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Abstract
The structure, bonding and chemistry of water and hydroxyl on certain well-deﬁned metal single-crystal
surfaces are presented in this thesis. Synchrotron based core level spectroscopies (x-ray photoelectron
(XP)- and x-ray absorption (XA) spectroscopy) in combination with scanning tunneling microscopy
(STM), low energy electron diﬀraction (LEED) and density functional theory (DFT) calculations form
the basis of the presented results. Taken together these techniques provide chemically quantitative,
local electronic and geometric information. Conditions for the experimental investigations span the
temperature range 35 - 520 K (-240 to 250◦ C) and pressure range from ultra-high vacuum (UHV)
[10−11 Torr (∼10−14 Atm)] to near ambient pressures [∼1 Torr (∼10−3 Atm)]. With the sampled
range of experimental conditions and techniques at hand we address the structure and bonding of
water at metal surfaces along with activation barriers for water dissociation, structure and bonding in
mixed water-hydroxyl phases and the fundamental importance of hydrogen (H-) bonding interactions
on structure and kinetic barriers.
Adsorption of water at the Pt(111), Ru(001) and Cu(110) surfaces at temperatures below 150 K
under UHV conditions, i.e. below the temperature for signiﬁcant ice sublimation rates, is found to
proceed molecularly and no dissociation is observed. Complete 2-dimensional wetting layers can be
formed on Pt(111), Ru(001) and Cu(110). At water adsorption temperatures above 150 K on Ru(001),
it is found that previously reported isotope dependent features in thermal desorption spectra are due
to qualitatively diﬀerent surface chemistry for H2 O and D2 O. Whereas D2 O desorbs molecularly intact,
H2 O dissociates in kinetic competition with the desorption channel above 150 K, the diﬀerence explained
by the delicate change in energetics introduced by the approximately 0.1 eV lower zero point vibrational
energy of the intramolecular O-H bond compared to O-D bond in the water isotopes. The molecularly
intact water overlayer is found very sensitive to x-ray and electron induced damage and it is argued
that this reconciles conﬂicting results in the literature over the, in essence, magnitude of the activation
barrier for water dissociation on Ru(001).
The structure of the mixed H2 O:OH phases on the hexagonally close-packed Ru(001) and Pt(111)
surfaces were studied and compared. On Ru(001) it consists of stripe-like structures 4 to 6 Ru lattice
parameters wide where OH, in a non-donor conﬁguration, decorates the edges of the stripes whereas the
inner structure consists of intact water. The observed short-range order of the mixed H2 O:OH stripes
and the tendency of OH not to fully dissolve into the H2 O-containing H-bond network on Ru(001)
is radically diﬀerent compared to the mixed H2 O:OH phases observed on Pt(111). On
two
√ Pt(111)
√
types of extended long-range order mixed H2 O:OH H-bonding networks with 3×3 and ( 3 × 3)R30◦
symmetry were studied and found to be inter-related by geometric distortions originating from the
asymmetric H-bond donor-acceptor properties of OH towards H2 O.
On the open Cu(110) surface the structure of the intact water monolayer is a mixed H-down and
H-up structure in a 2:1 ratio. Similarly to the H2 O/Ru(001)-system the molecularly intact water
monolayer on Cu(110) start dissociating slightly above 150 K and is very sensitive to x-ray and electron
induced damage. The studies on Cu(110) were extended to near ambient conditions utilizing in-situ
XPS and compared to results on Cu(111). Whereas the Cu(111) surface remains adsorbate free, we
ﬁnd that the Cu(110) surface at room temperature up to about 430 K in the presence of only 1 Torr
water holds signiﬁcant amounts of water in a mixed H2 O:OH layer. The diﬀerences are explained by
the diﬀering activation barriers for water dissociation, leading to the presence of OH groups on Cu(110)
which lowers the desorption kinetics of water by orders of magnitude due to the formation of H2 O-OH
bonds of signiﬁcant strength. By lowering the activation barrier for water dissociation on Cu(111) by
pre-adsorbing atomic O, generating adsorbed OH, similar results to those on Cu(110) are obtained.
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Chapter 1
Introduction
Chemical reactions involving water, the most abundantly occuring compound on earth, constitute a fundamental part of uncountable astrophysical, biological, geological and industrial
processes. Most of the reactions of importance take place at interfaces and water is in principle present at all surfaces under ambient conditions. Understanding water dissociation into
adsorbed hydroxyl and atomic hydrogen is of fundamental importance, given that an eﬃcient
splitting of water and extraction of hydrogen could allow for a sustainable energy source based
on hydrogen as an energy carrier. Adsorbed hydroxyl governs many of the adsorptive and reactive properties of solid surfaces. This holds true for mineral as well as metal surfaces and
knowing the partitioning of water between its molecular and dissociated forms is therefore of
great importance.
A great deal has been learnt about water adsorption over the years from surface science work
performed under ultra-high vacuum (UHV) conditions and low temperatures. However, it is
still a maturing ﬁeld of research and there is plenty of room for an improved understanding of
the detailed structural arrangement and chemical bonding of adsorbed water layers and mixed
water-hydroxyl phases at surfaces, magnitudes of kinetic barriers toward water dissociation (as
well as formation) and adsorption-desorption dynamics at elevated pressures and temperatures.
Water and hydroxyl belong to the particular class of adsorbates capable of forming hydrogenbonds of signiﬁcant strength and the importance of considering these interactions for surface
chemical reaction kinetics is only in its very early stages of being recognized and understood.
H-bonding interactions can signiﬁcantly alter activation barriers for certain processes to occur
and as we shall see, considering the H-bonding interactions is essential for an understanding
of the structure and surface chemical dynamics of water and mixed water-hydroxyl phases at
surfaces.
One of the most important objectives of surface science and catalysis lies in establishing the
fundamental correlation between the atomic scale surface geometric and electronic structure and
reactivity. A way to establish these correlations is through the use of single-crystals for which the
surface structure is known and well-deﬁned. In this thesis studies of water and hydroxyl adsorption on the hexagonally close-packed single-crystal metal surfaces Pt(111), Ru(001), Cu(111) as
well as the more structurally corrugated Cu(110) surface are presented.
By mainly employing core-level spectroscopies, very sensitive to the local environment in the
proximity of the probed atom, in combination with theoretical modeling within the framework of
density functional theory (DFT), we address the above mentioned important scientiﬁc questions
regarding water and hydroxyl adsorption on metal surfaces:
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• Structure and bonding of molecularly intact water monolayers
• Activation barriers towards water dissociation
• Structure and bonding of mixed water-hydroxyl phases
• Water and hydroxyl chemistry at near ambient conditions and the importance of H-bonding
interactions

Although the studies undertaken are of very fundamental nature, they have direct touchingpoints with more speciﬁc applications in industry. The metals Pt, Ru and Cu are widely used
catalysts either as the pure element or as bimetallic alloys in nano-particulate form for catalytic
processes in which water and hydroxyl chemistry constitutes a fundamental part. Pt/Ru alloys
are by far todays best material for CO (carbon monoxide) resistant fuell-cell anodes. The
industrial catalytic processes for Hydrogen production employed presently, i.e. methane steam
reforming and the water-gas shift reaction utilizes Ru and Cu, respectively. These Hydrogen
producing reactions are cornerstones of todays large-scale chemical industry and form the basis
for ammonia and methanol synthesis.
The results are presented in chapter 6 as a summary of the most important ﬁndings in Papers
I-VII.

Chapter 2
Background Physics
2.1

Electron based techniques and surface science

The birth of electron-based techniques in surface science has its roots in the days (∼1925) when
Davisson and Germer 1 were experimenting with backscattering of electrons from a polycrystalline Ni target when an accident in the laboratory resulted in it being oxidized. The Ni target
was cleaned by heating it in H2 which induced large crystalline domains within the sample.
These well-ordered areas scattered the incident electron beam diﬀerently than seen before and
this feature was correctly ascribed by Davisson and Germer to the wave nature of electrons,
their de Broglie wavelength, and the subsequent diﬀraction of the incident electrons from the
ordered surface 1 . The diﬀraction of low-energy electrons from surfaces forms the physical basis
for low-energy electron diﬀraction (LEED).
Low-energy electrons of energies in the range of 15-1000 eV are ideal for investigations of the
topmost layers in solids because their mean free path in solids are on the order of a few atomic
layers (< 10 Å). Experimental data show a “universal curve”of electron mean free paths 2 which
has a broad minimum around 40-100 eV (corresponding to a mean free path of about 5 Å).
Electrons in matter can be photo-ejected 3,4 and their kinetic energy distribution can be analyzed in an electron spectrometer. This forms the physical basis for photoelectron spectroscopy.
Using appropriate photon energies (20-1500 eV) to eject electrons from a solid substrate it follows from the “universal curve” that the information contained in the kinetic energy distribution
of electrons originates from the near surface region.
The electronic structure of a system may be divided into electronic levels responsible for the
element-speciﬁc chemistry and chemical bonding, i.e. valence electrons, and lower-lying levels
chemically inactive but energetically very speciﬁc for a certain element, i.e. core electrons. It was
realized in the early days of photoemission that core electronic levels are, besides being elementspeciﬁc, also highly sensitive to the speciﬁc local physico-chemical conditions of the core ionized
atom 5 . This results in so called chemical shifts (also denoted core level shifts) and the wealth of
information contained therein pushed forward the development of ESCA (Electron Spectroscopy
for Chemical Analysis), leading to K. Siegbahns Nobel Prize in Physics 1981. Today ESCA is
referred to as X-ray Photoelectron Spectroscopy (XPS).

2.2

LEED and surface nomenclature

LEED investigations are part of Paper III and Paper IV and is one of the most frequently used
tools in surface science to determine the long-range order structure and symmetry of the surface
under investigation. It is therefore well worth a brief introduction.
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The wavelength of an electron due to the wave-particle duality nature of matter is given by
the de Broglie relation:
λ= √

h
2me E

(2.1)

where λ is the wavelength of the electron wave, h is the Planck constant, me is the electron
mass and E is the kinetic energy. The fortunate coincidence that an electron with a wavelength
on the order of interatomic spacings (∼1 Å) has a kinetic energy of approximately 150 eV and
the resulting high surface sensitivity (“universal curve”) forms the basis for LEED from solid
surfaces. A second feature that contributes to surface sensitivity in LEED is the fact that
backscattering probability (cross-section) of electrons is higher than that of forward scattering
in the low kinetic energy regime. Electrons with energies in the range 20 − 500 eV that are
elastically backscattered will form a Frauenhofer diﬀraction pattern.
The electron beam used at above 50 eV has typically a beam diameter of around 1 mm with
a coherence width of approximately 50 − 100 Å. The coherence width of the beam sets the limit
for constructive interference and structural domains with a smaller diameter than the coherence
width will not constructively add to the diﬀraction pattern but add diﬀuse background intensity.
The observed diﬀraction pattern is therefore an ensemble average of structural domains (larger
than the incident electron beam coherence width) within the electron beam. With this in mind,
it is imperative to realize that the symmetry of the surface atom arrangement is at most the
symmetry indicated by the LEED pattern: the true surface structure could possess a lower
symmetry.
The local surface structure of a crystalline solid is in general periodic in two dimensions,
not saying that all surface atoms lie in a plane, and lacks periodicity in the direction normal
to the surface. A surface structure can be built up by the substrate itself or together with an
overlayer of a diﬀerent chemical element/compund adsorbed onto the substrate. We can deﬁne a
two-dimensional primitive unit cell (unit cell of smallest area) with primitive translation vectors
a1 and a2 , in the surface plane. The primitive translation unit vectors build up a substrate net;
a reference net to which a surface net can be related. The vectors b1 and b2 , deﬁning the net of
the surface structure, can be expressed in terms of the reference net by a matrix operation M:



 


b1
a1
m11 m12
a1
=M
=
(2.2)
b2
a2
m21 m22
a2
Provided that the angles between the primitive translation vectors of the substrate and the
surface are equal, one can then use the widely used shorthand notation introduced by E.A.
Wood, called Wood-notation 6 . The relation of the surface net to the substrate net is then
expressed as


b2
b1
Rα
(2.3)
×
a1 a2
in terms of length relationship between the primitive unit cell vectors of the diﬀerent nets
and the angle α of relative rotation between the two nets. If α = 0, the angle is omitted.
There is a direct correspondence between the observed diﬀraction pattern and the reciprocal
lattice of the surface 7 . With some existing structural input this allows us to derive real-space
lattices which could produce the observed LEED-pattern. The real-space (M) and reciprocal
(M∗ ) lattices are related through the following matrix relations (2.2):
T
(M∗ )−1
T

M∗ = (M)−1
M =



(2.4)
(2.5)

2.3 Surface processes
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No information about exact atomic positions (e.g. adsorption sites) can be retrieved from the
observed LEED pattern in itself. This is so because it is translationally invariant to the origin
of the surface net. However, due to the very strong electron-matter interactions at low kinetic
energies, which is the foundation for the surface sensitivity in the ﬁrst place, multiple scattering
events are highly probable and lead to intensity modulations of observed LEED spots as a
function of kinetic energy of diﬀracting electrons. From the energy dependence of LEED spot
intensities structural information can be obtained utilizing multiple scattering reconstructions of
the energy dependence. For a more indepth discussion on this topic, see e.g. the LEED textbook
by L.J. Clarke 7 .

2.3

Surface processes

As the atom/molecule approaches the solid surface from gas-phase the interaction with the
surface starts becoming non-negligible. Depending on the nature of the interaction-potential
there is a certain probability that the atom/molecule is not immediately scattered back into
the gas-phase but comes to reside at the surface. The probability of this event is referred to as
the sticking coeﬃcient (S) and takes a value from 0 to 1 where the value of 1 means that all
atoms/molecules impinging the surface spend signiﬁcantly longer time at the surface compared
to in the direct scattering process. Once adsorbed a wealth of surface phenomena can occur
such as:
• diﬀusion at the surface
• surface reaction, e.g. association with another adsorbate (or entity of the solid surface) or
dissociation
• desorption of the original molecule or product of surface reaction
In this section only the very basics of adsorption, desorption and surface reaction kinetics
will be covered. For a more thorough and proper treatment see e.g. textbooks by Chorkendorﬀ/Niemantsverdriet 8 and Zangwill 9 .

