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1 Introduction

Even though chemical reactions on surfaces have been studied for quite
some time now, this field still remains interesting today. One of the main
reasons for the interest in this field is heterogeneous catalysis, where the
educts adsorb on the surfaces, react to the products there and these products
then desorb again. Catalysts can significantly reduce the energy required for a
particular reaction to occur, by lowering actual energies. This leads to large
reductions in production costs for certain products, which can in turn open up
new markets and enable cheaper production of other goods. The aim of
lowering energy consumption is also extremely important today, as it lowers
the CO, emissions, as still most of the energy is generated by burning of fossil
fuels. The reduction of these CO, emissions, which are a main contributor to
the global warming, is one of the big challenges of our time.

The prime example for an application of a heterogeneous catalyst is the
modern three-way catalyst used for cleaning the exhausts of cars. Other
important applications are, e.g., the Haber-Bosch process for ammonia
synthesis, hydrogen production through steam reforming and sulfuric acid
synthesis. For the optimization of existing catalysts and the development of
new ones it is very important to understand the chemical reactions on these
catalysts in great detail. This includes studies on the molecular level of the
adsorption and reaction behavior of all relevant substances. Real catalysts
often consist of metal particles on a support material, typically an oxide. As
both components can play a role in a catalytic process, it is important to study
the interaction of these relevant substances with the individual components to
fully understand the system. Studying model systems reduces the complexity
which helps in understanding the reaction pathways. The most common
approach for studying the reactions on the individual components is to use
single crystal surfaces as model systems. This approach is valid, as metal
particles on real catalysts show several different facets, which consist of
defined crystallographic faces, with e.g.(111) or (100) orientation [1]. Within
this thesis, adsorption and reactions of small molecules on Ni(111) and
Cu(111) crystal surfaces are discussed. The molecules studied are mainly
small hydrocarbons. These are of special interest as they are among the most
important raw materials in chemical industry [2].

For the study of the chemical reactions on surfaces we choose X-ray
photoelectron spectroscopy (XPS). XPS is a versatile tool to study chemical
reactions on surfaces. Different oxidation states of an atom normally lead to
peaks at different binding energies, and consequently the distinction of, e.g.,
several oxygen-containing species on a surface is possible. The use of
synchrotron radiation as the excitation source in XPS enhances the surface
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sensitivity due to the tunable excitation energy. It also provides sufficient
intensity to follow reactions in situ and to detect very small quantities of 0.01
ML or even less of reaction products. Synchrotron radiation also provides a
very high resolution of the spectra, high enough to resolve vibrations in the
spectra. This vibrational resolution opens an additional route to indentify
reaction products, see e.g. C;H, on Ni(111) in Chapter 5. As the adsorption
site of a molecule also has an influence on the binding energy, high resolution
XPS can be used to help in identification of adsorption sites. This is used in
Chapter 5 to solve the puzzle of the adsorption site of ethylene (C;H4) on
Ni(111), which has been discussed controversially in literature.

A real catalyst is often in contact with various substances besides the desired
educts and products. This can have a variety of different effects. On metal
single crystal surfaces one approach to study some of these effects is to
adsorb a species on to a crystal surface where already another species has
been adsorbed. This can lead both to changes in the adsorption behavior of
the studied species, and reactions between the two adsorbates. Oxygen is a
much used substance for such coadsorption experiments, both due to its
reactivity and its behavior to adsorb on surfaces in well defined structures. On
Ni(111) oxygen adsorbs in a p(2x2) structure [3] with a coverage of 0.25 ML.
In Chapter 5 we discuss the coadsorption of CoH,, CoHs and C,Hg with 0.25
ML oxygen on Ni(111). The oxygen leads both to a change in adsorption site
and a different thermal evolution of the adsorbed hydrocarbons.

In order to learn about the behavior of catalysts, it is also interesting to study
oxide surfaces. These are interesting both because oxides are a common
substrate for metal particles in catalysts, and because they can be
catalytically active themselves.

NiO is used as a main or co-catalyst in a wide range of important reactions,
e.g. photocatalytic water splitting [4, 5], ethene dimerization [6-9], butane
isomerization [7, 9], oxidation of azodyes [10], steam reforming of
hydrocarbons for the generation of H, from biomass [11], and hydrogenation
of benzene [12] among others. In Chapter 6 we investigate the adsorption
and thermal evolution of various small hydrocarbons with differently prepared
NiO layers.

However, Nickel oxide (NiO) also has interesting properties for a wide range
of other applications. Its antiferromagnetic nature and high Neel Temperature
make it an interesting material for applications in devices using giant
magnetoresistance [13, 14]. In spintronics decives NiO is used as a precursor
for Ni layers that retain the morphological and crystalline properties of the NiO



layer. The properties of the NiO layers on the other hand can be influenced by
the growth conditions of the NiO [15, 16].

In molten carbonate fuel cells, NiO is used directly as the cathode [17, 18]. On
Ni electrodes in alkaline solutions [19] and in solid oxide fuel cells [20] it is
known that NiO is growing on the nickel electrodes during operation, or during
interruptions in the operation. As this hinders the functionality of the
electrodes it is interesting to study the growth and decay conditions of the
NiO. Other applications worth mentioning are the use of NiO in an all solid
state electrochromic device [21], the use of p-doped NiO as a hole collector in
dye-sensitized solar cells [22] and its use as a gas sensor [23]. It has also
recently been shown that NiO can be grown in the form of small nanosized
walls [24], which is useful for the fabrication of future nanodevices. Chapter 4
of this thesis deals with studying the growth and thermal stability of NiO layers
on Ni(111) and Cu(111) crystals. The growth of NiO from Ni layers evaporated
on Cu(111) allows a control of the thickness of the NiO layers. This is
interesting as the thickness of a layer can have a large influence on its
reactivity.

Several of the mentioned applications fall into the area of science which is
today summed up by the term nanotechnology, i.e. they contain functional
parts which are in the range of 1-100 nm in size in at least one dimension.
Nanotechnology is receiving considerable interest at the moment. One of the
reasons for this is the miniaturization of the processing structures in computer
chips, but there are also hopes for numerous other applications, ranging from
memory storage over steel improvement to medical applications like filtration
or drug delivery. This trend towards very small structures has an interesting
implication: if a structure of any kind is getting smaller, the surface to volume
ratio is going up. This means that the properties of the structure are getting
more and more dependent on the properties of the surface instead of the bulk
properties. The properties of surfaces, however, can change a lot when they
interact with adsorbates. In this context, it is especially interesting to study the
interaction of the surfaces with gases that are parts of the ambient
atmosphere, as many of the existing and planned nanostructures can come
into contact with air. In the context of this thesis, in Chapter 7 we thus study
the interaction of the NiO surfaces with H,O, CO, and CO. All of these gases
led to adsorbate layers with a thermal decay over a wide temperature range,
which can be explained by major restructuring of the surface.



2 Theory

2.1 Basics of X-ray photoelectron spectroscopy (XPS)

Photoelectron spectroscopy makes use of the photoelectric effect explained
by Einstein [25]. If a photon with sufficient energy hits an electron in an atom
the energy of the photon can be used to overcome the binding energy (Eg) of
the electron and emit it from the atom. The kinetic energy of the electron (Exin)
is then given by

Eo =hv—Eg (1)
where h is the Planck constant and v is the frequency of the incident photon.

The electrons are detected with an electron energy analyzer, where they are
filtered with an electric field. The work function ® of the electron analyzer has
to be considered as well for the kinetic energy of the electrons giving us the
following formula

Ei, =hv—-E; -® (2)

Depending on the incident energy of the photons, electrons from different
energy levels within an atom can be probed. Before the use of synchrotron
radiation for photoelectron spectroscopy, electrons from the valence levels of
the atoms were probed by ultraviolet light generated with gas discharge
lamps, mostly Helium lamps. Due to this use of ultraviolet light the term
ultraviolet photoelectron spectroscopy (UPS) is typically used for such
experiments. For core level electrons on the other hand much higher photon
energies are required to remove them from the atoms. As these energies
typically lie in the X-ray regime of the electromagnetic spectrum, the
photoelectron spectroscopy of core levels is commonly known as X-ray
photoelectron spectroscopy (XPS).

As different elements have different core level binding energies, XPS can be
used to identify different chemical species. Although the core levels of the
atoms do not participate in chemical bonds, they are nonetheless influenced
by their chemical surroundings, and this is visible in the spectra. Due to these
so called chemical shifts, the interpretation of XP spectra allows to obtain
information about e.g. oxidation states or adsorption sites. The amount of
emitted electrons from a specific core level, and thus the XPS signal intensity
is proportional to the number of adsorbate atoms, which makes XPS a
guantitative technique. Due to this it is also denoted as “electron spectroscopy
for chemical analysis” (ESCA).



A very detailed discussion of XPS can be found in the book by Hufner [26].

2.2 Vibrational splitting in XPS

In a XP spectrum besides the main peaks, satellites may appear due to a
variety of initial or final state effects. The most important of these effects
within this thesis is the vibrational excitation in the core hole state. The
excitation of the electrons from the ground state to the core hole state with its
different vibrational levels is assumed to be a vertical, also denoted as Franck
Condon transition, as shown in Figure 2.1.
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Figure 2.1: Schematic drawing to illustrate the Franck-Condon transition between a neutral
molecule AB and an ionized core hole state AB" within Born-Oppenheimer approximation.
Picture taken from [27].

If the transition of the electron leads to a vibrationally excited state, this leads
to a lower kinetic energy of the electrons in regard to a transition from ground
state to ground state, which is known as an adiabatic transition. For a C-H
stretching vibration this typically leads to peak with a distance of ~ 400 meV to
the main peak (see [28] and references therein). This energy difference is well
above the resolution of 200 meV which is typically achieved for the C 1s



spectra discussed in this thesis, and thus these satellites have to be included
in the analysis.

This analysis is usually performed within the linear coupling model by
Cederbaum and Domcke [29]. There it is assumed that both the ground state
and the electronically excited state (the core hole state) can be described by
the same harmonic potential, and differ only in the equilibrium position and the
energy. Then the distribution of the transitions to the different vibrationally
excited states, and subsequently the intensity distributions in the
photoemission spectrum, is given by a superposition of all totally symmetric
vibrations 1(0 — v) according to a Poisson function [30]:

v

1(0—>v)=¢e" S
vl

3)

v is the vibrational level in the ionic final state, and S is the so called S-factor.
The S-factor can be thought of as an average vibrational quantum number,
and it can be determined directly from the photoelectron spectra as the ratio
between the intensities of the ground state and the first vibrationally excited
state [30, 31]:

S 1(0>1)

1(0->0) @

Within the harmonic oscillator approximation the S-factor is calculated as
follows according to [30, 31]:

B m,uao(Al’)2
2h

S )
with o as the vibrational frequencies, Ar the change of the minimum in the
potential energy curve upon excitation, x as the reduced mass and m as the
number of equivalent C-H bonds. Thus the S-factor is directly proportional to
the number of C-H bonds, which is used within this thesis to identify adsorbed
species and reaction products.

An overview on vibrational structures in XP spectra with a detailed discussion
of the theory can be found in reference [32].



2.3 Surface sensitivity of XPS and damping of XP spectra

If a particle, like in our case an electron, travels through a medium it can
undergo collisions with other particles, which can be either elastic or inelastic.
In the case of an inelastic collision the electron looses some of its kinetic
energy (typically several eV). As in XPS the kinetic energy of the electrons is
probed this has the direct consequence that inelastically scattered electrons
do not contribute to the intensity of a peak for a defined electronic state, which
is comprised of electrons which travel from the source to the detector without
any collisions. The inelastically scattered electrons are still detected at lower
kinetic energies (i.e. apparently higher binding energies) and contribute to the
background of the spectra. The average distance between two inelastic
collisions defines the inelastic mean free path (IMFP) A. This inelastic mean
free path can also be interpreted as the average distance between the source
and the first inelastic collision, which removes an electron from contributing to
a peak. Thus the IMFP is of great relevance in respect to the surface
sensitivity of XPS. The attenuation of a photoelectron signal due to inelastic
collisions of the photoelectrons is given by the Beer-Lambert law:

1(d) =1,*e" (6)

where I(d) is the attenuated signal, d is the distance the electrons have to
travel in the attenuating layer, Ip is the not attenuated signal and A is the
IMFP.
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Figure 2.2: Attenuation of the photoelectron signal according to Beer-Lambert law

As can be seen from the equation and the plot in Figure 2.2 the remaining
intensity depends on the ratio of the distance d the electrons travel through an
attenuating layer and the inelastic mean free path A within this layer. When
the attenuating layer has the same thickness as the IMFP, the signal is
damped by 63%, giving a remaining intensity 1(d)of 37%; if the layer is three
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times the IMFP the signal is already reduced by 95%. The quantity 3A is
called information depth. Surface sensitivity is a very important concept in
surface science. By achieving a high surface sensitivity almost all of the
experimental observations concern processes happening on the surface,
suppressing observations from the bulk of the material. This is favorable to
observe, e.g., adsorption processes on the surface. In XPS one method to
increase this surface sensitivity is minimizing the inelastic mean free path of
the electrons, because a low IMFP leads to a low escape depth of the
electrons suppressing the electrons coming from the bulk of the sample.
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Figure 2.3: “Universal curve” for inelastic mean free paths in several materials, depending on
electron kinetic energy, taken from [33], after [34]

The IMFP mainly depends on the kinetic energy of the electrons, but also on
the material. Figure 2.3 shows the so called “universal curve” for the
dependence of the IMFP on the kinetic energy of the electrons. Seah and
Dench [34] found this curve by compiling approximately 350 IMFP and
applying a least squares fit. The curve has a minimum around 50-100 eV, so
the best surface sensitivity is reached by bringing the kinetic energy of the
electrons close to 100 eV. Laboratory X-ray sources are limited to the natural
energy levels of the cathode material. If e.g. a C 1s species with a typical
binding energy of 283.0 eV is studied, the two most common laboratory
sources for XPS, X-ray tubes with an aluminum or magnesium cathode
produce X-rays with an energy of 1486.6 or 1253.6 eV, leading to kinetic
energies of 1103.6 and 970.6 eV, respectively, which is far from the optimal
value of 100 eV. As discussed in Chapter 2.4, synchrotron sources are
tunable X-ray sources that allow to choose a matching photon energy for the
optimized study of a given core level. In Table 2.1 the different atomic core
levels that were investigated in this thesis are given together with the photon
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energies used to study them. Also for all core levels the kinetic energies of the
photoelectrons are shown. They are close to 100 eV and thus give us high
surface sensitivity.

Core Typical adsorbate Photon Kinetic Routinely
level binding energy [eV] energy (hv) energy achieved
[eV] [eV] resolution
[meV]

C1s 283.3 (CzH2 on 380 96.7 230
Ni(111))

O 1s 529.6 (O on Ni(111)) | 650 120.4 290

Ni 2ps> | 853.1 (core level of Ni | 950 96.9 350
crystal)

Cu 2pz2 | 933.0 (core level of | 1030 97.0 430
Cu crystal)

Table 2.1: Core levels and the photon energies for their study relevant to this thesis

It should be noted, however, that there is also a downside to this choice of
kinetic energy for the photoelectrons. Photoelectron diffraction (PhD) [35],
which is caused by the interference of the original electron wave field with
elastically scattered components (due to e.g. surrounding adsorbates) of the
same wave field, is of greater concern for electrons with low kinetic energies
than for those with higher energies. This effect makes the quantitative
analysis of the XP spectra more challenging, especially if an adsorbate is
studied under a different angle then the reference adsorbate. Thus in most
experiments presented in this thesis the observation angle was kept constant,
unless otherwise noted.

To calculate damping effects, the knowledge of the inelastic mean free path of
a material is important. For materials or Kkinetic energies where no
experimental values are available from literature, the IMFP in A can be
estimated with an equation developed by Tanuma, Powell and Penn [36]:




E

ﬁ:ES(ﬁln(yE)—C/mD/EZ) @
with the following parameters

ﬂ=—0.0216+ﬂ+7.39*10’4p (8)
7y =0.191p"° (9)
C =0.065/U%-0.130/U +1.11 (10)
D=1.91/U?-5.12/U +35.3 (11)
U=N,p/A (12)
E, =288 N}’f (13)

A is the inelastic mean free path, E is the kinetic energy of the electrons, Ep is
the free electron Plasmon energy in eV, Eg is the band gap energy for
nonconductors (in eV), p is the bulk density (in g/cm®), A is the atomic or
molecular weight and Ny is the number of valence electrons per atom or
molecule.

In some experiments, most importantly for the reaction of nickel oxide layers
with carbon dioxide and water discussed in Chapter 7, it is important to
correct the gquantitative coverages of some of the adsorbates, which are
reduced by damping effects of the layers above. This correction has to be
applied to help understanding the reaction mechanisms. More details about
the applied correction for each case will be given in the corresponding
chapters, but the general ideas and formulas behind the correction will be
outlined below.

If a surface has a smooth adsorbate layer adsorbed on it with a coverage of
1 ML (e.g. 1 ML Ni evaporated on to Cu(111), which forms a flat layer [37])
the signal intensity of the core levels of the initial (clean) surface is damped to
a certain extent. This remaining intensity we define as the damping factor a,
which is identical with I(d) for d=thickness of one adsorbate layer. The
damping factor is thus calculated with equation (6), which means that it
depends on the thickness of the adsorbate layer and the IMFP. In a simple
model, which will be called Model 1, we can then calculate the remaining
intensity of a layer in a multilayered system with equation (14), if we assume
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that all layers above the examined layer share the same damping properties,
i.e. have the same IMFP.

I(a,®)=1,*a° (14)

I(a,0) is the observed remaining intensity, lp is the undamped initial intensity,
a is the damping factor and © is the total amount of the damping layers in ML
coverage.

This Model 1, however, disregards the fact that for partially covered adsorbate
layers only a part of the electrons coming from the lower layers will have to
travel through the adsorbate layer and thus are damped.

hv

»
»
»
»

Water

Figure 2.4: Model for the damping of the photoelectrons. For details see text.

Figure 2.4 shows a simplified model for such a situation, with the assumption
of 3.4 ML water adsorbed on a substrate. This model will be called Model 2.
A layer-by-layer growth, also known as a Frank-van der Merwe [38] growth
mode, is assumed for this model. In the example above, an electron that is
excited at position #1, which is representative for 40% of the total electrons
since the fourth layer is complete up to 40%, needs to travel through 4 layers
of water before it escapes the surface region. On the other hand an electron
from position #2 only needs to travel through 3 layers of water. These 60% of
the electrons are thus less damped than the 40% that need to travel through
four layers of water. In this example the total remaining intensity lsypstrate Can
be written as:
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| =1,*(0.4*a* +0.6*a°) (15)

substrate

From this a more general formula can be devised:
I(a,n, f)=1,*(f*a"™ +(@1- f)*a") (16)

I(a,n,f) is the observed remaining intensity, lo is the undamped initial intensity,
a is the damping factor, n is the number of complete adsorbate layers and f is
the fraction of coverage of the incomplete outermost adsorbate layer.

20

1.0 —

Intensity [arb. u.]

a=0.4
—— Model 2
- Model 1

Adsorbate layers
Figure 2.5: Comparison of the two models for damping

Figure 2.5 shows a comparison of the expected damping for the two models
for four different damping factors. Model 1 exaggerates the signal damping
when compared with Model 2. However several things have to be noted. For
completely covered layers both models give the same intensity, which can be
understood by the fact that equation (16) gets reduced to equation (14) for f=0
or 1. On the other hand the highest difference is found for f=0.5. The
magnitude of this difference is also influenced by the value of the damping
factor. For a damping factor of 0.4, which corresponds to an IMFP which is
~ 1.1 times the thickness of a monolayer, a clear difference between the two
curves is visible, with a maximum difference of ~ 10%. For a damping factor of
0.83 on the other hand the two curves lie almost on top of each other and
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have a maximum difference of < 0.5%. If Model 2 is used to calculate either
I(a,f,n) or lp one has to keep in mind that if the number of layers increases
during an experiment, the formula has to be adjusted for the new number of n,
i.e. over the course of an experiment several different version of equation (16)
might be needed to calculate the desired quantities.

2.4 Synchrotron Radiation

A charged particle that is accelerated emits radiation according to
electrodynamics. If a charged particle is accelerated away from his linear
orbit, usually with a magnet, e.g. to move it around a corner in an accelerator,
such radiation is emitted. The radiation has been termed synchrotron radiation
as it was first witnessed at a synchrotron-type accelerator in 1947 [39]. Due to
the energy loss associated with this radiation emission it was first an
undesired side effect in accelerators dedicated to particle physics. However,
due to the interesting properties of this radiation, including a wide spectral
range and a high intensity, today dedicated facilities are constructed for the
generation of synchrotron radiation. In such facilities electrons are accelerated
close to the speed of light and then inserted into a so called storage ring,
where they stay for a period of several hours. It should be noted that the
relativistic kinetic energy of the electrons is in the low GeV range and thus
much lower then the TeV energy range currently used in accelerators
dedicated to particle physics research. In third generation synchrotron
radiation sources the electrons are first accelerated and then stored at a
constant energy. The storage rings are equipped with several so called
insertion devices for the actual generation of the synchrotron radiation. In
these insertion devices, the electrons are forced on an oscillating path by a
series of very strong permanent magnets with alternating poles, which leads
to a greater radiation intensity. Insertion devices known as undulators are
constructed in a way that they lead to a constructive interference of the
radiation sent out by the different electrons travelling through the undulator
providing an even higher intensity. This also leads to a narrow energy
distribution of the photons, whereas “normal” synchrotron radiation has a wide
spectral range. The energy of the photons can be varied by changing the gap
between the two opposite rows of alternating magnets, making it tunable over
a wide range dependent on the design parameters of the undulator and
storage ring. The photons are then guided to the experiment stations via so
called beam lines attached to the storage ring. These beam lines include
optical elements like monochromators, apertures and mirrors to
monochromatize and further improve the light quality. During the timeline of
this thesis the electron beam current in the storage ring at BESSY |l typically
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was refreshed to a value of 300 mA three times a day, after which it decayed
exponentially. This is important as the photon flux, and subsequently the
spectral intensity is directly dependent on the electron beam current.

Detailed further information on synchrotron radiation can be found in these
books: [40-42]

2.5 Low energy electron diffraction (LEED)

Equation (17) describes the wavelength of an electron depending on its
kinetic energy, according to the work of De Broglie [43]:

h 1.5eV
ﬁe[”m]ZEZW/ E (17)
e kin

Using this equation we see that electrons with low kinetic energies around
20-500 eV have a wavelength in the order of interatomic distances. Thus they
are diffracted by the surface atoms. This is used to study e.g. the surface
ordering of a crystal. As discussed in Chapter 2.3, the mentioned electron
energies lead to low values of the IMFP, making LEED a surface sensitive
technique.

Adsorbates often form superstructures on surfaces, with larger periodicity
than the substrate. As the LEED pattern is an image of the reciprocal space,
these superstructures lead to additional spots in between the substrate spots.
As these superstructures often have very defined coverages, LEED is an ideal
tool in the preparation of layers with defined coverages for calibration
purposes, for which the technique is also used within this thesis. To describe
the arrangement of the molecules within the superstructures on the surfaces
two notation methods are commonly used. The most common notation was
developed by Wood [44]. It is based on the ratios between the lattice vectors
of the superstructures and those of the substrate lattice as well as on the
rotation angle in between these two lattices, with the additional letters p and c
set before these informations to distinguish between primitive and centered
surface structures. As this notation is not applicable to all superstructures,
also a matrix notation [45] is sometimes used, giving the transformation matrix
between the substrate and the superstructure lattice.

For a longer introduction see [46] and for detailed information on LEED please
refer to these books: [47-50].
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2.6 Supersonic molecular beam
When a gas with a high pressure, p, is expanded through a nozzle into a
region with lower pressure, p,, like the background pressure of a vacuum

system, its behavior is determined by the ratio between the two pressures
according to equation (18) [51]:

LR AETVEITCS! (18)
Py 2

with M as the Mach number and y as the adiabatic index. For an ideal gas,
with a ratio of p/p,; > 2.1, the velocity of the gas molecules reaches values

higher than the local speed of sound. The expansion cone in this case is
shown in Figure 2.6.
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Figure 2.6: Super sonic expansion of a gas from a nozzle. Picture taken from [51].

This expansion is an adiabatic process, in contrast to the expansion from an
effusive Knudsen source. During the expansion a lot of collisions between the
gas molecules lead to a conversion of the thermal energy of the molecules to
kinetic energy, with a velocity vector in the direction of the expansion.
However, it could be shown that only the translational and rotational degrees
of freedom are easily converted to kinetic energy, vibrational degrees of
freedom remain almost unchanged [51]. Ideally, in the expanded gas all
molecular velocities would be the same; however, in praxis a small distribution
of velocities is found. This distribution is always narrower than the Maxwell-
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Boltzman distribution and can be made even narrower with higher Mach
numbers.

The kinetic energy of the molecules after expansion depends on the
temperature of the molecules before expansion, and thus it can be increased
by heating the nozzle. Further increases can be achieved by mixing the gas
with a lighter gas like Helium, which is called seeding [51]. As the velocity of
all molecules is similar after expansion, the intermixing leads to a higher
kinetic energy of the molecules of the heavier gas [51].

When building a supersonic molecular beam source, the supersonic “zone of
silence”, shown in Figure 2.6, is cut out of the gas beam by a small orifice with
sharp edges, which is called skimmer. Such a setup was first realized by
Becker and Bier [52]. The beam than usually passes through two additional
pumping stages, before entering the vacuum chamber. The supersonic beam
used within this thesis is described in detail in [53] and in [54] information can
be found on kinetic energies achieved for seeded and heated CH4 and C,Hg
beams.

For a detailed coverage of atomic and molecular beams see [51].
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3 Experimental Details and Data analysis

3.1 Experimental Setup

All experiments discussed within this thesis, with the exception of the STM
pictures shown in Chapter 4, where done using a transportable UHV
apparatus described in detail in [53] and [55]. The experiments were
conducted at the third generation synchrotron source BESSY Il in Berlin, at
the beamline U49/2-PGM 1 [56].

The UHV apparatus, which is shown in Figure 3.1, consists of three separate
chambers. The preparation chamber is used for sample preparation and is
equipped with a sputtering gun, a LEED optics and an electron beam
evaporator and a quartz crystal microbalance for preparing the nickel layers.
The analysis chamber is equipped with a quadrupole mass spectrometer for
gas analysis and leak testing, and the electron analyzer (Omicron EA 125 U7
HR). The monochromator shown in Figure 3.1 was not used within this thesis,
but instead at this location the apparatus was connected to the beamline. In
the connection between chamber and beamline a beamflag was included that
was moved by compressed air. This beamflag was used to block the photon
flux on the sample in between spectra, in order to minimize beam damage. An
overview of the resolutions typically achieved within this thesis in the different
core levels is given in Table 2.1. The base pressure in the analysis chamber
was below 2*10° mbar. In the preparation chamber the base pressure
typically was between 5*10™° and 1*10° mbar. As almost all preparations
discussed in this thesis, except the evaporation of nickel on Cu(111), but
including the oxidation of said nickel layers, were performed in the analysis
chamber, this relatively high pressure in the preparation chamber was of no
concern.

The molecular beam chamber is attached to the analysis chamber. It consists
of three differential pumping chambers, with the pressure in the third chamber
being equal or lower than the pressure in the analysis chamber. The
molecular beam was blocked by a fast moving flag to allow for defined gas
exposures. The nozzle used for gas expansion had a nominal diameter of 100
um and was made of molybdenum. For providing a constant gas flux to the
nozzle the machine is equipped with two flow controllers, one with a maximum
flux of 500 sccm and the other of 50 sccm. As the analysis chamber is
spherical, the sample may be positioned in the middle so that both the
molecular beam and the photons can hit the sample at the same time, and the
electrons can travel directly to the electron analyzer. Additional to the
molecular beam, a gas dosing system was available (not shown in
Figure 3.1). This gas dosing system could be used both with gases in
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minicans or confined volumes and liquids in glas-metal tubes. The gases were
introduced to both chambers by multicappilary array dosers.

Analysis
Chamber

Preparation
Chamber

" Bchromator/
Port for beamline

Figure 3.1: Picture of the UHV apparatus without cables and prevacuum pumps. Picture
taken from [53].

The manipulator and sample holder allow for a rotation of the sample in two
angles. Thereon the sample can be positioned in any orientation within the
analysis chamber; however, only two distinct positions were used within this
thesis, one normal to the molecular beam and one normal to the electron
emission. The angle between these two positions is 45°. The sample can be
cooled with liquid nitrogen down to ~ 100 K, and heated resistively up to
1400 K. As resistive heating has an effect on the spectra, a filament in bispiral
form is mounted behind the sample for heating during measurement. With this
filament temperatures up to ~ 500 K can be reached, however, the final
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temperature is sometimes limited due to a massive increase in background
pressure as the filament also heats the sample holder.

The two crystals, Ni(111) and Cu(111), were mounted slightly differently. The
Ni(111) crystal was spotwelded to two tantalum wires with diameters of
0.5 mm on opposite sides of the sample. These wires then were spotwelded
to tungsten rods with diameters of 2 mm, which were inserted into the sample
holder. In between the tantalum wires and the tungsten rods a platinum foil
with 0.1 mm thickness was inserted, in order to make the spotwelding easier.
On both the free sides of the crystal a type K thermocouple pair was
spotwelded. These wires had a thickness of 0.125 mm each.

— i —— —
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R
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Figure 3.2: Photograph of the mounted Cu(111) crystal outside of the sample holder

As the Cu(111) crystal could not be spotwelded, a different approach was
used there, shown in Figure 3.2. The crystal had circular shape with a
diameter of 10 mm and a thickness of 1 mm. On opposite sides of the crystal,
the left and right side in Figure 3.2, small holes are drilled through the crystal,
with a diameter of ~0.3 mm. Through both these holes tantalum wires with a
diameter of 0.3 mm are lead, and then coiled several times around tungsten
rods with a diameter of 2 mm and spotwelded to them. These wires keep the
crystal in place and allow for both electrical and thermal contact. The tungsten
rods were then inserted into the sample holder. The other two sides, the
upper and lower side in Figure 3.2, contained small holes. The two
thermocouple wires of a type K pair, with wire diameters of 0.125 mm, were
spotwelded together and the excess wire segments beyond the spotwelding
spot carefully removed. The pair was then inserted into one of the holes, and
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jammed into place with small segments of copper wire of suitable diameter.
The same procedure was repeated for another thermocouple pair.

3.2 Crystal surfaces

Nickel has the atomic number 28 and is located in the periodic table in the
fourth period as the head of the 10" group and thus is a transition metal. It
crystallizes in a fcc crystal structure with a lattice parameter of 3.524 A [57].
Thus the (111) face of the crystal is hexagonal with a next neighbor distance
of 2.49 A.

Copper has the atomic number of 29, and is located next to nickel in the
periodic table and also a transition metal. It crystallizes in a fcc structure with
a lattice parameter of 3.615 A [58]. The close match of this value with the
value found for nickel helps in the growth of flat nickel layers on Cu(111) [37].
The (111) face of the crystal is hexagonal with a next neighbor distance of
2.56 A.

Prior to experiments, the crystals were cleaned using standard procedures
[59]. Argon sputtering cycles typically lasted for 15 minutes on Ni(111) and
20 minutes on Cu(111), and were performed with an accelerating voltage of
1000 V at an argon pressure of 5*10° mbar. After sputtering, the Ni(111)
crystal was annealed to 1000 K and the Cu(111) crystal to 850 K.
Subsequently the C 1s and O 1s regions were checked for remaining
adsorbates. We also checked each time for common crystal impurities, i.e.
sulfur on both crystals. Other impurities were not detected during overview
scans over a wide spectral range at the beginning of each beamtime and in
infrequent intervals in between the experiments.

The NiO layers on Ni(111) were removed from the surface by annealing to
1250 K for some minutes. On Cu(111), however, the NiO layers always had to
be removed by sputtering as annealing led to a segregation of the oxide
oxygen into the bulk, a process that was reversed upon cooling the crystal
down again. This process is discussed in Chapter 4.

3.3 Overview of used chemicals

Table 3.1 lists all chemicals used in this thesis together with their respective
purities. Helium was used as a seeding gas in methane and ethane beams in
order to achieve higher kinetic energies. The helium gas line was led through
a cooling trap filled with liquid nitrogen in order to remove water from the gas
stream. The gas line of methane, ethane and ethene was led through
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a cooling trap filled with ethanol and cooled down with liquid nitrogen in order
to remove water from the gas. The same measure was sometimes taken for
oxygen when preparing the oxide layers, as detailed in the respective
chapters. Water was filled into a glas-metal tube and mounted on the dosing
system. In order to remove gases, several cycles of freezing the water and
pumping off the gas phase were performed, until no bubbles showed upon
melting of the ice.

Substance Chemical Formula Purity
Methane CH, 3.5
Ethane CzoHe 3.5
Ethene CaoHa 3.5
Acetylene CzH> 2.6
Propane CsHg 3.5
Propylene CsHe 3.5
Carbon monoxide CcO 3.7
Carbon dioxide CO, 4.5
Oxygen O 4.8
Helium He 6.0

Table 3.1: List of used gasses and their respective purities

3.4 Data analysis

All data analysis was performed with the program Igor Pro 5.05A on the basis
of a script programmed by Martin Kinne [53].

As both the sample and the electron analyzer are grounded they have a
common Fermi level, which is commonly used as a reference for the binding
energies. The position of the Fermi level (Eg) is determined by measuring a
spectrum in the respective binding energy region and fitting this spectrum with
a Gaussian error function, i.e. the integral of the Gaussian normal distribution
[60]. Such a fit is shown in Figure 3.3 The position of the Fermi level is then
determined by the position of the inflection point of the Gaussian error
function.
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Figure 3.3: Sample fit of a Fermi edge with a Gaussian error function. The excitation energy
used was 950 eV.

Please note that unlike for laboratory experiments, where the Fermi edge is
usually determined once and then used for all spectra, for synchrotron XPS
experiments like the ones discussed in this thesis, the Fermi edge has to be
determined every time a different core level is studied. This is because for
different core levels different excitation energies are used in order to achieve
the highest surface sensitivity in all cases, and the Fermi level was found to
change slightly upon a change in excitation energy.

In a first step in data analysis the binding energy scale was shifted by —Ef, so
that the Fermi edge itself shifted to a value of 0.00 eV. Next the binding
energy range of the spectra was cut down to a certain binding energy range,
e.g. 526 to 538 eV for most O 1s spectra discussed within this thesis. In the
next step all spectra were normalized to a common background value. This
was done, as the intensity of all spectra is dependent on the photon flux,
which in turn is directly dependent on, among other factors, the electron beam
current within the storage ring. During the timeline of this thesis, this electron
beam current at BESSY Il typically was refreshed to a value of 300 mA three
times a day, after which it decayed exponentially. Thus the spectral intensity
is constantly decreasing over time.

As most XP spectra sit on top of a linearly increasing background, this linear
background was subtracted in the next step in order to make the spectrum
parallel to the binding energy axis. Where possible this linear background was
determined from an adsorbate free spectrum or, in the case of the oxide
surfaces, the spectrum of the oxide surface before it was exposed to other
adsorbates. A special case occurred for the C 1s spectra of the NiO surfaces.
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Figure 3.4: lllustration of the background subtraction for C 1s spectra on NiO surfaces.

As shown in Figure 3.4 the background of the C 1s region of NiO surfaces has
a kink around 289.6 eV. The peak above this kink is due to 0.01 ML carbonate
(see Chapter 7.3). The cause of this kink is unclear. To determine a
background the regions left and right of the kink were treated separately, with
a linear background determined for each region. Then a combined
background was constructed out of these two linear backgrounds, as shown
in Figure 3.4, which was subsequently subtracted from the spectra. Please
note that the approach was only used for the C 1s spectra discussed in
Chapter 7, as the adsorbates discussed in Chapter 6 had their main spectral
features at lower binding energies so that this kink was of no concern and
thus a single linear background could be used. Due to secondary processes
the background is higher on the high binding energy side of a peak than on
the low binding energy side. This effect was taken into account by subtracting
a Shirley background [61] of all O 1s, Ni 2p and Cu 2p spectra as well as the
C 1s spectra discussed in Chapter 7. For the C 1s spectra discussed in
chapters 5 and 6 better fits could be obtained when no Shirley background
was subtracted.

After the subtraction of the background, the spectra were fitted with
asymmetric Doniach-Sunjich [62] functions convoluted with a Gaussian to
obtain quantitative information. Parameters within these fits were the peak
position and height, the asymmetry and the Gaussian and Lorentzian widths.
For adsorbates on metal surfaces the Gaussian width was usually determined
from the width of the Fermi edge, while it remained free for the studies on
NiO. For peaks belonging to the same adsorbate, i.e. the adiabatic and
vibrational peaks in the spectra of the hydrocarbons on the metal surfaces the
same values were used for the asymmetry and the Gaussian and Lorentzian
widths.
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The absolute coverages were determined by integrating the total area of the
spectra. As argued above, the spectral intensity, and thus this area, is
dependent on the photon flux. This was taken into account by dividing the
integrated areas by the background intensity, which is also dependent on the
photon flux. This value was than compared with the corresponding value of a
reference structure with known coverage. The used reference substances
were ethylene on Ni(111) discussed in Chapter 5.1.1. and CO layers on
Ni(111) and Ni and Cu(111) discussed in Chapter 7.4.1.
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4 Growth of nickel oxide

Nickel(Il)oxide (NiO) is a green crystalline solid. It crystallizes in the rocksalt
(NaCl) structure with a lattice parameter of 4.177 A [63]. As Ni has a lattice
parameter of 3.524 A [57] with a facecentered cubic (fcc) lattice, the oxidation
of a nickel crystal leads to a volume increase of ~70%. In nature, NiO appears
in the form of the rare mineral bunsenit that was first described by Bergemann
in 1858 [64] and named after Robert Bunsen. Since in the rocksalt structure
the unit cell contains two layers in the (100) direction, which are both
composed of each 0.5 ML Ni and 0.5 ML O, the distance between two layers
is 2.089 A, which is half of the lattice parameter. In the (111) direction, where
the layers are alternatively composed of pure Ni and pure O layers the
distance is 2.41 A.

4.1 Oxygen interaction with Ni(111)

The interaction of oxygen with and the oxidation of Ni(111) has been
attracting interest by a large number of authors. At low exposures, before the
onset of oxidation, oxygen dissociatively adsorbs in a hollow-fcc site as shown
by NEXAFS [65], LEED-IV [66] and DFT calculations [67]. Two ordered
structures have been found for chemisorbed oxygen on Ni(111): At first a
p(2x2) structure with a nominal coverage of 0.25 ML is formed after
adsorption of 1 L oxygen at room temperature [3, 65, 68, 69], and secondly a

(\/§x\/§)R30° structure, which has been reported to mainly exist in the range

between 3-20 L [3, 65, 70, 71]. These two structures are interpreted as the
first step of a three stage oxidation model, that was suggested for metals in
general by Fehlner and Mott [72], and was first shown to be valid for Ni by
Holloway and Hudson [68, 73], with later confirmations by various other
groups [70, 74-78]. In this model the oxidation of metal surfaces happens in
three stages: First fast chemisorption due to a sticking coefficient close to
unity (leading to the aforementioned superstructures), then fast oxidation of
the first layer and in the last stage slower oxidation which leads to a
thickening of the oxide. Most groups agree that the NiO layer has a thickness
of 3-4 ML at saturation [71, 77, 79, 80] although some groups also report the
growth of thicker films in the third phase [75, 81].
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Figure 4.1: NiO (111) (a) (2x2) octopolar reconstruction (b) hydroxide terminated (1x1)
surface. Nickel atoms in the second layer are shown in white, oxygen atoms in the first and
third layer are shown in bright and shaded red, respectively. The hydrogen atoms of the OH
groups are shown in light blue. Pictures taken from [82].

At room temperature NiO grows on Ni(111) with (111) orientation [68, 69, 76,
79, 83]. A recent STM study by Knudsen et al [76] shows that the NiO forms
irregular islands on the surface. A fragmentation of the NiO(111) films into
small grains of 2-4 nm size has also been reported by Kitakatsu et al [79]. The
(unreconstructed) NiO(111) surface is a polar surface and thus it is
thermodynamically unstable [82]. For such polar surfaces with rocksalt crystal
structure Wolf [84] proposed a stabilizing p(2x2) octopolar reconstruction of
the surface, in which % of the atoms in the first layer and ¥ of the atoms in
the second layer are missing. This structure is displayed in Figure 4.1 (a).
Experimentally a (2x2) reconstruction for NiO(111)/Ni(111) was observed by
Rohr et al. [85] with LEED after removing a hydroxyl layer on the NiO with
thermal treatment, however this could not be directly identified as the
suggested octopolar reconstruction. Ventrice et al. [86] observed the
octopolar reconstruction with STM for NiO(111) films between 3 and 6 ML
thickness grown on Au(111), and Barbier et al. [87] found it with GIXDS on a
NiO(111) surface of a NiO crystal. On NiO(111)/Ni(111) the octopolar
reconstruction was also suggested by Okazawa et al. [69]. In a recent DFT
study Ebensperger and Meyer [82] showed that at elevated temperatures in a
hydrogen free surrounding the oxygen terminated octopolar reconstruction is
the most stable phase for NiO(111), although the nickel terminated octopolar
reconstruction is very close in energy and can thus also be present. Another
way for the polar surface to stabilize is the adsorption of water or hydrogen to
form hydroxide, as displayed in Figure 4.1 (b). Several groups studying NiO
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on Ni(111) in fact found that OH stabilizes the NiO(111) surface [79, 88, 89].
NiO(111) is generally very reactive to water, as reported by several groups
using different techniques including HREELS [85, 88-90], LEED [79, 85, 88,
89], AES [79, 88], STM [76, 79] and XPS [76, 79, 80, 88, 89, 91]. Due to this it
is challenging to prepare OH free NiO layers.

Concerning the thermal stability of NiO(111)/Ni(111) one study reports
destabilization of the layers starting at 420 K [92], however, several other
groups place the threshold for destabilization in the range between 550-600 K
[75, 83, 93], where oxygen starts to diffuse into the nickel bulk [94].

If oxygen is dosed on the clean surface at higher temperatures around 500 K
the preferred direction of the initial NiO layer changes to (100) [79, 81, 83].
However, detailed STM Studies by Kitakatsu et al. [79, 93] revealed the
presence of triangular islands with (111) orientation within the NiO(100) films,
covering ~ 7% of the surface after an oxygen dosage of 25 L. Hildebrandt et
al. [81] showed that these islands nucleate at around 15 L and grow in size
with increasing oxygen exposures, covering ~ 9-10% (this value was
extracted by analyzing Figure 6. in [81] and not explicitly given in the paper)
of the surface after an exposure of 150 L, so for even higher oxygen dosages
an even larger percentage up to 100 % of NiO(111) can be expected. Please
note that all spectra within chapter 4.1 were recorded at an emission angle
of 45°.

4.1.1 The p(2x2) oxygen layer on Ni(111)

In this thesis the p(2x2) oxygen layer on Ni(111) was studied both as a
precursor to oxidation and also in the context of the coadsorption studies of
oxygen and C;Hy species presented in Chapter 5. The oxygen layer exhibiting
a p(2x2) LEED structure was prepared by adsorbing 1.5 L oxygen at 600 K.
The LEED pattern is shown in Figure 4.2 (b) and the respective O 1s
spectrum is shown in Figure 4.2 (a).

The O 1s spectrum shows a single peak located at 529.6 eV. A detailed
discussion of the binding energy position in respect to values reported in
literature will be provided in the following chapters. It is noteworthy that the
oxygen peak is highly asymmetric.
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Figure 4.2: (a) O 1s spectrum of 1.5 L oxygen on Ni(111) (b) LEED picture of oxygen layer
from (a) acquired at 79 eV, showing the p(2x2)pattern. Spots also visible for the (1x1)
structure of the substrate are marked with circles.

4.1.2 Oxidation of Ni(111) at room temperature

To oxidize the Ni(111) surface, oxygen was dosed with the supersonic
molecular beam on the surface at a temperature of 300 K. A gas flow of
5 sccm was used which gives a surface pressure of ~1.1*10° mbar. The
oxidation of the surface near region was considered to be finished when the
oxygen peak did not grow any more and no further change occurred in the
Ni 2p region. The O 1s spectra of this experiment are displayed in
Figure 4.3 (a). The orange spectrum resembles the O 1s spectrum of the
0O(2x2) layer, although the quantitative analysis depicted in Figure 4.3 (c)
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reveals that it belongs to a higher coverage of 0.75 ML, which is consistent
with the corresponding exposure of ~ 5 L. Just as for the O(2x2) layer the
peak is located at 529.6 eV.

a —— Clean surface
Chemisorbed oxygen
—— Uptake
— — Final spectrum
2
=
it
2
‘@
e
7]
=
® Spectrum
—— Oxide main peak
— —— Oxide shoulder
5 — OH
e- — total fit
55,
Fnd
‘@B
=
7]
1=
=T 1 1
536 535 634 533 532 56531 530 529 528 527 526
Binding Energy [eV]
3.0
C
2.5=
2 20-
(0] = Oxide main peak
& 1.5+ = Qxide shoulder
) = OH
g Chemisorbed oxygen
O 1.0 = = Total oxygen (without OH)
- 347“
00 5y | T T T T ] (] (] 1 ] [ ] 1 [ s m—
0 200 400 600 800
Exposure [L]

Figure 4.3: (a) Selected O 1s spectra acquired during dosing of 5 sccm oxygen on Ni(111) at
300 K (b) detailed fit of the final spectrum (c) Quantitative analysis of uptake experiment

For higher exposures the peak shape changes drastically. A detailed fit of the
final spectrum of this oxygen adsorption experiment is shown in Figure 4.3
(b). The asymmetric peak of the chemisorbed oxygen has been replaced by a
highly symmetric peak at the same binding energy of 529.6 eV. Domnick et al.
[95] attributed the asymmetry of the chemisorbed oxygen peak to the strong
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interaction between the chemisorbed oxygen atoms and the metallic nickel.
Metals have a highly asymmetric peak due to excitations to the density of
states at the Fermi level [96]. For nonmetallic adsorbates, in our case NiO, on
the other hand the peak asymmetry is usually much smaller [97]. Due to this
Domnick et al. [95] showed that the peak asymmetry of the oxygen peak
disappears during the oxidation of thin nickel layers on Cu(111), and the final
oxide peak is completely symmetric, just as the peak found here. Two
additional peaks are found at 528.6 eV and 531.0 eV. At room temperature
the oxide grows in (111) direction [68, 69, 76, 79, 83]. NiO (111) is unstable
[84] and is stabilizing itself through the adsorption of water [79, 88, 89],
leading to hydroxide. Thus we assign the peak at 531.0 eV to hydroxide. If
we take the quantitative analysis shown in Figure 4.3 (c) into consideration,
we see that the coverage of the peak at 528.6 eV (green line) increases
roughly together with the main oxide peak, while the peak at 531.0 eV
increases linearly over the whole timescale of the experiment and continues
to increase even when the main oxide peak and the peak at 528.6 eV are
saturated. As the two oxide peaks, which are generated from the directly
dosed oxygen saturate, the different behavior of the species at 531.0 eV is
consistent with a species that is generated from either the residual gas in the
chamber or a minor contamination in the oxygen beam, pointing to OH.

XPS binding energies in the O1s region for the oxide and the hydroxide peaks
found in literature are given in Table 4.1. Even though the peak positions
differ by more than 1 eV between the publications, the relative binding energy
position is consistent with 1.7 eV+0.1 eV, with only two exceptions in the
works of Kitakatsu [79] and Lorenz [91]. Both found only small hydroxide
shoulders making the determination of the peak position difficult.

The binding energy of 529.6 eV we find for the oxide peak is in good
agreement with most values reported in literature. Both the absolute binding
energy of the peak at 531.0 eV and the relative distance of 1.4 eV to the oxide
peak, however, differ from the reported values. This difference to literature will
be discussed in more detail in the study of water interaction with the NiO
layers in Chapter 7.2, where it is shown that both the absolute and the relative
binding energy of hydroxide depend both on the hydroxide coverage and the
surface temperature. It should be noted that the coverage of the hydroxide
peak was not the same for different oxidation experiments, but seems to
depend on the partial pressure of the residual water in the chamber. It
continued to grow in intensity over time even after the oxidation was finished
and the oxygen beam was turned off. A similar behavior is found for a second
important contamination, namely the formation of NiCOs. This species is
discussed in detail in Chapter 7.3 and can be indentified by a peak at
289.0 eV in the C 1s region, while in the O 1s region the binding energy of this
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species is similar to the binding energy of OH. Due to this, a disambiguation
of the two species is not possible from the O 1s region alone.

System Oxide Peak Hydroxide Difference Source
Peak between
Oxide and
Hydroxide
NiO(111)/Ni(111) |529.6£0.1eV |531.4+0.1eV |1.8eV [79]
NiO(100)/Ni(111) |530.1+0.1 eV |532.1+0.1eV | 2.0eV [79]
NiO(111)/Ni(111) | 529.0 eV 530.7 eV 1.7 eV [76]
grown at 100 K
NiO(111)/Ni(111) | 529.7 eV 531.3 eV 1.6 eV [80]
NiO(111)/Ni(111) | 530.2 eV 532.4 eV 2.2eV [91]
NiO(111)/Ni(111) | Not given, 531.4 eV 1.6 eV [89]
~529.8 eV
NiO(111)/Ni(100) | 529.4 eV 531.2 eV 1.8 eV [88]
NiO(100) crystal | 529.7 eV 531.4 eV 1.7 eV [98]
Heated B-Ni(OH), | 529.7 eV 531.4 eV 1.7eV [99]

Table 4.1: List of oxide and hydroxide binding energies reported in literature

The growth of the peak at 528.6 eV in Figure 4.3 (c) (green curve) starts 50 L
after the growth curve for the main oxide peak; thereafter the shape of the
coverage curves is very similar and both saturate above 200 L. Therefore we
assign the peak at 528.6 eV to a second oxide species. Such a second oxide
species, however, has not been reported in previous XPS studies of NiO.
When considering this we have to bring two things to attention. First, due to
the relatively low intensity of the 528.6 eV peak in respect to the very large
intensity of the main peak it is not easy to spot the presence of this peak,
which is even complicated by the fact that the presence of the peak is more
clearly visible during the uptake (red lines in Figure 4.3 (a)) than in the final
spectrum, which corresponds to a saturation of the oxide (black line in Figure
4.3 (b)). The clearer visibility during the uptake is due the subsequent growth
of the two species: when the species at 528.6 eV starts to develop after 50 L,
there is a visible change in the spectral shape. Due to its slightly earlier
saturation in respect to the main oxide peak it later disappears again in the
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low binding energy side of the main oxide peak. This lower visibility at
saturation coverage, together with the fact that all previous XPS studies of the
room temperature oxidation of Ni(111) [75, 79, 80] have been conducted with
laboratory X-ray sources, which typically have a much lower resolution than
the resolution of ~ 300 meV we achieve with synchrotron radiation, lead to the
fitting procedure in the mentioned references ignoring this contribution, just
using a broader peak at the main position at 529.6 eV. It should be noted that
due to the symmetry of the peak this practice automatically will also
underestimate the hydroxide content of the spectrum.
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Figure 4.4 Comparison of literature data with our data (a) Data taken from Kitakatsu et al.
[79], displaying oxide layer grown at 300 K (b) Spectrum of oxide layer grown at 300 K.
Please note that for this comparison the binding energy axis is reversed

Figure 4.4 shows a comparison of data acquired by Kitakatsu et al. [79] to the
data presented in Figure 4.3 (b). Please note that for this comparison the
binding energy axis is reversed. On the low binding energy side, where the
528.6 eV peak is located the two spectra are very similar, while the small
differences on the high binding energy side can be explained with the lower
resolution of the laboratory source used by Kitakatsu et al. [79], and the
different hydroxide coverage. Similar comparisons can be made for the data
in the other two XPS studies [75, 80] of Ni(111) oxidation at room
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temperature, leading to similar conclusions. We can therefore conclude that
the peak at 528.6 eV is not a new feature unique to our experimental
conditions but in fact simply was not resolved in the previous studies. What
still remains to be discussed is the nature of the species. In Figure 4.3 (c), it
can be seen that the coverage of the peak at 528.6 eV evolves in a similar
fashion as the main oxide peak, and also saturates after approximately the
same exposure. This points to the assignment of the 528.6 eV peak as a
second oxide species

This assignment is further strengthened by DFT calculations from
Ebensperger and Meyer [100], who indeed found a second oxide state on
NiO(111) shifted to lower energies in respect to the main oxide state. A closer
look at the evolution of the different species in the quantitative analysis
depicted in Figure 4.3 (c) shows that the 528.6 eV oxide species only appears
at an exposure of 50 L, when already a significant amount of the main oxide
species is present on the surface. Therefore, the 528.6 eV species could
belong to a surface oxide species. After an exposure of 230 L a stable
coverage of 0.6 ML is reached for this species, which remains constant until
above 500 L both oxides start getting damped significantly by the hydroxide.
The evolution of the main oxide species starts already at exposures around
10 L, with a steady increase until a stable coverage is reached above 250 L
exposure. While the oxidic contribution in the spectrum increases, the
chemisorbed part continually decreases until it is completely gone around
250 L. The highest coverage for the chemisorbed component is 0.75 ML. This
is close to a coverage of 0.8 ML oxygen which was suggested by Evans et al.
[101] as the onset of subsurface diffusion of oxygen, which marks the start of
oxidation of the surface. The shape of the total oxygen coverage (purple curve
in Figure 4.3 (c)) is very similar to the coverage curves obtained by other
groups [68, 70, 75, 77, 80].

