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Abstract

This thesis summarizes studies which focus on addressing, using both
theoretical and experimental methods, fundamental questions about surface
phenomena, such as chemical reactions and bonding, related to processes
in heterogeneous catalysis. The main focus is on the theoretical approach
and this aspect of the results. The included articles are collected into three
categories of which the first contains detailed studies of model systems
in heterogeneous catalysis. For example, the trimerization of acetylene
adsorbed on Cu(110) is measured using vibrational spectroscopy and
modeled within the framework of Density Functional Theory (DFT) and
quantitative agreement of the reaction barriers is obtained. In the second
category, aspects of fuel cell catalysis are discussed. O2 dissociation is
rate-limiting for the reduction of oxygen (ORR) under certain conditions and
we find that adsorbate-adsorbate interactions are decisive when modeling
this reaction step. Oxidation of Pt(111) (Pt is the electrocatalyst), which
may alter the overall activity of the catalyst, is found to start via a PtO-like
surface oxide while formation of α-PtO2 trilayers precedes bulk oxidation.
When considering alternative catalyst materials for the ORR, their stability
needs to be investigated in detail under realistic conditions. The Pt/Cu(111)
skin alloy offers a promising candidate but segregation of Cu atoms to the
surface is induced by O adsorption. This is confirmed by modeling oxygen
x-ray emission (XES) and absorption spectra of the segregated system
and near-perfect agreement with experiment is obtained when vibrational
interference effects are included in the computed XES. The last category
shows results from femtosecond laser measurements of processes involving
CO on Ru(0001). Using free-electron x-ray laser experiments a precursor
state to desorption is detected and also found in simulations if van der Waals
effects are included. Resonant XES can be used to distinguish two different
species of CO on the surface; vibrationally hot, chemisorbed CO and CO in
the precursor state. Laser-induced CO oxidation on Ru(0001) is modeled and
three competing mechanisms are found. Kinetic modeling reproduces the
experiment qualitatively.
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1

Introduction

Heterogeneous catalysis denotes processes in which the phase of the catalyst
and reactants differs, e.g., a reaction involving gas phase molecules adsorbing
on a solid metal surface and forming a product. Understanding this class
of catalytic reactions and improving the activity of the catalyst is of great
importance and concern for many processes in industrial chemistry. This
has driven the scientific community to a deepened understanding of surface
chemical processes and surface science, the relevance of which cannot be
underestimated; prominent scientists have, for example, been awarded Nobel
prizes for their contributions to surface chemistry (Irving Langmuir 1932) and
physics (Gerhard Ertl 2007).

Spectroscopic measurements are powerful tools used to probe different
properties of chemical systems. Depending on the technique, different
properties can be studied and subsequently combined to give more insight
regarding the system of interest. A theoretical complement to this approach
can give additional information and sometimes even decisive knowledge
required for the interpretation of the measurement.

Recently, the application of theoretical modeling, and especially electronic
structure calculations in the form of density functional theory (DFT), in
heterogeneous catalysis has increased significantly and proven invaluable
for the pursuit of alternative materials as catalysts and the understanding of
trends in reactivity [1].

This thesis focuses on understanding surface phenomena of relevance to
different catalytic processes, such as surface reactions occurring in proton
exchange membrane (PEM) fuel cells and automotive exhaust catalysis, using
an approach in which theoretical and experimental efforts are combined to
provide a clearer, more complete picture. DFT calculations together with
core-level spectroscopy are the prime tools used to understand chemical
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1 Introduction

bonding, surface reactions and electronic structure of adsorbates in model
systems relevant for the processes just mentioned.

The results of this thesis are divided into three categories, the first
of which contains studies on model systems of fundamental nature; the
adsorption and reaction kinetics of acetylene on Cu(110) are investigated
and the nature of the chemical bond of CO on Fe(100) is analyzed in detail.
The second category contains a set of studies on Pt-based systems in which
the interaction of oxygen and platinum is the central theme. We investigate
the mechanism for O2 dissociation on Pt(111), which is of relevance to the
overall activity at the fuel cell cathode, along with aspects more relevant
to the inhibition of the activity; substrate oxidation and adsorbate-induced
segregation of bulk atoms to the surface in a Pt/Cu(111)-skin alloy.

In the last category, the femtochemistry of CO on Ru(0001) is studied. The
experiments behind these studies have mainly been done at the free-electron
x-ray laser facility at the Linac Coherent Light Source (LCLS) which allows
for x-ray probing of, for example, the adsorbate electronic structure on a
femtosecond timescale. These studies are large collaborations containing
scientists from a range of disciplines (surface scientists, laser physicists
and theoreticians) and have offered a great opportunity to contribute to
revolutionary and ground-breaking findings. A precursor state to desorption
was detected in real-time in these experiments, and was supported by theory
in different ways.

This thesis is focused on presenting a framework, from a theoretical
perspective, based on which, the papers included can be discussed and
understood in more detail. An introduction to the theoretical methods used
in all studies is given along with a brief overview of the experimental
techniques that I aimed to model, and that obviously also were employed
in the studies. A discussion of concepts in heterogeneous catalysis on an
electronic structure level is also given to present the methods and models on
which the interpretations in the studies are based. Finally, a summary of the
papers included in this thesis is presented together with a comment on my
own contribution to each one of them.
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2

Experimental techniques

An essential part of this thesis has focused on understanding and
reproducing results obtained with different experimental methods by
means of electronic structure calculations. In order to successfully do this,
it is necessary to understand the techniques we try to model. This chapter
aims to give a brief overview of most of the different experimental methods
employed in the papers on which this thesis is based.

2.1 Core-level spectroscopy

It is common to divide the electronic structure of a system into a valence
part and an inner-shell, or core, part. Typically, chemistry involves only
the valence electrons since the core-electrons are centered close to the
nucleus and do not directly participate in chemical bonding. However,
spectroscopies involving the core-electrons can provide unique insight into
the local chemical environment and electronic structure of the probed atom.
In Fig. 2.1 the different spectroscopies used in the studies behind this thesis
are shown schematically and briefly discussed. For a detailed review of the
principles of core-level spectroscopies, the book of Stöhr [2] is recommended.

Depending on the energy of the incoming x-ray photon, its absorption
can lead to either ionization, the response of which is measured in x-ray
photoemission spectroscopy (XPS), or excitation of a core-electron into an
unoccupied state, which is measured in x-ray absorption spectroscopy (XAS).
The former technique provides information on the chemical state, i.e. the local
bonding environment, of the probed atom. Different species have different
electron binding energies separated by a so-called chemical shift, which is
the relative position of the respective binding energies for atoms of the same
element in different surroundings. This property allows for distinguishing

3



2 Experimental techniques

between surface and bulk atoms, for instance, or between different adsorbates
on surfaces.

E
F

hv
XES

hv
XAS

Core level

hv
XPS

Figure 2.1: Schematic figure of the XPS, XAS and XES processes. An incoming photon
becomes absorbed by an electronic system and induces either ionization (XPS) or excitation
(XAS) and subsequent radiative emission (XES).

XAS is atom-specific and symmetry-resolved and due to the spatially
localized nature of the core state, we probe the unoccupied valence states
projected onto the excited atom; the cross-section of the transition from a core
state to a (previously) unoccupied state is measured. When modeling this
process, the effect of the created core-hole on the electronic structure in the
final state (when the core-electron has been excited) needs to be considered.
Different ways of addressing this problem will be discussed in the Theory
chapter. The symmetry resolution of XAS arises since the transitions obey the
dipole selection rule, meaning that if we excite an electron from a core-orbital
of s symmetry, we will probe the unoccupied p states of the specific atom. In
addition, the orientation of the unoccupied valence-state can be probed; if
the electric field vector of the exciting photons is perpendicular to the orbital
we probe, the oscillator strength will be zero. This effectively means that we
can selectively probe p orbitals along some axis by setting the electrical field
vector parallel to it.

Similar rules apply to x-ray emission spectroscopy (XES) , in which we
obtain information on the occupied valence states. As the core-hole created in
the XAS process decays either a photon (radiative) or electron (non-radiative)
is emitted. The radiative process can be energy resolved and we subsequently
obtain an XES spectrum. In XES, the final state contains no core-hole but a
valence hole, as seen in Fig. 2.1. A discussion of how to treat this theoretically
will be given in the following chapter. The non-radiative process is denoted
Auger but we will not discuss this method here.

Papers II to VII include measurements made with one or all of the
mentioned techniques.
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2.2 Sum-frequency generation spectroscopy

2.2 Sum-frequency generation spectroscopy

Infrared (IR)-visible sum-frequency generation (SFG) spectroscopy is a
second-order, non-linear optical process which can be used to analyze
processes occurring at interfaces and surfaces. In this spectroscopy, two
incoming laser beams (IR and visible) combine at the surface and yield an
outgoing wave with the sum-frequency of the two incident waves, a process
that conserves energy and momentum [3]. The selection rule requires the
inversion symmetry of the probed system to be broken in order to generate
a sum-frequency wave. This requirement makes SFG a powerful and highly
sensitive technique to investigate surface processes. In SFG, the incoming
IR pulse is tuned to excite the vibrational transition from the ground state
to the first vibrationally excited state of the adsorbate on the surface and
consequently vibrational spectroscopy can be performed; the incoming wave
of visible light then typically excites the system to a virtual electronic level,
see Fig. 2.2. If, on the other hand, also the visible wave has spectroscopic
overlap with an adsorbate electronic transition, electronic spectroscopy can
be performed as well.

v=0

v=1

v=2

virtual level

w
VIS

w
IR

w
SFG

w   
VIS

w
IR

w
SFG

+ =

Z

P
o

te
n

ti
a

l e
n

e
rg

y
 

IR

vis

SFG

Figure 2.2: Schematic figure of Sum Frequency Generation Spectroscopy where z is some
interatomic distance. The outgoing SFG wave conserves the momentum of the incoming waves,
as illustrated in the inset to the right.

The incident pulses overlap both spatially and temporally on the surface
in the conventional technique and, if used in broadband mode [4], a complete
scan of the IR frequency is not necessary and the spectrum can be obtained
instantaneously, making this approach efficient for studying the thermal
evolution of the adsorbate system of interest. This is what is done in Paper I
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2 Experimental techniques

in which we study the adsorption and trimerization of acetylene on Cu(110)
using DFT and SFG spectroscopy.

One should also mention time-resolved SFG in which, for example, a
delay between the incident waves is employed or a laser pump thermally
excites the system and equilibration can be monitored with the probing IR-
visible waves [3]. We will not discuss these techniques further in this thesis,
however.

2.3 Femtosecond laser measurements

In femtochemical laser experiments, the ultrashort pulse duration of the
laser is employed to provide femtosecond time-resolution of the chemical
dynamics of reactions occurring in gas phase or solution [5], and lately the
application to surface phenomena has increased considerably [6].

Typically, a femtosecond laser pulse excites the adsorbate-substrate
system, a process that will be discussed further in the femtochemistry
section in the chapter covering concepts in heterogeneous catalysis, and the
time-resolved reaction yield of the process of interest is monitored with mass
spectrometry. Different experimental approaches exist for this; the yield can,
for example, be measured as a function of absorbed laser fluence, or of the
laser photon energy or of the time-delay between incoming laser pulses.

In fluence-dependence measurements, the non-linear dependence of the
yield (Y) on the laser fluence (F) is typically, within a certain fluence regime,
parameterized by a power-law (Y = Fn) and the nonlinearity can thus be
quantified by a single number, i.e. the exponent n. This method on its own
cannot distinguish between mechanisms, i.e. whether the reaction is mediated
by hot electrons or phonons or both (again, more on this in the femtosecond
section). Complementary experiments are required to elucidate this.

In two-pulse correlation experiments, the incoming laser beam of fixed
fluence is split into two parts and the pulse sequence is varied to give
a time-profile of the yield dependence. Since the reaction yield depends
non-linearly on the fluence, the width of the obtained yield-correlation may
indicate the mechanistic origin of the process of interest. Generally, a small
width indicates an electron-mediated reaction. A broader function, on the
other hand, does not exclude the involvement of electron coupling.

2.3.1 Pump-probe experiments at the Linac Coherent Light
Source

At LCLS the free-electron x-ray femtosecond laser offers the possibility
of performing ultrafast pump-probe x-ray fluorescence spectroscopy. The
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2.3 Femtosecond laser measurements

dynamics of the adsorbate electronic structure can be probed, according
to the core-level techniques mentioned above, with a femtosecond time-
resolution; chemical reactions can be studied in real time, see Papers VI and
VII.