2.3.1

Adsorption kinetics

The rate of adsorption is governed by the rate of impingement of molecules at the surface and
the sticking coeﬃcient. The impingement rate or ﬂux (F) of molecules striking the surface per
unit area is given by the Hertz-Knudsen equation:
PT orr
F (molecules × cm−2 × s−1 ) = 3.51 × 1022 
M(g/mol) × T

(2.6)

where M is the average molar weight of the impinging species and T is the absolute temperature. The rate of adsorption (Rads ) is simply
Rads = F × S

(2.7)

It is essential here to mention that S has a dependence on the temperature of the substrate as
well as on the temperature of the incoming molecule, but more importantly it strongly depends
on the number of available adsorption sites at the surface, decreasing with decreasing number
of available adsorption sites. In the case of high availability of surface adsorption sites, one can
assume S to be essentially constant.
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Physisorption and Chemisorption

There are two principal modes of adsorption and they are Physisorption and Chemisorption.
Physisorption is a weak resulting bonding, typically around 0.2 eV and below, characterized by
the lack of a true chemical bond between adsorbate and surface, i.e. no electrons are shared, not
saying that there can not be signiﬁcant electron rearrangement in the molecule upon adsorption. The energetic contributions to this mode of adsorption is the van der Waals interaction
(attractive but the weakest form of bonding) and a repulsive part originating from the kinetic
energy increase of electrons in atoms at short distances from each other as a result of the Pauli
exclusion principle. The repulsive part is generally referred to as “Pauli repulsion”.
Chemisorption includes also all other types of interactions resulting in a stronger net chemical
bonding to the surface compared to physisorption. Covalent bonding involves electron-pairing,
ionic bonding is mainly a pure electrostatic interaction and metallic bonding is essentially the
ultimate form of covalent bonding with very delocalized valence (s- and p- but not d-) electrons
in the metal.

2.3.3

Activation barriers

So far we have not considered the energetics of diﬀerent possible surface processes. The dynamics
involved in changing from one state to another is determined by the potential energy landscape
in which the system evolves. The trajectory (time evolution) of e.g. a diatomic molecule in the
potential energy landscape at the solid surface is referred to as the reaction coordinate.

Energy (arb. units)

1-

Surface + 2X
Eadiss(2)

0-

Eades(1)

Eadiss(1)

Surface + X2
Eads
Physisorption
(Surface - - X2)

-1 -

-2 -

Eads
Associative
chemisorption
(Surface - X2)
Dissociative
chemisorption
(2 x Surface - X)

Reaction coordinate (arb. units)
Figure 2.1: Schematic and simpliﬁed potential energy diagram for the interaction of a diatomic molecule, X2 , approaching and interacting with a surface. At ﬁrst upon approaching, van der
Waals interactions may attract the molecule into a weakly bound, physisorbed, state. From
this physisorbed state it may proceed into an associative (non-dissociated) chemisorbed
state. If the activation barrier Ediss
is overcome the molecule may dissociate into two
a
chemisorbed atoms. The energy required to desorb these atoms again is Edes
a . Also
shown are the corresponding adsorption energies, Eads for the physisorbed and associatively chemisorbed states.

In Figure 2.1 we show very simpliﬁed potential energy curves for a generic diatomic molecule
approaching and interacting with a solid surface. Initially upon approaching the surface from
the gas-phase the weak van der Waals interaction sets in. If the molecule can loose kinetic
energy upon interacting with the surface, it may be trapped in the weak attractive potential and

2.3 Surface processes
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become physisorbed at the surface. The energy of adsorption, Ephys
ads , is here the energy change
upon adsorption. It is a negative value since it follows from a net attractive interaction.
Through substantial charge rearrangement in the molecule and the surface, the molecule
may form a proper chemical bond to the surface and become chemisorbed with an adsorption
energy Echem
ads . Following the minimum energy path, shown as the thicker solid line in Figure
2.1, from the bottom of the well of the physisorbed state to the associatively (not dissociatively)
chemisorbed state we note there to be a small energy barrier to be overcome. The barrier
between the physisorbed state and the chemisorbed state is usually small but system-dependent.
As illustrated in the ﬁgure, molecular chemisorption may occur directly from gas-phase without
passing through a physisorbed precursor-state.
Breaking the intra-atomic bond in the molecule requires a supply of energy allowing for the
substantial charge rearrangement necessary. Approaching from gas-phase towards the dissociated state the molecule encounters a larger energy barrier, Ediss
a , which needs to be overcome.
As shown in ﬁgure 2.1 the curve crossing between the potential energy curves here is above the
“zero energy” of the system which means that there is a direct “activation barrier” towards
dissociative adsorption and dissociation can therefore not proceed barrierlessly from gas-phase.
As shown in ﬁgure 2.1, depending on the adsorption strength of the two adsorbed atoms to the
surface (Ediss
ads ), i.e. the depth of the dissociative chemisorption potential well (solid and dashed
(1) or
lines in Fig 2.1), there will be diﬀerences in the magnitude of the activation barrier (Ediss
a
(2))
as
the
position
of
the
curve-crossing
shifts.
The
dissociation
process
may
even
proceed
Ediss
a
barrierlessly if the potential energy curve-crossing occurs near or below the “zero energy” of the
system.
We may get the impression from the very simpliﬁed and schematic ﬁgure 2.1 that also changes
in the associative chemisorption energy, Echem
ads , would greatly aﬀect the activation barrier for
dissociation. However, based on extensive theoretical eﬀorts 10–15 it has been found that the
activation barriers for a number of classes of elementary dissociation reactions at metal surfaces,
such as e.g. dehydrogenation and dissociation of diatomic molecules, depend linearly on the
heat of adsorption for the molecular fragments in the dissociated state (Ediss
ads in ﬁgure 2.1). Such
linear relations between the activation barriers and heats of adsorption have long been assumed
to be valid for dissociative chemisorption and are called Brønsted-Evans-Polanyi relations 16,17 .
The underlying mechanism responsible for the linear relationships is that the activation barrier
is determined by a conﬁguration of the dissociating molecule, the so called “transition state” 8,18 ,
which in its nature is essentially the same at geometrically similar surface sites and resembles
more the ﬁnal dissociated state than the initial molecular state (so called “late” transition state).
We make a small note here, however with huge implications, that compared to breaking a
chemical bond of a molecule in the gas-phase, at the surface other chemical bonds are already in
place (or are formed) during dissociation which can signiﬁcantly lower the activation barrier for
dissociation by oﬀering an energetically much more favorable path. The lowering of activation
barriers for desired chemical reactions to occur is at the heart of the catalysis industry and ﬁeld
of research. As point in case, we may take the water molecule as an example. The O-H bonds
in H2 O are on the order of 5 eV strong. However, adsorbed in a hydrogen-bonding network
on a Ru(001) or Cu(110) surface it takes only an activation barrier of about 0.5 eV to break
one internal O-H bond in H2 O (see e.g. Paper II). This low dissociation barrier will have an
enormous impact on the rate of dissociation as we will see in section 2.3.4 where the basics of
rate theory are discussed.
From Fig 2.1 we can also draw conclusions about desorption phenomena. The energy required,
i.e. the activation barrier, for desorbing the two atoms, Edes
a , generated from the dissociation
process depends on the depth of the potential-well and the position of the curve-crossing. For the
case of the physisorbed and associatively chemisorbed molecule we see that the activation barrier
to desorb from the surface Edes
a is equivalent to -Eads . In some cases there is an activation barrier
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from physisorption to associative chemisorption but this barrier is often very small compared to
the chemisorption energy so the relationship
Eades ∼ −Eads

(2.8)

is very often a good approximation.
In the end, we realize that what determines the potential energy landscape in which adsorbates
move on a surface is the nature of interaction between the electronic structure of the adsorbate
and solid surface, i.e. the chemical bonding.

2.3.4

Unimolecular rate theory and desorption kinetics

The barriers between physisorption, associative and dissociative chemisorption are activation
barriers for the reaction from gas-phase molecule to dissociated atoms. These barriers and
associated rates set the boundary conditions for subsequent surface reaction kinetics.
Without much ado we introduce the generalized Arrhenius-expression for activated unimolecular rate processes:
R=

dN
= ν N n exp {−Ea /kB T }
dt

(2.9)

where ν is a pre-exponential factor, N is the concentration of adsorbed species, often also
expressed as θ (the fraction of occupied adsorption sites compared to surface saturation coverage
[1 monolayer (ML)]), t is the time, n is the reaction order, Ea is the activation barrier, kB is
Boltzmann’s constant and T is the absolute temperature. We see that the rate, R, has an
exponential dependence on both the temperature and the activation barrier (barrier height). A
change of these parameters will greatly aﬀect the rate for the process in question.
There is a temperature dependence of the pre-exponential factor which is neglected in equation
2.9. This is usually a good approximation as its T-dependence is most often much weaker than
the T-dependence of the exponential term. It need also be mentioned that attractive or repulsive
interactions between the adsorbates may render the parameters Ea and ν coverage dependent.
However, in the zero-coverage limit (low-coverage limit) one can assume Ea and ν to be constant.
We shall in this section treat only desorption phenomena and parameters related to a ﬁrstorder desorption process of associatively chemisorbed molecules explicitly. The desorption rate,
Rdes , for this ﬁrst-order process is given by:
Rdes = ν N exp {−Ea /kB T }

(2.10)

The pre-exponential factor for this desorption is normally in the range 1014.5±1.5 s−1 , depending
on the mobility of the adsorbate as it starts to leave the surface. If immobile, the pre-exponential
factor is close to that of a vibrational period, normally about 1013 s−1 (depending on substrateadsorbate bond), whereas if mobile (translationally, rotationally) it can be two to three orders
of magnitude higher.
One property that is intimately related to the ﬁrst-order desorption kinetics is the surface
residence time, τsurf ace , the average time that a molecule will spend at the surface under a given
set of conditions before it desorbs into the gas-phase. It is given by the Frenkel equation 19,20 :
τsurf ace =

1
exp {−Eads /kB T }
ν

(2.11)
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Under adsorption-desorption equilibrium conditions, i.e. Rads ≡ Rdes , we ﬁnd by rearrangement of equations 2.7 and 2.10 the simple relationship
τsurf ace =

N
FS

(2.12)

which allows us to experimentally determine τsurf ace by knowing the coverage N (or θ), the
impingement rate F and the sticking coeﬃent S.

2.4

The Hydrogen bond

The hydrogen-bond is of fundamental signiﬁcance for the structure and chemistry of a large
variety of aqueous and biological systems and all natural environments. It gives rise to the
many unique properties of the most important chemical substance on earth, namely water 21 .
The hydrogen-bond (H-bond) is intermediate between covalent or ionic bonding and van der
Waals bonding 21 , making it strong enough to create stable structures but also suﬃciently weak
to be easily broken at ambient temperatures.
The deﬁnition of a H-bond is not straightforward but in general terms the Hydrogen (H-)
bonds can be deﬁned as:
An X-H· · ·A interaction is called a “hydrogen bond”, if
1. it constitutes a local bond
and
2. X-H acts as a proton donor to A.
where for the H-bond donor molecule X = O, N or halogen and for the H-bond acceptor
molecule A = O, N, S, halide, etc.
Hydrogen-bonds can be classiﬁed into three diﬀerent categories depending on energetics and
interactions contributing to the energetics, but there are no natural borderlines:
i) Weak H-bonds: bond-strength below 0.2 eV mostly arising from van der Waals interaction
ii) Moderate H-bonds: bond-strength in the range 0.2 - 0.65 eV arising mostly from pure
electrostatic interaction (Xδ− -Hδ+ · · ·Aδ− )
iii) Strong H-bonds: bond-strengths above 0.65 eV with a strongly covalent character
The H-bonds discussed in this thesis are only those of category ii, i.e. moderate H-bonds of
predominantly electrostatic nature, since they apply directly to H2 O-H2 O, H2 O-OH and possible
OH-OH interactions. Although the bonds are of electrostatic character there may be some charge
rearrangement upon formation of these moderate H-bonds in order to minimize Pauli-repulsion
and allow for more favorable electrostatic interaction 22 .
The formation of a H-bond ﬂattens the potential energy surface for the H participating in
the bond as it interacts with the acceptor A and a very important way of looking at H-bonds is
to regard them as incipient proton-transfer reactions. This means that a partial bond H· · ·A is
already established and the X-H bond weakens. The stronger the H-bond, the more advanced
the stage of proton transfer and in some H-bonds the proton position is not stable at X or A, but
proton transfer actually takes place with high rates. The interpretation of hydrogen bonds as
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an incipient chemical reaction is complementary to electrostatic views on H-bonding and brings
into play acid-base considerations and proton aﬃnities.
The eﬀects of H-bonding between adsorbates at surfaces must be non-negligible since the
ﬂattening of the potential energy surface for H in a H-bond, as well as the changed energetics
of adsorption in the presence or absence of a H-bond, will aﬀect both the shape of the potential
energy curves and the adsorption energetics (see e.g. ﬁgure 2.1). H-bonding will therefore
directly impact activation barriers for the occurrence of surface chemistry.

2.5

H2O and OH adsorption at metal surfaces

As discussed in the Introduction, the water and hydroxyl interaction with surfaces plays a crucial
role in a large variety of systems. It is not only of fundamental interest but also of technological
importance considering, e.g., corrosion, electrolysis and fuel-cell technology. Water and hydroxyl
on metal surfaces are some of the most studied adsorption cases since the establishment of
modern surface science some 25 years ago 23,24 . In both major reviews on the topic of water
adsorption at surfaces 23,24 a call was made for a deeper understanding and study of molecular
level structure, adsorption geometries and the kinetics and mechanisms for water dissociation,
which all are at the heart of most surface-water interactions.

2.5.1

Bond energies

What is known about the fundamental energetics involved for H2 O and OH adsorption on
metal surfaces? The bonding to the metal substrate needs to be considered, and as is obvious
from section 2.4, the H-bonding between adsorbates. The metal-OH bond has been studied
theoretically 25 and found to be a very strong bond of mainly electrostatic character with charge
transfer from the metal substrate to OH as it regains its favored closed-shell electronic structure.
The charge distribution in OH on metal surfaces is therefore similar in character to OH− in
solution where it is known from neutron diﬀraction data 26 that OH is a better H-bond acceptor
but a worse H-bond donor towards H2 O than H2 O is to itself (i.e. H2 O-H2 O). This behavior
is what is expected based on the electrostatic nature of the H-bonds in a mixed H2 O and OH
system as the Oxygen in OH is more negatively charged than Oxygen in H2 O and an electron
density spillover to H in OH results in a less positively charged H in OH compared to H in
H2 O. With respect to the H2 O-metal adsorption energy it has been found to closely straddle
the H2 O-H2 O H-bonding energy 23,24,27–29 . In ﬁgure 2.2 we illustrate the relative order of bond
energies discussed above.

M

M

M - OH

H2O - OH

M - H2O

H2O - H2O

OH - H2O

side view

top view

side view

top view

top view

Figure 2.2: Illustration of the relative order of bond energies for metal, water and hydroxyl systems.

Important to mention with respect to ﬁgure 2.2 is that there are diﬀerences in the absolute
values of adsorption energies of OH and H2 O depending on the identity of the metal substrate 23–25,27–29 . Furthermore, it is well-known that the chemical identity of (chemical bonding
to) the substrate to which the H-bonding capable molecule is adsorbed can modify the H-bond
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donor-acceptor of the adsorbate 30 . The general order of the bond energies in ﬁgure 2.2 is expected to hold but the absolute values will be system-dependent. We may therefore expect
diﬀerences in the adsorption structures for water and hydroxyl on metal surfaces as they are due
to a balance between the diﬀerent interactions. Furthermore, kinetic barriers will be inﬂuenced
by relative changes in energetics.