An oxide layer with lower hydroxide content was heated to selected
temperatures after growth at 300 K. The resulting O 1s spectra are shown in
Figure 4.5 (a), with the quantitative results of the fitting procedure depicted in
Figure 4.5 (b). The main oxide peak shifts from 529.6 eV to 529.9 eV and
gains in intensity, while the oxide shoulder peak remains at a distance of
-1 eV in respect to the main peak, leading to a shift from 528.6 eV to 528.9 eV
at 600 K. In the quantitative analysis it is seen that the oxide shoulder loses
intensity, suggesting its conversion to the main oxide species, which is also
backed by the almost constant total coverage. A similar trend is found for the
growth of NiO at higher temperatures, where the oxide shoulder species is
found only to a smaller extent (see Chapter 4.1.3). The hydroxide peak is
shifted from 531.0 eV to 531.6 eV and looses intensity. These two
observations will be discussed in detail in Chapter 7.2.

33



Intensity [arb.U.]

| L DL LI BN |
536 535 534 533 532 531 530 529 528 527 526
Binding Energy [eV]

4
b
— 3- @ Oxide mainpeak
=3 ® Oxide shoulder a @ L
[0} m OH ® b
® 29 - Totalcoverage °* °
2
O /e
@ 2 " m " - f
0 i T T ] 1
100 200 300 400 500 600

Temperature [K]

Figure 4.5: (a) Thermal evolution of NiO layer after growth at 300 K. (b) Quantitative analysis

Figure 4.6 (a) shows the Ni 2p spectra acquired during the oxidation of
Ni(111) at room temperature. The spectrum of the clean surface (blue line in
Figure 4.6 (a)) is dominated by a main peak at 852.9 eV, that is attributed to
metallic nickel [79, 80]. At 858.7 eV, a satellite peak is found, the origin of
which is the nature of an ongoing discussion in literature. Although it was
initially attributed to a plasmon loss [102], an interpretation that is frequently
revisited [103], other data points to it originating from a screened 2p°3d° final
state configuration [104] (the main line corresponds to a 2p°3d’® state). The
spectrum of the oxidized surface (black line in Figure 4.6 (a)) shows three
peaks located at 854.1, 855.7 and 861.0 eV. The peaks at 854.1 and 861.0
eV correspond to the main line, which has predominantly 3d'°L? character
[105], and a satellite, respectively. The satellite is due to the finite overlap of
the frozen ground state with the core electron removed with the unscreened
final state which has mainly 3d° character [105].
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Figure 4.6 (on previous page): (a) Selected Ni 2p spectra acquired during dosing of 5 sccm
oxygen on Ni(111) at 300 K (b) Relative intensities of metallic and oxidic nickel (c) Density
plot for TPXPS of NiO layer grown at 300 K (d) Quantitative analysis of data from Figure 4.3
(a), corrected for damping by OH, together with fit assuming a damped linear growth of the
oxide

The peak at 855.7 eV is attributed to undercoordinated nickel atoms from the
surface [106] and contributions due to nonlocal screening effects, as shown
by Sawatzki and coworkers [105, 107]. Possibly even more effects contribute
to this peak, like a different Madelung constant at the surface [108] that would
affect the charge transfer energy and also reduce the binding energy of the
surface contribution. The spectral shape is identical with XP spectra both of
poly- [98] and monocrystalline NiO [109], indicating complete oxidation within
the escape depth of the photoelectrons.

To study the oxidation process the metallic spectrum was fitted with two
peaks and the oxidized spectrum with three peaks. The resulting quantitative
transition from the metallic to the oxidized state is shown in Figure 4.6 (b).
Please note that the intensities for both metallic and the three oxidic
contributions were added up to give the total metallic and oxidic contributions,
respectively. As all of the Ni-atoms within our sampling depth get oxidized
during the experiment a description in ML is not suitable as only an apparent
coverage could be given, which is discussed together with the thickness of the
films in Chapter 4.1.4. It should be noted, however, that the total intensity
remains almost unchanged during the course of the experiment. The
progression of the curve for oxidic Ni (black line in Figure 4.6 (b)) follows
nicely the progression of the two oxide curves in Figure 4.3 (c). This clearly
shows that the oxidation can be followed both in the O 1s and Ni 2p regions,
yielding the same results. The oxidation is mostly finished after dosing 300 L
of oxygen on the surface, with the last traces of metallic Ni gone after 425 L of
oxygen. The slower oxidation after 200 L of oxygen would be consistent with
the 3 stage oxidation model found by Holloway and Hudson [68] and mark the
onset of the third stage, the slower thickening of the oxide. However, the
curve shape is also consistent with the increased damping as the oxide
thickens. Figure 4.6 (d) shows again the quantitative analysis of the data from
Figure 4.3 (a), but in contrast to Figure 4.3 (c) it is now corrected for the
damping by the hydroxide with the method detailed in Chapter 7.2. Included is
also a curve (light blue) for a model, in which a linear growth for the oxide is
assumed, independent of thickness, but that includes corrections for the
selfdamping of the oxide layers. This selfdamping leads to smaller and
smaller contributions to the coverage for the deeper layers of the oxide. The
light blue line for this model fits the purple line for the total oxide coverage
very well. If the oxide growth would indeed slow down like proposed in the
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three stage model, the purple line would deviate from the blue line for higher
exposures and feature an even lower slope. As this is not the case we can
conclude that the curve shape is due to damping and the growth rate of the
oxide is more or less constant. This also questions the thickness of 3 ML NiO
reported in literature [71, 77, 79, 80] as saturation, because if the curve
shape is due to damping effects the oxidation can be assumed to progress
without saturating. The complete disappearance of the metallic nickel is not a
sign of the complete oxidation of the whole crystal but rather the surface
region of the crystal probed by the photoelectrons.

Figure 4.6 (c) shows Ni 2p spectra of a NiO layer grown at 300 K during
stepwise heating to elevated temperatures in the form of a color coded
density plot. The spectra were acquired after each heating step. Between 300
and 600 K the binding energy of all oxide peaks is shifted by 0.3 eV towards
higher binding energies, which is the same shift we observed in the O 1s
spectra during heating. Above 600 K at 852.9 eV the peak of metallic nickel
starts to appear again, which indicates initial stages of decomposition of the
NiO film. This is in good accordance with values of 550-600 K reported in
literature [75, 83, 93] for the beginning of the decomposition.

4.1.3 Oxidation of Ni(111) at temperatures of 500 K and above

In order to minimize the initial OH impurities in the NiO layers another set of
NiO layers were grown at higher temperatures. A surface temperature of
500 K during oxidation has two advantages. Firstly, the preferred NiO
direction has been reported to be (100) [79, 81, 83], while at 300 K (111) is
the preferred orientation [68, 69, 76, 79, 83]. Since the NiO(100) surface is not
a polar surface its reactivity to water is much lower in respect to the NiO(111)
surface. McKay [110] found for freshly cleaved NiO(100) surfaces only very
weak interaction with water, which could be shown only to interact with defect
sites. These findings were confirmed by several groups, both for freshly
cleaved surfaces [111] and thin NiO films with (100) orientation [79, 88, 89]. It
has to be mentioned, however, that the NiO(100) on Ni(111) was found to
include small islands with (111) orientation [79, 81, 93] even for low oxygen
doses of 15-25 L. By comparing these studies it is evident that the area
covered by these islands increases for higher oxygen exposures. As the
exposures we use for oxidation are higher by two orders of magnitude, in our
case the majority or the whole surface should be covered by NiO(111). This is
also backed up by an observed high reactivity towards water, as discussed
below and in Chapter 7.2. This leaves us with the second advantage of the
higher growth temperature. As shown in the calculations of Ebensperger and
Meyer [82] at higher temperatures the hydroxylation of the surface is partially
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lifted and the surface converted to the octopolar reconstruction. This is also
supported by water adsorption experiments discussed in Chapter 7.2, where
we found that the hydroxide coverage can be continuously lowered by
annealing the surface. Thus a higher surface temperature should lead to
lower hydroxide content.
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Figure 4.7: (a) Selected O 1s spectra acquired during dosing of 10 sccm oxygen on Ni(111)
at 500 K Inset: Total oxygen (without OH) coverage versus exposure (b) detailed fit of the
final spectrum.

To oxidize the surface at 500 K, 10 sccm oxygen were dosed on the surface
with the molecular beam, giving an effective surface pressure of 2*10° mbar.
The surface temperature was kept at 500 K with resistive heating. The Fermi
edge for the calibration of the binding energy was acquired at the same
surface temperature, and spectra taken after the experiment without the
resistive heating showed the same spectral height and peak
intensity/background ratio. The corresponding O 1s spectra are displayed in
Figure 4.7 (a), with the inset of that figure showing the evolution of the total
oxygen coverage (without OH). The detailed fit of the fully oxidized surface is
shown in Figure 4.7 (b).

The initial situation is very similar to the surface oxidation at 300 K. The first
species to appear is a chemisorbed oxygen species at 529.6 eV with an
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asymmetric peak shape. Afterwards, the peak shape changes to the
symmetric shape of the oxide peak, just as observed for the oxide growth at
300 K. The oxide peak is located at 529.9 eV, the shoulder peak at 528.8 eV,
and the hydroxide peak appears at 531.1 eV and shifts to 531.6 eV. All these
binding energies are the same as for the oxide layer prepared at 300 K, after
it was annealed to 600 K, as shown in Figure 4.5.

A clear difference to the oxide grown at 300 K is that both the oxide shoulder
and the OH peak are smaller in relation to the oxide main peak. While for the
300 K oxide preparation the oxide shoulder contributed ~ 22% to the total
oxide signal, here we only find a contribution of ~7%. This is also in good
agreement with the thermal evolution of the 300 K oxide layer discussed in
the previous Chapter, where the oxide shoulder lost intensity upon annealing,
although there only a drop from 23 % down to 14 % was observed between
300 and 500 K.

A possible explanation for this is that the shoulder peak is due to some sort of
defect sites, and growing the oxide at 500 K leads to a better ordered layer.
Another possibility would be that the oxide shoulder is a feature of the flat,
hydroxide stabilized NiO(111) surface. As discussed above, the (100)
orientation of the NIO found by Kitakatsu et al. [79] for an oxidation
temperature of 500 K should not dominate here, as our oxygen exposure was
so large that the NiO(111) islands, who increase in size with higher oxygen
exposures [79, 81], should be the majority species. As shown by Ebensperger
and Meyer [82], at room temperature the most stable phase is a hydroxilated
flat NiO(111) structure (see Figure 4.1 (b)), while at higher temperatures some
of this hydroxylation is lifted and the surface converts itself to its octopolar
reconstruction to stabilize itself (Figure 4.1 (a)). The relatively low hydroxide
coverage of only 0.2 ML for the layer oxidized at 500 K points into the
direction that we now have predominantly the octopolar reconstruction of the
surface. The different oxide binding energies of 529.6 and 529.9 eV for the
layers prepared at 300 K and 500 K, respectively, could also be indicative of a
difference in surface structure, especially since such a shift in binding energy
is also found during TPXPS experiments of hydroxilated surfaces as shown in
Figure 4.5 and in Chapter 7.2. It should be mentioned, however, that both the
NiO layers grown at 500 and 550 K, which is discussed below, have a very
high reactivity to water at lower temperatures, despite having a low hydroxide
content after growth. This is further indication of the conversion between the
octopolar reconstructed and the hydroxide stabilized surface.

To further reduce the hydroxide content of the oxide layers, the oxidation
temperature was raised to 550 K and the oxygen gas line was lead through a
cooling trap to remove residual water in the oxygen. The resulting O 1s

39



spectra with a detailed fit and the evolution of the oxygen coverage are
displayed in Figure 4.8.
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Figure 4.8 (a) Selected O 1s spectra acquired during dosing of 20 sccm oxygen on Ni(111) at
550 K Inset: Total oxygen coverage versus exposure (b) detailed fit of the final spectrum.

The spectra are similar to the ones for the preparation at 500 K, and also the
binding energies for the chemisorbed oxygen, the oxide main peak and the
oxide shoulder are the same, with values of 529.6 eV, 529.9 eV and 528.9 eV,
respectively. The oxide shoulder contributes 6% to the total coverage, which
is the same as for the 500 K oxide, within the margin of error. A hydroxide
peak, however, was not present for the fully oxidized surface, as is very clear
from the fit in Figure 4.8 (b). Another remarkable difference between the
preparations at 550 K and 500 K is found in the insets of Figure 4.8 and
Figure 4.7, respectively. While the oxidation process at 550 K is finished after
an exposure of around 400 L of oxygen, at 500 K nearly double that exposure
is needed to reach full oxidation within our sampling depth. Mitchel and
Graham also found faster oxidation of the Ni(111) surface for higher
temperatures [70].

The most likely explanation for this dependence on the temperature is a
higher diffusion speed of either oxygen or nickel ions at higher temperatures.
If we now compare these two oxidation curves with the oxidation curve at 300
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K as shown in Figure 4.3 (c) it is clear, however, that the temperature is not
the only important variable, as the oxidation at 300 K is even faster than at
550 K, although one might expect that it should be slower than at 500 K. This
can be explained by the complicated structure of the surface at the higher
temperatures, where the octopolar reconstruction displayed in Figure 4.1 (a)
should dominate. At 300 K on the other hand the surface can grow flat as it is
stabilized by the hydroxide, as displayed in Figure 4.1 (b). Since the formation
of the octopolar reconstruction involves activated transport processes of NiO
on the surface [82], this can explain the relatively slower oxidation at the
temperatures where this surface structure dominates.
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Figure 4.9: Ni 2p spectra of Ni(111) oxidized under different conditions

Slight differences between the layers prepared at the different temperatures
are also visible in the Ni 2p region. The corresponding spectra are displayed
in Figure 4.9. The overall shape of the spectra is similar for the three different
preparation methods. However, the spectrum of the layer prepared at 300 K is
shifted by 0.4 eV towards lower binding energies, in respect to the two spectra
for the NiO layers prepared at higher temperatures. The O 1s spectra of the
oxide are shifted by approximately the same amount and in the same
direction. All three layers are fully oxidized. The oxidation at 500 K leads to a
higher contribution from the peak at 856.1 eV as compared to the oxidation at
550 K, where the peak at 854.6 is more intense. As the nature of the peak at
856.1 eV is not fully understood yet, as discussed in the previous Chapter, it
is not clear if this indicates a higher ordering for the layer grown at 550 K or
not.

In order to determine whether the quality of the layers can be improved further
by choosing an even higher oxidation temperature, 4850 L oxygen were
dosed on the Ni(111) surface at 600 K. The resulting Ni 2p spectrum is
displayed as the yellow line in Figure 4.9. A metallic contribution to the
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spectrum at 852.9 eV indicates that, even after dosing a significantly larger
amount of oxygen than in the other oxidation experiments, the surface is not
fully oxidized. Since a beginning destabilization of the NiO layers in the
temperature range 550-600 K has been reported in several publications
[75, 83, 93], and oxygen was shown to start diffusing into the bulk in this
temperature range [94], this result is not surprising, and thus this preparation
has not been used for adsorption experiments.

4.1.4 Discussion of oxygen coverages and estimation of NiO layer
thickness

To understand the observed saturation coverages the damping within the
nickel oxide layers has to be discussed. The coverages are referenced to a
well defined CO c(4x2) layer on Ni(111) (see Chapter 7.4). From the Ni 2p
spectra of the NiO it could be seen that within the sampling depth of our
photoelectrons all Ni atoms were fully oxidized, which means that no electrons
from the metallic Ni-layers can escape without being inelastically scattered.
XPS is a fully quantitative technique for submonolayer coverages, which
means that the signal intensity scales linearly with the amount of adsorbate. If
the adsorbate amount grows larger than 1 ML, however, any adsorbate
molecule or atom that adsorbs on top of the already present adsorbate layer
dampens the XP signal from that layer. This damping is calculated with
eqguation (6) from Chapter 2.3. If more and more adsorbate layers are added,
then the signal from the lowest layer can be damped so much, that it will have
no contribution to the observed signal intensity. This effect limits the total
signal intensity, which stops increasing even though the adsorbate layer can
still grow in thickness. The coverage determined from such a layer is thus only
an apparent coverage Oapparent. AS this apparent coverage depends on the
damping factor a (see Chapter 2.3) it can be used to make estimations on the
inelastic mean free path of the adsorbate layer. To calculate ©apparent We just
have to add up the signal intensity of each layer, which can be done using
equation (14) from Chapter 2.3, since only fully closed layers are considered.
This gives equation (19).

2 (29)
© Apparent (a) = Z a
n=0

The uppermost (undamped) layer is represented by the factor for n=0. For a
values <0.84 it is sufficient to include 25 layers, since all additional layers
contribute with <0.01 ML to the total apparent coverage, minimizing the error
of disregarding them, especially since this error is less then 1 % of the total
apparent coverage.
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Figure 4.10: Apparent saturation coverages for several damping factors

Figure 4.10 shows that damping leads to quite low apparent saturation
coverages; they are asymptotically approaching an apparent saturation
coverage of 1 ML (i.e. the coverage of a single adsorbate layer on the
surface, disregarding all layers beneath) for very low damping factors. If we
now take the saturation coverage for our oxidic oxygen of ~ 2.5+0.2 ML we
find a corresponding damping factor of 0.60+0.03. With equation (6) from
Chapter 2.3, this can be translated to the IMFP for the electrons. The
thickness of one layer of NiO(111) is 2.41 A. As all spectra in Chapter 4.1
have been recorded with an emission angle of 45° an effective layer thickness

of 2.41 A*+/2 =3.41 A has to be used for the calculation. With this we find an
IMFP in the range of 6.620.5 A.

Figure 4.11: IMFP for NiO calculated after [36]

Since in literature no values of the IMFP in NiO for electrons with ~ 100 eV
have been reported, we calculate the IMFP with equation (7) given in
Chapter 2.3. The molecular weight of NiO is 74.7 g/mol and from this and the
lattice constant of 4.177 A [63] the density is calculated to be 6.72 g/cm®. As
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the value for the band gap we used the value of 4.3 eV found for bulk NiO
[112], although it should be noted that for NiO thin films slightly smaller values
have been found [113]. The valence electron number is 22. The resulting
IMFP values are plotted in Figure 4.11. From Table 2.1 we find that the O 1s
photoelectrons have a kinetic energy of 120 eV. The corresponding IMFP
value of 5.3 A is a bit lower than the values calculated from the effective
coverage, but still close enough to support the coverage calibration.

With the lower limit for the IMFP of 6.1 A (using the value of 6.6 A and the
error bar of 0.5 A) calculated from the data and the effective NiO layer
thickness of 3.41 A it is now possible to calculate a lower limit for the
thickness of the NiO(111) layer on Ni(111). In Chapter 2.3 we have seen that
after 3*d/A the intensity has dropped to 5 %. If we take this as the threshold
we find a minimum number of 5.4 layers of NiO(111) on Ni(111). Since each
layer contains 0.5 ML oxygen and 0.5 ML nickel atoms these 5.4 layers are
equivalent to 2.7 ML NiO and thus very close to the 3 ML of NiO reported in
literature [71, 77, 79, 80]. A rough upper limit for the film thickness can be
estimated from the fact that the Fermi edge of metallic nickel is still visible
even for fully oxidized layers even for the lowest kinetic energy of 380 eV (for
the C 1s region) which we used. This apparent discrepancy — the Ni 2p region
shows no sign of metallicity while it can be seen in the valence region — stems
from the dependence of the IMFP of the electrons on their kinetic energy.
The lowest kinetic energy (which corresponds to the lowest IMFP) we used
was 380 eV for probing the Fermi edge with hv=380 eV as used for the C 1s
region. As we have no means of determining the IMFP for 380 eV from our
experimental data for the estimation of the layer thickness we use the IMFP
calculated with equation (7) given in Chapter 2.3. For 380 eV this gives us an
IMFP of 10.8 A. If we now take the same 5 % threshold as before this gives
as a rough upper estimate for the NiO layer thickness of 4.75 ML,
corresponding to one oxygen and nickel per unit cell.
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4.2 Growth of thin NiO layers on Cu(111)

For the study of thinner layers of NiO we chose Cu(111) as a substrate, as Ni
was found to form flat layers on Cu(111l) when evaporated at 120 K and
annealed to 300 K [37]. This should allow growing layers of defined thickness.
In previous studies on the oxidation of thin nickel layers on Cu(111) [95, 114],
an oxidation temperature of 300 K was found to be necessary to fully oxidize
a Ni layer of 2 ML thickness. For Ni evaporation in oxygen atmosphere [115]
and direct evaporation of NiO [116, 117] the NiO grows in islands, with (111)
orientation [116]. For the oxidation of thin nickel layers on Cu(111) at 300 K a
cluster growth was also reported [114]. Please note that all spectra within
chapter 4.2 were recorded at an emission angle of 0°.

4.2.1 Oxygen interaction with Cu(111)

In order to study the oxidation of submonolayer coverages of nickel on
Cu(111), a situation where bare patches of the Cu(111) surface also come
into contact with the oxygen, the interaction of the clean Cu(111) surface with
oxygen was studied first. Habraken et al. [118] studied the adsorption of
oxygen on Cu(111) at room temperature with AES, LEED and ellipsometry. A
very low sticking coefficient for the adsorption of 10 was found, remaining
constant over the range of the adsorption leading to a linear increase in
oxygen intensity. After 1700 L a saturation coverage of 0.45 ML was found,
with no ordered structure. Also for other coverages no ordered structure was
found with LEED. Wiame et al. [119] studied the oxygen adsorption at room
temperature with STM, STS, AES and LEED. No long range order was
detected in this study as well, but with STM a local reconstruction of the
surface was seen for exposures above 200 L, with triangular precursor
structures to Cu,O forming mainly at step edges. At saturation, however, the
structures are less defined and consist mostly of a distorted, Cu,O like
structure. The long range order was not improved by annealing, even though
ordered structures were found for higher temperatures during oxygen
exposure. Annealing to 573 K removed a substantial amount of the oxygen,
reducing the oxygen/copper AES peak ratio from 0.19 to 0.08.

Figure 4.12 shows O 1s and Cu 2p spectra before and after the adsorption of
5700 L oxygen on Cu(11l) at 300 K. The O 1s region is dominated by an
asymmetric peak at 529.7 eV with a very broad high energy tail around 533
eV. The Cu 2p region features a single peak at 932.9 eV that is damped
slightly upon oxygen adsorption, but neither a noticeable shift nor a new
component was found. Fleisch and Mains [120] report metallic copper at
932.4 eV, Cuy0 at 932.5 eV and CuO at 933.8 eV.
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Figure 4.12: O 1s (a) and Cu 2p (b) spectra of a clean Cu(111) surface and after the
exposure to 5700 L oxygen at 300 K. All spectra recorded at an emission angle of 0°

Since the clean surface shows no sign of oxygen or any other contamination it
is clear that the peak at 932.9 eV can be attributed to metallic copper, and it is
equally clear that upon oxygen adsorption no CuO is formed. Since the
binding energies of metallic copper and Cu,O are close a formation of Cu,O
can not be ruled out, even though the Cu 2p peak appears to undergo a very
slight shift towards lower binding energies instead of the expected higher
binding energies after oxygen adsorption.

4.2.2 Preparation of nickel layers and characterization with CO
titration

Nickel was evaporated from a nickel rod onto a clean Cu(111) surface using
an electron beam evaporator. The evaporation rate was monitored with a
quartz crystal microbalance until it was constant for several minutes. From
this evaporation rate the time necessary to grow nickel layers of either 2 or
0.5 ML thickness was determined. The thickness of 2 ML was chosen to get
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a thin NiO layer of defined thickness, while the intention of the 0.5 ML Ni-
layers is to grow NiO clusters on the Cu(111) surface. After oxidation the 2 ML
Ni layers will from now on be called “thin NiO layers” while the 0.5 ML Ni
layers will be referred to as “NiO clusters”. Before the start of the oxidation the
surface was annealed to 200 K to get rid of any water or CO adsorbed on the
surface. After that, in order to generate similar results to the ones obtained by
Domnick et al. [37], the surface was cooled down to at least 150 K before the
evaporation started. After the evaporation the surface was annealed to 300 K,
again following the preparation method of Domnick et al. [37].
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Figure 4.13: (a) LEED picture of c(4x2) structure of CO on 6 A nickel evaporated on Cu(111)
acquired at 79 eV (b) O 1s and C 1s signal intensities for saturated CO layers on various

nickel layers on Cu(111). All layers for (b) were prepared by adsorbing CO at <220 K and
subsequent annealing to 220 K.
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To determine the actual coverage of nickel on the surface CO titration
experiments were performed. CO desorbs from Cu(111) below 200 K [121,
122], while on Ni(111) the desorption starts above 250 K [123]. This difference
in the desorption behavior allows for a clear distinction of CO adsorbed on the
Cu(111) substrate or on the Ni(111) islands grown on the Cu(111). Koschel et
al. [124] used this method successfully to characterize the inverse system, i.e.
the growth of copper on Ni(111). CO was dosed on four different layers with
1, 1.5 and 6 A of nickel on Cu(111) at less then 200 K, and then the
temperature was raised to 220 K to desorb CO from bare Cu(111) patches but
preserve all CO adsorbed on the Ni(111) patches. The layer with 6 A
thickness was chosen as a reliable reference for a fully closed layer. CO
forms a c(4x2) structure on Ni(111) with a coverage of 0.5 ML, when
adsorbed below 200 K and annealed to 320 K [125]. The LEED picture for CO
dosed to saturation on the 6 A thick nickel layer on Cu(111) at 120 K and
subsequently annealed to 320 K is displayed in Figure 4.13 (a). Although the
spots are rather diffuse a c(4x2) structure is visible [125]. This layer can thus
be used as a reference layer, both for the CO titration and for coverage
calibrations, analogous to the CO c(4x2) layer prepared on Ni(111) that is
used for the coverage calibration of oxygen, CO, CO, and H,O on the Ni(111)
surface (see Chapter 7.4). The C 1s and the O 1s coverage obtained for this
CO layer after the dosing at 120 K and subsequent annealing to 220 K is
plotted in Figure 4.13 (b) in respect with values for CO layers on 1, 1.5 and
4 A of nickel, as well as the zero remaining CO coverage after annealing a
clean Cu(111) surface to 220 K. Although both the 6 A (marked with a black
circle in Figure 4.13 (b)) and the 4 A layer (marked with a green circle in
Figure 6.13 (b)) should be closed nickel layers, there is a rather large
deviation for the coverages between the two layers. This is attributed to the
strong photoelectron diffraction CO shows on Ni(111). Due to this
photoelectron diffraction even a small change in angle can lead to an increase
for the O 1s signal and a decrease for the C 1s signal, leading in both cases
to a much larger separation of the two coverages then witnessed for the two
lower nickel coverages. A line can be fitted to both the C 1s and the O 1s data
for the lower nickel coverages, giving evidence that the coverages calculated
from the evaporation rate were actually reached. Further evidence for this is
found by examining the attenuation of the Cu 2p signal by the NiO layers, as
discussed in the next chapter.

4.2.3 Oxidation of thin nickel layers on Cu(111)

Domnick et al. found that for temperatures above 300 K copper atoms
segregate on top of thin nickel layers on Cu(111) [37]. Although in Chapter
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4.1.3 it was shown that the oxidation at 500 K leads to cleaner layers
compared with oxidation at 300 K, this segregation effect hindered higher
oxidation temperatures than 300 K. In a different study Domnick et al. found
that at temperatures below 300 K it is not possible to fully oxidize nickel layers
that are thicker then 1 ML [114], so an oxidation temperature of 300 K was
chosen. 20 sccm oxygen were dosed on the surface at 300 K, this is
equivalent to a surface pressure of 2.7¥10°® mbar.
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Figure 4.14: (a) Selected Ni 2p spectra of 2 ML nickel on Cu(111) during exposure to 20
sccm oxygen at 300 K; Inset: Evolution of metallic and oxidised nickel atoms (b) Selected O
1s spectra of 2 ML nickel on Cu(111) during exposure to 20 sccm oxygen at 300 K; Inset:
Evolution of oxygen coverage (c) Detailed fit of the final spectrum acquired at 300 K
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Figure 4.14 (a) shows Ni 2p spectra acquired during the oxidation of 2 ML
nickel on Cu(111). From the spectral shapes it becomes clear that the
oxidation is similar to the oxidation on Ni(111). The spectrum of the clean
nickel layers show the same contributions as the Ni 2p spectrum of the bulk
nickel crystal, with a metallic main peak at 852.8 eV and a satellite peak at
858.0 eV. While the main peak has basically the same binding energy as on
the bulk nickel crystal, where it was located at 852.9 eV, the satellite peak is
shifted by 0.7 eV towards lower binding energies relative to its position on
Ni(111). As both the explanation of the satellite peak as a plasmon loss
feature [102, 103], or as a screened 2p°3d°® final state configuration [104]
depend on the electronic structure of the surface, the shift is attributed to the
different electronic structure of the nickel due to the interaction with the
underlying copper surface. Similar observations were made for thin nickel
layers on Pd(100) [126], where for 3 ML thick layers the satellite peak is
shifted by 1 eV towards lower binding energies, relative to the bulk value, and
slowly shifts back to the bulk value as the layers grow bigger. The oxidized
spectrum shows peaks at 854.1, 855.7 and 861.0 eV. These values are
identical to the ones found for the 300 K oxidation on Ni(111), as discussed in
Chapter 4.1.2. Since the oxidation temperature is the same in both cases, this
result is not too surprising. Interestingly, the Cu(111) surface seems to have
no influence on the electronic structure of the NiO layer, especially when
considering that the satellite peak at 861.0 eV remains unshifted while the
satellite at 858.0 eV of the unoxidized surface is shifted by 0.7 eV in respect
to the Ni(111) surface. After the oxidation process the surface was annealed
to 500 K in order to reduce the hydroxide content discussed below. The
corresponding Ni 2p spectrum is shown as the orange line in Figure 4.14 (a).
This spectrum is almost identical to the spectrum recorded at the end of the
oxidation process. It is especially noteworthy that no intensity loss was found,
since for the segregation of copper atoms on top of the nickel layer such an
intensity loss would be expected. The copper signal during such an annealing
process, which will be discussed in more detail later, is shown as the light
blue line in Figure 4.17(a), and its relative intensity also remains constant
between 300 and 500 K. So we can conclude that a segregation of copper
atoms to the top is not taking place for the nickel oxide layers on Cu(111),
while for unoxidized nickel layers on Cu(111) such an effect was reported
above 300 K [37].

The inset of Figure 4.14 (a) shows the evolution of the oxidation process. The
oxidation starts almost immediately and is finished after an exposure of 200 L,
with the overall evolution very similar to the evolution of the 300 K oxidation
on Ni(111) as displayed in Figure 4.6 (b). A difference is the earlier completion
of the oxidation for the thin nickel layers on Cu(111). On Ni(111) between 200
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and 425 L due to the self damping of the NiO layers the curve gets
continuously flatter, until the metallic nickel is not visible any more. For the
thin nickel layers on Cu(111) this region does not exist, because at a certain
point all of the initial nickel atoms are oxidized and the nickel layer can not get
thicker. Apparently the diffusion path lengths both for oxygen and nickel ions
are short enough for 2 ML thick nickel films, that they do not play a significant
role here, although that could also be due to the significant roughening of the
surface upon oxidation discussed below. The increase in nickel coverage from
the fully metallic to the fully oxidized surface seen in the inset of Figure 4.14 is
not fully understood. During the oxidation of other nickel layers on Cu(111) the
nickel coverage was found to remain constant or decrease, however, the
changes were always in the order of £10 % of the coverage of the metallic
surface. One possible explanation could be, that even at 300 K some copper
atoms have diffused on top of the nickel layers, or nickel atoms into the
copper bulk. The oxidation than leads to a reestablishment of the initial layer
ordering, with all nickel atoms on top of the copper; and thus a change in
nickel intensity.

Figure 4.14 (b) shows the O 1s spectra acquired during the oxidation of a
2 ML thick nickel layer on Cu(111). The spectrum for the freshly prepared
nickel layer (blue line) shows a peak at 530.9 eV with a coverage in the order
of 0.1 ML. Together with a peak found in the C 1s region (data not shown) at
285.2 eV this is identified as CO adsorbed in hollow positions on the (111)
structured nickel layer [125]. This CO is not found after the oxidation, neither
in the O 1s nor in the C 1s region. This is attributed to an oxidation of the CO
to CO, by the dosed oxygen. A formation of NiCO3 on NiO from the CO, as
discussed in Chapter 7.4, is excluded as NiCOg3 coverages found after the
oxidation process were found to have no correlation with the amount of CO
present prior to the uptake.

The oxidation of the thin Ni layers on Cu(111) shows similar spectra in the
O 1s region compared to the oxidation of the Ni(111) surface. A chemisorbed
oxygen species is found at 529.6 eV. The oxide main peak appears at
529.8 eV and shifts towards 529.5 eV during the oxidation. The corresponding
oxide shoulder is appearing at 528.8 eV and shifts to 528.5 eV. Also a small
hydroxide peak is formed that is located at 531.2 eV. After the layer was
annealed to 500 K (corresponding spectrum displayed as yellow line in Figure
4.14 (b)) the peaks shifted to 529.7, 528.6 and 531.7 eV, respectively. A
detailed fit of the oxide spectrum at the end of the oxidation is displayed in
Figure 4.14 (c). It should be noted that the spectra are fitted with the same
fitting parameters used for the oxide layers on the Ni(111) surface. After the
oxidation is finished the two oxide peaks have almost the same binding
energies as the oxide peaks observed for NiO grown on Ni(111) at 300 K as
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discussed in Chapter 4.1.2, and after annealing to 500 K the binding energy
values are the same. This again highlights the great similarities between the
oxide layers already found in the discussion of the Ni 2p spectra. The only
remarkable difference found is the lower content of the 528.5 eV oxide
species, which makes up 12.5 % of the oxide intensity compared to 22 % for
the oxide on Ni(111). After annealing to 500 K the contribution of the oxide
shoulder species falls to 3 %. The hydroxide coverage is in the range of
0.2 ML, and thus much lower than for the oxide preparation on Ni(111). As the
reactivity towards water is similar for the two layers, see Chapter 7.2, the
difference should mostly originate from a lower partial pressure of water in the
chamber during the oxidation process of the thin nickel layers on Cu(111),
leading to a lower hydroxide formation. Due to the relative low coverage of
water, and as this coverage remains more or less unchanged upon heating,
the intensity loss of the shoulder oxide species cannot be explained by a
reduction in the hydroxide content. It is thus attributed to a restructuring of the
surface towards the octopolar reconstruction. As the formation of this
reconstruction involves some activated processes [82], this activation energy
is provided by the higher temperature leading to a larger percentage of this
reconstruction on the surface. This also explains the shift of the peaks
towards higher binding energies upon annealing.

The coverage evolution of the oxide, which is shown in the inset of Figure
4.14 (b), is in agreement with the evolution of the oxidic nickel species
depicted in the inset of Figure 4.14 (a). The oxidation is finished at 200 L and
ends rather sharply due to the completed oxidation of all available nickel.
Because both the O 1s and the Ni 2p region show that the reaction is finished
at 200 L, all other NiO layers were prepared with a dose of 325 L oxygen in
order to ensure full oxidation of the nickel on the one hand, while minimizing
oxygen interaction with Cu(111) on the other hand. In the inset of
Figure 4.14 (b) the total oxygen coverage of this experiment is shown, and
saturation coverage of 1.6 ML oxygen is found. This value seems low for a full
oxidation of 2 ML of nickel, but is explained by damping. Domnick et al. [114]
found a coverage of 2 ML oxygen for two fully oxidized nickel layers on
Cu(111), using a laboratory Al-Ko X-ray source. Since our photoelectrons
have lower kinetic energies, as discussed in Chapter 2.3, a lower IMFP and
thus stronger damping is expected, explaining the lower apparent coverage
for the oxygen. Due to the rough morphology of the surface, as discussed
below, however, it is not possible to determine the true oxygen coverage.

After discussing the O 1s and Ni 2p regions the final interesting region is the
Cu 2p region, as displayed in Figure 4.15 (a). The Cu 2p peak is located at
932.9 eV, only changes in intensity after the evaporation of 2 ML nickel on the
Cu(111) surface are found, due to damping. Another reduction in intensity is
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found upon oxidation. No oxidation of the copper was observed. As discussed
in Chapter 4.2.1, Cu,0 is shifted by 0.1 eV towards higher binding energies in
respect to metallic copper, and CuO is shifted by 1.4 eV [120]. Thus CuO can
be directly ruled out. Due to its small binding energy difference in respect to
the metallic copper the formation of some Cu,O can not be completely ruled
out. However, the Cu 2p peak of the NiO covered surface (black line in Figure
4.15 (a)) appears completely unshifted in respect to the peak of the clean
surface (red line in Figure 4.15 (a)). There is also no shoulder visible on the
high binding energy side. Furthermore, the oxygen coverage does not
increase any more after the nickel is completely oxidized, making an ongoing
oxidation of the copper surface after this moment unlikely. Lastly, as
discussed in Chapter 4.2.1, the interaction of oxygen with copper is very
unreactive. A saturation coverage of 0.45 ML was reached after dosing
1700 L molecular oxygen, and the coverage grows linearly [118], so the dose
of 200 L used here would give a maximum of 0.05 ML oxygen binding to the
copper. Due to these arguments the interaction of oxygen with the copper
substrate can be disregarded.
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Figure 4.15: (a) Cu 2p spectra acquired during the different preparation steps for the thin NiO
layers on Cu(111) (b) Damping of the Cu 2p signal by various NiO layer and NiO cluster
preparations
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The damping of the Cu 2p signal is used to further assure that the desired
amounts of nickel have been evaporated. In Figure 4.15 (b) the remaining
Cu 2p intensity after the preparation of various NiO layers and cluster on
Cu(111) is shown. The spread for the NiO clusters, grown from 0.5 ML nickel
on Cu(111) (the oxidation of these will be discussed in Chapter 4.2.4) is very
low, with a mean remaining intensity of 0.71. If we now take the mean value
of 6.75 A from the range for the IMFP in NiO calculated from the experimental
data in Chapter 4.1.4, this gives as a damping factor of 0.70. As 0.5 ML nickel
should give approximately 1 ML NiO, the expected remaining intensity should
be 0.70, which fits rather nicely to the value of 0.71, implying that the desired
nickel amounts have been achieved. 2 ML of nickel should give 4 ML of NiO,
leading to an expected remaining intensity of 0.24. Although the spread found
in Figure 4.15 (b) for the thin nickel oxide layers, grown from 2 ML nickel, is
much larger than for the nickel oxide clusters, the average value for the
remaining intensity of 0.27 again fits rather nicely to the expected values. The
larger spread is attributed to the longer evaporation times needed for the
evaporation of 2 ML nickel compared to 0.5 ML nickel, which makes the
evaporation process more sensible to fluctuations in the evaporation rate. It
should be noted, however, that in this discussion the difference in damping
behavior due to a surface roughening found for the NiO, as discussed below,
has been disregarded as it is expected to be small.

Figure 4.16: (a) 2 ML nickel on Cu(111) oxidized with 160 L of oxygen at room temperature
(b) Same area after annealing to 500 K

As no long range order was found for the thin NiO layers when they were
studied with LEED, STM measurements were performed by Florian Buchner,
Elisabeth Zillner and Hubertus Marbach in order to elucidate the surface
structure. The results are shown in Figure 4.16. The surface shows no defined
structure, with the NiO growing in a bulky, cauliflower-like structure.
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Figure 4.16 (b) shows the layer after the annealing to 500 K. This apparently
increases the surface roughening even more, but also leads to better defined
structures generating a sharper STM picture. The surface structure, however,
is not improved, the whole surface appears very rough. Neither before nor
after the annealing to 500 K gaps in the NiO layer reaching down to the
Cu(111) are observed, indicating that the layers are closed. A very similar
STM picture was found by Knudsen et al. [76] while studying the oxidation of
Ni(111) at 300 K. This shows again the great similarity of these thin NiO
layers on Cu(111) with the NiO layers grown on Ni(111) at 300 K.
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Figure 4.17: (a) Thermal evolution of the signal intensities from all relevant core levels for a
thin NiO layer grown from 2 ML nickel on Cu(111). All signal intensities referenced to highest
intensity in the corresponding core level. (b) Ni 2p region during TPXPS

In order to determine if any oxygen is lost during the annealing to 500 K after
the oxidation at 300 K, and to determine whether or not copper atoms
segregate on top of the NiO layers above 300 K, as they do for metallic nickel
layers on Cu(111) [37], a freshly oxidized layer was heated resistively in 25 K
steps up to 850 K, with a spectrum taken after each heating step for the
Cu 2p, Ni 2p and O 1s core levels. The signal intensities for the Cu 2p and
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Ni 2p regions and for the oxide peaks from the O 1s region is shown in
Figure 4.17 (a).

Each intensity is referenced to the highest intensity observed for that
particular core level. Between 300 and 550 K all intensities go up slightly. This
is attributed to a lower damping due to the continuous reduction of the
hydroxide coverage (data not shown). This reduction will be discussed in
detail in Chapter 7.2. Above 550 K, both the oxygen and the Ni 2p intensity
start to decrease, while the Cu 2p intensity starts to increase. The intensity
increase of the Cu 2p spectra is attributed to reduced damping due to a loss
of adsorbates. The intensity loss of the Ni 2p spectra shown in Figure 4.17 (b)
is not accompanied by a spectral change. A decomposition of the NiO with
loss of oxygen would lead to a spectral change, due to a reduction of NiO to
metallic nickel. A possible desorption of the oxygen with a subsequent fast
diffusion of the metallic nickel to the bulk is ruled out by looking at the final
intensity for the oxygen in Figure 4.17 (a). At 850 K the oxygen coverage
increases again, due to the oxygen diffusing from the bulk to the surface.
From this we can conclude that both the nickel and the oxygen diffuse into the
bulk above 600 K. Oxygen diffusion out of the bulk of the crystal to the surface
was also witnessed after the experiment during the cleaning of the crystal.
Due to this behavior the thin NiO layers and the NiO clusters were removed
by sputtering instead of annealing. A similar segregation of nickel atoms to the
surface at elevated temperatures was not found.

4.2.4 Preparation of NiO clusters on Cu(111)

NiO clusters were grown from 0.5 ML thick nickel layers on Cu(111). Due to
the possible segregation effects for copper onto the nickel layers above 300 K
[37], the oxidation temperature was again chosen as 300 K with subsequent
annealing to 500 K, to obtain similar results as for the thicker nickel layers. As
320 L of oxygen were found to be sufficient to completely oxidize 2 ML of
nickel on Cu(111), as discussed in the previous Chapter, the same amount
was used for the 0.5 ML thick nickel layers. The corresponding Ni 2p and
O 1s spectra during the different preparation steps are shown in Figure 4.18
(a) and (b), respectively. The metallic nickel prior to oxidation is characterized
by the main peak at 852.5 eV and the satellite peak at 857.7 eV, as
determined by fitting the data (fit not shown). Although the distance between
the two peaks is the same as for 2 ML on Cu(111), both are shifted to lower
binding energies by 300 meV. The main reason for this should be the stronger
interaction between the adsorbed nickel and the copper substrate. Even for
the 2 ML thick nickel layers the substrate certainly plays a role, as evident in
the shift of the satellite peak by 0.7 eV compared to bulk nickel.
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Figure 4.18 (on previous page): Preparation steps for NiO clusters grown from 0.5 ML nickel
on Cu(111) (a) Ni 2p spectra (b) spectrum of the oxidized surface fitted with Pseudo-Voigt
functions under the assumption of a model proposed by Hofert et al. [127] for NiO /Pd(100)
(c) O 1s spectra (d) Cu 2p spectra

However, since in that case there are two nickel layers the substrate will
certainly have less influence then for the 0.5 ML thick nickel layers, where all
nickel atoms are directly on top of copper atoms instead of at least half of
them on top of nickel atoms as is the case for the 2 ML thick layers. In the
O 1s region again a small CO peak at 530.9 eV is seen for the metallic nickel
layer, which is gone after the oxidation.

After oxidation the Ni 2p signal changes its shape to a shape that is
somewhat reminiscent of the shape found for the two previously discussed
NiO preparations, but which is significantly shifted towards lower binding
energies. Two different interpretations are possible for this spectrum. If the
spectrum is fitted with the same parameters used for the other NiO layers, the
three NiO peaks are found at 853.0, 854.6 and 860.0 eV, meaning they are
shifted by 1.1 eV towards lower energies in respect to the binding energies
found for the thin NiO layers on Cu(111), which were prepared from 2 ML
nickel. There is also a remnant of ~ 19 % metallic nickel, as determined from
this low quality fit (fit not shown). In CO adsorption experiments on this
surface, which are discussed in detail in Chapter 7.4, no peak for CO on
nickel was found, so this metallic nickel component has to be due to
undercoordinated atoms within the NiO and not due to larger unoxidized
patches of nickel. If we further take into account the results we obtained for
acetylene adsorption experiments on this surface, as discussed in Chapter
6.1.4, where acetylene adsorbs both on the NiO clusters and the bare
Cu(111) patches in between them, but with much lower coverages then
expected, it seems most likely that such undercoordinated atoms are mainly
found at the edges of the clusters, influencing the electronic structures around
them both for the NiO and the substrate in such a way that acetylene
adsorption there is not possible any more.

An alternative explanation for the Ni 2p spectra is gained by comparing them
with results obtained by Hofert et al. [127] for thin NiO layers on Pd(100). For
this system Granozzi and coworkers [128-131] could show with a variety of
methods that the first layer of NiO forms a wetting layer, which consist of
NizO4. Hofert et al. [127] could show that this wetting layer also appears in
high resolution Ni 2p XP spectra of this system, and developed a fitting
procedure for it. Applying this model to the data presented here yields the fit
displayed in Figure 4.18 (b). Please note that this fit was done with Pseudo-
Voigt functions instead of the Donjac-Sunic function used for all other fits. This
fit reveals three components, one at 853.1 eV which is attributed to the
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wetting layer, one at 856.0 eV which is attributed to the undercoordinated
nickel atoms on the surface [132] and the satellite located at 861.0 eV. This
fit, which is in fact not much different from the fits used for the other NiO
layers, as it has the same number of peaks with similar assignments, clearly
shows that indeed the nickel is oxidized here as well. The observation that the
binding energy of the main oxide peak is much closer to the metallic peak
here as compared to the other NiO preparations can be attributed to the
wetting layer nature of the NiO here. This can also be taken as a sign that we
do not have stochiometric NiO in this case, but rather some form of
undercoordinated NiO like the NizO4, which was proposed for the wetting
layer on Pd(100) [127]. If we add the OH coverage to the oxide coverage
obtained from the O 1s spectra, we get a total amount of 0.67 ML, which
would indeed give a NizO4 species considering the nickel coverage of 0.5 ML.
This, however, does not take into account that the oxygen coverage has a
relatively large error here, due to some oxygen adsorbed on the copper
surface and also due to the complicated three- dimensional structures of the
clusters, which lead to damping effects which cannot be easily corrected. This
three-dimensional structure also explains the presence of the
undercoordinated nickel atoms in the Ni 2p spectra, where the wetting layer
peak is interpreted to arise from the base layer of the clusters, while the other
peak is attributed to the rough surface of the clusters. As no other nickel oxide
thicknesses besides the NiO clusters and the thin NiO layers have been
prepared on Cu(111) within this thesis, no further information can be gained
whether or not here really a wetting layer is formed or up to which coverages
it exists. However, this model and its similarity to the interpretation used for
the thicker NiO layers still show that the clusters indeed consist of NiO,
although there is indication that the stochiometry deviates from the thicker
NiO layers.

After the oxidation, the surface was annealed to 500 K, to guarantee a similar
preparation as the one used for 2 ML thick nickel layers. The spectra in Figure
4.18 (a) show that this had almost no effect on the Ni 2p spectrum, indicating
that neither a migration of copper atoms on top of the NiO clusters, which
would lead to dampening takes place, nor any nickel or oxygen is lost
otherwise. Figure 4.18 (c) shows the O 1s spectra after the oxidation and after
annealing to 500 K. The main oxide peak is found at 529.7 eV. The oxide
shoulder peak found at the other oxide layers is also found at 528.7 eV, but
only contributes around 3 % to the total oxide intensity. The total oxide
coverage found in this case is 0.52 ML, which is in the expected oxygen range
considering the nickel coverage of 0.5 ML. The high binding energy tail of the
spectrum shows a hydroxide peak at 531.0 eV with a coverage of ~ 0.15 ML.
Surprisingly only very minor carbonate contaminations of less then 0.01 ML
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are found on the NiO clusters on Cu(111), this will be discussed in detail in
Chapter 7.3. The long tail at high binding energies could be an indication of
some oxygen on Cu(111), as it is also found in the corresponding spectrum
(see Figure 4.12 (a)). On the other hand, if we consider that oxygen on
Cu(111) saturates after 1700 L at a coverage of 0.45 ML, and the coverage
grows linearly [118], a dose of 320 L as we used in this experiment should
give no more than 0.085 ML oxygen on the Cu(111) surface. So the majority
of the 0.52 ML oxygen found here is oxygen from the NiO. Considering this,
the high energy tail of the spectrum could be a loss feature unique to the
copper surface and not necessarily connected to oxygen directly adsorbed on
Cu(111). Annealing to 500 K leads to a shift of the main oxide peak to
529.8 eV. The oxide shoulder peak is not found after the annealing
experiment, and the hydroxide peak is shifted towards 531.5 eV. This shift to
higher binding energies after the annealing is in good agreement with the NiO
layers discussed previously, as well as the intensity loss for the oxide
shoulder, and indicates a complete restructuring of the surface to the
octopolar reconstruction. The slight difference in the O 1s binding energies
compared to the binding energies found for the thin NiO layers in the previous
Chapter is attributed to a stronger influence of the copper substrate, due to
the thinner layers. The Cu 2p spectra are shown in Figure 4.18 (d). The
evaporation of the nickel layer on top of the Cu(11l) surface and the
subsequent oxidation lead to a damping of the copper signal, as already seen
for the thicker (2 ML) nickel layers discussed previously. No change in
spectral shape is seen, which means that even though the copper surface is
directly exposed to the oxygen beam during the oxidation of the nickel
clusters the copper surface is not oxidized, which is in accordance with the
oxygen adsorption experiments discussed in Chapter 4.2.1. Annealing the
surface to 500 K has no effect at all on the copper signal. As seen already on
the Ni 2p signal before, this is again evidence that no copper atoms segregate
on top of the NiO clusters, indicating that the clusters are stable up to 500 K.

Figure 4.19 shows the STM results obtained for the oxidation of 0.5 ML nickel
on Cu(111). The nickel grows in roughly hexagonal islands on the Cu(111)
surface, see Figure 4.19 (a). Upon oxidation at 300 K, again the rough
cauliflower like structure already observed for the thicker (2 ML) NiO layers on
Cu(111) evolve again. The dark triangular features have been reported in
literature [119, 133] to be a feature of the interaction of oxygen with Cu(111).
They are attributed to a Cu,0 like terrace oxide, which starts to grow at step
edges. In Figure 4.19 (c) these structures are gone after annealing to 500 K.
As discussed in Chapter 4.2.1 the Cu 2p binding energy of Cu,O is only
different by 0.1 eV from the binding energy of metallic copper [120], and thus
it is not possible to determine from the XPS data whether or not Cu,O is
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present on the surface. On the other hand the spectral shape of the Cu 2p
(see Figure 4.18 (d)) remains unchanged both upon oxygen exposure and
subsequent annealing to 500 K.

Figure 4.19: All pictures are 100 nm*100 nm (a) STM pictures of 0.5 ML nickel on Cu(111)
(b) 0.5 ML nickel on Cu(111) oxidized with 160 L oxygen at 300 K (c) 0.5 ML nickel on
Cu(111) oxidized with 160 L of oxygen at 300 K and subsequently annealed to 500 K

If the triangular structures seen in Figure 4.19 (b) really belong to a Cu,O
species instead of a chemisorbed oxygen species a slight spectral change in
the Cu 2p spectrum would be expected both when they appear (i.e. after the
oxidation of the 0.5 ML nickel on Cu(111)) and when they disappear again
after annealing to 500 K. As such a change is not observed no Cu,O should
be present on the surface. The NiO structures appear to have grown after the
annealing step, and look very similar to the structures found for the oxidation
of the 2 ML thick nickel layers. From the STM picture it looks like the NiO is
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distributed on the surface both in isolated islands and in longer stripes of
connected smaller islands.

4.3 Comparison of the different preparations and summary

In this Chapter we studied the oxidation of a Ni(111l) surface at various
temperatures, and of two nickel layers of different thicknesses on Cu(111) at
room temperature.

For low exposures of ~ 1.5 L of oxygen on Ni(111) the well known p(2x2)
structure of chemisorbed oxygen [3, 65, 68, 69] with a coverage of 0.25 ML
was prepared, with the LEED structure obtained for a surface temperature of
600 K. For higher exposures at 300 K, the highest coverage found for the
chemisorbed oxygen species was 0.75 ML. The corresponding peak is found
at a binding energy of 529.6 eV and shows an asymmetric peak shape. At
even higher coverages the oxidation of the Ni(111) surface starts. The oxide
peak has a symmetric peak shape, and the binding energies at which the
main oxide peak is located for the various different preparations is listed in
Table 4.2.

