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Abstract

This thesis presents joint experimental and theoretical studies of surface
phenomena at an electronic structure level in proton exchange membrane
fuel cells (PEM-FC’s). The fuel cell activity can be related to the oxygen
reduction taking place at the cathodic surface through the oxygen reduction
reaction (ORR). Under certain conditions the dissociative adsorption of
O2 becomes the rate limiting reaction step and may therefore affect the
overall fuel cell activity. Using core-level spectroscopy in terms of X-ray
Photoemission Spectroscopy (XPS), the O2 dissociation barrier on Pt(111)
has been determined and density functional theory (DFT) calculations
reproduce the estimate well, using structure models that account for lateral
adsorbate-adsorbate interactions, a finding that may have implications on
the approach to calculate electronic structure properties of heterogeneous
surface catalysis.

Through a Brønsted-Evans-Polanyi (BEP) relation, the activation barrier
for dissociation can be connected to the chemisorption energy of the atomic
oxygen binding to the Pt surface. By affecting this energy, the activity
of the fuel cell can be tuned; straining the Pt lattice weakens the O-Pt
bond according to the Nørskov-Hammer d-band model which relates the
adsorbate-substrate chemisorption energy to the position of the d-band
center relative the Fermi level. X-ray Absorption (XAS) and Emission
Spectroscopy (XES) have been used together with DFT to investigate the
electronic structure effect in Pt due to strain, by depositing overlayers of Pt
on Cu(111). The d-band model can to some extent be employed to describe
the strain effect, but the discrepancies between the calculations and the
experiments remain an open question at present.

Furthermore, the oxidation of the Pt(111) surface have been studied using
XPS and XAS. DFT calculations support the experimental picture and suggest
an oxidation resulting in an α-PtO2 type of surface-oxide.
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"The only true voyage would be not to visit strange lands but to possess other
eyes, to see the universe through the eyes of another, of a hundred others, to see
the hundred universes that each of them sees, that each of them is." [1]
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1

Introduction

The importance of understanding and developing environmentally friendly
energy sources cannot be exaggerated. Fuel cells generate electric energy
through conversion of the chemical energy obtained in the reaction between
oxygen and hydrogen. Great progress has been made in improving the
efficiency and activity of proton exchange membrane (PEM) fuel cells by
modifying the catalyst [2] but there remain questions to be answered,
problems to be solved regarding, e.g., the reaction kinetics taking place at
the cathode of the cell and a fundamental understanding of the electronic
structure of the adsorbate-substrate system constituting the cathode process
is still incomplete.

Electronic structure calculations have proven a helpful tool in this respect
[3]. By connecting theoretical predictions with experimental measurements,
a joint effort can be made to find more efficient and inexpensive catalysts.

This thesis aims at addressing certain aspects of the problems mentioned
above. At the fuel cell cathode, the activity at certain conditions is limited by
the activation of O2 dissociation, [4], which is a reaction step in the Oxygen
Reduction Reaction (ORR). Through the so called Brønsted-Evans-Polanyi
(BEP) relationship, this activity depends on the atomic oxygen binding
energy to the catalytic surface, and by tuning this energy, by modifying the
electronic structure of the catalyst, the activity can be affected. The activity
can also be inhibited by surface oxide formation on the catalysts, a problem
which at present is not very well understood.

Applying Density Functional Theory (DFT) to estimate reaction energetics
and modeling core-level spectroscopy to correlate with and understand
experimental measurements have been the key aspects of the work presented
here. Estimates based on X-ray photoemission spectroscopy (XPS) predicted a
low barrier for O2 dissociation on Pt(111) which was successfully reproduced
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1 Introduction

theoretically when considering lateral effects on the surface in terms of
adsorbate-adsorbate interactions.

Electronic structure effects due to lattice strain of Pt were investigated
using X-ray absorption (XAS) and emission spectroscopy (XES). Theoretical
calculations reproduced key features but also found deviations that need to
be considered in future studies.

Also, calculations of XAS give a complementary picture to the
experimental findings regarding surface-oxide formation on Pt(111), in
which the oxidation results in an α-PtO2 like surface-oxide phase.

This thesis gives an introductory description of the theoretical methods
used in the studies before summarizing the key results from the three papers
included.
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2

Theoretical methods

The work behind this thesis has centered around density functional theory
and X-ray spectrum calculations and so a brief overview of the methods used
will be presented. Electronic structure theory in quantum chemistry and solid
state physics will be discussed, as will the theoretical framework of X-ray
spectroscopy.

2.1 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) (2.1)

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|
. (2.2)

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

If we apply the Born-Oppenheimer (BO) approximation [5], 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), (2.3)

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.

2.1.1 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 a density
functional theory (DFT) approach the electron density, which instead
depends only on the three spatial coordinates, is used to obtain electronic
structure properties.