2.5.2

Previously proposed structural models

Adsorbed water on metal surfaces is thought to form an H-bonded structure comprised of hexagonal rings of water, arranged in two layers to form an extended honeycomb network 23,24 . The
inner layer of water has the oxygen lone pair directed toward the surface, forming a weak bond
to the metal with its H-O-H plane nearly parallel with the plane of the surface, while the second
layer water completes the hydrogen bonding structure.

H-up

Mixed H2O:OH

H-down

Figure 2.3: Illustration of three proposed water adsorption induced structural models on metal surfaces. All models contain a ﬂat-lying water (red/lighter), side-view shown in ﬁgure 2.2, but
diﬀer in the orientation and chemical nature of the second molecule (blue/darker). H-up:
Traditional “ice-like” bilayer structure with the blue/darker water molecule having one of
its H’s pointing towards vacuum, Mixed H2 O:OH: water induced overlayer upon water
dissociation with ﬂat-lying H2 O (red/lighter) and ﬂat-lying OH (blue/darker), side-view
shown in ﬁgure 2.2, and H-down: H-orientation for water layer on Pt(111) where the
blue/darker water molecule has one of its H’s pointing towards the metal surface.

In the bilayer structure model for water adsorption (“H-up” in ﬁgure 2.3), proposed by Doering
and Madey 31 , only half of the molecules bind directly to the metal substrate through the oxygen
whereas the other half are displaced towards the vacuum with the non-hydrogen-bonded OH of
the second layer water molecule pointing up towards vacuum (H-up). This structure resembles
closely that of a buckled bilayer of ice Ih . However, later structural LEED studies of water on
Ru(001) by Held and Menzel 32 found only a small vertical displacement (0.15 Å) between the
two diﬀerent water molecules, contradicting the bilayer structure that estimates a much larger
value of 0.96 Å.
Feibelman recently reported a novel structure for water on Ru(001) 33 . He found a nearplanar hexagonal mixed network of water and hydroxyl, see “Mixed H2 O:OH” in ﬁgure 2.3, to
be energetically more favorable than the archetypical model of a molecularly intact hexagonal
ice-like bilayer. The partially dissociated phase was proposed as the only plausible model to
explain wetting on Ru(001). The work used total energy based geometry-optimizations in the
framework of density functional theory (DFT) and the partially dissociated structure agreed
very well with structural parameters extracted from the LEED study of water on Ru(001) by
Held and Menzel 32 . For a more favorable interaction, the generated H’s after water dissociation
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had to be displaced onto previously uncovered areas of the Ru(001) surface. It should be noted
here that the mixed H2 O:OH structural model proposed by Feibelman was actually one year
earlier proposed by Michaelides and Hu 34,35 for the intermediate phase in water production from
H2 + O2 on Pt(111).
Even more recently a weakly corrugated non-dissociated overlayer where all water molecules in the ﬁrst layer bind directly to the surface through alternating metal-oxygen (M-O) and
metal-hydrogen (M-HO) bonds, see “H-down” in ﬁgure 2.3, was revealed for the water/Pt(111)
system 36 . The work on Pt(111) utilized XPS to address the coordination of atoms to the surface,
XAS to determine the orientation of internal OH-bonds in water with respect to the surface and
XES together with DFT calculations to explain the detailed bonding mechanism.
On the open Cu(110) and Ni(110) surfaces, water adsorption has previously been found to
induce a distorted hexagonal structure 37–42 which has traditionally been considered structurally
very similar to the bilayer structure proposed by Doering and Madey 31 .

2.5.3

H2 O and OH chemistry

Water on Ru(001) has long been considered a model experimental system for water-metal interactions due to the very good match in lattice parameters (within 3 %) of the hexagonal basal
plane in ice Ih and that of the hexagonally close-packed Ru(001) surface 23 . However, for being
a model system the water/Ru(001) system displays some very unique features such as large isotope eﬀects in kinetics, manifested as large qualitative diﬀerences in thermal desorption spectra
(TDS) of the H2 O/D2 O isotopes 43,44 , and water overlayer structures 44 not reported for any other
transition metal. Whereas H2 O has desorption peaks at around 170 K and 210 K, D2 O has only
one desorption peak at about 180 K 43,44 .
Similar to the hexagonally closepacked surfaces Ru(001) and Pt(111), water’s interaction with
open metal surfaces, e.g. Cu(110) and Ni(110), has been controversial 23,24 . Ru(001), Ni(110) and
Cu(110) are particularly interesting water adsorption systems since they all have been classiﬁed
by thermodynamic analysis to be borderline cases between molecular and dissociative adsorption
of water 23 .
A number of diﬀerent surface phases have been characterized under UHV conditions for water
adsorbed on the clean and atomic oxygen pre-adsorbed Cu(110) surface 37–39 . A sketch over the
temperature ranges of stabilities of diﬀerent surface phases, their respective LEED-symmetry
and suggested composition, as well as a corresponding TDS spectrum for them, is shown in ﬁgure
2.4. A range of diﬀerent compositions illustrates the complexity of water surface chemistry on
Cu(110). In particular, similar to the water/Ru(001) system, there exists a controversy whether
the water adsorption mechanism is molecular or dissociative on Cu(110) 37–40,42 .
For water adsorption on Cu(110), and most metal surfaces in general, small amounts of preadsorbed atomic O well below saturation coverage for a developed surface oxide, enhance the
metal surface reactivity towards water and can form hydroxyl via H2 O + O −→ 2 OH 23,24 .
However, the stability of this generated OH diﬀers on diﬀerent surfaces. On the open surfaces,
Ag(110)/Ni(110) and Cu(110), OH groups are under UHV conditions stable up to, or somewhat
above, temperatures of approximately 290 K 24 (room temperature) whereas on, e.g., Pt(111)
they are only stable up to the onset of water desorption from a mixed H2 O:OH layer at about
190 K 45 .
Adsorbed OH on Pt(111) is one of the intermediates in the water production reaction from
H2 + O2 46,47 . Theoretical work 34,35 has clearly indicated that for this OH to remain at the
surface without recombining again via OH + OH −→ H2 O + O, extra water molecules binding
to OH are necessary in the intermediate phases involved. This result is fully supported by more
recent theory 48,49 and experiments 45 on energetics, structural and spectroscopic properties of
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Observed phases in LEED and their assignments
H2O
Intact ML ?
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Figure 2.4: Schematics over the observed phases on Cu(110) under UHV conditions with their respective
assignments 37–39 . The complexity of the water chemistry, number of phases and their
respective stability is illustrated by a TD spectrum of water from an atomic O pre-covered
Cu(110) surface (adopted from Bange and Madey 37 ).

the stable intermediate phases. All results point to that only when water has started to desorb
from a stable and saturated mixed H2 O:OH layer on Pt(111), only then can the OH + OH
recombinative reaction start occuring.
In general a number of reaction steps are involved in water surface chemistry. In ﬁgure 2.5,
shown on the following page, we summarize the processes normally considered for micro-kinetic
modeling of water surface chemistry 50 but have also introduced processes 2, 4 and 5 that are
results of H-bond formation studied and discussed in this thesis.
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→

1

H2 O(g) + *

2

H2O* + H2O*

3

H2O* + *

4

H2O* + OH*

←

5

{xH2O}* + *

6

OH* + *

7

OH* + OH*

8

H* + H*

9

O*+ O*

H2O*

→
H2O*-H2O*
←
→
←
→
←

OH* + H*

H2O*-OH*

→
{(x-1)H2O-OH}* + H*
←
→
←
→
←
→
←

O* + H*

H2O* + O*

H2(g) + 2*

→
O2(g) + 2*
←

Figure 2.5: Surface processes involved in water surface chemistry on a metal surface shown to illustrate
complexity. In the ﬁgure the * denotes a surface site on the metal surface and e.g. H2 O*
means that it is the combined H2 O and *, i.e. an adsorbed water molecule at a metal
site. Processes 2, 4 and 5 are particular processes resulting from H-bond formation not
considered in most micro-kinetic modeling of water surface chemistry.

Chapter 3
Core level Spectroscopy
The experimental results on structure, bonding and chemistry of water and hydroxyl on metal
surfaces in this thesis are primarily based on core level spectroscopies.

hν

Ionization

Excitation

XPS

XAS

hν

Non-radiative decay Radiative decay
Auger (non-resonant)

continuum states

XES (non-resonant)

hν

IP
bound states

Core levels

Figure 3.1: Illustration of the core level excitation-deexcitation processes in a very simpliﬁed picture.

Common to the core level spectroscopies is the measurement of transitions into or from core
orbitals, as shown in the schematic drawing of the electronic processes involved in Fig 3.1.
By core ionizing the system and measuring the kinetic energy of the outgoing electrons we
are eﬀectively doing X-ray photoelectron spectroscopy (XPS). If we instead choose to tune the
photon energy to core-valence absorption resonances, see ﬁgure 3.1, we gain information about
the unoccupied valence electronic states studying the near-edge X-ray absorption ﬁne structure
(NEXAFS or XAS for short) 51 .
The creation of a core hole either by ionization (XPS) or excitation (XAS) puts the system
into a state of ﬁnite lifetime, τcore , of about a few femtoseconds for the lighter elements in the
periodic table. The generated core hole can decay via two possible routes illustrated in ﬁgure
3.1. For simplicity the decay mechanisms are illustrated after a core ionization event as in XPS
and not core excited as in XAS. The decay of the generated core hole can occur radiatively or
non-radiatively. Common to both processes is the decay of the core hole by the transfer of a less
strongly bound electron into the core hole. The excess energy of the system leaves either through
the emission of another less strongly bound electron (Auger mechanism) or through a radiative
decay of the core hole generating an x-ray photon (x-ray emission mechanism). Measuring the
kinetic energies of the Auger electrons we are doing Auger electron spectroscopy (AES) and
measuring the outgoing x-ray photons we are doing X-ray emission spectroscopy (XES). XES in
particular can provide direct information about the occupied valence electronic states 52 . In the
present thesis no X-ray emission experiments have been undertaken. However, in section 3.3 we
will just brieﬂy touch upon the technique since the theoretical counterpart allows for an electron
population analysis and insights into chemical bonding.
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The created core hole, by XPS or XAS, has a small spatial extent and is, for the systems
under study in this thesis, localized to one atomic center. The system response to the generated core hole is determined by the spatial overlap with other electronic states of the system
and is therefore primarily sensitive to the electronic structure of the atom where the core hole
was created. The core level spectroscopies therefore provide atom-speciﬁc electronic structure
information very sensitive to the local electronic structure. The element speciﬁcity and local
environment sensitivity of the core orbitals can be exploited in a number of core level spectroscopy experiments on adsorbates 53 and can make inherently bulk sensitive methods like XES to
be surface sensitive 52 .
The core excited XAS ﬁnal state decay, Auger-decay or radiative decay, may involve the
initially excited electron or not (referred to as participator or spectator decay, respectively). If
the Auger-decay channel of the XAS ﬁnal state is studied we are doing resonant AES 53 and in
the case we are studying the radiative decay we are doing inelastic X-ray scattering 52 .
To access the deep-lying core levels we use photons in the soft x-ray region (about 50-1000
eV). These photon energies correspond to wavelengths approximately from 20 to 250 Å and
can be considered large compared to the dimension of the atom/molecule (∼ 1 Å) they interact with. The ﬁeld strength at any given moment of time can be considered constant over the
atom/molecule and therefore the ﬁeld experienced by the atom/molecule can be approximated
to vary as a function of time only and the ﬁeld can then be regarded as an oscillating dipole
(harmonic oscillator). This is the so called dipole approximation and has the important consequence that for radiative electronic transitions only those with a change of angular momentum
of one (∆l = ±1) are allowed.
The photon-mediated electronic transitions studied in this thesis involve an O 1s core orbital.
This means that the outgoing photoelectron wave in XPS will be of p-symmetry, in XAS only
excitations into O 2p unoccupied electronic states are allowed and similarly in XES only occupied
orbitals of O 2p character have non-vanishing probability to decay into the O 1s core hole. XAS
therefore probes the unoccupied O 2p levels whereas XES probes the occupied O 2p levels. Note
here that the dipole selection rule does not apply to AES since it is a non-radiative decay process.

3.1

X-ray photoelectron spectroscopy

In XPS we measure the kinetic energy of the outgoing electron after a core ionization event.
Total energy conservation demands that the total energy of the system does not change during
photoemission. This leads to the following total energy relationship before, Etot,i , and after,
Etot,f , photo-ionization:
Etot,i = hν + E(N ) = Etot,f = Ee,kin + E(N − 1) + φ

(3.1)

where hν is the photon energy, E(N ) is the total energy of the unperturbed N electron ground
(initial) state, Ee,kin is the kinetic energy of the photo ejected electron, E(N − 1) is the total
energy of a created N − 1 electron state and φ is the energy needed to remove an electron from
the sample, i.e. to overcome the ionization potential (IP) (for a metal this is the workfunction). In ﬁgure 3.2 the ionization event is schematically illustrated. In this ﬁgure the so called
Z+1 or equivalent core approximation, where Z refers to the charge of the atomic nucleus, has
been introduced for the core ionized state. The Z+1 approximation is usually a very good
approximation to the eﬀective nuclear charge in the core ionized state 54 .
At electron kinetic energies above 20 eV of the outgoing electron the ionization event can most
often be considered instantaneous, occurring on the 10−17 s timescale, and the redistribution
of the valence electrons into the abruptly new potential energy landscape generated by the
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core hole is thus determined by the overlap with the multitude of possible core ionized ﬁnal
states. This is referred to as the “sudden” approximation which bears a lot of resemblance
to its equivalent for vibronic transitions, the Franck-Condon Principle (based on the BornOppenheimer approximation). The Franck-Condon principle for vibronic transitions holds also
here due to the instantaneous nature of the core ionization event and leads to observations of
discrete vibrational ﬁne structure in XP spectra for certain systems.
Ekin
IP

hν

U=Z

U = Z+1

Figure 3.2: Left: Unperturbed ground state. Right: One of all the possible core ionized (N -1 electron) ﬁnal states. The solid area below the IP denotes possible bandformation in solids or
hybridization of atomic orbitals in a molecule. The Z+1, or equivalent core, approximation
has been introduced to describe the eﬀective nuclear charge in the core ionized state 54 .