Surface and preparation | Binding energy of | Binding Intensity ratio
oxide main peak | energy of of total oxide
[eV] oxide intensity for
shoulder oxide
peak [eV] shoulder peak
Ni(111) oxidized at 300 K | 529.6 528.6 22 %
After annealing to 500 K | 529.7 528.7 14 %
After annealing to 600 K | 529.8 528.8 11 %
Ni(111) oxidized at 500 K | 529.9 528.8 7%
Ni(111) oxidized at 550 K | 529.9 528.9 6 %
2 ML nickel on Cu(111) 529.8 (Start)- 528.8 (Start)- | 12.5 %
oxidized at 300 K 529.5 (End) 528.5 (End)
After annealing to 500 K | 529.7 528.6 3%
0.5 ML nickel on Cu(111) | 529.7 528.7 3%
oxidized at 300 K
After annealingto 500 K | 529.8 | --—-mee- 0%

Table 4.2: Binding energies and intensity ratios for the two oxide species for the different NiO
preparations
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The binding energy of 529.6 eV is close to the values reported for NiO(111)
on Ni(111) by several authors [79, 80, 89], and it is reported in literature that
NiO(111) is the preferred orientation for these oxidation conditions [68, 69, 76,
79, 83]. A large hydroxide contamination of up to 1 ML also points to NiO(111)
as the present surface orientation, as NiO(100) is very unreactive towards
water, while the otherwise unstable NiO(111) surface was found to be
stabilized by OH [79, 88, 89]. The position of the hydroxide peak shifts
between 531.0 and 531.6 eV, dependent on coverage and annealing
temperature, and is discussed in detail in Chapter 7.2. Another important
contamination found was NiCOgs, which is mainly characterized by a peak in
the Cls region at 289.0 eV. The O 1s binding energy of the carbonate is close
to that of OH and thus cannot be distinguished. Like the OH contamination
this contamination grows due to residual gases in the chamber over time. A
detailed discussion of this species is given in Chapter 7.3. The Ni 2p spectra
show a complete oxidation within the escape depth of the photoelectrons.
From this escape depth an approximate IMFP for the photoelectrons of 6.6 A
and a rough estimation of the oxide layer thickness was made, giving a value
between 5.4 and 9.5 ML (18-32 A). The evolution of the oxide coverage
shows both in the O 1s and the Ni 2p region an oxidation rate that seems to
continuously decrease, but further investigation shows that the oxidation rate
in fact is constant and the continuously slower increase of the oxygen
coverage is due to the self damping of the NiO layers. Full oxidation within the
escape depth of the photoelectrons is reached at 425 L. Annealing to higher
temperatures leads to shifts of the oxide main peak both in the O 1s and Ni 2p
region towards higher binding energies, and a reduction of the hydroxide
content. These effects are discussed in Chapter 7.

An interesting aspect of the oxide layers is the appearance of a large
“shoulder oxide” contribution in the O 1s spectra at ~ 1 eV lower binding
energies in respect to the main oxide peak. This shoulder oxide peak was not
detected up to now. The evolution of this peak during the surface oxidation,
points to it as a second oxide species, which might be due to the surface
structure of the oxide. This species is responsible for 22 % of the total oxide
intensity for the fresh oxide layers grown at 300 K. If this second oxide
structure is indeed found at the surface, i.e. the corresponding photoelectrons
are not damped; this is equivalent to ~0.5 ML coverage for this species. In
Table 4.2 the ratio decreases continuously upon annealing of the sample,
while the total oxide intensity remains constant, which also points to an oxide
species as the origin for this peak. A corresponding peak in the Ni 2p spectra
was not found. If the surface is oxidized at higher temperatures the coverage
of this species is even lower. As for higher oxidation temperatures the surface
should mainly consist of the octopolar reconstructed surface structure
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[82, 84], while the oxide layers oxidized at room temperature are flat and
hydroxyl-stabilized, this points towards the shoulder species being mainly a
feature of the hydroxilated flat surface. However, this species is also present
in low concentrations of ~ 6% in the layers that are oxidized at 550 K, which
were not hydroxilated. As the formation of the octopolar reconstruction
involves activated transport processes of NiO, it is possible that also some
intermediate structures are present on the surface due to kinetic limitations
[82]. So this shoulder oxide species could also be due to these intermediate
structures. The lower content of the oxide shoulder is attributed to the higher
temperature, as an increase in temperature was shown to lower the content of
this species also for the oxide layers grown at 300 K. No further insight in the
nature of this species is gained from our XPS data, and for a clear assignment
other methods, preferably theoretical simulations are needed.

The binding energies of the NiO grown at 500 K and above are shifted by
0.3 eV towards higher binding energies both in the O 1s and the Ni 2p region.
Aside from the binding energy shift the Ni 2p spectra are very similar to the
ones for the 300 K oxidation, again indicating complete oxidation of the layers
within the escape depth of the photoelectrons. Due to this, the layer thickness
is in the same range estimated for the oxide growth at 300 K. Apart from the
binding energy shift and the lower contribution of the oxide shoulder peak the
O 1s spectra also reveal a much lower hydroxide content. If the oxidation is
performed at 550 K the hydroxide contamination was suppressed completely.
For both oxidation temperatures the carbonate contamination was also found
to be smaller. Another remarkable difference to the oxidation at 300 K is the
evolution of the oxidation. At 500 K the oxidation within our sampling depth is
only finished after an exposure of 800 L, which is almost double the exposure
needed for the oxidation at 300 K. The general shape for the oxidation curve
at 500 K is similar as that for the oxidation at 300 K. At 550 K the oxidation
only needs 400 L of oxygen, confirming a reported faster oxidation for higher
temperatures [70]. At 600 K, NiO was found to be unstable, allowing no
complete oxidation within the escape depth of the photoelectrons, even for a
total exposure of 4850 L oxygen.

If we compare the two oxidation temperature ranges we find many small
differences that could indicate that the NiO grown at 300 K is different from
the NiO grown at 500 K and above. These differences are the binding energy
for the NiO both in the O 1s and the Ni 2p region, the oxidation speed, the
intensity of the oxide shoulder peak and the hydroxide and carbonate content
of the oxide layers. However, many of these differences can also be explained
by the different surface temperatures, as all of these features were shown to
be dependent on temperature in the respective Chapters of this thesis. There
is also to consider that, even though the hydroxide content goes down to zero
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for an oxidation temperature of 550 K, these layers are still shown to be very
reactive towards water in Chapter 7.2. Towards other adsorbates, namely
acetylene (see Chapter 6.1), CO, (see Chapter 7.3) and CO (see Chapter 7.4)
these layers also exhibit a very similar behavior as the thin NiO layers on
Cu(111), which are oxidized at 300 K and overall very similar to the NiO
layers grown on Ni(111) at room temperature. All of these arguments point
towards the interpretation that the layers prepared at 500 or 550 K have (111)
orientation as well, even though literature reports a (100) orientation of the
NiO [79, 81, 83] for oxidation temperatures of 500 K and above. The best
explanation comes from the fact that STM studies reported that these
NiO(100) films contain islands of (111) orientation [79, 81, 93]. These islands
were reported to grow upon interaction with water [79, 93], and from a
comparison between the studies it is also evident that the fraction of the
surface covered with these islands increases with higher exposures. As this
fraction is already around 10 % for an exposure of 150 L [81], the much
higher exposures used within this thesis can easily lead to these islands
covering the whole surface. Still the layers grown at 500 or 550 K are much
cleaner, i.e. have a much lower hydroxide and carbonate content than the
layers grown at 300 K. This, as well as the differences in binding energy, can
be attributed to a restructuring of the surface at higher temperatures. At room
temperature the surface is mainly flat and stabilized by hydroxide [82], as
already reported in previous studies on this system [79, 88, 89]. For higher
temperatures this hydroxylation can be partially lifted, and the surface is
converted to the octopolar reconstruction [82].

In order to study thinner NiO layers and NiO clusters these were prepared by
evaporating 2 ML and 0.5 ML nickel on a Cu(111) surface and subsequently
oxidizing them at 300 K. A higher oxidation temperature, which would be
preferable due to the lower contamination content by hydroxide and carbonate
found for the oxidation of Ni(111) was not possible, as in a study by Domnick
et al. [37] copper atoms were found to segregate on top of the nickel layers
above 300 K. The overall oxidation behavior of the 2 ML thick nickel layers on
Cu(111) was found to be very similar to the oxidation of Ni(111) at 300 K. The
final binding energies for the NiO both in the O 1s and Ni 2p region are almost
identical to the ones found for the NiO(111) on Ni(111). An interesting
difference is that the two oxide peaks in the O 1s region shift by 300 meV
during the course of the oxidation, which has to be due to either the influence
of the copper substrate or the thin layer nature of the nickel. The oxide
shoulder peak is found again and contributes 12.5 % to the total intensity,
which is less then for the NiO(111) on Ni(111). The oxygen uptake curve also
resembles the one for the 300 K oxidation on Ni(111) up to an exposure of
200 L, where it abruptly ends, due to the complete oxidation of all available
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nickel atoms. Due to the great similarities in the spectra and the oxygen
uptake curve between the two 300 K oxidations on Ni(111) and the thin nickel
layers on Cu(111) it seems reasonable to assume that NiO(111) is growing on
Cu(111) under these conditions, which is also in agreement with a study were
NiO was directly evaporated on Cu(111) at 300 K [116]. The Cu 2p signal is
damped and no change in the spectral shape upon the evaporation and
subsequent oxidation of the nickel occurs, so a significant oxidation of the
copper is ruled out. Minor amounts of Cu,O, however, are still possible, as the
binding energies for Cu,O and metallic copper are very similar [120], so that
an undetected minority species can not be ruled out. As oxygen was only
found to interact very weakly with Cu(111), saturating at 0.45 ML after a linear
coverage increase at an exposure of 1700 L oxygen at room temperature, the
exposure of 320 L used for the oxidation of the nickel layers should only lead
to a maximum of 0.08 ML Cu;O. STM pictures revealed a very rough,
cauliflower-like surface lacking both long and short range order. Annealing the
surface to 500 K led to sharper pictures but did not improve the surface order.
The annealing step was introduced to reduce the hydroxide contamination.
Both the Ni 2p and Cu 2p spectra remain completely unchanged after the
annealing step, showing no segregation of copper atoms on top of the NiO
layers or of NiO into the bulk taking place up to this temperature. In the O 1s
region, the annealing step leads to a conversion of some of the oxide
shoulder species to the main oxide species, and a shift of the peaks to higher
binding energies, which is again a similar behavior to the one observed for the
NiO(111) layers on Ni(111). Due to these similarities, and similar STM
pictures for the oxidation of Ni(111) at room temperature [76] to the ones we
acquired for the NiO layers on Cu(111), it is assumed that the NiO(111) layers
on Ni(111) also have this cauliflower like rough surface structure. In catalysis
a rough surface is desired attribute, as it adds more potential reaction sites
and thus we can conclude that the rough nature of the surface is favorable for
catalysis.

The final NiO structure we prepared were nickel oxide clusters on Cu(111).
For these, 0.5 ML thick nickel layers on Cu(111l) were oxidized at room
temperature and subsequently annealed to 500 K. The O 1s spectra are
similar to the spectra from the thicker layers, with the two oxide peaks at
slightly higher binding energies. The same binding energies were found
during the onset of the oxidation of the 2 ML thick nickel layers. This points
towards an influence of the copper substrate on the binding energy. A new
feature in the O 1s spectra is a high energy tail, that is also found for oxygen
on Cu(111). As oxygen on Cu(111) can only be a minority species here, due
to the low exposure of 320 L, this tail is attributed to a general loss effect due
to the copper substrate. The oxide shoulder peak is only very weak and
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disappears completely after the annealing step. The Ni 2p spectra are very
different from the ones found for all other oxide preparations. They can either
be fitted with the same peak parameters, but then the NiO peaks are shifted
by 1.1 eV towards lower binding energies and a contribution by metallic nickel
atoms is found. These metallic nickel atoms would be attributed to
undercoordinated atoms within the NiO layer in this model. Alternatively, in a
different interpretation analogous to data of NiO on Pd(100) [127], the
spectrum can be fitted without the metallic nickel in a way that attributes the
main peak to a NiO wetting layer, that could be an undercoordinated NiO,
most likely NizO4. The Cu 2p spectra again show no sign of oxidation. Cu,O
like structures [119, 133] seen in the STM pictures after the nickel oxidation at
300 K disappear after the annealing step, while the Cu 2p peak remains
unchanged. As also the Ni 2p spectrum remains almost constant after
annealing any copper or nickel diffusion is ruled out again. As copper was
reported to diffuse on top of metallic nickel layers above 300 K [37] this also
points to a complete oxidation of the nickel layers. Due to the structural
likeness with the thicker NiO layers observed in STM an (111) orientation of
the NiO seems most likely, and due to the complete disappearance of the
oxide shoulder peak after annealing to 500 K the majority of the surface
should be octopolar reconstructed. A remarkable difference between the NiO
clusters and the thin NiO layers on Cu(11l) is that almost no carbonate
contamination is detected in the NiO clusters, although both show significant
hydroxide contaminations.
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5 Adsorption and reaction of C,H, species
on clean and oxygen precovered Ni (111)

Simple hydrocarbons are among the most important raw materials in chemical
industry [2]. For their functionalization, clean or partially oxygen covered
transition metal surfaces are widely used as heterogeneous catalysts [134-
136]. In order to be able to optimize the reactivity and selectivity of existing
catalysts as well as to develop new catalysts with tailored properties, it is
necessary to gain insight into the elementary steps of the desired reactions in
great detail. That means one has to study each elementary step of the
reaction starting right from the adsorption of the respective hydrocarbon(s).
During reaction it is also important to identify all intermediates and their
possible interactions as these might play a decisive role. A typical example for
such a heterogeneously catalyzed reaction is the oxidation of small
hydrocarbons to form epoxides. Kao et al. [137, 138] showed that it is of
particular importance to study and characterize the coadsorption phase of the
hydrocarbons and oxygen, as just one example of the interaction of different
possible reactants, in order to understand the basics of the surface reactions.
The study of the Ni(111) surface is also very important for the application of
Nickel as a catalyst in technical chemistry, as these catalysts usually contain
small particles on a support like Al,O3s. These small particles are nanosized
single crystals that exhibit, among others, (111) facets [1].

The adsorption of ethene on Ni(111) has been investigated by ultraviolet
photoelectron spectroscopy (UPS) [139], various types of vibrational
spectroscopies such as RAIRS (reflection absorption infrared spectroscopy)
[140] and HREELS (high resolution electron energy loss spectroscopy) [141-
144], diffraction methods like PhD (photoelectron diffraction) [145] and LEED
(low energy electron diffraction) [141, 146], NEXAFS [147] (near edge x-ray
adsorption spectroscopy) and TPD (temperature programmed desorption)
[146, 148]. The chemisorbed layer of C,H,4 displays a (2x2) LEED pattern with
a nominal coverage of 0.25 ML [141, 146]. In all of the above mentioned
studies ethene is supposed to adsorb with its molecular axis parallel to the
Ni(111) surface. However, the exact adsorption site is still under discussion,
although the more recent studies seem to favor a model with ethene adsorbed
at a bridge site with symmetric adsorption geometry. In this structure, both
carbon atoms have equivalent local adsorption geometries above a Ni
substrate atom [145, 147, 149, 150]. In contrast to this model, an ethene
adsorption site with very low symmetry was deduced from vibrational
spectroscopy [142], indicating nonequivalent local adsorption geometries for
the two carbon atoms.

68



The dehydrogenation of adsorbed ethene to acetylene upon thermal
treatment around 200 K was first reported by Demuth using UPS, TPD, LEED
and HREELS [139, 143, 146]. Upon further thermal treatment acetylene
dehydrogenates to nickel carbide, which was first reported by Hammer et al.
based on HREELS experiments [144]. These findings were confirmed later on
by various experimental techniques [141, 145, 148, 151] and theoretical
calculations [149, 152]. In contrast, the coadsorption of oxygen and ethene
has not been studied yet on Ni(111), but comparable experiments on Pd(111)
[153] showed attractive interactions between oxygen and the hydrocarbons,
influencing the adsorption geometry. Furthermore, on Pt(111l), oxygen
coadsorption results in major changes of the surface chemistry, leading to
different reaction products [154].

Changes in the symmetry of an adsorbed molecule, in particular the local
adsorption geometry of the carbon atoms in hydrocarbons, can lead to a clear
shift in the C 1s binding energy in XP spectroscopy, as was shown in earlier
studies [28, 155]. In other words, the number of different local adsorption
geometries for carbon atoms within one molecule, should be reflected by a
corresponding number of peaks in the C 1s XP spectra. For ethene this would
mean that for a symmetric adsorption site with equivalent carbon atoms one
C 1s peak is expected, as can be seen in the gas-phase spectrum of ethene
[31], were both carbon atoms are truly equivalent, while for a non-symmetric
site with non-equivalent carbon atoms two C 1s peaks will be found. Note in
this context that high resolution XP spectra of hydrocarbons also show a
vibrational fine structure that has to be considered in the analysis. This fine
structure can also be used to identify the CHy (x=0-4) species [28, 31].

Ethane adsorption on Ni(111) has been much less studied then ethene
adsorption on this surface. The main reason for this is that ethane as a
saturated hydrocarbon can not easily form a chemical bond to the surface,
limiting the focus to low temperature physisorption studies. For the desorption
temperature of physisorbed ethane values of 85 K [138] and 99 K [156] have
been reported. This places the desorption temperature on the lower end of the
temperature range easily accessible by cooling with liquid nitrogen, which
makes studying the adsorption process experimentally demanding. Due to the
saturated nature of ethane at least one of the C-H bonds has to be broken to
achieve chemisorption. One possible method to provide the necessary energy
for the breaking of the C-H bond is using a seeded supersonic molecular
beam. With this approach Hamza and Madix [157] studied dissociative
adsorption of ethane on Ni(100). T. Fuhrmann [54] used a combination of a
supersonic molecular beam and synchrotron radiation based XPS-
measurements to study the dissociative adsorption of ethane on Ni(111) over
a wide range of kinetic energies. He showed that the saturation coverage of
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ethyle (C;Hs) on Ni(111) depends on the kinetic energy of the impinging
molecules. He also noticed a strong influence of the vibrational excitation of
the molecule on the adsorption behavior. The highest saturation coverage of
ethyle (C;Hs) was 0.22 ML C atoms for a kinetic energy of 0.84 eV [54]. There
also exist gas-phase XPS measurements for ethane [30] which can be used
for comparision of the spectra. Some of the data obtained by T. Fuhrmann
[54] is reevaluated in this work with a refined fitting routine, to allow a clear
assignment of the two peaks in the corresponding C 1s spectrum. The
coadsorption of oxygen with ethane or ethyle on Ni(111) has not been
investigated so far.

The adsorption and thermal evolution of acetylene (C;H;) on Ni(111) has
been studied more extensively than the adsorption of ethane. Demuth was the
first to study this system with UPS [139] and later with TPD and LEED [158],
reporting a p(2x2) layer corresponding to a coverage of 0.5 ML C atoms.

Hammer et al. [141] reported the existence of a (\/§x\/§)R30° phase with a

coverage of 0.66 ML C atoms for higher acetylene exposures of about 30-100
L. In that study acetylene was assigned to be adsorbed in a bridge-bridge
configuration for both ordered phases; however later photoelectron diffraction
studies [159] and DFT calculations [152] showed that at least for the p(2x2)
phase acetylene adsorbs with both C atoms in adjacent hollow sites. The
work done by Thomas Fuhrmann [54] on the adsorption of acetylene on
Ni(111) is presented in Chapter 5.3.1, so that it can be used for comparision
with the other discussed adsorption systems; the data for the thermal
evolution was completely reevaluated in the context of this work with new
conclusions. For elevated temperatures from a HREELS study [142] a
splitting of the C-C bond of acetylene without dehydrogenation was reported
above 400 K, with subsequent dehydrogenation above 500 K. Other studies
[160-162] report on a partial trimerization of acetylene (C;H,) to benzene
(CsHg) around 300 K, although this was only found for high coverages of
acetylene. For the coadsorption of oxygen and acetylene on Ni(111) Demuth
[158] found that oxygen hinders the adsorption of acetylene, whereas the
adsorption of a second acetylene derived species, which was proposed to be
CH, was not hindered by the preadsorbed oxygen.

Please note that all coverages given in figures are given as number of C
atoms, not number of molecules. All the coverages were obtained by
comparing the C 1s intensity of the discussed layers to that of a saturated
ethene (2x2) layer on Ni(111) (Figure 5.1), which corresponds to 0.5 ML C
atoms per Ni-atom.
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5.1 Ethene

5.1.1 Ethene on clean Ni(111)

Intensity [arb. u.]

Figure 5.1: (a) Selected C 1s (hv=380eV) spectra of ethene adsorption on the clean Ni(111)
surface, collected at 0° emission angle. (b) Fit of saturated ethene layer on Ni(111) collected
at 0° emission angle. (c) Fit of saturated ethene layer on Ni(111) collected at 45° emission
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Ethene was adsorbed on clean Ni(111) at a surface temperature of 110 K.
The corresponding C 1s spectra collected during the uptake can be seen in
Figure 5.1. Thomas Fuhrmann [54] found for this system that two dominant
peaks grow simultaneously at 283.35 and 283.98 eV, as obtained from the
fitting procedure. For higher coverages the two peaks shift to higher binding
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energies, with values of 283.48 and 284.07 eV, respectively, at saturation.
The overall shape, i.e., the ratio of the peaks does not change during the
uptake. These two peaks are assigned to the adiabatic Franck-Condon
transitions from the vibrational ground state in the electronic initial state to the
vibrational ground state in the ionic final state. There is general agreement in
the literature [141, 146] that the coverage at saturation is 0.5 ML C atoms per
Ni atom (0.25 ML ethene molecules). This saturated layer is used for the
coverage calibration throughout Chapter 5, i.e., for all hydrocarbons adsorbed
on Ni(111) and the NiO-layers. The fitting procedure used for the data is a
refinement of the procedure used by Thomas Fuhrmann for this set of data
[54], to test the validity of his results. The fit reveals four additional
contributions to the spectra, two of which can be attributed to the transition
from the vibrational ground state in the electronic initial state to the first
excited C-H vibrational states in the final state ions; the other two can be
assigned to transitions to the second vibrationally excited states. These peaks
are shifted by 360 and 720 meV, respectively, to higher binding energies with
respect to the adiabatic peaks at 283.48 and 284.07 eV. It should be noted,
however, that fits with a vibrational splitting of 350-400 meV provided almost
the same quality of the fit, with the splitting of 360 meV being the best fit,
proving the assumptions made by Thomas Fuhrmann for this data set [54].
The S-factor, i.e., the ratio between the intensity of the vibrational contribution
and the intensity of the adiabatic contribution [30, 31] is 0.32+0.02 for the two
peaks which are shifted by 360 meV in respect to the adiabatic peaks.

Steinrtick et al. [28] showed that the C-H vibrational splitting in the ionic final
state of simple hydrocarbons adsorbed on Pt(111) or Ni(111) is 5-10% larger
than in the ground states. For ethene on Ni(111) previous HREELS [142] and
RAIRS [140] studies found a value of 366 meV for the ground state, which is
larger than the value of 360 meV that we found in the XP spectra. If we
however take into consideration the range of 350-400 meV, in which we
obtained reasonable fits, this result is still consistent with the general behavior
observed by Steinrlck et al [28]. In the same paper [28] it was shown that for
simple hydrocarbons absorbed on Ni(111) each C-H bond contributes
0.17+£0.02 to the S-factor. From the S-Factor of 0.32+0.02 we therefore
deduce that each carbon atom is bound to two hydrogen atoms as is
expected for intact ethylene.
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Figure 5.2: Quantitative analysis of the data from Figure 5.1 (a), taken from [54]

In Figure 5.2 the quantitative analysis of the data in Figure 5.1 is depicted.
Evidently, the two main peaks (together with their vibrational contributions)
grow simultaneously. From this and the identical S-factors and vibrational
splittings we deduce that both peaks are due to molecular adsorption of a
single ethene species. That leaves the question why the two adiabatic peaks
show not the same intensity, as would be intuitively expected as they originate
from the two carbon atoms of one ethene species. This can be attributed to
photoelectron diffraction [163], which is a typical phenomenon observed at the
low kinetic energies of around 100 eV used in our studies. If photoelectron
diffraction plays a role, the intensity ratio between the two peaks should
change if we measure at a different emission angle, which is indeed the case
as can be seen from the comparison between Figure 5.1 (b) and (c). In Figure
5.1 (c), which shows data collected at 45° emission angle, the ratio between
the two adiabatic peaks is indeed close to 1, as expected.

The existence of two peaks with different binding energies indicates that the
two carbon atoms of the ethene species are in different chemical
surroundings. Previous studies show that changes in the local adsorption
geometry of a molecule can lead to clear shifts in the C 1s binding energies
[28, 155], thus we conclude that both carbon atoms have to be adsorbed with
different local geometries. We will now try to give an answer to the unsolved
problem of the adsorption site of ethene on Ni(111), which is not solved in
literature yet and which Thomas Fuhrmann also was not able to answer [54].
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Figure 5.3: Schematic drawings of possible adsorption geometries on clean Ni(111)
according to literature (see text)

In literature, there is no consensus about the adsorption geometry of ethene
on Ni(111). From LEED studies it is known that the chemisorbed layer
displays a (2x2) LEED pattern [141, 146]; hence the nominal coverage is
0.25 ML ethene molecules, which corresponds to 0.5 ML C atoms, at
saturation. There is general agreement that the C-C axis is parallel or almost
parallel to the surface, however there are many different suggestions for the
symmetry of the adsorption site and the position of the C atoms. In a HREELS
study by Baro et al. [164] it is proposed that the symmetry of the adsorption
complex has to be either Cs (structures 5 and 6 in Figure 5.3) or C;
(structures 1-4 in Figure 5.3) and possible adsorption sites were discussed in
a LEED study [141]. The structure favored in most studies [145, 147, 149,
150] is structure 1 in Figure 5.3, with both atoms bound on adjacent Ni atoms
in on-top positions. Other studies [141, 146] suggest a bridge/bridge geometry
as depicted in structure 5 in Figure 5.3, or an on top/on top scenario where
both carbon atoms are bound on top of the same Ni atom [149, 152]
(Figure 5.3, structure 2).

However, all of these structures imply equal adsorption sites for the two
carbon atoms of the ethene molecule. This situation should lead to only one
adiabatic peak in the C 1s spectra, as is the case for acetylene and ethene
adsorbed on Ni(100) [165], acetylene on Ni(111) [28] and ethene on Pt(111)
[28]. Taking into account our findings of molecular adsorption, the long range
order in a (2x2) superstructure and in particular the nonequivalent sites for the
two carbon atoms, we can rule out all but one of the discussed possible
adsorption geometries. We thus propose ethene to be adsorbed with one
carbon atom on a hollow site and the second on an on-top like local
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adsorption geometry as depicted in Figure 5.3, structure 6 and in Figure 5.4.
When it comes to the assignment of the two peaks to the two adsorption
positions it is noticeable that the binding energy of 283.48 eV is very close to
the binding energy of 283.58 eV found for methyl on Ni(111) [28]. From
density functional theory calculations [166] methyl is known to adsorb in a
hollow position on Ni(111), and thus the peak at 283.48 eV is tentatively
assigned to a C atom bound in a hollow site, the peak at 284.07 eV to a C
atom bound in an on-top position. It should be noted, however, that these
analogies have to be treated with some caution, since the comparison ignores
differences in the bonding interaction to the substrate for the different species
that might arise due to, e.qg., the different hybridization of the carbon atom.

Figure 5.4: Schematic drawing of the proposed adsorption geometry of ethene on Ni(111) in
a (2x2) superstructure.

The thermal evolution of the adsorbed ethene layers was studied by Thomas
Fuhrmann [54] by applying a linear heating ramp of 0.5 K/s and continuously
measuring spectra every 10 seconds. The resulting C 1s spectra are shown
as a color-coded density plot in Figure 5.5 (a). The peaks at 283.48 and
284.07 eV start loosing intensity around 170 K, and simultaneously a new
peak at 283.35 eV evolves and gains intensity, with this process being
finished at 220 K. The quantitative analysis, as displayed in Figure 5.5 (c),
reveals that the total carbon coverage decreases in this temperature range
from 0.50 ML C atoms to 0.26 ML. This can be attributed to partial desorption
of ethene [146, 148]. The remaining peak is shown with detailed fitting in
Figure 5.5 (b). The main peak at 283.35 eV is assigned to the adiabatic
transition and the peak shifted to higher binding energies by 390 meV to the
first vibrationally excited state of the final state ion with an S-factor of
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0.19£0.02. This S-factor is typical for a hydrocarbon species with only one
hydrogen atom per carbon atom [28]. The peak attributed to the second
vibrationally excited state of the final state ion is shifted by 750 meV to higher
binding energies in respect to the main peak. By comparing these results with
the results of the adsorption of acetylene on Ni(111), as displayed in Chapter
5.3, the reaction intermediate is clearly identified as acetylene, which is also in
accordance with the literature [139, 146].
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Figure 5.5: (a) Color coded density plot of the TPXPS experiment for a saturated ethene
layer on Ni(111) (b) Acetylene spectrum and corresponding it measured at ~300 K, from the
data in (a); (c) Quantitative analysis of the data in (a). All data taken from [54] and obtained
under an emission angle of O °
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Upon further heating a second and final reaction step occurs between 370
and 420 K. The intensity of the acetylene peak decreases and two new peaks
at 282.92 and 283.29 eV appear. Both new peaks show no vibrational
splitting. If the C,H, molecule would decay by a cleaving of the C-C bond
without dehydrogenation, as reported to happen in this temperature region
[142], the resulting CH species should show a vibrational splitting. We thus
can rule out CH and, due to the temperature regime the new species are
stable within, assign them to -carbidic carbon, resulting form further
dehydrogenation of acetylene, in accordance with literature [144, 167-169].
These two contributions in the XP spectra for the carbidic carbon were
observed for all dehydrogenation reactions on clean Ni(111) (see Chapters
5.2.1 and 5.3.1), and were also observed by other groups [168]. A possible
explanation might be that one peak originates form stochiometric nickel
carbide and the other form a nonstochimetric or slightly disordered carbide
phase. No evidence for any trimerization of acetylene to benzene, which was
suggested around 300 K [160-162] was found here.

5.1.2 Ethene coadsorbed with O on Ni(111)

To study the interaction of ethene with oxygen on Ni(111) an oxygen (2x2)
layer was prepared on the surface, with a coverage of 0.25 ML atomic oxygen
adsorbed in fcc hollow sites [3, 65, 66]. Ethene was dosed onto this oxygen
precovered surface at a surface temperature of 105 K. The C 1s spectra that
were collected during the uptake at an emission angle of 45° are shown in
Figure 5.6 (a). In comparison with the spectra of ethene on clean Ni(111) the
spectra are clearly different, as now only one main peak emerges at a binding
energy of 283.27 eV and shifts to 283.34 eV for high coverages. In the
detailed fit, as seen in Figure 5.6 (b), again a contribution due to vibrational
excitation was found, with the peak assigned to transition from the vibrational
ground state in the electronic initial state to the first excited C-H vibrational
states in the same final state. The vibrational contribution is shifted by 350
meV to higher binding energies, with respect to the adiabatic main peak, and
has a S-factor of 0.33+0.02. The peak for the second excited C-H vibrational
state is shifted by 720 meV towards higher binding energies. All of these
values are nearly identical to the ones for ethene on clean Ni(111), indicating
molecular adsorption of the ethene. The major difference is that on oxygen
precovered Ni(111) only one main C 1s peak is observed. As the binding
energy of 283.34 eV is close to the binding energy of methyl on Ni(111),
283.58 eV [28, 54], it can tentatively be suggested that ethene adsorbs in a
symmetric geometry with hollow adsorption sites for both carbon atoms, as
depicted in Figure 5.7.
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Figure 5.6: (a) Selected C 1s spectra of an ethene adsorption experiment on (2x2) O
precovered Ni(111) surface, collected at an emission angle of 45° Inset: quantitative analysis
of the data (b) fit of the spectrum of the saturated ethene layer (c) O 1s spectra before and
after the uptake

The lateral arrangement of the ethene molecules was arbitrarily chosen such
that the oxygen atoms on the surface have the largest distance from the
ethene molecules. The suggestion of hollow adsorption sites for the carbon
atoms is also strengthened by the comparison to the very similar binding
energy of acetylene on Ni(111), which has a value of 283.35 eV [28].

78



Acetylene is known to adsorb with both carbon atoms in hollow positions as
concluded from DFT calculations [152] and photoelectron diffraction studies
[159].

Figure 5.7: Proposed adsorption geometry for ethene on oxygen precovered Ni(111). The
lateral arrangement of the ethene molecules was arbitrarily chosen such that the oxygen
atoms on the surface have the largest distance from the ethene molecules.

A possible confusion of ethene on O/Ni(111) and acetylene due to the close
binding energy can be ruled out, since the vibrational fine structure serves as
a finger print for the species. The quantitative analysis in the inset of Figure
5.6 (a) shows that the ethene coverage on oxygen precovered Ni(111)
reaches saturation at 0.28 ML C atoms. This is only roughly half the value of
0.50 ML C atoms found on the clean surface and clearly shows that oxygen
blocks adsorption sites for ethene (see also Figure 5.4 and Figure 5.7). The
oxygen coverage is apparently lowered by the ethene adsorption from 0.25 to
0.20 ML, as can be seen in Figure 5.6 (c). Since no damping by the ethene
should take place, as the ethene adsorbs side by side to the oxygen instead
of on top of the oxygen this coverage change is attributed to photoelectron
diffraction. It is characterized as an apparent change in coverage instead of
an oxygen loss since the coverage is restored after the ethene desorption, as
is evident from Figure 5.8 (b).

The thermal evolution of ethene on the oxygen precovered Ni(111) surface
was studied to gain insight on the influence of oxygen on the reactivity. For
this the sample was heated to the temperatures denoted in Figure 5.8 (a) and
subsequently an XP spectrum was recorded. The data reveal a strong
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decrease in intensity up to 250 K as displayed in Figure 5.8 (b). Throughout
this temperature range the shape of the spectra and the binding energy of the
main peak remain unchanged, indicating the absence of any significant
reaction. Only small amounts (less then 0.01 ML) carbonaceous species are
formed, indicating some minority species that reacted. Possible explanations
for this could be a slightly lower local oxygen coverage than the nominal value
of 0.25 ML, reactions at defect sites or some minor beam damage. This
thermal evolution, where ethene desorbs almost exclusively, is in strong
contrast with the situation on the clean Ni(111) surface, where part of the
adsorbed ethene dehydrogenates to acetylene upon heating. The difference
is most likely due to steric reasons. It can be assumed that oxygen blocks the
adsorption sites for hydrogen, which would be needed for the
dehydrogenation. This is further strengthened by the fact that hydrogen is
known both from experimental [170] and theoretical [171, 172] studies to
adsorb in threefold-hollow sites on Ni(111), just like oxygen [65, 66].
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If the surface is further heated the remaining carbon starts to react with the
oxygen to form CO, which is desorbing from the surface, leaving the surface
devoid of any carbon containing species at 500 K. This can also seen from a
slight decrease of the total O coverage as displayed in Figure 5.8 (b). Another
reaction contributing to the decrease of the total oxygen coverage is the
formation of water from oxygen and the hydrogen formed in the minority
dehydrogenation reactions. The water immediately leaves the surface as the
desorption temperature for water on Ni(111) is 165 K as found in TPD
experiments [173].

5.2 Ethane

5.2.1 Ethane on clean Ni(111)
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Figure 5.9: (a) Selected Cls spectra of the uptake of ethane (C,H¢) on Ni(111l) at a
temperature of 110 K (b) Fit of the spectrum of the saturated ethyle (C,Hs) layer on Ni(111).
Data of (a) taken from [54]. All data obtained under an emission angle of 45 °

For the interaction of C,Hg with Ni(111) Thomas Fuhrmann [54] conducted a
large series of experiments. When C;Hg is dosed onto the Ni(111) surface
from the background at a sample temperature of 103 K no adsorption on the
surface is found. This is in good accordance with the literature, which provides
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a TPD desorption temperature of 99 K for physisorbed ethane on Ni(111)
[156]. To overcome the energy barrier for breaking of one C-H bond, which is
a necessary prerequisite for chemisorption due to the saturated nature of
ethane, ethane was dosed on Ni(111) with our supersonic molecular beam. A
seeding ratio of 2 sccm C,Hg in 20 sccm He with a nozzle temperature of 873
K provides a kinetic energy per molecule of 0.84 eV [54], which can be used
to break one of the C-H bonds upon impact on the surface. The resulting C 1s
spectra for a surface temperature of 110 K can be seen in Figure 5.9 (a), as
taken from [54]. Two dominant peaks emerge at binding energies of 283.28
and 283.94 eV, shifting to 283.33 eV and 283.95 eV, respectively, for higher
coverages. In the context of this work a refined fitting procedure from the one
used by Thomas Fuhrmann [54] was applied, to gain clearer insight into the
vibrational splitting and allowing us to assign the two peaks better then
possible within Fuhrmann’s thesis [54]. The detailed fit, which is displayed in
Figure 5.9 (b), reveals for both peaks a vibrational contribution due to C-H
stretching vibrations at higher binding energies in respect to the main peak.
The vibrational contribution of the peak at 283.33 eV has a distance of 360
meV to the main peak and an S-Factor of 0.34. The S-Factor is proportional to
the number of C-H bond, with one C-H bond leading to an S-Factor of 0.16-
0.19 for hydrocarbons on Ni(111) or Pt(111) [28]. Thus the S-Factor of 0.34
found for the peak at 283.33 eV is indicative of two H atoms bound to this
carbon atom. For the second main peak at 283.95 eV a vibrational splitting of
320 meV is found with an S-Factor of 0.51 indicative of 3 C-H bonds. A
possible explanation for the unusual low value of the splitting (see [28] for a
table of typical values of AE) would be an intermixing of the C-H stretch
vibration with the C-C stretch vibration which leads to a peak with a distance
of 185 meV in gas phase measurements [30], which is below our resolution
limit. A similar limitation was found for ethene on Ni(100) where a separation
of the adiabatic and the first vibrational peak of 330 meV was detected [174].
Both main peaks grow simultaneously with an initial aspect ratio of 0.93 which
changes monotonous to 0.7 during the course of the experiment. For the
spectrum shown in Figure 5.9 (b) however the aspect ratio is 0.93 again as it
was taken on a new spot not previously affected by the synchrotron light, so
the constant decrease of the aspect ratio can be attributed to beam damage.
Just like for ethene on Ni(111) (Chapter 5.1.1) it can be argued that the
simultaneous growth is indicative of two carbon atoms of one molecule
adsorbing in different chemical environments on the surface.

When combining these findings we can clearly conclude that C,Hg adsorbs on
the surface as ethyle (C;Hs), i.e. one C-H bond is broken to allow the
molecule to adsorb on the surface, as already proposed by Fuhrmann [54].
The energy needed to break this bond comes from the kinetic energy supplied
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by the supersonic molecular beam. This is in accordance with earlier findings
of our group about the adsorption of CH4 on Ni(111) [28], for which also some
kinetic energy is needed to break one of the C-H bonds for the molecule to be
able to form a covalent bond to the surface. From the S-factor of the peak at
283.33 eV, which is indicative of two C-H bonds it is clear that the bond to the
surface is made by the carbon atom that gives rise to this peak. The other
carbon atom, which still is attached to three hydrogen atoms, gives rise to the
XPS peak at 283.95 eV, of which the S-Factor is indicative of these three C-H
bonds. A saturation coverage of 0.22 ML C atoms per surface Ni-atom, which
corresponds to 0.11 ML C,Hs coverage, is reached after about 300 s.
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Figure 5.10: (a) Colour coded density plot of the TPXPS of 0.11 ML ethyle (C;Hs) on clean
Ni(111) (b) Quantitative analysis of the data from (a). Data of (a) taken from [54]

To study the thermal evolution of the adsorbed C;Hs a linear heating ramp of
0.2 K/s was applied to the sample via the sample filament and a spectrum
was taken every 6 K. The result is displayed in Figure 5.10 (a) as a color
coded density plot. During heating a significant change in the spectra is
occurring around 200 K. The spectral shape changes from the one
characteristic for C;Hs to a new shape that is dominated by a single main
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peak at 283.31 eV and has two vibrational contributions. The first vibrational
contribution exhibits a S-factor of 0.18 and a binding energy shift of 380 meV
to higher binding energies in respect to the main peak, and the second
vibrational contribution has a S-Factor of 0.03 with a binding energy difference
of 740 meV. By comparing this with the data obtained for acetylene on
Ni(111) (Chapter 5.3.1) the new species on the surface can clearly be
indentified as acetylene, just like in the dehydrogenation path of ethene on
Ni(111) (Chapter 5.1.1).

With the new fitting parameters for the ethyle used in this thesis the onset of
the dehydrogenation is set at slightly higher temperatures then in the thesis of
Thomas Fuhrmann [54], albeit the overall dehydrogenation path remains
unchanged. At 400 K, a further change of the spectral shape is observed.
Acetylene decomposes and two new peaks appear at 282.92 eV and 283.28
eV. Due to the lack of any vibrational fine structure in these peaks they are
again assigned to two carbonaceous species, which can also be seen from
the similar dehydrogenation path of ethene on Ni(111) (Chapter 5.1.1) and in
accordance with literature [144, 167-169]. Above 700 K the carbon is diffusing
into the bulk of the nickel crystal leaving a clean surface. In Figure 5.10 (b) the
dehydrogenation path is shown quantitatively, with the “C” curve standing for
the combined coverage of the two carbides. The conversion of C,Hs to CyH>
starts already at temperatures as low as 120 K and is finished around 220.
The decrease in coverage from 0.22 to 0.17 ML C atoms can be attributed to
either/or recombinative desorption of ethane or some dehydrogenation to and
subsequent desorption of ethene. The second dehydrogenation step takes
place between 360 and 440 K and goes along with a further decrease in
coverage to 0.15 ML.

When the dehydrogenation of ethene (C,H,) (see Figure 5.5) is compared
with the dehydrogenation of ethyle (C,;Hs), shown in Figure 5.10 the
similarities of the two dehydrogenation paths are obvious. Both adsorbates
first dehydrogenate to acetylene (C,H,) around 200 K. A noticeable difference
is the earlier onset of the dehydrogenation of ethyle. One possible explanation
for this behavior might be that is a hint towards a minority species of ethene
(C,H,) on the surface, formed from ethyle (C,Hs) by removal of one hydrogen
atom, which we are not able to resolve in our fitting procedure due to the
small shift of the ethene binding energies compared to the binding energies
of ethyle. As the overall shape of the spectrum undergoes no major changes
below 160 K a dehydrogenation to ethene on a major scale can be ruled out
however. Another noteworthy fact is the higher conversion rate of ethyle to
acetylene when compared to the conversion of ethene to acetylene. The
conversion rate is higher both in the percentage of conversion (~ 75 % of the
adsorbed ethyle is converted to acetylene but only ~ 50 % of the adsorbed
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ethene) as well as in the obtained acetylene coverage (0.17 ML and 0.13 ML
acetylene for ethyle and ethene, respectively). As the acetylene coverages
which were obtained in both cases are much lower than the saturation
coverage found for acetylene on Ni(111) (Chapter 5.3.1) it seems likely that
this is due to the rate for recombinative desorption of ethyle being lower than
the direct desorption rate of ethene during the dehydrogenation step and/or
that the conversion rate from ethyle to acetylene is higher than the conversion
rate of ethene to acetylene. The second argument would also be in
accordance with the lower onset of the acetylene formation in the
dehydrogenation of ethyle, where the acetylene peak appears at
temperatures as low as 112 K whereas in the dehydrogenation of ethene the
first acetylene can be detected at 170 K. The second dehydrogenation step,
i.e. the dehydrogenation of acetylene is identical in both dehydrogenation
paths within the margin of error. Just as in the dehydrogenation path for
ethene we find no evidence of acetylene trimerization to benzene.

The obvious similarities between the two dehydrogenation paths open up the
exploration of a different interpretation of the data. Figure 5.11 (a) shows the
previously discussed interpretation of the data, with the spectrum resulting
from the exposure of the Ni(111) surface to ethane (C,Hg) with 0.84 eV kinetic
energy, acquired under an emission angle of 45 °, fitted as ethyle (C;Hs) as
already displayed in Figure 5.9 (b). Figure 5.11 (b) shows the same spectrum,
however this time it is fitted under the assumption that instead of one C-H
bond two C-H are breaking upon adsorption, netting ethene (C;H,) as the
adsorbed molecule. In this fit the peak for the first carbon atom resides at
283.35 eV, and the peak for the second carbon atom at 283.98 eV. The first
vibrational contributions are shifted by 360 meV towards higher binding
energies in respect to the adiabatic peaks, and the S-factor is 0.32 in both
cases. Although the fit as C,Hs is a bit better then the fit as CyHs, a
comparison with genuine ethene spectra on Ni(111) shows the validity of this
alternative interpretation.
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Figure 5.11 (c) shows the fit of the C 1s spectrum of a saturated (0.5 ML C
atoms) ethene layer on Ni(111). Just like the spectrum shown in Figure 5.11
(&) and (b), this ethene spectrum was recorded under an emission angle of
45 °. The fit shows very similar feature, especially the fact that the two
adiabatic peaks have almost the same height in both in Figure 5.11 (b) and (c)
demonstrates this similarities. A major difference is the position of the
adiabatic peaks. The grey lines in Figure 5.11 show that the adiabatic peaks
are shifted almost 200 meV towards higher binding energies in (c) in respect
to their positions in (b). This can difference can be explained by the different
coverages. In Chapter 5.1.1 it was discussed that the binding energy of
adiabatic peaks in the spectra of ethene on Ni(111) depends on the ethene
coverage, with the adiabatic peaks shifting to higher binding energies with
increasing coverage. This can also be seen in Figure 5.1 (a). Figure 5.11 (d)
shows a fit of 0.22 ML C atoms of ethene on Ni(111), the same coverage that
was obtained for the dosing of ethane on the surface. Please note that this
spectrum was acquired under a different emission angle of O °. The different
height ratio between the two adiabatic peaks can be explained by
photoelectron diffraction, as discussed in Chapter 5.1.1. The binding energies
of the two adiabatic peaks here are exactly the same as for the fit in
Figure 5.11 (b). The last remaining question in this alternate explanation
would be why the dehydrogenation starts at lower temperatures after the
exposure of the surface to ethane compared to ethene. This can also be
attributed to the higher coverages reached after the exposure of the surface to
ethene. As for the dehydrogenation of the ethene some free space is needed
on the surface to accommodate the hydrogen, at first some ethene needs to
desorb from the surface. As soon as this happens the dehydrogenation starts.
After the exposure to ethane the surface is covered with less then 50 % of the
amount found after the adsorption of pristine ethene, providing lots of empty
sites for the dehydrogenation from the start of the experiment.

All of these arguments make the assignment of the adsorbate as C,Hs or as
C,H4 equally likely, and for a clear assignment as one of the two species
additional experiments with a different technique which is able to detect the
number of hydrogen atoms would be needed, for example vibrational
spectroscopies like HREELS. Such experiments have not been reported in
literature up to now.

5.2.2 Ethane coadsorbed with O on Ni(111)

As the adsorption and especially the dehydrogenation behavior of both ethene
(C,Hy4) and ethyle (CzHs), which was generated by dosing ethane (C,Hg) on
the clean Ni(111) surface with 0.84 eV kinetic energy per molecule, were
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found to be rather similar, the question arises if these similarities also hold
true in the coadsorption case with oxygen.

To investigate this, ethane (C,Hs) was adsorbed with a kinetic energy of
0.84 eV per molecule (2 sccm CzHg, 20 sccm He, nozzle temperature 873 K)
on a Ni(111) surface covered with 0.19 ML O at a surface temperature of 101
K. The resulting C 1s spectra are shown in Figure 5.12 (a). The spectral
shape remains constant during the uptake, however after the molecular beam
is switched off a loss in intensity is observed (Figure 5.12 (b), Figure 5.13 (b))
due to desorption of physisorbed ethane. The corresponding peak, as derived
from the subtraction of the first spectrum after the switchoff of the molecular
beam from the last spectrum before the switchoff is diplayed as well. This
desorption causes a drop in coverage from 0.26 ML down to 0.22 ML C
atoms. As can be seen from the figure the peak of the desorbing component
is shifted to higher biding energies with respect to the peak for the remaining
species, implying a different adsorption behavior. So the reason for this
desorption is most likely that the sample temperature was in a range were a
pressure dependent adsorption/desorption equilibrium is reached on the
surface for the desorbing component. After the molecular beam is switched off
the lower pressure leads to a subsequent desorption of the excess ethane.
The assumed adsorption/desorption situation is in good agreement with a
TPD study [156] of ethane on clean Ni(111), where ethane was physisorbed
onto Ni(111) at 70 K and during heating a desorption maximum was found at
99 K. On the oxygen precovered surface the coverage increases linearly with
time, however the coverage increase is slower as for the clean Ni(111)
surface. On the clean surface a saturation coverage of 0.22 ML C atoms is
reached after 300 s of ethane dosage. Using the same adsorption parameters
on the oxygen covered surface a total of 1800 s were needed to reach the
same coverage, as can be seen from the quantitative analysis in
Figure 5.13 (b). From this a lower sticking coefficient for the oxygen
precovered surface can be deduced. It should be noted, however, that no
saturation was reached during the uptake on the oxygen precovered surface.
As some of the adsorbed ethane desorbed after the lowering of the pressure,
however, it can be argued that 0.22 ML is the saturation coverage for the
experiment temperature of 101 K and the base pressure of the vacuum
system.
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Figure 5.12: (a) Selected C 1s spectra of an ethane adsorption experiment with a kinetic
energy of 0.84 eV per molecule on 0.19 ML O precovered Ni(111) surface at 101 K, collected
at an emission angle of 45° (b) C 1s spectra before and after the switch off of the molecular
beam (c) fit of the red spectrum from (b) (d) fit of the difference spectrum
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Just like in the case of the ethene adsorption on the clean and the oxygen
precovered Ni(111) surface (Chapter 5.1) the spectral shape of the adsorbate
on the oxygen covered surface is clearly different from the one on the clean
surface. Whereas the C 1s spectrum of the adsorbate on the clean Ni(111)
surface features two distinct main peaks with their respective shoulders due to
the vibrational contributions here for the adsorbate layer remaining on the
surface after the desorption of the excess ethane, we only find one main peak
with a rather strong shoulder. The detailed fitting result of the C 1s spectrum
is shown in Figure 5.12 (c). A main peak at 283.33 eV is attributed to the
adiabatic transition. Due to the presence of the excess ethane during the
uptake, which alters the overall spectral shape, no information can be
determined if the binding energy shifts during the uptake, like it was observed
during the uptakes of both ethane and ethene on the clean surface and
ethene on the oxygen precovered surface. In addition to the main peak two
vibrational contributions are found, which are assigned to the transition to the
first and second excited C-H vibrational states in the final state ions,
respectively. The peak assigned to the first vibrational excitation is shifted by
400 meV to higher binding energies in respect to the main peak and has an
S-Factor of 0.53. For the second vibrational excitation we find in respect to the
adiabatic transition a shift of 800 meV and an S-Factor of 0.14. In
Figure 5.12 (d) a fit of the difference spectrum for the ethane component that
desorbed upon switchoff of the molecular beam is displayed. The spectrum
can be fit with a similar set of three peaks as was used for the stronger bound
component. The distances between the peaks of 400 meV each are the same
as are the S-Factors of 0.53 and 0.14 for the first and second vibrational peak,
respectively. A difference is found in the binding energy of the adiabatic peak,
which lies at 283.67 eV. This clearly shows that this component is differently
bound to the surface than the component remaining after the adsorption. This
different adsorption behavior is also the most likely reason that the component
has a lower desorption temperature. The binding energy difference between
the peaks of 400 meV each corresponds well to the value of 404 meV found
in gas phase measurements [30], but deviates from the vibrational energies of
360-370 meV found for ethane physisorbed on clean Ni(111) below 100 K
with HREELS [156].This difference is attributed to the fact that HREELS
probes the electronic ground state and XPS the excited state. The difference
of ~ 10% between the two values was found for a several hydrocarbons
adsorbed on Ni(111) and Pt(111) [28]. Considering that for hydrocarbons
adsorbed on Ni(111) each C-H bond contributes 0.17+0.02 to the S-Factor
[28] the S-Factor of 0.53 found here points to three C-H atoms per carbon
atom, revealing the adsorbate to be molecular ethane (C;Hg). This is quite
surprising as the kinetic energy of the molecules upon adsorption was the
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same as for the adsorption on the clean surface, where the ethane molecules
are dissociatively adsorbed as CyHs.
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Figure 5.13: (a) C 1s spectra taken after heating a C,Hg layer on oxygen precovered Ni(111)
to the denoted temperatures (b) Quantitative analysis of the ethane uptake (c) Quantitative
analysis of the data from (a) (d) O 1s spectra before the ethane uptake and after the TPXPS

An explanation for this behavior could be that the oxygen blocks adsorption
but stabilizes the physisorbed component on the surface. The fact that there
is still ethane on the precovered surface at 103 K whereas we could not
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adsorb any ethane on the clean surface at this temperature, where the
desorption maximum is reported at 99 K [156] hints in this direction. Another
argument in this direction is the presence of a variety of physisorbed
hydrocarbons present on NiO (see Chapter 6.2.2) at temperatures where they
have long desorbed on the clean Ni(111) surface. The absence of dissociative
adsorption can be explained by steric reasons, i.e. that the oxygen blocks the
adsorption sites for hydrogen that are necessary for the dissociative
adsorption, just like in the case of ethene coadsorbed with O on Ni(111)
(Chapter 5.1.2). This seems highly likely since hydrogen [170-172] and
oxygen [65, 66] both are known to adsorb in threefold hollow sides on Ni(111).
Haroun et al. [172] also found that CHz and H, which both adsorb in hollow
sites on Ni(111), interact repulsively on Ni(111), leading to the conclusion that
dissociative adsorption of methane (CH4) on Ni(111) is only favored if the
fragments do not interact. Since C,Hs also seems to prefer a hollow
adsorption site (Chapter 5.2.1), it seems possible to compare the situation of
the dissociative adsorption of methane and ethane. This means that a lower
availability of hollow adsorption sites for the hydrogen due to the presence of
oxygen on the surface will lead to more repulsive interactions between C;Hs
and H making the dissociative adsorption of C,Hg unfavorable and leading to
molecular physisorption of C;Hs. To gain further insight whether or not the
situation is comparable with the adsorption of ethene it is important to take a
look into the thermal evolution of the adsorbed ethane layer.

