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Abstract

The partial oxidation of methanol to formaldehyde on clean and oxygen precovered
Cu(100) and Cu(110) has been studied by density functional theory calculations within
the generalized gradient approximation. We have studied the geometric and electronic
structure of the reaction intermediates. Methanol is only very weakly bound to copper
while methoxy is chemisorbed. Furthermore, we have identified a highly deformed
formaldehyde species strongly interacting with Cu(100) and Cu(110). The reaction
paths have been determined using the nudged elastic band method. It turns out that
the rate-limiting step is the dehydrogenation of methoxy to formaldehyde which is
hindered by a significant activation barrier. While dosing with oxygen does not reduce
this barrier, it still facilitates this reaction by stabilizing the methoxy intermediate on
the Cu surface and causing the removal of surface hydrogen via water desorption.
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Zusammenfassung

Die Oxidation von Methanol zu Formaldehyd über reinen und Sauerstoff-vorbedeckten
Cu(100)- und Cu(110)-Oberflächen wurde mittels Dichtefunktionaltheorie in der ver-
allgemeinerten Gradientennäherung untersucht. Durch Analyse der geometrischen und
elektronischen Struktur der Reaktions-Zwischenprodukte entsteht ein detailliertes Bild
des Reaktionsmechanismus. Methanol ist mit 0.3 eV nur sehr schwach auf der Kupfer-
oberfläche gebunden. Im Gegensatz dazu geht Methoxid, mit einer Bindungsenergie
von 2.8 eV, mit der Oberfläche eine starke chemische Bindung ein. Außerdem wurde
ein ungewöhnlich stark deformiertes Formaldehyd gefunden, welches sehr stark mit
den Kupferoberflächen wechselwirkt. Der Reaktionspfad wurde mit der NEB-Methode
(nudged elastic band) bestimmt. Aus der Untersuchung geht hervor, daß der Reaktion-
sschritt, der die Reaktionsrate limitiert, die Oxidation von Methoxid zu Formaldehyd
ist. Dieser Oxidationsschritt wird von einer hohen Aktivierungsbarriere behindert.
Obwohl die Vorbedeckung mit Sauerstoff die Barriere nicht reduziert, erleichtert sie
dennoch die Reaktion durch die Stabilisierung des Methoxids auf der Kupferoberfläche
und durch Öffnen eines weiteren Reaktionspfades, der die Entfernung des Oberflächen-
wasserstoffs durch Wasserdesorption ermöglicht.
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Chapter 1

Introduction

The heterogeneous catalytic reaction of gaseous molecules over metal surfaces is an
important industrial mechanism. Worldwide, more than 90% of all everyday chemicals
are usually produced by one or more industrial catalytic reactions. The human life
without the support of catalysts almost would not be possible in the mass production
ages.

The most important properties of a catalyst can be characterized as reactivity and
selectivity. A heterogeneous catalyst increases the reactivity by supplying reaction
paths with a lower energetic cost. The control of the reaction path can also maximize
the amount of target products by improving the selectivity. An efficient catalyst has
apparently economic advantages, lowering the costs and enlarging the gain. Recently,
moreover, catalysts extend its usage to reduce pollution by converting hazardous waste
to less harmful materials.

Historically the study of catalysis had been started in 1830s, but considerable
progress was only made in 20th century. The concept of catalysis as we know it
today had been established by W. Ostwald in 1901. The development of catalysts
is still mainly dependent on the trial and error approach. For example, the industrial
ion-oxide catalyst for the synthesis of ammonia was found after testing around 20 thou-
sands different catalysts. A systematic improvement of catalysts became only possible
after gaining a microscopic understanding of catalytic reactions, as for example em-
ployed in the development of a improved steam-reforming catalyst based on a Au/Ni
alloy [1].

The advent of the ultrahigh vacuum (UHV) technology and precise analyzing meth-
ods allows to perform adsorption experiments on well-characterized clean surfaces. In
recent years, due to the progress in surface sensitive techniques detailed pictures of
surface reactions are revealed. The chemical identity, binding energy and geomet-
ric configuration are precisely determined by modern surface science techniques from
low energy electron diffraction (LEED) to near edge X-ray adsorption fine structure
(NEXAFS). Chemical reactions are observed, e.g., by the technique of temperature
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2 Chapter 1. Introduction

programmed desorption (TPD). The field of modern surface science is characterized
by a wealth of microscopic experimental information [2].

Modern ab initio calculation methods opened the door to the “virtual chemistry
lab” [3]. The progress of the first-principles technology allows to handle a variety
of gas-surface systems without any empirical parameters [2, 4]. The widely adopted
ab initio density functional theory has proved its reliability for dealing with surface
problems. Nowadays, the improvement of the accuracy of first principle calculations
has led to the capability to predict properties of surface systems. Thus theory and
experiment can be abreast in the field of gas-surface reactions. At the same time, the
enhancement of computation power also allows the virtual chemistry lab to treat much
larger and complicated systems.