Hohenberg and Kohn [6] formulated the mathematical foundation of DFT
for non-degenerate ground states using two theorems. In the first theorem
the electron density was found 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] (2.4)

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) [7] developed a
scheme to approximate the density functional. The terms in Eq. (2.4) 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] (2.5)
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2.1 Electronic structure calculations

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
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 〉. (2.6)

The electron density is calculated from the KS orbitals as

ρ(r) = ∑
i
|ψKS

i (r)|2. (2.7)

These orbitals are the basic variable in KS-DFT and it is with respect to these
that the KS energy functional, Eq. (2.5), 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) (2.8)

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)
(2.9)

These equations are solved self-consistently and a number of different
numerical schemes are used in the treatment.

The XC functional is unknown and needs to be approximated. A simple
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
electron density is also included. There also exist so called hybrid functionals,
in which a fraction of exact exchange from Hartree-Fock (HF) theory [8] is
included, for example the B3LYP [9,10] functional. Throughout this thesis the
GGA-type of functional have been used, namely the XC functional developed
by Perdew, Burke and Ernzerhof [11].

5



2 Theoretical methods

2.1.2 Periodic boundary conditions

In a standard quantum chemical approach to calculating the electronic
structure of molecules the molecular orbitals (MO’s) 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 necessary matrix
elements.

When looking at metal surfaces, on which the studies behind this thesis
have focused on, a periodic approach is more suitable. Using Bloch’s theorem
[12] 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) (2.10)

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 (2.11)

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 real space. However, describing the all-electron 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 the need for calculating an infinite number
of wave functions is eliminated - a unit cell holds only a finite number of
electrons. But, bear in mind that there are 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 [13], 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 calculated.

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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2.1 Electronic structure calculations

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.
Efficient parallelization schemes exist for real space treatments and therefore
the usage of real space representations rather than plane waves has become
increasingly popular.

2.1.3 The Projector Augmented Wave formalism

The sharp features of the strongly localized electronic wave functions close to
the core, as a result of the orthogonality requirement, present a problem in the
approach to calculate the electronic structure of a system using plane waves
or numerical grids. A full account for these features requires large plane
wave basis sets or a very dense grid in a grid representation of the wave
function. In a pseudo-potential methodology, the nuclei and core-electrons
are represented collectively by an effective potential constructed in such a
way that beyond a specific cut-off radius from the core, the correct scattering
potential is obtained, and the KS equations are subsequently solved for the
valence system only. The drawback of this approach lies in the loss of an
all-electron description of the system of interest.

The Projector Augmented Wave (PAW) method [14] offers a way of doing
electronic structure calculations using smooth wave functions without losing
the all-electron description.

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

|ψn〉 = T̂|ψ̃n〉. (2.12)

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

c outside of which the pseudo-
wave function equals the true all-electron wave function. This augmentation
region is atom-specific so that we can write T̂ as

T̂ = 1 + ∑
a

T̂a (2.13)

where a denotes an atom index. Furthermore, the augmentation spheres must
not overlap. Inside these spheres, the true wave function is expanded in terms
of partial waves (atomic orbitals), |φa

i 〉, and we also define a pseudo-partial
wave, |φ̃a

i 〉, such that

|φa
i 〉 = (1 + T̂a)|φ̃a

i 〉 ⇒ T̂a|φ̃a
i 〉 = |φa

i 〉 − |φ̃a
i 〉 (2.14)
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and with the requirement that |φa
i 〉 = |φ̃a

i 〉 for r > ra
c .

Now, if the pseudo-partial waves form a complete set inside the
augmentation sphere, we have that

|ψ̃n〉 = ∑
i

Pa
ni|φ̃a

i 〉 (2.15)

inside the sphere. Here, Pa
ni are some expansion coefficients defined as the

scalar products
Pa

ni = 〈 p̃a
i |ψ̃n〉, (2.16)

where we call 〈 p̃a
i | projector functions. These are localized within the

augmentation sphere and must fulfill the following condition

∑
i
|φ̃a

i 〉〈 p̃a
i | = 1 (2.17)

inside this region. The atom-center expansion of a pseudo-wave function thus
equals the pseudo wave function

|ψ̃a
n〉 = ∑

i
|φ̃a

i 〉〈 p̃a
i |ψ̃n〉 = |ψ̃n〉 (2.18)

and we obtain an orthonormality condition for r < ra
c , 〈 p̃a

i |φ̃a
j 〉 = δij. Now,

using the relation (2.17) we can write the atom-centered transformation, using
the result in Eq. (2.14) as

T̂a = ∑
i
(|φa

i 〉 − |φ̃a
i 〉)〈 p̃a

i | (2.19)

and consequently the linear transformation sought is, after plugging into
(2.12)

|ψn〉 = |ψ̃n〉+ ∑
a

∑
i
(|φa

i 〉 − |φ̃a
i 〉)〈 p̃a

i |ψ̃n〉 (2.20)

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

ˆ̃Hψ̃n = εnŜψ̃n (2.21)

where ˆ̃H = T̂† ĤT̂ is the transformed Hamiltonian and Ŝ = T̂†T̂ is the overlap
operator.