The thermal evolution of this layer was studied by heating it via resistive
heating stepwise to selected temperatures, acquiring spectra after each
heating step. These spectra are shown in Figure 5.13 (a). Most of the
adsorbed ethane is desorbing between 105 and 225 K, which is especially
obvious from the quantitative analysis in Figure 5.13 (b), revealing that the
total coverage drops from 0.22 ML to 0.05 ML C atoms in this temperature
region. The coverage drops again when heating from 300 to 500 K. Together
with the fact that the intensity of the oxygen peak is slightly lower at 500 K
then before ethane adsorption (Figure 5.13 (d)) we can conclude that some of
the oxygen reacts with carbonaceous species on the surface between 300
and 500 K to form CO or CO,, which subsequently desorbs from the surface.
A closer look at the spectrum at 225 K shows a peak near 283.3 eV which is
assigned to acetylene (C,H,) from its binding energy value. As acetylene was
found as dehydrogenation product of ethane on clean Ni(111) here the most
likely source is also some dehydrogenation of ethane. Dehydrogenation is
also a likely source for the other main contribution of the spectrum at
283.8 eV, of which the nature can not be determined. Another possible
assignment of the peak at 283.33 eV would be that at least a part of the
dosed ethane adsorbed dissociatively as ethyle (C,Hs) or ethene (C,Hy), just
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like on the clean surface. However, the region of 225 to 300 K, in which the
residual products are stable, makes this assignment unlikely since in this
temperature region the ethyle has already dehydrogenated to acetylene on
the clean surface. What is remarkable however is that here a much smaller
adsorbate percentage reacts on the oxygen precovered surface than on the
clean surface, with 0.05 ML of 0.22 ML and 0.17 ML of 0.22 ML remaining on
the surface, respectively at 225 K. If we compare the situation here with the
thermal evolution of ethene on the oxygen precovered surface it seems
surprising that there we found no dehydrogenation on the surface (except for
a very small minority of less then 0.01 ML), whereas here we have at least
part of the species reacting. The best explanation for this is the lower oxygen
coverage of only 0.19 ML in the coadsorption experiment for ethane and
oxygen on Ni(111). From the ethene coadsorption experiment it could be
deduced that the oxygen blocks the adsorption sites for the hydrogen, and
thus completely blocking the dehydrogenation of the ethene. In the case of
ethane some adsorption sites for hydrogen have to be available due to the
missing 0.06 ML of oxygen, leading to dehydrogenation of some of the
adsorbed ethane.
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Figure 5.14: C1s spectrum of 0.07 ML C atoms of ethane adsorbed on Ni(111) precovered
with 0.25 ML oxygen, after subtraction of surface contamination peak. Ethane dosed at 140 K
with 0.84 eV kinetic energy

To further elucidate the role of the oxygen vacancies we also performed an
adsorption experiment where ethane was dosed onto 0.25 ML oxygen on
Ni(111), again with a kinetic energy of 0.84 eV at a surface temperature of
140 K for 1400 s. Subtracting peaks due to some contaminations (0.02 ML C-
equivalent coverage) on the surface yields similar lineshape both prior and
post desorption of the physisorbed component, as can be seen by comparing
Figure 5.14 with Figure 5.12. The adiabatic component was again found at
283.33 eV, and also the differences in binding energy of 400 meV to the two
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vibrational peaks and the S-factors of 0.53 and 0.14 for the first and second
vibrational peak, respectively, are identical to the other experiment. The only
difference is a slightly smaller line width that can be attributed to a slightly
better resolution for this experiment. The coverage reached after 1400 s was
0.07 ML C atoms, which is significantly lower than in the first experiment,
where 0.22 ML were reached after 1800 s. Considering that the coverage
increase is linear over time (see Figure 5.13 (b)), and the difference in
adsorption time between the two experiments is only ~ 25 %, the difference
has most likely to be attributed to the higher sample temperature (140 K and
101 K for the second and first experiment, respectively), although an influence
of the higher oxygen coverage can not be ruled out. During heating of this
layer all of the adsorbed ethane desorbed again until 225 K, leaving only the
contamination on the surface that was present before the uptake, with no
difference in the contamination coverage before and after. As now
dehydrogenation to acetylene or other dehydrogenation products can be
found here this further backs the assumption that the oxygen blocks the
adsorption sites for the hydrogen, and thus prevents the dehydrogenation of
hydrocarbons on Ni(111). Interestingly additionally to blocking the
dehydrogenation of hydrocarbons on Ni(111) the oxygen also seems to
stabilize the physisorbed phases of hydrocarbons, as we find significant
physisorption of ethane when it is coadsorbed with oxygen on Ni(111),
whereas no physisorption was found on the clean Ni(111) surface.

5.3 Acetylene

5.3.1 Acetylene on clean Ni(111)

After studying the other two hydrocarbons with two carbon atoms, namely
ethane and ethene, on Ni(111), the question remains if any of the trends
observed there can also be found for acetylene.

Figure 5.15 (a) shows the C 1s spectra of an uptake experiment of acetylene
(C2H2) on Ni(111) with a surface temperature of 105 K, the data set was taken
from [54]. The inset shows that a coverage of 0.58 ML carbon atoms is
reached after an exposure to 0.8 L acetylene. This coverage is slightly lower
then the 0.66 ML carbon atoms Fuhrmann [54] assigned to this data set, due
to a reevaluation of the coverage data. The detailed fit is displayed in
Figure 5.15 (b). Unlike for the ethene and ethane adsorption the spectrum is
dominated by a single peak, which starts at 283.33 eV and shifts to 283.40 eV
for high coverages. Two vibrational contributions are shifted by 390 and 750
meV to higher binding energies in respect to the main peak. Their S-Factors
are 0.19 and 0.03, respectively. The S-Factor of 0.19 of the first vibrational
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contribution, which for hydrocarbon adsorption on Ni(111) is typical for one
C-H bond per carbon atom [28], is a clear evidence for molecular adsorption
of C;H,. The absence of a second main peak, which was seen in the
adsorption of ethene and ethane, indicates equivalent adsorption sites for
both carbon atoms. From literature this adsorption site is known to be two
adjacent hollow sites [152, 159]. The overall peakshape and the binding
energy is in very good accordance with the acetylene species found in the
dehydrogenation paths of ethene (C,H4) and ethyle (C,Hs) in the previous
chapters. It should be noted, however, that the coverage of 0.58 ML C atoms
(0.29 ML C,H, molecules) is much higher than the acetylene coverages
obtained during the dehydrogenation of ethene or ethyle.
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Figure 5.15: (a) Selected C 1s spectra of acetylene dosed on clean Ni(111) at 105 K. Inset:

Quantitative plot of the uptake (b) detailed fit of spectrum with highest coverage. Data taken
from [54]

The significance of this higher coverage becomes clear when looking at the
thermal evolution of the adsorbed acetylene layer. In the previous chapters it
was found that in the dehydrogenation path of adsorbed ethene and ethyle
the formed acetylene dehydrogenated to carbonaceous species around
400 K. The same decay path was suggested by Thomas Fuhrmann [54] for
this data set. However, a reevaluation of the data set paints a much more
complex picture.
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Figure 5.16: (a) Color coded density plot of the TPXPS experiment for a saturated acetylene
layer on Ni(111) (b-d) Detailed fits of the spectra acquired at (b) 310 K (c) 480 K (d) 814 K
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After the uptake of the acetylene on clean Ni(111) the layer was heated to
500 K with the sample filament with a rate of 0.5 K/s and a C 1s spectrum was
taken every 10 K. Additional heating steps above 500 K were achieved using
the resistive heating, the spectra were taken after the heating step in this
temperature range. The density plot of this TPXPS is shown in Figure 5.16 (a)
and the quantitative analysis in Figure 5.17. In Figure 5.16 (b-d) detailed fits
are shown of temperatures where the reaction products discussed below can
most clearly be seen. The displayed fit was the best achieved for this system,
and the quality could not be improved further by including vibrational
contributions for the CgHg precursor, CsHg and C¢Hs fragments. The spectral
shape and coverage remain unchanged up to 270 K; while above 270 K a
new species appears at a binding energy of 282.98 eV (see Figure 5.16 (b)).
The highest coverage found for this species is 0.04 ML C atoms at 340 K and
at 370 K the species has disappeared from the surface. As the total C-atom
coverage remains constant up to this temperature, and the C,H;, coverage is
decreasing above 270 K it can be concluded that this new species has to be a
decay or reaction product of acetylene, although a clear assignment is
difficult. CH is a possible candidate, which would be in accordance with a
study by Demuth et al. [158], who reported that CH was present on the
surface as well as C,H, after dosing 6 L of C,H, on Ni(11l) at room
temperature. On the other hand CH was also found during TPXPS-
Experiments of CH3 on Ni(111) [54], where it appeared in the temperature
range of ~150-270 K at a binding energy of 282.59 eV and reacted to
acetylene at high temperatures. This would mean that at 270 K all CH should
have been converted to C,H,.
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Figure 5.17: Quantitative analysis of data from Figure 5.16 (a)

Another possible assignment comes from the two species that start to appear
at 284.17 and 284.47 eV above temperatures of 320 K (see Figure 5.16 (c)).
The first species appearing at 284.17 eV reaches its maximum coverage of
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0.12 ML C atoms at 400 K and starts to disappear again above 490 K. The
second with a binding energy of 284.47 eV has its maximum intensity
corresponding to 0.08 ML C atoms at 550 K and disappears above 650 K.
The binding energy and thermal stability range of these two species suggest
an assignment as hydrocarbon species. One possible candidate is benzene
(CsHg), which has been reported before as an intermediate in the thermal
evolution of acetylene on Ni(111) appearing around 300 K [160-162], which is
close to the 330 K at which the species with the binding energy of 284.17 eV
appears. The binding energy of the species at 284.17 eV is also in the region
previously reported for low coverages of benzene on Ni(111) [175], and also
the disappearance of the species above 490 K is consistent with TPD results
of benzene on Ni(111) [176]. Therefore we assign the species as benzene.
Benzene (CgHs) is formed from the acetylene through trimerization [160-162],
and benzene adsorbs in a bridge site for coverages up to 0.6 ML C atoms
[175, 177]. This means all carbon atoms are on top of Ni atoms in the first
layer. So in order to trimerize to benzene the acetylene molecules have to
leave their hollow-hollow positions. If the temperature range of 270-370K, in
which the species with a binding energy of 282.98 eV exists is put into
consideration as well as the disappearance of this species as soon as
benzene starts to appear, it seems likely to assign this species to a benzene
precursor state, i.e., either acetylene molecules that are displaced from their
adsorption site in order to be able to trimerize or some benzene molecules
that have not yet migrated to their preferred adsorption site. As benzene
(CsHs) has been reported to dehydrogenate to CgHs and CgH4 above 395 K
[162] the species at 284.47 eV, which appears at higher temperatures than
benzene, and does not increase in coverage after benzene is gone from the
surface is attributed to hydrocarbons formed from the dehydrogenation of
benzene. This assignment is further supported by the benzene TPD
experiments conducted by Steinrlck et al. [176], where hydrogen desorption
from the surface was found up to 700 K, while benzene desorption was only
detected up to 500 K. The quantitative analysis of our TPXPS experiment
shows the same temperature threshold of 700 K for the disappearance of the
CeHx fragments from the surface.

The next species, labeled as carbon 1 (light green in Figure 5.16 (c) and
Figure 5.17), appears around 360 K at a BE of 282.90 eV. The coverage of
this species increases up to 0.12 ML C atoms at 390 K and then remains
almost constant until 430 K before increasing again to the maximum of
0.18 ML C atoms between 550 and 650 K and dropping to 0.03 ML at 750 K.
Due to the lack of vibrational splitting, i.e. no C-H bonds on the carbon atoms
this species can be clearly assigned as a carbon species. This is also in good
agreement with the observed dehydrogenation of low acetylene coverages in
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the decay path of ethene (C,H,;) and ethyle (C;Hs), as discussed in the
previous chapters, and is also in agreement with literature on the thermal
evolution of acetylene on Ni(111) [142]. The second carbon species (carbon
2, dark green line in Figure 5.16 (c) and Figure 5.17) found during the
dehydrogenation of ethene and ethyle on Ni(111) is also found here. It
appears at a binding energy of 283.26 eV and a temperature of 400 K. Its
coverage increases up to 0.2 ML C atoms between 600 and 650 K before
disappearing at 750 K. The final change in the spectral shape appears around
700 K, where another species appears at a BE of 284.86 eV (see
Figure 5.16 (d)). The highest coverage found for this species is 0.14 ML C
atoms at 750 K. This species evolution goes hand in hand with a drop in
intensity of the two carbon species. Grineis et al. [168] found that during
propylene (CsHg) adsorption on Ni(111) at temperatures above 600 K the
same two carbon species that we find here transform to graphene after longer
exposure times. The XPS binding energy of the formed graphene layer was
found to be 284.7 eV, which is very close to the binding energy of 284.86 eV
we find for the high temperature species, and thus an assignment to graphene
seems plausible. However in other experiments it was found that graphene
layers on Ni(111) are thermally stable up to 1100 K [178], which is in contrast
to the drop in intensity we observe for the species above 750 K (see
Figure 5.17).

The total coverage remains constant at 0.58 ML C atoms from 110 to 340 K.
In the temperature region of 340-420 K, where the transition of the acetylene
to the hydrocarbons and the further transition to the two carbidic carbon
species take place, it drops down to 0.45 ML C atoms. Such a decrease in the
total coverage has also been observed for the acetylene dehydrogenation
during the thermal evolution of ethene (see Figure 5.5 (c)) and ethyle (see
Figure 5.10 (b)). In these cases no competing reaction, i.e. the benzene
trimerization, exists besides the dehydrogenation of the acetylene. Molecular
desorption of acetylene is ruled out from TPD experiments [158, 160], as
there only H, was found to leave the surface. Thus this coverage decrease is
attributed to photoelectron diffraction. Above 550 K the coverage decreases
again slowly down to 0.4 ML at 650 K. As the slope of the decrease of the
total coverage in this temperature range is the same as the decrease of the
CesHx fragments, while the carbon coverage remains constant, this coverage
decrease can be attributed to the desorption of the CsHs fragments. However,
photoelectron diffraction effects cannot be excluded either. Above 650 K
carbon starts to diffuse into the bulk of the Ni(111) crystal [167] which
decreases the coverage down from 0.45 ML C atoms at ~420-550 K to a
remaining coverage of 0.05 ML C atoms at 800 K .
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If we compare the thermal evolution of this acetylene layer with the thermal
evolution of the acetylene formed during the dehydrogenation of either ethyle
(CoHs) or ethene (CzHz) on Ni(111) we find both clear similarities and
differences. In both cases acetylene reacts to another species around 400 K.
For the pristine acetylene layer we find both a trimerization to benzene (CgHs)
and a dehydrogenation to two carbidic carbon species, whereas for the
acetylene formed during the dehydrogenation of ethyle and ethene we only
found the second reaction channel. This behavior can clearly be attributed to
the much higher acetylene coverage in the case of the pristine acetylene layer
(0.58 ML) as compared to coverage of acetylene formed from ethene
(0.26 ML) or ethyle (0.17 ML). Yang et al. [161, 162] attributed this behavior to
the need for short diffusion lengths of acetylene on the surface prior to the
trimerization, and found that coverages close to 0.5 ML of C,H, are needed
for the trimerization to take place. Although no exact threshold was given from
the data presented here we can place this threshold now between the
0.26 ML acetylene formed during the dehydrogenation of ethene, at for this
coverage no trimerization was observed, and the 0.5 ML for which Yang [161,
162] observed trimerization. Due to the high coverages of carbonaceous
species formed from the pristine acetylene layer there is also evidence found
for the formation of a new species at elevated temperatures, which could be
graphene, whereas for the lower acetylene coverages the carbon is just
diffusing into the bulk of the crystal.

5.3.2 Acetylene coadsorbed with O on Ni(111)

Since no or only minor traces of acetylene could be obtained in the thermal
evolution of both ethene and ethane in coadsorption with oxygen on Ni(111), it
is of special interest to study the coadsorption of acetylene and oxygen on
Ni(111) directly. This experiment can give an answer to the question whether
acetylene could not be detected in the thermal evolution of ethene and ethane
coadsorbed with oxygen due to a blocking of the adsorption sites for hydrogen
or because it is immediately desorbing from the surface.

The coadsorption of oxygen with acetylene was studied on a 0.23 ML
containing preadsorbed oxygen layer, i.e., a slightly oxygen deficient 2x2 O
layer. The resulting C 1s spectra can be seen in Figure 5.18 (a), and a
detailed fit is displayed in Figure 5.18 (b). During the acetylene uptake a
strong peak is growing at a binding energy of 283.34 eV, with no noticeable
shifts during the uptake. Just like for acetylene adsorption on clean Ni(111)
the main peak is attributed to adiabatic transition. The detailed fit reveals two
vibrational contributions, which are shifted by 360 and 720 meV towards
higher binding energies in respect to the main peak. Their S-Factors are 0.15
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and 0.03, respectively, which points towards one C-H bond per carbon atom
[28] and thus molecular adsorption of acetylene. As the binding energy and
the vibrational splitting are almost identical to the values found for acetylene
on clean Ni(111) (see Chapter 5.3.1) it can be concluded that acetylene
adsorbs with both carbon atoms in hollow sites, just as it is the case for the
clean surface [152, 159]. At exposures higher than 0.15 L a broad C 1s
component appears around 284.97 eV with a coverage of ~0.05 ML C atoms.
This component is attributed to physisorbed C,H, due to the broad and
unstructured spectral shape and the low thermal stability. The presence of a
physisorbed component is remarkable, as for acetylene on the clean Ni(111)
surface no such component exists in the same temperature range. The
saturation coverage reached for the chemisorbed acetylene is 0.35 ML C
atoms, which gives us a total saturation coverage of 0.4 ML C atoms together
with the 0.05 ML C atoms physisorbed acetylene. This is also evident from the
guantitative analysis of the uptake displayed in the inset of Figure 5.18 (a). As
oxygen is also adsorbing in hollow sites on Ni(111) [65, 66] it blocks some
adsorption sites for acetylene, resulting in the lower saturation coverage
compared to the clean surface.
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Figure 5.18: (a) Selected C 1s spectra of acetylene dosed on Ni(111) precovered with 0.23
ML O at 103 K. Inset: Total surface coverage as a function of expsure (b) detailed fit of
spectrum with highest coverage
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The thermal evolution for this adsorbate layer was studied applying a
temperature ramp of 0.5 K/s per second with the resistive heating and taking
a spectrum every 10 K. The resulting magnetic field affects the binding energy
of the species in an unknown way, and thus no information can be given
about this over the course of the TPXPS.
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Figure 5.19: Thermal evolution of acetylene coadsorbed with oxygen on Ni(111) (a) detailed
fit of the C 1s spectrum taken at 103 K (b) detailed fit of the C 1s spectrum taken at 400 K (c)
guantitative analysis

The spectra at 100 K and 400 K however were taken without heating so the
binding energies of the species present on the surface at the beginning and
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the end of the experiment can be given. Careful comparison of the spectral
shape of the spectra at 100 K (without heating) and 110 K (with heating) as
well as of the spectra at 390 K (with heating) and 400K (without) showed no
change in spectral shape, so we are sure we can give valid information about
the reaction behavior of the species. To compensate for the shifting BE we
assumed a fixed BE distance between the mainpeak of the acetylene and the
peaks of the decay products as well as fixed ratios and distances of the decay
products among themselves, and allowed the BE of the acetylene main peak
to shift. This should give us a good description of the decay process within a
reasonable margin of error of the coverages of about 20%. The spectra at 100
and 400 K, which display the correct binding energies, are shown in Figure
5.19 (a) and (b), respectively. The quantitative analysis of the whole
experiment is shown in Figure 5.19 (c).

The quantitative analysis shows desorption of the physisorbed acetylene up to
a temperature of 140 K. At 280 K the chemisorbed acetylene starts to
disappear and a set of three new peaks appear. At 400 K these peaks have
binding energies of 283.56, 283.98 and 284.47 eV. The peak at 283.98 is 1.05
times larger then the peak at 283.56, and the peak at 284.47 is 0.37 the size
of the peak at 283.56 eV. The ratio between the peaks at 284.47 eV and
283.98 eV is 0.35. From other data of hydrocarbons on Ni(111) (see [28] and
the previous chapters) this could be interpreted as the adiabatic and first
vibrational peak of a hydrocarbon species with two C-H bonds per carbon
atom. However the distance between the two peaks is 490 meV and thus
100 meV larger then the highest vibrational splitting found on Ni(111)
previously [28], making this interpretation highly unlikely. The transition
between acetylene and the decay products takes place in the region between
270 and 370 K. Prior to this decay a small decrease of the acetylene
coverage from 0.37 ML C atoms down to 0.35 ML C atoms is observed, which
is attributed to a desorption of acetylene. Up to 330 K the total coverage
remains constant suggesting an almost complete conversion of acetylene,
and then falls slowly to 0.31 ML at 400 K. A clear assignment of the species is
difficult. The species at 284.47 eV has the same binding energy as the CgHs
fragments on the clean Ni(111) surface, and also the temperature range in
which the species appears is similar. If we assign this species to CgHg
fragments this implies that acetylene is also able to trimerize in the
coadsorption case with oxygen. This raises the question however why we do
not see the benzene peak at 284.17 eV, that appeared at the clean Ni(111)
surface. Papp [27] observed for the coadsorption of benzene on Ni(111) with
both CO and NO a shift of the benzene C 1s binding energies towards lower
binding energies. As also a shift towards higher binding energies was
observed for higher benzene coverages it was suggested that the binding
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energy shift depends on the surface dipole induced by the coadsorbate
(negative surface dipole for NO and CO and positive surface dipole for
benzene-benzene coadsorption). Oxygen also induces a negative surface
dipole so a shift towards lower binding energies is to be expected for the
benzene binding energy, making an attribution of the peak at 293.98 eV as
benzene possible. If we now further compare the TPXPS of acetylene on the
clean Ni(111) surface with the TPXPS of acetylene on the oxygen precovered
surface, it seems appropriate to assign the peak at 283.56 eV to a
carbonaceous species.

5.4 Concluding Discussion

In studying the adsorption of ethane (and ethyle), ethene and acetylene on
Ni(111) the importance of analyzing the vibrational fine structure of the
adsorbates becomes evident, since it is of great importance for the
identification of the adsorbates. Ethane (C,Hs) exposed on the clean Ni(111)
surface using a high energy molecular beam adsorbs dissociatively as ethyle
(C.Hs), whereas no adsorption was found when using a low energy beam.
Both for ethene (C,H,) and acetylene (C,H,) molecular adsorption was found.
While for acetylene (C,H;) adsorption the C 1s spectra are dominated by a
single main peak, the spectra of ethene (C,H4) and ethyle (C,Hs) both show
two main peaks of similar height. The actual ratio of both peaks, however,
was found to be dependent on the experimental geometry due to
photoelectron diffraction. Since for both adsorbates the two peaks grow
simultaneously over the whole timeframe of the uptake, it can be concluded
that the two peaks originate from two carbon atoms within one molecule
bound in different positions on the surface. Two different adsorption
geometries for the molecules, as found e.g. for CO on Ni(111) [179] would
lead to the two peaks growing consecutively instead of simultaneously. For
ethene adsorption this observation helped to solve the old riddle of the
adsorption geometry on Ni(111), as all but one of the adsorption geometries
proposed by HREELS experiments show equivalent adsorption sites for the
two carbon atoms. The remaining adsorption geometry has one carbon atom
adsorbing in a hollow site and the second binding in an on-top position. Due
to the similar binding energies the same adsorption geometry also seems
likely for ethyle (C;Hs) on the clean Ni(111) surface. Acetylene is widely
accepted to adsorb in a hollow-hollow adsorption geometry on Ni(111), which
is in good agreement with our data, showing only one main peak in the C 1s
spectrum. All binding energies and adsorption geometries of the various CyHx
are summarized in Table 5.1.
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As on the clean Ni(111) surface all adsorbates adsorb with one carbon atom
in a hollow position the binding energies of all three species are very close to
each other. This further emphasizes the importance of analyzing the
vibrational splitting to correctly identify the different adsorbates by their
characteristic S-Factor. The mean S-Factor found for all adsorbates
discussed in Chapter 5 is 0.17+0.02 and is thus exactly the same value
Steinrtck et al. [28] found for various hydrocarbons adsorbed on Ni(111) and

Pt(111).

Adsorbed C1/C, Binding Vibrati- | S- Coverage | Adsorption
Species Energy [eV] onal Factor | in ML Geometry
Splitting | for C atoms
for c1/c2
ci/c2
CoHa/ 283.33-283.40/ 390 0.19 0.58 Hollow/Hollow
Ni(111) Same as C1
CoHa/ 283.34/ 360 0.15 0.35 Hollow/Hollow
O/Ni(111) Same as C1
CoHa/ 283.35-283.48/ 360/ 0.32/ |05 Hollow/On-top
Ni(111) 283.98-284.07 360 0.32
CoHa/ 283.27-283.34/ 350 0.33 0.28 Hollow/Hollow
O/Ni(111) Same as C1
CoHs/ 283.28-283.33/ 360/ 0.34/ | 0.22[54] Hollow/CH3z
Ni(111) 283.94-283.95 320 0.51 (dependant | group not
on kinetic interacting
energy) with surface
CoHe/ 283.33/ 400 0.53 0.22 (not Hollow/Hollow
O/Ni(111) Same as C1 saturated)

Table 5.1: Binding energies, vibrational data, coverages and adsorption sites for C,H,
species on clean and oxygen precovered Ni(111)

In the study of the thermal evolution of the adsorbates on the clean Ni(111)
surface an interesting coverage effect for acetylene could be confirmed. Both
ethene (C;H,;) and ethyle (C;Hs) dehydrogenate to acetylene upon heating
around 200 K. During these two dehydrogenation paths the formed acetylene
further dehydrogenates to carbidic carbon species around 400 K. However, if
acetylene is dosed directly onto Ni(111) upon heating a partial trimerization of
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the acetylene to benzene (CgHg) is found. This can be attributed to the higher
coverage reached when dosing pristine acetylene (0.58 C atoms) compared
to the coverage of acetylene formed from the dehydrogenation of ethene and
ethyle (0.26 and 0.17 ML, respectively). The higher coverage leads to shorter
diffusion path lengths for acetylene prior to the trimerization. For even higher
temperatures the benzene partly decays to the same carbidic carbon species
found in the decay paths of the other two adsorbates, however, the achieved
coverage of carbonaceous species is much higher then in the other cases,
with 0.38 ML C atoms, compared to 0.20 ML C atoms formed in the
dehydrogenation of ethene and 0.07 ML in the dehydrogenation of ethyle.
Around 650 K the carbon diffuses in the bulk in all three cases, but for the
highest coverage formed during the dehydrogenation of acetylene, the
formation of a new species is found in this temperature region, for which no
clear assignment is possible. In the other two cases the total amount of
carbon is to low to allow this reaction path.

On oxygen precovered Ni(111) there are significant changes in the adsorption
mechanisms for all the studied molecules. Ethane was found to adsorb
molecularly on a Ni(111) surface precovered with 0.19 ML oxygen, even
though it was dosed with the same kinetic energy that enabled dissociative
adsorption on the clean surface. This molecular adsorption leads to a vastly
different C 1s spectrum which is dominated by a single adiabatic main peak
instead of the two main peaks found for ethyle on clean Ni(111). The reason
for this molecular adsorption is that hydrogen formed during the dissociative
adsorption favors hollow adsorption sites [170-172], which are blocked by
oxygen [65, 66]. This blocking of the adsorption sites for hydrogen by the
oxygen is also the most likely reason for the desorption of the majority of the
adsorbed ethane without any dehydrogenation. Around 20% of the initial
ethane coverage is converted to carbonaceous species and hydrocarbons,
indicating some dehydrogenation is taking place despite the presence of the
oxygen. Comparison with an ethane adsorption experiment on a Ni(111)
surface precovered with 0.25 ML oxygen, where the ethane desorbed
completely upon heating, showed that the carbonaceous species and
hydrocarbons formed on the 0.19 ML O are only formed because the layer is
oxygen deficient compared to a closed O (2x2) layer with 0.25 ML oxygen. It
is unclear how the oxygen affects the saturation coverage for ethane on
Ni(111). As can be seen from Table 5.1 the ethane coverage is 0.22 ML in
both cases. However on the clean surface the saturation coverage depends
strongly on the initial kinetic energy of the molecules as shown by Fuhrmann
[54], and the adsorbate layer on the oxygen precovered surface is not
saturated even though the adsorption time is already 6 times the adsorption
time used on the clean surface.
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Similar observations were made during a coadsorption experiment of ethene
and 0.25 ML oxygen on Ni(111). Just like for the ethane the C 1s spectrum
looks drastically different, with only one adiabatic main peak instead of two
found for ethene adsorption on the clean surface. As the remaining peak has
a binding energy of 283.34 eV which is typical for hydrocarbons adsorbed in a
hollow position it is concluded that the presence of the oxygen changes the
preferred adsorption site of ethene on Ni(111) from hollow-on top to a hollow-
hollow geometry, which is also found for acetylene on Ni(111). A clear
disambiguation between ethene and acetylene can be made by analyzing the
vibrational finestructure, as they feature different S-Factors, as can be seen in
Table 5.1. The oxygen presence on the surface leads also to a reduced
saturation coverage, with a coverage of 0.28 ML C atoms. This is only 56% of
the coverage obtained on the clean surface. Upon heating ethene desorbs
completely up to 225 K with only very few traces of carbonaceous species
formed. This can again be attributed to the blocking of the adsorption sites for
hydrogen by the oxygen, inhibiting the dehydrogenation. The traces of
carbonaceous species still formed are due to slight local variations in oxygen
coverage.

The least changes to the behavior on the clean surface are found for the
acetylene coadsorption with 0.23 ML oxygen. The spectral shape of the
molecularly adsorbed acetylene is very similar to the situation on the clean
surface. However the coverage is reduced to approximately 60% of the
saturation coverage on the clean surface. This reduction is about the same
size we find for the coadsorption of ethene and oxygen on Ni(111). Another
interesting observation is that a physisorbed acetylene species with a
coverage of 0.05 ML at 103 K exists on the oxygen precovered surface,
although no such species is found on the clean surface. A similar finding was
made for the coadsorption of ethane and oxygen on Ni(111), although there
the physisorbed species is even less strongly bound, as at a temperature of
101 K it completely desorbs upon decreasing the pressure. This effect, that
oxygen seems to stabilize physisorbed species on the nickel surface is even
more strongly seen for the oxidized Ni(111) surface, as detailed in Chapter
6.2.2. In the context of this discussion it seems fair to mention that the exact
nature of the bond of ethene and ethane coadsorbed with oxygen could not
be determined. Although the binding energy, which is very similar for all the
adsorbed species discussed in Chapter 5 hints at a chemisorbed species in
all cases, the very low desorption temperatures, with desorption already
starting below 150 K for ethane and ethene coadsorbed with oxygen, raises
the question if an assignment as a physisorbed species would not be better.
Such a fast desorption of the adsorbed species is not found for the
coadsorption of acetylene and oxygen. Here a similar reaction path is found
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as on the clean Ni(111) surface with a possible trimerization of the adsorbed
acetylene to benzene, and other fractions of the acetylene dehydrogenating to
carbonaceous species. This dehydrogenation is probably possible due to
some oxygen vacancies on the surface since the layer studied is not a
saturated O(2x2) overlayer. The oxygen however affects the binding energies
of some of the reaction products, leading to a lower binding energy for
benzene.

In summary for the adsorption of C,Hy species on clean and oxygen
precovered Ni(111) it was found that C,;Hs, formed from the dissociative
adsorption of C,Hs, and C;H; adsorb in an asymmetric hollow/on-top
adsorption geometry on clean Ni(111). C,H, on the clean surface and all
studied adsorbates on the oxygen precovered surface adsorb in a
symmetrical hollow/hollow geometry. During heating C,Hs and C,H,4 decay to
C,H, which further dehydrogenates to carbonaceous species which
subsequently diffuse into the bulk. For high coverages acetylene trimerizes to
benzene, and for high coverages of carbon graphene formation is suggested
at high temperatures. Oxygen blocks or hinders the dehydrogenation of both
ethene and ethane, leading to molecular adsorption of ethane and thermally
instable adsorbates. It also reduces the saturation coverages for ethene and
acetylene by 40% and increases the adsorption times needed for ethane to
obtain higher coverages. Physisorbed species are stabilized by an oxygen
precoverage and can be observed at higher temperatures compared to the
clean Ni(111) surface.
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6 Adsorption of hydrocarbons on Cu(111)
and thin NiO layers

6.1 Acetylene adsorption and reaction on thin NiO surfaces

6.1.1 Acetylene adsorption on clean Cu(111)

In order to understand the adsorption behavior of acetylene (C;H,) on the
Cu(111) surface covered with the NiO clusters (nominal coverage 0.5 ML),
first the acetylene interaction with the clean Cu(111) surface has to be
studied, since the cluster covered surface also has patches of this surface

type.

Figure 6.1: (a) LEED picture of a saturated C,H, layer on Cu(111). (b) proposed adsorption
geometry for this LEED structure. Both pictures taken from [180]

The adsorption and thermal evolution of acetylene on Cu(111l) has been
studied quite intensively so far. Demuth was the first to study the system with
UPS [181], finding hints for a strong distortion of the molecule upon
adsorption. Bandy et al. [182] found a rehybridisation of the molecule upon
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adsorption with HREELS, and suggested a hollow-hollow adsorption
geometry for the molecule with the C-C axis parallel to the surface, just as it is
the case on Ni(111) (see Chapter 5.3.1). This requires the molecule to
elongate the C-C distance to a value of 1.48 A which is explaining the
rehybridisation of the molecule [183]. This adsorption geometry was
confirmed with various techniques, including PhD [183], STM [184] and DFT
[185] studies. From a NEXAFS and He Scattering study [186] it was
determined that the two hydrogen atoms are bent out of the molecular plane
and face upward, away from the surface. A LEED study [180] revealed a

2 1
rather complex diffraction pattern that can be notated as (O 4] and is

displayed in Figure 6.1 (a). This structure corresponds to a coverage of 0.5
ML C atoms (0.25 ML C;H, molecules), and the proposed adsorption
geometry is displayed in Figure 6.1 (b). Upon heating a desorption
temperature of 323 K was reported for acetylene [187]. A detailed TPD study
[188] revealed that acetylene does not desorb molecularly but rather reacts to
ethylene (C;Hj), benzene (CsHg), butadiene (C4He) and cyclooctatetraene
(CgHg), which subsequently desorb from the surface. Isotope exchange
experiments within the TPD study showed that the benzene formation is an
associative mechanism, whereas in the formation of butadiene strong kinetic
isotope effects were observed associated with C-H cleavage.

To characterize the interaction of acetylene with Cu(111) we dosed acetylene
on the surface with the multicapillary array doser at a temperature of 112 K.
The spectra were collected at an emission angle of 0° and to avoid beam
damage the measuring spot was changed after each spectrum. The resulting
C 1s spectra are shown in Figure 6.2(a). The spectra are dominated by an
adiabatic peak with a binding energy of initially 283.36 eV, which shifts to
283.42 eV for higher coverage. The detailed fit, as displayed in Figure 6.2 (b),
shows a vibrational contribution with a shift of 370 meV to higher binding
energies in respect to the main peak. From the peak areas an S-factor of 0.21
is calculated. If the results from the Ni(111) surface (Chapter 5, [28]) and from
Pt(111) [28] are taken into consideration this S-Factor is a proof of one C-H
bond per carbon atom. This means that acetylene is adsorbing molecularly on
the surface, in accordance with literature. Shifted by 740 meV towards higher
binding energies a second vibrational peak is found. The absence of a second
adiabatic peak, like we see for ethylene and ethyle on Ni(111) (see Chapters
5.1.1 and 5.2.1, respectively) points to chemically equivalent adsorption sites
for the two C-atoms, again in good agreement with the reported hollow-hollow
adsorption geometry [183, 185]. The inset of Figure 6.2 (a) shows the
guantitative analysis of the uptake. The coverage of acetylene increases
linearly with exposure until the saturation coverage is reached. The saturation
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coverage is set to be 0.5 ML of C-atoms. This was determined as saturation
coverage by LEED [180]. The thermal evolution of the layer was studied by
heating the surface to the designated temperature and subsequent acquisition
of a C 1s spectrum. The surface was shifted to a new spot after each
spectrum to avoid beam damage.
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Figure 6.2: (a) selected C 1s spectra for C,H, uptake on clean Cu(111) at 112 K, taken at an
angle of 0° Inset: Quantitative analysis (b) detailed fit of saturation coverage spectrum (c) C
1s spectrum taken after heating to 425 K Inset: Quantitative analysis of the thermal evolution

The quantitative analysis of this TPXPS experiment is displayed in the inset of
Figure 6.2 (c). The carbon coverage is starting to decrease slightly starting at
280 K until above 310 K a rapid decline of the coverage sets in, leaving a
remaining coverage of 0.03 ML C-atoms on the surface at 360 K and above.
Determination of the inflection point leads to a desorption/reaction
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temperature of 325 K, which is very close to the value of 323 K reported in
literature [187]. With this temperature an activation energy of 89 kJ/mol is
estimated from the Redhead equation [189]. The spectral shape remains
almost constant up to 350 K, where the spectrum of the residual adsorbates is
noticeably different from the acetylene spectrum, see Figure 6.2 (c). The
spectrum of the residual products shows two peaks at binding energies of
283.39 eV and 284.19 eV.

What is especially remarkable is that, apart from the minority residual species,
no reaction products are observed. At first this seems in contradiction to the
results of Kyriakou et al. [188] who reported that acetylene reacts to ethylene
(C2Hy), benzene (CeHe), butadiene (C4Hs) and cyclooctatetraene (CgHsg) in the
temperature range where the reaction is observed. However most of these
reaction products have very low desorption temperatures. For benzene a
peak temperature of 225 K was found in TPD experiments [190], for
butadiene the monolayer TPD peak lies at 195 K [191] and ethylene has the
main desorption peak at 120 K [192], so these three reaction products are
expected to immediately desorb from the surface as soon as they are formed,
and are therefore not detected by XPS. Only the cyclooctatetraene has a high
temperature desorption state with a desorption temperature of ~475 K [188].
Since cyclooctatetraene was found to be only a minority reaction product with
a yield of ~ 2.5% this could be in line with the remaining coverage of 0.03 ML
residual products on the surface, making an assignment of the two peaks at
283.39 eV and 284.19 eV to two carbon atoms of the CgHg in different
adsorption sites a possibility. Another explanation of these peaks would be
the formation of carbon fragments due to some dehydrogenation, like we see
for acetylene on Ni(111l) (see Chapter 5.3.1). Since the binding energies
reported for carbon on Cu(111) are in the range of 284.7-284.9 eV [193-195]
this seems an unlikely assignment. The onset of reaction at around 280 K is
also in agreement with the onset of benzene and butadiene formation as
reported by Kyriakou et al. [188].

When the results obtained for the acetylene interaction with Cu(111) are
compared with the acetylene adsorption and reaction on Ni(111l), as
presented in Chapter 5.3.1 the similarities are interesting. On the two surfaces
the binding energies are almost identical, with the acetylene on Cu(111)
spectrum switched by 20 meV towards higher binding energies in respect to
the Ni(111) surface. The vibrational structure is also very similar with the
distance between the adiabatic and first vibrational peak being smaller by
20 meV on the Cu(111) surface and the S-Factor being larger only by 0.02.
These values are all within the margin of error. Such similarities are also
found in the HREELS spectra of acetylene on these surfaces, as shown by
Bandy et al. [182]. This very similar behavior can be attributed to the fact, that

112



the local adsorption structure on both surfaces is nearly identical within the
margin of error as Bao and coworkes showed with photoelectron diffraction
studies for acetylene on Cu(111) [183] and Ni(111) [159]. It is interesting to
note however that both the saturation coverage, which is 0.08 ML larger on
the Ni(111) surface, and the LEED pattern (p(2x2) for low exposures of

2 1
acetylene on Ni(111) [158]; (0 4) structure for acetylene on Cu(111) [180])

differs between the two surfaces. If the thermal evolution of the adsorbed
layer is compared the similarities continue. On both surfaces the acetylene
starts to react around 270 K. For acetylene on Ni(111) a trimerization to
benzene is confirmed by the data presented in chapter 5.3.1 and for Cu(111)
it has been suggested in literature [188], but could not be confirmed due to the
low desorption temperature of benzene on Cu(111). A notable difference is
that no benzene precursor species was found on Cu(111l). The activation
energy for the reaction also seems to be slightly higher on Ni(111), as there
acetylene is still found on the surface even above 400 K, whereas on Cu(111)
all acetylene is used up or has desorbed at 360 K.

The similarities for the adsorption and reaction of acetylene on Ni(111) and
Cu(111) are even more interesting when taking into consideration that most
other adsorbates show strongly different behavior on the two surfaces, as can
be seen e.g. for ethylene and ethane interaction with Ni(111) and Cu(111),
see Chapters 5 and 6.2.1, respectively.

6.1.2 Acetylene adsorption on thin NiO layers

Even though NiO seems to be a suitable catalyst for carbon nanotube growth
from acetylene [196], the actual interaction of acetylene with NiO has received
very little attention so far. The only study was conducted by Demuth [158],
who proposed that acetylene (C,H>) dissociated to CH on an oxidized Ni(111)
surface at room temperature; however, some key arguments in this
designation were later shown to be not valid [162].

The first NiO surface for which we discuss the interaction with C,H; is Ni(111)
oxidized at 550 K, as described in detail in Chapter 4.1.3. C,H, was dosed
using the multicapillary array doser at a surface temperature of 120 K. Figure
6.3 (a) shows selected C 1s spectra acquired during this uptake experiment.
The spectra show two clearly separated peaks, the first of which emerges at
283.45 eV and shifts towards 283.26 eV for higher coverages while the latter
starts at 285.21 eV and shifts towards 285.31 eV.
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Figure 6.3: (a) Selected C 1s spectra acquired during exposure of Ni(111) oxidized at 550 K
to C,H, at 120 K, collected at an emission angle of 45° (b) Spectral changes after exposure to
acetylene (c) Detailed fit of black spectrum from (b) (d) Quantitative analysis of the uptake
experiment.
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After the CyH, pressure in the chamber was reduced at the end of the
experiment the higher binding energy peak shifted back to 285.12 eV and lost
intensity while the lower binding energy peak remained constant both in
binding energy and intensity, see Figure 6.3 (b). Due to the intensity loss as
the acetylene pressure is lowered this peak is assigned to physisorbed C;H,.
It is also close in binding energy to the physisorbed component found at
284.97 eV for the coadsorption of acetylene and oxygen on Ni(111). The other
peak has a similar binding energy as chemisorbed acetylene on Ni(111),
which appears at 283.40 eV and is thus assigned to a chemisorbed species.
As the spectra were acquired under an emission angle of 45°, shifting sample
position after each spectrum in order to avoid beam damage was not
possible. Therefore after the uptake the position of the synchrotron light on
the sample was changed to a different spot to examine if any beam damage
had occurred. Figure 6.3 (b) shows that this led to an intensity loss for both
peaks. Additionally both peaks shift slightly in binding energy to 283.42 and
285.17 eV, respectively. After an additional irradiation by the synchrotron light
for ~ 90 s the peaks appear at 283.33 and 285.07 eV, respectively, with the
first slightly gaining in intensity and the latter loosing some intensity. Both the
changes in intensity and binding energy can best be explained by beam
damage.

As both peaks appear rather broad, and miss the obvious shoulders found in
the spectra of chemisorbed acetylene on Ni(111) (Chapter 5.3.1) or Cu(111)
(Chapter 6.1.1), it is very hard to tell if during the beam damage a new
species is evolving. A closer investigation of the peaks also did not reveal any
fine structure, and thus the two peaks were both fitted with a single, broad
peak as shown in Figure 6.3 (c). The chemisorbed species shows a significant
asymmetry, while the physisorbed species has an almost symmetrical peak
shape.

A possible explanation for the broad peak shape of the chemisorbed species
could be different adsorption sites, which might be expected due to the rough
nature of the substrate discussed in Chapter 4. The adsorbate peaks of the
different contributions cannot be individually resolved and in combination give
rise to a very broad peak without resolvable substructure. In this context the
peak shift for the chemisorbed peak during the beam damage experiment can
be explained by a higher content of a dissociated species within the overall
peak shape leading to a shift of the peak position. As there is also a slight
increase in the intensity for the chemisorbed species, the dissociated species
have to come mainly from the physisorbed layers, however the slight increase
for the chemisorbed species could also be explained by lifted damping due to
the partial desorption of the physisorbed component.
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Figure 6.3 (d) shows the quantitative analysis of the uptake obtained from the
fit. The coverages were referenced to the (2x2) ethylene layer on Ni(111)
discussed in Chapter 5.2.1. The chemisorbed species saturates around
0.6 ML and the highest coverage found for the physisorbed component is
0.87 ML. At the new spot both components have a coverage of 0.48 ML each.
The almost linear increase of the physisorbed component in the later stages
of the uptake is in good accordance with a monotonous C,H, pressure
increase in the chamber during this phase of the experiment, and shows
again that for this component an adsorption/desorption equilibrium dependent
on the acetylene pressure in the chamber exists. The most remarkable aspect
of the uptake is the almost simultaneous evolution of the chemisorbed and the
physisorbed components. In most adsorption experiments for other adsorbate
systems the physisorbed component only appears when a significant amount
of the chemisorbed component is already present on the surface. There are
two possible explanations for the almost simultaneous appearance of both
components. The first would be that the physisorbed component does not
adsorb as a multilayer on top of the chemisorbed acetylene, but instead in a
different adsorption site directly on the oxide, but is not bound as strongly
there as the chemisorbed component in its adsorption site. There are however
several arguments against this possibility: firstly, it is highly unusual for an
adsorbate to occupy a favorable and a less favorable adsorption site at the
same time. Secondly, the total coverage of up to 1.47 ML seems much too
high to fit into just one layer on the surface, even if we assume it as very
rough, and lastly there is a small increase of the chemisorbed component as
the physisorbed component desorbs as the acetylene pressure is lowered.
This increase can be attributed to the lifting of a damping effect by the
physisorbed component which implies that it sits on top of the chemisorbed
one. Together these arguments favor the second possible explanation: The
adsorption site for the physisorbed component is either due to energetic
reasons or due to a much higher sticking coefficient so much favored over the
chemisorbed adsorption site, that it is occupied as soon as it becomes
available. The uniform rise of both peaks however implies that the adsorption
site for the physisorbed component has to be either on top of the chemisorbed
acetylene or close by and thus strongly influenced by the chemisorbed
component. As soon as chemisorbed acetylene is adsorbed somewhere, the
favorable multilayer sites become available and are filled. The “second
physisorbed layer” on the other hand seems to be more unfavorable again, as
the growth of the physisorbed component beyond the coverage of the
chemisorbed component is limited by the background pressure of the
acetylene.
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A very similar situation is found if C,H; is dosed on thin NiO layers on
Cu(111). In order to avoid beam damage an uptake experiment was
conducted, where a thin NiO layer grown from 2 ML Ni/Cu(111) was exposed
to C,H, at a constant surface temperature of 130 K. After each spectrum the
sample was shifted to a position not yet exposed to the synchrotron radiation
to minimize beam damage. This was possible here as the spectra were
acquired under an emission angle of 0°.

a — NiO on Cu(111)
— C,H, Exposure

2 o End of Exposure

2

g

5,

2

‘@

c

L

=

287 286 285 284 283 282 281
Binding Energy [eV]
& & G —“
04— b
—e— Total coverage
0 —e— C,H, chemisorbed
= 03- —e— C,H, physisorbed
@
=]
© @ ® ®
§ 0.2 = o © @ J
Q
2
© 01+
0.0 1 1 1 1 1 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Exposure [L]

Figure 6.4: (a) Select C 1s spectra acquired during C,H, exposure of a thin NiO layer on
Cu(111) at 130 K. All spectra acquired at 0° emission angle with change of sample position
after each spectrum. (b) quantitative analysis of data from (a).

Interestingly, the resulting spectral series, shown in Figure 6.4 (a), looks very
similar to the one obtained on the NiO/Ni(111) layer shown in Figure 6.3 (a),
even though the latter was found to be subjected to heavy beam damage.
This confirms that the majority of the adsorbed molecules in both cases are
not influenced by the photons. In the experiment depicted in Figure 6.4 (a) the
chemisorbed species appears at 283.64 eV and shifts to 283.49 eV at
saturation coverage. The binding energy region for the physisorbed
component is smaller, ranging from 285.17 eV for low coverages to 285.13 eV
at the end of the experiment. Figure 6.4 (b) shows the quantitative analysis of
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the uptake, obtained with a very similar fit to the one shown in Figure 6.3 (c);
the respective peak widths differ by less then 5 %. The saturation coverages
found for the chemisorbed and physisorbed component are 0.19 and 0.23 ML
C-atoms, respectively, however it should be mentioned that the coverage of
the physisorbed species was found again to be dependent on the acetylene
pressure in the chamber.

This saturation coverage is the only noticeable difference between the
acetylene uptake on NiO/Cu(1111) and the acetylene uptake on NiO/Ni(111)
discussed earlier, where a saturation coverage of 0.48 ML was found.
Another important similarity between the acetylene uptakes on the NiO layers
on the different substrates is that we again find the surprising almost
simultaneous growth of the physisorbed and the chemisorbed component.

If we combine all findings we have to conclude that the acetylene uptakes on
both NiO layers are similar. Peak positions, peak shapes and uptake behavior
are virtually the same on both surfaces. The only noticeable difference is the
saturation coverage, with the saturation coverage for the chemisorbed
component on NiO/Cu(111) only being 40% of the saturation coverage found
on NiO/Ni(111). Due to the broad peak, which might imply different adsorption
sites it is very hard to find an explanation for this behavior. A possible
approach could be that the two surfaces, although both should be (111)
oriented, as discussed in Chapter 4, could have different roughness. If the
NiO/Ni(111) is rougher then on Cu(111), more adsorption sites would be
available leading to higher coverages.

6.1.3 Thermal evolution of acetylene adsorbed on thin NiO layers

In order to study the thermal evolution of acetylene adsorbed on NiO/Ni(111)
the layer was heated with the filament with a rate of 0.5 K/s. A spectrum was
taken every 10 K under an emission angle of 45°, and the sample position
was kept constant over the whole course of the series. The experiment was
done on the new spot studied after the uptake was finished. The resulting
spectra and analysis are shown in Figure 6.5. The density plot and the
guantitative analysis show that the physisorbed species decreases in intensity
from the start of the experiment and is completely gone from the surface at
190 K. As already at the end of the uptake some desorption was found this
behavior was to be expected and it further strengthens the assignment as a
physisorbed species. At 150 K, a new species starts to evolve at a binding
energy of 284.62 eV. The fit of a spectrum taken at 500 K (Figure 6.5 (b)), at
which temperature the species is fully evolved, shows that also this species
has a very broad peak without any additional substructure.
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acquired at 500 K. (c) Quantitative analysis of the TPXPS experiment.

The highest coverage for this species is 0.35 ML in the temperature range
between 400 and 500 K. Above 500 K, see Figure 6.5 (a), the intensity of this
species starts to decline until it is mostly gone at 750 K. This intensity loss will
not be discussed in detail as it mostly happens in a temperature range where
the NiO layer itself is destabilizing. The chemisorbed C,;H, species starts to
loose intensity around 150 K, where the new species at 284.62 eV appears,

119



and is completely gone from the surface at 450 K. The new species therefore
has to be a reaction product of C,H,, especially since the fast increase in
intensity for the new species can only be explained if also some of the
physisorbed C,H; reacts to this species.