In these pump-probe experiments the sample is excited by an initial laser-
pulse and the system is subsequently probed by an x-ray pulse. The dynamics
can then be monitored by tuning the pump-probe delay, i.e. the temporal
separation of the two pulses. This offers a powerful way of probing surface
chemical processes since the occupied (XES) and unoccupied (XAS) electronic
states of the adsorbate can be studied on the time-scale obtained from tuning
the pump-probe delay.
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3

Theoretical methods

The theoretical approaches on which this thesis is based center around
DFT and properties calculated within the framework of this widely used
method. A brief overview of the theory will be given in this chapter along
with the formalism suitable to describe the systems of interest. Methods
used to model core-level spectroscopy and to estimate activation energies for
chemical reactions will also be presented.

3.1 Electronic structure calculations

To obtain the electronic structure of a many-body system we need to solve
the time-independent Schödinger equation (SE) which is written as

ĤΨ(r, R) = EΨ(r, R) (3.1)

where Ĥ is the Hamiltonian operator, Ψ(r, R) is the many-body wave-
function satisfying the SE, E is the total energy of the system and r and R
denote the summarized spin and spatial coordinates of electrons and nuclei,
respectively. The Hamiltonian describing the system of electrons and nuclei
is, in atomic units

Ĥ =
N

∑
v

T̂v +
M

∑
i

t̂i −
M

∑
i

N

∑
v

Zv

|ri − Rv|
+

1
2

M

∑
i,j=1,i 6=j

1
|ri − rj|

+
1
2

N

∑
v,u=1,v 6=u

ZvZu

|Rv − Ru|
. (3.2)

Here, Zv is the charge of nucleus v and T̂v and t̂i are the kinetic energy
operators for the nuclei and electrons.
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3 Theoretical methods

If we apply the Born-Oppenheimer (BO) approximation [7], in which we
separate the nuclear and electronic parts of the SE through an ansatz for the
wave function of the form

Ψ(r, R) = ψ(r; {R})χ(R), (3.3)

where χ(R) is the nuclear wave function and ψ(r; {R}) is the electronic wave
function, then the electronic many-body problem is reduced to solving the
electronic SE in an external potential from the nuclei in which the electrons
are moving; the electronic wave function depends parametrically on the
positions of the nuclei. The validity of the BO approximation relies on the
requirement that the first and second derivatives of the electronic wave
function with respect to the nuclear coordinates are small.

3.1.1 HK theorems and KS-DFT

It is rather cumbersome to treat electronic wave functions which depend
on all coordinates of all the electrons in the system of interest. In the DFT
approach, the electron density, which instead depends only on three spatial
coordinates, is used to obtain electronic structure properties.

Hohenberg and Kohn [8] formulated the mathematical foundation of DFT
for non-degenerate ground states using two theorems. In the first theorem
the electron density is stated to uniquely determine the external potential
created by the nuclei to within a constant. This means that the total energy of
the electronic system can be written as a functional of the electron density:

E[ρ] = T[ρ] +
∫

ρ(r)Vext(r)dr + Eee[ρ] (3.4)

where T[ρ] is the kinetic energy functional, the second term is the potential
energy arising from the interaction with the external potential, and Eee[ρ]
accounts for the electron-electron interaction.

In their second theorem they defined a density functional F[ρ]
independent of the external potential and established a variational principle
such that minimizing the total energy functional, provided the number of
particles N in the system is kept constant, would give the correct ground state
energy. The functional is however not known and needs to be approximated.

To make the theory applicable, Kohn and Sham (KS) [9] developed a
scheme to approximate the density functional. The terms in Eq. (3.4) are
decomposed, giving rise to the following expression for the total electronic
energy:

E[ρ] = Ts[ρ] +
∫

ρ(r)Vext(r)dr + J[ρ] + EXC[ρ] (3.5)

In this formulation, a term, Ts[ρ], is introduced describing the kinetic energy
for a system of non-interacting electrons, together with a classical Coulomb
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3.1 Electronic structure calculations

energy term, J[ρ], for the same system, and an exchange-correlation (XC)
term, EXC[ρ], collecting the remaining contributions and corrections; the trick
presented here is that the non-interacting system is constructed, through the
definition of a set of one-electron KS orbitals, ψKS

i , to have the same electron
density as the interacting system (the system we wish to describe). The kinetic
energy of the interacting system will, to a large part, be constituted by that
of the non-interacting system and what remains will be collected in the EXC
functional, together with the corrections for the other terms. So we have for
the kinetic energy of the non-interacting system that

Ts[ρ] = −
1
2 ∑

i
〈ψKS

i |∇
2|ψKS

i 〉. (3.6)

The electron density is calculated from the KS orbitals as

ρ(r) = ∑
i
|ψKS

i (r)|2. (3.7)

These orbitals are the basic variables in KS-DFT and it is with respect to these
that the KS energy functional, Eq. (3.5), is minimized, under the constraint
that the KS orbitals are orthogonal, to obtain the one-electron KS equations
(in atomic units): (

− ∇
2

2
+ ve f f (r)

)
ψKS

i (r) = εiψ
KS
i (r) (3.8)

where the effective potential is defined as

ve f f (r) =
∫

ρ(r′)
|r− r′|dr′ −∑

v

Zv

|r− R|v
+

δEXC[ρ]

δρ(r)
(3.9)

These equations are solved self-consistently and a number of different
numerical schemes are used for doing this.

3.1.2 Exchange-correlation functionals

One central question in DFT is how to approximate the XC contribution since
the exact XC functional is unknown. There are numerous functionals suitable
to calculate different properties with various accuracy.

A simple (or the simplest, really) approach is called the Local Density
Approximation (LDA) in which the XC energy functional is approximated
based merely on the electron density of a homogeneous electron gas.

More advanced approximations have of course been developed such as
the Generalized Gradient Approximation (GGA), where the derivative of the
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3 Theoretical methods

electron density is also included. This type of functional has proven rather
accurate for metallic systems. The widely used PBE [10] and PW91 [11]
functionals belong in this category, as do their revised relatives e.g. RPBE [12].
There also exist so called hybrid functionals, in which a fraction of exact
exchange from Hartree-Fock (HF) theory [13] is included, for example the
B3LYP [14, 15] functional. These are typically parameterized to accurately
describe certain classes of compounds.

More recently, functionals accounting for non-local correlation (van der
Waals (vdW) interactions) have been developed, [16, 17].
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Figure 3.1: O K edge XAS of O adsorbed on Pt(111) calculated with two different XC
functionals; PBE and RPBE.

Deciding what functional to use is not a simple task and can depend
on the property of interest. For example, adsorption energies of molecules
can differ by tenths of eV:s depending on the choice of XC functional; using
standard GGA:s may yield large discrepancies to experimental values while
the RPBE functional, which is optimized for the purpose, typically agrees
better with experiments. Spectrum calculations, on the other hand, are not
as sensitive to the choice of functional [18], as can be seen in Fig. 3.1 where
there is practically no difference at all between the PBE and RPBE functional
when looking at the O K edge XAS of O adsorbed on Pt(111).
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3.1 Electronic structure calculations

3.1.3 Periodic boundary conditions

In a standard quantum chemical approach to calculating the electronic
structure of molecules the molecular orbitals are expanded in terms of atom-
centered basis functions, a method that is called the Linear Combination of
Atomic Orbitals (LCAO). The basis functions are typically Gaussians, which
facilitates an analytical treatment of the relevant matrix elements.

When studying metal surfaces, on which the studies behind this thesis
have focused, a periodic approach is more suitable. Using Bloch’s theorem
[19] the electronic wave function can be written as the product of a plane
wave and a function with the periodicity of the system’s lattice:

ψnk(r) = eik·runk(r) (3.10)

where r is the position vector and k is the wave vector. The periodic function
unk can also be expanded in terms of plane waves, so that the electronic wave
function is completely expressed as a sum of plane waves

ψi(r) = ∑
G

ci,k+Gei(k+G)·r (3.11)

where the wave vectors G are the reciprocal lattice vectors of the crystal
and the coefficients ci,k+G are varied in an optimization scheme to find
the minimum energy solution. Using plane waves as a basis set is suitable
for metals. The conduction band electrons are often highly delocalized in
space, which means that the momentum of the electron will be well defined,
according to the uncertainty principle. This makes it very convenient to
describe the electronic system in momentum space, or reciprocal space,
rather than in real space. However, describing the all-electron (AE) wave
function using plane waves becomes critical close to the core, a problem we
will return to in the following section.

Employing Bloch’s theorem eliminates the need for calculating an infinite
number of wave functions since a unit cell only holds a finite number of
electrons. But, bear in mind that there is an infinite number of values of k,
so called k-points, in the Brillouin Zone (BZ) over which, for example, the
energy of the unit cell is calculated as an integral. Using sampling schemes,
e.g., the Monkhorst-Pack interpolation [20], this integral becomes a sum over
a finite number of k-points and the energy can be converged with respect to
these. Typically, a mesh is created with k-points evenly distributed over the
BZ and symmetry operations of the Bravais lattice are applied to all k-points
to reduce the number effectively sampled; we obtain the irreducible k-points.
These are then weighted in the sum as the energy of the unit cell is evaluated.

If a large unit cell is used in the calculation, fewer k-points are required.
However, if possible it is preferable, from a computational-time perspective,
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3 Theoretical methods

to use k-point sampling rather than large unit cells, since we can use
symmetry operations to efficiently reduce the number of k-points effectively
sampled. Systems that require large unit cells to be accurately described,
e.g., surface reactions at low coverage, are computationally more demanding.
However, efficient parallelization schemes exist for real space treatments and
therefore the usage of real space representations rather than plane waves has
become increasingly popular.

3.1.4 The Projector Augmented Wave formalism

The sharp features of the strongly localized electronic wave functions
describing core electrons become extremely demanding to handle computationally
when calculating the electronic structure of a system using plane waves or
numerical grids. A full account of these features requires large plane wave
basis sets or a very dense grid in a grid representation of the wave function.
But is it really necessary to describe this behavior of the wave function close
to the core? Practically all chemistry involves only the valence electrons.

Historically, solid state systems have been treated using norm-conserving
pseudo-potentials (NCPP) [21]. In this method, the AE wave function is
replaced with a (nodeless) pseudo wave function under the restriction that
the pseudo wave function has the same norm inside a chosen cut-off core
radius rc as the original wave function, and that they are both equal outside
of rc. The integrated charge density of the AE and pseudo wave function
must be equal inside rc, a requirement that ensures the electrostatic potential
of the two systems to be equal outside of rc (Gauss’ law). Also, the logarithmic
derivatives of the pseudo and AE wave function must be equal at rc. If
these conditions are fulfilled, good transferability is obtained, meaning the
behavior of the pseudo-system reproduces the true system in a variety of
chemical environments. When constructing a pseudo-potential, the behavior
of the logarithmic derivative therefore becomes crucial. A drawback with the
NCPP method, apart from losing the AE description of your system, is that
to obtain good or even reasonable transferability, rc must be placed close to
the outer maximum of the AE wave function [22], meaning that to model,
e.g., 3d elements, which have rather localized orbitals, hard NCPP:s (short
rc) are required and the calculation will again be rather cumbersome. So
developing and using NCPP:s usually leads to a compromise: having good
transferability at a high computational cost, or low computational cost and
worse transferability properties.

A solution to this problem was suggested by Vanderbilt [23] with so
called ultra-soft pseudo-potentials (USPP) in which the norm-conservation
requirement is loosened and augmentation charges are introduced to
compensate for the resulting loss of charge. This means that rc of the pseudo
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3.1 Electronic structure calculations

wave functions can be chosen to be much larger while the integrated charge
density is treated separately, usually even on a separate grid, with a smaller
radius. USPP:s have been widely used since, from a computational-time
perspective, they are superior to NCPP:s.

A different approach to treating the core electrons is the Projector
Augmented Wave (PAW) method [24] which offers a way of doing electronic
structure calculations using smooth wave functions without losing the AE
description. PAW is an exact AE method which the USPP approach is not.
However, there exists a formal relationship between the methods if special
AE augmentation functions are used to calculate the compensation charge
mentioned above [22]. This is, on the other hand, in practice too cumbersome.