The binding energy, EB , of an electron is deﬁned as the total energy diﬀerence between the
core ionized (N -1 electron) ﬁnal state system and the unperturbed initial (N electron) system, i.e.
E(N − 1) − E(N ). This total energy diﬀerence (binding energy) is identical to the experimental
deﬁnition hν − E e,kin − φ, see equation 3.1. In the case of metallic systems, as studied here, it
is very convenient to use the Fermi-level of the metallic substrate as a binding energy reference.
If we now consider the chemical shift between two systems A and B the binding energy shift,
∆EB , is expressed as
∆EB = E A (N −1)−E A (N )−[E B (N −1)−E B (N )] = E A (N −1)−E B (N −1)−[E A (N )−E B (N )]
(3.2)
However, when we compare core level binding energies of physico-chemically inequivalent
atoms in one and the same system, as performed in the studies contained within this thesis, all
core level binding energies refer to the same initial ground state of the system (E(N )), and the
binding energy (core level) shifts are entirely due to the diﬀerence in total energy of the core
ionized ﬁnal states
∆EB = E A (N − 1) − E B (N − 1)

(3.3)

which may be regarded as the diﬀerence in adsorption energy between the two diﬀerent core
ionized adsorbates. The eﬀects responsible for the diﬀering ﬁnal state total energies of the two
systems are related to the system response to the created core hole. Final state eﬀects include
the contraction of all orbitals towards the nucleus centered at the core hole site. In a molecular
or solid system there is, in addition, a ﬂow of charge towards the core hole site and a polarization
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of the surrounding atoms. For an understanding of ﬁnal state eﬀects and interpreting XP spectra
it is very useful to invoke the Z+1 approximation since the properties of the next element in the
periodic table can be invoked to understand ﬁnal state eﬀects 54 (diﬀerence in adsorption energy
between core ionized adsorbates).
In systems where the adsorbate chemisorbs to a metallic substrate, as studied in this thesis,
the core ionized ﬁnal state can be perfectly “screened”, i.e. of lowest possible total energy, and
can be considered a core hole with an additional charge at the Fermi level. This is of importance
when we in section 3.2 later on discuss a binding energy scale in XAS.
As a ﬁnal note we mention that whereas photoelectrons have a ﬁxed binding energy, Auger
electrons have a ﬁxed kinetic energy. This allows us to easily label observed peaks in a photoemission spectrum by changing the photon energy somewhat and observe which peaks stay, or
move, in kinetic energy.
For more details on photoemission the reader is referred to the textbook by S. Hüﬀner 54 ,
where e.g. also open-shell systems and possible XP ﬁnal states that are not of lowest total
energy, leading to satellite structures in the XP spectrum, are discussed.

3.2

X-ray absorption spectroscopy

In x-ray absorption spectroscopy we are probing the unoccupied states of our system. The
probability of photoabsorption is monitored as a function of photon energy when scanned over
an absorption edge. The excitation process is as for XPS instantaneous and we are therefore
taking “snapshots” of the unoccupied electronic structure of our system. However, important
to note is that the XA ﬁnal states, see ﬁgure 3.1, with a core hole and an electron present in a
previously unoccupied orbital are not those of the unoccupied electronic structure in the ground
state. However, the lowest excited XA ﬁnal state for a chemisorbed adsorbate on a metal surface
corresponds to the promotion of an electron to the Fermi-level, identical to the XP ﬁnal state
for a metallically screened system. The core hole eﬀect on the energetic position of the XA ﬁnal
states can therefore be subtracted and the resulting spectrum can be placed on a binding energy
scale similar to that for an optical excitation. The total intensity of the XA spectrum is given by
the unoccupied states in the ground state but the spectral shape reﬂects the unoccupied density
of states in the presence of the core hole. These are the so called initial and ﬁnal state rules for
XAS 55–57 .
XAS is governed by the dipole-selection rule and consequently the absorption cross section can
have a polarization dependent angular anisotropy. In our case the XA initial state, O 1s, is fully
symmetric and thus only transitions into unoccupied O 2p orbitals symmetry-allowed by the Eﬁeld vector are possible. In the case of molecules adsorbed on a surface, the surface constitutes
a natural reference (coordinate-) system to which there may be preferential orientation for the
adsorbed molecules. If we know which orbitals we are dealing with, here the unoccupied O
2p orbitals of H2 O or OH, we can use the linearly polarized light from the synchrotron to
investigate the orientation of these orbitals with respect to the surface 51 . Speciﬁcally, we can
choose whether to probe the adsorbate unoccupied O 2p electronic states along the surface
normal or perpendicular to it.

3.3

X-ray emission spectroscopy

In this thesis we have not utilized XES experimentally to probe the occupied valence electronic
states. However, it has been used for a population analysis of the occupied O 2p levels in Paper
IV and the technique will be very brieﬂy discussed.
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The non-resonant XE ﬁnal state with a valence hole (see ﬁgure 3.1) is identical to that
for a direct photoemission event of an electron from the valence band, called valence band
photoemission. In valence band photoemission electrons are ejected from all orbitals in the
valence band from all elements and diﬀerent species. Non-resonant XES, on the other hand, can
be interpreted in a simple one-electron picture as the radiative decay (projection) of occupied
valence orbitals into (onto) the core-vacancy, therefore providing an element-speciﬁc local probe
of the occupied valence orbitals 52 . Under certain conditions XES can provide atom-speciﬁc
information 52 , i.e. distinguish between species of the same element in diﬀerent chemical bonding
situations, by preparing core-holes on certain species by site-selective XA excitations.
From a theoretical point of view XES provides a very strong basis for population analysis.
Due to the strongly localized character of the core-vacancy in combination with the direct
dependence of the XE transition probability on the amount of local p-population (for a 1s core
hole), XES provides a very sensitive tool to directly measure this atomic electron population 52 .
This is especially so for non-resonant XE spectra which are best represented as a decay from the
occupied valence ground state electronic structure into the 1s core hole 58 .
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Chapter 4
Experiment
The results described in this thesis are entirely or partly based on the use of synchrotron radiation. The synchrotron based experiments were almost exclusively performed at the Molecular
Environmental Science beamline 11.0.2 59 at the third-generation synchroton radiation facility
Advanced Light Source in Berkeley (USA), except for those described in Paper III performed at
beamline I511 60 at Maxlab in Lund (Sweden).

4.1

Synchrotron radiation

A synchrotron is an electron accelerator and storage ring. A high current of electrons near
the speed of light∗ passing through a periodic magnetic structure inserted into the storage ring
structure, here an ’undulator’, periodically changing direction (i.e. accelerated). This periodic
wiggling of charge leads to the emittance of electromagnetic radiation (photons) in a forward cone
(a relativistic eﬀect) with a distinct energetic periodicity of intensity maxima. These maxima
are the undulator harmonics, which are multiples of the lowest photon energy emitted, i.e. the
1st harmonic. The energy positions of the harmonics can be tuned by changing the magnetic
ﬁeld strength in the undulator, realized by changing the gap between the undulator magnets.
A very special property of synchrotron radiation is that it is naturally linearly polarized with
the electric ﬁeld vector (E-vector) in the plane of electron motion. Depending on design of the
undulator the polarization properties of the generated light can be tuned.
Undulator beamlines at third-generation synchrotron sources are able to provide users with
a very high ﬂux of highly monochromatic photons of desired polarization properties and, if so
designed, continuous energy tunability. For the purposes of the present thesis, the synchrotron
radiation can be regarded simply as a light source that provides linearly polarized soft x-rays at
high brightness with a continuously tunable photon energy. These properties of the synchrotron
radiation make a wide range of experiments possible.
For a general introduction to soft x-rays and synchrotron radiation the reader is referred to
a textbook on this matter, such as e.g. the one written by D. Attwood on these topics 61 .

4.2

11.0.2 beamline and undulator at ALS

ALS operates at 200 - 400 mA and 1.9 GeV and the beamline 11.0.2 undulator magnetic lattice
is a 37-period structure with a period length of 50 mm capable of providing photons in the
∗

The electron energy is typically 1.5 − 3.0 GeV for soft x-ray synchrotron sources, i.e. γ =
range 3000 − 6000
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95-2000 eV (soft x-ray) regime. The undulator is elliptically polarizing and the E-vector of the
photons generated can be tuned from the vertical to the horizontal plane eﬀortlessly by computer
controlled motorization of the undulator magnetic lattice.
The energetic full width half maximum (FWHM) of an undulator harmonic† is often not
narrow enough for the planned experiments and a monochromatization of the undulator radiation
is needed. At BL 11.0.2 this is achieved using a ﬁxed focus plane-grating monochromator (SX700) 62 . The SX-700 monochromator at BL 11.0.2 has no entrance slit and consists of spherical
mirrors focusing the beam onto a plane mirror and two exchangeable gratings (1200 lines/mm
and 150 lines/mm). The whole monochromator tank is moved when the gratings are changed.
By rotating both the plane mirror and the grating, diﬀerent sets of incoming and outgoing angles
can be used without altering the focal point allowing for high ﬂexibility concerning the relation
between photon ﬂux, resolution (FWHM) and higher order light suppression. For the speciﬁc
experiment being performed the right combination of grating orders and undulator-harmonics
has to be chosen for optimal conditions.
The beamline can deliver light to either of two branchlines. One is dedicated to scanning
transmission x-ray microscopy (STXM) whereas the branchline where the reported experiments
herein were performed is referred to as the spectroscopy branchline. A spot size of the photon
beam as small as about 10 × 10 µm can be delivered into the experimental chamber at the end
of the spectroscopy branchline. A schematic picture of BL 11.0.2 undulator and beamline is
outlined in ﬁgure 4.1.
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Figure 4.1: Schematic outline of the ALS beamline 11.0.2 undulator, beamline including optics and
experimental endstations.

4.3

Endstations

The experimental chambers and their equipment attached to the end of the beamline are referred to as ’endstations’ in the synchrotron radiation community. Depending on the nature
of experiments performed, diﬀerent endstations with diﬀering battery and design of analytical
tools for the system of study are used. The speciﬁc endstation used was placed at the end of
the spectroscopy branchline of beamline 11.0.2 (position 4 in ﬁgure 4.1).
Focusing on model systems of adsorbates performing time-consuming and diﬃcult experiments under very well-controlled conditions of coverage and cleanliness, a chamber maintaining
a very good vacuum is necessary. The endstation used for these purposes is described in section
4.3.1. However, the speciﬁcations for a system capable of measuring core level spectroscopies
†
∆E
E

∆E for the harmonic due to the constructive interference is related to the number of periods, i.e. here
∼ N1 ∼ 2.7%
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at near ambient pressures are quite diﬀerent and the system used for these measurements is
described in section 4.3.2.

4.3.1

UHV endstation

From the discussion about surface processes (see section 2.3) we can deduce that at pressures
of about 10−6 Torr a complete ﬁrst layer of residual gas molecules (mostly H2 , CO and H2 O
in a vacuum chamber) will have adsorbed within 3 s, assuming a unity sticking coeﬃcient and
very slow desorption kinetics for these molecules impinging upon the surface. The low pressures
realized in ultra high vacuum (UHV) systems (below 10−9 Torr) are essential for maintaining
surface cleanness after initial sample cleaning and during experiments. A brief outline of sample
cleaning and preparation will be dealt with in section 4.4.

Figure 4.2: Picture of the UHV endstation used for experiments at beamline 11.0.2 at ALS. The soft
x-rays from the synchrotron enter the endstation from the left. (Photo: Lowell Martinson,
printed with permission from Nor-Cal Products, Inc.)

The UHV endstation is shown in ﬁgure 4.2. The endstation is equipped with two interconnecting UHV chambers with operation pressure in the low 10−11 Torr range. One chamber is dedicated to surface preparation and contains an ion gun for sample sputtering, massspectrometer for residual gas analysis and thermal desorption spectroscopy (TDS), pulsed gas
dosing system and LEED-optics. The other chamber, dedicated to core level spectroscopies,
houses a hemispherical SES-100 electron analyzer and a multi-channel plate partial electron
yield detector as well as a collimated beam gas-doser regulated by the backing pressure at the
backside of an array of multichannel plates. A grazing incidence spherical grating x-ray spectrometer is at the time of this thesis in its early stages of production.
The sample rod allows for mounting of two diﬀerent crystals at the same time, both mounted
to have a grazing incident angle of the photon beam to the sample of about 5◦ or less. The
sample rod is rotatable around the photon beam axis allowing for angular resolved measurements
and a full exploitation of the linearly polarized light. The manipulator onto which the sample
rod is attached is equipped with computer controlled stepper motors for easy alignment in the
spectroscopy chamber, sample scanning procedures and transport between the two chambers.
The sample system comprises electron bombardment heating, liquid nitrogen or liquid helium
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Figure 4.3: Illustration of the sample set-up and available analytical tools in the UHV chamber.

cooling, sample biasing possibilities, thermocouple (Chromel-Alumel) and possibility to read
sample current e.g. during sputtering. The liquid helium cooling and electron bombardment
heating set-up allow sample temperatures in the 35 to 1200 K range. The sample set-up is
schematically drawn in ﬁgure 4.3.

4.3.2

APPES endstation

The ambient pressure photoemission spectroscopy (APPES) endstation consists of two interconnected UHV chambers, one for standard surface preparation and characterization, housing
amongst others an ion gun and LEED-optics, and the other explicitly dedicated to XPS and
XAS in near ambient pressures. A load-lock chamber allows for fast exchange of samples without
breaking the vacuum of the UHV chambers. The two separate UHV chambers have a base
pressure of about 2 x 10−10 Torr. The experimental endstation and a schematic outline of its
more important components are shown in ﬁgure 4.4.
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Figure 4.4: Left: Schematic top-view of APPES chamber. Right: Side-view picture of the APPES
chamber with assignments.

Incident x-rays from the beamline are admitted to the ambient pressure XPS chamber through
a 100 nm thick silicon nitride window, separating the UHV conditions in the beamline from the
ambient pressure environment in the XPS chamber. The chamber houses a custom-designed
electron spectrometer 63 (Phoibos 150, Specs) with a diﬀerentially pumped electrostatic lens
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system, allowing for XPS investigations of samples at pressures up to 10 Torr.
As we know from section 2.1 and 2.2, the interaction of electrons with matter is very strong
and the photo-emitted electrons will therefore immediately upon leaving the surface be scattered
in the gas-phase. We therefore need to collect these electrons as close to the sample as possible
to minimize losses. The sample is hence placed at a distance of ∼0.5 mm from an aperture
with 0.3 mm diameter, which is the entrance to the diﬀerentially pumped lens system consisting
of three 2 mm diameter apertures. The pressure diﬀerential between the XPS chamber and
the hemispherical electron analyzer is about eight orders of magnitude. The workings of the
diﬀerentially pumped electrostatic lens system are illustrated in ﬁgure 4.5.
to pump to pump

X-rays from synchrotron

Figure 4.5: Illustration of the diﬀerentially pumped electrostatic lens system. X-rays arrive at the
sample after passing through a thin silicon nitride window separating the UHV conditions in
the beamline from the ambient pressure conditions, p0 , in the XPS chamber. In the various
diﬀerential pumping stages the pressure is drastically lowered and electrons electrostatically
focused onto small aperture openings and ﬁnally into the spectrometer.

The sample holder used for the APPES experiments presented here has a continuous liquidﬂow cooling set-up and button heater (resistive heating) and was operated in the 270 to 1000 K
range.