Since the peak shape shows no clear signs of vibrational splitting, we can get
no information about the reaction product from it, so we have to resort to other
means. On the one hand Demuth [158, 197] claimed dissociation of C,H, to
CH at room temperature on an oxidized Ni(111) surface, which would fit the
temperature range we observe here, as the quantitative analysis shows a
temperature range between 150 and 450 K for the conversion. Yang [161,
162] et al. later interpreted the corresponding HREELS spectra differently
claiming C¢Hes formation instead of CH formation. On the other hand the
resulting species shows a high thermal stability up to the stability threshold of
the surface. If it would be either CH or CgHg it would seem strange that no
dehydrogenation should occur within this temperature range. If the adsorbed
species is already some dehydrogenated carbonaceous species this thermal
stability would be perfectly reasonable and in line with the carbonaceous
species found in the dehydrogenation paths of the species discussed in the
previous chapters. The binding energy of 284.62 eV is in the typical binding
energy range of 284.5-284.7 eV reported for a variety of carbon allotropes,
like graphene oxide [198-201], carbon nanotubes [202, 203] and carbon
nanofibers [204, 205]. NiO has been shown to be a suitable catalyst for the
growth of such materials [204-207]. A peak in the same binding energy range
was also found after the reaction of CH, and O, over a NiO catalyst [208] and
as a result of the methanation of synthesis gas derived from biomass over a
Ni/NiC/NiO catalyst on Al,O3; [209]. If we take all these arguments into
account the species at 284.62 eV is clearly a dehydrogenated carbonaceous
species. Further evidence that indeed a carbon network of some sort is
formed on the surface comes from the next species appearing during the
TPXPS.

At 250 K another new species appears at a binding energy of 286.23 eV.
This species always remains a minority species with a maximum coverage of
0.04 ML around 500 K. Above 500 K it starts to disappear together with the
carbonaceous species. The binding energy of this species is in the typical
binding energy range for a carbon oxygen bond. The nature of this species
however remains to be discussed. Both CO, and CO form COs on the NiO
surfaces which shows a peak around 289.0 eV, as discussed in detail in
Chapter 7.3. Although 0.075 ML carbonate is present on the surface after the
acetylene adsorption, at 250 K some of it has already decayed in agreement
with the carbonate decay discussed in Chapter 7. An increase in coverage
was never observed during the TPXPS. For CO another species has been
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found at a binding energy around 287.5 eV, however this species is only
found up to 350 K in CO adsorption experiments on NiO as discussed in
Chapter 7.4.2, unlike this new species, which has the highest coverage at
500 K. A better match is found in literature about the carbon networks
species. For graphene oxide [198-201], as well as for other carbon network
materials [202, 204] a peak at the high binding energy side of the C-C peak is
attributed to a C-O or C-OH single bond. The exact position of this peak
varies for different materials, ranging from 285.3 eV for oxidized multiwall
carbon nanotubes [202] to 286.1 eV for poly(p-hydroxystyrene) [199] and
286.6 [200] or 286.7 eV [198] for graphene oxide. The observed binding
energy of 286.23 eV falls into this range. The peak separation between these
two peaks is also in good accordance with the peak separation of 1.6-1.7 eV
between the C-C peak and the C-O peak for phenol [210, 211] and phenol
derivates [212] on several surfaces. If we combine this information an
assignment of the peak at 286.23 eV to a carbon atom within a carbon
allotrope or an aromatic species bound to an O-atom. The final ratio between
the peaks at 284.62 and 286.23 eV is 9:1. From this we can conclude that
spectrum can not belong to a small aromatic species like phenol, because
there a ratio of 5:1 would be expected which is much lower then the ratio we
observe here. Due to this and the closeness of the binding energy for the
C-C peak at 284.62 eV to the binding energies of carbon allotropes, as
discussed in the previous paragraph, the best explanation for the reaction
products is that some sort of carbon allotrope or a precursor thereof is formed
on the surface and some of the oxygen from the support is either built into this
network or the network is bound to the support via the oxygen atoms.
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Figure 6.6: (a) Quantitative analysis of C,H, exposure at 120 K on NiO/Ni(111) (b)
Quantitative analysis of C,H, on NiO/Ni(111) TPXPS. All data acquired at 45° emission angle.
Oxide coverages corrected for damping by OH.
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The acetylene interaction with NiO/Ni(111) was also studied in the O 1s
region. The quantitative analysis of these experiments is shown in Figure 6.6.
Please note that the oxide coverages have been corrected for the damping by
OH with the method introduced in Chapter 7, but no corrections for the
damping by the adsorbed acetylene have been made. The spectra (data not
shown) show no discernible features besides the two oxide peaks and the
hydroxide peak already discussed in Chapter 4. During the exposure of
acetylene to the surface the oxide coverage, which is the combined coverage
of the two oxide peaks found at 530.0 eV and 529.0 eV, decreases from 2.44
to 2.08 ML, while the peaks shift by 100 meV towards lower binding energies.
As the damping by the hydroxide layers is already accounted for and the C 1s
spectra showed no major carbonate contribution, this decrease in coverage is
attributed to damping by the adsorbed acetylene. The hydroxide and
carbonate coverage increases from 0.12 to 0.33 ML, with the corresponding
peak located at 531.6 eV. As an increase of the hydroxide coverage within
this order of magnitude was often observed during various uptake
experiments within this thesis, this increase can not be attributed to
dissociative adsorption of acetylene. It is more likely that this increase is due
to some water, CO, or CO adsorption either from the residual gases in the
chamber or from some contaminations within the acetylene. This is further
strengthened by the observations from the C 1s region during the uptake and
the subsequent TPXPS. The coverage of the chemisorbed C;H; species is
0.48 ML and this coverage remains stable up to 150 K, which means no
reaction is taking place below this temperature. So the only moment when a
reaction, for example a dehydrogenation could take place would be directly
upon adsorption of the molecules. As the peak now consist of only one
species, this would mean that if some of the molecules would dehydrogenate
upon adsorption, all of them would do so releasing at least 0.48 ML hydrogen.
Given the generally observed high reactivity of the oxide surface towards
hydroxide formation, a much larger increase of the hydroxide coverage than
the observed 0.21 ML increase would be expected from this amount of
hydrogen. So this leads to two conclusions: Firstly, the interpretation of the
chemisorbed C,H, species as molecularly chemisorbed acetylene has to be
correct, i.e. no dehydrogenation happens below 150 K, and secondly that the
increase of the hydroxide coverage is due to residual gases and not due to a
dehydrogenation of the acetylene.

The TPXPS experiment was performed on a different spot on the sample,
resulting in a lower oxide coverage of 1.93 ML. During the course of the
experiment the oxide coverage increases again up to 2.16 ML at 500 K. The
two oxide peaks shift from 529.8 to 530.2 eV and from 528.8 to 529.2 eV
during this temperature range. This shift is in a similar order of magnitude as
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the shifts observed for the TPXPS experiments of NIiO discussed in
Chapter 4. In these experiments in Chapter 4 a similar shift was also found in
the Ni 2p region. Part of this shift is a reversal of the shift from 530.0 eV to
529.8 eV observed during the uptake. Interestingly the chemisorbed C;H>
species also undergoes a shift towards higher binding energies in this
temperature range, shifting from 283.3 eV to 284.0 eV. As this shift is much
larger then the shifts found in the O 1s region, and as the other C 1s species
remain constant in binding energy it can, however, not be said whether or not
this shift is a general effect affecting all binding energy regions. The
hydroxide peak also shifts towards higher binding energies, from 531.5 to
532.0 eV. What is interesting is that the coverage of the hydroxide remains
almost constant over the whole temperature range. The starting value of
0.37 ML increases slowly to a maximum of 0.42 ML at 220 K, and then slowly
decreases again back to 0.36 ML at 500 K. The interpretation of this behavior
is rather difficult, as a variety of effects can contribute to this. The initial
increase falls into a temperature range where the total carbon coverage
decreases due to desorption of the physisorbed C,H,. Thus a possible
explanation for the increase would be the lowered damping by the C;H,.
Some very rough estimates about the damping by C,H, lead to a damping
factor of ~ 0.8. Given that roughly 0.5 ML of physisorbed C,H, desorb, and
the coverage of OH increases by ~ 10%, this fits nicely. However, in the same
temperature range also the dehydrogenation of the chemisorbed C:H; is
starting, so the resulting hydrogen could form additional hydroxide. The
general decrease of the hydroxide coverage above 220 K can be attributed to
the gradual decay of the hydroxide layers discussed in detail in Chapter 7.2.
What is surprising in this regard is the relatively low loss of only 0.05 ML or
12 % of the hydroxide coverage between 220 and 500 K. On a NiO surface
saturated with water, in the same temperature region the hydroxide coverage
decreases by 65 % (see Chapter 7.2 for details), and on the hydroxide rich
oxide layer prepared at 300 K, which is discussed in Chapter 4.1.2, the
hydroxide content decreased by 30 % after heating to 500 K.

Three possible explanations are possible for this behavior: for one, due to the
lower hydroxide coverage, a slower decrease might be energetically favorable
as the coverage of 0.37 ML at 500 K is still lower then the value of 0.50 ML
found in the decay of the fully water covered surface. If the potential
saturation hydroxide coverage is dependent on temperature, as seems to be
the case from the experiments discussed in Chapter 7.2, then a coverage well
below this saturation coverage would not need to decrease upon an increase
in temperature. In this model the slight decrease in coverage could be
explained by local variations in the oxide structure, i.e., that locally the
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hydroxide coverage is too high for a given temperature and thus has to
decrease whereas elsewhere on the surface the coverage remains constant.

The second possible explanation for the relatively slow decrease comes from
the observed acetylene dehydrogenation within this temperature region. The
hydrogen from dehydrogenation forms additional hydroxide which adds to the
total hydroxide coverage and thus slows the hydroxide decrease. The third
effect which can contribute to the low slope of the hydroxide decay is again
the lifted damping by the carbon species, as the total coverage in the C 1s
region decreases by 0.2 ML within this temperature region. Due to the limited
amount of information available from the O 1s spectra, and as all three
explanations seem equally likely it is best to assume a combination of the
three effects as the explanation for this behavior. The C-O species found in
the C 1s spectra at 286.23 eV can not be resolved in the O 1s region, due to
its relatively low coverage of maximum 0.04 ML. Literature reports a binding
energy of around 532.8 eV for C-O bonds in graphene oxide [213], and in a
study with several oxygen containing polymer films O 1s signals are found
between 531 and 533 eV [199]. If we compare these binding energies with
e.g. the spectra shown in Figure 4.3 (a), which show somewhat hydroxilated
NiO layers like the ones used during this experiment, it is evident that a peak
with a coverage of 0.04 ML at the given binding energies would disappear
within the main oxide and /or the hydroxide peaks. There are also no new
species found outside of this binding energy range.

On the thin NiO layer on Cu(111) the thermal evolution of adsorbed acetylene
was studied in a similar manner, with the exception that after every spectrum
the sample position was shifted to avoid beam damage. The quantitative
analysis of this experiment is displayed in Figure 6.7 (c). The physisorbed
component behaves almost identical to how it behaved on the NiO/Ni(111)
with desorption from the start of the TPXPS, with the sole difference that here
it is completely gone from the surface at 210 K while on NiO/Ni(111) this was
already the case at 190 K. Another similarity is the appearance of a new
species at 284.26 eV starting at 170 K. After a fast initial increase in coverage
up to a coverage of 0.05 ML at 200 K the further increase is much slower,
reaching a maximum coverage of 0.09 ML between 400 and 480 K before the
coverage starts to decrease to 0.08 ML at 500 K. At 170 K also another
species starts to appear at a binding energy of 285.91 eV. The coverage of
this species increases in a similar manner as the species at 284.26 eV,
although the maximum coverage here is smaller with a value of only 0.02 ML.
This coverage remains relatively unchanged between 300 and 500 K. The
appearance of these two species goes hand in hand with a decrease of the
coverage of the chemisorbed C,;H, species, which starts at 170 K and
gradually goes on up to 490 K where it has vanished. This behavior suggests
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that the two new species at 284.26 and 285.91 eV are reaction products of
the chemisorbed CzH>.
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Figure 6.7: (a) Density plot of C 1s spectra acquired at an emission angle of 0° of C,H,
adsorbed on NiO/Cu(111). The heating rate was 0.5 K/s, and the sample position was
changed after each spectrum (b) Detailed fit of the spectrum acquired at 500 K. (c)
Quantitative analysis of the TPXPS experiment.

Although the binding energy of these two species is lower by ~0.35 eV then
for the two reaction products found in the dehydrogenation of C,H, on
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NiO/Ni(111), due to the similar separation of 1.65 eV between the peaks (1.61
eV on NiO/Ni(111)), the similar temperature range in which the lower binding
energy species appears, 170 K for NiO/Cu(111) compared to 150 K for
NiO/Ni(111), and the much lower coverage of the species at 285.91 eV
compared to the species at 284.26 eV, which is also found with the two
respective species on NiO/Ni(111), we apply the same assignment for the two
reaction products as on NiO/Ni(111). Thus the peak at 284.26 eV is assigned
to either a carbon allotrope or a precursor species, and the peak at 285.91 eV
is assigned to carbon atoms within this carbon allotrope/precursor species
bound to an oxygen atom by a single bond, either an OH species or oxygen
from the substrate. Interestingly this C-O species here already appears at the
much lower temperature of 170 K compared to 250 K at the NiO/Ni(111)
surface. A possible explanation for this behavior would be slight structural
differences between the NiO on Ni(111) and the NiO on Cu(111). Although
they are mostly similar, a noticeable difference is the higher hydroxide content
for NiO/Cu(111), due to the different preparation temperatures as discussed in
Chapter 4. As discussed in Chapter 7.2, hydroxide presence can lead to a
restructuring of the surface. So we can tentatively assume that the structure
present for the higher OH content promotes the formation of C-O bonds to the
surface, enabling the appearance of the species at a lower temperature. Both
reaction products appear here at lower binding energies then on NiO/Ni(111).
A similar trend is found for physisorbed hydrocarbons on the different NiO
preparations, as discussed in detail in Chapter 6.2.2. There the adsorbates
have the highest binding energies on NiO/Ni(111), which is the thickest NiO
layer. It seems plausible that the binding energy of the reaction products
depends on the thickness of the NiO layers.

A big difference between the acetylene TPXPS on the two surfaces is that in
the thermal decay of acetylene on NiO/Cu(111l) starting at 300 K a new
species starts to evolve at a binding energy of 283.32 eV. The maximum
coverage found for this species is 0.03 ML above 400 K. For the carbon
allotropes a matching species is neither reported in this binding energy range
nor in this distance from the main carbon allotrope peak. The appearance of
this species falls into a temperature range, where the decrease of the C;H>
coverage accelerates in Figure 6.7 although the coverage increase of the two
carbon allotrope species does not get faster in a similar manner. Thus the
species at 283.32 eV also has to be a reaction product of the chemisorbed
C2H>. Due to this and the binding energy of 283.32 eV, which is close to the
binding energy of 283.26 eV found for one of the carbonaceous species
observed on the Ni(111) surface (see Chapter 5) this species is assigned to a
carbonaceous species. Whether or not this is really a carbonaceous species
on nickel is questionable, however, since the NiO layers stay fully oxidized
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during the experiment, and also due to the fact that on the NiO/Ni(111) this
species is not found. Even after taking into account a possible binding energy
shift in the same direction as for the other two reaction species, all attempts of
including this species into the fit have led to very inconsistent results, with the
species appearing and disappearing randomly at different temperatures,
instead of showing an evolution like on the copper substrate.

The total C 1s coverage is constantly decreasing over the whole temperature
range. Below 160 K this decrease is attributed to desorption of the
physisorbed C;H,. Interestingly between 160 K and 210 K the decrease of the
total coverage is smaller than the decrease of the physisorbed C;H,, implying
that also some of the physisorbed C;H, has to react to the carbon allotrope
species, explaining the quick initial rise in coverage for this species. The same
observation was also made during the TPXPS of acetylene on NiO/Ni(111),
where also the initial increase of the carbon allotrope species could not be
explained by reaction of the chemisorbed C,;H, alone. Above 210 K the
reason for the decrease is not as easily explained. The best explanation is
that some of the carbon formed from the dehydrogenation of C,H, reacts
directly with some of the oxygen from the NiO support and leaves the surface
as either CO or CO,. Both molecules have physisorbed components on
NiO/Cu(111) that desorb below 500 K. The question that remains is why no
additional carbonate is formed, as on this surface, just like for acetylene on
NiO/Ni(111), during no point of the TPXPS experiment an increase in the
carbonate coverage is found. The most probable explanation is that the sites
needed for the formation of the carbonate are blocked by the other
adsorbates and thus any formed CO or CO, can not bind stable to the surface
and thus has to desorb. Just like for NiO/Ni(111), for the NiO/Cu(111)
substrate the O 1s spectral region (data not shown) only offers very limited
information, with no species discernible besides the two oxide species and the
hydroxide. The oxide coverage falls from 1.66 ML prior to the acetylene
uptake down to 1.35 ML afterwards due to the damping by the acetylene and
then goes up again to 1.49 ML after heating to 500 K as the carbon coverage
decreases and the damping is lifted again. As the carbon coverage decreases
from 0.37 ML to 0.13 ML between 100 and 500 K, which is a decrease by
65 %, whereas only 45 % of the “lost” oxide coverage is recovered in this
region, the missing oxygen has either to be converted to hydroxide or to leave
the surface as CO or CO, as discussed before. The hydroxide coverage
increases from 0.22 ML prior to the uptake to 0.49 ML after the acetylene
uptake and finally 0.56 ML at 500 K after the TPXPS experiment. As
discussed for the NiO/Ni(111) substrate, this increase can be due to a number
of reasons, with the increase during the acetylene uptake attributed
completely to adsorption of water from the residual gas in the chamber
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instead of dehydrogenation of the acetylene. The increase during the TPXPS
can be attributed both to the dehydrogenation of the acetylene and additional
adsorption of water from the residual gas. The Ni 2p and Cu 2p regions (data
not shown) were also studied during the key steps of the experiment. Besides
a damping by the adsorbates no other effects have been found there,
especially no spectral changes which would indicate a reduction of the NiO or
an involvement of the copper in the reaction.

6.1.4 Acetylene adsorption on NiO clusters on Cu(111)

The final system studied for acetylene adsorption was the acetylene exposure
to the NiO cluster on Cu(111). The acetylene was dosed at a surface
temperature of 130 K, and the resulting C 1s spectra are shown in
Figure 6.8 (a). All spectra were recorded under an emission angle of 0° and
the sample was shifted after each spectrum to a new spot to minimize beam
damage. The spectra are dominated by two very different peaks, a narrow tall
peak near 283.4 eV and a smaller but much broader peak near 285.0 eV. The
detailed fit shown in Figure 6.8 (b) reveals that the these two peaks can be fit
with the assumption that they are due to a combination of acetylene
adsorption on the bare Cu(111) patches between the clusters and on the NiO
clusters.

Using the same parameters for the peaks as on the respective “pure” systems
the spectra were fitted with a total of four peaks. A peak at 283.33 eV is
attributed to the adiabatic transition for acetylene chemisorbed on the bare
Cu(111) patches. The corresponding vibrational component is found at a
binding energy of 283.69 eV. Both binding energies are shifted by 90 meV
towards lower binding energies in respect to their positions on clean Cu(111),
which is attributed to the coadsorption with NiO. The S-factor is 0.205 and
thus very close to the S-factor of 0.21 found on the clean Cu(111). For
acetylene adsorption on the NiO clusters we find a peak at 283.30 eV for the
chemisorbed C,H, component and one at 285.03 eV for the physisorbed C,H>
component. While the physisorbed component is close to the value of
285.01 eV found on the thin NiO layers on Cu(111), the binding energy of the
chemisorbed component is shifted by almost 300 meV towards lower binding
energies in respect to the 283.59 eV found for it on the thin NiO layers on
Cu(111). This is much closer to the value of 283.33 eV found for acetylene on
NiO/Ni(111). All of these binding energies remain constant throughout the
experiment.
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Figure 6.8: (a) Selected C 1s spectra recorded during acetylene exposure to NiO clusters on
Cu(111) at 130 K (b) Detailed fit of the spectrum recorded at the end of exposure (c)
Quantitative analysis of the data from (a)

The quantitative analysis of the uptake experiment shown in Figure 6.8 (c)
reveals that the saturation coverages for all three species are very close to
each other, with the saturation coverage for the C,H, on Cu(111l) being
0.06 ML, for the chemisorbed C;H, on NiO 0.045 ML and 0.065 ML for the
physisorbed C,;H, on the NiO, giving a total coverage of 0.17 ML. The C,H,
adsorbed on Cu(111) saturates at an exposure of 0.12 L, while the uptake on
the NiO is a bit slower and saturates at an exposure of 0.21 L. The
chemisorbed and physisorbed species on the NiO grow simultaneously, as
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already observed for the adsorption on the thin NiO layers. Just like for the
acetylene adsorption on thin NiO layers discussed in the previous Chapter,
the coverage of the physisorbed C,H, on NiO decreases when the acetylene
pressure in the chamber is lowered after the exposure from ~ 1*10” torr to
1*10*° torr. 0.015 ML CyH, desorb from the surface leaving 0.05 ML of
physisorbed acetylene. A comparison to the earlier described adsorption
experiments of acetylene on 2 ML NiO on Cu(111) and on the clean Cu(111)
surface shows that the saturation coverages are much lower. On the clean
Cu(111) surface an acetylene saturation coverage of 0.5 ML carbon atoms
was found. As the NiO clusters were grown from 0.5 ML nickel atoms on the
surface, we can estimate that roughly half of the surface should be covered by
the NiO clusters, and the other half should be bare Cu(111). From this
estimate we would expect a coverage of 0.25 ML carbon atoms of acetylene
on the surface. Instead of this we only find 0.06 ML, which is 25 % of this
expected coverage. For acetylene on NiO on Cu(111) we found saturation
coverages of 0.19 and 0.23 ML C atoms for the chemisorbed and physisorbed
component, respectively. So for the chemisorbed component we would expect
0.095 ML, but instead only find 0.045 ML which is 47 % of the expected value,
and for the physisorbed component we find 0.05 ML, which is 43 % of the
expected 0.115 ML. As all of these values are significantly lower than the
expected values this effect can not be explained by a fault in the assumption
that the surface is covered with equal shares of NiO and bare Cu(111),
because then only one value would be expected to be too low and the other
would be expected to be too high. A possible explanation for this behavior
would be that acetylene can only adsorb on large enough patches of either
NiO or bare Cu(111), and does not adsorb on the edges of the NiO clusters
which make up a large percentage of the surface. If we further compare the
slope of the total coverage curve on all three systems, we find that the uptake
proceeds slightly but not significantly slower on the NiO clusters compared to
the two “pure” surfaces. If now large areas of the surface do not adsorb C;H>
molecules, this means that they instead of adsorbing there directly they
diffuse from these areas to the allowed surface areas for adsorption.

The thermal evolution was studied with a temperature ramp of 0.5 K/s and a
spectrum was acquired every 10 K. The C 1s spectra acquired under an
emission angle of 0° are shown as a color coded density plot in Figure 6.9 (a)
with the quantitative analysis in Figure 6.9 (c) and a detailed fit of the 500 K
spectrum in Figure 6.9 (b). Just like for the uptake, the sample was shifted to
a new position after each spectrum to minimize beam damage. As expected
the physisorbed component begins to desorb first, dropping down to a
remaining coverage of <0.005 ML C atoms at 200 K. At 280 K the
physisorbed C,H, is completely gone from the surface, and the “tail” between
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200 and 280 K can probably be attributed to a fitting artifact. At 150 K a new
species starts to appear with a binding energy of 284.11 eV. After a very slow
increase in coverage below 250 K, especially over 280 K its intensity
increases much faster reaching a maximum coverage of 0.07 ML between
380 and 460 K before decreasing in coverage again down to 0.055 ML at
500 K. The appearance of this species falls into a range were the
chemisorbed C,H; species on the NiO starts to loose intensity. This intensity
decrease proceeds gradually between 150 and 400 K, at which temperature
the species disappears from the surface. The kinks in the coverage curve can
be attributed to the relatively low coverage of the species discussed here,
which makes the fits of the spectra complicated, and the kinks lie well within
the usual margin of error for the coverage determination.

At 230 K, another new species appears at a binding energy of 283.38 eV.
This species increases gradually in intensity up to a coverage of 0.02 ML at
320 K, and then remains more or less constant up to 450 K, before increasing
again up to 0.025 ML at 500 K. The appearance and growth of this species
falls into the same temperature range where the acetylene adsorbed on the
Cu(111) patches disappears from the surface below 320 K, identifying the
new species as a reaction product of acetylene. As the coverage of acetylene
on Cu(11l) was 0.06 ML at the start of the experiment, the coverage of
0.02 ML for the new species is not sufficient to explain the complete
disappearance of the acetylene on the Cu(111) patches. The main intensity
loss of the C,H, on the Cu(111) patches between 280 and 320 K falls into the
same temperature region where an increase in coverage is seen for the
species at 284.11 eV.

We can thus conclude that this species is a reaction product both of the
acetylene on the Cu(111) patches and on the NiO clusters. If we have a look
at the total coverages, we see that most of the chemisorbed acetylene is
converted to the two reaction products. Between 125 and 300 K the total
coverage falls from 0.15 ML to 0.095 ML. Of the lost 0.055 ML 0.05 ML can
be explained by desorption of the physisorbed C,H,, leaving just minor
amounts of other carbon containing species to leave the surface. Between
300 and 400 K, where all acetylene is gone from the surface, the total
coverage decreases by another 0.01 ML leaving 0.085 ML of the reaction
products on the surface.

What remains to be discussed is the assignment of the two reaction products.
The binding energy of the species at 283.38 eV is very close to the binding
energy of 283.32 eV found for the carbonaceous species found in the TPXPS
of C,H, on the thin NiO layers on Cu(111). Although this species already
appears at 230 K on the surface covered with the NiO clusters, whereas it
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only appears at 300 K on the thin NiO layers the similar binding energy and
thermal stability makes this the best assignment.
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Figure 6.9: (a) Density plot of the thermal evolution of C,H, on NiO clusters on Cu(111).
Emission angle for all spectra was 0 °, and the sample position was shifted after each
spectrum. The heating ramp was 0.5 K/s. (b) Detailed fit of spectrum obtained at 500 K (c)
Quantitative analysis of TPXPS experiment

The different formation temperatures can probably be explained by a higher
reactivity of the NiO clusters in comparison to the thin NiO layers, due to the
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higher number of edges present on clusters. The binding energy of the
species at 284.11 eV is not too far away from the binding energy of the
carbon allotropes/carbon allotrope precursors formed on the thin NiO layers
on Cu(111) during the CyH, decomposition. The 284.11 eV species also
shows a similar thermal evolution, in that its coverage increase mainly mirrors
the decrease in coverage of the chemisorbed C;H, on the NiO clusters,
except for the area between 280 and 320 K where a huge coverage increase
is seen due to the reaction of the C,H, on the Cu(111) patches. Due to these
similarities the species at 284.11 eV is attributed to a carbon allotrope or
carbon allotrope precursor just like on the other two studied NiO surfaces. The
binding energy difference can be explained by the different structure of the
NiO. Interestingly here we find no peak in the area around 286 eV, where on
the other two surfaces a peak representative for C-O bonds within these
carbon allotrope species was located. If we take a close look at the fit at
500 K displayed in Figure 6.9 (b), however, it seems possible that a minor
amount of such a species might be present between 285.5 and 286.0 eV but
can not be consistently included into the fit due to the low coverages on the
surface.

These assignments are strengthened by another experiment, where acetylene
was exposed to a Cu(111) surface covered with NiO clusters at a constant
surface temperature of 400 K. The corresponding spectra acquired during the
exposure at an emission angle of 0° are displayed in Figure 6.10 (a). Just like
for the uptake at 130 K the sample was shifted to a new spot after each
spectrum to minimize beam damage. As shown in Figure 6.10 (b) the
resulting spectra can be fitted with the two components already found in the
previous experiment. At the highest coverages the carbonaceous species has
a binding energy of 283.40 eV and the carbon allotrope is found at 284.17 eV.
The fitted spectrum is also very similar to the 500 K spectrum in the TPXPS
experiments of acetylene on 2 ML NiO/Cu(111) displayed in Figure 6.7 (b).
Apart from the different ratio between the two carbon species the major
difference between the two spectra is that in Figure 6.10 (b) no C-O species is
found, although a minor contribution from such a species cannot be fully
excluded from the fit. The quantitative analysis is displayed in Figure 6.10 (c).
After a fast initial increase of the carbonaceous species up to a coverage of
0.05 ML after an exposure of 10 L, the coverage increases more slowly until
after an exposure of ~ 100 L the saturation coverage of 0.07 ML is reached.
The carbon allotrope also shows the fast initial increase up to a coverage of
0.11 ML after an exposure of 10 L, and the coverage increase also slows
down after this point but no saturation is reached. After an exposure to 770 L
a coverage of 0.75 ML is reached for the carbon allotrope, giving a total
coverage of 0.82 ML at this point. Upon heating to higher temperatures (data
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not shown) the formed carbon deposits were found to be very stable. Both the
total coverage and the distribution on the two species remain almost constant
up to 900 K. As no further reaction was found, this supports the assignment of
the two species as two forms of fully dehydrogenated carbon.
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Figure 6.10: (a) C 1s spectra of C,H, exposure on a Cu(111l) surface covered with NiO
clusters. All spectra acquired at 0° emission angle. The sample was shifted to a new spot for
each spectrum. (b) Detailed fit of spectrum with highest coverage (c¢) Quantitative analysis of
the experiment

In the O 1s region it is seen that after the exposure at 400 K the initial oxygen
amount of 0.70 ML is reduced to 0.15 ML. The same is found in the Ni 2p
region, where the spectra (data not shown) reveal that the oxidation of the
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nickel clusters is lifted and the spectrum shows the metallic characteristics
again, similar to the situation prior to the oxidation. For the acetylene uptake
at 130 K, no intensity loss was found in the O 1s region after the C;H>
exposure, however after the TPXPS at 500 K a loss of 0.1 ML of oxygen is
found. As the NiO clusters are stable up to 500 K, the loss is due to reaction
with H, or CO/C, with the reaction products desorbing immediately. Since
from the C 1s most of the coverage decrease could be attributed to the
desorption of the physisorbed CyH,, this only leaves a small amount
~ 0.015 ML of carbon loss not yet accounted for. As less carbon than oxygen
is lost, desorption as CO, seems more likely. Still to explain the total amount
of oxygen missing from the surface some of the physisorbed C,;H, on the NiO
also needs to dehydrogenate and react to CO or CO; to explain the total
oxygen loss. A similar scenario, were some of the deposited carbon reacts
with the oxygen from the support to form CO or CO, which subsequently
desorbs can also be assumed for the acetylene uptake at 400 K. Just like for
the acetylene reaction on the thin NiO layers discussed in the previous
chapter, and due to the same reasons discussed there, the hydroxide
coverage gives no hint towards the nature of the reaction products.

6.2 Physisorption of hydrocarbons on Cu(111) and thin NiO
layers

6.2.1 Physisorption of hydrocarbons on Cu(111)

As the comparision of the acetylene spectrum on the NiO-cluster on Cu(111)
(see Chapter 6.1.4) with the acetylene spectrum on clean Cu(111l) (see
Chapter 6.1.1) played an important role in the interpretation of the spectra,
also for the other studied hydrocarbons ethane (C.;Hg), ethylene (CzHa),
propylene (CsHg) and propane (CsHg) the interaction with the clean Cu(111)
surface was studied. Of special interest is the question if the similarities found
for acetylene adsorption on Cu(111), as discussed in Chapter 6.1.1 and on
Ni(111) (Chapter 5.3.1) are also found for ethane and ethylene on these two
surfaces.

The interaction of Cu surfaces with hydrocarbons is of general interest due to
the use of hydrocarbons like CsHg for the reduction of NO in Cu containing
catalysts [214]. In a theoretical study [215] comparing the binding energies of
carbon and various hydrocarbons on (111) surfaces of group VIII and IB
metals, the Cu(111) surface was found to have the lowest binding energies for
almost all adsorbates, ranking even lower then Au(111). Both for ethane and
ethylene on Cu(111) the calculated adsorption energies suggest a desorption
temperature of <150 K. The only study of ethane adsorption on Cu(111) has
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been done by Fuhrmann et al. [186] who found a weakly bound physisorbed
species with Helium scattering. Propane interaction with Cu(111) has only
been studied at temperatures of 750 K so far, showing no interaction [216].

The adsorption of ethylene on Cu(111l) has attracted quite some interest in
the past. In an AES study by Canning et al. [187] ethylene was found to be Tr-
bonded to the substrate, in contrast to the situation on Pt(111) were it is o-
bonded. From TPD a desorption peak was found at 120 K [192, 217] and the
adsorption of ethylene was found to be completely reversible. The HREELS
spectrum was almost identical to the gas-phase spectrum [192], and no long
range order was found with LEED. The adsorbate was further characterized
as being physisorbed by He-Scattering and NEXAFS in comparison with DFT
calculations [186]. The NEXAFS spectra showed the adsorbate to be
undisturbed, whereas the DFT results showed that a chemisorbed molecule
would be heavily disturbed. DFT studies [186, 218] found several stable
adsorption sites with very similar binding energies.

Only a small number of studies of C3Hg on Cu(111) have been reported. Lin
and Bent [219] recorded the HREELS spectrum of propylene on Cu(111) at
120 K but only as a reference spectrum without detailed discussion. A brief
discussion of the HREELS spectra is provided by Meyers and Gellman [220],
who also recorded TPD spectra. They found both mono- and multilayer
HREELS spectra very similar to gas-phase spectra of propylene, indicating no
strong perturbation of the adsorbed molecule. The TPD spectra showed the
onset of desorption slightly above 100 K with a peak around 120 K, from
which a desorption energy of 24.7+3.8 kJ/mol was estimated.

All coverages given in this Chapter are referenced to the saturated acetylene
(C2H) layer on Cu(111) discussed in Chapter 6.1.1, which has a nominal
coverage of 0.5 ML C-atoms [180] (0.25 ML acetylene molecules).

6.2.1.1 Propylene physisorption on Cu(111)

Propylene (CsHg) was absorbed on Cu(111) at an initial sample temperature
of 129 K, dropping to 122 K over the course of the experiment. To minimize
beam damage the sample was shifted to a new spot after each sample. Some
selected C 1s spectra, acquired at an emission angle of 0°, are displayed in
Figure 6.11 (a). The spectra are dominated by a main peak that starts at
284.80 eV shifting to 284.84 eV for higher coverages, and a second large
peak at 284.29 eV. Over the whole course of the uptake the spectral shape
remains unchanged, i.e., all peaks grow simultaneously. For the two big
contributions in the spectra this means that they belong to different carbon
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atoms within the same molecule which adsorbs molecularly, just like it was
found for ethylene and ethyle on Ni(111) in Chapter 5.1. The inset of Figure
6.11 shows the quantitative analysis of the experiment. After a fast initial
increase up to a coverage of 0.16 ML C-atoms the coverage increases only
slowly up to a final coverage of 0.21 ML C-atoms, at which point the
background pressure was turned off.
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Figure 6.11: (a) Selected C 1s spectra of a propylene uptake on Cu(111) at < 129 K. Inset:
guantitative analysis (b) C 1s spectra of thermal evolution of CsHg on Cu(111) (c) Gas phase
spectrum of propylene obtained by Saethre et al. [31]

The adsorption temperature used in this experiment of less then 129 K is well
within the desorption peak of CsHg on Cu(111), as reported from TPD data
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[220]. If the C3Hg adsorption is reversible, as is shown below, we can assume
an adsorption/desorption equilibrium for CsHg on the surface dependent on
the surface temperature and the C3Hg pressure in the chamber. Above 0.2 L
exposure the sample temperature fell from 127 to 122 K and the Cs3Hg
pressure in the chamber was rising from 3.6*10° mbar to 4.8*10° mbar. This
is in good agreement with interpreting the slow coverage rise in this region as
a slow shift of the adsorption/desorption equilibrium towards higher surface
coverages with falling temperatures and rising adsorbate pressures in the
chamber.

After the background pressure was lowered to 1*10™° mbar, desorption was
observed, as shown in Figure 6.11 (b), with the coverage decreasing to
0.13 ML C-atoms. The adsorbate coverage dependence on the background
pressure is in agreement with the assumed adsorption/desorption scenario.
For the next step of the experiment the surface was heated to the
temperatures shown in Figure 6.11 (b) with the resistive heating and
subsequently a C 1s spectrum was acquired. All adsorbed propylene is gone
from the surface at 150 K, in agreement with the TPD data [220], leaving
behind only contaminations present on the surface already before the
adsorption (less then 0.02 ML C-atoms). The spectral shape remains constant
during the desorption which means that no thermal decay of the adsorbed
propylene is observed, indicating a reversible adsorption.

As the HREELS spectra [220] for the physisorbed propylene molecules were
very similar to gas-phase spectra of propylene, a comparison of the XPS data
with the gas-phase XPS data obtained by Saethre et al. [31] could be helpful
to understand the vibrational finestructure of the presented spectra. The
corresponding spectrum, which is shown in Figure 6.11 (c), consists of two
peaks that both show shoulders due to the vibrational finestructure. The two
peaks are separated by 0.5 eV, which is very close to the peak separation of
0.55 eV we observe for high coverages, and the peak with the higher binding
energy is larger by a factor of two. The peak at the lower binding energy is
assigned to the carbon atom which is bound to two hydrogen atoms (labeled
as C'). The central carbon atom, which is bound only to one hydrogen (C?),
and the carbon atom from the methyle group (C®) both make up the peak with
the higher binding energy. Their binding energies are virtually the same.
Based on the similarities in the spectral shape the fits shown in Figure 6.12
were carried out based on the assumption of three adiabatic peaks with
vibrational contributions for the three carbon atoms in the molecule.
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For the first fit which is shown in Figure 6.12 (a) it was assumed that all three
carbon atoms contribute the same intensity to the spectrum, just like it was
observed for the gas-phase [31]. Please note that this does not mean that the
intensity of the adiabatic peak is the same for all three carbon atoms, but
rather that the sum of the adiabatic and the vibrational peak is the same. The
peak at 284.24 eV is attributed to the C' atom (see Figure 6.11 (c)). The
corresponding vibrational peak is located at 284.64 eV, with an S-Factor of
0.34 or 0.17 per C-H bond. The peaks of the other two carbon atoms make up
the larger peak, but due to the interaction with the surface they are found at
slightly different binding energies unlike in the gas-phase where they shared a
common binding energy [31]. The peak for the C? atom (see Figure 6.11 (c))
is located at 284.75 eV. The vibrational contribution for it has an S-Factor of
0.17 and a binding energy of 285.15 eV. The binding energy of the C? (see
Figure 6.11 (c) peak is 284.9 eV. The vibrational peak is found at 285.3 eV
with an S-Factor of 0.51, which is also 0.17 per C-H bond.

As this fit lacks intensity in the area of the C' peak, another fit was made
under the assumption that only the C? and C® peak have the same intensity,
allowing the C* peak a higher intensity. The result is shown in Figure 6.12 (b).
While the peak positions and the S-Factors remain unchanged, the C* peak
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now has ~ 30 % more intensity than each of the other two peaks. The best
explanation for this different intensity of one of the carbon atoms is
photoelectron diffraction. A similar effect was found for ethene on Ni(111),
which is discussed in Chapter 5.1.1, where the ratio of the intensities of the
peaks for the two carbon atoms in the molecule varied with the emission
angle. While the fit shown in Figure 6.12 (b) gives a very good description of
the spectrum, it should be noted that it was also possible to achieve a fit of
similar quality if the position of the C? and the C* peak were reversed.

In summary propylene was found to physisorb on Cu(111) at temperatures of
122 K, showing an adsorption/desorption equilibrium dependent on the
pressure of propylene in the chamber. The spectrum is very similar to the gas-
phase spectrum, as was also found in HREELS studies on this system [220].
At 150 K all propylene is desorbed without any reaction products visible on
the surface, strengthening the classification of the reaction as a reversible
physisorption process.

6.2.1.2 Interaction of ethane, ethene and propane with Cu(111)

Figure 6.13 shows the C 1s spectra of the highest coverages obtained after
dosing (a) propane, (b) ethane and (c) ethylene on clean Cu(111). Propane
was dosed on the surface at a temperature of 110 K. As displayed in Figure
6.13 (a) the spectrum can be fitted with an adiabatic peak at 284.37 eV and a
vibrational shoulder with a distance of 400 meV to the main peak. The S-
factor of the vibrational peak is 0.54. If for propane (CsHg) an average of 2.67
C-H bonds per carbon atom are considered each C-H bond contributes ~0.20
to the S-factor. This is in line with the contributions per C-H bond to the
S-factors found for C;H, (0.21, see Chapter 6.1.1), but a bit higher than that
for CsHs (0.17, see Chapter 6.2.1.1) on Cu(111). Unlike the propylene
discussed in the previous chapter, which shows a very similar spectrum both
in the gas-phase and on Cu(111), the spectrum of propane adsorbed on
Cu(111) at first appears vastly different from the gas-phase spectrum [221],
which shows a multitude of peaks. However one has to consider that most of
the additional peaks, which are assigned to the central carbon atom (which
has fewer C-H bonds than the two outer ones) lie less then 100 meV away
from the main peaks. As such small distances can not be resolved within our
experimental conditions, these peaks then should disappear within the
mainpeak, contributing to the asymmetry.
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Thus we can conclude that the physisorbed propane has a similar spectrum to
its gas phase spectrum, just like propylene. Within this resolution limit all three
carbon atoms have the same binding energy, which means that apparently
the interaction of the molecules with the surface is weak enough that all three
carbon atoms remain unaffected by it in respect to their chemical state. The
spectrum displayed in Figure 6.12 (a) is equivalent to a coverage of 0.07 ML
C-atoms, which was obtained at a surface temperature of 110 K at a C3Hs
pressure in the chamber of 5.3*10° mbar. Lowering the CsHg pressure to
8.5*10™° mbar caused desorption of most of the adsorbate layer leaving a
coverage of only 0.01 ML C-atoms on the surface. This shows clearly that the
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experiment was done in an adsorption/desorption equilibrium, just like the
propylene adsorption on Cu(111) discussed in the previous chapter.

Ethene was dosed on the Cu(111l) surface at a temperature of 107 K. The
resulting spectrum, as shown in Figure 6.13 (b) is dominated by a peak at
284.05 eV. Figure 6.13 (b) shows a tentative fit with an adiabatic main peak at
this energy, and a vibrational contribution shifted by 400 meV towards higher
binding energies in respect to the main peak. An S-factor of 0.43 is found for
the vibrational contribution. Although this value is rather large, the contribution
of 0.215 for each C-H bond (reasonably assuming two C-H bonds per atom,
as the studied molecule is C;Hy,) is still in line with the contributions found for
the other molecules on Cu(111). Just like for propane the displayed fit
features just one peak pair. A fit with two equal adiabatic main peaks and
vibrational splitting, like it was observed for ethene on Ni(111) (see Chapter
5.1.1) was tried, but was not possible. However, as the quality of the fit is not
very good, we have to consider some things. The half width of the peak is
rather large with 1.1 eV, whereas the propane peak only had a half width of
0.85 eV. In the gas-phase the half width of the spectra of both molecules is
around 0.60 eV [31, 221]. A half width of 0.85 eV, like found for the propane
peak on Cu(111l) can also be estimated for the peaks of the propene
spectrum on Cu(111) discussed in Chapter 6.2.1.1 and for the spectrum of
ethene coadsorbed with oxygen on Ni(111) as discussed in Chapter 5.2.2. As
the spectrum of ethene on Cu(111) thus shows a much larger broadening in
respect to the gas phase than the other adsorbates, this could be an
indication of the presence of several adsorbate sites with binding energies so
close to each other that they cannot be resolved. DFT is predicting several
different stable adsorption sites [186, 218]. The high asymmetry of the peak
also points into the direction of several not resolved adsorption sites leading
to spectral contributions in the high energy tail. Although the adsorption
temperature of 107 K is below the desorption peak at 120 K it still lies in the
desorption region [192, 217], leading to the same dynamic
adsorption/desorption equilibrium situation also found for propane and
propylene on Cu(11l). The spectrum displayed in Figure 6.13 (b) was
acquired at a C,H, pressure in the chamber of 7.6*10° mbar and corresponds
to a coverage of 0.09 ML C-atoms. The lowering of the C,H, pressure to
5*10™° mbar lead to desorption of half of this layer, leaving 0.045 ML on the
surface. By annealing the sample to 120 K the remaining ethylene was
completely removed from the surface.

As for ethane interaction with Ni(111) (see Chapter 5.2.1, [54]) additional
kinetic energy from the supersonic molecular beam was required to enable
dissociative adsorption as ethyle (C;Hs), the same approach was used on
Cu(111). Figure 6.13 (c) shows a spectrum during the exposure of the surface
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to ethane with 0.84 eV kinetic energy, at a surface temperature of 110 K.
With this method only very low adsorbate coverages of 0.02 ML C-atoms
were obtained. The spectra were fitted with a set of an adiabatic main peak at
284.08 eV and a vibrational contribution with a distance of 400 meV and an S-
factor of 0.5. This S-factor would be in line with an average of 2.5 C-H bonds
per carbon atom, and thus a dissociative adsorption of C,Hg. It should be
noted however that due to the low total coverages fits of equal quality are
obtained with an S-factor of 0.6, which would imply non-dissociative
adsorption. On the other hand the thermal evolution of the adsorbate
strengthens the assumption of C,Hs as the adsorbate. Unlike for the other
molecules discussed in this chapter the coverage did not decrease as the
pressure on the sample was lowered. Subsequent annealing the sample to
higher temperatures led to a desorption of the adsorbate in the temperature
range between 150 and 225 K. Zeigarnik et al. [215] calculated a lower
molecular binding energy for C,Hg on Cu(111) compared to C,H4 on Cu(111).
As C;H4 has its desorption maximum at 120 K, the desorption range for C,Hg
should be even lower. For C,Hs on the other hand a higher binding energy
was calculated. Xi and Bent [217] studied ethyle on Cu(111) formed from
C2Hsl, and found that it decomposes to ethylene which immediately desorbs
from the surface between 225 and 250 K. Although this temperature is slightly
higher then the desorption range witnessed in our data, it is in much better
agreement with our data than an assumed ethane desorption at temperatures
<120 K. The half width of the peak is around 1.1 eV, like for ethene and thus
could hint at the presence of several adsorption sites close in binding energy.

6.2.2 Physisorption of hydrocarbons on NiO layers

Even though the three hydrocarbons (C,Hs, C,Hs and C;H,) studied in
Chapter 5 were adsorbed on the clean Ni(111) surface at very low
temperatures, only chemisorbed species and in the case of C;Hg the
dissociative adsorption as C,Hs were found, and no physisorption of the
parent adsorbates was detected. For ethane this was explained by the
reported desorption temperature of 85 K [138], while for ethene and acetylene
no studies have been made at sufficiently low temperatures to achieve
physisorption. Interestingly, as shown in Chapter 5.3.2, for acetylene
coadsorbed with oxygen a physisorbed species was found that desorbed
between 100 and 140 K from the surface, while in the same temperature
range no physisorbed component was found on the clean Ni(111) surface. For
the coadsorption of ethane and ethene with oxygen, as detailed in Chapters
5.2.2 and 5.1.2, respectively, there were physisorbed components found
which were still partly present on the surface at 200 K and completely
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desorbed at 250 K. This led to the conclusion, that oxygen stabilizes
physisorbed components. This was again evident when studying acetylene on
the thin NiO layers. There physisorbed components were found that desorbed
in the temperature range between 100 and 200 K, which is 60 K higher than
on the Ni(111) surface precovered with just 0.25 ML of oxygen. This led to the
question if a similar effect is found for other hydrocarbons on NiO, with
physisorbed components stable up to higher temperatures.

Figure 6.14 shows the C 1s spectra of the highest coverage obtained after
exposing the different NiO preparations to ethane (C,Hg), ethene (CyHy),
propane (CsHg) and propene (CsHg). Ethane was dosed via the supersonic
molecular beam with a kinetic energy of 0.84 eV, all other adsorbates were
dosed with the microcappillary array doser. The NiO on Ni(111) was grown at
550 K for the ethene and propane experiments, and at 500 K for the ethane
adsorption. The propene adsorption on NiO/Ni(111) was not studied. The
spectra of the adsorbates on NiO/Ni(111) were acquired at an emission angle
of 45° all other spectra at an emission angle of 0°. The important
temperatures, under which the adsorption experiments were performed, are
shown in Figure 6.15, which shows the quantitative analysis both of the
uptake and the subsequent TPXPS experiments.

The spectra in Figure 6.14 share some similarities for all adsorbates. All of the
spectra are relatively broad and lack a visible structure like it was seen, e.g.,
for propene on Cu(11l), see Chapter 6.2.1.1. They also all have a rather
symmetric peak shape. In this they are similar to the acetylene peaks on the
NiO layers. For C,Hg the peaks have approximately the same half width on all
three substrates and for C,H, this is the case at least on the two NiO
preparations on Cu(111), while for CsHg and C3Hg a noticeable difference is
visible for different substrates, with the smallest half width found on the NiO
clusters on Cu(111) and the largest half width on NiO/Ni(111). This difference
is attributed to minor structural differences between the substrates, which lead
to slightly different adsorption situations and was also seen to lead to different
saturation coverages for acetylene (see Chapter 6.1).
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Figure 6.14: C 1s spectra of hydrocarbons adsorbed on the different NiO layers and clusters
(a) C,Hsg (b) CoH4 (€) C3Hg (d) CsHg. All spectra of adsorbates on NiO/Ni(111) were acquired
at an emission angle of 45°, all other spectra at 0°.
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Adsorbate

NiO/Ni(111)

2 ML NiO/Cu(111)

0.5 ML NiO/Cu(111)

CzHe 284.5-284.6 eV 284.5-284.6 eV 284.3-284.6 eV
CaoHa 284.0-285.0 eV 284.6-284.9 eV 284.4-284.6 eV
CzoHaz 285.1-285.2 eV 285.0-285.2 eV 284.8-285.0 eV
(physisorbed)

CsHsg 284.7-285.4 eV 284.5-284.8 eV 284.3 eV

CsHe |- 284.5-285.1 eV 284.8 eV

Table 6.1: Observed binding energy ranges for physisorbed hydrocarbons on the different
NiO preparations

Except for ethane, the binding energy of the adsorbates varies significantly on
the different NiO preparations. Part of this difference is attributed to the
different coverages displayed in Figure 6.14. For almost all adsorbates,
except for propene and propane on the NiO clusters on Cu(111) the binding
energy was found to shift towards higher binding energies as the coverage
increased. A similar observation was made for all other physisorbed species
on NiO, like the physisorbed acetylene components discussed in Chapter 6.1
and the physisorbed components of H,O, CO, and CO discussed in
Chapter 7. Table 6.1 lists the binding energy ranges for the different
hydrocarbons on the different NiO surfaces. Please note that these ranges
only hold true for the coverages prepared within this work, and that for higher
coverages it is very likely that even higher binding energies could be found,
although a saturation effect can be expected there as well when the
adsorbate layer thickness reaches a point where it starts to behave like a
hydrocarbon crystal. This shift towards higher binding energies can best be
explained by adsorbate-adsorbate interactions. By looking at the binding
energy ranges in Table 6.1 it becomes clear, however, that not all of the
binding energy difference is explained by the different coverages. There is a
clear shift towards higher binding energies with increasing thickness of the
NiO layers (the NiO layers on Ni(111) are the thickest NiO layers).

What remains to be explained is why CsHg and C3Hg on the NiO clusters don’t
undergo a binding energy shift. If we look at the binding energies, it is
interesting to note that they are almost the same binding energies found for
the respective molecules upon physisorption on clean Cu(111) in Chapter
6.2.1. In this context at least for propane it could be argued that also here the
molecules adsorb mainly on the blank Cu(111) patches.
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However, the coverage we found here is much higher then found in the
adsorption experiment on the clean Cu(111), and the thermal stability is also
higher with complete desorption up to 140 K instead of the 120 K found on the
clean Cu(111). Also even though the binding energy found for propene on the
NiO clusters on Cu(111) has the same value as the C,3 peak for propene on
clean Cu(111) in Chapter 6.2.1.1., the clear absence of the C; peak, which
should be at 284.3 eV, makes an adsorption of the propene on the bare
Cu(111) patches unlikely.

Further information about the adsorption process is obtained from the
guantitative analysis in Figure 6.15. Both for ethane and ethene on all three
surfaces a fast initial increase is followed by a much slower increase in
coverage, without reaching saturation within the timeframe of the experiment.
As the temperature was falling in all cases during the course of the uptake
experiment, and as we are discussing physisorbed species here, the best
explanation for this behavior is, that the studied temperatures lie within a
temperature region where an adsorption/desorption equilibrium is established
on the surface, which is dependent on the adsorbate pressure in the chamber
and on the surface temperature. In this case the falling temperatures would
allow higher adsorbate amounts on the surface to be stable, which is reflected
by the slow increase in coverage. In between the end of the exposure and the
beginning of the subsequent TPXPS experiment, the pressure in the chamber
is reduced. As discussed before, this leads to a reduction of the coverage.

