sites on the support and the support itself. As far as the CO oxidation reaction is
concerned, open subjects involve the nature of the active site, the adsorption sites on the
surface for CO and O, and the reaction mechanisms. In the following paragraphs the

above are going to be presented in detail.

One of the reasons proposed for the catalytic activity is the appearance of
quantum size effects when the size of particles reaches a specific value.”'* ?*° This
conclusion was formed by the observation that Au particles of highest activity exhibited a
non-metallic character, as indicated by the presence of band gap characteristics on STS
measurments.">’ Contrary to the previous view, different researches have suggested that
the crucial factor controlling the activity is the coordination number of the

nanoparticles.m'218 Indeed Lemire ef al. using a combination of STM, FT-RAIRS and
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TPD showed that the adsorption behaviour of CO on Au particles deposited on FeO(110)
was similar to the one observed for thin Au films.”'® They argued that what separated the
two systems was the presence of highly uncoordinated Au atoms for the nanoparticles. In
addition, according to DFT calculations the bonding of CO and O increased by decreasing
the coordination number.?'® The authors suggested that as activation barriers for surface
reactions follow the adsorption energy trends, smaller particles (low coordination number)
are more active towards CO oxidation. Nevertheless the electronic properties of Au
nanoparticles should play a significant role in the reaction. Both experimental and
theoretical results point towards the fact that Au particles with the highest activity are
negatively charged. For example, Goodman and coworkers observed that the frequency of
the v(CO) mode decreased with decreasing Au size, an effect attributed to the negatively
charged smaller Au particles.”"” Similar shifts were observed for Aug clusters deposited on
defect free and defect rich MgO surfaces.””” Based on quantum ab initio calculations, the
observed red-shift was explained due to enhanced back donation from Au" clusters to the
21 orbital of CO, whereas the formation of negatively charged particles was attributed to
the interaction with surface defects. Electron transfer from the support has also been
observed for high surface area Au/TiO, catalysts by Boccuzzi er al.”*® The presence of
anionic Au on a defect rich TiO, surface has been linked with redistribution of the electron
density, accumulated on Ti 3d states due to the vacancy formation.”*' It is interesting that
according to these calculations, SiO, did not exhibit the same behaviour as the vacancy
was ‘compensated’ by the formation of a Si-Si bond, and as a result Au particles on SiO,
exhibited metallic character. This renders them less active towards CO oxidation as
reaction activation barriers are higher than for anionic Au. Hence it can be postulated than
the support can also influence the catalytic activity. Indeed experiments performed both
with high surface area catalysts and have shown that different supports exhibit different
activities towards CO oxidation.”'® *** ** The same effect was observed for the
electrocatalytic activity towards CO oxidation of Au nanoparticles supported on C and

TiO, thin films.?**

The detailed role of the support on the catalytic activity has been widely studied.

For example Liu et al. have postulated that the adsorption of O, takes place at the interface
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between TiO, support and Au particles.””> According to their DFT calculations this
resulted in the stretching of O-O bond, hence the adsorbed O, became highly activated.
Similar bonding sites for O, have been reported by other authors as well, following DFT

. 51, 226, 227
calculations.”™ ’

Furthermore Mollina et al. proposed that at this bonding
configuration, bridged between Ti and Au, O, can react with CO with very low activation
barriers.””” Furthermore in the case of MgO they calculated that in the case of preadsorbed
CO a reaction intermediate, namely CO+0O,, can be formed at the interface.?**In all the
above cases an ionic type of bond has been proposed. Experimentally O, has been found
to bind stronger on the 2D islands rather than the 3D ones.”” As a result the activity
exhibited by the 2D islands was attributed to their ability to dissociatively adsorb O,,
although theoretically the activation barrier for dissociation is very high.”” Enhanced
bonding on 2D islands compared to 3D structures has also been reported by Meier and
Goodman for the case of CO adsorption.”” But contrary to O,, the adsorption sites for CO
have been found to be located only on Au particles. This was confirmed both
experimentally and using theoretical calculations. Experimentally, bands appearing on FT-

217, 230 .
» =7 Boccuzzi et

RAIRS spectra have been attributed to CO adsorbed on top sites of Au.
al. have also identified bands due to CO adsorbed on step sites near the perimeter of the
particles and on top, for high surface area samples.””' These results have been confirmed
theoretically, as the most stable adsorption site has been found to be located on top of Au

. 1,227
islands.>"

To conclude this section a remark has to be made regarding the mechanism of the
CO oxidation reaction. Sanchez et al. have proposed two possible mechanisms for the low
temperature oxidation.”' The first, an Eley-Rideal type, involved the direct oxidation of
gaseous CO with preadsorbed O, The second one, a Langmuir-Hinshelwood type,
involved the coadsorption of CO and O, and their subsequent reaction on an Au cluster.
For the high temperature oxidation a Langmuir-Hinshelwood type was proposed that
involved the reaction between CO adsorbed on Au clusters and O, bonded at the interface.
The latter was also adopted by Boccuzzi ef al. during their study of the reaction using high

surface area catalysts.”>' A Langmuir-Hinshelwood type mechanism was also proposed by
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Molina et al. based on the fact that for both reactants their calculated adsorption

configurations were stable on the TiO, surface.?”’

5.1.3 Deposition of Au from (CHs),Au(acac)

The use of Au organometallic complexes for the deposition of highly dispersed
particles has been employed by different researches. For example Goodman et al. have
reported the preparation of Au/TiO, catalysts from Au organometallics such as
[Aua(dppm)2](PF6)s, Aus(Phypz)s, [Aus(dppm)a(3,5-Phopz)2](NO,),, and Aus(form)s. ™
These high surface area catalysts exhibited high catalytic activity towards CO oxidation,
with the maximum being observed for the catalysts prepared from the Aus compound.
Active catalysts for CO oxidation have also been prepared from the deposition of
(CHs),Au(acac) compound on 8102233 and TiOzm, The method adopted in these studies
comprised of adsorption at 33 °C followed by decomposition due to calcination in air at
higher temperatures. In this way, metallic Au particles were produced, with sizes varying
between 4 and 8 nm. (CH3),Au(acac) was the compound used in this study for deposition
of Au particles on the TiO,(110) surface. It was selected as it has been shown to produce
good quality thin films via pyrolytic decomposition when deposited using the CVD
method.™ In addition Maeda er al. had recently reported the deposition of
(CHs),Au(acac) using OMCVD under UHV conditions on both TiO,(110) and Si(111)
single crystalls.236 A molecular model of the (CHj),Au(acac) molecule can be found in

Figure 5.2, as reported by Shibata et al.*’
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Figure 5-2 Molecular model of (CH3),Au(acac) structure.”’