In PAW, we seek an operation that linearly transforms the smooth wave
function, the pseudo-wave function |ψ̃n〉, to the AE KS wave function |ψn〉(n
denotes a quantum state),

|ψn〉 = T̂|ψ̃n〉. (3.12)

The transformation, denoted T̂, is only required to modify the pseudo wave
functions inside a certain radius of the core. For each atom a an augmentation
sphere with cut-off radius ra

c is defined outside of which the pseudo wave
function equals the true AE wave function. This augmentation region is atom-
specific so that T̂ can be written as

T̂ = 1 + ∑
a

T̂a (3.13)

where a denotes an atom index. Following the derivation by Blöchl [24], we
can write this atom-centered transformation as

T̂a = ∑
i
(|φa

i 〉 − |φ̃a
i 〉)〈 p̃a

i | (3.14)

where φa
i are denoted partial waves (atomic orbitals) and φ̃a

i are the
corresponding pseudo-partial waves. These are used as atom-specific basis
sets to expand the AE and pseudo-wave functions inside the augmentation
sphere (note that these augmentation spheres must not overlap). p̃a

i are the
so-called projector functions which are required to be orthonormal to the
pseudo-partial waves inside of ra

c .
Plugging into (3.12), the sought linear transformation is

|ψn〉 = |ψ̃n〉+ ∑
a

∑
i
(|φa

i 〉 − |φ̃a
i 〉)〈 p̃a

i |ψ̃n〉. (3.15)

The pseudo wave function is obtained by solving the transformed KS
equation

ˆ̃Hψ̃n = εnŜψ̃n (3.16)
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where ˆ̃H = T̂†ĤT̂ is the transformed Hamiltonian and Ŝ = T̂†T̂ is the overlap
operator.

GPAW [25] is a real-space grid-based implementation of the PAW
formalism, in which precalculated atom-specific setups containing the
partial waves and other core properties are employed. In this code, the
KS-equations are solved numerically using multi-grid methods as well
as finite-difference approximations. Having wave functions, densities and
potentials etc. represented on real-space grids offers powerful parallelization
schemes which makes it very suitable for studying systems that require large
super cells, e.g., as when modeling surfaces or performing XAS calculations.
GPAW provides an AE picture within the frozen core approximation and
numerous properties are available to calculate. Later in this chapter a brief
overview of the x-ray spectroscopy implementation will be given.

3.2 The nudged elastic band method

Searching for minimum energy paths (MEP) and localizing transition states
(TS), i.e. saddle points along the MEP:s, are essential aspects of quantum
chemistry. One of the most successful approaches developed for this purpose
is the Nudged Elastic Band (NEB) method [26, 27] for which the initial and
final states of the chemical reaction need to be defined. A number of images,
i.e. specific geometries of the atomic structure of the system considered, are
then created through a linear interpolation between these states as an initial
guess of the MEP, and subsequently connected with springs. The path is then
optimized with respect to the intermediate images - the end points are kept
fixed - to find the true MEP.

In the standard approach, the elastic band constituted by the MEP
is written as some object function of a system of adjacent images
{R0, R1, ..., RN} connected with springs with spring constants k as

S(R0, ..., RN) =
N

∑
i=1

E(Ri) +
N

∑
i=1

k
2
(Ri − Ri−1)

2. (3.17)

If this function is minimized with respect to {R1, ..., RN} the elastic band
typically pulls off the MEP due to the spring forces. The intermediate
structures also tend to fall down towards the end points away from the
saddle point. The suitable measure here is to use force projection. The
resulting force acting on each of the intermediate images will be

Fi = −∇E(Ri)|⊥ + FS
i · τ̂iτ̂i (3.18)

where ∇E(Ri)|⊥ is the perpendicular component of the gradient of the
energy with respect to the atomic coordinates in image i, FS

i is the spring
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3.2 The nudged elastic band method

force acting on image i and τ̂i is the estimate of the unit tangent to the path
at image i given by the vector between the image i and its neighboring image
with higher energy. If, on the other hand, the image is an extremum on the
MEP, the tangent is taken as a weighted average of the two adjacent images.

What is needed in the minimization process is only the energy and the
gradient of all the intermediate images, and to estimate the tangent to the
path at each image, coordinates and energy of the adjacent two images are
required. From this the force projection can be carried out.

A further modification to the method has been developed called the
Climbing Image NEB, in which the intermediate image with the highest
energy is driven up the path. This is done by inverting the true force, coming
from the interaction between the atoms in the image, parallel to the path at
the image to make the image maximize its energy along the reaction path.
The spring force is turned off for the image approximating the TS [28].
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Figure 3.2: A minimum energy path of O2 dissociation on Pt(111) obtained using the NEB
method.

Figure 3.2 is an example of a MEP of the dissociation of O2 on Pt(111)
(modeled as a (2× 2) cell) obtained using the NEB method as implemented
in the GPAW code. In this calculation three intermediate images are used
and simultaneously relaxed to find the MEP of the reaction. The barrier for
dissociating the O2 molecule on the bare Pt(111) surface is found to be 0.76 eV
at an initial O2 coverage of 0.25 ML using a

√
3× 2 supercell, fully comparable

to what has previously been reported in literature; 0.86 eV in ref [29] and 0.80
eV in ref [30]. The experimentally derived barrier is considerably lower and
resides at around 0.3 eV; a barrier of 0.29 eV was found using low temperature
electron energy-loss spectroscopy measurements [31] and in Paper II it was
determined to be 0.33 eV and 0.32 eV at high and low coverage, respectively.
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This discrepancy between previous experiment and theory is addressed in
Paper II and quantitative agreement is obtained when considering adsorbate-
adsorbate interactions in the theoretical structure model.

3.3 Spectrum calculations

XAS [2] denotes, as mentioned in the previous chapter, the x-ray photon-
induced excitation of a core electron into the conduction band; the incoming
photon is absorbed by the electron which consequently is excited into an
unoccupied state. This process has a probability to occur, defined as the
absorption cross-section (see next section), and when the x-ray photon has
sufficiently high energy we will observe an onset of the absorption, the
absorption edge.

The spectral features close to this edge hold information about the local
structure surrounding the probed atom and the analysis of this specific
region is generally denoted NEXAFS (Near Edge X-ray Absorption Fine
Structure). Studying the spectral oscillations at higher photon energies, in
the so called extended region (EXAFS - Extended X-ray Absorption Fine
Structure), typically gives a picture of the coordination shells in the system.
In the present thesis, however, only the NEXAFS has been calculated so for
simplicity’s sake this spectroscopy will be denoted XAS.

After the core-electron excitation a core-hole remains for a short period
(a few femtoseconds). As the core-hole decays through filling by an electron
relaxed from a higher level, a hole in the valence band is, in turn, created. If
this relaxation generates the emission of a photon we have an x-ray emission
process. A schematic picture of the XAS and XES processes can be found in
Fig. 2.1 in the previous chapter.

In the following, an introduction will be given to the background of the
theoretical modeling of spectroscopy performed in this thesis.

3.3.1 Modeling X-ray absorption spectroscopy

To calculate an XAS spectrum (in DFT within a one-electron picture), Fermi’s
"Golden Rule" is employed, in which the transition probability from one
(core) orbital (ψc) to a final (valence orbital) (ψ f ) is expressed as

σ(ω) ∝ ∑
f
|〈ψ f |E · r|ψc〉|2δ(h̄ω− ε f c) (3.19)

where E · r is the dipole operator, ε f c is the eigenvalue difference of the states
and ω is the frequency of the incoming photon. In this expression, the dipole
approximation (kr� 1, k being the wave vector ) is employed, which is valid
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3.3 Spectrum calculations

if the wavelength of the incoming photon is much larger than the dimension
of the system absorbing it; this is in general applicable for the systems of
interest in this thesis, i.e. the K edges of adsorbates containing light elements.

The approach mainly used in this thesis to compute XAS spectra is
called the transition-potential (TP) method [32], which is an approximation
to the transition-state method devised by Slater [33]. In Slater’s method,
the transition energy between a ground state and a core-excited state with
a core-hole is computed as the orbital energy difference with the relevant
orbitals occupied with a half electron each. In the TP approach, we simply
ignore the excited electron and the problem is reduced to solving an
independent particle problem in a half-core-hole potential to obtain the
cross-section for the different transitions. The corrected energy scale, in
turn, is then computed using a Delta Kohn-Sham (DKS) scheme, analogous
to Delta Self-Consistent Field for Hartree-Fock, where we put the onset
of the TP eigenvalue spectrum to be the energy difference between the
first core-excited state and the ground state, an operation to account for
neglecting the relaxation effects from the excited electron in the final state.
This typically gives an energy scale fully comparable to the photon energy
scale of experiments on systems relevant to this thesis.
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Figure 3.3: Symmetry resolved O K edge XAS of O/Pt(111) modeled with the FCH and HCH
core-hole potentials.
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Other core-hole potentials can be employed as alternatives to TP, e.g., a
full-core-hole (FCH) potential. Beforehand, the choice of core-hole potential
is not obvious and the effect on the spectral features differs significantly
depending on, e.g, the element at which the core-hole is centered or how
well the core-hole is screened. For water, the TP approach has been shown to
be favorable over the FCH potential [34] while in Paper VI, the FCH approach
was favored to describe atomic oxygen adsorption on Pt(111) and Pt-modified
Cu(111) although both potentials were adequate for the purpose, see Fig. 3.3.

3.3.2 Modeling X-ray emission spectroscopy

Turning now to the modeling of XES, all XE spectra in this thesis are
calculated using frozen ground state orbitals [35,36] and the dipole transition
from occupied valence states to the specified core hole computed in a similar
manner as in Eq. (3.19). To represent the binding energy of the occupied
valence states, the KS eigenvalues are employed. For non-resonant XES,
the effect of the created core-hole in the XAS process and the valence-hole
relaxation effects tend to cancel and this has proven accurate [37]. Other
methods of more advanced nature, e.g the TP approach for XES [37], can
naturally be employed to compute XES but the agreement with experiment
does generally not improve or can even be worse since only the effect
from the core-hole is accounted for. Despite the crudeness of the approach
using frozen ground state orbitals, the XES intensities come out rather well
for surface adsorbates [37]. Further improvement is however necessary to
obtain quantitative agreement with experiment. In paper VI, we showed that
including vibrational interference yielded a near-quantitative agreement for
atomic O adsorbed on Pt(111). Vibrational interference for one-dimensional
vibrational modes can be fully accounted for within the Kramers-Heisenberg
(KH) formula, an approach that will be further discussed below.

3.3.3 XAS and XES in GPAW

Applying the TP approach in GPAW means effectively that we employ a
special PAW setup for the atom on which the core hole is centered, a setup
with a half electron removed from the specific core orbital. The XAS cross
section, see previous section, is written using the PAW transformation (Eq.
(3.14)) as

〈ψc|D|ψ f 〉 = 〈ψc|DT̂|ψ̃ f 〉 = 〈ψc|D
(

1 + ∑
a

∑
i
(|φa

i 〉 − |φ̃a
i 〉)〈 p̃a

i |
)
|ψ̃ f 〉

= 〈ψc|D|ψ̃ f 〉+ ∑
a

∑
i
〈ψc|D|φa

i 〉〈 p̃a
i |ψ̃ f 〉 −∑

a
∑

i
〈ψc|D|φ̃a

i 〉〈 p̃a
i |ψ̃ f 〉 (3.20)
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Here, ψc is the initial core orbital and ψ f the unoccupied orbitals and D = E · r
is the dipole operator. Since the condition

∑
i
|φ̃a

i 〉〈 p̃a
i | = 1 (3.21)

must be fulfilled, the first and third terms cancel.
The core state is localized and since we have the same orthogonal orbitals

for the initial and final states, the sum over atomic centers will reduce to only
one term. We obtain for the cross-section

σ(ω) ∝ ∑
f
|〈ψ̃ f |φ̃a〉|2δ(ω− ε f i) (3.22)

where
〈φ̃a| = ∑

i
| p̃a

i 〉〈φa
i |D|ψc〉. (3.23)

In Eq. (3.22) many unoccupied states need to be calculated, operations that
are extremely cumbersome. Therefore, a Haydock recursion scheme [38, 39]
can be employed to avoid computing these. With the recursion method,
the spectrum can be calculated efficiently up to an arbitrary energy by
employing a continued fraction expression with coefficients obtained from
the recurrence relations of the method [40].