This confirms the assignment of the adsorbates as physisorbed species and
the assumption of the pressure and temperature dependent saturation
coverage. For the uptake experiments of propane and propene a similar
evolution of the coverage is found, especially if the differently scaled exposure
axis is taken into account. The only difference is, that for these two molecules
an apparent saturation coverage is reached after the initial fast increase. The
best explanation for this difference in behavior is that during these
experiments a more stable temperature was reached near the end of the
exposure, as well as a relatively stable background pressure. Upon decrease
of the background pressure in between the uptake and the TPXPS the
coverage decreases here as well.
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Figure 6.15 : Quantitative analysis of the C 1s spectra of the uptake and TPXPS experiments
of the different adsorbates on the different NiO surfaces. (a) and (b) C,He. (c) and (d) C,H,.
(e) and (f) CsHg. (g) and (h) CsHe. All spectra of adsorbates on NiO/Ni(111) were acquired at
an emission angle of 45°, all other spectra at 0°.

If we take a closer look at Figure 6.16 (a) and (b), depicting the coverage
evolution on the thin NiO layers and the NiO clusters on Cu(11ll),
respectively, for low exposures, the different behavior of the two C3Hy species
in regard to the two C,Hy species becomes even more obvious. On both
surfaces at the beginning of the uptake the coverages of C,H4, C3Hg and C3Hs
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evolve almost identical, while for C,Hg it is not as clear due to the much wider
distance between the points. The offset between the different lines in Figure
6.15 (i) is attributed to different initial coverages due to residual gases prior to
the uptake. After this initial uniform increase on both surfaces for ethane and
ethene the slow increase starts while propane and propene continue to grow
almost linearly and saturate at a similar coverage.
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Figure 6.16: (a) all adsorbates on 2 ML NiO/Cu(111l) (b) all adsorbates on 0.5 ML
NiO/Cu(111). All spectra of adsorbates on NiO/Ni(111) were acquired at an emission angle of
45°, all other spectra at 0°.

For the coverages of all adsorbates there is a clear order of the three NiO
preparations. The highest coverages are always found on NiO/Ni(111), while
the lowest are found on the NiO clusters on Cu(111). This is in agreement
with the observations made for the acetylene coverages on the three different
surfaces. The coverage difference between NiO/Ni(111) and the two NiO
preparations on Cu(111) can partly be explained by the different surface
temperatures. As the coverage depends on the temperature, a lower
temperature leads to a higher saturation coverage. For the two different NiO
preparations on Cu(111), however, the surface temperatures are always
either very close to each other, or are even higher for the thin NiO layers even
though on these higher adsorbate coverages are found. This behavior is
strong evidence that the physisorbed species mainly adsorb on the NiIO
clusters for the Cu(111) surface with the NiO clusters. As only part of the
surface is covered with the NiO, whereas for the thin NiO layers on Cu(111)
the whole surface is covered with it, this directly leads to a lower possible
saturation coverage on the NiO clusters.

The last thing to be discussed is the thermal evolution of the adsorbates.
Propane (C3Hs) has desorbed from the NiO clusters on Cu(111) at 140 K and
at 170 K from the thin NiO layers on Cu(111), while on NiO/Ni(111) some
residues are still found on the surface at 300 K and above. On both NiO
preparations on Cu(111) there also remain some residues on surface above
the noted temperatures, but these species with a coverage of less then
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0.02 ML are mostly attributed to contaminations already present on the
surface prior to the propane adsorption. For NiO/Ni(111) it is not totally clear if
this is also the case, as none such contaminations were present prior to the
uptake. The spectral shape also remains constant during the propane
desorption. On the other hand the residues in this case could be attributed to
species generated by beam damage, as these spectra were recorded without
switching to a new spot after each spectrum, unlike the spectra on the other
two surfaces. Due to the rough nature of the NiO surfaces another
explanation could be that indeed some propane molecules are adsorbed on
very stable adsorption sites and only desorb as the surface undergoes some
reconstruction processes, like also discussed for the TPXPS experiments of
hydroxide and carbonate in Chapter 7. For propene (CsHg) we find a complete
desorption from the NiO clusters on Cu(111) at 190 K. On the thin NiO layers,
a similar coverage progression is found to the coverage progression of
propane on NiO/Ni(111). However, the arguments discussed there do not hold
true here due to two reasons: firstly, beam damage was ruled out as the
surface was shifted to a new spot after each spectrum to minimize it. There
were also a lot of contaminations present on the surface prior to the propene
adsorption, and thus the coverage “tail” above 200 K here is attributed to
these contaminations. Still it can be said from looking at the curves that
propene desorbs at slightly higher temperatures from the surface on the thin
NiO layers then on the NiO clusters on Cu(111). The same trend was already
found for the propane desorption, with NiO/Ni(111) having the most stable
adsorbates, and this trend holds also true for ethene (C,H,4). As a residual tail
due to contaminations and beam damage plays a role here for all three
surfaces it is hard to tell when ethene is desorbed from the surface, but rough
estimates of 160 K for the NiO clusters on Cu(111), 180 K for the thin NiO
layers on Cu(111) and 200 K for NiO/Ni(111) show again the same trend that
the adsorbates are most stable bound on NiO/Ni(111) and least stable on the
NiO clusters. For ethane (C,Hs) the situation is even less clear, as only for the
NiO/Ni(111) surface a temperature of 150 K is given, where all of the ethane
is desorbed from the surface and only the contaminations remain. On the two
different NiO layers on Cu(111), the desorption proceeds much slower and is
finished around 200 K on the clusters and around 300 K on the thin NiO
layers on Cu(111). Why the NiO/Ni(111) is not the surface with the most
stable adsorption sites in this case is not clear.

If we compare all of the adsorbates, some general rules can be found. For all
adsorbates the coverage depends both on the surface temperature and on
the pressure of the adsorbate in the chamber, which clearly identifies them as
physisorbed components. The adsorbed species seem to be most strongly
bound on the NiO/Ni(111) followed by the thin NiO layers on Cu(111), and
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most weakly on the NiO clusters on Cu(111). This is seen both from reached
coverages and from the temperatures, were all of the adsorbates are
desorbed from the surface and only residues due to surface contaminations
and beam damage remain on the surface, with the exception of the TPXPS of
ethane on NiO/Ni(111), which does not follow this general trend. The most
important observation, however, is that for all studied hydrocarbons we find
physisorbed species in temperature ranges, where none are observed on the
clean Ni(111) or Cu(111) surfaces, leading to the conclusion that oxygen
stabilizes these physisorbed species.

Intensity [arb.U.]

287 286 285 284 283 282 281
Binding Energy [eV]

Figure 6.17: C 1s spectra of methane dosed on NiO/Ni(111) at 110 K with various kinetic
energies provided by the molecular beam. All spectra acquired at an emission angle of 45°.

Apart from the discussed hydrocarbons, the interaction of methane (CH,) with
the various NIiO surfaces was also studied. Even though a great range of
different surface temperatures between 100 and 600 K and kinetic energies of
the methane molecules up to 0.71 eV, provided by the supersonic molecular
beam (for details on the energies available for methane adsorption
experiments please see [54]), were tried, only a very weakly bound
physisorbed species was found on NiO/Ni(111) at 110 K and no interaction
with the other two surfaces at 120 K. The spectra of methane on NiO/Ni(111)
are displayed in Figure 6.17. For all kinetic energies the physisorbed
component was only present on the surface as long as the molecular beam
was switched on, and desorbed immediately as soon as the beam was shut
off. Interestingly for lower kinetic energies slightly higher coverages of
0.08 ML could be reached than for the highest kinetic energy of 0.71 eV, for
which only a coverage of 0.07 ML was achieved. For methane on Ni(111) a
desorption temperature of 50 K has been reported [138], which is much lower
then the temperatures of 85 and 120 K reported for ethane and propane [138],
respectively. So even if the physisorbed component is stabilized by the
oxygen, it is not surprising that its desorption temperature on NiO is still so
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low that it immediately desorbed from NiO/Ni(111) at 110 K when the
molecular beam was switched off and did not adsorb on the other two
surfaces at 120 K.

6.3 Concluding discussion

Unlike the Ni(111) surface, where chemisorbed species were found upon
adsorption of ethane, ethene and acetylene (even though some additional
kinetic energy had to be provided in the case of ethane), and these
chemisorbed species reacted upon heating, the Cu(111) surface was found to
be much less reactive. Although for acetylene interaction with the Cu(111)
surface a chemisorbed species is found, just like on Ni(111), for ethene only a
physisorbed species is discovered. For propane and propene we also found
physisorbed species after exposure at low temperatures. The ethane
interaction with the surface was found to be a bit more complicated. For
ethane dosed from the background, no interaction with the surface was found.
However, when the ethane was dosed from the supersonic molecular beam
with a kinetic energy of 0.84 eV, a very low coverage of ethyle (C;Hs) was
formed on the surface, which was identified both by the applied fit and by its
desorption temperature. All adsorbates except for propene show a single
main adiabatic peak and were fitted with a combination of this adiabatic peak
and a vibrational contribution at higher binding energies. The binding energies
of all adsorbates as well as the data of the vibrational contributions are shown
in Table 6.2.

Adsorbate Binding energy Vibrational Total S-Factor/
[eV] splitting [meV] per C-H bond
CzH> 283.36-283.42 370 0.21/0.21
CoHa 284.05 400 0.43/0.215
C,Hs (from CzHg) | 284.08 400 05/0.2
CsHe 284.29 400 0.34/0.17
284.75 400 0.17
284.9 400 0.51/0.17
CsHs 284.37 400 0.54/0.2

Table 6.2: Binding energies and vibrational data for hydrocarbons adsorbed on Cu(111)
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The propene spectrum consisted of three peaks with vibrational splitting, one
for each carbon atom in the molecule. Interestingly, the propene spectrum is
very similar to the gas phase spectrum of propene. For the other adsorbates
this similarity exists as well, however it is not as evident as many of the peaks
seen in the gas phase spectrum cannot be resolved within our experimental
conditions. The binding energies of all the adsorbates are very close to each
other, with the exception of the acetylene binding energy which is lower by
almost one eV. This is in accordance with the different nature of the acetylene
bond, as it is the only adsorbate that is still present on the surface at room
temperature while all other adsorbates leave the surface below 250 K, or at
even lower temperatures. If we take a look at the S-factors, we find a mean
S-factor of 0.20+£0.02. This is significantly higher than the value of 0.17+0.02
found in Chapter 5 for the adsorbates on Ni(111) and also found by Steinriick
et al. [28] both on Ni(111) and Pt(111). This is a clear sign of the different
behavior of the two surfaces. This different behavior is mostly evident here in
the interaction of C,H4 and C,Hs with the two surfaces. On Ni(111) we found a
chemisorbed species that reacted to acetylene which subsequently reacted to
carbon. On Cu(111) both species are physisorbed and leave the surface at
120 K (ethene) and 225 K (ethyle). Although the ethyle is reported to
dehydrogenate to ethene [217] prior to desorption, the situation is still rather
different to the one on Ni(111) where in the end a complete dehydrogenation
of the adsorbates was found. A similar behavior was found for C3Hg and C3Hs,
with the former desorbing intact from the surface below 150 K and the latter
already desorbing at 110 K upon lowering of the propane pressure in the
chamber, which is lower than the desorption temperature of 120 K reported
for propane on Ni(111) [138]. For the interaction of propene and Ni(111) no
data exists for low temperatures. So the general trend observed is that the
adsorbates interact much weaker with the Cu(111) surface than with the
Ni(111) surface, leading to lower desorption temperatures and higher
S-factors.

A very interesting exception to this trend is the interaction of acetylene with
the two surfaces. The spectra of both adsorbates are very similar, with the
binding energy, the vibrational splitting and the S-factor being so close to
each other that they can be said to be identical within the margin of error. The
same was found to be the case for the local adsorption geometry as shown by
Bao and coworkers [159, 183]. Differences are found in the LEED structure

2 1
(p(2x2) on Ni(111) and (0 4} on Cu(111)), and the saturation coverage

which is 0.58 ML and 0.5 ML on Ni(111) and Cu(111), respectively. The
thermal evolution is also very similar. On both surfaces around 270 K a
reaction starts, where on Ni(111) mainly benzene and on Cu(111) benzene
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and a variety of other hydrocarbons are formed, which immediately desorb
from the surface on Cu(111) while on Ni(111) they stay on the surface and
dehydrogenate.

The different behavior of acetylene and ethylene on Cu(111) is explained by a
DFT study by Fuhrmann et al. [186]. They showed that for the acetylene
molecule on Cu(111) the chemisorbed state, for which the molecule has to be
distorted, provides a major energy gain in respect to an undistorted
physisorbed state. For C,Hs on the other hand both states were shown to
have similar energies, and additionally a large energy barrier lies between
them, whereas for acetylene this energy barrier is significantly smaller. From
this they concluded that the chemisorbed state is not favorable for ethene.

In contrast to the situation on Cu(111), where physisorbed species were found
for all adsorbates, on clean Ni(111) no physisorbed species were found upon
the adsorption of any of the studied C,Hx molecules, even at temperatures as
low as 100 K. This changed in the coadsorption case with oxygen, where for
acetylene a physisorbed component was found to be present on the surface
below 140 K, and the adsorbed ethene and ethane species could arguably be
defined as physisorbed. This led to the assumption, that oxygen stabilizes the
physisorbed components on the Ni surface. Upon studying the interaction of
hydrocarbons with the NiO surfaces, this trend was found to be even more
evident, with physisorbed components found for all of the studied molecules
(C2He, C2H4, CoH,, C3Hg and CzHg) except for methane. The C 1s spectra for
these physisorbed species show one broad peak, without any visible structure
which would be characteristic for a vibrational splitting. The positions of these
peaks depend on the coverage, shifting to higher binding energies for higher
adsorbate coverages. For all adsorbates, except for ethane, there is also an
effect of the thickness of the NiO layers on the binding energy, with thicker
NiO layers leading to higher binding energies. For all adsorbates the obtained
coverages were found to depend both on the substrate temperature and on
the pressure of the adsorbate in the chamber. Due to this, as the adsorbate
pressure in the chamber was lowered in between the uptake and the TPXPS
experiment a coverage decrease was found in all experiments. Upon heating,
most adsorbates desorbed below 200 K, but for some, most notable propane
on NiO/Ni(111), small quantities were found to be stable up to much higher
temperatures. With the exception of ethane on NiO/Ni(111) a general trend
was found, that the adsorbates were first gone from the NiO clusters on
Cu(111l) and remained longest on NiO/(Ni(111). As the desorption
temperatures are generally higher then the ones found on both clean Ni(111)
and clean Cu(111), these experiments clearly show that the oxygen stabilizes
the physisorbed components, and that thicker NiO layers lead to an even
stronger stabilization.
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While most of the hydrocarbons were found to only form a physisorbed
adsorbate on the NiO, acetylene was found to also chemisorb on the different
NiO layers. On NiO/Ni(111) the C 1s spectra of adsorbed acetylene shows
two peaks at 283.26 and 285.21 eV, which are identified as physisorbed and
chemisorbed acetylene, respectively. Both peaks are very broad and lack a
clear vibrational structure, which is attributed to acetylene adsorbed on a
variety of sites with small binding energy variations. Interestingly the two
peaks develop almost simultaneously and not subsequently, as would be
expected for the usual “multilayer” picture of a physisorbed component. This
means that the population of the chemisorbed and the physisorbed adsorption
site must be almost equally likely, with a slight favor for the chemisorbed site
as this species develops slightly earlier. From the observation of a different
spot on the sample it was deduced that both species are affected by the
exposure to photons, as both the coverage and the binding energy was
different on the new spot; however, adsorption is not due to beam damage.
A very similar picture was found on the thin NiO layers on Cu(111). Here the
C 1s spectra show the same two peaks, however at slightly different binding
energies of 283.41 and 285.06 eV for the chemisorbed and physisorbed
components, respectively. The uptake commences in same manner like on
NiO/Ni(111), with the only difference being a much lower saturation coverage,
the reason of which is not clear but is in line with the lower saturation
coverages of the other (physisorbed) hydrocarbons on the NiO layers on
Cu(111) in respect to their coverages on NiO/Ni(111). Upon heating the
physisorbed component leaves the surface first in both cases, and is gone
around 200 K.

At slightly lower temperatures the chemisorbed, and some of the physisorbed
acetylene starts to react to a new species, for which the best assignment is
some form of carbon allotrope or a precursor of such a species. The binding
energies of all the acetylene species and reaction products on the different
surfaces are listed in Table 6.3. Please note that the binding energies of the
acetylene species on the NiO listed in the table may differ from the ones given
for the uptake, as the binding energies were found to be somewhat dependent
on the studied position on the sample, which is attributed to beam damage.

The assignment of the reaction species is based on its binding energy,
thermal stability and the evolution of another reaction species, which appears
at 170 K on the thin NiO layers on Cu(111) and around 250 K on NiO/Ni(111)
in the area around 286 eV. This species is assigned to a C-O single bond
within the carbon allotrope network. Up to 500 K all of the chemisorbed
acetylene has reacted to these two species on NiO/Ni(111). On the thin NiO
layers on Cu(111) a third reaction species is found to develop above 300 K,
which is assigned as a carbonaceous species. The reason why this new
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species only appears on the NiO layers on the Cu(111) could either be that it
is directly adsorbed on the copper, although the binding energy would not fit.
Or the structure of the NiO on Cu(111) enables the carbon atoms to bind to
the nickel atoms, for which the binding energy would fit. The O 1s, Ni 2p and
Cu 2p regions gave no deeper insight into the nature of the reaction products.

Species Cu(111) NiO/Ni(111) 2 ML NiO 0.5 ML NiO
/Cu(111) /Cu(111)

C,H, on 283.42eV | - | e 283.33 eV

Cu(111)

adiabatic

C,H> on 283.78eV |- | eeeee- 283.69 eV

Cu(111)

vibration

Chemisorbed | ------ 283.33- 283.59- 283.30 eV

C,H, on NiO 284.03 eV 284.17 eV

Physisorbed | ------ 285.01- 284.99- 285.03 eV

C,H, on NiO 285.12 eV 285.01 eV

Carbon | - 284.62 eV 284.26 eV 284.11 eV

allotrope

C-Obond | ----- 286.23 eV 28591eV | -—----

within carbon

allotrope

Carbonaceous | ------ | ===--- 283.32 eV 283.38 eV

species

Table 6.3: Binding energies of C,H, and reaction products on the various surfaces.

On the NiO clusters on Cu(11l) the C 1s spectra were found to be a
superposition of acetylene adsorbed on the bare Cu(111) patches between
the NIO clusters and of acetylene both chemi- and physisorbed on the NiO
clusters themselves. The saturation coverages for both components,
however, are much lower then what would be expected for their respective
surface coverages. As this is the case for all different adsorbates, this leads to
the conclusion that the edges of the NIO clusters and their immediate
vicinities are not populated by acetylene. During heating again the carbon
allotrope/carbon allotrope precursor species found previously is formed, as
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well as the carbonaceous species. The species assigned to a C-O single
bond within the carbon allotrope is not found here. When acetylene is dosed
on NiO clusters on Cu(111) at 400 K, the carbonaceous species saturates at
0.1 ML, while the carbon allotrope reaches much higher coverages, and could
not be saturated even with exposures above 770 L. During the latter
experiment the NiO was almost completely reduced, leaving just the metallic
Ni on the surface.

An interesting comparison can be made between the clean Cu(111) surface
and the Cu(111) surface covered with the NiO clusters. As discussed in
Chapter 6.1.1, on the clean Cu(11l) surface acetylene reacts at a
temperature of 325 K to a variety of cyclic and non cyclic hydrocarbons that
immediately desorb from the surface. On the Cu(111) surface precovered with
the NiO clusters, the C,H, adsorbed on the bare Cu(111) patches react at
slightly lower temperatures, with a reaction temperature around 305 K. As no
significant loss in the total C 1s coverage is observed in this temperature
region, a reaction towards fast desorbing hydrocarbon species is ruled out.
Instead we find the formation of carbon allotropes. Several possible
explanations can be given for this difference. For acetylene adsorbed on
Ni(111) we could show in Chapter 5 that a certain minimum amount of
acetylene is needed on the surface to enable benzene formation. Since the
amount of acetylene adsorbed on the Cu(111) patches was less then the
expected value, assuming an equal coverage of the surface with Cu(111)
patches and NiO clusters, the amount of acetylene could be too low allow the
formation of longer hydrocarbons. The second possible explanation is that
Cu(11l1) patches could be too small too accommodate these longer
hydrocarbons, although the STM pictures shown in Chapter 4.2.4 (Figure
4.18) seem to suggest rather large patches of bare Cu(111). On the other
hand a minority of oxygen atoms (less then 0.05 ML as discussed in Chapter
4) could be present on the Cu(111) patches blocking adsorption sites needed
for the formation of the longer hydrocarbons. The most important reason for
the different reaction behavior, however, should be the presence of the NiO.
As discussed in the previous chapter NiO is used as a catalyst in the
synthesis of carbon allotropes [204-207] and thus apparently makes the
carbon allotrope formation, and by this the complete dehydrogenation of the
acetylene, more favorable then the formation of longer hydrocarbons.
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7 Formation and thermal evolution of
NiOH and NiCOs3

7.1 Introduction

Impurities on a surface, which can be caused, e.g., by residual gases, always
play a very important role for the morphological and chemical properties of a
material, e.g. by blocking of active sites. The most common impurity for most
oxides is OH, due to interaction of the oxides with water from the atmosphere
or from the residual gas in the UHV system, either during the growth process
or later on [222]. McKay [110] found for NiO(100) surfaces, which were freshly
prepared by cleaving a NiO crystal, only very weak interaction with water,
which was shown to interact only with defect sites. These findings were
confirmed by several groups, both for freshly cleaved surfaces [111] and thin
NiO films with (100) orientation [79, 88, 89]. NiO(111) on the other hand was
found to be very reactive to water, as reported by several groups using a wide
range of different techniques including HREELS [85, 88-90], LEED [79, 85,
88, 89], AES [79, 88], STM [76, 79] and XPS [76, 79, 80, 88, 89, 91].

As discussed in detail in Chapter 4, the NiO(111) surface is a polar surface
and thus thermodynamically unstable [84]. Several groups found that OH
stabilizes the NiO (111) surface [79, 88, 89]. Langell et al [88] found it
impossible to grow NiO(111) films on Ni(100) in the absence of OH; instead
NiO(100) films are formed.

NiO(111) islands, which are present in NiO(100) films grown by oxidation of
Ni(111) at 500 K with low oxygen doses [79, 81, 93], grow upon adsorption of
water, but no nucleation of additional islands was observed [79]. This process
was found to be reversible when heating the surface [93]. By taking
photoelectron spectra under several emission angles, the OH groups were
shown to reside at or near the surface of the films [79, 111]. A disagreement
exists in literature over the coverage of OH, with estimates ranging from
0.4 ML [89] over 0.6-0.8 ML [88] up to 0.85-1ML [79], stabilizing the surface of
a freshly grown oxide. After additional water adsorption a coverage of 1.5-2
ML OH has been estimated as saturation coverage for NiO(111)/Ni(111) [79],
with the stacking sequence equal to B-NiOH. During adsorption of water at
low temperatures (<200 K), additionally to the formation of OH also layers of
physisorbed water are formed, giving rise to an XPS Peak at ~ 533 eV
[111, 223].

Hydroxilated NiO has been studied with XPS by several groups so far [76, 79,
80, 88, 89, 91, 98, 99]. The binding energies reported by these groups in the
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O 1s region for the oxide and the hydroxide peaks are given in Table 7.1.
Although the peak positions differ by more than 1 eV between the publications
the distance between these two peaks can be given as 1.7 eV 0.1 eV, with
only two exceptions in the works of Kitakatsu et al. [79] and Lorenz et al. [91],
both of which feature only very small hydroxide shoulders making the
determination of the peak position difficult.

System Oxide Peak Hydroxide Distance Source
Peak between
Hydroxide
and Oxide
Peaks
NiO(111)/Ni(111) | 529.0 eV 530.7 eV 1.7eVv [76]
grown at 100 K
NiO(111)/Ni(111) | 529.7 eV 531.3 eV 1.6 eV [80]
NiO(111)/Ni(111) | Not given, 531.4 eV 1.6 eV [89]
~529.8 eV
NiO(111)/Ni(111) | 529.6+-0.1 eV | 531.4+-0.1eV |1.8eV [79]
NiO(111)/Ni(111) | 530.2 eV 532.4 eV 2.2eV [91]
NiO(111)/Ni(100) | 529.4 eV 531.2 eV 1.8eV [88]
NiO(100)/Ni(111) | 530.1+-0.1 eV | 532.1+-0.1eV |2.0eV [79]
NiO(100) crystal | 529.7 eV 531.4 eV 1.7 eV [98]
Heated B-Ni(OH), | 529.7 eV 531.4 eV 1.7eVv [99]

Table 7.1: List of oxide and hydroxide binding energies obtained from literature

The thermal evolution of these adsorbed layers was studied in less detail. On
NiO(100) the physisorbed H,O desorbs completely up to 275 K [111, 224],
with a TPD Peak resulting from the H,O multilayer at 150 K and the
monolayer peak with its center at 200 K and a tail up to 300 K [224]. There is
no known TPD data for water adsorption on NiO(111). For the OH coverage
on NiO(100) Uhlenbrock et al. [111] claim no change in coverage for
temperatures up to 573 K.

Rohr et al. [85] reported that heating to above 600 K removes the OH groups
from a NiO(111) surface, leading to reconstruction of the surface, which is
reversed by water adsorption at lower temperatures. Langell and Nassir [88]
report a continuous decay of the hydroxide layers on NiO(111) from XPS
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data, with coverage loss for both OH and oxidic oxygen starting at 400 K, and
leading to conversion of the NiO(111) to NiO(100) at 600 K. Kitakatsu et al.
[93] showed that NiO(111) islands within NiO(100) start to shrink at 550 K if
they are weakly hydroxilated, but remain stable up to 600 K if they are
strongly hydroxilated. A detailed in situ study of the thermal evolution over the
whole temperature range from 100-600 K has not been conducted so far.

Another common atmospheric gas that can easily come into contact with NiO
surfaces is carbon dioxide. CO, also plays an important role as either a
reactant, or as reaction product in a variety of reactions catalyzed by transition
metal oxides. Examples include the water-gas shift reaction [225],
ketonization of carboxylic acids [226], CO, reformation of methane [227],
carboxylation of epoxides [228] and oxidative coupling of methane [229],
where CO, can also poison the catalyst. Lastly, the increasingly important
guestion of CO, storage has to be mentioned [230].

The interaction of CO, with NiO surfaces was the topic of only a few
publications so far. Behm and Brundle [231, 232] reported that CO, dosed
onto an oxidized Ni(100) surface led to the formation of carbonate, with XPS
binding energies of 289.0 eV and 531.2 eV in the Cls and Ols regions,
respectively. The highest carbonate coverage obtained was 1.2 ML for
simultaneous dosing of O, and CO, on Ni(100) at 130 K. It should be noted,
however, that for the simultaneous dosing of O, and CO, the degree of
oxidation of the surface was found to be lower than for the dosing of O,
without CO,. The carbonate was found to destabilize above 321 K decaying
into O and CO,, with the main CO, TPD Peak occurring at 418 K and the tail
lasting up to 550 K. TPD experiments with isotopically labeled oxygen, where
the carbonate layers were grown by coadsorption of C**0, and *20,, revealed
desorption of atomic masses 44 (C*°0,) and 46 (C**0*0) in a ratio of 2:1.
This led to the conclusion that all 3 oxygen atoms in the CO3 are equivalent.
From the close similarity of preliminary HREELS data of CO3/Ni(100) with
HREELS data of CO3/Ag(110) [233], it is assumed that the COg3 binds in the
same manner to the substrate on both surfaces. For CO3/Ag(100) the binding
geometry is known from SEXAFS [234] and NEXAFS [235] to be flat lying and
planar, with all three oxygen atoms bound to the surface.

For NiO(111)/Ni(111) Gordon et al [236] found 0.14 ML COg3 after dosing of
CO; at room temperature, with XPS binding energies of 290 eV and 530.7 eV.
The TPD measurements showed peaks at 395 and 634 K, with the former
disappearing, if the NiO layer was annealed to 570 K before CO, adsorption.
Matsumoto [237] reported for NiO/Ni(111) a TPD peak of CO; at 160 K trailing
up to 250 K after CO, was dosed at 123 K.
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7.2 Water interaction with NiO layers

7.2.1 Determination of damping factors

In order to determine reaction pathways it is important to have knowledge
about the actual coverages of the reacting species over the course of the
reaction. When the adsorbate becomes adsorbed in multilayers at low
temperatures, the apparent coverages of the lower lying layer, and also the
coverage of the succeeding multilayers, determined from the spectra, are
lower then the actual coverages due to damping. To determine the extent of
this damping, which will be expressed by the damping factor a introduced in
Chapter 2.3, we make use of some of the experiments discussed in the
following chapters. Please note that only the aspects of the experiments
necessary for the determination of the damping factors are discussed here,
while all other aspects are discussed in the respective chapters.

Figure 7.1 (a) shows the quantitative analysis of the TPXPS experiment of
water adsorbed on 2 ML NiO on Cu(111). As discussed in the following
chapters, during adsorption of water hydroxide is formed as well as
multilayers of physisorbed water. The important part of the experiment for the
determination of the damping factor, a, is the section between 140 and 170 K.
In this temperature range, which is marked with a green circle in Figure 7.1
(a), the multilayers of the physisorbed water desorb, leaving only a monolayer
of physisorbed water on the surface which is subsequently desorbing. As the
coverage of the physisorbed water falls from an apparent value of 3.86 ML
down to 0.91 ML, the coverage of the oxide seems to increase from 0.47 up to
1.17 ML and the hydroxide coverage from 0.39 to 1.06 ML. Water was found
to desorb molecularly from a NiO surface in this temperature region in a TPD
experiment [224]. An increase in the hydroxide coverage seems unlikely since
the hydroxide layer was saturated prior to the TPXPS experiment. Thus we
conclude that the increase is only apparent, caused by the lifting of the
damping by the adsorbed water multilayers. This leads to the conclusion that
the oxide coverage prior and after desorption of the water multilayers should
be the same. With this information we can now determine the damping factor
a using Equation (13) from Chapter 2.3 to calculate actual coverages for
several damping factors and looking for the best fit. For this it was assumed
that water and hydroxide layers lead to equally strong damping. The first step
in the calculation was a correction of the physisorbed water coverage itself, as
lower layers of water in the multilayer are damped by the water layers on top
of them. With this method a damping factor of 0.83 was determined for the
water and hydroxide layers under an emission angle of 0°. This means that
each full water layer reduces the signal strength of the lower layers by 17%.
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Figure 7.1 (b) shows the coverages from Figure 7.1 (a) corrected with the

determined damping factor.
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Figure 7.1: Quantitative analysis of TPXPS experiment of water on 2 ML NiO on Cu(111) (a)
without correction for damping by the water and hydroxide adlayers (b) after correction for
damping. Spectra acquired at an emission angle of 0°. (c) Inelastic mean free paths for water
measured or calculated with various methods. Picture taken from [238].
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The oxide and hydroxide coverages now are almost constant within the
interesting temperature range, which is marked with a green circle. The
deviations might originate from the very fast desorption of the water
multilayers in this region, so that e.g. the time between the recording of the
oxide and the water peaks leads to an incorrect ratio of the two peaks.

The same value for the damping factor is determined, if the damping of the
copper or nickel signal is studied. The adsorption of H,O on Cu(111) and
Ni/Cu(111) is discussed in Chapter 7.2.2. For the adsorption of H,O on
NiO/Ni(111), which was studied under a different emission angle of 45°, the
damping factor has to be adjusted. As a different emission angle increases
the path the electrons have to travel through a water layer by a factor of

c0s45° =~/2 , the damping by this layer increases by the same amount. As the
damping factor is the remaining intensity after the photoelectrons travel

through one layer, the intensity loss is 17%*+/2 = 24% at an emission angle of
45°, leading to a damping factor a of 0.76 for experiments on NiO/Ni(111).
These two damping factors were found to lead to reasonable results for
almost all experiments, when used to calculate the real coverages from the
apparent coverages determined from the fitting of the spectra. The quality of
the correction was judged by the correction of sudden otherwise unexplained
changes in the coverages, like the one discussed above.

Using Equation (3) from Chapter 2.3, we calculated the inelastic mean free
path. We used the damping factor as the remaining intensity and 0.31 nm as
the thickness of a water layer, as estimated by Ewing [239]. This gives us an
IMFP of 1.67 nm at a kinetic energy of 120 eV. If we compare this value with
results from literature compiled by Emfietzoglou et al. [238], displayed in
Figure 7.1 (c), we see that this value is in between those determined by
calculations from various groups [238, 240-243], and the IMFP determined
from the HREELS data by Michaud et al. [244] at 100 eV. As all theoretical
calculations were made for liquid water, which has a slightly higher density,
the IMFP for ice (which we have in our experiments) should be a bit higher. In
conclusion the IMFP of 1.67 nm and thus also our damping factor is
reasonable.

7.2.2 Water interaction with copper and nickel surfaces

Just like in the case of the acetylene adsorption discussed in Chapter 6.1, the
adsorption of water on the unoxidized metal surfaces was studied first as a
reference for the other experiments.
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Both water on Ni(111) and on Cu(111) have been quite extensively studied in
the past. TPD experiments of water on Ni(111) [245-247] have revealed two
desorption peaks. A peak at 168 to 171 K, dependent on the coverage, was
shown to saturate at a coverage of 0.66 ML [247] and is attributed to water
molecules directly chemisorbed to the nickel surface, while a second peak at
155 to 158 K could not be saturated. This second peak is attributed to
desorption from ice multilayers. A close examination of this second peak also
shows that it is composed of a component arising from a transition layer
between the chemisorbed layer and the ice multilayers, and of the ice
multilayer component. XPS spectra showed a peak around 533 eV [247].

On Cu(111) a binding energy of 533.5 eV has been reported for adsorbed
water [248]. From this XPS study, a desorption between 140 and 160 K was
reported. TPD experiments [249] showed desorption temperatures between
150 and 175 K, dependent on the initial coverage.

Water was dosed on the clean Cu(111) surface at 120 K. The corresponding
O 1s spectra are displayed in Figure 7.2 (a). The spectra were acquired under
an emission angle of 0° and after each spectrum the sample was shifted to a
new spot to minimize beam damage. Right from the start of the exposure a
peak at 533.3 eV is emerging, which shifts to 533.9 eV for higher coverages.
The peak does not saturate and even continues to grow while the water
pressure in the chamber is already being lowered. This behavior together with
the binding energy, whose range includes the reported binding energy of
533.5 eV [248] for physisorbed water, allows to assign it to physisorbed water.
A much smaller peak around 531.0 eV is assigned to hydroxide (OH), in
agreement with Au et al. [248], who reported a peak of similar low intensity at
531.5 eV. As the total coverage of this peak does not exceed 0.04 ML, it can
be assumed that the Cu(111) surface is rather inert towards hydroxylation,
and the OH is only formed at steps or other defects. The final amount of water
present on the surface was 4.5 ML. Please note that all coverages given in
this chapter are referenced to CO (2x4) layers prepared on Ni(111) and 3 ML
unoxidized nickel on Cu(111), for the experiments on the respective crystals.
These layers are briefly discussed in Chapter 7.4.1. The coverages were also
corrected for damping and self-damping effects of the water overlayers, as
discussed in Chapter 4.2.1.

Similar uptake experiments were performed on Ni(111) and 2 ML unoxidized
nickel on Cu(111), which were exposed to water at 125 K and 104 K,
respectively. Representative spectra from these two systems are displayed in
Figure 7.2 (b) together with a representative spectrum from the water uptake
on the Cu(111) surface. Please note that the spectrum of water on Ni(111)
has been acquired under an emission angle of 45°, unlike the other two,
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which were acquired under 0°. On Ni(111) the water (ice) multilayers are
found at 533.0 eV, in agreement with literature [247]. Upon increasing the
coverage, there are only minor shifts in the binding energy of less then
100 meV. It is unclear why there are no large shifts in binding energy for
higher coverages, even though such shifts are observed for almost all
physisorbed species studied within this thesis. A possible explanation is that
the observed coverage of 1.45 ML water is still too low for such shifts to
occur.

Water uptake on Cu(111) //

a
Water on
— Ni (111) b
— Cu (111)

2 ML Nion Cu(111)

Intensity [arb.U.]

Water on 2 ML Ni
on Cu(111)
— 103 K
—_— 125 K
— 145 K
— 170 K
— 200 K

245 K
— 300 K

1 L} 1 L] 1 I T 1
538 536 534 532 530 528 526
Binding Energy [eV]

Figure 7.2: (a) O 1s spectra acquired during water adsorption on Cu (111) at 120 K (b) O 1s
spectra of water on three different metallic surfaces. (c) Selected O 1s spectra acquired
during TPXPS of water on 2 ML nickel on Cu(111)

On the nickel layers on Cu(111), the water peak emerges at 533.3 eV, and
first shifts towards lower binding energies up to 533.0 eV before shifting back
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again to 533.2 eV. The best explanation for this behavior is that the initial shift
towards lower binding energies is attributed to the growth of the monolayer of
water, while the later shift towards higher binding energies is attributed to the
onset of the multilayer growth. A large difference between these two growth
stages has been reported on several surfaces, for an overview see [222].
This interpretation is also in agreement with the observation that the backshift
starts when a total surface coverage of 1 ML is reached. Even though some of
this coverage is attributed to hydroxide (see below), it can still be argued that
water on hydroxide is more similar to water on water than to water on Ni(111).
Another possibility would be that the water molecules in the water layer forms
hydrogen bonds with the OH.

In contrast to the water interaction with Cu(111), where only a very minor
hydroxide component was detected, on the nickel surfaces hydroxide plays a
larger role. On the Ni(111) surface it is found at 531.0 eV, and reaches a
coverage of 0.07 ML. However, since the sample was not shifted to a new
spot after each spectrum, and as there are no hints for H,O dissociation in
literature, the OH-peak is most likely due to beam damage. The peak at
529.6 eV with a maximum coverage of 0.02 ML is attributed to atomic oxygen.
The formation of this atomic oxygen species is most likely also due to
dissociation from beam damage, since no oxygen peak was reported in
literature [247]. The situation is different for the nickel layers on Cu(111), as
there the beam damage was minimized by shifting the sample after each
spectrum. Here the hydroxide peak emerges at 531.3 eV and shifts towards
531.0 eV for higher coverages, a behavior that is also seen on the NiO layers.
On this substrate, the highest hydroxide coverage reached is 0.18 ML.
Oxygen, which is also present on this surface, reaches a coverage of 0.03
ML. As beam damage is excluded (the sample was shifted to a new spot after
each spectrum), both oxygen and hydroxide have to emerge from dissociative
adsorption of water. Since the water coverage of 1.35 ML here is similar to the
1.45 ML we observed on Ni(111), but the hydroxide coverage is higher, it can
be concluded that the thin nickel layer on Cu(111) is more reactive in regards
to this dissociative adsorption of water than the Ni(111) surface. The best
explanation for this is a higher defect density in the thin nickel layers on
Cu(111).

Upon heating the copper surface, water desorbed completely between 140
and 170 K, which is in agreement with literature [248, 249]. From the nickel
layers on Cu(111), most of the water desorbed between 125 and 170 K. The
initial increase in the water coverage between 103 and 125 K seen in the
spectra displayed in Figure 7.2 (c), is due to ongoing water adsorption from
the residual gas in the chamber. The water that remained on the surface at
170 K is desorbing much slower, but is gone from the surface at 245 K. Such
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a behavior is not observed on the Ni(111) surface, where literature reports
complete desorption below 200 K [245-247] (within this thesis the desorption
of water from the Ni(111) surface has not been studied). So the question
remains why water is more stable on the thin nickel layers on Cu(111). Pache
et al [247] showed that on Ni(111) in the coadsorption case of water with
oxygen a new desorption state labeled & with a coverage up to 0.15 ML
appears in the TPD spectra between 180 and 260 K. This state was assigned
to chemisorbed water molecules stabilized on the surface by the oxygen
atoms. As on the nickel layers on Cu(111), we only find minor traces of
oxygen, it seems more likely that the water molecules here are stabilized by
the OH layer. A similar high temperature tail for the water desorption is also
visible for desorption of water from the NiO layers as discussed in the
following chapters, where this tail is assigned to the monolayer desorption
from the hydroxide covered NiO surface. Concurrently with the water
desorption from the nickel layers on the Cu(11l) surface, the hydroxide
coverage is also decreasing. Due to the simultaneous occurence of these two
events, the decrease of the hydroxide coverage can be assigned to
recombinative desorption of the hydroxide, i.e. hydroxide reacting with the
hydrogen present on the surface from the dissociative adsorption to form
water which is subsequently desorbing.

7.2.3 Water adsorption on NiO

As discussed in Chapter 7.1, hydroxide is the most common contamination on
NiO(111), as it stabilizes the surface. Due to this, we investigated the
adsorption process on differently prepared NiO layers. Figure 7.3 (a) shows
the O 1s spectra acquired during the exposure of a NiO/Ni(111) layer to water
vapor. As the NiO layer was grown at 550 K, and this temperature led to
layers only weakly contaminated with OH as discussed in Chapter 4.1.3, it
initially contained only 0.12 ML hydroxide. The spectra were acquired under
an emission angle of 45°. Figure 7.3 (b) shows the detailed fit of the first
spectrum of this adsorption series, Figure 7.3 (c) the detailed fit of the last
spectrum, and Figure 7.3 (d) shows the quantitative analysis of this
experiment. Please note that the coverages given in the quantitative analysis
have been corrected for damping and selfdamping effects by the water and
hydroxide layers, as discussed in Chapter 7.2.1.

Upon exposure of the surface to water, which was dosed using the
multicapillary array doser, the hydroxide peak, which initially is found at
531.6 eV, starts to grow and shift towards lower binding energies; after an
exposure of 0.65 L it is found at 531.0 eV.
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Figure 7.3 (on previous page): (a) Selected O 1s spectra acquired during the exposure of
NiO/Ni(111) to water. All spectra acquired at an emission angle of 45°.(b) Detailed fit of the
first spectrum (c) Detailed fit of the spectrum at 0.65 L. (d) Quantitative analysis of the uptake
experiment; all coverages corrected for damping and selfdamping effects by water and
hydroxide.

At an exposure of 0.03 L a new peak arises around 533.5 eV. This peak shifts
towards lower binding energies with increasing coverage, and is located at
533.2 eV in the end of the experiment. This new peak is assigned to
physisorbed water in agreement with literature [111, 223] and also in
agreement with the results obtained on the unoxidized Ni(111) surface. The
two oxide peaks here initially appear at binding energies of 529.9 eV and
528.7 eV for the main oxide and shoulder oxide species, respectively, as
shown in Figure 7.3 (b). Upon water adsorption both species shift towards
lower binding energies as well. The shoulder oxide peak continuously looses
intensity and disappears completely before the end of the water uptake. The
main oxide peak also looses intensity upon adsorption of the water, and shifts
to 529.3 eV during the course of the experiment. The final situation without
the oxide shoulder peak is shown in Figure 7.3 (c).

As discussed in Chapter 2.3, adsorption leads to damping of the surface core
levels. In Chapter 7.2.1, the damping factor was determined to be 0.76. With
the knowledge of this damping factor the real coverages are calculated from
the coverages obtained from fitting the spectra. These corrected coverages
are shown in Figure 7.3 (d). As the combined oxide coverage remains stable
within the margin of error (although there is a conversion from the shoulder
oxide species to the main oxide species), the observed decrease in intensity
is attributed to the damping by hydroxide and water layers. With this
knowledge we now discuss what the constant amount of oxide means in
respect to the reaction of water with the surface. Normally, one would expect
a behavior according to the following reaction scheme:

HzO(g) + O(oxide) €<= 2 0OH (|)

This scheme was found to hold true for many oxide surfaces, see [222] and
[250] and references therein. Here a conversion of oxygen from the oxide to
OH is proposed, which is also assumed for the reaction of our NiO layers.
Since during the course of the reaction no change in the oxide coverage is
observed, this leaves us with two possible interpretations: either the hydroxide
formed from the oxide has a different binding energy then the hydroxide
formed from water and thus is not distinguishable from the oxide, or that the
oxide does not participate in the reaction and instead scheme (l1) is valid.

H,0( €= OH + H )
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However, to find out whether oxide oxygen atoms participate in the reaction
we also have to consider the effect of the apparent oxide coverage discussed
in Chapter 4.1.4. There it was shown that the intensity of the oxide peak is
limited by selfdamping of NiO, as the IMFP is very short in the NiO layer, and
thus it is not always clear if real quantitative information is obtainable from the
oxide peak.

To avoid this problem, we studied the water adsorption on the thin NiO layers
on Cu(111). In this case the whole NiO layer is sampled, thus allowing a
guantitative analysis. Figure 7.4 (a) shows the O 1s spectra acquired during
the exposure of 2 ML NiO/Cu(111) to water as a color coded density plot.
Please note that these spectra were acquired under an emission angle of 0°.
At the beginning of the uptake the spectra are dominated by the main oxide
peak at 529.8 eV. Just like in the water uptake on NiO/Ni(111), during the
exposure to the water this peak loses intensity and shifts towards lower
binding energies, which leads to a binding energy of 529.6 eV at the end of
the uptake experiment. The shoulder peak of the oxide has not been found
here, as a fit of the data including it showed no improvement of the fit quality.
The quantitative analysis in Figure 7.4 (c) shows that the hydroxide peak,
which has an initial binding energy of 531.7 eV, as displayed in Figure 7.4 (a),
starts growing immediately. This peak shifts to lower binding energies as well,
and is located at 531.4 eV in the end. After an initial gain in intensity it loses
intensity again for exposures above 0.32 L. The peak assigned to physisorbed
water, which appears at 533.3 eV, starts growing at slightly higher exposures
than the hydroxide peak. Unlike the other two peaks this peak shifts towards
higher binding energies with increasing exposures, leading to a binding
energy of 533.7 eV at the end of the experiment. Such a shift towards higher
binding energies for higher coverages was also found for other physisorbed
adsorbates on the different NiO layers, as discussed in Chapter 6, and was
also seen for physisorbed water on the unoxidized metal surfaces discussed
in Chapter 7.2.1. It is attributed to a slow conversion from the binding energy
of the (monolayer) adsorbate to the binding energy the species would have in
a crystal composed entirely of the adsorbate. For water, this binding energy
would be 533.8 eV [251]. The shift towards lower binding energies for the
oxide and hydroxide peaks is reversible if the hydroxide content is lowered
again, as will be discussed in the following Chapter, and the shift in binding
energy will be explained there.

Figure 7.4 (b) shows the detailed fit of the spectrum acquired after an
exposure of 0.32 L. This spectrum was chosen, as here all three peaks have
a similar height, whereas for higher exposures the spectra are dominated by
the multilayer peak. The fit is similar to the one shown in Figure 7.3 (b),
showing that both surfaces behave similarly when exposed to water.
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Figure 7.4: (a) Density plot of O 1s spectra acquired during exposure of 2 ML NiO/Cu(111) to
water. All spectra acquired under an emission angle of 0° (b) Detailed fit of spectrum acquired
after an exposure of 0.32 L (c) Quantitative analysis of uptake experiment. All coverages are
corrected for damping and selfdamping effects by water and hydroxide.

Figure 7.4 (c) shows the quantitative analysis of the uptake experiments. As
described in Chapter 7.2.1, all coverages are corrected for damping and
selfdamping effects by the hydroxide and water adsorbate layers, using the
damping factor of 0.83 for the emission angle of 0° (see Chapter 7.2.1).
Please note that the enhancement factor for the multicapillary array doser is
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not known and is disregarded when calculating the exposures. As can be
expected for a physisorbed species, the water coverage is continuously rising
without saturating and reaches a coverage of 5.44 ML at the end of the
exposure. The hydroxide coverage on the other hand saturates at 1.17 ML
after an exposure of 0.17 L, and stays constant afterwards. This means that
the intensity decrease of the hydroxide, which is visible in Figure 7.4 (a), is
attributed to the damping by the physisorbed water (ice) layers, and the
hydroxide species is not involved in any further reaction. The most remarkable
result here is, that just like for the water adsorption on NiO/Ni(111), the oxide
coverage remains constant over the whole experiment. As now the whole
oxide layer is sampled by our photoelectrons, excluding any apparent
coverage effects, this means that the oxide atoms either don’t participate in
the hydroxide formation, or that their binding energy does not change upon
hydroxylation.

The NIO clusters on Cu(111) react very similar to water as the other two
discussed NiO surfaces. The density plot of the water uptake on the NiO
clusters is shown in Figure 7.5 (a), and the detailed fit of the spectrum taken
after an exposure of 0.12 L is shown in Figure 7.5 (b). The oxide peak
remains almost stable at 529.8 eV over the course of the uptake, shifting only
by 40 meV towards lower binding energies, while the hydroxide peak shifts
from 531.3 eV to 531.1 eV. The water peak appears at 533.0 eV and shifts
constantly towards higher binding energies, reaching 533.4 eV at the end of
the experiment at an exposure of 0.81 L. The quantitative analysis, corrected
for damping and selfdamping by the water and hydroxide, is shown in
Figure 7.5 (c). The oxide coverage, which is 0.65 ML at first, rises up to an
exposure of 0.2 L, where it reaches a value of 1 ML, before falling down to the
initial value at 0.3 L and staying constant afterwards. This behavior is highly
unusual, as in the two experiments discussed previously the oxide coverage
remained constant throughout the experiment. If we assume that some of the
oxide reacts with the water to form hydroxide, the oxide coverage should fall
and not increase. As the sample position was changed after each spectrum in
order to avoid beam damage, we scanned over a small area with a larger NiO
coverage, before going back to the rest of the surface where the coverage
was uniform. As the oxide was also saturated with oxygen prior to the uptake
experiment, this leaves only one explanation for this behavior, namely a local
variation of the nickel coverage and subsequently of the oxide coverage. One
possibility for this local variation could be a local 3-dimensional growth of the
NiO. Even though this behavior makes it difficult to discuss the oxide
coverage in regards to the reaction responsible for the hydroxide formation,
the fact that the oxide coverage is the same at the start and the end of the
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experiment strongly hints at the same formation mechanism also found on the
other two surfaces.
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Figure 7.5: (a) Density plot of O 1s spectra acquired during exposure of 0.5 ML NiO/Cu(111)
to water. All spectra acquired under an emission angle of 0° (b) Detailed fit of spectrum
acquired after an exposure of 0.12 L (c) Quantitative analysis of uptake experiment. All
coverages corrected are for damping and selfdamping effects by water and hydroxide.

The hydroxide coverage here rises slower compared to the water uptake on
2 ML NiO/Cu(111), and saturates at 0.30 ML. Just like on the 2 ML
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NiO/Cu(111), this is approximately half of the coverage of the oxide.
Interestingly at the spot on the sample surface, where the oxide coverage is
the highest, which is reached at an exposure of 0.2 L, the hydroxide coverage
is lower than in the vicinity. This is attributed to a higher resistance of this
local oxide structure to hydroxylation, most likely due to the layer being more
closed. The water multilayers behave like in the other two experiments, with a
continuous increase that continued as long as there was water in the
chamber.

7.2.4 Thermal evolution of hydroxide layers

The thermal evolution of the water and hydroxide adlayers on NiO/Ni(111)
was studied by heating to the designated temperatures and subsequently
recording a spectrum without heating. The resulting O 1s spectra are shown
in Figure 7.6 (a) in the form of a color coded density plot.
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Figure 7.6: (a) Density plot of thermal evolution of water on NiO/Ni(111). All spectra recorded
at an emission angle of 45°. (b) Quantitative analysis of data from (a), corrected for damping
and self-damping effects by water and hydroxide.
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The physisorbed water with its peak at 532.7 eV starts to desorb from low
temperatures on. As the initial coverage is only slightly more than a
monolayer, a clear distinction between desorption of the multilayers and that
of the monolayer is not possible. At 300 K, all of the physisorbed water has
left the surface, in agreement with TPD results by Reisner et al. [224]. This
desorption temperature is higher than the corresponding value of 200 K
[245-247] for Ni(111) as well as the value of 245 K for nickel layers on
Cu(111). This again shows that the oxide stabilizes physisorbed species as
discussed in Chapter 6.2.

The main oxide peak, which is initially located at 529.3 eV, increases in
intensity above 200 K, and starts to shift towards higher binding energies. At
600 K it is found at 529.9 eV, which is the same position it was at prior to the
water adsorption. Regarding the quantitative analysis in Figure 7.6 (b), which
is corrected for damping effects, we see that the intensity increase of the main
oxide peak is only apparent, as the damping is lifted when the physisorbed
water is desorbing. Just like during the water adsorption experiment on this
surface, the total oxide coverage remains almost constant over the whole
course of the experiment. The only temperature range where the oxide
coverage is not constant is below 200 K, where the total oxide coverage is
falling slightly from 2.40 to 2.20 ML, i.e less then 10%. A matching increase
of the oxide coverage is seen at the end of the uptake experiment (see
Figure 7.3 (c)). Such an increase in the oxide coverage should not happen,
since this coverage is only an apparent coverage since the peak intensity is
limited by the IMFP for the photoelectrons of lower oxide layers, as discussed
in Chapter 4.1.4. An explanation for this behavior is the high coverage of
physisorbed water in the same temperature/exposure ranges where the
unrealistic high oxide coverages appear. This similarity shows that the
changes in the oxide coverages are best explained by a slightly wrong
damping factor. As a lot of factors contribute to slight miscalculation of this
damping factor, like e.g. fitting procedure errors or errors in setting the
emission angle, this deviation from constant oxide coverage is within the
experimental error bar.