4.4

Sample preparation

The metal single-crystals studied were cylindrical with an approximate 10 mm diameter and a
few mm thick. To remove residual contamination on the sample surfaces down to about 0.1 %
of a monolayer they were cleaned in situ by sputtering with Ne- or Ar-ions. In the sputtering
process we introduce defects and disorder at the surface. To regain surface order we need a high
enough surface mobility (diﬀusion). This is achieved by supplying a large enough amount of
thermal energy to the system (heating), but low enough not to lead to unwanted irreversible
transformations such as melting of our sample. A rule of thumb says the annealing temperature
to retain surface order is about 2/3 of the melting temperature of the metal substrate.

4.5

Core level spectroscopy measurements on water and
hydroxyl

In order to record an O 1s XP or XA spectrum of water and hydroxyl the sample has to be
exposed to photons with an energy above the O 1s absorption threshold at about 530 eV.
The generated holes from a photoemission/absorption event in the metal substrate or water
molecules will mainly decay via an Auger mechanism emitting energetic electrons that can go
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through various inelastic scattering events. The inelastic scattering events in the metal substrate
lead to a cascade of low energy secondary electrons which eventually escape from the sample
through its surface.
The cross section (probability) for adsorbed water molecules dissociating when exposed to
these low energy electrons is very high 24 . To make sure that we are not inducing water chemistry
by the low energy electrons generated from the x-rays, it is of essence to minimize the electron
dose per water molecule down to a level where x-ray/electron induced dissociation can not be
observed. However, at the same time we need a certain photon dose to collect the number
of electrons necessary to record a spectrum with reasonable statistics. For the evidently very
sensitive systems studied under UHV and low temperatures in this thesis we have solved this
problem by a sample scanning procedure and utilizing a large spot of the photon beam onto
the sample; the photon spot on the sample is still small enough however to be fully imaged
by the electron spectrometer. As discussed in Paper I and Paper II, the use of D2 O instead
of H2 O also lowers the probability of x-ray/electron induced dissociation. In the case of the
XPS measurements under near ambient conditions, blank experiments without x-ray exposure
to the sample were performed in order to ensure that the results obtained were not the result of
x-ray/electron induced dissociation.

4.5.1

XPS and Auger electron measurements

There are several ways to measure electron kinetic energies. In the present work we have relied
on hemispherical electron analyzers. Electrons emitted from the sample are guided via electrostatic lenses, focused and retarded, before they enter the analyzer which consists of two half
hemispheres with a potential between them. Finally, depending on the kinetic energy after retardation, the electrons may reach a position sensitive detector that translates via pre-determined
calibration the position on the detector into a kinetic energy.
The potential (voltage) between the hemispheres is set to let electrons with a given kinetic
energy pass. This energy, known as the pass energy, is normally set between 1 and 500 eV. Lower
pass energies typically gives higher spectrometer resolution but lower transmission of electrons
through the analyzer. In the present work pass energies of 20 to 100 eV were used. This gives
an intermediate resolution of about 100 meV which is enough to resolve chemical shifts in most
situations. The overall spectral resolution is set by the electron spectrometer and the beamline
monochromator.
If orbitals of s symmetry are core ionized, like the O 1s orbital, the outgoing electron wave
will be of p symmetry since the transitions follow the dipole selection rule. Since, in addition, the
undulator light is typically plane-polarized the electrons will leave the sample mainly along the
direction of the E-vector and not perpendicular to it. By rotating the E-vector perpendicular to
the axis of the electron spectrometer, the photoelectron contribution to the recorded spectrum
will be suppressed and can be separated from those originating from Auger electrons.

4.5.2

XAS measurements

There are a number of ways to measure the absorption cross section 51 . The core excited state can
decay via ﬂuorescence or an Auger process. Any method that can establish a linear relationship
between number of core holes (photons absorbed) created (cross section) and the measured
quantity is a valid method. The spectra in the present work were recorded in either partial
electron yield or Auger electron yield mode. The spectral resolution in the case of XAS is only
set by the monochromator resolution, usually about 100 meV or better.
Partial electron yield means all electrons with kinetic energy above a given threshold are
detected. The experimental set-up for this is relatively simple. All that is needed is a detector
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with the possibility to discriminate against low electron kinetic energy. This can be achieved by
placing a grid on negative potential in front of the detector 51 .
In Auger electron yield only electrons in a given energy interval, which is dominated by Auger
electrons are detected. This means the instrumentation will be more complicated as both a lower
and upper discrimination level must be set. In practice this means an electron spectrometer is
needed. To suppress the contribution from photoelectrons when recording the Auger region,
the E-vector was rotated to the vertical position (perpendicular to the lens axis of the UHV
chamber).
The advantage of a partial yield measurement is that it allows for a simpler experimental
set-up and a larger signal collection also leading to less sensitivity to photon beam movement
on the sample. Auger electron yield on the other hand, has the advantage of giving a much
better signal to background ratio since only electrons with the energy of the Auger electrons are
detected.
In general great care has to be taken to minimize photoelectron background, absorption in
the beamline, higher order diﬀracted light from the monochromator, as well as to optimize the
stability in order to obtain high quality XA spectra.
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Chapter 5
Theoretical Analysis
To gain deeper understanding of the electronic properties probed experimentally by XPS and
XAS in this thesis we need to use available theoretical tools. Theoretical XES calculations are
part of Paper IV and need therefore also a brief discussion.
The theoretical framework of choice, when dealing with relatively “large” systems, to interpret experimental results is that of density functional theory (DFT) as implemented in the
DACAPO 64 , StoBe 65 , CPMD 66 codes. In density functional theory the variational parameter
of choice to minimize the total energy of our quantum mechanical system is the electron density 67 . Electron correlation eﬀects are included in DFT at a much lower computational cost as
compared to incorporating these eﬀects in molecular wave function based techniques. On the
other hand, the exact functional to generate the true ground state electron density in DFT is not
known whereas wave function based methods can be made increasingly accurate by including
higher level approximations. However, the generalized gradient ﬂavor 68 of DFT is eﬃcient in
describing the electronic structure and was employed in the studies undertaken in this thesis.
Whereas DACAPO and CPMD are plane wave based, periodic boundary condition codes
and electron-ion interactions are included through the use of pseudopotentials (no electrons in
the atomic core region but instead use of an eﬀective potential), StoBe is a local basis set code
that allows for explicit description of the core orbitals. Cluster representations of the systems
modeled are used in the StoBe code. One-electron orbitals, reproducing the electron density, are
constructed via the Kohn-Sham formalism 69 allowing for interpretability in an orbital framework.
DACAPO was used for geometry optimizations in Paper III, CPMD was used for XAS calculations in Paper V and StoBe was used for XPS, XAS and XES calculations in Paper III and
Paper IV.

5.1

XPS binding energies

XPS binding energies were computed in the ∆Kohn-Sham (∆KS) approach 70 using the StoBe
code. This approach includes both initial and ﬁnal state eﬀects. The total energy diﬀerence
computed is that between ground state and the core ionized state, thus giving the binding energy
referenced to the vacuum level. To compare with the experimentally obtained binding energy,
referenced to the metal Fermi-level, the work-function of the sample needs to be subtracted and
a relativistic correction (+0.33 eV for O) 71 added. However, most often only relative binding
energy shifts are of importance, and hence no correction scheme necessary. To localize the core
hole on the atom of interest in the calculations, eﬀective core potentials (ECP’s) can be used at
all other atoms of the same element 72 . This trick can also be used for the XAS/XES calculations
which are described next.
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XAS and XES calculations

XA spectra were calculated using the transition potential approach by Slater 73 . In this approach
the electronic structure is calculated with half a core hole on the core excited atom resulting
in initial and ﬁnal state contributions being treated in a balanced manner. If calculated using
the StoBe code, where core orbitals are treated explicitly and the IGLO-III basis set 74 is used
to more accurately describe core relaxation eﬀects, this procedure reproduces the unoccupied
density of states within 2 eV of the absolute energy experimental values 75 . Further corrections
to the energy scale are done by a ∆KS procedure using an excitation into the ﬁrst unoccupied
state 75 . The functional dependence and relativistic O 1s shift are corrected for by comparing
calculated XPS binding energies with experimental values for the element of interest in chosen
gas-phase molecules. After these correction procedures the onset of the XA energy scale is
accurate to within ±0.2 eV.
In the CPMD code, used in Paper V, a speciﬁcally designed potential generated by fractional
O 1s occupation accounts for the eﬀect of the core hole 76 . Due to the lack of the O 1s core orbital
in the pseudopotential framework, the absolute energy scale is calibrated against calculations
using the StoBe code.
XA spectral intensities were computed in the dipole approximation where the intensity is
given by the square of the dipole transition matrix elements. An XA spectrum calculation
thus results in a discrete set of energy levels, each with associated oscillator strength. The line
broadening of a transition depends on instrumental-, life-time-, and vibrational eﬀects, which
can be simulated by convoluting the obtained oscillator strengths in the theoretical spectra with
Gaussians of linearly increasing full width at half maximum 77,78 .
The XE spectra were computed within the dipole approximation of the transition between the
O1s core hole and the occupied valence states, from the ground state electronic structure, which
gives the best representation of a non-resonant XE spectrum 58 . The highest occupied molecular
orbital in the cluster calculations for water and hydroxyl on a metal surface, as studied in Paper
IV, was taken as Fermi level for the XE binding energy scale. The computed oscillator strengths
were convoluted with Gaussians of constant width to account for experimental broadening.
Population analysis of oxygen lone pairs in Paper IV was achieved by integrating the XE
spectral intensity and normalizing against the (2 electron) O 2py occupation of a H2 O monomer
in gas phase.

Chapter 6
Results
In this chapter the main results of Papers I-VII are presented in a condensed format.
In section 6.1, which summarizes papers I-III, results on growth, structure and bonding as
well as thermally induced dissociation of water on clean metal surfaces under UHV conditions
are presented. In Paper I we address x-ray/electron induced dissociation, the isotope dependent
chemistry and coordination of atoms in the molecularly intact wetting layer on Ru(001) using
XPS. In Paper II we use XPS to address the nature of the water adsorption mechanism on
Cu(110) as well as x-ray/electron induced dissociation and in Paper III we use XPS, XAS, IR
and LEED in combination with theoretical modeling to address the structure of the molecularly
intact wetting layer on Cu(110).
In section 6.2, which summarizes the ﬁndings in papers IV-VII, we present results on the
mixed H2 O:OH phases on the metal surfaces under UHV and near ambient conditions. In Paper
IV two diﬀerent mixed H2 O:OH phases on Pt(111) are structurally characterized using XPS,
XAS, AES and LEED in combination with theoretical modeling. In Paper V we use XPS,
XAS, STM and theoretical modeling to ﬁnd that the structure of the mixed H2 O:OH phase
on Ru(001) diﬀers substantially from the H2 O:OH phases on Pt(111). In Paper VI we study
the water chemistry on Cu(110) at near ambient partial pressures of water and at elevated
temperatures using APPES. Finally, in Paper VII we compare the surface chemistry on Cu(110)
to that on Cu(111) at near ambient conditions.

6.1

Structure, bonding and chemistry of intact water
wetting-layers

Water adsorption experiments performed under ultra high vacuum (UHV) and low temperature
conditions on certain metal substrates, e. g. Cu(110) and Ru(001), have historically, and also
recently, been the subject of great controversy over the adsorption mechanism being molecular or
dissociative. The Cu(110) and Ru(001) surfaces are therefore particularly interesting substrates
for water adsorption experiments.

6.1.1

Wetting and isotope dependent chemistry of water on Ru(001)

The nature and chemical identity of the water adsorption induced structures on Ru(001) has been
an issue of intense debate 79–88 since the publication suggesting the layer formed at 150 K to be a
mixed H2 O:OH (D2 O:OD) structure 33 . The theoretical work 33 found the adsorption energy of a
molecularly intact wetting layer on Ru(001) to be lower than the cohesive (sublimation) energy of
ice and was therefore ruled out as a possible candidate for wetting structure. The mixed H2 O:OH
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phase met the energetic criteria however. The previously observed isotope eﬀects in TDS 43,44
(see section 2.5.3) was assigned in the theoretical work 33 to a diﬀerence in the recombinative
kinetics of the water dissociation fragments. In this work we used XPS to clarify the chemical
identity, wetting structure and the isotope eﬀect for water adsorption on Ru(001).
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Figure 6.1: O 1s XPS from diﬀerent sample preparations for the water isotopes on Ru(001). Spectra
resulting from H2 O are black whereas those resulting from D2 O are lighter colored (red).
Left: H2 O/D2 O water layer prepared at 150 K. Middle: Electron induced dissociation
after 1.8 e− /water molecule for the sample initially prepared at 150 K. Right: Sample
prepared and recorded under continuous dosing of the water isotopes onto the surface at
180 K. An OH peak at 530.8 eV is clearly observed in the case of H2 O but not for D2 O.
Note that the intensity in the ﬁgure to the right has been multiplied by a factor 2 compared
to the leftmost and middle ﬁgure.

In ﬁgure 6.1 we show O 1s XPS for diﬀerent sample preparations. The ﬁgure to the left in
ﬁgure 6.1 shows the result for the wetting layers prepared by dosing a few layers of H2 O/D2 O at
90 K onto the Ru(001) surface and annealing to 150 K to desorb the multilayers of ice (desorption
onset ∼ 145 K). The O 1s XPS for the wetting layer of D2 O consists simply of a broad peak
with a maximum at 533.0 eV and oﬀers no evidence of dissociation, i.e. OD-species which would
show up as a O 1s XPS peak at about ∼ 531 eV. The O 1s XPS for H2 O is very similar to the
D2 O-spectrum, but shows also a very small intensity for OH. We found the D2 O/H2 O layer to be
extremely sensitive to x-ray/electron induced dissociation, see middle ﬁgure in ﬁgure 6.1 which
is the result of approximately corresponding 1.8 (x-ray induced) electrons/water molecule. H2 O
is found to be more sensitive to x-ray/electron induced damage than D2 O which explains the
very small OH concentration observed in the XP spectrum for the H2 O layer which could not
be avoided even with the precautions taken.
Having established that the water isotopes are chemically intact at temperatures below 150
K, we explored the isotope eﬀect previously observed in TDS 43,44 . By dosing H2 O/D2 O continuosly onto the Ru(001) surface at 180 K, which is above the desorption threshold for the
low temperature desorption peaks for both H2 O/D2 O and recording O 1s XPS, we observed a
signiﬁcant diﬀerence in chemistry of the isotopes (see ﬁgure to the right in ﬁgure 6.1). Whereas
a clearly observable OH-derived XPS peak at 530.8 eV is present in the H2 O adsorption case,
such a peak is not observable for the D2 O case. Performing temperature dependent XPS studies
we established that the mixed H2 O:OH phase gives rise to the previously observed high temperature desorption peak at about 210 K 43,44 . The isotope dependent chemistry, giving rise to
the pronounced isotope eﬀects in TDS, is explained by the approximately 0.1 eV stronger O-D
bonds in D2 O compared to the O-H bonds in H2 O (a zero-point vibrational energy eﬀect). This
results in a ∼0.1 eV lower activation barrier for dissociation in the case of H2 O compared to
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D2 O; a delicate energetic diﬀerence but enough to result in a signiﬁcant rate for dissociation at
180 K in the case of H2 O on Ru(001) but not for D2 O.
XPS Ru 3d5/2
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hν = 380 - 400 eV
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Figure 6.2: Ru 3d surface core level shift, structural characteristics and proposed model for the molecularly intact wetting layer on Ru(001).Left: Hexagonal symmetry of the intact water layer
as deduced from previous LEED studies. Middle: Ru 3d5/2 surface core level shifts for the
clean Ru(001) surface as well as for the molecularly intact wetting layer. For the molecularly intact wetting layer it is found that all water molecules in the wetting layer coordinate
and thereby inﬂuence the Ru 3d5/2 surface core level shift compared to the clean surface.
Right: Proposed H-down structural model for the molecularly intact wetting layer.