It has been observed, by means of EXAFS and DRIFTS, that upon RT deposition
of (CH3),Au(acac) on partially dehydroxylated TiO,, the molecule reacted with the surface
to form two kinds of bonds.?*® The first comprised of (CH3),Au species bonded on two
oxygen atoms of the surface, and the second involved the formation of Ti(acac) groups.
No Au-Au contributions were present in EXAFS spectra indicating the presence on the
surface of mononuclear complexes, which retained their oxidation state namely Au’*.
Upon heat treatment, all the organic ligands were removed from the surface, whilst Au
aggregated into clusters of metallic character. Similar results were obtained for MgO239
and y-ALO3** supports, while the (CH3),Au(acac) molecule appeared to physisorb on a
zeolite NaY support.”*!

5.2 Experimental

The experiments described in the following sections regarding the adsorption
of (CHj3)Au(acac) on TiOy(110), were performed in the UHV chamber described in
Section 2.1. The surface of the TiO»(110) crystal was cleaned through repeated cycles of
sputtering and annealing. Contrary to the treatment described in the previous two chapters,
here the surface was annealed to 700 K without any further oxygen treatment. This was
done in order to increase the population of defect sites, which as mentioned in Section 5-1

are the adsorption sites for Au on the TiO,(110) surface. (CHs),Au(acac) (Strem
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Chemicals, powder, 98% pure) was placed inside a glass vial as acquired, i.e. without any
further purification. The glass vial was attached to a leak valve already connected to the
chamber. Subsequently repeated freeze-pump-thaw cycles were performed to purify the
organometallic compound. The latter was introduced into the chamber through a thin
stainless steel tube, the open end of which was situated approximately 15 mm from the

sample.

All FT-RAIRS spectra were collected via the MCT detector and 1760-x Perkin
Elmer spectrometer. Each spectrum was recorded using a p-polarised light, 200 scans and
resolution of 4 cm™ in the spectral region from 2200 cm™ to 1200 cm™. The XPS spectra
were collected using the Mg anode (1253.6 V), while for each scan the energy regions of
C(1s), Ti(2p), O(1s) and Au(4f) were measured. The spectra for all areas were collected
using a 0.1 eV step, duel time of 1 s and averaging over 3 scans. The analysis of the XPS
data was performed using the WSPECTRA software. Prior to any analysis a Shirley
background was subtracted from the raw data. The coverage and thickness values were
estimated using equations 16 and 19, Section 2.4.2, respectively. As mentioned in that
Section, an error of the order of 15-20 % can be expected from these calculations. For the
substrate values, the peak area of Ti(2ps») was used, whilst for the adsorbate values the

peak areas of Au(4f7,) and C(1s).

For the low temperature (130 K) deposition experiments the following
procedure was followed. First, the vial was degassed for 10 min, P, at 1x107 mbar, with
the crystal facing the opposite direction. Subsequently two cycles of sputtering and
annealing were performed. An XPS measurement of the surface was then made, and if the
latter was contaminated further cycles of cleaning were performed. If the surface was
contaminant-free, the sample was cooled down to 130 K. At this temperature
(CHs),Au(acac) was dosed and FT-RAIRS spectra were collected after each exposure. At
the end of the deposition an XPS measurement of the surface was performed. The same

procedure was followed for the room temperature depositions.
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For the high temperature (550 K) depositions the following experimental
protocol was utilised. Initially the vial was degassed for 10 min, P, at 1x107 mbar, with
the crystal facing the opposite direction. Subsequently two cycles of sputtering and
annealing were performed. An XPS measurement of the surface was then made, and if the
latter was contaminated further cycles of cleaning were performed. If the surface was
contaminant-free, the sample’s temperature was raised to 700 K, and with the crystal
facing towards the opposite direction of the doser, the vial was again degassed briefly
(approximately 2 to 5 min). Following this step, the sample’s temperature was reduced to
550 K and (CHj3),Au(acac) was introduced in the chamber at PCh=1xlO'7 mbar. Molecular
oxygen was then introduced at P;,=4x10" mbar. Since the pressure inside the chamber
was controlled by O,, the exposure values of (CHj3);Au(acac) reported in section 5.3.4
were calculated based on the initial pressure of 1x107 mbar. After the introduction of O,
the sample was turned to face the dosing line, whilst the amount of (CHj),Au(acac)
deposited was controlled by varying the exposure time. At the end of the exposure the
sample was allowed to cool down for three minutes in O, atmosphere. Finally an XPS

spectrum was collected.

5.3 Results and discussion

The main objective of experiments presented in following sections was to
investigate whether (CH3),Au(acac) could be utilised as an organometallic precursor for
the OMCVD of highly dispersed Au particles on TiO,(110), which as stated in Section 5.1
exhibit unusual catalytic activity. Hence the adsorption behaviour of (CHs),Au(acac) on
TiO,(110) was examined using XPS at three different temperatures: 130, 300 and 550 K.
In addition, in order to gain some insight into the adsorption geometry of (CH3),Au(acac)
and possible interaction with the TiO,(110) surface, FT-RAIRS data collected during the
130 K adsorption are also presented in Section 5.3.4.

5.3.1 Adsorption of (CH3),Au(acac) on the TiO,(110) Surface at 130 K
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Figures 5-3 to 5-5 represent XPS spectra recorded immediately after exposure of
32.45 L of (CHj3),Au(acac) on the TiO,(110) surface, for Au(4f), C(1s) and O(1s) regions.
As it can be observed in Figure 5-3, two peaks were recorded in the Au(4f) region at 87.6
and 91.2 eV which can be assigned to Au(4f;,,) and Au(4fs),) respectively.122 For metallic
Au, the two peaks appear at 84 (Au(4f;)) and 87.7 eV (Au(4fsp)),'** hence the positive
shift observed here would indicate that the Au species present on the surface were in an
oxidised state. Au(4f7,) binding energies near 87.7 + 0.6 eV have been previously been