Between 200 and 300 K the shoulder oxide species at 528.3 eV starts to
regain intensity. Just like the main oxide peak it shifts towards higher binding
energies at higher temperatures, which leads to a binding energy of 528.8 eV
at 600 K. At this temperature its coverage is 0.16 ML, which is 7% of the total
oxide coverage, around the same value it was prior to the water adsorption.
Due to this relatively low coverage it is challenging to determine the
temperature when this species reemerges, but it is remarkable that the
disappearance of this species during the water uptake is a fully reversible
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process. This behavior coincides nicely with the assumption that the shoulder
oxide species is a surface located oxide species.

The hydroxide is initially found at 531.0 eV, and its coverage of 1.75 ML
remains constant up to 190 K. Around 0.14 ML of these 1.75 ML have to be
attributed to carbonate, since the C 1s region revealed a carbonate coverage
of 0.07 ML, which translates to double this amount in the O 1s region as
discussed in Chapter 7.3. As carbonate behaves very similar to the hydroxide
layers, and no displacement effects were found in coadsorption experiments
as discussed in Chapter 7.5, this minor contamination (less then 8%) should
have no major influence on the behavior of the hydroxide. Starting at 200 K,
the coverage of the hydroxide quickly decreases, reaching 1 ML at 280 K and
0.92 ML at 300 K, from whereon the coverage decrease proceeds significantly
slower. The coverage decrease between 300 and 600 K is almost linear,
leading to a value of 0.36 ML at 600 K. This remaining coverage is in contrast
to literature, which reports a complete removal of the hydroxide at 600 K [88].
If the surface is heated above 600 K (data not shown), the oxide layer starts
to destabilize but even at temperatures as high as 730 K still some hydroxide
is found on the surface. Over the course of this coverage decrease the
binding energy of the hydroxide peak also shifts towards higher binding
energies reaching a value of 531.4 eV at a temperature of 600 K.

The continuous decrease in hydroxide coverage was also observed when
NiO/Ni(111) grown at 300 K was heated to elevated temperatures, as
discussed in Chapter 4.1.2. Considering that the oxide coverage remains
constant throughout this coverage decrease, when the damping by the
hydroxide layer is accounted for, a decay of the hydroxide to oxide can be
ruled out. Instead the hydroxide has to desorb recombinatively, as a diffusion
of the hydroxide into the bulk would also increase the oxide coverage. The
continuous decrease of the hydroxide coverage over the very long
temperature range is highly unusual. If we consider the other adsorbates and
reaction products discussed so far in this thesis, their desorption or reaction
only spans a temperature range of no more than 200 K, with the exception of
chemisorbed C;H, on NiO which reacts over a temperature range of 300 K
which is still smaller then the temperature range larger than 400 K we observe
for the decay of the hydroxide layer.

As Ebensperger and Mayer showed [82], this behavior can be explained by
changes in the structure of the surface. In Chapter 4.1., we discussed that
NiO(111) is a polar surface and thus unstable. The charge of the polar surface
iIs compensated by the adsorption of water and subsequent hydroxide
formation. If the surface is hydroxide-free, it reconstructs to an octopolar
structure displayed in Figure 4.1. (a). Ebensperger and Mayer [82] showed
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that by an increase in temperature the hydroxilated surface is converted into
the octopolar surface. However, they also showed that there is no simple
transformation path between the two structures. In the first step of hydroxide
removal from the surface, they claim the formation of a (2x1) missing row
structure, where the hydroxide is removed from every second row of oxygen
atoms. In the next step the octopolar reconstruction is formed by either
removal of a NiO unit per unit cell from the surface or by adding one. Thus the
transformation between the two surfaces involves activated transport
processes for NiO on the surface, as well as the recombinative desorption of
water. Since in between these structures a number of different transitory
surface structures are energetically possible (for details see [82]), they claim
that often not the thermodynamic most stable structure is present on the
surface but rather one of the intermediates due to kinetic limitations, which
leads to a stabilization of the partially hydroxilated intermediates. This model
is in good agreement with our observed decay of the hydroxide over a large
temperature range. These major reconstructions on the surface also explain
the reversible shifts in the binding energies of the oxide and hydroxide, as the
lowest values of the binding energies are attributed to the fully hydroxilated
surface and the highest values to the fully octopolar reconstructed surface,
with a continuity of transitory configurations in between. As the surface still
contained a lot of hydroxide at 600 K, the binding energy of 531.4 eV is still
lower than the initial position of 531.6 eV observed during the uptake. This
also explains why after the oxidation of Ni(111) at 300 K (Chapter 4.1) the
highly hydroxilated surface showed the oxide peak at a lower binding energy
than after the oxidation at 500 K, which leads to an almost hydroxide free
surface.

In a different adsorption experiment (data not shown), water was dosed onto
NiO/Ni(111) at a surface temperature of 300 K. At this temperature no water
physisorbed on the surface. The hydroxide layer grows similar to the
adsorption at lower temperatures; however it saturates much earlier at a
coverage of 0.65 ML after an exposure of 0.3 L. This value is lower than the
value of 0.92 ML found for the low temperature uptake after heating to 300 K.
The best explanation for this behavior is that for an uptake at a constant
temperature of 300 K the surface has enough energy to reach a more
hydroxyl free transitory state between the completely hydroxilated and the
completely octopolar reconstructed surface. The oxide coverage remains
constant throughout the water uptake, like during all other experiments.
A slight conversion from the shoulder oxide species to the main oxide is
found, but the shoulder oxide species does not completely disappear, which is
in accordance with the hydroxide coverage of less than 1 ML. Upon heating,
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the hydroxide coverage shows a linear decay leading to a value of 0.26 ML at
600 K.

Studying the thermal evolution of water on 2 ML NiO/Cu(111) provided very
similar results. The spectra of this experiment, which were recorded at an
emission angle of 0° after heating with the resistive heating to the designated
temperatures, are displayed in Figure 7.7 (a) as a color coded density plot,
and the quantitative analysis is shown in Figure 7.7 (b). The only remarkable
difference to the situation on NiO/Ni(111) is that in this experiment we have
much higher coverages of physisorbed water up to 6 ML, and due to this we
can discern clearly between the desorption of the multilayers and the
monolayer of physisorbed water. The coverage of physisorbed water remains
constant until 140 K and then rapidly drops down to 0.92 ML at 170 K.
Afterwards the coverage decreases slower until the species is completely
gone around 300 K.
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Figure 7.7: (a) Density plot of thermal evolution of water on 2 ML NiO/Cu(111). All spectra
recorded at an emission angle of 0°. (b) Quantitative analysis of data from (a), corrected for
damping and self-damping effects by water and hydroxide

178



Both the temperature range of 140-170 K for the multilayer desorption as well
as 170-300 K for the monolayer desorption agree with the reported TPD
peaks for water desorption from NiO(100) at 150 and 200 K [224],
respectively, especially if we take into account that the monolayer TPD peak
showed a tail up to 300 K just like we see it in our experiment. The peak of the
physisorbed water is found at 533.8 eV at first, which is the binding energy of
water in an ice crystal [251]. The slight shift in binding energy and higher
coverage in comparison to the end of the uptake experiment can be explained
by additional adsorption of water from the residual gas in the chamber in
between the two experiments. After desorption of the multilayer, the peak for
the water monolayer is found at 533.3 eV where it was also found initially
during the uptake.

The total oxide coverage remains constant within = 7% over the course of the
experiment. The main oxide peak is initially found at 529.6 eV shifting to 529.7
eV during the course of the experiment. The apparent intensity increase for
this species around 150 K seen in Figure 7.7 (a) is due to the lifting of the
damping by the desorbing water multilayers. Above 500 K the oxide coverage
is decreasing due to the beginning destabilization of the NiO layers on the
copper crystal, as discussed in Chapter 4.2.

The hydroxide evolution is almost the same as for the NiO/Ni(111). The slight
initial rise from 1.15 ML prior to water multilayer desorption to 1.23 afterwards
is attributed to a combination of errors in the damping correction and the fitting
of the highly damped spectra for high water coverages. Starting at 170 K, the
hydroxide coverage is decreasing quickly down to 0.79 ML at 300 K, from
when on the coverage decreases slower but still steadily and reaches a
coverage of 0.48 ML at 500 K. In this second temperature range the decrease
is linear, a behavior that we already observed for hydroxide on NiO/Ni(111) in
the same temperature region. However it proceeds slower here with a
coverage loss of 0.155 ML / 100 K, compared to 0.19 ML / 100 K on
NiO/Ni(111). The peak position changes from 531.5 eV at low temperatures to
531.8 eV at 500 K, showing the typical shift to higher binding energies when
the hydroxide coverage decreases. Since the evolution of the hydroxide
coverage is so similar to the situation on NiO/Ni(111) in all aspects, we
attribute the slow decrease here also to the slow conversion of the
hydroxilated surface to the octopolar reconstructed surface. The slow
decrease in coverage is thus due to the kinetic limitations as NiO needs to be
transported on the surface [82].

In Figure 7.8 (a) the O 1s spectra of the thermal evolution of water on 0.5 ML
NiO/Cu(111) are displayed as a color coded density plot. These spectra were
recorded at an emission angle of 0° after heating the surface with the resistive
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heating to the designated temperatures. If we compare this density plot and
the corresponding quantitative analysis displayed in Figure 7.8 (b) with the
results from the other two surfaces, the similarities are evident. The coverage
of the physisorbed water remains constant up to 140 K and than falls rapidly
from 3.1 ML to 0.3 ML at 170 K. Just like on 2 ML NiO/Cu(111), the decrease
then slows down but in contrast here all water is already gone at 250 K, 50 K
earlier then on that surface.
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Figure 7.8: (a) Density plot of thermal evolution of water on 0.5 ML NiO/Cu(111). All spectra
recorded at an emission angle of 0°. (b) Quantitative analysis of data from (a), corrected for
damping and self-damping effects by water and hydroxide

As at 170 K only 0.3 ML water is left on the surface here no clear distinction
between multi- and monolayer desorption exists. However, 0.3 ML could as
well be the monolayer coverage for water on the NiO clusters, if we consider
that in the acetylene adsorption experiment on the NiO clusters, which was
discussed in Chapter 6.1.4, the acetylene coverages on the NiO clusters were
found to be lower then what was expected if the surface coverage by the NiO
was taken as basis of estimation. The temperature region for the multilayer
desorption is the same as on the thicker NiO layers on Cu(111), but the
threshold for complete desorption of the physisorbed water is lower here,
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which is attributed to the influence of the copper substrate, since here we
have still bare patches of Cu(111). On Cu(11l) the water desorbed up to
170 K, and thus the copper patches can influence the stability of the
physisorbed water on the NiO clusters. The binding energy of the physisorbed
water peak is 533.5 eV for the multilayers, and 533.0 eV for the water
monolayers.

The oxide peak is found at 529.7 eV during the whole experiment, and the
oxide coverage remains almost constant around 0.73 ML throughout the
experiment. The intensity increase for the oxide species in Figure 7.8 (a) is
only an apparent one, due to the lifted damping by the physisorbed water. The
decrease of the oxide coverage above 500 K is due to the destabilization of
the oxide in this temperature region. The slight increase during the desorption
of the physisorbed water is attributed to errors in the damping correction and
in the fitting of the transitory spectra. This also leads to the slight increase of
the hydroxide coverage during the desorption of the physisorbed water, which
is reversed when the desorption is finished. Starting at 190 K the coverage of
0.35 ML quickly decreases down to 0.13 ML at 270 K, where the slower
decrease already seen on the other two surfaces sets in, leading to a
coverage of 0.04 ML at 500 K. Again the decay in this temperature region is
almost linear, although much slower than on the other surfaces with 0.04 ML /
100 K due to the much lower hydroxide coverages. During this decay the
peak position changes from 531.2 to 531.8 eV.

7.3 CO;interaction with NiO layers

7.3.1 CO, interaction with pure metal surfaces

For CO; interaction with Cu(111), literature reports no adsorption at room
temperature [118] and very slow dissociative adsorption at 490 K, leading to
0.1 ML oxygen after a dose of 6*10° L of CO, [252]. A Cu(111) crystal with a
high defect density was found to show a desorption peak for CO, in TPD
experiments around 200 K [253]. The interaction of CO, with Ni(111) is
likewise found to be very weak. Gordon and Lambert [236] reported that an
exposure of 100 L at 300 K did not lead to adsorption. Wang et al. [254]
calculated endothermic chemisorption energies for CO, on Ni(111), i.e. the
chemisorption of CO, on Ni(111) is thermodynamically not favored.

We exposed a Cu(111) surface to CO; via the molecular beam with 20 sccm
at a surface temperature of 115 K (data not shown). Even after an exposure
of 100 L no changes were visible in the C 1s region, and in the O 1s only
small changes in intensity were found for two very small peaks at 531.1 and

181



533.1 eV. These two peaks were present at the surface before the uptake and
are attributed to small contaminations by OH and H;O, respectively, in
accordance with Chapter 7.2.2. The small variations in intensity for these two
peaks are attributed to the presence of water in the residual gas in the
chamber, leading to a continued growth of these peaks. No peaks associated
with CO, were found in the O 1s region. Thus, the TPD peak for CO, at 200
K, which has been reported in literature [253], is attributed to adsorption of
CO; on defects.

= Clean Ni(111)
— 600 L CO,

= Molecular beam switched off

Intensity [arb.U.]

538 536 534 532 530 528 526
Binding Energy [eV]

Figure 7.9: CO, on Ni(111) at a temperature of 102 K

CO, was dosed on a Ni(111) surface at a temperature of 102 K, using the
molecular beam with a CO, flux of 10 sccm. The resulting O 1s spectra are
displayed in Figure 7.9. The peak at 531.4 eV is attributed to hydroxide, and
the peak at 533.1 eV to physisorbed water, in agreement with the results in
Chapter 7.2.2. Just like on the Cu(111) surface both of these peaks were
already present on the surface prior to the uptake experiments. The peak at
534.8 eV, however, appears only after the surface was exposed to CO.. It
disappears again when the molecular beam is turned off, and thus is
attributed to physisorbed CO,. A peak with matching behavior is found at a
binding energy of 291.2 eV in the C 1s region (data not shown). The O 1s
peak has a maximum coverage of 0.02 ML CO, molecules. A dissociative
adsorption of CO; is ruled out under the described reaction conditions, as no
peak at 529.6 eV is found. This binding energy is characteristic for atomic
oxygen on Ni(111), see Chapter 4.1.1.
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7.3.2 CO, Adsorption on NiO
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Figure 7.10 (on previous page): (a) Selected O 1s spectra of an exposure of NiO/Ni(111) to
CO, at a surface temperature of 107 K. (b) Detailed fit of the O 1s spectrum acquired on the
new spot after the CO, exposure. (c) Selected C 1s spectra of an exposure of NiO/Ni(111) to
CO, at a surface temperature of 103 K. (d) Detailed fit of the C 1s spectrum acquired on the
new spot after the CO, exposure. All spectra acquired under an emission angle of 45°.

In order to probe the capability of the NiO/Ni(111) layers to form NiCOs3, the
layers were exposed to CO, at temperatures below 110 K. Figure 7.10 (a)
shows selected O 1s spectra acquired during such an uptake experiment and
Figure 7.10 (c) selected C 1s spectra of a separate uptake experiment.
Please note that for these C 1s spectra a Shirley background was subtracted,
unlike for the spectra of adsorbed hydrocarbons discussed in the previous
chapters. All spectra were acquired under an emission angle of 45°. The
NiO/Ni(111) layer used in the O 1s uptake was grown at 550 K, and the one
used in the C 1s uptake was grown at 500 K, which leads to a slightly higher
hydroxide contamination as discussed in Chapter 4. The CO, was dosed onto
the surface using the supersonic molecular beam, but without Helium seeding
or nozzle heating. The flux used was 0.5 sccm and 20 sccm for the
experiments followed in the O 1s and C 1s region, respectively. Due to the
direct exposure during the adsorption it was very rapid. Upon exposure to CO,
four new peaks are observed, two each in the O 1s and the C 1s region. In
the O 1s region these peaks are initially found at 531.3 and 534.8 eV, shifting
gradually towards lower binding energies as the experiment proceeds, which
is also the case for the two oxide peaks. In the C 1s region the new peaks
emerge at 289.1 and 291.0 eV and also shift towards lower binding energies
as the experiment continues. New spots were studied after the experiments
were finished. The corresponding spectra (purple spectra in Figure 7.10 (a)
and (c)) show that the observed binding energy shift is due to beam damage,
as the shift completely reversed on the new spots returning all peaks to their
initial positions. Even though the binding energy shifts gradually during the
adsorption (gradual shift not shown), and the experiments are done on NiO
which is generally characterized as an insulator, the direction of the shift
speaks against an expected charging of the layer. An increasing positive
surface charge should lead to a shift in the direction of higher binding
energies, not towards lower binding energies like visible here, see difference
between light green spectra (low exposure times) and red spectra (high
exposure times) in Figures 7.10 (a) and (c).

The binding energies of the peaks at 289.1 eV and 531.3 eV are very close to
the reported binding energies of 289.0 eV and 531.2 eV for carbonate [231,
232] on NiO(100). Due to this and due to their thermal stability, which is
discussed in detail in Chapter 7.3.3, they are attributed to carbonate. The best
explanation for the deviating binding energies of 290 and 530.7 eV reported
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by Gordon et al. [236] for carbonate on NiO(111), are the very low signal
intensity achieved in that study in the C 1s region and a similar beam damage
as in our study in the O 1s region, respectively. If we compare the respective
red and grey spectra in Figure 7.10 (a) and (c), we see that the peaks at
291.0 eV and 534.8 eV loose intensity when the CO, is switched off, while all
other peaks gain in intensity. Due to this intensity loss and the low thermal
stability of the peaks at 291.0 eV and 534.8 eV they are assigned to
physisorbed CO,. The intensity increase of the other peaks upon desorption
of some of the physisorbed CO; is due to a lifting of the damping of these
layers by the physisorbed COs,.

Detailed fits of the spectra on the new spots are shown in Figures 7.10 (b)
and (d) for the O 1s and the C 1s region, respectively. The O 1s carbonate
binding energy of 531.2 eV is well within the binding energy window of 530.7-
531.6 eV observed for hydroxide, which depends on its coverage. As
discussed below, a comparison of the carbonate coverages obtained from the
O 1s and C 1s region shows that a large amount of hydroxide is adsorbed on
the surface, which is not too surprising giving the high reactivity of the surface
towards water (see previous chapters). Due to the very similar binding
energies, it was not possible to separate the carbonate and hydroxide
contributions within the peak at 531.2 eV, and it is thus labeled
carbonate/hydroxide.
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Figure 7.11: Quantitative analysis of data from Figure 7.10 (a), corrected for damping and
selfdamping effects by the CO, and COs;. Blue line marks end of CO, exposure.

Figure 7.11 shows the quantitative analysis of the uptake displayed in
Figure 7.10 (a). The amount of physisorbed CO, starts to increase
immediately and after 56 s (2.6 L), a coverage of 1.28 ML O-atoms is
reached. Since one CO, molecule contains two oxygen atoms, this
corresponds to 0.64 ML physisorbed CO, molecules. Thereafter, the coverage
increases only slightly up to a maximum of 1.32 ML O-atoms, which is due to
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a temperature decrease during the experiment. As soon as the molecular
beam is switched off after 305 s (15 L, marked by the blue line in Figure 7.11),
some of the physisorbed CO, starts to desorb, reducing the coverage down to
0.95 ML O atoms (0.47 ML CO;, molecules) after 120 s. As discussed before,
this intensity loss in the physisorbed CO, peak goes along with an increase of
the other two peaks. Under the assumption that the intensities of the oxide
and COj; peaks are constant, which is backed by their constant intensity prior
to desorption of the physisorbed CO,, we assign their apparent increase to
damping. Form this intensity increase we calculated the damping factors for
this adsorption system. Just like for the water damping factors we assumed
that both the physisorbed CO;, and the chemisorbed CO;3; lead to equally
strong damping and disregarded the differences between the damping factors
of hydroxide and carbonate in the mixed carbonate/hydroxide adlayer. The
mean value of the damping factor for CO,/CO3; determined from several
experiments is 0.79 for an emission angle of 45° and a corresponding value of
0.85 for an emission angle of 0°. These factors are slightly lower than the
factors of 0.76/0.83 determined for the damping by hydroxide and
physisorbed water under emission angles of 45/0°, i.e. the damping by
CO,/CO;3 is weaker than the damping by H,O/OH, due to its different
electronic structure and geometry.

Similar to the water adsorption experiments discussed in the previous
chapters, the oxide coverage remains almost constant during the experiment.
The small variations in coverage are mainly attributed to errors due to the
quick uptake and the determination of the damping factor. As the
chemisorbing CO, needs to bind to one of the oxide oxygen atoms to form
COg, the constant oxide coverage implies that the oxide oxygen atom does
not change in binding energy upon formation of the COs. This is interesting as
literature suggested all three carbonate atoms to be equal [233].

A fast initial increase of the carbonate coverage up to 0.91 ML O-atoms at
21 s (0.86 L) is followed by a further increase of the carbonate coverage with
a slower rate. The saturation coverage of 1.48 ML O-atoms is reached after
185 s, which is equivalent to an exposure of 9 L. A comparison to the C 1s
region shows a coverage of 0.38 ML CO3; and 0.42 ML CO,. The difference
between the 0.42 ML CO, determined from the C 1s region, and the 0.47 ML
CO, molecules determined from the O 1s region, is explained with the
continued desorption after the experiment, which leads to even lower
coverages at the start of the TPXPS experiment discussed in the next
chapter. With the 0.38 ML CO3; determined from the C 1s region we can
calculate the OH content of the layer. From the constant oxide coverage we
have learned that the oxide atom the CO; binds to in order to from CO3 does
not change in binding energy. This means that for each CO3 only 2 atoms
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contribute to the CO3/OH peak at 531.2 eV and the third still contributes to the
oxide peak. Thus in order to calculate the OH coverage we have to subtract
two times 0.38 ML (determined from the C 1s region) from the total coverage
of 1.48 ML determined from the O 1s region for the CO3/OH peak, yielding
0.72 ML hydroxide. On the new spot a slightly lower carbonate coverage of
0.33 ML was observed. A similar decrease was found for the experiment
shown in Figure 7.10 (c) where the adsorption was followed in the C 1s
region. Here a carbonate coverage of 0.51 ML was found at the end of the
adsorption and 0.42 ML when the sample was switched to a new spot. On the
new spot a hydroxide content of 0.35 ML was found. Since coadsorption
experiments discussed in Chapter 7.5 show that on a hydroxide precovered
surface almost no carbonate is formed the lower hydroxide content is the
explanation for the higher carbonate coverage observed there.

As the physisorbed CO, completely desorbs up to 200 K, (see next chapter),
additional uptake experiments were performed at a sample temperature of
200 K. In these experiments (data not shown) coverages of 0.18 and 0.21 ML
carbonate were achieved, with hydroxide coverages of 0.19 and 0.1 ML,
respectively. No physisorbed CO, was detected.

Similar adsorption experiments were also done on the thin NiO layers on
Cu(111), which were grown from 2 ML thick nickel layers. The spectra
resulting from adsorption at 119 K, which was followed in the O 1s region, are
shown in Figure 7.12 (a) and the spectra of an uptake at 116 K, which was
followed in the C 1s region in Figure 7.12 (b). These spectra were acquired
under an emission angle of 0°, and in order to minimize beam damage the
sample was moved to a new spot after each spectrum. As already observed
for the other studied adsorbates, this surface behaves very similar to the
previously discussed NiO/Ni(111) layers, although the saturation coverages
reached are lower. The carbonate peaks emerge at 289.1 and 531.6 eV in the
C 1s and O 1s region, respectively, and shift slightly to lower binding energies
during the uptake. At the end of the experiment they are found at 289.0 eV
and 531.4 eV. A similar observation was made for the peaks assigned to
physisorbed CO,, which shift from 291.2 to 290.9 and from 534.9 to 534.6 eV
during the course of the uptake experiment. This shift is unusual, as the shift
goes in the same direction as the shift induced by the beam damage in the
previously discussed chapters, which was reversed when a new spot was
studied. Here this beam damage was minimized by shifting the sample to a
new spot after each spectrum, and thus even though some beam damage
might still occur, the continuous shift over several spectra as observed here,
is not due to beam damage.
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Figure 7.12: (a) Selected O 1s spectra acquired during the exposure of 2 ML NiO/Cu(111) to
CO, at a surface temperature of 119 K. (b) Selected C 1s spectra acquired during the
exposure of 2 ML NiO/Cu(111) to CO, at a surface temperature of 116 K. (c) Quantitative
analysis of data from (a), corrected for damping and selfdamping effects by the CO, and COas.
All spectra were acquired under an emission angle of 0°. The sample was shifted to a new
spot after each spectrum.

Figure 7.12 (c) shows the quantitative analysis of the adsorption experiment
displayed in Figure 7.12 (a). The evolution of the physisorbed CO; is very
similar to the situation on NiO/Ni(111). After a fast increase around
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39 s (1.7 L) a coverage of 0.63 ML O-atoms or 0.32 ML physisorbed CO,
molecules is reached. After that, only a very slow increase up to 0.66 ML
O-atoms is found, which is attributed to a slight decrease in temperature.
When the molecular beam is switched off, after 245 s (12 L), the coverage of
the physisorbed CO, starts to decrease down to 0.37 ML O-atoms after 360 s.
Similar desorption of physisorbed CO, after the exposure was also observed
on NiO/Ni(111). In the O 1s region discussed here, the peak at 531.6 eV
already starts with a coverage of 0.25 ML. This is mostly attributed to
hydroxide, as in the C 1s region prior to the uptake only a small CO3; peak is
found equivalent to 0.03 ML. In a similar fashion to the uptake of the
physisorbed CO,, a fast uptake of CO3 up to a coverage of 0.94 ML O-atoms
reached after 39 s (1.9 L) is followed by a slower increase up to 1.01 ML
O-atoms reached after 185 s, (9 L). After this, the coverage stays almost
constant, also during desorption of the physisorbed CO,. The C 1s spectrum
acquired after the adsorption (data not shown) revealed a final CO3; coverage
of 0.26 ML. From this, a hydroxide coverage of 0.49 ML is calculated. The
coverage of physisorbed CO, determined from the C 1s region is 0.19 ML.
This is close to the value of 0.18 ML CO;, molecules determined from the O 1s
region.

The oxide coverage shows a larger variation than on NiO/Ni(111). However,
two aspects have to be considered: During the fast initial uptake of the CO,
the oxide coverage remains almost constant, and the decrease down from
1.72 ML to 1.55 ML occurs after this point. And secondly, during the TPXPS
experiments discussed in the next chapter, the oxide coverage remains
constant. Thus, the drop in oxide intensity is not attributed to the reaction of
CO, with the oxide, but instead to possible errors in the damping factor and to
local variations of the oxide coverage on the surface.

The quantitative analysis of the C 1s spectra acquired during the uptake
displayed in Figure 7.12 (b) provided similar results and is thus not shown
separately. Here a carbonate coverage of 0.20 ML was reached with a
hydroxide content of 0.45 ML. The physisorbed CO, had a maximum
coverage of 0.39 ML, half of which desorbed when the molecular beam was
switched off.

Unlike the adsorbates discussed previously, for which the NiO clusters on
Cu(111) showed a lower but still significant adsorption capacity, the
interaction of CO, with the NiO clusters is very weak. Figure 7.13 (a) and (b)
show uptake experiments of CO;, on NiO clusters on Cu(111) around 120 K
followed in the O 1s and C 1s region, respectively.

189



—— 0.5 ML NiO/Cu(111) a
—— With 2.4 L CO, O1s

—— 0.5 sccm CO, beam

switched off

Intensity [arb.U.]

L] ] L] 1 L | L 1 L] 1 L] 1 L] | L
538 536 534 532 530 528 526
Binding Energy [eV]

—— 0.5 ML NiO/Cu(111) b
— With 300 L CO, C1ls

= 20 sccm CO, beam
switched off

Intensity [arb.U.]

295 294 293 292 291 290 289 288 287 286 285
Binding Energy [eV]

Figure 7.13: (a) Selected O 1s spectra acquired during the exposure of 0.5 ML NiO/Cu(111)
to CO, at a surface temperature of 118 K. (b) Selected C 1s spectra acquired during the
exposure of 0.5 ML NiO/Cu(111) to CO, at a surface temperature of 120 K. All spectra were
acquired under an emission angle of 0°. The surface was shifted to a new spot after each
spectrum.

All spectra were acquired under an emission angle of 0°, and the surface was
shifted to a new spot after each spectrum in order to minimize beam damage.
Please note that the binding energy range of the C 1s spectrum is shifted by
1 eV to lower binding energies, in comparison to all other C 1s spectra shown
in this chapter so far, in order to accommodate an additional peak at ~286 eV.
In the O 1s spectra displayed in Figure 7.13 (a) only a small increase of the
hydroxide/carbonate peak around 531.4 eV is observed during exposure to
CO,. The coverage is found to increase from 0.05 ML to 0.10 ML. Assuming
that all of this coverage increase is due to carbonate formation, and using the
information that two of the oxygen atoms of the carbonate contribute to this
peak this means a maximum carbonate amount of 0.025 ML. At 534.7 eV a
peak attributed to physisorbed CO, appears, but almost completely desorbs
when the CO, beam is turned off. The highest oxygen coverage of this
species is 0.05 ML or 0.025 ML CO; molecules. After desorption the intensity
is equal to 0.01 ML (0.005 ML COy).
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In the C 1s region shown in Figure 7.13 (b) there is only a small increase of
the carbonate peak at 289.0 eV visible during exposure to CO,, leading to a
saturation coverage of 0.02 ML carbonate. The physisorbed CO, is found at
291.0 eV and has a maximum coverage of 0.04 ML, dropping down to
0.02 ML when the CO, beam is switched off. Given the low overall coverages,
these numbers are in good agreement with the coverages observed during
the experiment followed in the O 1s region. The very small peak at 286.1 eV,
which has a coverage of less then 0.01 ML is attributed to a contamination
with CO adsorbing on Cu(111) patches.

7.3.3 Thermal evolution of carbonate layers

The thermal evolution of the carbonate layers was followed in the O 1s region
by heating to the designated temperatures and taking spectra afterwards.
Figure 7.14 (a) shows the O 1s spectra acquired during one of these
experiments in the form of a color coded density plot. All spectra were
acquired under an emission angle of 45°. The physisorbed CO, at 534.5 eV
desorbs immediately, which is in line with the desorption of physisorbed CO,
after the CO, beam was switched off at the end of the uptake experiment. As
the physisorbed CO, desorbs, an apparent intensity increase is seen for the
oxide and carbonate/hydroxide peaks. The quantitative analysis of the
experiment displayed in Figure 7.14 (b) is corrected for the damping effects by
carbonate and physisorbed CO, This analysis reveals that the increase is
only apparent, due to the lifting of the damping by the physisorbed CO,. The
guantitative analysis also shows that desorption of the physisorbed CO, is
mostly finished at 180 K, but some CO, remains on the surface up to 250 K.
This is in agreement with the TPD data of Matsumoto et al. [237], who
reported a CO, peak at 160 K with a tail up to 250 K for CO, on NiO/Ni(111).

The coverage of the carbonate/hydroxide peak at 531.3 eV remains constant
at a value of 0.99 ML up to 130 K. From there on an almost linear decay of
the layers starts, similar to the TPXPS experiments of adsorbed water above
300 K. This decay leads to a coverage of 0.40 ML at 400 K, which means the
observed loss is 0.22 ML/100 K. Between 400 and 600 K the decay
continues, but slows down, leading to a coverage of 0.25 ML at 600 K. Before
further discussions, we have to consider that also hydroxide is in this layer, so
in order to describe the temperature dependent decay of COj; the analysis of
the C 1s region is important, as the hydroxide has no signal there.
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Figure 7.14: (a) Density plot of O 1s spectra acquired during TPXPS of carbonate on
NiO/Ni(111). (b) Quantitative analysis of data from (a). (c) Quantitative analysis of TPXPS
experiment of carbonate on NiO/Ni(111) followed in the C 1s region. All spectra were
acquired under an emission angle of 45°. The quantitative coverages were corrected for
damping and selfdamping effects by the CO, and COs;, using a damping factor of 0.79.

Figure 7.14 (c) shows the quantitative analysis of a TPXPS experiment of
carbonate on NiO/Ni(111), which was followed in the C 1s region. This
TPXPS experiment was performed by heating the sample with the sample
filament, using a ramp of 0.5 K/s, and taking a spectrum at designated
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temperatures. The physisorbed CO, here behaves like in the previously
discussed experiment, with most of it desorbing up to 190 K. The carbonate
here seems to start to decay immediately, as compared to at ~ 130 K in the
O 1s spectra. The intensity is going down linearly from 0.45 ML at 110 K to
0.22 ML at 270 K. The decay continues somewhat slower from there on with
the coverage reaching 0.11 ML at 370 K, where the experiment was stopped.
From looking at the TPXPS experiment of carbonate on 2 ML NiO/Cu(111)
discussed below, however, it is likely that the decay would continue in a
similar fashion above 370 K. This was also found when heating a carbonate
layer which was prepared on NiO/Ni(111) at a temperature of 200 K (data not
shown). There, the initial carbonate coverage of 0.21 ML decreased in a
similar fashion as discussed before down to 0.02 ML at 500 K and was gone
from the surface at 600 K. The start of the decay below 300 K is in
contradiction to the work done by Behm and Brumble [231, 232], who
observed no decay of carbonate on NiO(100) below 300 K. However, this is
attributed to the different surface orientation used within this thesis, as the
NiO layers discussed here have (111) orientation.

As hydroxide plays no role in the C 1s region, we can now be sure that
carbonate shows a similar decay as hydroxide, with a continuous decay over
a wide temperature range. In the case of hydroxide, we attributed this unusual
decay behavior to a conversion from the hydroxilated NiO(111) surface to the
octopolar reconstructed NiO(111) surface, involving NiO transport, in
agreement with calculations by Ebensperger and Meyer [82]. If carbonate
shows a similar decay behavior, this leads to the conclusion that it also has a
similar effect on the NiO(111) surface as the hydroxide groups, most
importantly stabilizing the flat NiO(111) surface by neutralizing the charge of
the surface. As the evolution of the octopolar reconstructed NiO(111) surface
is kinetically limited, carbonate shows a similar thermal stability as the
hydroxide.

The thermal evolution of carbonate on 2 ML NiO/Cu(111) provided similar
results as the one on NiO/Ni(111). Figure 7.15 (a) shows the O 1s spectra of
the thermal evolution experiment as a color coded density plot, and
Figure 7.15 (b) the respective quantitative analysis. Figure 7.15 (c) shows the
guantitative analysis of a thermal evolution experiment of carbonate on 2 ML
NiO/Cu(111) that was followed in the C 1s region. The thermal evolution
experiments were performed by heating the sample to the designated
temperatures with the resistive heating and subsequently recording the
spectra under an emission angle of 0°. In the quantitative analysis the
coverages were corrected for damping effects by the physisorbed CO, and
the carbonate using a damping factor of 0.85.
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Figure 7.15: (a) Density plot of O 1s spectra acquired during the thermal evolution of
carbonate on 2 ML NiO/Cu(111). (b) Quantitative analysis of data from (a). (c) Quantitative
analysis of thermal evolution of carbonate on 2 ML NiO/Cu(111) followed in the C 1s region.
All spectra were acquired under an emission angle of 0°. The coverages were corrected for
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damping effects by the CO, and COs;, using a damping factor of 0.85.

In both experiments the physisorbed CO,, which is found at binding energies
of 534.5 and 290.9 eV in the O 1s and C 1s region, respectively, starts to
desorb immediately and is completely gone from the surface at a temperature
of 200 K, which is 50 K earlier than on NiO/Ni(111). The carbonate, which is
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found at 289.0 eV in the C 1s region and as part of the mixed
carbonate/hydroxide peak at 531.4 eV in the O 1s region, remains constant
up to 150 K. Starting at 150 K, a linear intensity loss is observed in both
experiments, which lasts up to around 450 K. In the experiment displayed in
Figure 7.15 (b), the combined carbonate/hydroxide coverage drops from
1.00 ML to 0.48 ML in this temperature region, while in the experiment
displayed in Figure 7.15 (c) a drop from 0.23 ML to 0.06 ML carbonate is
observed. Above 450 K the decrease of the coverage continues in both
experiments, although a bit slower than before. At 600 K most of the
carbonate is gone from the surface, as in the C 1s region only 0.01 ML CO3
are found; however, at this temperature the destabilization of the oxide layer
has already begun, as discussed in Chapter 4 and evident from the
decreasing oxide coverage in Figure 7.15 (b) above 500 K. Thus a carbonate
contamination of the NiO layers cannot be removed by heating without
destroying the oxide layer. The C 1s binding energy of 289.0 eV remains
constant throughout the studied temperature range, while the O 1s peak shifts
slightly from 531.4 eV to 531.5 eV. As such a shift to higher binding energies
with decreasing coverages was observed for the hydroxide layers, the shift
here is attributed to hydroxide content in the shared peak.
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Figure 7.16: Quantitative analysis of TPXPS of carbonate on 0.5 ML NiO/Cu(111). All spectra
acquired under an emission angle of 0°

The oxide coverage remains mostly constant over the whole range of the
carbonate decay. This is further evidence that the oxide atom to which the
CO; molecule binds in order to form the CO3; does not change its binding
energy. TPD experiments [236] showed that the CO, desorbs molecularly in
the observed temperature ranges, so the third oxygen atom has to remain on
the surface as part of the oxide. If this atom would have a different binding
energy as part of the carbonate the oxide intensity would have to increase
upon decay of the carbonate.
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Even though the exposure of the NiO clusters on Cu(111) to CO, produced
only very small amounts of carbonate and physisorbed CO,, these small
amounts show a similar thermal stability as the thicker carbonate layers found
on the other two NiO surfaces. The quantitative analysis of a respective
TPXPS experiment, where the sample was heated to the designated
temperatures using the resistive heating and the spectra were subsequently
acquired under an emission angle of 0°, is displayed in Figure 7.16. The
physisorbed CO; desorbs even faster than on the 2 ML thick NiO/Cu(111),
with complete desorption up to 150 K. At this temperature the decay of the
carbonate layers starts slowly, and than gets a bit faster above 200 K. At
450 K only very small amounts of carbonate remain on the surface. The CO
contamination desorbs completely between 250 and 300 K, with no noticeable
effect on the carbonate coverage.

7.4 CO Interaction with NiO layers

7.4.1 CO Interaction with nickel and copper surfaces

The CO interaction with Ni(111) has been extensively studied in the past, see
[125] and references therein. If CO is adsorbed an Ni(111) at temperatures
around 180 K or below and subsequently annealed to 320 K, it forms a c(4x2)
structure on the surface with a coverage of 0.5 ML [125]. This defined
structure is used within this thesis to calibrate the coverages of the
NiO/Ni(111) layers and of all adsorbates on NiO/Ni(111) discussed in
Chapter 7. To prepare this structure 10 L CO were dosed on a clean Ni(111)
surface at a temperature of 110 K. Afterwards the surface was heated to
320 K in order to desorb excess CO (for details on this excess CO see [125]).

The resulting O 1s and C 1s spectrum are shown in Figure 7.17 (a) and (b),
respectively. Both spectra were acquired under an emission angle of 45° and
are in agreement with literature [125]. Figure 7.17 (c) shows a LEED picture of
the c(4x2) structure acquired at an electron energy of 96.6 eV. This LEED
picture is also in agreement with literature [125]. Since this layer is solely used
for coverage calibration of the adsorbates on NiO it will not be discussed
further.
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Figure 7.18: (a) Selected O 1s spectra of CO exposure to clean Cu(111l) at 117 K.
(b) Selected C 1s spectra of CO exposure to clean Cu(111) at 118 K. (c) Selected C 1s
spectra of thermal evolution of CO on Cu(111). All spectra acquired under an emission angle
of 0°

CO on Cu(111) is also a well known system. LEED studies at 89 K revealed
three different ordered structures. First a (v3x~/3)R30° with a coverage of

0.33 ML, then a structure with two domains of a hexagonal (1.5 x 1.5) R18 °
mesh coexisting on the surface with a coverage of 0.44 ML and finally a
(1.4 x 1.4) structure with a coverage of 0.52 ML [255]. TPD studies revealed
three desorption peaks around 130, 150 and 170 K [256-258]. Raval [259] et
al. showed with a combination of LEED, HREELS and FT-RAIRS that up to
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coverages of 0.41 ML all CO molecules are bound in on-top positions, while
for higher coverages also bridge bound CO molecules are found. This has
also been confirmed by DFT [260, 261], although it has to be mentioned that
this system is one where DFT often finds the wrong adsorption site, favoring
the hollow position. In a XPS-study [262] very complex spectra were found, in
which the main lines at 533.7 and 286.6 eV in the O 1s and C 1s regions,
respectively, are each accompanied by two satellites at higher binding
energies. These satellites were attributed to shake up features, and also
appear in the spectra of CO on Cu(100) [263]. The system was also studied
with AES [257, 264, 265], UPS [266], RHEED [257] and ellipsometry [265].

We studied the CO interaction with Cu(111) by exposing the surface to CO at
temperatures below 120 K and taking spectra under an emission angle of 0°.
Figure 7.18 (a) shows selected O 1s spectra of one uptake, while
Figure 7.18 (b) displays selected C 1s spectra of a different uptake. In both
spectral regions a set of peaks is found to grow simultaneously. In the O 1s
region the main peak is found at 532.9 eV and the first satellite at 535.6 eV.
The second satellite reported in literature [262] in a distance of 7.3 eV in
respect to the main peak is not found, as it would be outside the measured
binding energy window. In the C 1s region both satellite peaks are found, with
the main peak at 286.1 eV and the two satellites at 288.9 eV and 293.2 eV.
The peaks in both regions are shifted to lower binding energies in respect to
the binding energies reported in literature for CO on polycrystalline copper,
which lists the O 1s peaks at 533.7 and 536.0 eV and the C 1s peaks at
286.6, 289.4 and 294.0 eV [262]. However, the separation between the main
peak and first satellite is identical with the one reported in literature in both
regions. The binding energies of the main peaks are also close to the binding
energies of 286.3 eV and 533.0 eV reported for the main peaks for CO on
Cu(100) [263]. Thus our spectra are in good agreement with literature. Upon
turning off the CO beam after the uptake experiment, some intensity is lost
due to desorption of CO, as seen in both regions. This is not surprising, since
the desorption from the o-desorption state at 130 K [256] starts already at
110 K for higher coverages. Due to the complex and very broad satellite
structure the total peak areas are very hard to determine, and thus no attempt
of giving quantitative coverages was made.

Figure 7.18 (c) shows selected C 1s spectra of the thermal evolution of
adsorbed CO on Cu(111). Desorption starts immediately and at 170 K all CO
has disappeared from the surface. This is in good agreement with the
reported TPD data with desorption states at 130, 150 and 170 K [256-258].
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7.4.2 CO Adsorption and thermal evolution on NiO/Ni(111) and
2 ML NiO/Cu(111)

CO Adsorption on NiO has mainly been studied for the NiO(100) surface so
far. On this surface CO was found from photoelectron diffraction (PhD)
studies [267, 268] to adsorb in on top adsorption sites on the Ni atoms, with
the molecular axis tilted 12° away from the surface normal. This adsorption
geometry was also reproduced with DFT [269]. From the PhD studies, the
Ni-C bond was found to be significantly longer on NiO than on metallic nickel
surfaces, and this was put into correlation with the lower desorption
temperatures found for CO on this surface compared to the metallic surfaces.
This desorption temperature is known from a TPD study [270], where for
adsorption temperatures of 85 K a single desorption peak between 115 and
137 K, depending on coverage, was found for freshly cleaved NiO(100)
surfaces. For thin NiO(100) films on Ni(100) the peak was found at slightly
higher temperatures up to 150 K. On NiO(111) from a NEXAFS study [271] an
adsorption on the NiO(100) microfacets of the octopolar reconstructed areas
of the surface was proposed. Some low resolution XPS spectra of CO on
NiO(100) showed a CO derived peak at ~ 5 eV higher binding energy than the
oxide peak in the O 1s region and in the C 1s region two peaks with a
distance of ~4.5 eV, whose binding energies were not explicitly given [267].
Another XPS study on powdered NiO samples at room temperature, with a
similarly low resolution (>2 eV), showed a C 1s peak at 285 eV, which was
attributed to a carbon contamination and a peak at 290.8 eV attributed to a
surface carbonate [272]. In the O 1s region no respective peaks were found.

In order to study the interaction of CO with NiO, CO was dosed on
NiO/Ni(111) and 2 ML NiO/Cu(111) with the molecular beam using a gas flux
of 0.5 sccm and a sample temperature of less then 120 K. Selected O 1s and
C 1s spectra from these experiments are displayed in Figure 7.19. The
spectra of CO on NiO/Ni(111) were acquired under an emission angle of 45°,
and the spectra of CO on 2 ML NiO/Cu(111) under an emission angle of 0°.

The O 1s region upon CO adsorption on NiO/Ni(111) is displayed in
Figure 7.19 (a). While the oxide main peak at 529.9 eV looses some intensity,
the hydroxide peak at 531.8 eV grows slightly. There also appears a new
peak at 535.4 eV. When the molecular beam was switched off after a total
exposure of 54 L CO, the new peak at 535.4 eV started loosing intensity and
both the oxide and the hydroxide peak regained intensity. This is the same
behavior we already saw upon adsorption of CO,, where the oxide and the
hydroxide/carbonate peak were damped by the physisorbed CO,, and this
damping was lifted when part of the physisorbed CO, desorbed when the CO,
beam was switched off.

200



Intensity [arb.U.]

Intensity [arb.U.]

Intensity [arb.U.]

Intensity [arb.U.]

e NIO/Ni(111)

—— CO Exposure

= After 54 L CO

— (.5 sccm CO beam
switched off

- New Spot

—— 2 ML NiO/Cu(111)

= CO exposure

—— After 54 L CO

= (0.5 sccm CO beam
switched off

New Spot

O 1s

O 1s

538 536 534

Binding Energy [eV]

532 530 528 526

= NIO/Ni(111)

— C0 exposure

= After 81 L CO

= (0.5 sccm CO beam
switched off

- New Spot

Cils | c

= 2 ML NiO/Cu(111)
= CO exposure

— After 27 L CO

= (.5 sccm CO beam
switched off

295 294 293 292 291

290 289 288 287 286 285

Binding Energy [eV]

201



Figure 7.19 (on previous page): (a) Selected O 1s spectra of CO uptake on NiO/Ni(111) at
106 K. Spectra acquired under an emission angle of 45°. (b) Selected O 1s spectra of CO
uptake on 2 ML NiO/Cu(111) at 117 K. Spectra acquired under an emission angle of 0°.
(c) Selected C 1s spectra of CO uptake on NiO/Ni(111) at 102 K. Spectra acquired under an
emission angle of 102 K. (d) Selected C 1s spectra of CO uptake on 2 ML NiO/Cu(111) at
117 K. Spectra acquired under an emission angle of 0°

The binding energy of 534.8 eV of the physisorbed CO, on NiO/Ni(111) is also
similar to the value of 535.4 eV we find for the new peak. Due to these
similarities, and the reported desorption temperature of 115 K of CO on
Ni(100) [270] the peak at 535.4 eV is attributed to physisorbed CO. However,
the presence of some physisorbed CO, due to residual gas can not be
excluded, but due to reasons discussed below CO, cannot be responsible for
all observations. After the experiment a spectrum was recorded on a new spot
on the surface, in order to check if any beam damage had occurred. On the
new spot (orange line in Figure 7.19 (a)) the intensity of the hydroxide peak
was found to be lower, which indicates some beam damage and is in
accordance with the observations from the C 1s spectra discussed below.

For 2 ML NiO/Cu(111) the O 1s spectra displayed in Figure 7.19 (b) provide
very similar results. The oxide peak here is found at 529.8 eV and the
hydroxide peak at 531.6 eV. The physisorbed CO appears at 535.0 eV here.
Apart from the slightly different binding energies the three species behave just
like on the other surface, although there is much less beam damage here.

The interesting question now is, if the growth of the hydroxide peak on these
two surfaces is only due to formation of hydroxide from the residual gas or if
some carbonate is formed here as well, just like it was formed during the CO
uptake. As the carbonate can not be separated from the hydroxide, as
discussed in Chapter 7.3, we studied the C 1s region to answer this question.

Figure 7.19 (c) shows selected C 1s spectra acquired during a CO uptake on
NiO/Ni(111). Upon CO exposure intensity develops over a wide spectral
range. For high exposures (e.g. gray line in Figure 7.19 (c)) the highest
intensity peak is found at 289.4 eV, with shoulders on both sides. As the CO
beam was switched off after the experiment, an intensity loss over the whole
spectral range was visible, with the high binding energy shoulder suffering the
biggest losses. After the experiment a new spot was studied, in order to test
for beam damage. The resulting spectrum is shown as the orange line in
Figure 7.19 (c). Compared with the situation on the old spot the intensity of
the central peak has decreased while the two shoulders regained some
intensity. As the intensity loss of the shoulders after the experiment was an
ongoing process, the intensity gain on the new spot can not be attributed to
readsorption from the gas phase. Thus we conclude that these components
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that make up the intensity in the shoulders are subject to desorption upon
interaction with the photons. As not all intensity was regained, however, there
has to be also some desorption due to the lowered CO pressure, just like for
other physisorbed components discussed in this thesis. The central peak at
289.4 eV on the other hand has a lower intensity on the new spot, and thus
the lost intensity can be attributed to a beam damage derived species. Most
likely the reaction from the carbonate precursor to the carbonate (see below)
is favored by the photons. Due to this heavy beam damage no quantitative
analysis has been performed for this uptake, only for the thermal evolution as
discussed below, where also the assignment of the species will be discussed.

On 2 ML NiO/Cu(111) the CO uptake provided similar spectra displayed in
Figure 7.19 (d). In order to minimize the heavy beam damage withessed on
the other surface, here the sample was shifted to a new spot after each
spectrum. Upon CO adsorption we find the same intensity evolution over a
large spectral range. The central peak here is found at 289.1 eV, and features
the same broad shoulder on the high binding energy side and a slimmer one
on the low binding energy side. Upon turning the CO beam off, we also find
some desorption here.

In order to assign the different peaks to species we have to take a look at the
TPXPS of the adsorbate layer in the C 1s region. Figure 7.20 (a) shows the
spectra of this TPXPS of CO on NiO/Ni(111) in the form of a color coded
density plot. All spectra were acquired under an emission angle of 45° and the
temperature ramp applied by the sample filament was 0.5 K/s. The
guantitative analysis is shown in Figure 7.20 (d), and two representative fits of
the spectra at temperatures of 100 K and 190 K are shown in Figure 7.20 (b)
and (c), respectively.

The 100 K fit displayed in Figure 7.20 (b) reveals that the high binding energy
shoulder can be reasonably well fit with a very broad peak centered at
290.3 eV. Although this may seem a bit arbitrary at first, it provides a good
quality fit, with parameters for the other two species that also work at higher
temperatures were the species at 290.3 eV has already desorbed, as visible
in Figure 7.20 (c). Upon heating, this species immediately starts to decrease
in intensity and is completely desorbed at 190 K. The initial coverage for this
species was found to be 0.07 ML. As this species also suffered a massive
intensity loss during the uptake when the CO beam was shut off, this behavior
is in line with the other physisorbed species discussed in this thesis so far and
thus this species is attributed to physisorbed CO.
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Figure 7.20 (on previous page): (a) TPXPS of CO on NiO/Ni(111) studied in the C 1s region
displayed as a color coded density plot.. The heating ramp used was 0.5 K/s. All spectra
acquired under an emission angle of 45°. (b) Detailed fit of the C 1s spectrum acquired at 100
K. (c) Detailed fit of the C 1s spectrum acquired at 190 K, scaled to size of (b).
(d) Quantitative analysis of data from (a), corrected for damping.

The low binding energy shoulder is located at 287.5 eV and has an initial
coverage of 0.035 ML. Upon heating it shows linear coverage decay, and is
completely gone from the surface at 350 K. To give an assignment for this
species, we have to take a look at the final species. This species, which has
the highest peak, is initially located at 289.1 eV and has a coverage of
0.075 ML. Unlike the other two species, the intensity of this species increases
at first upon heating until a coverage of 0.09 ML is reached around 250 K.
Starting at 300 K, this species also looses intensity linearly down to a
coverage of 0.035 ML at 430 K. From this temperature on the intensity loss
continues, however at a slower rate down to 0.015 ML at 600 K. Above 300 K
there is also a binding energy shift found for this species towards lower
binding energies. At 600 K, this species is found at 289.9 eV. Both the binding
energy of this species and the two stage thermal decay above 300 K are so
similar to the carbonate species formed upon CO, adsorption (see Chapter
7.3), that this species can be unambiguously assigned as carbonate. This
leaves the question, why we see an intensity increase here up to 250 K, which
is not present in the CO, experiments. Please note that the intensities shown
in Figure 7.20 (d) have already been corrected for damping by the
physisorbed CO and the species at 287.5 eV, using the same damping factor
of 0.79 used for the CO, experiments discussed in Chapter 7.3. Thus this
increase can not be explained by the lifting of the damping upon desorption of
the physisorbed CO, especially since it continues even when all physisorbed
CO has already desorbed. As the intensity increase goes hand in hand with
the decrease of the species at 287.5 eV, it seems likely that the species at
287.5 eV reacts to carbonate upon heating. If we look closer at the intensity
evolution of the two species up to 250 K we even find that the sum of the two
coverages remains constant within the margin of error up to this temperature.
Thus the species at 287.5 eV is assigned to a carbonate precursor species.
Since the CO molecule has to bind to two surface oxygen atoms in order to
form CO,, a possible precursor species would be CO bound to a single

oxygen atom from the oxide. A CO, species would also be a possible

candidate. However, the C 1s binding energy reported for such a species on
Ni(110) is 286.6 eV [273] and thus far from our observed value of 287.5 eV.