In the XES calculations specific PAW setups are constructed in which we
specify which atom center to probe.
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Figure 3.4: Total oxygen K-edge XES of atomic oxygen adsorbed on Pt(111) simulated with
frozen orbitals using GPAW. The oscillator strengths of the electronic transitions (black sticks)
are convoluted with a Gaussian function with a full-width-half-maximum of 1 eV (blue
spectrum).

The oscillator strengths obtained in the spectrum calculations are
broadened using Gaussians to be comparable with experiment. Figure
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3.4 shows a calculated oxygen K-edge XES spectrum of O/Pt(111), where
the oscillator strengths are Gaussian broadened with a full-width-at-half-
maximum (FWHM) of 1.0 eV to give rise to the spectral features seen in the
figure. The spectrum is calculated only at the Γ point (k = 0) for illustrative
purposes to make it less dense.

3.3.4 Vibrational interference in XES

For atomic surface adsorbates vibrational interference in XES can be
accounted for using an approach in which the full KH spectrum is calculated
for a vibrational mode, typically the adsorbate-surface stretch in the surface
normal direction.
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Figure 3.5: Oxygen K-edge XES of atomic oxygen adsorbed on Ni(100). Black colored spectra
are the experiment, blue includes vibrational interference within the KH approach and the red
spectra are calculated using frozen orbitals.

The full KH formula for non-resonant XES can be written as

σ(ω) ∝ ∑
f
|∑

n

〈 f |DFN |n〉〈n|DNI |i〉
ω− (En − E f ) + iΓ

|2 (3.24)

where lower case letters denote vibrational states on the, denoted by upper
case letters, initial (I), intermediate (N) and final (F) electronic potential
energy surfaces (PES) and DFN = 〈F|D̂|N〉. Γ is the core-hole lifetime width
and is element specific.

This method, initially developed in [41], was successfully applied to
atomic O on Pt(111) and Pt-modified Cu(111) in Paper VI. In that study, the
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oxygen distance to the metal surface mapped out (step size= 0.025 Å) the
relevant PES:s for the initial, intermediate and final states of the XES process.
For each step the O-metal distance was kept fixed and the remaining degrees
of freedom, apart from the bottom two layers of the slab, were allowed
to fully relax. In Fig. 3.5, the symmetry-resolved KH spectra of O/Ni(100)
are shown and in both projections, the agreement with experiment when
including vibrational interference is excellent.
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4

Heterogeneous catalysis on
an atomistic level

Using a computational approach to investigate and understand aspects, as
well as to predict the behavior, of solid catalysts and heterogeneous catalytic
reactions has over the past decade become increasingly popular. In particular
DFT modeling of electronic structure properties of catalytic processes has
proven to be an invaluable tool in solving, or at least finding more pieces for,
the catalytic puzzle (an informative review on the matter is given in ref. [42]).

This chapter aims at describing concepts of heterogeneous catalysis on an
atomistic level where the electronic structure of the involved reactants and
catalysts is an essential springboard for predicting and analyzing reactivity
and stability of catalysts. This, in turn, boils down to the understanding of
the surface chemical bond; the chemical interplay between the solid catalyst
and the reactants.

Further, having defined a framework for discussing concepts of catalysis
on an electronic structure level, a brief overview of aspects of and problems
associated with PEM fuel cell catalysis will be given in relation to papers
III-V.

Finally, CO chemistry on Ru(0001), and in particular femtosecond laser-
induced processes, will be discussed to introduce concepts relevant for
papers VI-VIII.

4.1 The surface chemical bond

There are different ways to conceptually understand the strength and nature
of the surface chemical bond. Even though experimental techniques allow
for probing of both the adsorbate and substrate electronic structure, studies
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tend to focus on either understanding changes in the molecular orbitals of the
adsorbate upon coupling to the surface, or effects on the band structure of
the substrate as the surface bond is formed rather than both. It is, however, of
interest to briefly discuss the two "schools" of approach since concepts from
both are used throughout the thesis and in the papers on which it is based.

4.1.1 The d-band model and the substrate electronic
structure

The possibility of predicting trends in heterogeneous catalytic reactions by
merely considering the change in adsorbate-substrate bond energy when
going from one transition metal to the next offers a powerful tool in the search
for better catalysts. In the d-band model [43], the difference in adsorption
energy, as calculated with DFT, when an adsorbate bonds to two different
metals is derived, based on a few approximations.

Consider an adsorbate (a)-metal (m1) system in which the adsorption
energy is defined as

Eads = E(m1 + a)− E(m1)− E(a). (4.1)

As we change the metal slightly, i. e. going for example to a neighboring
transition metal, (m2), we wish to analyze the difference in adsorption energy,
δEads.

Following the derivation of Hammer and Nørskov, [43], we note, after
comparing terms of the KS total energy (see chapter 3 for the definition) of
the two adsorbate-metal systems, that two terms dominate δEads.

δEads = δE1el + δEes,A−M. (4.2)

The first term is the one-electron energy difference between the a− m1 and
the a − m2 systems and the second term is the difference in the adsorbate-
surface electrostatic interactions between the two systems. This means that
comparing one-electron energy differences, provided frozen potentials are
used in the calculation [43], is valid when discussing trends in adsorption
energies and therefore DFT is a very powerful tool when comparing
adsorbate-substrate bond properties for different substrates, provided the
substrates are similar.

Now, consider the situation where an adsorbate approaches a transition
metal surface, i.e. when an adsorbate energy level interacts with the electronic
states of the substrate. Typically, the energy level broadens and shifts upon
coupling with the broad metal s-band. Subsequent coupling of the adsorbate
level to the more localized d states render a splitting into a bonding and an
anti-bonding part of the adsorbate states.
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Figure 4.1: An adsorbate energy level couples to the s and d states of a transition metal
substrate.

Having the schematic picture of how the adsorption process takes place,
we bear in mind that all the transition metals have broad s-bands that are
half-filled. The d-band is however rather narrow. This invites us to divide the
adsorption energy into two parts, one containing the contribution from the
interaction with the s-band and the p-electrons, and a second part accounting
for the d-band interaction:

Eads = Esp + Ed. (4.3)

Esp is assumed to be constant among the transition metals, and consequently
the d contribution will play a decisive role. We also assume that the d
contribution to the adsorption energy in fact can be calculated as the change
in one-electron energy, as discussed above.

To isolate the d contribution and calculate this change in one-electron
energies, Nørskov and coworkers employed the Newns-Anderson model [44,
45] and in ref [46], a detailed description of their approach is given. One finds
that Ed becomes increasingly negative as the d-band shifts up in energy, i.e.
the bond becomes stronger with an up-shift of the d states.

Looking again at Figure 4.1 we note the formation of bonding and anti-
bonding states of the adsorbate energy level above and below the Fermi level
upon adsorption. The adsorbate-metal bond strength will, to a large extent,
depend on the position of the anti-bonding states relative to the Fermi level
and not only on the filling of the d-band [43]. Shifting the energy position
of the d-band center tunes the chemical bond between the adsorbate and the
substrate; a downshift of the d-band increases the number of anti-bonding
states below the Fermi level which in turn results in a weaker adsorbate-
substrate bond.

27



4 Heterogeneous catalysis on an atomistic level

However, this reasoning only holds when comparing surface chemical
bonds along the rows of transition metals in the periodic table. If we compare
down the columns, just looking at the changes in the position of the d-
band center will not necessarily give the right indication of the strength
of the bond. This is due to the Pauli repulsion between the adsorbate and
the metal d band which changes significantly when comparing, e.g., 3d to
4d transition metals. This can, in simple terms, be explained through the
coupling matrix element Vad arising from the interaction between adsorbate
states a and metal d states which is found to be proportional to the energy it
costs to orthogonalize the adsorbate states against the d states of the metal,
i.e. the Pauli repulsion. Comparing the adsorption energy of metals with the
same d-band filling down a column, it turns out that Vad serves as a better
descriptor for the changes in bond energy [43].

Having properties of the d-band as a descriptor for the chemisorption
energy of some adsorbate, a question arises as to how we can correlate this
to the activity of a chemical reaction. The Brønsted-Evans-Polanyi (BEP)
relation [47, 48] does precisely that. As an example, the chemisorption
energy of O is closely connected, through a linear dependency, to the
activation barrier for the O2 dissociation. This offers a powerful possibility
of studying the activity of dissociative chemisorption, or even other types of
surface reactions, by merely looking at the binding energy of the involved
adsorbate to the substrate. For example, the overall activity of a PEM fuel
cell is connected to the ORR taking place at the cathode. This activity of
the cathode process is in turn, under certain conditions, related to the
O2 dissociation, which we mentioned can be described simply by the
chemisorption energy of oxygen. We then have a way of correlating the
macroscopic activity of a catalytic process to parameters defined on an
electronic structure level; properties of the metal d-band. Consequently,
the d-band model offers a powerful theoretical tool for studying trends in
adsorbate-substrate systems and even for predicting promising materials for
a given catalytic process [43]. We will return to discuss aspects of the activity
of the ORR within this framework later in this chapter.

4.1.2 The adsorbate electronic structure

The other side of the coin in the surface chemical bond is the electronic
structure of the adsorbate. How can we study this and what will it tell us
about the nature of the chemical bond? As discussed previously, core-level
spectroscopy serves as an elegant probe of the adsorbate electronic structure
and, in combination with theoretical modeling, a complete picture of the
chemical bond in numerous adsorbate systems can be given [35]. XES, which
probes the occupied states of the adsorbate, in combination with DFT has

28



4.1 The surface chemical bond

proven very successful for this purpose, and bonding mechanisms for e.g.
radicals, diatomics and hydrocarbons have been suggested [35, 49]. In the
following we will focus on the picture of adsorption of CO on a transition
metal surface, suggested by Nilsson and Pettersson [35], to lay the ground
for further discussions of CO surface chemistry.

CO adsorption on transition metal surfaces

The traditional frontier orbital picture of CO binding to a metal surface can
briefly be explained in terms of a dative bond formation in the σ channel
leading to a charge donation into the metal, in turn compensated by a back-
donation from the metal into the adsorbate antibonding π∗ orbital leading
to a weakening of the internal CO bond upon adsorption [50]. Using XES,
this rather simplistic picture has been proven incomplete. Upon adsorption, a
hybridization of the π orbitals occurs and the orbitals in the σ system become
polarized as they approach the surface. The effect of the polarization in the σ
channel results from the Pauli repulsion against the metal d states. The filling
of the metal d band determines the magnitude of the polarization; with less
filling, the d electrons can rearrange to avoid the repulsion and the net effect
in the σ system is in fact attractive [51].

The details of the mechanism behind this bonding scenario are thoroughly
described in ref [35] but a brief discussion will still be given here.