GPAW [15] is 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
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2.2 Nudged Elastic Band calculations

which makes it very suitable for studying systems that require large super
cells, e.g., as when modeling surfaces. GPAW gives an all-electron picture to
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.

2.2 Nudged Elastic Band calculations

Searching for minimum energy paths (MEP’s) 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 [16, 17] in which the initial and
final states of the reaction process need to be defined. A number of images,
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. This initial guess is
then optimized with respect to the intermediate images - the end points are
kept fixed - to find the true MEP.

There are some problems associated with the original formulation of the
method. In the straightforward 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. (2.22)

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 (2.23)

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
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

9



2 Theoretical methods

path at each image, coordinates and energy of the adjacent two images are
required. From this also 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 this image [18].

Figure 2.1 is an example of a MEP of the dissociation of O2 on Pt(111)
obtained using the NEB method as implemented in the GPAW code.

Reaction coordinate (Å)

En
er

g
y 

(e
V

)

Figure 2.1: The minimum energy path of O2 dissociation on Pt(111) obtained using the NEB
method.

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.

2.3 Spectrum calculations

X-ray absorption spectroscopy [19] (XAS) denotes 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-

10



2.3 Spectrum calculations

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. The analysis of this specific
region is generally denoted NEXAFS (Near Edge X-ray Absorption Fine
Structure). Going higher up in energy, the absorption cross-section continues
to oscillate, even though it decays. Studying this region (EXAFS - Extended
X-ray Absorption Fine Structure) typically gives a picture of the coordination
shells in the system. In this thesis, only the NEXAFS has been calculated so
for simplicity’s sake these spectra will be denoted XAS.

After the core-electron excitation a core-hole remains for a short period
(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 a X-ray emission
process (XES).

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

2.3.1 X-ray absorption and emission spectroscopy

In XAS, the transition probability is given by Fermi’s golden rule. In atomic
units, we have the cross section as

σ(ω) ∝ ∑
f
|〈ψ f |E · r|ψi〉|2δ(ω− E f i) (2.24)

where E · r is the projection of the dipole operator D on the polarization
direction of the photon, E is the incoming photon’s polarization direction,
ψ f and ψi are the final and initial many-body states. Using singly excited
determinants to describe the excitations Eq. (2.24) can be rewritten as

σ(ω) ∝ ∑
f
|〈ψ f |D|ψi〉|2δ(ω− ε f i). (2.25)

This many-body expression of the golden rule can be reduced into a one-
electron picture in which the initial and final states becomes the occupied
and unoccupied core-orbitals, respectively, and ε f i the eigenvalue difference
between these states.

The approach used in this thesis to compute the core-excited states is
called the Transition Potential (TP) method [20], which is an approximation
to the Slater Transition State method which in turn is an approximation to
what is called the Delta Kohn-Sham approach (DKS). In DKS, the ground
state and a selected core-excited state are optimized separately, and the total
energy difference between these states gives the excitation energies. For small
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molecules it is possible to calculate higher core-excited states by requiring
orthogonality to all other orbitals and stepwise go from the first core-excited
state to higher lying ones using a scheme in which we initially remove the
orbital which contains the excited electron and add an electron in the lowest
unoccupied orbital and relax the system [21]; using this approach we can
only consider a few states.

In solids with high density of states (DOS) such as metals, this approach
is far too demanding and an approximation is required.

In the TP approximation, the approach is reduced to solving an
independent particle problem in a half core hole potential. It is based
on the Slater transition state [22] in which the transition energy between
the ground state and an excited state is obtained by their orbital energy
differences with the relevant orbitals half occupied. The TP method is fast
and requires only a calculation of the "ground state" in the half core hole or
transition potential.

Turning now to the modeling of XES, all XE spectra in this thesis
are calculated using ground state orbitals and the dipole transition from
occupied valence states to the specified core hole are taken as a square to
give the oscillator strengths in a similar way as in Eq. (2.25). To represent
the binding energy of the occupied valence states, the KS eigenvalues are
employed. For non-resonant XES, the core and valence hole effects tend to
cancel and this has proven accurate [23].

2.3.2 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.
(2.19)) 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 〉 (2.26)

Here, ψc is the initial core orbital and ψ f the unoccupied orbitals. Using Eq.
(2.17), the first and third term cancels. The core state is localized and since
the we have the same 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) (2.27)
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2.3 Spectrum calculations

where
〈φ̃a| = ∑

i
| p̃a

i 〉〈φa
i |D|ψc〉. (2.28)

In Eq. (2.27) many unoccupied states need to be calculated, operations that
are extremely cumbersome in a real-space grid basis. Therefore, a Haydock
recursion scheme [24, 25] can be employed to avoid computing these. This is
effectively done by rewriting the cross-section on a Green’s function form,
in which the absolute energy scale is lost, which subsequently however can
be reconstructed using a DKS scheme. In this approach, 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 [26].