242244 o s 3 .
Hence since in the parent molecule Au is in an Au’”" state, it

assigned to Au’" state.
would be reasonable to assume that Au retained its oxidation state upon adsorption on the
surface. In the C(1s) region, Figure 5-4, one main peak was observable at 286 eV while a
small shoulder was also distinguishable around 287.3 eV. These features would indicate
the presence of two different carbon species on the surface, as for example C-H and C-O.
Indeed peaks observed at 287.3 + 0.8 eV have been attributed to C-O and C=0 bonds."**
* 1n the O(1s) region, Figure 5-5, only a single peak at 533 eV was observed attributed to
the adsorbates. No contribution from the oxygen support was recorded indicating the

complete coverage of the surface by adsorbates. This was also verified by the lack of

peaks in the Ti(2p) region, inset of Figure 5-5.
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Figure 5-3 XPS spectra of Au(4f) region collected after exposing the TiO,(110) surface to 32.45 L of
(CHj3),Au(acac) at 130 K.
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Figure 5-4 XPS spectra of C(1s) region collected after exposing the TiO,(110) surface to 32.45 L of
(CHj3),Au(acac) at 130 K. One peak can be observed at 286 eV along with a shoulder situated at 287.3 eV.
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Figure 5-5 XPS spectra of O(1s) region collected after exposing the TiO,(110) surface to 32.45 L of
(CH3)Au(acac) at 130 K. No oxygen due to the oxide is observed, indicating the coverage of the surface by

the molecule. This is also confirmed by the absence of any peaks in the Ti region (inset).
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5.3.2 Annealing Behaviour of Adsorbed (CHs),Au(acac)

The behaviour of adsorbed (CHs),Au(acac) upon annealing the sample to high
temperature was investigated using XPS. Figure 5-6 represents the Au(4f) energy region
(black line) recorded after adsorption at 130 K of 70 L (CH3),Au(acac) and after thermally
annealing this overlayer to 728 K for 10 min (red line). The first spectrum contained two
sharp peaks at 87.7 and 91.3 eV which as mentioned before can be attributed to Au(4f;,)
and Au(4fs;), with Au in a 3+ oxidation state. Their intensity was increased compared
with the spectrum of Figure 5-5 due to the higher exposure. Upon annealing these two
peaks shifted in lower binding energies whilst their intensity was also reduced. At 84.1 eV,
Au(4f;,,) peak was very close to the value normally observed for metallic Au,'* indicating
the reduction of Au due to annealing. This effect is probably associated with desorption of
organic ligands attached to Au during the 130 K adsorption, as indicated also by XPS
spectra of C(1s) and O(1s) regions discussed in the following paragraph. The reduction in
intensity can be attributed to either screening effects due to the formation of larger Au
clusters or to encapsulation of Au into the support or due to Au desorption. The latter is
highly improbable as the desorption temperature of Au from the titania surface is above
1200 K.*!'' In addition, encapsulation has not been observed for this system.'” On the
other hand physically deposited Au particles have been found to form larger clusters upon

246 . -
This was also the case here, as

annealing above 700 K, exposing more of the support.
after annealing the characteristic Ti(2p) peaks of the support were observed in the XPS
spectrum, Figure 5-7. Thus the reduction of the Au signal must be due to screening of Au

12 and Zhang et al.**® have

atoms located at the core of large particles. Goodman et a
reported the reconstruction of Au particles into hexagonal shaped structures upon
annealing above 700 K. As a result the surface was probed with LEED following
annealing, but no hexagonal pattern was observed. A possible explanation would involve
that these Au clusters were not large enough to give coherent scattering and hence produce
a pattern. From our experience with Cu (Chapter 3, Figure 3-16), in order to obtain a new
pattern the overlayer has to be very thick, and the calculated thickness of Au particles

produced upon annealing was approximately 0.22 nm, as calculated by the XPS signals of
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Figure 5-6. Of course this value is not exact due to the screening effect but it provides an

estimate for the thickness of Au overlayer.
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Figure 5-6 XPS spectra of Au(4f) region collected after 70 L of (CHj),Au(acac) exposure 130 K (black

line) and subsequent anneal to 728 K (red line).
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Figure 5-7 XPS spectra of Ti(2p) region collected after 70 L of (CHj),Au(acac) exposure at 130 K (black

line) and subsequent anneal to 728 K (red line). Notice the shoulder on the left of Ti(2ps/,) peak indicative of

surface defects.’
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Figures 5-8 and 5-9 represent XPS spectra collected from C(1s) and O(ls)
regions respectively, after 130 K deposition (black line) and after annealing at 728 K (red
line). The spectrum of C(1s) following the 70 L (CHs),Au(acac) exposure exhibited
similar characteristics with the one presented in Figure 5-4, although the two features were
more pronounced. The main peak at 286 eV increased in intensity while the shoulder
associated with CO species increased in intensity and appeared shifted towards higher
binding energies by about 0.3 eV. These changes can be accounted by taking into
consideration the increased exposure. After the thermal annealing, these features
disappeared from the spectrum whilst a new peak emerged at 284.5 eV. Its spectral
position would be consistent with the presence on the surface of graphitic C, since a

198-200

photoelectron peak from the latter normally appears at 284.5 + 0.5 eV. There is no

indication of carbidic carbon in the spectrum, usually situated at lower binding energies,*’
as for example for WC at 283.1 eV ** or for TiC at 281.8 eV.** The broadness of the
peak observed here is an artefact due to the scale of the plot. On the inset it can be
observed that the peak is well defined, centred at 284.5 eV. The presence of graphitic
carbon along with the dramatic reduction of carbon species is an indication that organic
ligands adsorbed on the surface during the 130 K deposition were removed upon
annealing. This is also in accordance with the complete disappearance from the O(1s)
region of the peak attributed to the organic ligands, Figure 5-9. The process of
decomposition is difficult to understand. For Rh(acac)(CO), adsorbed on TiO,(110) it has
been proposed that the acac ligand decomposed into CH3, CH, CO with C present on the

250
surface.”

The latter was then removed into CO via oxidation with lattice oxygen. At the
end the surface exhibited no sign of C contamination. Maeda et al. proposed the same
decomposition process for (CHs),Au(acac) on TiO,(110), based on the fact that metallic
Au particles were observed following annealing at 770 K. Nevertheless this cannot
constitute strong evidence since metallic Au particles were also produced in our studies,

Figure 5-6, but a significant amount of carbon was still left on the surface.
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Figure 5-8 XPS spectra of C(1s) region collected after 70 L of (CHj),Au(acac) exposure at 130 K (black

line) and subsequent anneal to 728 K (red line). Inset: spectrum after anneal.
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Figure 5-9 XPS spectra of O(1s) region collected after 70 L of (CHj),Au(acac) exposure at 130 K (black

line) and subsequent anneal to 728 K (red line).
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5.3.3 Room Temperature Deposition of (CH3),Au(acac)