CO typically (there are exceptions, see paper II) bonds to transition
metals in a standing-up geometry with the carbon end towards the surface,
in contrast to unsaturated π systems such as unsaturated hydrocarbons
(e.g. acetylene, benzene) that adsorb lying down. The explanation lies in
the π → π∗ excitation energy which for CO is considerably higher than
for the hydrocarbons, meaning that the required breaking of the internal π
bond for a lying-down adsorption is not compensated by bond-formation
in the σ channel [53]. This is due to preparation of bonding through π
→ π∗ excitation upon which the triplet state is formed, as discussed in
the spin-uncoupling scenario [52]. This mechanism describing hydrocarbon
adsorption on metals is generally denoted the Dewar-Chatt-Duncanson
(DCD) model [54, 55]

Bonding of CO to the metal instead occurs through the π system in which
the bonding 1π and antibonding 2π∗ of the CO mix with the metal dπ states
and form three new states; the bonding 1π̃ which resembles the gas phase 1π
but is more polarized towards the carbon, the non-bonding dπ̃ with lone-pair
character on the oxygen, and the antibonding 2π̃∗ which instead polarizes
more towards the oxygen, i.e. the opposite of what is seen for gas phase CO.
The CO-metal bond formation in the π channel leads to a weakening of the
internal C-O bond.
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4 Heterogeneous catalysis on an atomistic level

In the σ system, rehybridization of the orbitals occurs with a resulting
enhancement of the internal CO bond strength while the CO-metal
interaction is destabilized by the Pauli repulsion against the d states.
The CO chemisorption bond to transition metals is a balance between
the attractive interactions in the π channel and the Pauli repulsion in the
σ system. This picture is also consistent with that originally presented
by Blyholder [56]. When referred to in the thesis, the general bonding
mechanism of CO on transition metals described above will be denoted the
Blyholder-Nilsson-Pettersson (BNP) model

4.2 Fuel cell catalysis

4.2.1 The oxygen reduction reaction

An ever increasing energy demand and a focus on developing environmentally
sustainable power sources have driven and inspired numerous studies of
PEM fuel cells [57]. In a simplified picture of the PEM fuel cell, a polymer
membrane works as the electrolyte separating the anode and the cathode
sides. At the anode hydrogen catalytically dissociates upon adsorption and
the protons formed permeate, or are conducted, through the membrane
to the cathode side. Since the polymer membrane is an electrical insulator,
the electrons formed from the hydrogen dissociation transfer through an
external circuit to the cathode, thus creating a current output:

H2 → 2(H+ + e−). (4.4)

At the cathode side, oxygen adsorbs on the catalytic surface of the
electrode and reacts with the protons and electrons to form water. This
half-cell reaction, the ORR, is one of the most studied electrochemical
reactions [58–60]:

1
2

O2 + 2(H+ + e−)→ H2O. (4.5)

Commercially, the material used as the electrocatalyst is based on
platinum. The rates at which the hydrogen splitting and the oxygen reduction
occur are very different - the oxidation at the anode is a considerably faster
process, and the efficiency of the fuel cell is therefore to a large extent
determined by the low rate of the ORR [61]. Formation of surface oxides on
the Pt based catalyst [62] has been shown to inhibit the oxygen reduction, as
has hydroxyl (OH) poisoning of the catalytic surface [63]. A recent study [64]
showed the presence of hydroxyl intermediates on the cathode surface and
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4.2 Fuel cell catalysis

stressed the importance of tuning the hydration of these species to control
the activity of the oxygen reduction.

Despite the simplicity of the reaction participants, the ORR mechanism
has proven to be of a very complex nature as to what steps are rate-limiting
and what reaction intermediates are formed [58]. The overpotential attributed
to the Pt-catalyzed ORR has been a springboard for studies aiming to find
alternative catalysts that offer higher ORR activity and thus higher fuel cell
efficiency [65, 66].

Three different reaction pathways dominate the general picture of the
ORR: an O2 dissociation mechanism, in which atomic oxygen forms through
dissociative adsorption and subsequently reacts with the protons to generate
water molecules, an OOH dissociation, also known as the association
mechanism, and an H2O2 dissociation mechanism where we create hydrogen
peroxide on the Pt surface before dissociating it into adsorbed hydroxyl
species [60, 67].

We will here focus on the dissociation mechanism of the ORR, which takes
place through the following steps:

O2 + 4(H+ + e−)→ 2O∗ + 4(H+ + e−)→
HO∗ + O∗ + 3(H+ + e−)→ H2O + O∗ + 2(H+ + e−)→

H2O + HO∗ + H+ + e− → 2H2O (4.6)

The first step, in which the oxygen molecule dissociates on the surface of the
catalyst, has been well studied [29, 68], and it has been shown that this step
can be rate-limiting for the reaction [58].

Figure 4.2: Volcano plot over the ORR activity as a function of atomic oxygen chemisorption
energy. The figure is adapted from Ref. [58]
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In ref [58] the ORR activity was analyzed over a series of transition
metals as a function of the oxygen binding energy to each metal. Remember
the BEP relation, mentioned previously, in which the energy barrier for O2
dissociation scales linearly with the oxygen binding energy to transition
metals along the periodic table. This yielded a volcano-type relation in which
the curve maximum corresponded to the highest activity, see Figure 4.2. On
the left side of the activity maximum, where the oxygen binds more strongly
to the substrate, the rate-limiting step of the oxygen reduction is the electron
transfer to, and the protonation of, the oxygen. Going to the right in the
figure, the oxygen binding energy decreases and the oxygen dissociation
becomes rate limiting after passing the maximum. It is the balance between
these two competing steps of the oxygen reduction that gives the relation
its volcano-type shape - if the oxygen chemisorption bond is too strong the
barrier for electron and proton transfer becomes too high and in the same
way the barrier for oxygen dissociation increases as the oxygen binds more
weakly.

To conclude, the oxygen binding energy works as a descriptor of the
ORR activity - varying this adsorption energy, varies the activity. Of all
the transition metals, Pt shows the highest activity for oxygen reduction.
Judging from the figure, however, it seems, at least theoretically, possible
to increase the ORR activity by reducing the oxygen chemisorption bond
strength compared to that of the O-Pt system.

4.2.2 Strain engineering

As discussed in the preceding section, the energy of the bond between an
adsorbate, oxygen was given as an example, and a substrate can be estimated
by the position of the d-band center relative to the Fermi level, and by varying
this position, the bond strength can be modified.

Straining the lattice, i.e. compressing the atoms, to decrease the inter-
atomic distance is a way of changing the overlap between the d orbitals in
the metal of interest, and thus tuning the d-band width and center.

To illustrate the effect, the calculated adsorption energies of O on Pt(111)
are shown together with the Pt d-band centers as a function of compressive
strain in Table 4.1.

Lattice constant (Å) Eads (eV) εd (eV)
3.98 (Eq.) 4.14 -3.04

3.88 3.86 -3.22
3.78 3.56 -3.43

Table 4.1: Calculated adsorption energies (Eads) and d-band centers (εd) of O/Pt(111) at
various strains.
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It is clear that the geometric effect of the strain lowers the position of the
d-band center and as a result the O adsorption energy decreases. This can
be understood schematically by looking at Fig. 4.3; an increase in the d-d
overlap due to compressive strain induces a broadening of the d-band and to
conserve the population, a down-shift is required.

ε
d

ε
d

ε
d

δ

ε ε ε

ε
F

Compressive strain

Figure 4.3: Schematic illustration of how compressive strain induces a down-shift of the d-
band center; as the lattice is compressed, the d-band broadens as a result. To maintain the
population of the band, the band shifts down in energy.

The effect of altering the position of the d-band center by modifying the
electronic structure of the substrate has been studied extensively in search of
catalysts that enhance oxygen reduction [66, 69].

An obvious way is to combine metals in different ways. One approach
is to make so called skin alloys, in which one or a few monolayers of one
metal is grown on the bulk facet of another [70]. Going back to the features
of the volcano plot in Figure 4.2, reaching higher activity would be possible
by weakening the oxygen-platinum bond strength. If a skin alloy could be
created so that Pt is grown on top of a suitable metal, intuitively one that
lowers the d-band center of Pt, the O-Pt bond strength could be decreased
with the effect of a possible increase in the activity. Indeed, the ORR activity
increases when depositing monolayers of Pt on Pd(111) [71, 72]. The activity
of ORR was reported to increase as well when monolayers of Pt were grown
on alloys of Pt and Ni, Co and Fe [73].

Segregation to the surface of underlying bulk atoms may cause a problem
to the stability of the proposed material under more realistic reaction
conditions. Obviously the goal is to conserve the skin structure to maintain
the reactivity. For Pt/M(111) skin structures (M=3d metal) oxygen-induced
segregation was observed for the underlying 3d metals [74]. However, the
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stability of Pt3M (M=Fe, Co or Ni) alloys was investigated in the presence of
oxygen and segregation was not observed [75]. In paper V, we investigated
the stability of Pt deposited on Cu(111) and found that oxygen-induced
segregation does occur in that system. This study will be discussed in more
detail in the Summary chapter.

4.3 CO chemistry on Ru(0001)

Adsorption and reactions involving CO at transition metal surfaces have
served as typical model systems for many important industrial processes
such as automotive catalyst converters or the Fischer-Tropsch process.
Extensive studies of these systems have laid the ground for understanding
different aspects of heterogeneous catalysis. The relevance of CO oxidation
on transition metal surfaces cannot be underestimated. In particular CO
adsorbed on bare and O covered Ru(0001) is very well understood due
to both theoretical [76] and experimental [77, 78] efforts. Under ultra-high
vacuum conditions, CO oxidation cannot be thermally driven but upon
femtosecond laser excitation, the oxidation channel can be opened [79].

In papers VI, VII and VIII, we have studied the laser-induced desorption
and oxidation of CO on Ru(0001) so an overview of this adsorbate system
will be given in the following after a brief introduction to relevant concepts
in femtochemistry.

4.3.1 Concepts in femtochemistry

In femtochemistry, chemical reaction dynamics, e.g, bond breaking, is probed
on a femtosecond time-scale using ultrashort optical laser pulses. When
investigating laser-induced reaction dynamics on metal surfaces, the energy
dissipation of the laser pulse into the substrate, and how the adsorbate
system couples to the substrate, are the two main processes we wish to
describe in order to be able to model and interpret these experiments [6].
Fig. 4.4 shows a schematic picture of these processes.

As can be seen in Fig. 4.4a), a simplified way of looking at this is to
distinguish the electron and phonon subsystems as separate, but coupled,
heat baths. Within the limit of thermalization, two temperatures (Te and
Tph, representing the population distribution of each subsystem, describe the
magnitude of the excitation. In thermal equilibrium, these temperatures are
equal but after femtosecond laser excitation, we induce a nonequilibrium.
This can be understood in terms of the equilibration time of the electron-
phonon coupling which is of the order of 1 ps; a short response time for
thermal heating but with femtosecond laser pulses, obviously the result will
be thermal nonequilibrium.
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Figure 4.4: a) Schematic illustration of femtosecond laser excitation of a metal substrate. The
electron and phonon subsystems become excited on different timescales. The friction coupling
times between the two subsystems and the adsorbate system differ as well. b) Two-temperature
model of laser-induced excitation of Ru(0001). Initially, the electron heat bath becomes excited
after which electron-phonon coupling causes the lattice temperature to increase. The modeled
laser fluence is 100 J/m2 and the wavelength of the laser pulse is 400 nm. The time-dependent
laser intensity is modeled as a Gaussian with FWHM of 50 fs. All substrate-specific parameters
can be found in ref [80].

Initially, the laser pulse excites the electron subsystem which couples to
the phonon system and causes an increase of Tph. As seen in Fig. 4.4b), Te and
Tph equilibrate on a time-scale of approximately 1 ps. The temporal evolution
of Te and Tph can be simulated accurately, provided the thermalization of the
hot electrons is fast, using the so-called two-temperature model (2TM) [81,82]:

Cel
∂

∂t
Tel =

∂

∂z
(κ

∂

∂z
Tel)− g(Tel − Tph) + S(z, t) (4.7)

Cph
∂

∂t
Tph = g(Tel − Tph)

where κ = κ0(
Tel
Tph

) is the electronic thermal conductivity and Cel = γTel is
the electron heat capacity, whereas g denotes the electron-phonon coupling
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constant. The laser excitation energy is defined in the source term:

S(z, t) = (1− R)I(t)δ−1e−
z
δ (4.8)

where R is the substrate specific reflectivity, δ is the wavelength dependent
penetration depth of the laser pulse and I(t) is the time profile of the laser
pulse, modeled as a Gaussian function. The spatial coordinate z is the
distance into the bulk along the surface normal; lateral diffusion is neglected
since the electron diffusion length is considerably smaller than the beam
diameter of the laser pulse.

As mentioned, the whole concept of two subsystem temperatures
representing the energy transfer processes in the substrate relies on fast
thermalization of the subsystems. Upon laser excitation, we form a laser
wavelength dependent nonequilibrium distribution (non-Fermi-Dirac) of
electrons and holes, which is not captured by the electron temperature in the
model. These so-called nonthermalized electrons have been found to induce
chemistry that cannot be captured within the standard 2TM description; in a
study of femtosecond laser-induced CO oxidation on Pt(111), for example,
the authors claim that nonthermalized electrons are required in order to
interpret the results [83].

The coupling between the metal substrate and the adsorbate system
can in general be discussed using two different pictures. One can either
treat the energy transfer using a friction model, in which the speed of the
energy flow in the system is determined by friction coefficients (coupling
constants). Typically, low-lying energy levels become transiently populated
due to charge-transfer from the laser-induced high-energy distribution and
subsequently cause adsorbate motion, and a shift of these levels, along some
reaction coordinate. This motion is governed by the friction of the energy
flow between the adsorbate and substrate. An empirical friction model can
be defined as follows

d
dt

Tads =
1

τel
(Tel − Tads) +

1
τph

(Tph − Tads) (4.9)

where an adsorbate temperature Tads is coupled to the master equations in
the 2TM and the friction coupling is determined by the coupling constants
τel and τph.