Beyond simple molecules larger molecules such as ammonia or organic molecules
on rough surfaces can be considered. Even though the system are getting closer to
realistic ones, however, still there are differences to a real catalyst which consists of
a high concentration of steps and facet edges. On the other hand catalytic surface
reactions may not only be related to defect structures, but more importantly to general
electronic properties. Then the restricted research of well-defined low indexed surfaces
is also valuable for understanding real catalysts in both experiment and theory. In
this thesis, the catalytic reaction of methanol on copper surfaces will be theoretically
discussed.

Methanol is one of the major bulk chemicals with an annual product volume of
21.8 million tons (year 2000) [5], and the demand is still increasing today. Methanol
has enormous usages for many different kinds of purposes such as converting various
aldehydes, acids, ethers, olefins and so on. Moreover, recently, it has been suggested
as an proton provider to fuel cell engines [6]. The next generation of direct methanol
fuel cell is a strong candidate for a clean energy source without any production of toxic
materials. Therefore both the synthesis and conversion of methanol are important in
the industrial field.

The synthesis and reforming of methanol are in general based on catalytic processes
on metals. The synthesis in the industrial scale uses heterogeneous catalysts, e.g. com-
mercial binary Cu/ZnO catalysts, with natural gases as source materials. Moreover,
in the steam reforming of methanol Cu/ZnO catalyst plays also a dominant role, in
particular for the dehydrogenation to formaldehyde. However, recently it was claimed
that Rh/ZnO has a better selectivity to reduce the poisonous CO production in the
fuel cell. Hence in the study of Cu based catalysts, the reduction of CO production
turned out to be one of the most interesting subjects.

In spite of the tremendous use and importance of methanol reactions on Cu based
catalyst, the microscopic understanding is still poor. Surprisingly, an industrial level
formaldehyde production from methanol is simply described as exposure of methanol
over hot Cu. Therefore the theoretical study of methanol reactions over Cu catalysts
in a systematic way helps to develop a microscopic picture of catalytic reactions.

Recent studies of binary Cu/ZnO catalysts reported that the active site for the
synthesis of methanol is metallic Cu [7, 8]. This was derived from the fact that the
reactivity was proportional to the size of the Cu area. The epitaxial growth of Cu
cluster over Zn-terminated ZnO leads to bulk Cu crystals even under low coverage [9–
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11]. The lattice mismatch between Cu and ZnO is 21%, therefore the strain effect will be
dominant for small Cu clusters. Thus, the study of strain effects in methanol reactions
over pure copper surfaces is relevant also for the understanding of the reactivity of
commercial catalysts. It is also expected that the microscopic study of reactions leads
to an improvement of the efficiency of real catalysts.

In 1978, very influential experiments to determine the methanol oxidation path-
ways over copper surface had been performed by Wachs and Madix [12]. Numerous
experiments and theoretical approaches proved their validity in the last 26 years. In
this thesis the main purpose is to rebuild the reaction pathways of Wachs and Madix
theoretically and to interpret the energetics of the theoretical reaction pathways. In
Chap. 2 the theoretical backgrounds will be reviewed, and in Chap. 3 the molecular
properties of the reaction intermediates will be precisely studied. In Chap. 4 strain ef-
fects present in real catalysts will be addressed by slab calculations. Finally, in Chap. 5
reaction pathways and their energetics will be determined and discussed.





Chapter 2

Theoretical backgrounds

In the past century, the quantum theory of many-body systems has been intensively
studied in order to accurately solve the non-relativistic many particle Schrödinger equa-
tion which includes the Coulomb interactions of nuclei and electrons in solid. The
determination of total energies and the corresponding wave functions of the system
represents a rather complicated problem; its solution cannot be acquired in a straight-
forward way. Successful numerical techniques were established in two major fields,
wave function and electron density methods in chemistry and physics, respectively.
Commonly, the implementation of both methods is based on the simplification of the
Schrödinger equation by the Born-Oppenheimer approximation [13].

This approximation simplifies the system in terms of electrons moving in an exter-
nal potential. The large mass mismatch of nuclei and electron allows the consideration
of the ionic coordinates as static parameters. Thus one can assume that the electron
distribution finds instantly its minimum energy configuration for each ionic configura-
tion, while the nuclei respond very slowly to the change of the electron distribution.
However, unfortunately, this useful approach does not cover all interesting physical phe-
nomena, especially not ionic-motion-induced electron excitations, such as for example
the Ziman effect [14].

Historically, chemists have treated reactions at surfaces earlier than physicists by
using wave function based quantum chemistry methods. The methods are based on
the expansion of the wave function in terms of Slater determinants. Many quantum
chemistry methods for reactions on finite clusters have been developed to improve the
quality of the description. In spite of a brilliant improvement of the basis set and corre-
lation description, these methods still have critical problems. A proper selection of the
basis set is inevitable for a comprehensible description of a given system. Furthermore,
although the accuracy of wave function calculations can be improved by increasing the
number of basis functions, the cost for accuracy becomes easily enormous in larger
system.