In the XES calculations specific PAW setups are constructed in which we
specify which atom center to probe.

The oscillator strengths obtained in the spectrum calculations are
broadened using Gaussians to be comparable with experiments. Figure
2.2 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.
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Figure 2.2: Total oxygen K-edge XES of atomic oxygen adsorbed on Pt(111).
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3

Analysis of 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
proton-exchange-membrane fuel cells (PEMFCs) [27]. In a simplified picture
of the PEMFC, 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−). (3.1)

At the cathode side, oxygen diffuses to the catalytic surface of the
electrode and reacts with the protons and electrons to form water [28]. This
half cell reaction, commonly known as the oxygen reduction reaction (ORR),
is one of the most studied electrochemical reactions [4, 29, 30]:

1
2

O2 + 2(H+ + e−)→ H2O. (3.2)

Commercially, the material used as the electrode catalyst is platinum
based. The rate at which the hydrogen splitting and the oxygen reduction
occurs is 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
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3 Analysis of the oxygen reduction reaction

associated with the low rate at which the oxygen reduction occurs [31], but
hydroxyl (OH) poisoning of the catalytic surface has also been shown to
inhibit the reduction of oxygen [32], as has the formation of surface oxides
on the Pt based catalyst [33].

At present the exact reaction mechanism of the ORR is not fully
understood. 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 [4]. The
overpotential attributed to the Pt-catalyzed ORR has been a springboard for
studies aiming to find alternative catalysts that offers higher ORR activity
and thus higher fuel cell efficiency [2, 34].

3.1 Oxygen reduction reaction

A reduction of the oxygen is required to form water at the cathode surface.
This chemical process, called the ORR (see reaction 3.2), is complicated and
occurs through several intermediate steps but the exact mechanism is not
entirely known. Suggestions as to how water is formed catalytically in this
context will be briefly discussed in this section.

Three different reaction pathways dominate the general picture of the
ORR: an O2 dissociation mechanism, in which atomic oxygen is formed
through dissociative adsorption and subsequently reacts with the protons
to generate water molecules, an OOH dissociation, also known as the
association mechanism, and a H2O2 dissociation mechanism where we
create hydrogen peroxide on the Pt surface before dissociating it into
adsorbed hydroxyl species [30, 35].

We will here focus on the dissociation mechanism of the ORR, which takes
place in 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 (3.3)

The first step, in which the oxygen molecule dissociates on the surface of the
catalyst, has been very well studied [36, 37], and it has been shown that this
step can be rate-limiting for the reaction [4].

A simple but powerful approach to investigate catalytic trends for the
ORR among transition metals is to look at the adsorption energy of the atomic
oxygen on the metal surface, and see how it varies for different substrates.
This binding energy is closely connected, through a linear dependency, to the
activation barrier for the O2 dissociation, according to the so called Brønstedt-
Evans-Polanyi relationship [38, 39]. The reason for this linear behavior lies in
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3.1 Oxygen reduction reaction

Adsorbed O2 Transition state Dissociated O2

Oxygen

Platinum

Figure 3.1: Reaction pathway of O2 on Pt(111).

the nature of the transition state [40]; its geometry resembles the final state of
this reaction step, i. e. the structure of chemisorbed atomic oxygen, see Figure
3.1, and thus the energy of the transition state will follow the binding energy
of the dissociated atomic oxygen.

Nørskov and co-workers [4] analyzed the ORR activity over a series of
transition metals as a function of the oxygen binding energy to each metal.
This analysis yielded a volcano-type relation in which the curve maximum
corresponded to the highest activity, see Figure 3.2. On the left side of the
activity maximum, where the oxygen binds stronger 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 reduces, 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.

In the following, a background to how adsorbate binding energy can be
related to the substrate d-band and what effect this will have on the analysis
and predictions of the ORR activity will be given.
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3 Analysis of the oxygen reduction reaction

Figure 3.2: Volcano plot over the ORR activity as a function of atomic oxygen chemisorption
energy. Figure adapted from Ref. [4]

3.2 The d-band model

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 [41] the adsorption energy of an
adsorbate-transition metal system is derived based on a few approximations
and it justifies the usage of the one-electron state picture of the adsorbate-
substrate bond as obtained in DFT.