Another scenario involves non-adiabatic energy transfer into some
otherwise unoccupied adsorbate state, making the whole system electronically
excited. This may then alter the stability of the adsorbate and, in turn, enable
a possible chemical reaction. This is the case for CO oxidation on Ru(0001)
where the strength of the O-Ru bond weakens upon transient population
of O-Ru antibonding states due to coupling to the high-energy distribution
of the substrate electrons [79]. This mechanism for adsorbate coupling to
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the hot electrons of the substrate is commonly denoted "desorption (or
dynamics) induced by multiple electronic transitions" or DIMET.

4.3.2 CO/Ru(0001) and CO/O/Ru(0001)

CO adsorption on Ru(0001) has served as the prime model system in
heterogeneous catalysis, as has CO oxidation on transition metal surfaces
and both processes are well understood. Nonetheless, a quick overview of
the electronic structure and kinetics of these systems will be given in the
following to form the framework for the discussion based on papers VI, VII
and VIII which include laser-induced CO desorption and oxidation.
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Figure 4.5: Computed O K edge XES of CO adsorbed ontop at the Ru(0001) surface. Red
and green spectra are symmetry resolved to show the π and σ states separately and the blue
spectrum is the total XES.

The bonding of CO to Ru(0001) can be discussed within the picture given
previously in the section "The adsorbate eletronic structure" (4.1.2). The key
interactions in the CO-Ru bond are the resulting attractive interaction in the
π channel forming a so-called allylic configuration of the bonding 1π̃ orbital,
the non-bonding dπ̃ orbital and the antibonding 2π̃∗ orbital as well as the
repulsion arising in the σ channel and the polarization of the 5σ̃ orbital
to the oxygen from the carbon, upon adsorption [35]. The chemical bond
can be probed rather elegantly using XES, see Fig. 4.5, where we see the
resonances of the corresponding molecular orbitals of CO after mixing with
the Ru substrate.
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Pfnür et al. [84] studied the desorption of CO from Ru(0001) as a function
of CO coverage using temperature-programmed desorption and found a
coverage-dependent desorption energy (ED); ED is constant at ∼1.65 eV
up to a coverage of 0.2 ML, after which it increases to ∼1.8 eV at θ = 0.33
ML. At higher coverage ED drops considerably to ∼1.2 eV and remains
rather constant towards full coverage. The increase in binding energy from
θ = 0.2 to 0.33 ML is attributed to attractive interactions between near-next
neighbors (inter-adsorbate distance = a

√
3, where a is the lattice spacing).

CO prefers to bind ontop but can be forced to higher coordination sites at
higher coverage, or through coadsorption. Noteworthy is that the potential
energy surface of the adsorption path into the three-fold hollow site involves
a small barrier (0.08 eV) [85]. This is also true for the coadsorption system
with oxygen but we will return to that.

In the study by Pfnür et al., the kinetics of the desorption was also
investigated and a similar behavior for the Arrhenius pre-exponential factor
as for ED was found; it peaks at θ = 0.33 ML at a surprisingly high 1019 s−1

after which it drops to more moderate values (∼ 1014 s−1). The origin of the
high pre-exponential factor is explained in Paper VI and mentioned briefly
below.

Using the free-electron x-ray laser at LCLS, the electronic structure of CO
on Ru(0001) was probed after excitation with a femtosecond optical laser,
see Paper VI. Spectral changes in the XAS and XES after a few picoseconds
consistent with CO-Ru bond weakening was observed, suggesting population
of a transient state, a precursor state to desorption; the intensity of the 2π̃∗

resonance increases and shifts to higher photon energy compared to the
unpumped chemisorbed species. These changes are smaller compared to
what you see for the gas phase molecule. In addition, a shift of the 4σ̃ and
5σ̃/1π̃ peaks together with a decrease in intensity in the dπ̃ resonance as
well as an increase in the participator peak (arising from the excited electron
in the 2π̃∗) was observed in the XES. Again, the changes are not as large as
compared to the XES for gas phase CO, for which the dπ̃ is not present. These
observations are all consistent with a breaking of the chemisorption bond
and a transition into a weakly bound state - the electronic structure of CO
still differs from the gas phase reference since we still have some interaction
with the surface.

This was also confirmed from calculations of the potential of mean force,
which is an estimate of the free energy, of the minimum energy path to
desorption along which a weakly bound state, stabilized by vdW interactions,
was identified. With increasing temperature in the system, two minima arise,
the chemisorption state and the precursor state, which are separated by an
entropic barrier. The molecules are allowed to rotate freely in the precursor
state and thus the free energy does not increase with temperature, since the
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entropic contribution will be minimimal. For the chemisorbed species, which
is strongly bound, increasing the temperature leads to a large increase in free
energy relative to gas phase. The entropy gain at the free energy barrier can
explain the abnormally high pre-exponential factors for CO desorption from
bare Ru(0001).

The mechanism that drives the femtosecond laser-induced desorption
of CO has recently been discussed in the literature [79, 80] and the process
is described as being either solely phonon-mediated or explicitly coupled
to both the electron and phonon heat baths; in ref [80], CO desorption was
measured at different wavelengths and could only be successfully modeled
with an empirical friction model that coupled the CO adsorbate to both
the electron and phonon subsystems. This picture is supported by the
study made in Paper VII in which the electronic structure is probed on a
sub-picosecond timescale. Adsorbate motion is induced rapidly upon laser
excitation of the external vibrations of the adsorbate and the chemisorption
bond is subsequently dynamically weakened, facilitating further excitation
from the phonon subsystem on a longer time scale until desorption (into a
precursor state) eventually occurs.

If we now focus on the CO/O/Ru(0001) system, detailed temperature
programmed desorption studies were performed by Kostov et al. [86] to
establish desorption energies of CO adsorbed in different phases of O on
Ru(0001). At low and intermediate (2x2) O coverage CO binds ontop while
in the p(2x1) phase of O, CO binds "close to" ontop, with similar vibrational
frequency but with slightly lower binding energy. Upon further heating,
rearrangement of the O layer occurs and a honeycomb-like structure is
formed, making space for CO to bind ontop again [86, 87].

When modeling CO adsorption in the p(2x1) phase of O a barrier arises
upon CO adsorption in the three-fold hollow site. This barrier is an effect of
Pauli-like repulsion as the CO couples to the surface [85]. A barrier is found
also for adsorption in the near-ontop site.

As mentioned, CO oxidation does not occur upon thermal heating of the
CO/O/Ru(0001) since CO desorbs before the reaction can initiate. Using
femtosecond laser pulses to excite the Ru substrate, however, the reaction
channel for oxidation opens. The competing processes of CO desorption
and oxidation have been suggested to differ mechanistically in how they
are driven through the coupling to the laser-excited substrate. In ref [79]
the desorption is interpreted as phonon-mediated and the oxidation as
electron-mediated and the different time scales of the processes’ respective
coupling to the substrate subsystems have been suggested to govern the
overall kinetics. In Paper VIII, however, we employ a friction model in which
the CO adsorbate couples to both subsystems, as suggested in [80].

Surface femtochemistry offers an approach to study the dynamics of
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chemical surface reactions on a time-scale relevant for these processes. The
pump-probe experiments at the LCLS, in which the electronic structure
changes in these processes can be monitored, make possible the probing of
chemical surface reactions in real time.
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Summary of papers

5.1 Model systems for heterogeneous catalysis

To understand concepts of catalysis on a fundamental level, studies of model
systems are essential. Mechanisms and trends, for example, can be derived
and subsequently applied to more relevant systems for the catalytic process
of interest. The systems studied in papers I and II are first and foremost
chosen out of fundamental scientific interest but their relevance to more
industrially important processes can nonetheless be emphasized, especially
CO/Fe(100) (Paper II) for its connection to the Fischer-Tropsch process. To the
family of reactions belonging to Fischer-Tropsch, hydrocarbon adsorption on
transition metals is, however, also of interest.

5.1.1 C2H2/Cu(110) - Paper I

In this study, the adsorption and cyclotrimerization of acetylene on a Cu(110)
surface has been studied by means of DFT and SFG spectroscopy. Previously,
different adsorption geometries of acetylene on Cu(110) were established
using XPS, XAS and DFT [88] where one species, with low XPS binding
energy, hence denoted LBE, was found to align with the [001] direction in
a high-coordinated site while the other species (HBE), having higher XPS
binding energy, adsorbed with an angle relative the [011] axis. Using the
results from SFG together with computed vibrational frequencies, we find at
low temperature two distinct species attributed to LBE molecules adsorbed
in the hollow site and along the long-bridge site. Upon heating, adsorbed
acetylene molecules start diffusing between sites [89]. Modeling this diffusion
from the SFG data as a first-order reaction yields a diffusion barrier of 0.45±
0.03 eV, in excellent agreement with that calculated with DFT, 0.41 eV
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Further heating leads to formation of molecular islands consisting of HBE
species adsorbed asymmetrically in the hollow site, stabilized by adsorbate-
adsorbate interactions. Finally, at 255 K a SFG resonance arises attributed to
C4H4. Modeling the formation of C4H4 based on the SFG experiment using a
mean-field kinetic model, see details in Paper I, gives a dimerization barrier of
0.87± 0.06 eV and a cyclotrimerization barrier of 0.82± 0.03 eV. As can be seen
in the reaction diagram shown in Fig. 5.1, these numbers are quantitatively
reproduced with DFT
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Figure 5.1: Reaction diagram of cyclotrimerization of C2H2 on Cu(110). The figure is taken
from Paper I.

The barrier for the first step is determined to 0.79 eV and 0.78 eV is
the activation energy for the trimerization step. The latter is found to be
highly dependent on local coverage and configuration; 0.33 ML of acetylene
coverage yields a barrier of 0.58 eV while at a coverage of 0.44 ML it is 0.78
eV. Steric hindrance from co-adsorbed acetylene in the adjacent hollow site
inhibits the ring-closing mechanism and consequently increases the barrier
for trimerization.
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5.1.2 CO/Fe(100) - Paper II

In paper II, the bonding mechanisms of CO adsorbed in the non-dissociative
α1 phase and the pre-dissociative α3 phase on Fe(100) are analyzed and
categorized using XAS, XES and DFT. Ontop adsorbed CO on transition
metal surfaces has been discussed previously in the thesis and explained
in terms of the so-called BNP model where the attractive interaction takes
place in the π-system within an allylic configuration picture, whereas
Pauli repulsion between the CO σ orbitals and the dσ-states arising upon
adsorption, balances the bond. In very simplified terms, the CO π → π∗

excitation energy is very high, forcing an ontop type adsorption geometry.
For saturated hydrocarbons, which adsorb lying-down on the surface, the
π → π∗ excitation energy is considerably lower, allowing for breaking of one
internal π bond and formation of two σ bonds with the surface. This latter
picture could be consistent with the CO-Fe bond in the pre-dissociative α3
phase in which CO binds in the hollow with a tilt of 51.3o. When analyzing
the XAS of CO in the α3 phase, a huge quenching of the 2π̃∗ resonance is
observed, which is comparable to what is seen for hydrocarbon adsorption
on metal surfaces. This indicates population of the internal CO antibonding
2π̃∗ state which is confirmed when visualizing specific occupied orbitals in
the XES. We conclude that a mechanism similar to that described in the DCD
model (see previous chapter) is applicable to CO adsorption on Fe(100) in
the α3 phase. In the case of CO adsorbed non-dissociatively in the α1 phase,
the bonding mechanism can be described using the standard picture put
forward in the BNP model.

5.2 Fuel cell catalysis: activity and inhibition

This section of papers focuses on different aspects of fuel cell catalysis. The
activity of the ORR can be related to the binding energy of the oxygen and
the surface of the electrocatalyst. Oxidation of the substrate may inhibit the
catalytic activity, as can segregation of subsurface atoms in Pt-skin alloys.
These aspects are discussed on an electronic structure level in Papers III, IV
and V.

5.2.1 O2 dissociation on Pt(111) - Paper III

Using temperature-programmed x-ray photoemission spectroscopy (TP-
XPS), the O1s XP spectra of molecular and atomic oxygen have been
obtained to analyze the heat-induced O2 dissociation on Pt(111) at two
different adsorbate coverages, θ=0.17 ML and θ=0.40 ML. Molecularly
adsorbed O2 is not present above 130 K; the dissociation process starts below
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110 K and ends at 130 K. The XPS data was modeled using a mean-field
kinetic model to obtain estimates of the desorption (Ed = 0.36 eV) and
dissociation barriers (Ea = 0.32 and 0.33 eV at low and high coverage).