The adsorption of (CHs)Au(acac) on the TiO,(110) surface was also
investigated at room temperature. During the deposition no infrared bands were
observable in FT-RAIRS spectra hinting that upon adsorption the molecule underwent
severe decomposition. Nevertheless, adsorbates were to be found on the surface as
indicated by XPS. Figure 5-10 represents XPS spectra collected firstly from the Au(4f)
energy region following the room temperature exposure of 456 L of (CHj3),Au(acac)
(black line) and secondly after subsequent annealing to 750 K for 5 min (red line). The
first spectrum comprised of three not well resolved peaks situated at 84.7, 87.4 and 90.5
eV respectively. The existence of these features suggested that Au was present on the
surface following the deposition, but in different oxidation states. As observed previously,
the energy splitting between Au(4f;,) and Au(4fsp) is 3.6 eV. The energy difference
between each two peaks of Figure 5-10 is smaller, as between first and second is 2.7 eV
and between second and third 3.1 eV. Hence none of them could form the Au(4f) pair. On
the other hand if peak two, at 87.4 eV, was comprised of two peaks one at 88.3 eV and one
at 86.9 eV, then we could get two Au(4f) pairs. The first would consist of 84.7 eV
(Au(4f7,,)) and 88.3 eV (Au(4fs;)) whilst the second of 86.9 eV (Au(4f7,)) and 90.5 eV
(Au(4fsp)). Based on this analysis, two different Au species were present on the surface.
One closer to metallic state and one closer to the 3" state (at 87.7 eV), hinting the presence
of organic ligands attached to Au. Thus, could be associated with an intermediate
decomposition product of the precursor. Upon annealing two clear peaks were recorded in
the spectrum, at 84.15 and 87.8 eV respectively. Their values were near the ones of Au°,
hence it can be postulated that upon annealing all ligands attached to Au were decomposed
leaving the latter in metallic state. Some clustering must have also occurred since the

Ti(2p) peaks increased faintly in intensity, Figure 5-11.
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Figure 5-10 XPS spectra of Au(4f) region collected after 456 L of (CHj),Au(acac) exposure at RT (black

line) and subsequent anneal to 750 K (red line).
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Figure 5-11 XPS spectra of Ti(2p) region collected after 456 L of (CHj),Au(acac) exposure at RT (black

line) and subsequent anneal to 750 K (red line).
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The presence of organic ligands on the surface of TiO,(110) was also indicated
by the XPS spectrum collected from C(1s) region. Figure 5-12 represents the spectra
collected from C(1s) region after adsorption at RT (black line) and following subsequent
annealing at 750 K (red line). The first spectrum comprised of a broad peak centred
around 285.6 eV. Its position hints that organic ligands were adsorbed on the surface,
while a small shoulder near 284.7 eV indicates that some graphitic carbon was also
present. Upon annealing the spectrum was transformed into a small peak situated at 284.7
eV, attributed to graphitic C. This observation, along with the presence of metallic Au, is
in accordance with the removal of organic ligands from the surface. The O(1s) spectrum,
Figure 5-13, did not exhibit any significant changes due to the annealing process, only a

small increase which can be assigned to clustering of Au particles.
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Figure 5-12 XPS spectra of C(1s) region collected after 456 L of (CHj),Au(acac) exposure at RT (black

line) and subsequent anneal to 750 K (red line).
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Figure 5-13 XPS spectra of O(1s) region collected after 456 L of (CHj),Au(acac) exposure at RT (black

line) and subsequent anneal to 750 K (red line).

5.3.4 Deposition of (CH3),Au(acac) at 550 K

As mentioned in Section 5.1.3, (CHs)>Au(acac) has been used in CVD for the
deposition of Au thin films via pyrolytic decomposition. Consequently, we performed
OMCVD experiments during which the sample’s temperature was kept at 550 K. Since
annealing the sample removed all the organic ligands leaving only graphitic C on the
surface, it was within reason to assume that after deposition at 550 K carbon
contamination would be minimal. In an effort to eliminate the graphitic C as well, these
depositions were performed in an oxygen atmosphere of 4x10° mbar, as some of the C
could potentially react with oxygen to produce CO, desorbing in this form from the

surface.
Figure 5-14 represents XPS spectra collected from the Au(4f) region following

the deposition of 500 L of (CHs),Au(acac) at 550 K (black line), along with spectra

collected after annealing the surface at 750 K for different durations. After deposition two

149



sharp peaks emerged situated at 84.1 and 87.7 eV respectively. As before, these can be
attributed to Au(4f;7,) and Au(4fs;,) and since they appeared very close to the literature
value for Au’, it would be safe to assume that the Au overlayer was metallic in nature.
Using the area under the Au(4f7,) peak, Au coverage was calculated at 8.43 ML. Upon
annealing in an oxygen atmosphere of 4x10” mbar, the intensity of both peaks reduced as
a function of annealing time, while their position remained the same. As argued
previously, this decrease in intensity is not related either with desorption of Au from the
surface or with encapsulation. Instead, it relates to screening of photoelectrons originating
from core atoms of Au particles. As the latter grow in size due to annealing, more
photoelectrons are screened. Another consequence of the coalescence of smaller particles
into larger ones, is the increase in the surface area of the support. As evident from the XPS
spectra of Figure 5-15, the intensity of both Ti(2ps) and Ti(2p;/,) increased as a function

of annealing time.
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Figure 5-14 XPS spectra of Au(4f) region collected after 500 L of (CH;),Au(acac) exposure at 550 K (black
line) and following annealing at 750 K for different duration. The accumulated annealing time along with the

allocation of each spectrum can be found in the legend.
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Figure 5-15 XPS spectra of Ti(2p) region collected after 500 L of (CH3),Au(acac) exposure at 550 K (black
line) and following annealing at 750 K for different duration. The accumulated annealing time along with the

allocation of each spectrum can be found in the legend.

As observed previously, depositing (CHj3),Au(acac) at 550 K resulted in the
formation of metallic Au particles on the surface of TiO,(110). Unfortunately though, the
surface suffered from C contamination as evident in the XPS spectrum of C(1s) region,
Figure 5-16. A single peak was observed situated at 284.5 eV, indicating the presence of
graphitic carbon. But upon annealing in O, atmosphere of 4x10” mbar, this peak was
dramatically reduced and at the end of the annealing process no C was detectable with
XPS. Two explanations could account for this result. The first could involve desorption of
C from the surface, but this is improbable as according to our previous results annealing
the sample above 700 K did not result in the removal of graphitic C. The second relates to
the presence of O,. It would be possible that above 700 K a reaction took place between C
and O, to produce CO, or CO, with the latter reacted away from the surface. A similar
type of reaction was proposed by Evans ef al. to account for the removal of residual C.*
Although in their case C reacted above 500 K with lattice oxygen to produce CO. After the

end of this process we probed the surface with LEED in an attempt to observe the
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hexagonal pattern previously reported.’”® Unfortunately, no pattern due to the overlayer
was observable. The spectra collected from the O(1s) region, Figure 5-17, exhibited the
same characteristics with the ones from Ti(2p) region, Figure 5-15, indicating the

coalescence of Au into larger particles.
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Figure 5-16 XPS spectra of C(1s) region collected after 500 L of (CHj),Au(acac) exposure at 550 K (black
line) and following annealing at 750 K for different duration. The accumulated annealing time along with the

allocation of each spectrum can be found in the legend.
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Figure 5-17 XPS spectra of O(1s) region collected after 500 L of (CH3),Au(acac) exposure at 550 K (black
line) and following annealing at 750 K for different duration. The accumulated annealing time along with the

allocation of each spectrum can be found in the legend.