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

Eads = E(m1 + a)− E(m1)− E(a). (3.4)

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. Dividing these two systems into two regions in space, one
region containing only the metal atoms with low adsorbate dependence, i.e.
where the adsorbate-metal interactions are small, and one region containing
the adsorbate, we can separate the contributions of each of these region to
the total energy obtained from the KS calculation. We use the fact that the

18



3.2 The d-band model

adsorbate region, A, will be dominated by the adsorbate itself, and the metal
region M by the metal and freeze the electron density and the one-electron
potential of the respective region. This operation is justifiable since it will
only introduce error to the adsorption energy difference to the second order,
according to the generalized variational principle of DFT [42]. Following
the derivation of Hammer and Nørskov, [43], it will show, after comparing
terms of the KS total energy of the two adsorbate-metal systems, that two
terms dominate the δEads. Since we employ a frozen density and potential
approximation, the only remaining contribution to the electrostatic energy
comes from the term

δEes,A−M =
∫

A

∫
M

ρ(r)ρ(r′)
|r− r′| drdr′. (3.5)

For the kinetic energy difference only the one-electron energies will be non-
zero, so we have for the adsorption energy difference that

δEads = δE1el + δEes,A−M. (3.6)

The first term is the one-electron energy difference between the a− m1 and
the a − m2 systems and the second term is consequently the difference in
the adsorbate-surface electrostatic interactions in the two systems compared.
This means that comparing one-electron energy differences is valid when
discussing trends in adsorption energies and therefore DFT is a useful
tool when comparing adsorbate-substrate bond properties, 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 metal states, see Figure 3.3; we obtain a splitting of the
adsorbate level into a bonding and an anti-bonding part.

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
interaction with the s-band and the p-electrons, and a second part accounting
for the d-band interaction:

Eads = Esp + Ed. (3.7)

Esp is assumed to be constant among the transition metals, and consequently
the d contribution will play a decisive role. This can appear a crude
approximation and it of course breaks down if ,e.g., the d-band is inactive
in the bonding process. It has however proven to give numerous successful
results [3, 45].
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3 Analysis of the oxygen reduction reaction

Figure 3.3: Adsorbate energy level couples to the s and d states of a transition metal substrate.
Figure taken from Ref. [44].

Taking a scenario in which an adsorbate molecular state, fully occupied,
interacts with a fractionally filled molecular state of a transition metal, the
bond energy would here depend on the filling of the metal state, [41].

Expanding the problem to an adsorbate-substrate bond, the main
difference is that the metal now has a Fermi level. Looking again at Figure
3.3 we note the formation of bonding and anti-bonding states of the
adsorbate energy level above and below the Fermi level upon adsorption.
The bond strength of the adsorbate to the metal surface, i.e. the occupation
of the anti-bonding states, will depend to a large extent on the position of
these anti-bonding states relative the Fermi level, rather than 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 reduces the number of anti-bonding states above the Fermi level
which in turn results in a weaker adsorbate-surface bond.
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3.3 Strain engineering

3.3 Strain engineering

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

The effect of altering the position of the d-band center by modifying the
electronic structure of the substrate has been studied extensively in the search
for catalysts that enhance the oxygen reduction [2, 46].

The most obvious way is to alloy the metals in different ways, making
e.g. surface alloys. Going back to the features of the volcano plot in Figure
3.2, reaching higher activity would be possible by weakening the oxygen-
platinum bond strength. Intuitively, mixing Pt with a metal that has a lower
lying d-band center would give the desired bond properties. As an example
which will be discussed more thoroughly in the following chapter, results
from a study on electronic structure effects in strained Pt layers on Cu(111), in
which the d-band center is observed to decrease in energy due to compressive
strain of the Pt lattice, shows a reduced oxygen-substrate adsorption energy.

One can look at strain in a simplistic picture. If we consider the d-band
of a transition metal involved in adsorbate bonding and merely compress the
metal lattice, the bandwidth will increase as a result. To maintain a constant
filling of the band, the average energy of the d-band, i.e. the d-band center,
shifts down, [47]. Figure 3.4 illustrates how compressive strain modifies the
position of the d-band.

By straining the lattice, the bandwidth increases but since the population
of the band needs to remain constant, the d-band shifts down in energy and
we start occupying more and more anti-bonding states that previously were
unoccupied since they were lying above the Fermi level. Consequently, the
oxygen-substrate bond becomes weaker.
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Figure 3.4: Schematic illustration of how compressive strain induces 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.
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Results

4.1 The O2 dissociation on Pt(111)

The dissociation of molecular oxygen has been extensively studied due to its
decisive role in many catalytic reactions, e.g. the ORR as has been discussed
in the preceding chapter. At certain conditions it becomes rate limiting and
therefore it is important to thoroughly understand the interactions governing
the barrier for this reaction step.

As can be seen in the volcano plot, in Figure 3.2, the ORR activity
can be described by the oxygen-substrate chemisorption energy; the O-Pt
chemisorption is found at the top of the plot, but further enhancements can
be possible.

O2 dissociates on Pt(111) via chemisorbed precursor states (On−
2 (ads),n=1,2)

[36], [48], referred to as the superoxo and the peroxo states, of which phases
respectively dissociation barriers have been measured. Low temperature
electron energy-loss spectroscopy (EELS) generated a barrier of 0.29 eV for
the peroxo phase [49] and STM experiments gave a modeled dissociation
barrier for low coverage peroxo molecules of 0.35 eV [50].