To analyze the coverage dependence, we used DFT to model supercells
of different sizes corresponding to overall oxygen coverage of 0.5, 0.25, 0.17
and 0.12 ML, respectively. The dissociation of O2 is in these calculations
considered only from the peroxo state of the adsorbed oxygen molecule;
dissociation from the superoxo state passes through the peroxo transition
state geometry.

A simple coverage dependence of the dissociation barrier is not entirely
what we observe; the DFT estimate of the dissociation barrier is not
monotonically lowered as the coverage of oxygen is reduced. Using a
2
√

3 × 2 supercell, i.e. an O2 coverage of 0.25 ML yielded the lowest
dissociation barrier, 0.24 eV, which we associate with a final state strongly
stabilized by attractive interatomic interactions between the dissociated
atomic species at twice the lattice spacing (2ann); at 1ann and

√
3ann these

lateral interactions become repulsive [90].
The differences we observe in the final-state binding energies at the

different coverage situations affect the barrier for dissociation. This is
reflected in Fig. 5.2 where a linear BEP relationship, discussed previously,
can be observed.

Figure 5.2: DFT estimated dissociation barriers for the different adsorbate configurations
considered as a function of the binding energy of atomic oxygen. The dashed line is a linear
fit to the data points. The inset shows the configuration that yielded the lowest barrier for
dissociation. The figure is adapted from Paper III.

Clearly, lateral adsorbate-adsorbate interactions facilitate dissociation in
phases at which O2 is adsorbed at least 2ann apart. Similar effects have been
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observed in STM studies performed by Ertl and co-workers [91] in which
island chains were formed upon dosing of O2 gas on the Pt(111) surface
under similar temperature conditions as in the present study.

The excellent agreement between the computed and experimentally
estimated barrier indicates that adsorbate-adsorbate interactions are essential
and may be decisive when modeling reactions involving surface catalysts.
To reconnect to the ORR mentioned previously, the plausible presence of
other adsorbates, such as, e.g., OH, may also affect the dissociation barrier of
molecular oxygen and consequently alter the modeled rate of the ORR and
thus the predicted activity of the whole fuel cell.

5.2.2 Oxidation of Pt(111) - Paper IV

Transition-metal catalyzed reactions, for example the ORR, occur under
conditions in which the surfaces may be strongly exposed to O2, and the
formation of surface oxides, with deviating properties compared to the clean
surface, is possible. For Pt, often used as an industrial catalyst for many
different processes and not only the ORR, the close-packed (111) surface is
common on Pt nanoparticles, but the oxidation mechanism of this particular
surface was at the time of the present study not very well understood.
In Paper IV, the oxidation of Pt(111) has been studied under near-ambient
conditions with XAS and XPS and using DFT, structure models are suggested
that reproduce the essential features in the experimental observations during
the oxide growth.

Results from Pt 4f XPS measurements, see Figure 1 in Paper IV, indicate
chemisorption states up to 0.6 ML. The experimental O K edge XAS spectra,
see Figure 5.3, yield the same conclusion, which is confirmed by the DFT
calculations, where p(2 × 2)-O and p(2 × 1)-O structure models reproduce
the important features of the spectra obtained at 0.2 and 0.6 ML.

Going to higher coverage, a more pronounced polarization dependence
appears in the XA spectra, in terms of a feature at higher energy, indicating
the formation of a new phase with respect to oxygen that differs from what is
observed for the chemisorbed species. This polarization dependence suggests
an anisotropic ligand field created by the surrounding Pt atoms, since ordered
chemisorbed structures, for example, do not reproduce the experiments.

Using a structure where the p(2× 1) phase is modified by adding oxygen
to specific hcp sites, the XAS spectra of this phase, denoted "4O" in Paper IV,
can be reproduced qualitatively. The structure models, which can be divided
into square-planar PtO4 units, can be found in Figure 5.3 where they are
denoted oxide stripe and sur f ace oxide. The double-peaked features in the
"4O" phase are likely to arise from this type of local configurations, although
LEED measurements showed no distinct superstructure at this coverage.
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In addition to the bulk Pt peak and chemisorption peak, the XPS
measurements at 2.1 ML coverage showed two additional features, assigned
to Pt atoms coordinating to six oxygen atoms in PtO2(0001) trilayers, and the
surface Pt atoms at the interface to the trilayer. LEED only gives weak signals
for (1× 1) suggesting these types of structures are local.

Based on this, a model was created in which a PtO2 trilayer was added
to a Pt(111) surface, with a tensile strain of 3% in the trilayer, and vertically
displaced to fit experiment. This approach was adapted since the description
of the van der Waals interactions between the oxide and the surface was not
included, due to theoretical shortcomings at the time. Varying the trilayer-
surface distance, dz, between 2.9 and 4.1 Å, where the latter is the interlayer
distance in bulk α-PtO2, was a way of tuning the XA spectra to find a good
agreement with experiment. This approach has been used previously for
hydrocarbon adsorption on metal surfaces [92] and can be justified since
the spectra are more sensitive to the intermolecular distance (it depends on
orbital overlaps which, in turn, depend exponentially on distance) than the
total energy. The orbitals can be more reliably calculated than the total energy
which may depend significantly on, for example, the applied functional.
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Figure 5.3: a) Structure models of O-Pt(111) of which XA spectra are calculated. b)
Experimental and theoretical oxygen K edge XA spectra. The figure is adapted from Paper
IV.

The qualitative agreement with the experimental spectra suggests that the
oxide obtained at 2.1 ML has regions containing ligand fields arising from the
octahedral geometries in bulk α-PtO2.
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To conclude paper IV, oxidation of the Pt(111) surface occurs through a
phase of surface-oxide character, in which the Pt atoms create a square planar
ligand field. At higher coverage, it is likely that we locally observe a PtO2 type
of surface oxide.

5.2.3 Alloying and surface segregation - Paper V

In Paper V we study properties of Cu(111)-hosted Pt overlayers with and
without the presence of adsorbed atomic oxygen. From the discussions in
the previous chapter, we remember the possibility of an alternative catalyst
with improved activity for the ORR should the oxygen binding energy to the
catalyst be slightly weaker. In the volcano plot in Fig. 4.2 there is a theoretical
possibility of increasing the ORR activity by weakening the chemisorption
energy of oxygen compared to that of the O-Pt system. In short, the oxygen
binding energy can be correlated to the position of the metal d-band relative
to the Fermi level and shifting the d-states downwards effectively makes the
O-metal bond weaker. Thus, combining Pt and a suitable metal that induces
a downshift of the Pt d-band would be an intuitive aproach to finding a better
catalyst, an approach that would require compressive strain on the Pt lattice
to induce an increase in the overlap between the d-orbitals and a subsequent
downshift of the d-band below the Fermi level.

We considered the Pt-modified Cu(111) as a candidate because of the
lattice mismatch between Cu and Pt and the supposed resulting strain
on the Pt atoms. We find, using valence-band hard x-ray photoemission
spectroscopy and Pt L3-edge XAS, that as the Pt is deposited as pure
monolayers on Cu(111), the Pt d-band in fact shifts down, a shift we also
reproduce with DFT calculations.

However, in the presence of oxygen the stability of the Pt monolayers is
altered. DFT calculations reveal that subsurface Cu atoms segregate to the
surface, thermodynamically driven by the strong O-Cu bond. The Pt atoms
will in turn diffuse into the bulk. With thicker Pt layers, the segregation is not
as energetically favored, since the strain on the Pt atoms is reduced and the
distance from the oxygen to the underlying Cu atoms is increased.

The O K edge XAS and XES were measured for O on Pt(111) and for
the segregated system. We also computed the spectra and reproduced the
experiment with very good agreement, giving strength to the argument of
segregation based on thermodynamics. Fig. 5.4 shows the comparison of the
experimental and theoretical spectra. The XAS spectra are calculated using
the transition potential approach, see the Theory chapter, and the XES spectra
include vibrational interference effects and reproduce the experiment very
well. For the segregated system, the spectra for the four most stable structures
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Figure 5.4: Measured and computed O K edge XAS and XES of atomic O adsorbed on Pt(111)
and Pt-modified Cu(111). The figure is adapted from Paper V.

were weighted according to the Boltzmann distribution of their respective
total energies.

5.3 CO femtochemistry

Reaction dynamics occur on a femtosecond timescale which means probing
these processes requires a time-resolution of similar magnitude and with
ultrashort laser pulses this has now become possible. The recent development
of the LCLS free-electron x-ray laser makes possible the study of chemical
reaction events in real time using so-called pump-probe experiments. In
Papers VI, VII and VIII studies of laser-induced CO desorption from and
oxidation on Ru(0001) is reported.

5.3.1 CO desorption - Papers VI and VII

The LCLS free-electron x-ray laser has been used to probe the electronic
structure of CO on Ru(0001) by following the time evolution of the occupied
and unoccupied O p states after the substrate has been excited by a
femtosecond optical laser. The mechanisms leading up to the desorption of
CO into a transient state are discussed and the changes in electronic structure
are elegantly visualized.

Papers VI and VII analyze the electronic structure changes on different
time scales after the laser pump hits the sample. Paper VI addresses the
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changes after thermal equilibration of the electron and phonon subsystems
has occurred while in Paper VII, we investigate the dynamics on a sub-
picosecond timescale using resonant XES.

In Paper VI, a precursor state to desorption is detected with XAS and XES;
a transient species with spectral signatures in between those for chemisorbed
and gas phase CO is identified. Compared to a chemisorbed CO molecule,
a shift of the 2π̃∗ resonance to higher photon energy along with an increase
in intensity is observed in the XAS. These changes indicate an increase in
internal CO bond strength due to depopulation of the 2π̃∗ antibonding state,
but the CO-Ru interaction is not fully broken. The shift does not bring the
2π̃∗ peak to its gas phase position and hence the CO resides in a weakly
bound physisorbed state. Accordingly, an upshift in emission energy of the
XES main peak (1π/5σ) compared to the chemisorbed (unpumped) CO is
noted while the intensity of the dπ state decreases. In addition, the increase
in participator intensity in the XES is less than what you see for a gas phase
molecule, indicating that the CO interaction with the surface has weakened
but the molecule has not fully desorbed.

This picture is consistent with calculations of the free energy of the
desorption path, along which, if non-local correlation effects are included,
a weakly bound state is found ∼ 4 Å out from the surface. With increasing
temperature, an entropic barrier arises and separates the vdW and the
chemisorption wells.

Computed spectra along this minimum energy path to desorption
reproduce nicely the shift of the 2π∗ peak to higher energy. The spatial
extent of the 2π∗ state is large and when visualized for a CO molecule
within the weakly bound well, interaction with the substrate is indeed
observed. The changes in the XES observed experimentally are reproduced
as well, see Fig. 5.5, where we lose intensity in the dπ̃ and the 5σ̃ state shifts
to higher emission energy.

In Paper VII we utilize the properties of resonant ultrafast XES to
selectively probe subsets of the CO molecules in the system by tuning the
incoming x-ray photon energy in the XAS process. Using this approach, we
can study the adsorbate occupied valence states of different transient species
of CO adsorbed on the Ru(0001) surface after laser excitation.

A picture of the coexistence of two subensembles of molecules arises as
we excite on the red and blue side of the 2π∗ resonance and monitor the XES.
As a function of pump-probe delay, the spectral changes indicate adsorbate
displacement either to higher coordination on the substrate (red side) or into
the precursor state (blue side) mentioned in the summary of Paper VI. The
former is represented (in the XES) by an increase in the dπ̃ state, i.e. stronger
interaction with the metal d states, the latter by a decrease. The vibrationally
hot chemisorbed state that binds with higher coordination becomes excited
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Figure 5.5: Computed O K edge XES of CO/Ru(0001) at different CO-Ru distances (s): at
s=2.75 Å CO is chemisorbed and at s=4.49 Å it resides in the weakly bound precursor state.
The figure is adapted from the Supplementary Information ot Paper VI.

within the first picosecond after the laser pump arrives while the changes
connected with the population of the precursor state happen on a longer
time scale, after ∼ 2 picoseconds.