Despite the fact that C residue was still present on the surface following the 550
K deposition, its quantity was small compared to low temperature depositions, with the C
relative area/ AU relative area Tatio amounting to 1.13. Hence we decided to explore in detail the
deposition of (CHs),Au(acac) at 550 K. It should be noted that although annealing at 750
K appeared to remove all excess C, deposition at this temperature was avoided since it
would result in large particles which do not exhibit catalytic activity. Figure 5-18
represents the Au coverage in MLE as a function of (CHs),Au(acac) exposure (L). As it
can be observed, Au coverage increased linearly with exposure. According to the
literature, a linear dependence of overlayer coverage from exposure is an indication of
Volmer-Weber type of growth.87 The other two types of growth are identified by a break
in the plot, indicative of the completion of the first monolayer. For a Volmer-Weber type
of growth the linear increase of overlayer coverage is also accompanied by a linear
decrease in substrate area. This was also the case here as observed in figure 5-19, where
the area of Ti(2ps3,) peak is plotted against (CH3),Au(acac) exposure. These results are in

agreement with the behaviour of physically deposited Au on TiO(110) at 475 K.
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According to these authors, at this deposition temperature Au adopted a Volmer-Weber
type of growth from the beginning of the deposition. In a separate communication they
also reported that based on HRSEM pictures, Au clusters exhibited ordered structures of

hexagonal shape, indicative of epitaxial growth.**®

Although we probed the surface with
LEED we could not observe any pattern due to Au overlayer. Again a possible explanation
could involve the size of these particles. In our case the maximum thickness was
calculated at 1.9 nm, whilst in Zhang et al. study thicknesses of 5 and 12 nm were
measured. The reason for the different growth at higher temperatures has been attributed
to lifting of energy barriers which limit the mobility of Au atoms during room temperature

deposition.'*®
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Figure 5-18 Au coverage as a function of (CH;),Au(acac) exposure, deposition at 550 K in O, atmosphere.

Line is drawn to guide the eye.
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Figure 5-19 Ti(2p;5,) as a function of (CH3),Au(acac) exposure, deposition at 550 K in O, atmosphere. Line

is drawn to guide the eye.

Since an important aspect of this investigation was to obtain Au/TiO, systems
with minimum C contamination, the amount of the latter present on the surface following
the deposition, was also monitored. Figure 5-20 represents the dependence of C coverage
as a function of (CHj3),Au(acac) exposure. It can be observed that the trend followed by C
coverage was that of a linear increase as a function of exposure. Contrary though to Au
coverage, the first point on the plot of Figure 5-20 is at 2.4 ML, indicating a significant
amount of C contamination being present at the initial stages of deposition. This was also
confirmed by plotting the C (ejative area tO AU relative area Tatio as a function of (CHj3),Au(acac)
exposure, Figure 5-21. An exponential like decay was observed, with the values
decreasing rapidly at the first 10 L of exposure and a plateau being observed after ca. 40 L.
Hence although during early stages of deposition the surface was dominated by C residue,
larger Au overlayers did not suffer to the same extent from C contamination, with the C
relative area tO AU relative area T€aChing values of 1. The most probable source of C contamination
must have been decomposed (CHs),Au(acac) species reaching the surface either from the

doser or from the vial.
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Figure 5-20 C coverage as a function of (CH;),Au(acac) exposure, deposition at 550 K in O, atmosphere.

Line is drawn to guide the eye.
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Finally it should be noted that following the deposition at 550 K an effort was
made to adsorb CO at 130 K and monitor its behaviour using FT-RAIRS. No indication of
CO adsorption was observed for all coverages studied, probably due to the presence of C

contamination.

5.3.5 FT-RAIRS Investigation of (CH3),Au(acac) Adsorption at 130 K

The adsorption of (CHj),Au(acac) at 130 K on TiO,(110) was additionally
studied using FT-RAIRS, with the relevant spectra divided between Figures 5-22 and 5-
23, in order to facilitate their presentation. Figure 5-22 represents FT-RAIRS spectra
collected during the initial stages of (CHs),Au(acac) adsorption on the TiO,(110) surface
as a function of (CHs),Au(acac) exposure. No distinguishable bands were observed
following the initial exposure of 1.66L, but upon further exposure, 6.22 L, two absorption
peaks started to emerge, situated at 1521 and 1650 cm™ respectively. Exposing the surface
further to 18.76 L and 27.88 L increased the intensity of the previous two peaks, without
though any detectable frequency changes. After 31.30 L the recorded spectrum changed,
with the absorption band at 1650 cm™ being transformed into a transmission one,
exhibiting a blue shift in frequency value by 6 cm™. In addition a new transmission band
emerged at 2009 cm™, while the peak at 1521 cm™' remained unchanged. Finally a small
transmission peak was detectable situated on the left of the 1521 cm™ one, which would
later grew into the main band of the spectra, as observed in the following plot, Figure 5-

23.
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Figure 5-22 FT-RAIRS spectra collected during the adsorption of (CHj),Au(acac) at 130 K on TiO,(110), as
a function of exposure (L). Note that these spectra were smoothed from the original ones. This was

undertaken as the latter exhibited a certain amount of noise, which combined with the low intensity values

did not help identifying the bands.
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Figure 5-23 FT-RAIRS spectra collected during the adsorption of (CH;),Au(acac) at 130 K on TiO,(110), as

a function of exposure (L). Note that these spectra were smoothed from the original ones.