Calculated dissociation barriers in literature ranges from values
comparable to these experimental findings [51] up to 0.8-1.0 eV [40], [36],
possibly correlated with the adsorbate coverage modeled in the respective
study.

This large deviation between experiment and theory needs to be
understood, and it is of great importance to establish the origin of this
deviation, whether it is due to inaccuracy in measurements or calculations
or merely an adsorbate coverage effect.
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4 Results

4.1.1 Low barrier for dissociation due to adsorbate-adsorbate
interactions

Using thermally 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 coverage situations, θ=0.17 ML and θ=0.40 ML. Figure 4.1, adapted
from Paper I, shows a contour plot and corresponding reference spectrum
for the atomic and molecular species at initial saturation coverage (θ = 0.40
ML). In Figure 4.1.a, the peak at 530.6 eV corresponds to molecular oxygen
adsorbed in a superoxo phase, and the smaller peak just below 530.0 eV
comes from the atomic oxygen, here at a coverage of ∼ 0.07 ML. A similar
spectrum for the low coverage phase can be found in Paper I, Figure 2.a.
As the temperature is increased, the peak corresponding to adsorbed O2
decreases in intensity and disappears at around 130 K, where we only
observe the peak arising from the atomic oxygen.

Figure 4.1: Thermally programmed XPS experiments of O2 on Pt(111).

The dissociation process starts below 110 K and ends at 130 K. In this high
coverage case, at saturation, desorption must occur in order for dissociation
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4.1 The O2 dissociation on Pt(111)

to be possible. Partial coverage data of atomic and molecular oxygen
was obtained from the XPS experiments by fitting the data to analytical
lineshapes generated under the same coverage. The partial coverage data
was subsequently modeled using a mean-field kinetic model, see detailed
discussion in Paper I, to obtain estimates of the desorption and dissociation
barriers, Ed and Ea, of 0.32 ± 0.03 eV and 0.36 ± 0.01 eV, respectively.

To analyze the coverage dependence, we used DFT to model supercells of
different sizes, see Figure 4.2, corresponding to overall oxygen coverages of
0.5, 0.25, 0.17 and 0.12 ML, respectively.

Figure 4.2: Initial (left column) and final (right column) states, containing dissociated oxygen
atoms, of the adsorbate configurations in the different supercells used in the DFT calculations;
(a)
√

3× 2, (b) 2
√

3× 2, (c) 2
√

3× 3 and (d) 2
√

3× 4. Figure is adapted from Paper I.
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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.

Table 4.3 shows DFT estimates of desorption and dissociation barriers and
also the binding energies of atomic oxygen. At high coverage, dissociation is
highly activated while the desorption energy is fairly low, in agreement with
what is observed at saturation in the kinetic behavior; this can be seen in
detail in Paper I, where the onset for desorption is found at 110 K.

Coverage Supercell Ed Ea EB(O)
(ML) (eV/molecule) (eV/molecule) (eV/atom)
0.12 2

√
3× 4 0.46 0.47 −1.06

0.17 2
√

3× 3 0.41 0.41 −1.12
0.25 2

√
3× 2 0.54 0.24 −1.27

0.50
√

3× 2 0.32 0.76 −0.77

Table 4.1: Desorption and dissociation barriers , Ed and Ea, respectively, and atomic oxygen
binding energy, EB at different initial coverages of molecular oxygen. The table is adapted from
Paper I.

What may be intuitive, that reduced adsorbate coverage favors
dissociation, 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 two lattice spacings (2ann); at 1ann and

√
3ann

these lateral interactions become repulsive, [52].
The differences we observe in the final state binding energies at the

different coverage situations affect the barrier for dissociation. This is
reflected in Figure 4.3 where a linear BEP relationship, see discussion in the
previous chapter, can be observed.

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

The excellent agreement between calculations and experimental estimates
indicates that these types of 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.
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4.2 Electronic structure effects due to lattice strain

Figure 4.3: 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.

4.2 Electronic structure effects due to lattice strain

In fuel cell catalysis, efforts have been made to increase the efficiency, and
reduce the cost, of the Pt-based catalyst employed at the cathode [2]. The
d-band model, see preceding chapter, can be applied to predict changes in
adsorption energy in reaction intermediates in catalytic processes, e.g., the
ORR; the d-band center, i.e. the average energy of the d-band, can be used
as a descriptor for the atomic oxygen binding energy, which in turn can be
correlated to the activity of the fuel cell.

Alloys in terms of metal overlayers offer a way of analyzing electronic
structure effects since they possess properties that may differ from the
pure metal of interest [54]. In the present study, Paper II, Pt overlayers
are deposited on Cu(111) and compared with pure Pt(111) to study the
electronic structure effect due to lattice strain. The total strain effect arises
from a combination of the lattice mismatch between Pt and Cu, a pure strain
or geometric effect, and the interaction between the Pt overlayer and the Cu
substrate, a substrate effect.