Having the different time scales of the excitation of the substrate electron
and phonon subsystems in mind, an interpretation arises in which the
desorption into the precursor state is mediated by initial coupling to
the electron heat bath, exciting the CO into a vibrationally hot state more
susceptible to excitations from the substrate phonons, which, in turn, become
excited upon coupling to the hot substrate electrons and peak in temperature
after ∼ 1 ps.

This picture is supported by ab initio molecular dynamics simulations
in which frustrated rotations of the CO become activated causing lateral
translation and collisions with a highly mobile and hot Ru substrate. After
several ps, the CO desorbs, seemingly induced by both vibrational excitation
in terms of the frustrated rotation over the substrate as well as interactions
with the hot lattice.
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5.3.2 CO oxidation - Paper VIII

In Paper VIII a combined experimental and theoretical study of laser
induced CO oxidation on Ru(0001) is presented. Different mechanisms for
CO oxidation on Ru(0001) are modeled using DFT and three candidates
are reported. A Langmuir-Hinshelwood type mechanism in the p(2x1)
phase of O is modeled. CO adsorption in this phase of O is associated
with a barrier, see previous chapter, and consequently an Eley-Rideal type
mechanism is investigated in which CO reacts directly from gas phase
with the O adlayer. At the same O coverage, moderate heating induces the
transition into a honeycomb phase of O in which CO binds ontop. The
activation energies for CO oxidation in these systems are computed and
the kinetics are subsequently investigated and compared to laser fluence
yield dependence and two-pulse correlation measurements. We find that
employing activation energies for CO oxidation and desorption computed
with DFT, reproduces the fluence dependence mearusements qualitatively.
Fitting the activation energies to all data sets, instead, yields energies that
differ somewhat from what we computed with DFT. We cannot, however,
reproduce the wavelength dependent yield ratios observed experimentally
and propose that nonthermalized electrons need to be considered. The
nonthermalized high-energy distribution of the substrate electrons above the
Fermi level depends on the laser wavelength. The O-Ru antibonding states
reside around 2 eV above the Fermi level which would be accessible for the
hot nonthermalized substrate electrons induced with the shorter wavelength
but not with 800 nm, and since the O-Ru bond strength is rate-limiting for
the oxidation of CO, we propose that the selectivity can be explained in
these terms. In addition, ballistic transport of these nonthermalized electrons
into the bulk is neglected within the 2TM model employed in the kinetic
modeling. This effect leads to an overestimation of the surface temperature,
which in turn may affect the fitted activation energies. Further modeling to
account for the effect of nonthermalized electrons and ballistic transport is
suggested to fully reproduce the experimental findings.

5.4 Note on my contribution

All papers included in this thesis are results of extensive collaborations,
partly because they are all joint theoretical and experimental studies, which
naturally leads to the involvement of many people, but mainly because of
how we write the papers, which is an iterative process that requires the
participation and engagement of all involved. With that said, I will in the
following comment on my own contribution to the papers.
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The experiments made in Paper I were made long before my involvement
started, but the inclusion of theory became relevant, and in the end decisive,
to fully understand the processes. I performed all DFT calculations and
contributed to the writing of the paper. In Paper II, I performed most of the
DFT calculations and wrote the paper together with the other co-authors.
For Paper III, I performed all DFT calculations and contributed to the
writing. Paper IV required structure modeling and spectrum calculations
to compare to experiments, and these were done by me. I also contributed
to the writing of the paper. Paper V was a collaboration between lots of
people. I performed all spectrum calculations and the DFT calculations on
the systems without oxygen present. Writing the paper was a collaborative
process of which I did a big part. Papers VI and VII were the result of a major
international collaboration. Even though the LCLS results are the central
theme, the theoretical efforts behind these papers are enormous. At least
one year’s full-time work from me focused on structure modeling, molecular
dynamics (MD) simulations and spectrum calculations required to support
the interpretation of the experimental data. I also contributed to the writing
of both papers. In paper VIII, I performed all the DFT and kinetic modeling.
I also wrote the paper together with the other co-authors.
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This thesis has focused on addressing fundamental questions arising from
theoretical approaches to describing and interpreting experimental results
on surface phenomena in heterogeneous catalysis.

During my doctoral studies, great effort has been put into understanding
experiments (core-level spectroscopy, SFG and femtosecond laser measurements)
by means of theory and being a part of creating a complete picture of a
process, system or phenomenon. If you perform an experiment, the results
will be limited by the technique of choice, as will the interpretation of
them. Reproducing the experiment with a theoretical model validates this
interpretation, and may even be decisive for it to be made. With that in mind,
the theoretical description is based on an approximate model, which alone
may not be as powerful or conclusive; the interplay between experiments
and theory drives the development of both fields.

The systems analyzed in this thesis are of varying nature as are the
ways by which they are studied. With core-level spectroscopy the electronic
structure of the adsorbate (and also the substrate) has been probed. This
is done in Papers II, III, IV, V, VI and VII. Very good agreement between
experiment and theory is obtained in most of these studies; the theoretical
reproduction of the spectrum evolution seen in the experimental XAS as the
Pt(111) surface oxidizes is particularly elegant (Paper IV). The inclusion of
vibrational interference effects on the O K edge XES of atomic O adsorbed
on Pt(111) and Pt-modified Cu(111) yielded nearly perfect agreement with
the measured spectra, which was an extraordinary finding. An approach
in which the XES spectrum is calculated based on frozen orbitals gives
qualitative agreement with experiment, and sometimes that is sufficient.
The method which was employed to include vibrational interference in
Paper V to obtain this result is computationally extremely expensive for
surface adsorbates and cannot obviously be used for each system of study
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and therefore improvement to make the approach more efficient would be
desirable.

The difficulty of simulating a surface chemical reaction using an
approximate structure model should not be underestimated. In the literature,
there is a tendency of modeling a standard size, e.g., (2 × 2), supercell
containing a minimum amount of reactants at a coverage which might not
be equivalent to what is measured. From these results, conclusions about
the system are then sometimes extrapolated in extremum. An important
observation made in the studies included in the thesis is that extreme
care needs to be taken when choosing your model structure. Effects like
adsorbate-adsorbate interactions (considered especially in Papers II and III),
coverage dependence and steric hindrance (Paper I) need to be considered in
certain cases. Also, at a fixed reactant coverage, competing mechanisms may
play a role in the overall kinetics due to barriers associated with adsorption
or adsorbate-induced adlayer transitions (Paper VIII).

So what is the next step? Obviously, a new field of research is presenting
itself with the introduction of ultrafast femtosecond pump-probe x-ray
fluorescence spectroscopies. In the study of CO/Ru(0001) we showed that
transient states in elementary chemical surface reactions can be identified
using these techniques. How much further can we go? Will it be possible to
observe the transition state of a chemical reaction in real time?

This type of new fundamental insight about a chemical surface reaction
of interest, like CO oxidation or hydrogenation, could further be extrapolated
to the industrial processes they are relevant for, like the Fischer-Tropsch or
automotive exhaust catalysts, in the pursuit of finding better materials for the
catalyst, or even finding alternative routes in the chemical reaction.

For these revolutionary experiments to be understood, theoretical efforts
are required. But are the present methods sufficient? The laser-induced
thermal inequilibrium of hot substrate electrons and phonons, for example,
adds complexity to the system we wish to describe. On the time-scale of this
occurring, a lot of chemistry can happen and the mechanistic coupling of the
adsorbate to the substrate subsystems is often dealt with empirically, which
obviously leaves room for theoretical development and improvement.

With the rapid development of computer resources, the possibility of
studying systems of more realistic character on an electronic structure level is
arriving. Agreement between experiment and theory can already be obtained
but as long as the theoretical model system is of an extremely approximate
nature one can always claim it being for the wrong reason. Simulating more
realistic systems, however, would remove that doubt to a large extent.

The pursuit of a sustainable and cost efficient fuel cell is breaking new
grounds and recent advances in the development of alternative catalyst
materials for fuel cells play a key role. Reducing the loading of costly
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platinum, which is the material used commercially, in the electrocatalyst
without losing activity is an important aspect here. As is limiting the
degradation of the catalyst during the reaction, during which unwanted
byproducts form or the surface starts oxidizing.

Modeling the cathode surface more realistically is therefore highly
motivated. Including adsorbate-adsorbate effects more explicitly, by
simulating different reaction steps in parallel within the same unit cell
and see how the reaction energy changes for the different steps, and
subsequently connecting this to the cathode kinetics and even macroscopic
properties in the fuel cell, would be an interesting study.

The relevance of understanding aspects of the surface chemical processes
on an electronic structure level has hopefully been shown in this thesis.
Many challenges remain to be addressed, especially within fuel cell catalysis,
but the results presented here show that the combination of theory and
experiments applied to studying these types of systems is a strong and
powerful tool in this quest.
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Populärvetenskaplig
sammanfattning

Heterogen katalys är benämningen på kemiska processer i vilka reaktanterna
och katalysatorn befinner sig i olika aggregationstillstånd. Ett exempel är
molekyler som närmar sig en metallyta från gasfas och binder till den varpå
de reagerar med varandra och bildar en produkt som i sin tur lämnar ytan.

I min forskning har jag huvudsakligen, med hjälp av datorsimuleringar,
studerat kemiska reaktioner som äger rum på metallytor och tillsammans
med experimentalister vid bland andra Stockholms universitet och
Stanforduniversitetet försökt skapa en helhetsbild av den process vi
analyserat.

Den teoretiska metod som alla utförda beräkningar i denna avhandling
bygger på kallas täthetsfunktionalteori och använder elektrontätheten för att
bestämma storheter som, till exempel, ett systems energi.

Avhandlingen sammanfattar publicerade studier som kan delas in i tre
olika kategorier. I den första kategorin analyseras system intressanta utifrån
mer vetenskapligt fundamentala perspektiv. Hur binder exempelvis acetylen
till en kopparyta och hur bildas sedermera bensen? Hur reaktionen äger
rum kartläggs med hjälp av datorsimuleringar och vibrationsspektroskopier.
Molekyler som adsorberats på en yta sitter inte still utan vibrerar med
en frekvens som beror på hur molekylen sitter bunden. Likaså vibrerar
intermediärer i reaktioner med olika frekvens. Intermediärer till bildningen
av bensen har mätts på detta sätt och sedan kartlagts med hjälp av teoretiska
beräkningar. Sammantaget ges en enhetlig bild av processen beskriven
utifrån teori och experiment.

I den andra kategorin studeras problem associerade med den elektrokatalys
som sker i katoden i bränsleceller. Aktiviteten hos en bränslecell beror till
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stor del på hur snabbt syre reduceras vid katodytan. Hur snabb denna
reduktion är kan relateras till hur starkt bundet syret i sin tur är till
katalysatorytan, som industriellt består av platina. Aspekter som rör denna
aktivitet diskuteras i avhandlingen. Om platina legeras med en annan metall
med målet att få syre att binda svagare till platina kan aktiviteten möjligen
förhöjas. Oxidering av platina kan å andra sidan påverka denna hastighet
negativt.

Röntgenspektroskopi ger information om valenselektronstrukturen i den
atom man mäter på. I jämförande syfte kan även spektrum beräknas inom
täthetsfunktionalteori. Genom att kombinera teori och experiment inom
denna metod har aspekter som kan påverka katodaktiviteten studerats.
Mekanismen för oxidering av platina studerades bland annat. Stabiliteten av
en legering bestående av platina och koppar undersöktes när den utsattes
för syre. Det visar sig att kopparatomer diffunderar till ytan då syres
växelverkan med koppar är mycket starkare än med platina.

I den sista kategorin avhandlas laserinducerade kemiska processer,
så kallad femtokemi, som involverar kolmonoxid adsorberat på en
ruteniumyta. På anläggningen Linac Coherent Light Source (LCLS) vid
Stanforduniversitetet kan man mäta röntgenspektroskopi upplöst på en
femtosekundstidsskala. Detta medför att kemiska reaktioner kan studeras i
detalj i realtid vilket är revolutionerande. I ett stort internationellt samarbete
som jag deltagit i har desorption av kolmonoxid studerats. Vi fann med hjälp
av teori att molekylerna som lämnar ytan fastnar i ett löst bundet tillstånd
på väg ut i gasfas.

Avhandlingen visar på vikten av att inkludera teoretiska analyser av
experimentella resultat, att dessa analyser till och med kan vara essentiella
för att slutsatserna ska kunna dras.
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