Structural characteristics of the molecularly intact wetting layer were addressed by studying
the Ru 3d5/2 surface core level shift which is sensitive to changes in local coordination. From
previous
studies it is known that the water layer on Ru(001) is of hexagonal symmetry with
√
√
a ( 3 × 3)R30◦ unit cell, see leftmost illustration in ﬁgure 6.2. In the middle of ﬁgure 6.2
we see that upon coordination of the Ru surface by the intact wetting layer, more than 60 %
(∼62-64%) of the surface Ru atoms become coordinated clearly showing that all water molecules
in the wetting layer bind directly to the Ru(001) surface. Based on the same coordination of the
intact wetting layer to Ru(001) as for the intact wetting layer on Pt(111) 36 in combination with
very similar O 1s XPS characteristics, a H-down model is suggested for the molecularly intact
wetting layer on Ru(001) (see rightmost illustration in ﬁgure 6.2).
Based on our quantitative study of the inﬂuence of electrons on the initially molecularly
intact wetting layer, we conclude that the critical experimental data which were used to support
the claim that the wetting layer could only be a mixed H2 O:OH structure 33 , were the result
of signiﬁcant electron induced dissociation. Furthermore, the purely thermodynamic reasoning,
with the cohesive energy of bulk ice Ih as a reference state used to arrive at the proposed mixed
water-hydroxyl structure, eﬀectively neglects all possible kinetic barriers and the physical reality
of thin ﬁlm growth and desorption processes under UHV conditions. Indeed a molecularly intact
wetting layer exists and so does a mixed H2 O:OH phase, although the existence of the mixed
H2 O:OH phase requires a signiﬁcant activation barrier to be overcome.

6.1.2

Wetting and chemistry of water on Cu(110)

In the same spirit as our water/Ru(001) work we studied the water adsorption mechanism on
Cu(110) under UHV conditions using XPS. As it was established in the work on Ru(001) that
H2 O is more sensitive to x-ray/electron induced dissociation compared to D2 O we here utilized
D2 O for the adsorption studies.
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Figure 6.3: O 1s XPS for water adsorption on Cu(110). Left: Coverage dependent XPS study during
slow continuous dosing of D2 O on Cu(110) at 135 K. Up until 1 ML only a broad XPS
peak at 533.4 eV is observable. Above 1 ML a high binding energy peak at 534.3 eV
starts appearing, assignable to second layer water formation. No XPS peak at ∼531 eV
is observable which would indicate water dissociation (OD-species). Right: Temperature
programmed XPS study (∼0.07 K s−1 , 140 - 195 K) for D2 O-layer initially adsorbed at 135
K. Onset of water dissociation (hydroxyl at ∼531.0 eV indicated with thin solid black line)
is observed in the 160-165 K range indicated in the ﬁgure by dashed lines. A shift in binding
energy of molecular D2 O from 533.4 eV to 532.8 eV, observed with increased temperature
and hydroxyl coverage, is indicated with thick solid white line. The total coverage in ML’s
is also given during the temperature programmed XPS study. Threshold temperatures for
multilayer and monolayer desorption are observed to be around 145 and 165 K, respectively.

To the left in ﬁgure 6.3 we show the growth of a water layer on the Cu(110) surface at 135 K
by slowly dosing water and recording O 1s XP spectra at the same time. No XPS peak at ∼531
eV, which would indicate OD-species (hydroxyl), can be observed. We therefore ﬁrmly establish
that the adsorption mechanism is molecular on Cu(110) at 135 K. Furthermore, we show that
the wetting layer has a coverage of 1 ML (O 1s XPS binding energy 533.4 eV), above which a
high binding energy shoulder assignable to 2nd layer water starts appearing. Similar to the case
for water on Ru(001), we quantify the inﬂuence of x-ray/electron induced dissociation and ﬁnd
the molecularly intact layer to be very sensitive.
In the work on Ru(001), an activation barrier had to be overcome in order for dissociation to
occur. The same possibility was explored on Cu(110) by slowly increasing the temperature of
the Cu(110) substrate and recording the O 1s XP spectral evolution in real time. Indeed, as is
observed in the intensity-coded ﬁgure to the right in ﬁgure 6.3, we note the rate of dissociation
(i.e. formation of OD at ∼531 eV) to become noticeable in the temperature range 160-165 K,
conﬁrming an activated process for water dissociation on Cu(110) as well. Around the same
temperature range we also note the rate of desorption to become signiﬁcant. From a kinetic
analysis of the data we derive an activation barrier for D2 O dissociation on Cu(110) to be ∼0.55
eV, very close in magnitude to the derived activation barrier for desorption ∼0.52 eV. The
activation barrier for water dissociation in the H-bonding water-network on Cu(110) is found to
be on the order of ∼0.3 to 0.35 eV lower than that determined for monomeric H2 O 89,90 .
To conclude we ﬁnd that on both Ru(001) and Cu(110) a molecularly intact wetting layer
forms below 150 K which desorbs in kinetic competition with dissociation. The molecularly
intact water monolayer on Cu(110) as well as Ru(001) is found to be highly sensitive towards x-
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rays and electrons. This in combination with the kinetically competitive dissociation/desorption
processes may altogether explain the conﬂicting results in the literature with respect to molecular
and dissociative water adsorption on these surfaces. Furthermore, the lower dissociation barrier
of H2 O in a H2 O-H2 O H-bonding network will greatly aﬀect the kinetics for water surface
chemistry.

6.1.3

Structure of water wetting layer on Cu(110)

The orientation of water in the ﬁrst wetting layer (H-up or H-down or both) will inﬂuence the
stability of water adsorbed on top of this structure and the subsequent multilayer growth and
wetting behavior of the surface 91–93 . A range of H-bonding conﬁgurations in the ﬁrst wetting
layer may furthermore impact activation barriers for water dissociation. It is therefore of interest
to establish what the structural characteristics of adsorbed water are on diﬀerent surfaces.
The detailed structure of the molecularly intact water wetting layer on the open Cu(110)
surface was addressed with a range of techniques. The very valuable qualitative information
with respect to the structure of the overlayer is ﬁrst brieﬂy summarized. From LEED observations a very large unit cell of 7 × 8 periodicity was found. It was also established that the
previously reported c(2×2)-symmetry LEED pattern 37–40,42 for the adsorbed water layer was
the result of low energy electron induced dissociation leading to a mixed H2 O:OH phase. From
infrared (IR) spectroscopy data the high frequency ’free OH’ band at 3680 cm−1 , associated
with non-hydrogen bonded OH with water adsorbed H-up such that OH is dangling into the
vacuum, is observed. This band is intense on Cu(110), whereas it is weak or nonexistent on
both Pt(111) 94 and Ru(001) 80,84 where water preferentially binds H-down. Although the IR
data clearly indicate a signiﬁcant fraction of H-up water species on Cu(110), quantiﬁcation of
IR data is very problematic.
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Figure 6.4: Structural models for the intact water wetting-layer on Cu(110) and their x-ray spectroscopic charateristics in comparison with experimental O 1s XPS and out-of-plane O 1s XAS.
Left: The geometry optimized H-down and H-up structures in a c(2×2) unit cell used for
XPS and XAS calculations. Right: Comparison between calculated and experimental
out-of-plane O 1s XAS (left) and O 1s XPS (right).

While the IR data cannot reveal the relative amounts of H-up and H-down water in the
structure, it can in fact be quantiﬁed through the analysis of XAS. The diﬀerent directionality
of O-H bonds in the H-up and H-down conﬁgurations can be distinguished with out-of-plane XA
spectra where the E-vector is parallel to the surface normal 36 . In ﬁgure 6.4, we show the DFT
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geometry optimized structures for the H-up and H-down monolayers in a simpliﬁed c(2×2) unit
cell that were used to compare the experimental out-of-plane XA spectrum with computed outof-plane XA spectra for a water layer in the H-up, H-down and H-up + H-down conﬁgurations.
The strong pre-edge feature at 535 eV in the H-up structure model is the spectral ﬁngerprint of
dangling OH directed toward the vacuum 95 . Due to interaction with the Cu surface, this feature
is absent in the H-down computed spectrum. The experimental spectrum has a main strong
peak at 537.5 eV with two low energy features at 533.5 eV and 535 eV. The H-down spectrum
reproduces the essential features of the experimental XA data but lacks intensity in the feature
characteristic of dangling OH at 535 eV; precisely the energy value at which the H-up spectrum
has its greatest intensity. It is clear that both species contribute to the experimental spectrum.
Linear combinations of computed XA spectra for the H2 O-conﬁgurations considered, H-up
/ H-down / O-bonding (H-down layer) and O-bonding (H-up layer), were least-squares ﬁtted
to the experimental spectrum, without any constraints, in the energy range 530-550 eV and a
clear 1:1 ratio was found between the number of water molecules in the outer layer (H-down +
H-up) to inner layer (O-bonding) as may have been expected. Independent of ﬁtting constraints
we deduce a mixed monolayer with 2/3 (±15 %) of the outer layer water molecules having the
hydrogen directed toward the surface and 1/3 with hydrogen pointing up toward the vacuum;
a ﬁt of the calculated XA spectra is shown in ﬁgure 6.4. This corresponds to an H-down:H-up
ratio of 2:1 for water on Cu(110).
The ﬁndings are supported by XPS. In ﬁgure 6.4 three computed XPS peaks representing the
O-bonded, H-up and H-down water species are combined to correspond to the H-up, H-down,
and mixed monolayer models where the latter uses the ﬁt-derived H-down:H-up 2:1 ratio and
the 1:1 ratio between number of water molecules in the inner layer with respect to outer layer
determined by XAS. It is clear that the XPS data support the mixed monolayer ratio suggested
by XAS. Furthermore, the mixed monolayer is also consistent with the observation of an axial
ion peak in ESDIAD assigned to OH bonds directed along the surface normal 38 .
The observed mixed H-down:H-up structure of the water wetting layer on Cu(110) is rationalized based on the fact that the H-bonding network constitutes 70-90 % of the adsorption energy
of intact water on transition metal surfaces 28,29 and minimization of strain in the H-bonding
network should be an important factor in determining the structure of the water monolayer.
A lattice mismatch between the (7x8)-water structure and Cu(110) can introduce a signiﬁcant
strain on the H-bonding network which in turn can be relaxed by introducing both H-up and
H-down conﬁgurations. It is also likely that there are sites in the (7x8)-water structure that
directly disfavor a hydrogen-copper interaction, resulting in H-up conﬁgurations.

6.2

Mixed H2O:OH phases: from UHV to near ambient
conditions

In the next section we study the mixed H2 O:OH phases on Pt(111) and compare to that on
Ru(001). In the end we discuss in-situ XPS results on Cu surfaces under near ambient temperatures and partial pressures of water which will in many ways summarize what is learnt from
UHV conditions. Particularly the important role of H-bonding interactions for surface chemical
kinetics will become apparent.

6.2.1

Structure and bonding of mixed H2 O:OH phases on Pt(111)

Low temperature oxidation of Hydrogen over a Pt surface was one of the very ﬁrst catalytic
reactions to be discovered (Johann Wolfgang Döbereiner, 1823) and the important ﬁndings
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were cited by the Swedish chemist Jöns Jacob Berzelius in his formulation of the concept of
catalysis 96 . A large body of experimental work has since then accumulated on the intermediate
surface phases involved in this water production reaction on Pt 45–47,97–108 which is at the core
for clean energy production utilizing Hydrogen based fuel-cell technology. Recent theoretical
work 34,35,48,49 clearly indicated the intermediate phases to contain mixed H2 O:OH structures
and it was also recently experimentally shown to be so 45 .
The structural properties of the mixed H2 O:OH phases will to a large extent dictate the
reactivity of its constituents. It is therefore of importance to elucidate the structural properties
46,47
and the microscopic interactions responsible for the observed phases. From STM
√
√ and LEED
45
experiments two mixed H2 O:OH phases have been identiﬁed, one with a 3 × 3)R30◦ unit
cell and another with a (3 × 3) unit cell. Whereas the (3 × 3) structure is a well-ordered
highest
structure 45,47 with a 1:1 H2 O:OH ratio 45 and correspondingly has its √
√ surface coverage at
an overall 1:1 H2 O:OH stoichiometry at the Pt(111) surface 45 , the ( 3 × 3)R30◦ structure is
less well-ordered but forms on the other hand at all H2 O:OH ratios 45 , including the 1:1 H2 O:OH
ratio. Both structures form extended and long-range ordered H-bonding networks as is evident
from the STM 46,47 and LEED 45 results.

O 1s XPS hν = 670 eV
Intensity (arb. units)

O

535 534 533 532 531 530 529

D 2O

D2O:OD

Temperature (K)

Intensity (arb. units)

Temperature dependent XPS

130
150
170
190
210

536 535 534 533 532 531 530 529

Binding Energy (eV)

535 534 533 532 531 530 529

Binding Energy (eV)

Figure 6.5: O 1s XPS for O, D2 O and D2 O:OD surface phases on Pt(111). Left: O 1s XPS for
corresponding pure systems of atomic O and D2 O as well as the D2 O:OD system formed by
D2 O + O chemistry. Right: Temperature dependent O 1s XPS. Slowly heating the D2 O
+ O system initially prepared at about 100 K to about 220 K while recording O 1s XP
spectra. The upper part shows the XP spectra stacked on top of each other so that e.g. the
initial atomic O on the Pt-surface can not be seen. However, in the bottom intensity-coded
ﬁgure all information is available.