Oxygen K edge XAS and XES measurements of atomic O adsorbed on
pure Pt(111) and Pt overlayers on Cu(111) have been made, see Figure 4.4,
together with a complementary analysis using DFT. As can be seen in Figure
4.4, the anti-bonding states become more occupied as the number of Pt layers
is decreased, i.e. upon lattice compression of Pt; for the pure Pt system,
bottom spectra, the anti-bonding states are mainly found above the Fermi
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level. Due to strain, the oxygen-substrate bond is consequently weakened,
which is also indicated by results obtained in XPS measurements, see Paper
II.

Figure 4.4: O K edge XA and XE spectra of atomic oxygen adsorbed on pure Pt(111) and on
Pt overlayers of different thickness on Cu(111).

Aiming at separating the pure strain and substrate effects, we used two
different model systems in the theoretical approach. By simply compressing
a pure Pt(111) slab, the effect of strain was investigated and by adding 1 ML
on a Cu(111) lattice and straining it, the substrate effect was considered. We
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4.2 Electronic structure effects due to lattice strain

Lattice constant (Å) Eads (eV) εd (eV)
Pt Pt/Cu Pt Pt/Cu

3.981 4.14 3.65 -3.04 -3.07
3.881 3.86 3.33 -3.22 -3.27
3.781 3.56 3.08 -3.43 -3.46

Table 4.2: Calculated chemisorption energies, Eads, d-band centers, εd and O-Pt bond lengths,
dO−Pt, of the O-Pt(111) and O-Pt/Cu(111) systems at various strain.

have strained the respective model by 2.5% and 5% and investigated bond
strengths and shifts of the d-band as a function of strain, see Table 4.2.

When going from zero strain (a = 3.981 Å) to 5 % strain (a = 3.781Å), the
chemisorption energy is found to decrease by ∼ 0.6 eV for both the systems
considered. It is observed that oxygen binds stronger to pure Pt(111) than to
the Pt/Cu(111) system by ∼ 0.5 eV, a difference that is preserved throughout
the various cases of strain investigated. What can be concluded from this is
that the substrate effect is clearly important; the O-Pt bond is considerably
stronger when only geometric effects, i.e. pure strain, are included.

Applying the d-band model to these results, we would expect the position
of the d-band center for Pt(111) to be higher in energy and closer to the Fermi
level than that of Pt/Cu(111), and looking again at Table 4.2, this is actually
the case. What is surprising, though, is the extent of this difference compared
to what we observe for the chemisorption energy, which differs by ∼ 0.5 eV
while the difference in d-band centers is merely ∼ 0.03 eV. But, despite this,
the qualitative trend remains; compressive strain lowers the d-band center
which results in a reduced chemisorption energy, in agreement with the d-
band model.

If we turn our attention to Figure 4.5, which shows the DOS projected
on the oxygen p-states, these conclusions remain. Bearing in mind Figure 3.3
from the previous chapter, in which, upon adsorption, the valence state of the
adsorbate is split into bonding and anti-bonding states below and above the
Fermi level, respectively, we see a similar behavior here. If we initially look
at the pure strain effect, the density of the bonding states seems to decrease
as the lattice is compressed; these bonding states at zero strain are polarized
towards the oxygen in the bond and upon compression, this polarization
is reduced. We observed in Table 4.2 that the chemisorption energy was
lower for the Pt/Cu(111) system, which is also reflected here. As we include
substrate effects, the anti-bonding states shift down in energy below the
Fermi level and become more populated, which consequently results in a
weaker bond.

Figure 4.6 shows the calculated symmetry-resolved O K edge XA and
XE spectra. Focusing initially on the XES results, the main observation when
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Figure 4.5: Calculated density of states projected on the p-states of the oxygen atom and d-
states of the Pt surface atoms. The inset shows the d-band center as a function of the lattice
constant.

only considering pure strain is that by compressive strain, the main peak
at ∼ 7 eV in binding energy drops in intensity, which, in agreement with
the DOS results, would reflect a reduced oxygen contribution to the bonding
states in the system. Adding substrate effects mainly affects the spectra in the
pxy projection in terms of an intensity gain of the peak corresponding to the
anti-bonding states, which is consistent with the weakened bond we observe
for this system. Comparing with the experiments, Figure 4.4, we observe a
discrepancy which must be addressed, the main difference being the intensity
relation between the main peak corresponding to the bonding states and that
of the anti-bonding states which for the calculated spectra is much more
pronounced than what we observe in the experiments. This deviation needs
to be further investigated, but it may arise from the incomplete theoretical
description of the electronic structure; as the oxygen couples to the spin-
orbit split d-band, a resulting additional intensity between the two peaks
may occur.