Figure 5-23 represents FT-RAIRS spectra collected during the later stages of
(CHs),Au(acac) adsorption, as a function of (CHs),Au(acac) exposure. The first two
spectra are the same as the ones presented in figure 5-4. After 32.33 L of (CHjs),Au(acac)
exposure the band at 2009 cm™ blue shifted to 2011 cm™ while it also grew in intensity. In
this frequency region, two new features also appeared, the first one in the form of a small
transmission shoulder situated at 1998 cm'l, whilst the second one in the form of
absorption band at 2070 cm™. In the lower frequency region, the band at 1656 cm’
remained unchanged while the one at 1529 cm’ grew significantly in intensity.
Furthermore several new features started to emerge, both as transmission and absorption
bands. In detail two absorption peaks were observed at 1592 and 1243 cm™, while three
new transmission bands emerged at 1451, 1400, and 1355 cm™' respectively. All these five
features along with the one at 1656 cm™ did not change significantly upon further
(CHs),Au(acac) exposures of 33.24 and 34.25 L. On the contrary the 1529 cm™! band grew
further in intensity and became the dominant feature of the spectra. On the higher

wavenumber region, increasing the exposure of the molecule resulted in the increase of the
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three features, with the shoulder and the absorption band becoming more distinct, and the
main band at 2011 cm™ growing in height. At the end of this process, the surface was
covered completely with the adsorbate as it will become evident from XPS spectra
presented in forthcoming pages. These spectra were collected immediately after ending the
34.24 L exposure. An analysis of the FT-RAIRS bands observed in figures 5-22 and 5-23

is going to be presented in the following paragraphs.

The spectra of Figures 5-22 and 5-23 can be divided into two regions, a high
frequency one between 2200 and 1800 cm™ and a low frequency between 1800 and 1200
cm’. The latter is also known as the fingerprint region240 of (CHjs)Au(acac) as the
majority of its active infrared modes appear in this region. At initial exposures, up to 27.88
L, only two absorption bands were observable at 1521 and 1650 cm™ respectively. An
assignment of these bands can be made by comparing them with infrared bands collected
from solid (CH3),Au(acac) by Miles et al.>' This comparison can be found in Table 5-1,
where the first band at 1521 cm™ is correlated with the v(C-0) stretch and the second one
at 1650 cm with the v(C-C) stretch. Another important observation relates with the
direction of both bands. As indicated in Chapter 4, stretching modes aligned parallel to the
surface will result in absorption bands on an FT-RAIRS spectrum. Based on the above
observation, the dipole moment vector of both v(C-O) and v(C-C) should lie parallel to the
surface. Hence since the (CH3),Au(acac) molecule exhibits a planar geometry between Au
and the (acac) ring,”’ it would be reasonable to assume that at the initial stages of
adsorption the molecule adopted a geometry parallel to the TiO,(110) surface. No other
infrared bands due to the parent molecule were observable, but this could have been due to
the inability of the instrument to detect them. Both v(C-O) and v(C-C) were detectable as

they give the strongest peaks™'

. Upon further exposure though, above 31.03 L, new peaks
emerging at 1243, 1355, 1400, 1451 and 1592 resembled more the vibrations of molecule.
Indeed Miles et al. observed bands close to the above at 1236, 1335, 1392, 1400 and 1421
cm’ which they assigned to &s(CH3)(Au-CHj3), 8s(CHs)acac, d4(CHs)acac, 8,(CH3)(Au-
CHj3) and v(C-O)+ 6(C-H)(B,) respectively. This comparison is summarised in Table 5-2.
Based on direction of the bands of Figure 5-23, it would appear that the adsorption

geometry of the (CHj3);Au(acac) molecule changed for higher exposure values, or
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adsorption of multilayers. Indeed as observed in Table 5-2, the majority of bands were

expressed as transmission peaks, indicating alignment perpendicular to the TiO»(110)

surface.

Table 5-1 FT-RAIRS bands observed during the first stages of (CH;3),Au(acac) adsorption on TiO,(110) at

130 K. Table also includes similar bands recorded for solid (CHj),Au(acac) and their assignment.

Wavenumber values in cm™. (Abs) denotes absorption band.

Observed bands ™ s (CH3),Au(acac)™! Assignment™'
1521 (Abs) 1520 v(C-0) (A)
1650 (Abs) 1590 v(C-C) (By)

Table 5-2. FT-RAIRS bands recorded after the complete coverage of TiO,(110) surface by (CH3),Au(acac)

at 130 K. Table also includes similar bands recorded for solid (CHj),Au(acac) and their assignment.

Wavenumber values in cm™. Symbols: 8, for symmetric in-plane bending, 8, for degenerate in-plane

bending, 3, for asymmetric in-plane bending and v for stretching. (Abs) denotes absorption and (Trans)

transmission band respectively.

Observed bands ™54y (CH3),Au(acac)™! Assignment™'
1243 (Abs) 1236 d5(CH3)(Au-CH3)
1355 (Trans) 1335 ds(CH3)acac
1400 (Trans) 1392 d4(CHj3)acac
- 1400 0.(CH3)(Au-CHj3)
1451 (Trans) 1421 v(C-O)+ d(C-H)(B»)
1529 (Trans) or 1592 (Abs) 1520 v(C-O) (A))
1656 (Trans) 1590 v(C-C) (By)
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Vibrations observed at the high frequency region are complex to understand as
the parent molecule does not exhibit infrared modes in this area. It should be noted that
these bands emerged at exposure values higher than 31.03 L, where also a change in the
orientation of the molecule was observed. Since the bands cannot be attributed to the
parent molecule, their appearance must be associated with species other than the
(CHs),Au(acac) molecule. One possible explanation involves the adsorption on the surface
of decomposed species originating from either the glass vial or the stainless steel tube.
Another interpretation could be consistent with an interaction between these decomposed
species and the already adsorbed parent molecule. Fierro-Gonzalez er al. observed the
appearance of infrared bands at 2070, 2032 and 2000 cm™ during the interaction of CO
with high surface area (CHj),Au(acac)/NaY salmples.241 In our case, the decomposed
species could contain CO molecules resulting from the fragmentation of diketone. For a
complete understanding of the adsorption process at 130 K, these FT-RAIRS results
should have been complemented with XPS data. This would have given us the opportunity
to screen the chemical state of all the species during adsorption and to extract valuable
information regarding the interaction of the molecule with the surface. Such experiments

were not performed though, and future work on this system should include such a study.