Since water dissociation cannot be induced thermally on Pt(111) under UHV conditions we
here rely on water + atomic O chemistry to generate a mixed water-hydroxyl layer. D2 O was
used to minimize the probability of x-ray/electron induced dissociation. The use of D2 O does
not impose any problems since no isotopic diﬀerences compared to using H2 O have been found 45 .
To the left in ﬁgure 6.5 we show the O 1s XP spectra obtained for the atomic O system, D2 O
wetting layer and the mixed D2 O:OD layer under study. To the right in ﬁgure 6.5 we show the
temperature dependence after dosing more than one layer of D2 O (observed at ∼532.7 eV) at
about 100 K on top of about 0.25 ML atomic O. Desorption of excess D2 O occurs and the D2 O +
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O reaction can be observed to start slightly below 150 K. The mixed D2 O:OD layer is then stable
in the 155 - 185 K range above which D2 O desorption destabilizes OD against recombinative
desorption, giving back atomic O. The mixed D2 O:OD phase studied here was generated by an
anneal to about 156 K of √
an initial
O + multilayer D2 O system, resulting in a LEED
√ atomic
◦
pattern showing that the ( 3 × 3)R30 and (3 × 3) structures coexisted at the surface.
The O 1s XPS chemical shift between atomic O and that of OD is quite small (see ﬁgure 6.5)
and it might be argued that the observed small diﬀerence in binding energy, 529.9 eV for atomic
O and 530.1 eV for OD, simply is due to a perturbation of the adsorbed atomic O upon D2 O
adsorption. However, in-plane XA spectra for the D2 O:OD structures, see left ﬁgure in ﬁgure
6.6, clearly rule out the possibility of any signiﬁcant amounts of atomic O left on the surface
(i.e. the complete lack of the intense 531 eV in-plane XA resonance for atomic O in the D2 O:OD
layer) and also show the mixed D2 O:OD layer to have a fully saturated in-plane H-bonding
network similar to the D2 O wetting-layer as no low-energy resonances below 537 eV 95,109 are
observed.
The corresponding out-of-plane XA spectra are shown to the right in ﬁgure 6.6. All spectra
show E-vector polarization dependence, which is especially strong for the D2 O:OD phase. The
out-of-plane spectrum of the D2 O wetting-layer is dominated by intensity around 538.5 eV,
absent in the out-of-plane XA spectrum for the D2 O:OD layer. This resonance is related to
metal-hydrogen (M-HO) bonds 36 and the comparison indicates that there are no such bonds in
the D2 O:OD layer, fully consistent with IR-results 45 determining all internal O-H bonds to be
essentially parallel to the surface, implying that the bonding to the Pt-surface in the D2 O:OD
layer occurs via their oxygens. The bonding to the substrate only via the oxygens of D2 O and
OD in a D2 O:OD layer was also found by theoretical modeling 34,35,48,49 .
The out-of-plane XA spectra for the D2 O wetting-layer and the D2 O:OD layer show intense
low-energy resonances not present for their corresponding in-plane XA spectra. The low-energy
region in the out-of plane spectrum of the D2 O:OD layer is dominated by two sharp peaks. The
ﬁrst peak at 530.7 eV is much sharper than the XAS peak for atomic O and has no analogue in
the D2 O wetting-layer. The second low-energy XA resonance for the D2 O:OD layer at 532.1 eV
coincides with that for the depopulation of the oxygen lone-pair orbital of water into the Pt(111)
d-states 36 , although the shape is diﬀerent. Using resonant AES (not shown here, see however
Paper IV), it is shown that the 530.7 eV resonance is solely due to OD-species interacting with
the Pt d-states, whereas the 532.1 eV peak in the out-of-plane XA spectrum, and, energies above
are derived from both D2 O and OD in the D2 O:OD layer.
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Figure 6.6: In-plane and out-of-plane O 1s XAS, from top to bottom: O, D2 O and D2 O:OD surface
phases on Pt(111). Left: In-plane O 1s XAS. Right: Out-of-plane O 1s XAS.

Three structural models were considered for XP and XA spectroscopic modeling to arrive at
the structural details in the mixed D2 O:OD layer. They are here labeled as GK(3 × 3) structure
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(from G. Karlberg et al. 48 generated by high-accuracy DFT
optimization of a D2 O:OD
√
√ geometry
layer and the Pt(111) surface), R3-structure (symmetric ( 3 × 3)R30◦ structure with constant
O-O separation of 2.77 Å) and Held(3 × 3) structure derived from a structural LEED study by
Held et al. 108 . The GK(3 × 3) structure has long OD-D2 O bonds (3.16 Å) and short D2 O-OD
bonds (2.66 Å) whereas in the Held(3 × 3) structure model the shortest bond is OD-D2 O (2.49
Å) and the longest bond (3.02 Å) is a D2 O-OD bond. Clearly the GK(3 × 3) and Held(3 ×
3) structures diﬀer substantially in the nature of H-bonding asymmetry giving rise to the (3
× 3) periodicity. However, all three models are nearly co-planar with identical Pt-O distances
(Pt-OD = 2.11 Å and D2 O-Pt = 2.19 Å) and near identical buckling of the Pt-surface (0.14 to
0.2 Å). The structural models and their corresponding x-ray spectroscopic properties are shown
in ﬁgure 6.7.
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Figure 6.7: Structure models for mixed H2 O:OH layers and their respective x-ray spectroscopic characteristics compared to experimental O 1s XP- and out-of-plane O 1s XA spectra. Top:
From left to right the R3, GK(3×3) and Held(3×3) structural models. Bottom: Left:
Experimental (top) and theoretical O 1s XAS out-of-plane. The black dashed line is calculated for OH, the lighter (red) dashed line is calculated for H2 O and the solid black line
is the sum of the two. Right: Experimental (top) and calculated O 1s XPS. H2 O and OH
components of the theoretical spectra are shown as dashed black lines; the solid black line
is the sum of the two. The component(s) at lowest binding energy in all spectra is that of
OH.

As is very apparent from the XPS-modeling to the right in ﬁgure 6.7, the Held(3 × 3) structure
can immediately be ruled out as a possible structural component in the D2 O:OD layer due to
its far too large chemical shift between OD and D2 O. The same conclusion is drawn from its
out-of-plane XA spectrum (to the left in ﬁgure 6.7) where both of the low-energy resonance
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peaks are solely derived from OD in contradiction to the resonant AES data. The R3 structure
on the other hand accounts fairly well for both the XPS and XAS data and does not contradict
the resonant AES data. However, the XP peaks are a little bit too far separated in energy and
the intensity of the second low-energy resonance peak is too low. On the other hand, the GK(3
× 3) structure XPS peaks are too close to each other but in the right energy range and its XA
spectrum is fully consistent with the resonant AES data but has a too high intensity in the
second low-energy XA resonance peak. By mixing the R3 and GK(3 × 3) structure in a 3:1
ratio, intensity is added where needed in both XA and XP theoretical spectra compared to the
pure structures and an overall good agreement is reached with the experimental XA and XP
spectra of the D2 O:OD layer.
The only possible driving force behind the asymmetry in the D2 O:OD layer leading to a
(3 × 3) unit cell for a 1:1 H2 O:OH (D2 O:OD) ratio must be adsorbate-adsorbate interactions.
H2 O and OH belong to that particular class of adsorbates capable of an attractive interaction,
namely hydrogen (H-) bonding. In the case of a system consisting of H2 O and OH, the nature
of the H-bond is overwhelmingly electrostatic 21 and bonding occurs between H’s and Oxygen
lone pairs (lp). O 1s XES oﬀers a symmetry-selective probe of the occupied p-density of states
locally around the Oxygen atoms. Comparison of the electron population of the O lp orbital of
OH and H2 O in diﬀerent chemical environments through XE spectra calculations provides the
insight needed for the details of the H-bonding.
The O lp occupation for selected systems were normalized against the O 2py electron occupation of a gas phase H2 O monomer taken to be 2 e− . The O lp electron population for adsorbed
OH (in the R3 structure) is found to very closely resemble that of OH− in solution (within 0.1
e− ) and can therefore essentially be regarded as an adsorbed OH− . On the other hand, electron
depopulation of the O lp in adsorbed H2 O occurs. The depopulation of the O-bonding H2 Ospecies in the H2 O wetting-layer on Pt(111) 36 is only 0.07 e− , whereas in the case of H2 O in the
mixed H2 O:OH structure (R3) there is a substantial electron loss of 0.43 e− . The larger O lp
occupation loss in the case of H2 O in the mixed H2 O:OH structure (R3) is a consequence of the
fact that more charge must be polarized away to minimize Pauli repulsion as the H2 O in the R3
structure sits about 0.15 Å closer to the substrate compared to in the H2 O wetting-layer. We
realize now, based on the electrostatic nature of H-bonding in the adsorbed H2 O:OH system on
Pt(111) and the results on O lp electron populations obtained, that the strong bonds will be
those of H2 O-OH and the weak bonds will be those of OH-H2 O. These results render the Held(3
× 3) structure model yet more implausible but strengthen the case considerably for the GK(3
× 3) structure model.
We close by discussing the similarities between OH on Pt(111), coadsorbed with H2 O and
OH− in solution based on their electron population similarities. Based on neutron diﬀraction
data 26 the H2 O-OH− bonds in solution have been found to be very short, 2.35 Å, whereas the
OH− -H2 O bonds have been found to be very long, ∼3.5 Å. This is as expected from a H-bonding
point of view and agrees with the H-bonding asymmetry for the GK(3 × 3) structure model
which has a short H2 O-OH bond length of 2.66 Å and a long OH-H2 O bond length of 3.16 Å.
In the case of a mixed H2 O:OH layer on Pt(111), however, the full H-bonding asymmetry is
restricted by the long range periodicity of the surface as in the GK(3 × 3) structure model. This
may not be so at other metal surfaces or for small H2 O-OH clusters.

6.2.2

Structure and properties of mixed H2 O:OH stripes on Ru(001)

Pt/Ru alloys are in practical fuel-cell applications far more active than pure Pt alone for the
Hydrogen oxidation reaction. This is due to its greater tolerance to CO surface contamination 110 ,
which has partly been ascribed to a mechanism where Ru-sites at the alloy surface facilitate OH
formation and can oxidize CO to CO2 at a greater rate 111–114 . Small patches of Ru atoms at the
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Pt/Ru alloy surface have been found to be even more active than isolated Ru-sites 115–117 and
it is therefore important to understand the properties of OH, which coexists with H2 O under
reaction conditions, on a Ru surface.
Very little is known about the local structural characteristics of the mixed H2 O:OH phase on
Ru(001). However, it has been established that it diﬀers signiﬁcantly in one aspect compared
to the mixed H2 O:OH phases on Pt(111). As has been observed in LEED studies 31,44,118 , it
is neither isotropically extended nor isotropically long-range ordered in contrast to the mixed
H2 O:OH phases on Pt(111). This structural diﬀerence will aﬀect the reactivity of its components.
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Figure 6.8: STM and experimental as well as theoretical in-plane O 1s XAS for the H2 O:OH phase and
intact water clusters on Ru(001). Left: Top: elongated stripe structures of the H2 O:OH
phase as observed by STM (split ﬁgure: top 400×200 Å image, bottom 100×50 Å image).
Bottom: D2 O clusters (400×400 Å image). Middle: Top: experimental in-plane O 1s
XAS, with XPS inset upper right corner, for the mixed H2 O:OH stripes. Bottom: O 1s
XAS for the intact water clusters. Right: Top: theoretical in-plane O 1s XAS for OH in
two diﬀerent local conﬁgurations. Bottom: theoretical in-plane O 1s XAS for water in three
diﬀerent local conﬁgurations.

In ﬁgure 6.8 we show in the top left an STM image of the mixed H2 O:OH phase formed by an
anneal of H2 O on Ru(001) at 180 K. We observe the structures to be elongated stripe structures
aligned perpendicular to close-packed atomic rows of the Ru(001) substrate. The mixed H2 O:OH
structure is qualitatively very diﬀerent from the structure of an equal coverage of intact water
clusters, bottom part of STM ﬁgure 6.8, formed at a temperature of 45 K. The stripes are 4
to 6 Ru(001) lattice parameters wide and composed of two immediately identiﬁable diﬀerent
contrast components. The brighter (higher tunneling signal) component is almost exclusively
located at the edges of the stripes and constitutes 24 % of the total coverage in the mixed H2 O:OH
stripes. This percentage compares very well with the 23 ±3 % OH in the mixed H2 O:OH layer
estimated from XPS, shown as inset in the upper right corner of the middle ﬁgure in ﬁgure 6.8.
It is therefore tempting to assign the species at the edge of the stripes to OH. The question is
whether such an assignment is consistent with other experimental data.
Signiﬁcant diﬀerences are observed for the in-plane O 1s XAS data, middle in ﬁgure 6.8,
comparing the H2 O:OH phase (top) to an equal coverage of intact clusters of D2 O (bottom).
As discussed in Paper IV the in-plane O 1s XAS probes the unoccupied O 2p levels of the
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2-dimensional H-bonding network. Whereas an intense low energy XA resonance feature is
observed at 533.9 eV for the mixed H2 O:OH stripes, it is completely absent for the intact water
clusters. The resonance is therefore not that of single-donor (SD) H2 O which is observed at ∼535
eV, or any other water conﬁguration, present in the intact water clusters, see ﬁgure 6.8. Neither
is the 533.9 eV resonance present in the saturated H-bond network for the mixed H2 O:OH layer
on Pt(111) in Paper IV. Knowing from XPS that there are only two chemical species in the
ﬁnite-sized mixed H2 O:OH stripes on Ru(001), the 533.9 eV in-plane O 1s XA resonance is
assigned to OH in a ﬂat-lying non-donor (ND) conﬁguration which resides at the edges of the
observed stripes.
Theoretical calculations of in-plane O 1s XAS for OH and H2 O in various plausible local
conﬁgurations conﬁrm the experimental assignment. To the right in ﬁgure 6.8 we show the
theoretically calculated XA spectra. The ND conﬁguration of OH gives rise to an intense 533.9
eV resonance, whereas for the SD conﬁguration of OH this resonance is almost fully quenched.
Although the ND conﬁguration of D2 O shows intensity near 533.9 eV (centered at ∼534.4), it
is way too low and furthermore the ND D2 O has a very intense and sharp resonance at 537
eV, not present in the O 1s XAS for the mixed H2 O:OH stripes. As is also apparent from the
theoretical calculations, only OH in a ND conﬁguration at the edge of the stripes can explain
the experimental results.
The lower dissocation barrier of water on Ru(001) compared to Pt(111) is evident from the
results in Paper I since H2 O desorbs without dissociating on Pt(111). Furthermore the OH
species seem to be much more available for possible reaction with CO on Ru(001) due to the
fact that OH preferentially decorates the edges of the mixed H2 O:OH structures and not fully
solvated in an extended H-bonding network as on Pt(111). It may very well be that both of
these ﬁndings strongly contribute to the CO tolerance of Pt/Ru alloys.