Looking at the calculated XA spectra, the trend is the opposite compared
to the experiments in the out-of-plane projection; with compressive strain
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4.2 Electronic structure effects due to lattice strain

the intensity increases. In the in-plane projection, on the other hand,
we lose intensity upon compression when considering substrate effects,
which indicates that we occupy more anti-bonding states and reduce the
chemisorption energy.

XES XAS
DFT

Oxygen K-edge
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Figure 4.6: Calculated O K edge XAS and XES of O-Pt(111) and O-Pt/Cu(111) at two
different strains.

We observe a general agreement between theory and experiments, but
many questions remain to be addressed; the spectral discrepancies are too
large. Also, in the theoretical analysis the difference in chemisorption energy
between the Pt(111) and the Pt/Cu(111) systems is only qualitatively reflected
in the change in the d-band center.

In conclusion, straining the lattice is a way of tuning the chemisorption
bond strength, which has been shown using DFT and core-level spectroscopy.
However, a fundamental understanding of the electronic structure effect in
these systems is still missing and will require further and deeper analysis.
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4.3 Oxidation of Pt(111)

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 to the clean surface,
is possible. For Pt, often used as an industrial catalyst for many different
process, not only the ORR, the close-packed (111) surface is common on
Pt nanoparticles, but the oxidation of this particular surface is at present
not very well understood. The oxidation of Pt(111) has been studied under
near-ambient conditions with XAS and XPS and using DFT calculations and
structure models have been suggested that reproduce the essential features
in the experimental observations during the oxide growth, see Paper III. A
detailed discussion about the experimental setup can be found in the paper,
along with the computational details.

Results from Pt 4f XPS measurements, see Figure 1 in Paper III, indicate
chemisorption states up to 0.6 ML. The experimental O K edge XAS spectra,
see Figure 4.8, yield the same conclusion, which are 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, initially suggested by Hawkins et al., [55], where the
p(2× 1) phase is modified by adding oxygen to specific hcp sites, the spectra
of this phase, denoted "4O" in Paper III, can qualitatively be reproduced. The
structure model, which can be divided into square-planar PtO4 units, can
be found in Figure 4.8. The double-peaked features in the "4O" phase are
likely to arise from this type of local configurations, although we should bear
in mind that LEED measurements showed no distinct superstructure at this
coverage.

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 type 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 is
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4.3 Oxidation of Pt(111)

neglected, due to theoretical shortcomings. 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.

Out-of-plane
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Figure 4.7: O K edge XAS spectra where the distance between the PtO trilayer and the Pt(111)
surface has been varied. The different PtO-Pt(111) distances can be found in the upper right
corner of the figure.

Shown in Figure 4.8 is the spectra calculated from a model structure
where dz is 3.5 Å.

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.

In conclusion, 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.
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Figure 4.8: a) Structure models of O-Pt(111) of which XA spectra are calculated.
b)Experimental and theoretical oxygen K edge XA spectra.
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Concluding remarks

This thesis has focused on addressing fundamental questions arising from
theoretical approaches to describe experimental results obtained from
analyzing heterogeneous catalysis applied to PEM fuel cells using electronic
structure and spectroscopy calculations.

We have successfully reproduced experimental estimates of dissociation
barriers of molecular oxygen on Pt(111) and also found that lateral adsorbate-
adsorbate interactions may play a key role in stabilizing the atomic
configurations in the final state of the dissociation reaction; the binding
energy of the atomic oxygen in this final state correlates linearly with the
activation energy through a Brønsted-Evans-Polanyi relationship.

Straining the Pt lattice is a way of tuning the energy position of the d-band
center, which is a descriptor of the atomic oxygen binding energy. Calculated
XA and XE spectra reproduce key features of the experimental ones, although
with deviations that need to be understood. We can use the d-band model
to partly describe trends in electronic structure effects due to compressive
strain, but there remain fundamental differences between the experimental
and theoretical descriptions of the O-Pt and O-Pt/Cu(111) systems.

Using XAS and XPS experiments together with DFT calculations we have
investigated the oxidation of Pt(111). This process seems to occur from a
chemisorption phase, mediated over a phase in which the Pt coordinates to
four oxygen atoms, to a surface-oxide phase resembling the PtO2 oxide.

From a theoretical viewpoint all the results obtained in the studies behind
this thesis give rise to more questions than they answer. DFT calculations
using small unit cells, as in the O2 dissociation study, may account for
qualitative trends and interactions, but to obtain a broader picture of
what actually takes place at the fuel cell cathode, more extensive tools are
required; tight-binding DFT may be one approach to consider situations of
more ambient character. Also, in the analysis of the O-Pt interactions, further
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efforts are needed to understand these, as it seems, fundamental deviations
between experiment and theory, using less approximative methods.

What has been done so far provides a springboard to further more
detailed analysis of the systems and theories investigated and applied, and
this thesis is rather a starting point for this than offers a conclusive summary
of these difficult questions.
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