The above discussion assumed the associate adsorption of the molecule on the
surface. Indeed, this would be consistent with STM observations by Maeda et al.
proposing the associative adsorption of the molecule on TiO,(110) at RT.**® Furthermore
other organometallic complexes containing (acac) ligands, such as Rh(acac)(CO), have
been found to adsorb intact on the single crystal surface.”™ On the other hand though,
dissociative adsorption could also have taken place, with both bands attributed to adsorbed
fragments. This would be in accordance with the findings on high surface catalysts at RT,
where two separate bonds were formed, (CH3),Au with lattice oxygen and (acac) with Ti,

with the v(C-C) and v(C-O) vibrations of the latter occurring near the observed values.”®
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5.4 Conclusions

In this Chapter, the adsorption of (CHj3),Au(acac) on TiO,(110) was examined at
three different temperatures in order to explore the possibility of using this organometallic
molecule as a precursor for the deposition of highly dispersed Au particles on the titania
single crystal. At 130 K, XPS spectra indicated the presence of Au’* on the surface along
with two different kinds of C, probably C-H and C-O. Upon annealing, Au was reduced to
metallic while larger Au particles were formed. Decomposition of all organic ligands was
also observed indicated first by the reduction of Au and second by the disappearance of
XPS peaks in the C(1s) and O(ls) regions attributed to organic ligands. Nevertheless
graphitic C remained on the surface. Deposition at RT resulted in the formation of two
states of Au, one metallic and one oxidised. Although no infrared bands were observable
with FT-RAIRS, some organic ligands were present on the surface as indicated by XPS.
Upon annealing these decomposed leaving only graphitic C on the surface, whilst Au was
reduced to metallic. Deposition at 550 K resulted in the formation of metallic Au and
graphitic C. Upon annealing to 750 K in oxygen atmosphere, larger Au particles were
formed while all C contamination was removed from the surface, probably via reaction
with oxygen. Finally the growth mode of Au overlayers at 550 K was examined. A
Volmer-Weber type of growth mode was observed similar to the results obtained after the
PVD of Au at 475 K.'*® For all exposure values, the surface was found to suffer from C
contamination, although this reduced as a function of Au coverage. Finally FT-RAIRS
spectra were also collected during the 130 K adsorption. According to these results, the
orientation of the adsorbed (CHs),Au(acac) molecule changed as a function of exposure,
with molecules aligning parallel to the surface at the initial stages of adsorption, and

perpendicular to the surface at higher (CHs),Au(acac) exposure values.
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ChaPter 6

General Conclusions

6.1 TiO,(110) Supported Cu Particles and Films

Cu particles and thin films were deposited on the TiO,(110) surface via PVD at
295 K. Using CO as a probe molecule, the structural properties of these overlayers as a
function of size were investigated by means of FT-RAIRS. It was found that islands with
size up to ca. 3.5 nm, accommodated high Miller Index structures, such as (211), (311)
and (755). On the other hand, the surface of larger islands, up to ca. 5 nm, was
characterised by (110), (100) and (111) formations. The latter structures were also
observed for thin Cu films. Based on the appearance of the v(C-O) bands, i.e. transmission
or absorption, another important observation was made. Spectra collected from high Miller
Index overlayers were characterised by transmission bands, consistent with the inability of
the latter to transform the character of the local dielectric field into metallic. On the
contrary, absorption bands were present on FT-RAIRS spectra collected from larger
structures, indicating metallic response. A threshold coverage value at 4.48 MLE, or 4.2 +
0.6 nm, was identified upon which the local dielectric field was in transition, exhibiting
both metallic and non metallic characteristics. By comparison to previously literature
values, this coverage was found common within experimental error to TiO»(110)
supported Rh and Pd. Additionally, XPS results revealed a change in the binding energy
of Cu(2ps;2) as a function of coverage. This dependence was explained as ineffective
screening of holes created during the photoelectron process, effect commonly observed for
small metal clusters. Annealing these Cu overlayers resulted in the transformation of their
structures into the most thermodynamically favoured. For small islands this was indicated
by a red shift of v(C-O) bands, whereas for larger islands and films by the dominant
presence of v(C-O) bands attributed to CO adsorbed on Cu(111) sites. Furthermore, for
thin Cu films a hexagonal LEED pattern was detected, indicative of Cu(111). The LEED
pattern collected from the annealed 8.95 MLE surface also revealed an epitaxial relation

between Cu and TiO,(110). Evidence of coalescence was observed with XPS, although
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FT-RAIRS results were consistent with the formation of highly dispersed Cu particles due
to the annealing process. In order to reconcile the difference, a complex growth mode was
proposed that resembled a combination of Volmer-Weber and Stranski-Krastanov types.
Finally the interaction of O, with preadsorbed CO at 130 K appeared to be more

pronounced for the high Miller Index structures.

6.2 The Photolysis of MoCOg on TiO,(110)

The photolysis of various layers of physisorbed Mo(CO)s on the TiO,(110)
surface at 130 K was studied as part of an alternative method to common thermal
evaporation. According to FT-RAIRS spectra collected during irradiation of the molecule
with UV light, the photodecomposition of 1.53 L of exposed Mo(CO)s proceeded in a
sequential fashion, until the production of Mo(CO)s;. The tricarbonyl adopted a geometry
perpendicular to the surface, as indicated by the appearance of only transmission bands in
FT-RAIRS spectra. This final product was also confirmed via XPS (collected as well
during irradiation) first by measuring the dependence of the Mo(3ds/;) binding energy as a
function of irradiation time, and second by calculating the Mo/C relative ratio. Annealing
the surface revealed that Mo(CO)s; was stronger bound to the surface than the parent
molecule. The former desorbed after annealing to 400 K, resulting in metallic Mo particles
which suffered from C contamination. Upon increasing the exposure of photolysed
Mo(CO)e to 2.73 L, FT-RAIRS indicated that various unsaturated carbonyls were present
on the surface at the end of photolysis, which were identified as Mo(CO)s, Mo(CO), and
Mo(CO)s. This was performed by taking into consideration the blue and red shift away
from the gas phase value, observed for modes aligned perpendicular and parallel to the
surface due to dipole coupling. Additionally, XPS revealed Mo(CO); as the major
photoproduct. Similar to the lowest exposure overlayer, these photoproducts were stronger
bound to the surface than Mo(CO)¢ as indicated by FT-RAIRS spectra collected during
annealing. These spectra also revealed the formation of two new species upon annealing to
368 K, which desorbed after 495 K. The latter resulted in C free oxidised Mo particles as

verified by XPS. Photolysis of adsorbed multilayers resulted in minimum change of FT-
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RAIRS spectra, while the main photoproduct was identified as Mo(CO)s. Contrary to the
previous two overlayers, no indication of Mo(CO); was observed. This observed
dependence between Mo(CO)s coverage and photoproducts, could be related with a

promotion of the photolysis process due to direct contact with the oxide support.