6.2.3

Water and hydroxyl chemistry on Cu(110) at near ambient
conditions

The water chemistry at elevated temperatures and pressures on surfaces is, in general, largely
unknown. In particular, no quantitative information has been available at near ambient conditions on coverages and the partioning of water between its molecular and dissociated forms.
However, recent advances in instrumentation, described in section 4.3.2, allow for in-situ XPS
investigations in pressures up to several Torr. Using XPS, quantitative chemical information
from a surface under near ambient partial pressures of H2 O is then obtainable. The Cu(110)
surface has a documented rich and complex water surface chemistry as illustrated in ﬁgure 2.4
in section 2.5.3. It is therefore a very interesting and suitable testbed for water and hydroxyl
chemistry studies under near ambient conditions.
To the left in ﬁgure 6.9 we show the results obtained in the temperature range 275 - 518 K
in a 1 Torr atmosphere of H2 O. Several O 1s XPS components are observed. The components
labeled H2 O and OHwmix for the 1 Torr data are previously known from our XPS studies under
UHV in Paper II. The OHwmix component is an OH-species involved in H-bonding with H2 O
as it is present also at saturation coverage (∼1 ML) of the Cu(110) surface in the temperature
range 275 - 323 K. As the temperature reaches 348 K and a signiﬁcant loss of H2 O is observed,
due to the inreased H2 O desorption rate, an apparent binding energy shift for H2 O of about
0.4 eV becomes discernible. The origin of the H2 O binding energy shift is shown to the upper
right in ﬁgure 6.9. The binding energy shift is related to a transition between two diﬀerent
H2 O:OH surface phases, one with 1:1 H2 O:OH ratio and the other with a 2:1 H2 O:OH ratio.
The 1:1 H2 O:OH phase is very likely the same phase as the 1:1 H2 O:OH phase observed under
UHV conditions 38,42 with a near 1-dimensional character proposed to be H2 O-OH chains 38 . The
higher water content in the 2:1 H2 O:OH phase and it being less thermally stable than the 1:1
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Figure 6.9: O 1s XPS for the water/Cu(110) system under various temperatures and pressures. Left:
Temperature dependence, 275 - 518 K, for O 1s XPS under 1 Torr partial pressure of H2 O.
Right: Top: O 1s XPS recorded under 1 × 10−2 Torr from 295 K down to 273 K showing a
phase transition from a 1:1 H2 O:OH ratio phase to a 2:1 H2 O:OH ratio phase which explains
the apparent binding energy shift of H2 O under 1 Torr partial pressure (left ﬁgure). Bottom:
O1s XPS showing the slow conversion at 285 K from a pure OH phase (OHpure at 530.45 eV
marked in the ﬁgure with vertical black line) via a recombination mechanism to atomic O
(O at 529.8 eV) and H2 O(g). The solid black spectra are the initial and ﬁnal conditions and
the dashed lines show intermediate situations during the conversion from OHpure to atomic
O. The pure, non-water containing, OH phase explains the high temperature component at
530.45 eV observed under 1 Torr partial pressure of water (left ﬁgure).

H2 O:OH phase agrees with the c(2×2)-LEED H2 O:OH phase observed under UHV conditions
(discussed in Paper III).
As the H2 O content at the surface is reduced further at substrate temperatures above 348
K in the 1 Torr atmosphere, a new O 1s XPS component, not previously reported, becomes
discernible at a binding energy of 530.45 eV. The component is labeled OHpure as it is found
to convert into atomic O (529.8 eV) under low pressure conditions at a temperature of 285 K,
see lower right ﬁgure in ﬁgure 6.9, consistent with the pure, non-water containing, OH phase
decomposing via a recombination mechanism at this temperature under UHV conditions 37 (see
ﬁgure 2.4 in section 2.5.3).
An overall feature so far not discussed is the remarkably high coverages of H2 O we in fact
observe at the Cu(110) surface. H2 O is present in observable amounts (≥ 0.03 ML) in ﬁgure
6.9 under 1 Torr conditions even up to 430 K (∼155◦ C). When modeling the H2 O adsorptiondesorption kinetics it is found that the desorption kinetics of adsorbed monomeric H2 O, or pure
clusters of H2 O, is by orders of magnitude too fast to lead to the high equilibrium coverages of
H2 O. However, when taking into account the strongly H-bond stabilized H2 O-OH complex at
the surface, approximately ∼0.2 eV more favorable than H2 O-H2 O H-bonding, a good overall
quantitative agreement is reached between the kinetic modeling results and experimental observations. When rationalizing the stability of the H2 O-OH complex at the Cu(110) surface, we
realize that it should be part of a general H2 O-OH H-bonding phenomenon at metal surfaces
(see discussion in section 2.5.1).
Our ﬁndings have several implications. First of all, the necessity to include H-bonding eﬀects
in modeling of water chemical kinetics at surfaces is apparent. Secondly, not only does the stable
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H2 O-OH complex slow down the desorption kinetics of H2 O by several orders of magnitude, the
presence of OH at the surface must also aﬀect the associative adsorption kinetics by providing
sites on Cu(110) of very high corrugation on which H2 O can loose signiﬁcant kinetic energy upon
impact and become adsorbed (i.e. increased sticking coeﬃcient). Adsorbed OH will act as eﬃcient anchoring and clustering sites, resulting in locally high concentrations of H2 O. The locally
high concentration of H2 O will in turn facilitate the formation of H2 O-H2 O complexes which,
as discussed in Paper II, can signiﬁcantly lower the activation barrier for H2 O dissociation. In
essence, H-bonding eﬀects clearly need be considered to understand water chemistry at surfaces
in general.

6.2.4

Water chemistry on Cu(111) at near ambient conditions: a
comparison with Cu(110)

In order to make generalizing statements about water chemistry at surfaces under near ambient
conditions comparative studies are necessary. For these purposes near ambient XPS studies on
Cu(111) were performed.
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To the left in ﬁgure 6.10 the XPS result for Cu(110) at 1 Torr atmosphere of H2 O at 295 K is
shown. We recognize the results from those previously discussed in section 6.2.3. The Cu(110)
is covered to saturation by a mixed H2 O:OH layer. In the middle of ﬁgure 6.10 we show the
results obtained under identical conditions for the Cu(111) surface. Completely opposite to the
results obtained on Cu(110), the Cu(111) surface remains adsorbate free.
O 1s XPS
hν =735 eV
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Figure 6.10: O 1s XPS for water on Cu(111) and Cu(110) under 1 Torr partial pressure of H2 O and 295
K. Left: A near saturation coverage (1.14 × 1015 molecules/cm2 ) of mixed H2 O:OH layer
is observed on Cu(110). Middle: Adsorbate free Cu(111) when surface is initially clean.
Right: A near saturation coverage (1.32 × 1015 molecules/cm2 ) of a mixed H2 O:OH layer
is observed when the Cu(111) surface is pre-adsorbed with 0.22 ML of atomic O.

As discussed in 6.2.3 and shown in Paper VI, the desorption kinetics derived for monomeric
H2 O or clusters of H2 O cannot account for the large observed quantities of H2 O on Cu(110).
However, the stability of the H2 O-OH complex is capable to account for the observations on
Cu(110). Since no OH is observed on Cu(111) we should therefore not observe any adsorbed
H2 O, consistent with the obtained results. However, this reasoning begs the question: why is
OH observed on Cu(110) but not on Cu(111)?
Whereas, under UHV conditions, water forms a 2-dimensional wetting-layer on Cu(110) and
dissociates in kinetic competition with desorption (Paper II and Paper III), water’s interaction
with Cu(111) is very weak, resulting in formation of 3-dimensional clusters and desorption
without dissociation 119,120 . It is very clear that the activation barrier towards water dissociation
diﬀers substantially between the two surfaces; the Cu(110) surface providing a signiﬁcantly lower
barrier resulting in a signiﬁcant rate of OH formation at near ambient water partial pressures
and temperatures that subsequently stabilizes H2 O at the Cu(110) surface.
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By manipulating the reactivity of the Cu(111) surface we can however induce OH formation
and check whether our overall reasoning is correct. Pre-adsorbed atomic O, well below its surface
oxide saturation coverage on metal surfaces, is known to greatly increase the reactivity towards
water 23,24 . We therefore prepared such a Cu(111) surface with 0.22 ML atomic O and the result
is shown to the right in ﬁgure 6.10. Indeed, a large amount of H2 O is observed due to the very
large quantities of OH present at the Cu(111) surface. This conﬁrms that the presence of OH
tunes the Cu(111) surface adsorptive properties towards water to be very much like those for
the OH-covered Cu(110) surface.
In conclusion we have learned that it is the activation barrier towards water dissociation that
rules the overall water chemistry at surfaces. A very simple and obvious conclusion which, however, underlines the importance of considering and deepen our understanding of the parameters,
such as surface electronic and geometric structure and H-bonding, that determine the kinetics
of water dissociation.
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Chapter 7
Conclusions and Outlook
On all metal surfaces investigated, Pt(111)/Ru(001)/Cu(110) and Cu(111), the presence of adsorbed OH signiﬁcantly lowers the desorption rate of H2 O. In a microscopic picture this is due to
the stability of the H2 O-OH complex at the metal surface; its stability the result of H-bonding.
Although some indications on the stability of the H2 O-OH complex at metal surfaces exist in previous UHV surface science experimental results, it was only when performing the near ambient
pressure XPS studies the stability of the H2 O-OH complex became clear and the full importance
of this H-bonding eﬀect apparent.
From the research undertaken and presented here it is evidently so that mixed H2 O:OH
structures come in various sizes and shapes; extended H-bonding networks on Pt(111), ﬁnite and
non-isotropic stripe-like structures on Ru(001) and, from previous literature, a 1-dimensional
structure on Cu(110). On Pt(111) the H-bonding in mixed H2 O:OH layers clearly aﬀects it
structural characteristics and the variety of structures observed on the diﬀerent surfaces must
in the end boil down to diﬀerences in substrate-adsorbate bonding and adsorbate-adsorbate
H-bonding. One thing is certain, the long-range order of the underlying substrate does not
necessarily impose an isotropic order on a mixed H2 O:OH structure.
During the investigations it has been realized that much previous literature on the structure
of adsorbed water layers may have been aﬀected by x-ray/electron induced modiﬁcations. In
particular this is the case for Ru(001) and Cu(110), two surfaces around which there has been
much controversy in the literature regarding, in essence, the magnitude of activation barrier for
water dissociation. Another complicating factor in determining the water adsorption mechanism
on these surfaces, i.e. molecular or dissociative, may very well be that the activation barrier
towards dissociation is very similar to the activation barrier for desorption on both of these
surfaces under UHV conditions. This leads to two simultaneous processes, diﬃcult to disentangle
if not using, e.g., high-resolution XPS and suﬃciently low x-ray/electron doses.
The results presented here are only a small part of a bigger whole. The in-situ XPS studies
have provided ﬁrst insights into water chemistry at near ambient conditions and are expected
to keep providing very interesting results in the future. We may soon expect the ﬁrst XAS data
on water layers under near ambient conditions as the experimental set-up also allows for such
measurements.
Since H-bonding signiﬁcantly alters surface chemical kinetics there is a need for a better
understanding of how H-bonding, in general, inﬂuences various activation barriers for surface
chemical processes. Theoretical modeling using DFT is today remarkably accurate and we can
foresee a number of studies on the underlying microscopic driving forces, i.e. chemical bonding
including H-bonding and their associated energetics, for water and hydroxyl chemistry on metal
surfaces.
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20. Pétermann, L. A. Prog. Surf. Sci. 3, 1 (1972).
21. Jeﬀrey, G. A. An Introduction to Hydrogen Bonding,. Oxford University Press,, (1997).

58

References

22. Nilsson, A., Ogasawara, H., Cavalleri, M., Nordlund, D., Nyberg, M., h. Wernet, P., and
Pettersson, L. G. M. J. Chem. Phys. 122, 154505 (2005).
23. Thiel, P. A. and Madey, T. E. Surf. Sci. Rep. 7, 211 (1987).
24. Henderson, M. Surf. Sci. Rep. 46, 1 (2002).
25. Koper, M. T. M. and van Santen, R. A. J. Electroanal. Chem. 472, 126 (1999).
26. Botti, A., Bruni, F., Imberti, S., Ricci, M. A., and Soper, A. K. J. Chem. Phys. 120, 10154
(2004).
27. Michaelides, A., Ranea, V. A., de Andres, P. L., and King, D. A. Phys. Rev. Lett. 90,
216102 (2003).
28. Michaelides, A., Alavi, A., and King, D. A. Phys. Rev. B 69, 113404 (2004).
29. Meng, S., Wang, E. G., and Gao, S. W. Phys. Rev. B 69, 195404 (2004).
30. Steiner, T. Angew. Chem. Int. Ed. 41, 48 (2002).
31. Doering, D. L. and Madey, T. E. Surf. Sci. 123, 305 (1982).
32. Held, G. and Menzel, D. Surf. Sci. 316, 92 (1994).
33. Feibelman, P. Science 295, 99 (2002).
34. Michaelides, A. and Hu, P. J. Chem. Phys. 114, 513 (2001).
35. Michaelides, A. and Hu, P. J. Am. Chem. Soc. 123, 4235 (2001).
36. Ogasawara, H., Brena, B., Nordlund, D., Nyberg, M., Pelmenschikov, A., Pettersson, L.
G. M., and Nilsson, A. Phys. Rev. Lett. 89, 276102 (2002).
37. Bange, K., Grider, D. E., Madey, T. E., and Sass, J. K. Surf. Sci. 136, 38 (1984).
38. Polak, M. Surf. Sci. 321, 249 (1994).
39. Spitzer, A. and Luth, H. Surf. Sci. 120, 376 (1982).
40. Mariani, C. and Horn, K. Surf. Sci. 126, 279 (1983).
41. Benndorf, C. and Madey, T. Surf. Sci. 194, 63 (1988).
42. Ammon, C., Bayer, A., Steinrück, H. P., and Held, G. Chem. Phys. Lett. 377, 163 (2003).
43. Schmitz, P. J., Polta, J. A., Chang, S. L., and Thiel, P. A. Surf. Sci. 186, 219 (1987).
44. Held, G. and Menzel, D. Surf. Sci. 327, 301 (1995).
45. Clay, C., Haq, S., and Hodgson, A. Phys. Rev. Lett. 92, 046102 (2004).
46. Völkening, S., Bedürftig, K., Jacobi, K., Wintterlin, J., and Ertl, G. Phys. Rev. Lett. 83,
2672 (1999).
47. Bedürftig, K., Völkening, S., Wang, Y., Wintterlin, J., Jacobi, K., and Ertl, G. J. Chem.
Phys. 111, 11147 (1999).
48. Karlberg, G. S., Olsson, F. E., Persson, M., and Wahnström, G. J. Chem. Phys. 119, 4865
(2003).

References

59

49. Karlberg, G. S. and Wahnström, G. Phys. Rev. Lett. 92, 136103 (2004).
50. Schumacher, N., Boisen, A., Dahl, S., Gokhale, A. A., Kandoi, S., Grabow, L. C., Dumesic,
J. A., Mavrikakis, M., and Chorkendorﬀ, I. J. Catal. 229, 265 (2005).
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