The existence of the precursor species and its conversion to carbonate during
heating can also explain why a carbonate formation from CO is possible at all.
It is also one of a number of arguments, why we are sure that the carbonate is
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formed mainly from the dosed CO instead of residual CO; in the chamber.
The carbonate formation due to residual CO, in the chamber was seen on
other occasions, but even during longer time periods, e.g. when trying to
record LEED pictures of the NiO (which never revealed ordered patterns) or
while waiting for the surface to cool down to 120 K after oxidatioin these did
not exceed 0.02 ML. We can also exclude a contamination of the CO gas by
COy, as this was checked after one of the adsorption experiments with the
QMS.
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Figure 7.21: (a) C 1s spectra of thermal evolution of CO on 2 ML NiO/Cu(111) as a color
coded density plot. All spectra acquired under an emission angle of 0°. (b) Quantitative
analysis of data from (a), corrected for damping.

Figure 7.21 (a) shows the C 1s spectra of the thermal evolution of CO on
2 ML NiO/Cu(111) as a color coded density plot, and Figure 7.21 (b) the
corresponding quantitative analysis. These spectra were acquired under an
emission angle of 0° and the sample was shifted to a new spot after each
spectrum in order to minimize beam damage. Apart from minor differences in
coverages, binding energies and temperatures the thermal evolution is the
same as on NiO/Ni(111). The physisorbed CO, which has an initial coverage
of 0.05 ML here is completely desorbed at 190 K, the same temperature as on
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NiO/Ni(111). The initial coverage of 0.065 ML of the carbonate precursor at
287.6 eV remains constant up to 140 K, where an intensity decrease starts
that lasts up to 400 K, when the species is completely gone from the surface.
Unlike on NiO/Ni(111), this decrease is not linear but instead slows down for
higher temperatures. We also find a binding energy shift for this species down
to 287.4 eV at 300 K, that was not seen on NiO/Ni(111).
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Figure 7.22: (a) O 1s spectra of thermal evolution of CO on 2 ML NiO/Cu(111) as a color
coded density plot. All spectra acquired under an emission angle of 0°. (b) Detailed Fit of
spectrum at 117 K (¢) Quantitative analysis of data from (a), corrected for damping.
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The carbonate is initially found at 289.1 eV and shifts to 289.2 eV for higher
temperatures. Its coverage increases from 0.04 ML at 120 K up to 0.06 ML
around 260 K. It has to be noted however that this increase is not as strong as
the parallel intensity decrease of the carbonate precursor, which is another
difference to NiO/Ni(111). Above 260 K, the intensity decrease of the
carbonate starts, with a faster decay down to 0.025 ML at 450 K and
thereafter a slower decay down to 0.01 ML at 600 K.

The low coverages for all the discussed species together with the
inseperability of the carbonate and the hydroxide peak, as discussed in
Chapter 7.3. and the damping of the oxide signal make both the analysis and
interpretation of the O 1s region data rather difficult, as will be briefly
discussed for the thermal evolution of CO on 2 ML NiO/Cu(111) below.

Figure 7.22 (a) shows the O 1s spectra of the thermal evolution of CO on
2 ML NiO/Cu(111) as a color coded density plot, with the quantitative analysis
of the experiment displayed in Figure 7.22 (c). In Figure 7.22 (b) the fit of the
lowest temperature spectrum at 117 K is displayed. Apart from the oxide peak
at 529.7 eV and the carbonate/hydroxide peak at 531.6 eV a high binding
energy peak at 534.4 eV is found. This peak was already seen during the
adsorption of CO on the surface, and suffered a massive intensity loss as the
CO beam was shut off, just like the physisorbed CO component in the C 1s
region. Thus it would seem likely to assign this peak to physisorbed CO. On
the other hand the quantitative analysis shows that this component is more
stable than the physisorbed CO with a presence on the surface up to 300 K,
and the initial coverage of this species (and also CO,) of 0.15 ML is also
higher than the coverage of physisorbed CO found at similar temperatures in
the C 1s region. Since the thermal stability of the species is similar to that of
the COj3 precursor species found in the C 1s region, and since the COg
precursor species is also not found at another position in the spectrum we
assume that this peak consists of contributions of both the physisorbed CO
(and CO,) and the COg3; precursor species. The carbonate/hydroxide peak
upon heating shows an intensity increase from 0.31 ML coverage at 117 K up
to 0.45 ML at 250 K. Between 300 K and 500 K the intensity decreases again
down to 0.35 ML. A separation of the carbonate component from the
hydroxide component was impossible again. The initial increase in intensity
was not seen in the thermal evolution of either pure hydroxide or the mixed
carbonate/hydroxide layers derived from the adsorption of CO,. However, it is
in agreement with the increase of the carbonate amount found in the C 1s
region. As the increase of 0.14 ML in this temperature region is much larger
than the 0.02 ML increase found in the C 1s region one might speculate
whether or not this means that in this case one or even both of the oxide
atoms needed for the formation of the carbonate change their binding
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energies. However, we have to keep in mind that this increase can also be
due to hydroxide formation from the reaction of the surface with water from
the residual gas, especially since the total coverage of the
carbonate/hydroxide peak is still relatively low compared to the coverages
discussed in Chapters 7.2 and 7.3, and thus the surface is likely not
saturated. The oxide coverage initially increases as well, before remaining
constant up to 500 K where the oxide starts to destabilize. The initial increase
of the oxide coverage could be either due to an overestimation of the damping
by the other adsorbates, as the coverages have been corrected for damping
using the damping factor of 0.85 determined during the CO, adsorption
experiments. Or they could be an indication of a locally lower oxide coverage,
as the sample was shifted to a different spot after each spectrum in order to
minimize beam damage.

7.4.3 CO interaction with NiO clusters on Cu(111)

Upon CO; adsorption, the NiO clusters, i.e. 0.5 ML nickel on Cu(111), were
found to behave differently than the thicker NiO layers, as discussed in
Chapter 7.3. On the NiO clusters almost no carbonate formation was found,
whereas on the thicker layers significant carbonate formation was detected.
Since for adsorption of CO on the thicker nickel layers significantly less
carbonate was formed compared to the adsorption of CO,, it is now
interesting to study the interaction of CO with the NiO clusters.

Figure 7.23 (a) shows selected C 1s spectra acquired during the adsorption of
CO on 0.5 ML NiO/Cu(111) at 119K, using the supersonic molecular beam
with 0.5 sccm to dose the CO. The spectra were acquired under an emission
angle of 0°. Upon CO exposure an intensity increase is observed over a wide
spectral range. The highest peak is found at a binding energy of 286.1 eV,
and another peak is formed around 288.9 eV. If we compare the overall
spectral shape with the spectral shape of CO on clean Cu(111) displayed in
Figure 7.18 (b), the similarities are obvious, with the binding energies of the
main peak and the first satellite being identical. The second satellite found at
293.2 eV for CO on Cu(111) is not clearly visible in Figure 7.23 (a), however,
since here a significant intensity increase in this binding energy region is
found, it can be assumed that it is present as well. When the molecular beam
is switched off at the end of the experiment, there is some intensity decrease
over the whole spectral range, due to desorption. This was already seen for
CO on Cu(111). Due to this similarities we attribute most of the intensity to CO
adsorbed on the Cu(111) patches, although some other species might be
present due to the high thermal stability discussed below. As discussed in
Chapter 7.4.1., the satellite structure makes a determination of the coverage
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very difficult. However, if we just compare the spectra of CO on Cu(111) and
on the NiO clusters on Cu(111) by comparing the relative peak heights of the
main peaks, we find that the CO coverage on the NiO clusters is roughly one
third of the coverage found on clean Cu(111).

e 0.5 ML NiO/Cu(111)

= CO Exposure Cls a

— 24 L CO

= 0.5 sccm CO beam
shut off

Intensity [arb.U.]

Intensity [arb.U.]
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— 170 K
— 325 K O 1s
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Figure 7.23: (a) Selected C 1s spectra acquired during a CO uptake on 0.5 ML NiO/Cu(111)
at 119 K. (b) Selected C 1s spectra of the thermal evolution of CO on 0.5 ML NiO/Cu(111).
(c) Selected O 1s spectra of the thermal evolution of CO on 0.5 ML NiO/Cu(111). All spectra
acquired under an emission angle of 0°. Sample shifted to a new position after each
spectrum.

Figure 7.23 (b) shows selected C 1s spectra of the thermal evolution of the
adsorbed CO on the NiO clusters. In order to study the thermal evolution, the
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surface was heated to the designated temperatures with resistive heating and
subsequently the spectra were taken under an emission angle of 0°. Upon
heating, the intensity decreases quickly over the whole spectral range up to
170 K. At this temperature, all CO had desorbed from the clean Cu(111)
surface, but in this case we still find adsorbates on the surface. From 170 to
320 K, the loss of intensity proceeds much slower; at 320 K the adsorbed CO
has desorbed and only a very small amount of CO3 at 289.0 eV (less then
0.01 ML) remains on the surface, which was already present prior to the
uptake. No additional CO3; or other stable species were formed over the
course of the experiment, but we can conclude that the NiO clusters stabilize
some of the adsorbed CO so that some is present on the surface up to room
temperature while on pure Cu(111l) all adsorbed CO has desorbed up to
170 K.

In the O 1s region the CO adsorption and desorption leads only to small
spectral changes. Figure 7.23 (c) shows selected O 1s spectra acquired
during the thermal evolution of CO adsorbed on NiO clusters on Cu(111). The
uptake is not displayed on its own, as the spectrum of the clean surface
looked like the light blue (325 K) spectrum in Figure 7.23 (c) and the 119 K
spectrum is the same as the final spectrum of the uptake. No desorption was
found here upon turning the 0.5 sccm CO beam off after dosing 22 L CO. The
adsorbed CO leads to new spectral features on the high binding energy side
of the hydroxide peak. This is not surprising since on clean Cu(111) CO leads
to peaks at 532.9 and 535.6 eV, as displayed in Figure 7.18 (a). Due to the
location of these peaks on the tail of the oxide and hydroxide peaks in
Figure 7.23 (c) and their relatively low intensity their exact position can not be
determined. Upon heating to elevated temperatures, CO is desorbing again;
at 320 K all adsorbed CO is gone from the surface, as evident from the stable
intensity in the binding energy region above 532.5 eV, between 320 and
500 K. The intensity loss of the hydroxide peak at 531.8 eV is in accordance
with the thermal evolution of hydroxide on the NiO cluster on Cu(11l) as
discussed in Chapter 7.2.4.

7.5 Coadsorption experiments on NiO layers

In this chapter we will briefly discuss two coadsorption experiments
gualitatively. The relevant C 1s and O 1s spectra for the first of these two
experiments are displayed in Figure 7.24 (a) and (b), respectively.
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Figure 7.24: (a) C 1s spectra and (b) O 1s spectra of a saturated carbonate layer on 2 ML
NiO/Cu(111) prior and after exposure to water. (c) C 1s spectra of two different carbonate
exposure experiments on 2 ML NiO/Cu(111). All spectra acquired under emission angle of 0°.

In this experiment a saturated carbonate layer on 2 ML NiO/Cu(111) with a
coverage of 0.21 ML (the deviation from the value of 0.23 ML in
Figure 7.15 (c) is within the margin of error) was exposed to water at a
temperature of 109 K. The layer was already partly hydroxilated prior to the
water adsorption. The small peak visible in Figure 7.24 (a) at 284.5 eV is due
to a small contamination by an adsorbed hydrocarbon. After an exposure of
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0.8 L, which is suitable to saturate the hydroxide layer as discussed in
Chapter 7.2.3, the O 1s spectrum is the same as found during the adsorption
of water on a carbonate free surface. But even though the hydroxide layer is
saturated now, the C 1s spectra show that the carbonate coverage remained
almost constant. That means that at this temperature no displacement of
adsorbed carbonate by hydroxide is possible.

There is also some evidence that preadsorbed hydroxide can block the
carbonate formation from the experiments shown in Figure 7.24 (c). The red
and black spectrum show a CO, uptake on 2 ML NiO/Cu(111) with a high
hydroxide content of 0.65 ML. If we now compare the spectrum of the
saturated layer (black curve in Figure 7.24 (c)) with the spectrum of a
saturated carbonate/CO; layer on a different 2 ML NiO/Cu(111) preparation
with a hydroxide content of 0.20 ML (purple line in Figure 7.24 (c), identical
with purple line in Figure 7.12 (b)), it is evident that on the stronger
hydroxilated surface the saturation coverage of both carbonate and
physisorbed CO, are much lower. Thus we conclude that preadsorbed
hydroxide can not be displaced by the CO,. However, in order to quantify this
site blocking, more experiments with different hydroxide precoverages would
have to be made.

7.6 Concluding Discussion

In Chapter 7 we discussed the interaction of the three different NiO
preparations with H,O, CO, and CO, as well as the interaction of these
molecules with the clean metal surfaces for reference. Table 7.2 lists the O 1s
binding energy ranges of the species appearing on the surface upon
adsorption of these molecules. The binding energy ranges of the oxide peaks
have been excluded from this table and can be taken from Table 4.2.
Table 7.3 lists the C 1s binding energies of the relevant adsorbates.

On the two metallic surfaces, water adsorption leads to the evolution of two
peaks, one of which was attributed to hydroxide and the other to physisorbed
water, in agreement with literature. On the Cu(111) surface only very small
hydroxide coverages were found, due to dissociative adsorption on defect
sides. The highest hydroxide coverages were found on a 2 ML thick nickel
layer on Cu(111), where also some oxygen was formed from dissociative
adsorption of water. Upon heating, water desorbed below 170 K on Cu(111),
in agreement with literature. On the nickel layers on Cu(111), some of the
physisorbed water remained on the surface up to 245 K.
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Species\ Ni(111) | Cu(111) | NiO/Ni(111) | 2 ML NiO/ | 0.5 ML NiO/
Surface Cu(111) Cu(111)
Hydroxide 531.0 531.0 531.0- 531.4- 531.1-
531.6 531.8 531.8
Physisorbed | 533.0 533.3- 532.7- 533.3- 533.0-
Water 533.9 533.5 533.8 533.5
Carbonate* | ----- | --—-- 531.3 531.4- 531.4
531.6
Physisorbed |534.8 | ----- 534.5- 534.5- 534.7
CO; 534.8 534.9
(Physisorbed) | 531.0 532.9# |535.4 534.4- ~532.9 #
(6{0) 535.0

Table 7.2: O 1s binding energy ranges [eV] of species discussed in this chapter. *Inseparable
from hydroxide peak. # Binding energy for main peak.

Species\ Ni(111) | Cu(111) | NiO/Ni(111) | 2 ML NiO/ | 0.5 ML NiO/

Surface Cu(111) Cu(111)

Carbonate | ---—- | --—-- 288.9- 289.0- 289.0-
289.1 289.2 289.1

Physisorbed |291.2 | ----- 291.0 290.9- 291.1-

CO; 291.2 291.2

(Physisorbed) | 285.4 286.1# |290.3 291.0 286.1 #

CcO

Carbonate | --- | --—-- 287.5 287.4- | ----

Precursor 287.6

Table 7.3: C 1s binding energy ranges [eV] of species discussed in this chapter. # Binding
energy for main peak.
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Upon exposing the NiO surfaces to water, the hydroxide peak, which is
already present due to residual water in the chamber during the NiO growth
(see Chapter 4), is gaining intensity and shifting towards lower binding
energies. The lowest binding energies given in Table 7.2 for the hydroxide
peak always belong to the highest hydroxide coverages. On all surfaces also
a peak at higher binding energies appears that is attributed to physisorbed
water. Unlike all other physisorbed species discussed in this thesis, this peak
continues growing instead of loosing intensity when the pressure of the
adsorbing molecule is reduced. While this peak shifts towards lower binding
energies on NiO/Ni(111) for higher coverages, on the other two surfaces a
shift towards higher binding energies is observed. The shift towards higher
binding energies is due to the multilayer character of the adsorbate, which
gets closer to the properties of an ice crystal with increasing coverage. It is
not fully understood, why on NiO/Ni(111) the peak for physisorbed water
behaves differently. However, two things have to be considered. First, we
have to take into consideration that the coverages of physisorbed water we
studied on NiO/Ni(111) are much lower than on the other two surfaces, with
the coverage never reaching a true multilayer regime. In the submonolayer
regime studied here also on the other two surfaces a shift towards lower
binding energies is found for low coverages, before a shift to higher binding
energies starts. Secondly, on NiO/Ni(111) all peaks undergo a shift towards
lower binding energies as the experiment continues. This effect can be partly
attributed to beam damage, but also other aspects have to play a role like the
structural changes due to the hydroxide formation. The hydroxide coverages
found on the three different surfaces follow the trend observed for all other
adsorbates so far, with the highest coverages found on NiO/Ni(111) and the
lowest on the NiO clusters on Cu(111). The oxide peak shifts to lower binding
energies on all three surfaces upon exposure to water, with the strongest
shifts on NiO/Ni(111) and the smallest on the NiO clusters. There is also an
intensity loss visible in the spectra for the oxide peak. However, upon further
analysis this intensity loss could be shown to be due to damping by the
adsorbed hydroxide and water layers. This in turn means that the oxide
coverage stays constant throughout the adsorption experiments, but on
NiO/Ni(111) a conversion of the shoulder oxide species discussed in
Chapter 4 to the main oxide species was observed. On the 2 ML NiO/Cu(111)
similar observations were made, but are not as clear as the intensity of the
shoulder oxide species was very small.

Upon heating the adsorbed water and hydroxide layers, the physisorbed
water desorbs up to room temperature, in agreement with literature. On the
NiO layers on Cu(111l), a clear distinction between the multilayer and the
monolayer desorption of water is possible, as the multilayers desorb quickly
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up to 170 K, whereas the monolayer is more stable and present on the
surface up to 300 K. The hydroxide coverage initially remains constant on all
three surfaces. Around 190 K (170 K for 2 ML NiO/Cu(111)) the hydroxide
intensity falls and the peaks start to shift back towards higher binding
energies, reversing the shifts observed during the adsorption. This intensity
loss proceeds over a wide temperature range, and even at the temperatures
of 600 K and 500 K, where the NiO layers on Ni(111) and Cu(111),
respectively, start to destabilize, significant hydroxide amounts remain on the
surface. On all three surfaces the decay is faster in the temperature range
between 200 and 300 K than above 300 K, where a linear dependency of the
coverage on the temperature is observed. During the entire temperature
range of the hydroxide decay the oxide coverage stays constant on all three
surfaces.

Two explanations are possible for this constant oxide coverage: the first
explanation would be that an adsorbing water molecule forms only one
hydroxide, and thus the oxide from the NiO surface does not take part in the
reaction. In this case the excess hydrogen atom would either need to bind to
the nickel atoms in the NiO surface or desorb. As a (111) surface of a rock
salt like structure consists of only one of the two components, and the (111)
surface of NiO is stabilized by OH [79, 88, 89], the surface should be oxygen
terminated and no nickel atoms should be present. A desorption of the
hydrogen atoms can be ruled out due to the constant oxide coverage during
the thermal evolution of the layers. If no hydrogen is present on the surface,
the decrease of the hydroxide coverage has to be facilitated by either direct
desorption of the hydrogen from the OH or by recombinative desorption of
one OH group with the hydrogen of another OH group. In both scenarios
oxygen atoms remain on the surface, which would increase the oxide
coverage. As such an effect is not seen, we can disregard the model where
an adsorbing water molecule forms only one hydroxide. This leaves as with
only one explanation: each adsorbing water molecule forms two hydroxide
ions in interaction with the surface, but the hydroxide ion formed from the
surface oxide atom retains its binding energy.

The slow, continuous decay of the hydroxide over a wide temperature range
is explained by DFT calculations done by Ebensperger and Meyer [82]. The
polar NiO(111) surface is unstable and can either be stabilized by
hydroxylation or reconstruction to an octopolar structure. However, if the
surface is heated and the hydroxide thus removed, there is no easy route
towards the octopolar reconstructed surface, as the transition between the
two structures involves activated material transport processes on the surface.
A variety of transitory structures exists that can be present on the surface not
because of thermodynamic, but kinetic limitations. This difficult and gradual
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transition between the hydroxilated surface and the hydroxide free octopolar
reconstructed surface leads to the slow continuous intensity decrease of the
hydroxide layers observed within this thesis.

Upon exposing the Ni(111) and Cu(11l) surface to CO, in both cases
adsorption was found. On the Ni(111) surface and on a nickel layer on
Cu(111), c(2x4) structures with coverages of 0.5 ML were prepared,
according to literature [125], as coverage references for the other adsorbates.
On Cu(111), relatively broad spectral features were observed in both the O 1s
and C 1s region that are attributed to a main peak with shake up satellites
[262]. The adsorbed CO desorbed completely up to 170 K in agreement with
literature.

The exposure of Cu(111) to CO;, at 115 K led to no adsorption. Exposing
Ni(111) to CO, at 102 K resulted in very weak interaction with the surface,
with the corresponding peaks (binding energies listed in Table 7.2 and 7.3)
disappearing again when the molecular beam was turned off.

The exposure of NiO/Ni(111) and 2 ML NiO/Cu(111) to either CO; or CO led
to the formation of a surface carbonate species that can best be characterized
by its peak in the C 1s region at ~289.1 eV. In the O 1s region the binding
energy of the carbonate overlaps with the binding energy range of the
hydroxide peak. Since the NiO surfaces are never truly hydroxide free, and a
separation of the two peaks in the fitting procedure was not possible, the C 1s
region is better suited to study this species. Like for hydroxide, the saturation
coverage of this carbonate species was higher on NiO/Ni(111) than on the
2 ML NiO/Cu(111). Here, one reason for this could be the higher
hydroxylation of the NiO/Cu(111), as coadsorption experiments gave some
evidence to an influence of the carbonate coverage on the hydroxylation of
the NiO. Exposure of the surface to CO, leads to significantly higher
carbonate coverages than exposure to CO. During the carbonate formation
the oxide coverage stays constant, just like during the hydroxylation of the
surfaces.

Apart from forming carbonate, CO, also physisorbs on NiO. This physisorbed
CO, desorbed up to 200 K upon heating. A similar physisorbed component
was also found upon CO adsorption. This component was found to have
spectral intensity over a wide binding energy range. The physisorbed CO
desorbed up to 170 K. During CO adsorption also a third component was
found in the C 1s region, at a binding energy of ~287.5 eV. In the O 1s region
the peak for this component can not be separated from the peak of the
physisorbed CO due to its low intensity, and is thus not listed in Table 7.2.
Upon heating, the intensity decrease of this species up to 250 K went hand in
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hand with an intensity increase of the carbonate. Such an intensity increase of
the carbonate was not observed when heating CO, derived carbonate, and
thus the species at 287.5 eV was identified as a carbonate precursor.

Heating the carbonate layers shows a similar thermal evolution as the
hydroxide layers, with a slow, continuous intensity decrease over a large
temperature range. For the CO, derived carbonate layers the decay begins
around 130 K, which is significantly earlier than the decay of the hydroxide
layers. In the case of the CO derived carbonate layers the carbonate intensity
increases at first, due to an ongoing reaction of the carbonate precursor
species towards carbonate. Above 250 K, the intensity starts to decrease as
well, but at first rather slowly indicating that still some carbonate is formed
from the precursor species. As the thermal evolution of the CO derived
carbonate above 300 K is the same as the one of the CO, derived carbonate,
and the binding energy is the same, it is assumed that both are the same
species. Thus it is very likely that also for the CO derived carbonate the decay
starts around 130 K and is just not visible due to the ongoing carbonate
formation from the precursor.

The constant oxygen coverage during the adsorption of CO, can be discussed
in line with the constant oxygen coverage during the adsorption of H,O. In
order to form carbonate, the CO, has to bind to one oxygen atom form the
oxide surface. If all three oxygen atoms within the carbonate would appear at
the same binding energy in the spectrum, this would lead to a decrease of the
oxide coverage, as the relevant oxide atom would appear at the carbonate
binding energy after the CO, adsorption. Since this is not the case, we
conclude that the oxide atom to which the CO, binds does retain its binding
energy, similar to oxide atoms to which the additional hydrogen atom bonds
during H,O adsorption. This result is in disagreement to TPD experiments with
isotopically labeled oxygen by Behm and Brumble [231, 232], who proposed
all oxygen atoms in the carbonate to be equal. This difference is attributed to
the different preparation of the carbonate layers in that study, as they were
grown by coadsorbing oxygen and CO, on a Ni(100) surface, while in this
study subsequent adsorption of oxygen and CO; on nickel surfaces with (111)
orientation is used, which could result in a different surface structure. During
CO adsorption, the evolution of the oxide coverage is not as clear. Since the
carbonate coverages generated from CO are much lower, expected changes
of the oxide coverages are small compared to the total oxide intensity, and
are within the margin of error for the damping correction of the layers. If we
also consider the overlap of the carbonate and the hydroxide peak in the O 1s
region, we can not identify any significant changes of the oxide coverage due
to CO adsorption.
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As the carbonate layer shows a very similar thermal evolution as the
hydroxide layer, especially the continuous decay over a large temperature
range, while most other adsorbates desorb or react away in a much smaller
temperature range, it is very likely that this is due to similar reasons. The slow
decay of the hydroxide layers is explained by a complicated transition from
the hydroxide stabilized flat NiO(111) surface to a hydroxide free NiO(111)
surface that stabilizes itself by undergoing an octopolar reconstruction.
Apparently carbonate can also stabilize the surface in an equal manner as the
hydroxide group, and is also stabilized up to high temperatures due to the
complicated transition to the octopolar reconstruction. To fully understand this
process, however, further information from DFT calculations would be
needed.

Another interesting question that can not be fully answered yet, is how CO
can form carbonate on the surface. Unlike CO,, it not only has to bind to one,
but two surface oxide atoms in order to generate COj3. That this process is
much less likely can be seen from two observations: First from the achieved
carbonate coverages upon CO adsorption, which are less than 25 % of the
coverages achieved with CO, adsorption on both discussed surfaces.
Secondly, the existence of a precursor species is a clear indication of more
complicated reaction pathway. The most obvious candidate for a precursor
species would be a CO molecule bound to a single oxide atom in the surface,
forming a CO, species that further reacts towards carbonate. The absence of
this precursor species in the CO, adsorption is explained by a lack of
adsorption sites on the oxygen terminated surface for the oxygen atoms of the
CO, molecule, so the molecule has to bind directly via the carbon atom to one
of the surface oxygen atoms. This would mean that in this case the carbonate
would be bound as a monodentate, while in the case of CO adsorption via the
precursor species a bidentate binding geometry would be more likely.
However, we have to consider that upon carbonate formation the surface
should be able to reconstruct, as carbonate stabilizes the flat surface. During
this reconstruction, the binding geometry of the carbonate could change
again, allowing no clear assignment. Another possible candidate for the
carbonate precursor species would be the reported adsorption of CO on
nickel atoms in the NiO(100) microfacets of the octopolar reconstructed
surface [271].

The NiO clusters on Cu(111) showed only very weak interaction with the CO».
The small amount of carbonate formed showed the same slow thermal decay
as on the other two surfaces; however, it was completely gone from the
surface at 450 K whereas on the other two surfaces it could not be removed
within the stability region of the oxide. CO adsorption on the NiO clusters led
only to adsorption on the bare Cu(11l) patches. The oxide, however,
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stabilized some of the adsorbed CO, as during heating a temperature of
320 K was needed in order to completely remove the adsorbed CO, while on
the pure Cu(111) surface all adsorbed CO was gone at 170 K.
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8 Summary

In this thesis the adsorption and reaction of small molecules on various
surfaces were investigated using in situ high resolution XPS. This technique
allowed a detailed study of the involved processes and an identification of the
reaction products. The main focus lies in the study of differently prepared NiO
surfaces, but also of Ni(111) and Cu(111). NiO/Ni(111) and 2 ML NiO/
Cu(111) were found to behave very similar in terms of growth and reactivity
towards all studied adsorbates. NiO clusters on Cu(111), on the other hand
often showed a different behavior than the other NiO layers, either by being
less reactive or showing a mixed behavior of adsorption on the NiO and on
clean Cu(111). In the following the most important results are summarized.

Growth of nickel oxide

Upon increasing the oxygen coverage on Ni(111) at 300 K from 0.25 ML for
the well known p(2x2) structure to above 0.75 ML, a conversion of the asym-
metric shape of the O 1s signal of chemisorbed oxygen to the symmetric
shape of the oxide indicates the onset of oxidation. For higher exposures, the
oxide thickness exceeded the escape depth of the photoelectrons, leading to
saturation of the O 1s intensity and a complete transition of the Ni 2p peak,
from the metallic to the oxidic shape. The oxide thickness was estimated as
11.3-20.0 A. Its main O 1s peak is located at 529.6 eV, and as expected from
literature a large OH peak is found, indicating a (111) orientation of the formed
NiO. The OH peak position varied with coverage and temperature and the
amount of hydroxide was lowered by heating. Besides the main oxide signal a
new “shoulder oxide” species was found at 528.6 eV. This species is partially
converted to the main oxide species upon heating. Oxidation at 500 and
550 K produced the same oxide layers, but with lower hydroxide content;
these layers were used for the adsorption experiments on NiO/Ni(111). Above
600 K the oxide was found to destabilize.

In order to prepare thin NiO layers of defined thickness, nickel layers with
thicknesses of 2 ML and 0.5 ML were evaporated on Cu(111l), and
subsequently oxidized at 300 K. The oxidation behavior of the 2 ML thick
layers was very similar to the 300 K oxidation of Ni(111). This, together with a
large hydroxide contamination, indicates a (111) orientation of the formed
NiO. Higher oxidation temperatures were not possible due to copper
segregation on top of the nickel layers, but after oxidation the NiO layers were
annealed to 500 K in order to reduce the high hydroxide contamination.

Oxidation of the 0.5 ML thick nickel layers on Cu(111) was also performed at
300 K. After saturation of the O 1s peak, the Ni 2p region differed in shape
and position from the Ni 2p spectra of the other two oxide layers. Two
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interpretations are possible for this, either that some nickel atoms remain
metallic or that this NiO forms a wetting layer on the surface with different
properties than the other two NiO layers. The NiO was found to be almost OH
free after oxidation, but is still reactive towards water, indicating a (111)
orientation. STM pictures revealed the same cauliflower like structure as for
the thicker layers. A major oxidation of the copper surface could be excluded.

Adsorption on and reaction of C,Hyx species on clean and oxygen
precovered Ni(111)

Ethane dissociatively adsorbed as ethyle on clean Ni(111), when dosed with a
high energy molecular beam. The C 1s spectra of both ethyle and ethene
show two peaks with vibrational fine structure. For ethene the two peaks are
explained by a geometry with carbon atoms bound in hollow and on-top posi-
tions; the same geometry is proposed for ethyle. For acetylene on Ni(111), the
well known hollow-hollow geometry is found. Both ethyle and ethene dehydro-
genate to acetylene around 200 K, which further dehydrogenates to carbona-
ceous species around 400 K. If acetylene is directly exposed to the surface, at
much higher acetylene coverages a new reaction pathway is found, namely
the trimerization to benzene. The formed benzene subsequently dehydroge-
nates, leaving high coverages of carbonaceous species on the surface, which
give rise to another new, as yet unidentified species at high temperatures.

Adsorption of ethane and ethene on Ni(111) precovered with 0.25 ML oxygen
in a p(2x2) structure was found to be quite different than on the clean surface.
The spectra of both adsorbates only show one peak, indicating a change to a
hollow-hollow geometry for both adsorbates. Even though ethane was dosed
with the high energy molecular beam, it adsorbs molecularly. Ethene also
adsorbs molecularly; for both adsorbates the saturation coverages are much
lower than on the oxygen free surface. Upon heating, both adsorbates desorb
up to 250 K, with only minor dehydrogenation; the latter is attributed to
incomplete oxygen layers. Acetylene coadsorption with oxygen yielded lower
saturation coverages than on the clean surface. The adsorption geometry
remains unchanged, but in addition to chemisorbed acetylene a physisorbed
component is observed that is not present at the same temperatures on the
clean surface. At higher temperatures the same reaction pathway as for the
clean surface is found, with trimerization to benzene and dehydrogenation.
The S-Factor per C-H bond of all studied adsorbates on Ni(111) is 0.17+0.02.

Adsorption of hydrocarbons on Cu(111) and thin NiO layers

On Cu(111), ethane was dosed with the high energy molecular beam and
dissociatively adsorbed as ethyle. Ethene, propane, propene and acetylene
adsorbed molecularly. All C 1s spectra show a vibrational splitting, with an
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S-Factor per C-H bond of 0.20+£0.02. Except for acetylene, all spectra are si-
milar to the gas-phase spectra, with the most obvious similarities for propene.
These similarities and complete desorption of these adsorbates below 250 K
are indicative for a very weak interaction with the surface. Acetylene is much
stronger bound to the surface. It stays on the surface up to 325 K, when it is
reacting to a range of products, which immediately desorb from the surface.

The adsorption of propane, propene, ethane, ethene, acetylene and methane
on the three different NiO layers was studied at ~120 K. For all adsorbates
physisorbed species were found. For methane a small signal was obtained
only on NiO/Ni(111) with the molecular beam on. Most of the physisorbed
molecules desorb below 200 K, but traces at defect sites are stable up to hig-
her temperatures. For all adsorbates, except ethane, the physisorbed mole-
cules adsorb strongest on NiO/Ni(111) and weakest on 0.5 ML NiO/Cu(111).

On all three NiO surfaces, only for acetylene a chemisorbed species was
found in addition to the physisorbed component. At 120 K, both are populated
almost simultaneously. On NiO/Ni(111), most of the physisorbed acetylene
leaves the surfaces below 200 K, but small amounts are reacting to a carbon
allotrope, which is also the reaction product of the chemisorbed acetylene up
to 500 K. Besides a peak characteristic for C-C in carbon allotropes, a peak
characteristic of C-O (single) bonds in carbon allotropes is found. For 2 ML
NiO/Cu(111) an additional carbonaceous species is observed. On 0.5 ML
NiO/Cu(111), acetylene adsorbed around 120 K both on the NiO clusters and
on the bare Cu(111) patches in between; however, the cluster edges and their
vicinity were not populated. Upon heating, the acetylene reacted to the carbon
allotrope and the carbonaceous species that were also found on 2 ML
NiO/Cu(111). The peak assigned to C-O bonds was absent here. Exposing
0.5 ML NiO/Cu(111) to acetylene at 400 K led to a continuing growth of the
carbon allotrope and a complete reduction of the NiO.

Formation and thermal evolution of NiOH and NiCO3;

Water adsorption around 120 K on Ni(111), Cu(111) and Ni/Cu(111) led to
small hydroxide formation on all three surfaces plus multilayers of physisor-
bed water, which desorbed on all surfaces below 250 K. For CO,, at ~120 K
no interaction was found with Cu(111) and only very weak interaction with
Ni(111). CO adsorption on Cu(111) at 120 K led to very complex spectra both
in the C 1s and the O 1s region, due to shake up features. CO completely
desorbed from Cu(111) below 170 K. On Ni(111) and 3 ML nickel on Cu(111),
we prepared CO in the c(2x4) structure, which has a nominal coverage of 0.5
ML and which is used as a reference for the coverages.

On the three different NiO surfaces, water adsorption around 120 K led to an
increase of the hydroxide peak. In addition, physisorption of water was
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observed. The physisorbed water and the formed hydroxide led to a damping
of the photoelectrons originating from lower layers, which was accounted for
in the quantitative analysis. The analysis showed that the oxide coverage is
unchanged upon hydroxide formation. This is attributed to the fact that oxide
atoms retain their binding energy upon attachment of hydrogen atoms,
whereas the O signal of the hydroxide peak displays a different binding
energy. The highest hydroxide coverages were found on NiO/Ni(111), the
lowest on 0.5 ML NiO/Cu(111). Physisorbed water desorbed below room
temperature. The hydroxide coverages stayed constant below 200 K and
continuously decreased at higher temperatures; at 600 K still some hydroxide
was left on the surface. This is explained by a complicated restructuring
process of the surface between a flat hydroxyl-covered surface and a hydroxyl
free surface, which is octopolar reconstructed to compensate for surface
charges. The reconstruction involves material transport, leading to kinetic
limitations together with the thermodynamic limitations and to the existence of
several transitory states. The oxide coverage remains constant over the
studied temperature range.

CO;, adsorption on NiO/Ni(111) and 2 ML NiO/Cu(111) around 120 K led to
the formation of carbonate layers and to the physisorption of CO,. The
saturation coverages of carbonate on NiO/Ni(111) were found to be higher
than on 2 ML NiO/Cu(11l). The oxide coverages remained constant
throughout the uptake experiment; this indicatesthat the oxide atom
participating in CO3 formation retains its binding energy. Upon heating, the
carbonate showed a similar thermal evolution as the hydroxide layers, with a
slow continuous decay, starting at 130 K and going on over a wide
temperature range. This leads to the conclusion that carbonate stabilizes the
polar NiO(111) surface in a similar manner as the hydroxide, and that during
the thermal decay a similar restructuring of the surface is taking place. On 0.5
ML NiO/Cu(111), only very small amounts of carbonate are formed when
exposed to CO, around 120 K.

Upon CO adsorption on to NiO/Ni(111) and 2 ML NiO/Cu(111) around 120 K
carbonate was formed, but with much lower coverages than upon CO;
adsorption. In the C 1s region there also appears a precursor species to
carbonate, which completely reacts to carbonate when the surface is heated
to room temperature. Up to 250 K, the carbonate coverage is increasing due
to this ongoing reaction, while above 300 K the carbonate shows the usual
behavior. CO also physisorbed on NiO, and desorbs again below 200 K. On
0.5 ML NiO/Cu(111), CO only physisorbed on the Cu(111) patches. A stabili-
zing effect of the NiO on the physisorbed CO was observed, as deduced from
a higher desorption temperature compared to clean Cu(111).
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9 Zusammenfassung

In dieser Arbeit wurde die Adsorption und Reaktion kleiner Molekile auf
verschiedenen Oberflachen mittels hochaufgeloster in-situ XPS untersucht.
Diese Methode erlaubte die detaillierte Untersuchung der auftretenden Pro-
zesse und eine ldentifikation der Reaktionsprodukte. Das Hauptaugenmerk
lag auf NiO Oberflachen, aber auch auf Ni(111) und Cu(111). NiO/Ni(111) und
2 ML NiO/Cu(111) verhielten sich sehr ahnlich, in ihrem Wachstumsverhalten
und auch in ihrer Reaktivitdt gegenuber allen studierten Adsorbaten. NiO
Cluster auf Cu(111) zeigten meist ein abweichendes Verhalten, d.h. sie waren
entweder weniger reaktiv oder es wurde ein Mischverhalten mit Adsorption
sowohl auf dem NiO als auch auf den unbedeckten Cu(111)-Bereichen
beobachtet. Nachfolgend sind die wichtigsten Ergebnisse zusammengefasst.

Wachstum von Nickeloxid

Bei Erh6hung der Sauerstoffoedeckung auf Ni(111) bei 300 K, von 0.25 ML
fur die p(2x2) Struktur auf bis tber 0.75 ML, zeigte ein Ubergang vom asym-
metrischen O 1s Signal des chemisorbierten Sauerstoffs zum symmetrischen
Oxidsignal den Beginn der Oxidation an. Bei hoheren Sauerstoffdosen tber-
schritt die Oxiddicke die Ausdringtiefe der Photoelektronen, was zu einer
Sattigung des O 1s Signals fuhrte. Gleichzeitig wandelte sich das Ni 2p Signal
von der metallischen zur oxidischen Form. Die Dicke der NiO Schicht wurde
auf 11.3-20.0 A geschatzt. Der O 1s Hauptpeak fand sich bei 529.6 eV; auf
Basis eines (aus der Literatur bekannten) groRen OH Peaks wurde auf eine
(111) Orientierung des NiO geschlossen. Die Position des OH Peaks variierte
mit der Bedeckung und Temperatur, wobei Heizen die OH Bedeckung
reduzierte. Neben dem Oxid fanden wir eine neue ,Schulteroxid“-Spezies bei
einer Bindungsenergie von 528.6 eV. Beim Heizen wurde diese Spezies zum
Teil in die dominierende Oxidspezies umgewandelt. Die Oxidation bei 500
und 550 K ergab vergleichbare Oxidschichten, aber mit weniger Hydroxid;
diese Schichten wurden fur die Adsorptionsexperimente auf NiO/Ni(111)
verwendet. Oberhalb von 600 K destabilisierte sich das Oxid.

Zur Herstellung dinner NiO Schichten mit definierten Dicken wurden Nickel-
schichten von 2 und 0.5 ML Dicke auf Cu(111) aufgedampft und anschliel3end
bei 300 K oxidiert. Die Oxidation der 2 ML dicken Schichten verhielt sich sehr
ahnlich zu der von Ni(111) bei 300 K. Zusammen mit einer starken Hydroxid-
kontamination liel3 sich daraus auf eine (111) Orientierung des NiO schliel3en.
Hohere Oxidationstemperaturen waren aufgrund von Kupfer-Segregation auf
die Nickelschichten nicht mdglich. Nach der Oxidation wurden die NiO Schich-
ten auf 500 K geheizt um die Hydroxidverunreinigung zu verringern.

Die 0.5 ML dicken Nickelschichten auf Cu(111) wurden ebenfalls bei 300 K
oxidiert. Nach Sattigung des O 1s Peaks unterschieden sich die Ni 2p Spek-
tren in Form und Position von jenen der anderen beiden NiO Schichten. Daftr
gibt es zwei Interpretationsmoglichkeiten. Entweder bleiben einige Nickel-
atome metallisch oder das NiO formt hier eine sogenannte ,wetting layer* mit
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abweichenden Eigenschaften. Nach der Oxidation war das NiO fast hydroxid-
frei. Die beobachtete Reaktivitdt gegeniuber Wasser legte auch hier eine (111)
Orientierung nahe. STM zeigte die gleiche ,blumenkohlartige* Struktur, die
schon bei den dickeren NiO Schichten auf Cu(111) beobachtet wurde. Eine
erhebliche Oxidation der Kupferoberflache konnte ausgeschlossen werden.

Adsorption auf und Reaktionen von C,Hx Spezies auf sauberem und
Sauerstoff vorbedecktem Ni(111)

Bei Dosierung mit dem hochenergetischen Molekularstrahl adsorbierte Ethan
dissoziativ als Ethyl auf Ni(111). Sowohl die Ethyl- als auch Ethenspektren
zeigten zwei Peaks mit Vibrationsaufspaltung. Bei Ethen erklaren sich diese
durch eine Geometrie mit einem Kohlenstoffatom in einer ,hollow” Position
und dem anderen in einer ,on-top“ Position. Die gleiche Adsorptionsgeometrie
wurde fur Ethyl vorgeschlagen. Fur Acetylen auf Ni(111) wurde die bekannte
»hollow-hollow* Adsorptionsgeometrie gefunden. Ethyl und Ethen dehydrierten
beide um 200 K zu Acetylen, welches um 400 K zu einer Kohlenstoffspezies
dehydrierte. Wenn Acetylen direkt auf die Oberflache dosiert wurde, fand sich
bei deutlich héheren Acetylenbedeckungen die Trimerisierung zu Benzol als
neuer Reaktionspfad. AnschlielRend dehydrierte das Benzol, wodurch hohe
Kohlenstoffbedeckungen auf der Oberflache entstanden, welche die Ursache
fir eine neue, noch nicht identifizierte Spezies bei hohen Temperaturen sind.

Die Adsorption von Ethan und Ethen auf einer mit 0.25 ML Sauerstoff in einer
p(2x2) Struktur vorbedeckten Ni(111) Oberflache unterschied sich deutlich
zum Verhalten auf der sauberen Oberflache. Die Spektren beider Adsorbate
zeigten nur einen Peak, was auf eine ,hollow-hollow" Adsorptionsgeomtrie
schlieBen liel3. Obwohl Ethan mit dem Hochenergie Molekularstrahl dosiert
wurde, adsorbierte es intakt. Auch Ethen adsorbierte intakt, und fur beide
Adsorbate war die Sattigungsbedeckung deutlich niedriger als auf der sauer-
stofffreien Oberflache. Beim Aufheizen der Oberflache desorbierten beide Ad-
sorbate unterhalb von 250 K und dehydrogenierten nur geringfligig, was mit
Licken in der Sauerstoffschicht erklart wurde. Die Koadsorption von Acetylen
mit Sauerstoff flhrte zu geringeren Sattigungsbedeckungen als auf der sau-
beren Oberflache. Die Adsorptionsgeometrie &nderte sich nicht, aber zusatz-
lich zum chemisorbierten Acetylen fand sich eine physisorbierte Spezies, die
auf der sauberen Oberflache bei gleicher Temperatur nicht vorlag. Bei hohe-
ren Temperaturen fand sich der gleiche Reaktionsweg wie auf der sauberen
Oberflache, d.h. Trimerisierung zu Benzol und Dehydrierung. Der S-Faktor
pro C-H Bindung flr die untersuchten Adsorbate auf Ni(111) ist 0.17+0.02.

Adsorption von Kohlenwasserstoffen auf Cu(111) und dinnen NiO
Schichten

Ethan wurde mit dem hochenergetischen Molekularstrahl auf Cu(111) dosiert
und adsorbierte dissoziativ als Ethyl. Ethen, Propan, Propen und Acetylen
adsorbierten intakt. Alle C 1s Spektren zeigten eine Vibrationsaufspaltung mit
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einem S-Faktor pro C-H Bindung von 0.20+0.02. Die Spektren aller Adsorbate
aulRer Acetylen hatten eine groRe Ahnlichkeit mit Gasphasenspektren, am
deutlichsten fiir Propen. Diese Ahnlichkeiten und die vollstandige Desorption
dieser Adsorbate unterhalb von 250 K wiesen auf eine sehr schwache Wech-
selwirkung mit der Oberflache hin. Acetylen war deutlich starker an die Ober-
flache gebunden. Es blieb bis 325 K auf der Oberflache. Bei dieser Tempera-
tur reagierte es zu einer Reihe von Produkten, die sofort desorbierten.

Die Adsorption von Propan, Propen, Ethan, Ethen, Acetylen und Methan wur-
de bei Temperaturen um 120 K auf den drei unterschiedlichen NiO Schichten
untersucht. Bei allen Adsorbaten wurden physisorbierte Spezies gefunden. Im
Fall von Methan wurde nur ein kleines Signal bei laufendem Molekularstrahl
auf NiO/Ni(111) beobachtet. Die meisten physisorbierten Molekile desor-
bierten unterhalb von 200 K, aber auf Defektstellen waren einige bis zu hohe-
ren Temperaturen stabil. Alle Adsorbate (aul3er Ethan) waren auf NiO/Ni(111)
am starksten gebunden und am schwéchsten auf 0.5 ML NiO/Cu(111).

Auf allen NiO Schichten wurde nur fur Acetylen neben der physisorbierten
auch eine chemisorbierte Spezies gefunden. Bei Adsorption um 120 K wur-
den beide beinahe gleichzeitig besetzt. Auf NiO/Ni(111) desorbierte das
meiste physisorbierte Acetylen unterhalb von 200 K. Eine kleine Menge der
physisorbierten Spezies reagierte zu einem Kohlenstoffallotrop, welches auch
unterhalb von 500 K das Reaktionsprodukts der chemisorbierten Spezies war.
Die charakteristischen Peaks fur C-C Bindungen und C-O Einzelbindungen in
Kohlenstoffallotropen wurde beobachtet. Auf 2 ML NiO/Cu(111) fand sich eine
zusatzliche Kohlenstoffspezies, auf 0.5 ML NiO/Cu(111) adsorbierte Acetylen
um 120 K auf den NiO Clustern und auch auf den blanken Cu(111) Flachen
dazwischen. Die Rander der Cluster und ihre Umgebung waren nicht besetzt.
Beim Heizen reagierte das Acetylen zu dem Kohlenstoffallotrop und der
Kohlenstoffspezies, die bereits auf 2 ML NiO/Cu(111) aufgetreten war. Der C-
O Einzelbindungspeak fand sich hier nicht. Dosierung von Acetylen auf 0.5
ML NiO/Cu(111) bei 400 K fuhrte zu fortgesetztem Wachstum des
Kohlenstoffallotrops und vollstandiger Reduktion des NiO.

Bildung und thermische Entwicklung von NiOH und NiCOg

Wasseradsorption um 120 K auf Ni(111), Cu(111) und Nickel auf Cu(111)
fuhrte zur Bildung geringer Hydroxidmengen auf allen drei Oberflachen sowie
zur Bildung von Multilagen physisorbierten Wassers, welche in allen Fallen
unterhalb von 250 K desorbierten. Fur CO, wurde bei ~120 K keine
Adsorption auf Cu(11l) gefunden und nur eine sehr schwache
Wechselwirkung mit Ni(111). CO, welches unterhalb von 120 K auf Cu(111)
adsorbiert wurde, fuhrte aufgrund von shake-up Strukturen sowohl im C 1s als
auch im O 1s zu sehr komplexen Spektren. CO desorbierte von Cu(111)
unterhalb von 170 K vollstandig. Auf Ni(111) und 3 ML Nickel auf Cu(111)
wurden c(2x4) Adsorbatstrukturen mit einer nominalen Bedeckung von 0.5 ML
von CO prépariert. Diese wurden als Referenz fur Bedeckungen verwendet.
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Auf den drei verschiedenen NiO Oberflachen flihrte Wasseradsorption um
120 K zu einer Zunahme des Hydroxidsignals und zur Physisorption von
Wasser. Das physisorbierte Wasser und die Hydroxidschichten fuhrten zu
einer Dampfung der Photoelektronen der darunterliegenden Schichten, was in
der quantitativen Analyse berucksichtigt wurde. Diese zeigte, dass sich die
Oxidbedeckung wahrend der Hydroxidbildung nicht &ndert. Dies erklart sich
dadurch, dass Oxidsauerstoffatome ihre Bindungsenergie bei Aufnahme
eines Wasserstoffes nicht andern. Der Hydroxidpeak hat eine andere Bin-
dungsenergie. Die hochsten Hydroxidbedeckungen wurden auf NiO/Ni(111)
gefunden, die niedrigsten auf 0.5 ML NiO/Cu(111l). Das physisorbierte
Wasser desorbierte unterhalb von Raumtemperatur. Unterhalb von 200 K
blieben die Hydroxidbedeckungen konstant und verringerten sich bei hoheren
Temperaturen kontinuierlich; bei 600 K war noch Hydroxid auf der Oberflache
vorhanden. Dies erklart sich aus einer komplizierten Restrukturierung der
Oberflache, zwischen der flachen Hydroxid-bedeckten Oberflache und der
Hydroxid-freien Oberflache, die oktopolar rekonstruiert ist um Oberflachen-
ladungen zu kompensieren. Diese Restrukturierung bendtigt Materialtrans-
port, was zusatzlich zur thermodynamischen auch zu kinetischer Limitierung
fuhrt und dadurch zur Existenz mehrerer Ubergangszustande. Die Oxidbe-
deckung blieb innerhalb des untersuchten Temperaturbereichs konstant.

CO, Adsorption unterhalb von 125 K fiihrte zur Bildung von Carbonatschich-
ten und zur Physisorption von CO,. Die Sattigungsbedeckung von Carbonat
auf NiO/Ni(111) war hoher als auf 2 ML NiO/Cu(11l). Die Sauerstoff-
bedeckung blieb wahrend der Adsorption konstant. Dies bedeutet, dass das
Oxidsauerstoffatom im COs seine Bindungsenergie beibehalt. Beim Heizen
zeigte die Carbonatschicht ein &hnliches thermisches Verhalten wie das
Hydroxid, d.h. einen langsamen thermischen Zerfall, der bei 130 K begann
und Uber einen grolRen Temperaturbereich andauerte. Dies zeigt, dass das
Carbonat, ahnlich wie Hydroxid, die polare NiO(111) Oberflache stabilisiert
und wéahrend des thermischen Zerfalls eine vergleichbare Restrukturierung
der Oberflache stattfindet. Auf 0.5 ML NiO/Cu(111) bildeten sich nur geringe
Carbonatmengen, als es um 120 K CO, ausgesetzt wurde.

Auf NiO/Ni(111) und 2 ML NiO/Cu(111) fuhrte CO Adsorption um 120 K zu
Carbonatbildung, allerdings mit niedrigerer Sattigungsbedeckung als bei CO;
Adsorption. In der C 1s Region tauchte eine Vorgangerspezies auf, welche
bei Heizen auf Raumtemperatur vollstandig zu Carbonat reagierte. Unterhalb
von 250 K wuchs die Carbonatmenge aufgrund dieser fortgesetzten Reaktion,
oberhalb von 300 K zeigte die Carbonatschicht das bekannte Verhalten. CO
physisorbierte auch auf NiO, und desorbierte wieder unterhalb von 200 K. Auf
0.5 ML NiO/Cu(111) physisorbierte CO nur auf den Cu(111) Flachen. Ein
stabilisierender Effekt von NiO auf das physisorbierte CO wurde aus der im
Vergleich zu sauberem Cu(111) héheren Desorptionstemperatur abgeleitet.
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