6.3 The Deposition of (CH3),Au(acac) on TiO,(110)

The deposition of (CH3),Au(acac) on the TiO,(110) surface was studied in order
to assess the potential application of this molecule as a precursor for the OMCVD of
highly dispersed Au nanoparticles. Consequently depositions took place at three different
substrate temperatures: 130 K, 295 K and 550 K. In all cases the effect of annealing above
700 K was also investigated. At 130 K, XPS revealed the formation of oxidised Au
overlayers and in particular Au’*, which is the oxidation state of Au in the organometallic
precursor. The presence of organic ligands on the surface was also identified by distinct
C(1s) peaks which did not belong neither to graphitic or carbidic carbon, and by the
appearance of an additional peak at the O(1s) region. Upon annealing to 728 K, Au was
converted to metallic, whilst all organic ligands desorbed resulting in C contamination of
the surface. Deposition at 130 K was also examined via FT-RAIRS. Preliminary results
indicated that at the first stages of exposure, the molecule adopted geometry parallel to the
surface. Upon the formation of multilayers, this alignment changed as indicated by the
presence of both absorption and transmission bands on the infrared spectra. Following
deposition at RT, XPS indicated the presence of both metallic and oxidised Au, while
some organic ligands were also detected. This overlayer could be associated with an
intermediate decomposition product of the precursor. Again upon annealing to 750 K, Au
was transformed to metallic suffering from C contamination. At 550 K, only metallic Au
was detected on the TiO,(110) surface. In order to remove any C contamination, the
surface was annealed in O, at 750 K. Indeed this procedure resulted in the complete
removal of any C residue, although evidence of Au coalescence was also observed. By
plotting the Au coverage as a function of exposure, it was established that at 550 K, Au

followed a Volmer-Weber type of growth. Based on these results it would be extremely
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difficult to utilise (CHs),Au(acac) as a precursor of C free highly dispersed Au

nanoparticles, at least using the conditions described in this thesis.
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Appendix A

In Appendix A the raw XPS data collected during the photolysis of the three
different Mo(CO)e overlayers are presented. These spectra were analysed by WSPECTRA
software and information regarding the area, FWHM and position of each peak were

extracted.
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Figure A-1 Mo(3d) energy region for 1.53 L. Mo(CO)s and its photodecomposition on TiO,(110). The label on each plot represents

the irradiation time in seconds.
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Figure A-3 O(1s) energy region for 1.53 L Mo(CO)e and its photodecomposition on TiO,(110). The label on each plot represents the

irradiation time in seconds.
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Figure A-4 Mo(3d) energy region for 2.73 L. Mo(CO)e and its photodecomposition on TiO,(110). The label on each plot represents

the irradiation time in seconds.

172



1200 1200 -
1o -
800 8001 -— 450 f
@
g 6004 8 600
= =
> 4001 2 400
[7Z}
o
§ 20 £ 204
= o] 0
200 -200 4
-400 - -400 4
T T T T T T 1 T T T T T T 1
282 284 286 288 290 292 294 296 282 284 286 283 290 292 294 296
1200 - Binding energy / eV Binding energy / eV
1200 -
1000
a0 ——30s 1000
600 2
S 600
§ 400 N
= ‘E 400
g 5
5 o] £ 200+
= 0
200
200
-400
T T T T T 1 -400
282 284 286 288 290 292 294 296 T T T T T T Y
.- 282 284 286 288 290 292 294 296
Binding energy / eV
Binding energy / eV
1200+ 1200
1000+ 1000
800 800 — 1350
[}
600 Q
600
3 3
8 400 % 400
2 200 c
= £ 200
& o =
= 04
-200 200
400 400
T T T T T T 1 T T T T T T 1
282 284 286 288 2% 292 294 2% 282 284 286 288 290 202 204 296
Binding energy / eV Binding energy / eV

Figure A-5 C(1s) energy region for 2.73 L Mo(CO)s and its photodecomposition on TiO,(110). The label on each plot represents the

irradiation time in seconds.

173



=

=
20000 - 20000 -]
. A
a8
2 15000 @ 15000 / \
2 ° / \
£ > \
& 10000 2 10000 / \
= 8 / \
€
5000 = 5000 \
W—
04 04 ————— \\M\ffvv
T T T T T T 1 T T T T T T 1
526 528 530 532 534 536 538 526 528 530 532 534 536 538
25000 - Binding energy / eV - Binding energy / eV
——30s 25000
p
20000 -]
20000
@ 15000 @
S S 15000
2 10000 =y
@ @ 10000
=4 =4
5} 2
50004 =
5000 -
04
0
T T T T T T 1
526 528 530 532 534 536 533 T T T T T T 1
o 526 528 530 532 534 536 533
Binding energy / eV Binding energy / eV
=] 2
—210s 25000 -
[——2104] E——
20000 ]
20000 -
Q15000
g 2 15000
= o
> ~
£ 10000 >
e £ 10000
£ 2
c o
= 5000 ]
= 5000
0
04
T T T T T T 1
58 528 330 532 5 5% 5% 526 528 550 552 534 5% 538
Binding energy / eV o
Binding energy / eV

Figure A-6 O(1s) energy region for 2.73 L Mo(CO)s and its photodecomposition on TiO,(110). The label on each plot represents the

irradiation time in seconds.

174



12000

10000

8000-{

6000

Intensity / cps.

4000

2000

224

12000

10000

8000

6000

Intensity / cps

4000

2000

T
226

T T T
228 230 232
Binding energy / eV

T
234

T
236

1
238

Figure A-7 Mo(3d) energy region for 20.2 L. Mo(CO)g and its photodecomposition on TiO,(110). The label on each plot represents

the irradiation time in seconds.

228 230 22

Binding energy / eV

236

238

Intensity / cps

Intensity / cps

Intensity / cps

12000 | 12000
10000+ 10000
8000 8000-|
8
6000 S 6000
2z
4000 | 2 4000
£ 4000
=
20004 2000
04 o
T T T T T T ! T T T T T T |
224 226 228 230 232 234 236 238 24 26 28 20 22 2% 26 2
[—— 2070 5]
12000 | 12000 |
10000 | 10000 |
8000 8 8000
8
2
6000 5 6000
2
L
40004 < 40004
20004 20004
0 0
T T T T T T | T T T T T T |
224 26 228 230 232 234 26 238 224 226 228 230 232 234 23 238
12000 4 __7 3870 s
10000 |
8000
6000
40004
20004
04
T T T T T T |
224 226 228 230 232 234 236 238

175



Figure A-8 C(1s) energy region for 20.2 L. Mo(CO)g and its photodecomposition on TiO,(110). The label on each plot represents the

irradiation time in seconds.
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Figure A-9 O(1s) energy region for 20.2 L Mo(CO)s and its photodecomposition on TiO,(110). The label on each plot represents the

irradiation time in seconds.
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