Here we use an alternative method to solve the electronic structure problem, ab
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6 Chapter 2. Theoretical backgrounds

initio density functional theory (DFT) proposed by Hohenberg and Kohn in 1964 [15].
This method, together with the improvement in computer power, has allowed the treat-
ment of extremely complex molecular and catalytic systems. Nowadays, finally, DFT
calculations satisfy also chemical accuracy due to the development of the generalized
gradient approximation for exchange-correlation. The big success of DFT and its con-
tribution to the scientific progress resulted in the Nobel prize for chemistry in 1998 for
Walter Kohn.

2.1 Density functional theory

DFT is based on the famous Hohenberg-Kohn theorem [15]: “The ground-state density
n(r) of a system of interacting electrons in an external potential uniquely determines
this potential.”. DFT can be regarded as a revised successor of Thomas-Fermi the-
ory [16–18]. The main idea of DFT is the substitution of the multi-dimensional wave
function Ψ(r1, r2, · · · , rN) of N interacting electrons by the simple electron density
n(r) which is a function of three-dimensional coordinates. The implementation of this
idea via effective one-particle Schrödinger equations had been developed by Kohn and
Sham [19].

2.1.1 Kohn-Sham equations

Consider the time-independent, non-relativistic Schrödinger equation for the wave func-
tion Ψ of N interacting electrons,

EΨ = ĤΨ = (T̂ + V̂ + V̂ext)Ψ (2.1)

where the Hamilton operator of the system consists of the kinetic energy operator
T̂ , the electron-electron interaction potential V̂ and the external potential V̂ext. The
external potential V̂ext includes the Coulomb interaction between electron and nuclei
and external fields. In this equation the electronic and ionic motion are decoupled,
electron-phonon excitations are excluded and nuclei coordinates are considered as a
parameter.

Following the Hohenberg-Kohn theorem, there is an one-to-one correspondence be-
tween the electron ground-state density and the many-body wave function of interacting
electrons. This means that the ground-state electron density is uniquely determined
by V̂ext,

n(r) 7→ |Ψ[n]〉 and n(r) 7→ Vext(r). (2.2)

The ground state solution of the Schrödinger equation is derived through the
Rayleigh-Ritz variational principle [20–22] by minimizing the expectation value of the
total energy. The iterative cycle of minimization will be continued until self-consistency
is accomplished with respect to a trial wave function [23]. The minimization using the
electron-density reaches the ground state energy via the relations in Eq. (2.2),

E0 = min
Ψ

〈Ψ|T + V + Vext|Ψ〉 = min
n(r)

E[n(r)] (2.3)
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where

E[n] = T [n] + VH[n] + Exc[n] + Vext[n]. (2.4)

T [n] is the kinetic energy functional for non-interacting electrons and Vext[n] is the
functional of the external potential. The Hartree energy VH[n] which describes the
classical Coulomb energy of electrons is given by

VH[n] =
1

2

∫

drdr′
e2

4πǫ0

n(r)n(r′)

|r − r′| . (2.5)

The total energy includes a purely quantum mechanical interaction, the so-called
exchange-correlation energy Exc[n]. It is usually of the order of 1 eV per electron. The
improvement of the accuracy of DFT is strongly dependent on the proper determination
of the exchange-correlation energy. The exchange-correlation functional is not known
in general. It is an universal functional that depends only on the electron-density itself.

The electron-density of N independent electrons is expressed as

n(r) =
N

∑

i=1

|ϕi(r)|2 . (2.6)

The basis electron function ϕi(r) are selected to be orthonormal to each other. The
variation of the energy functional E[n] with the orthonormality constraint 〈ϕi|ϕj〉 =
δij leads to a set of self-consistent one-electron equations, namely the Kohn-Sham
equations [19], which are equivalent to the many-electron problem:

[

− ~
2

2m
∇2 + Veff(r)

]

ϕi(r) = εi(r)ϕi(r), (2.7)

where the effective potential Veff is given by

Veff(r) = VH(r) + Vxc(r) + Vext(r). (2.8)

The exchange-correlation potential Vxc(r) is given by the functional derivative of the
exchange-correlation energy with respect to the electron density,

Vxc(r) =
δExc[n(r)]

δn(r)
. (2.9)

For a correct exchange-correlation energy, the potential given by the functional deriva-
tive would give an exact description of exchange and correlation. The set of wave
functions ϕi and Kohn-Sham eigenvalues εi is determined by solving the Kohn-Sahm
equations self-consistently. In the first iteration an initially guessed charge density is
inserted in the Hartree and exchange-correlation terms of the Kohn-Sahm equations.
In the following iterations, the new electron density is generated by the Kohn-Sham
eigenstates as described in Eq. (2.6) which determines the effective potential for the
next iteration. The self-consistency cycle is repeated until the convergence of the charge
density which then also yields the ground state energy. The procedure is accelerated
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by mixing new and old charge densities. Advanced mixing technique, such as the mod-
ified Broyden’s method [24], can significantly speed up the convergence by utilizing
more than just the charge density of the electronic step and damping spurious Fourier
components of the intermediate charge density.

The Kohn-Sham equations represent a mapping of the many-body problem of in-
teracting electrons onto coupled one-electron equations with an effective potential.
However, it leads to the double-counting of electron-electron interactions, when the
sum of single-particle Kohn-Sham eigenvalues is considered in the total energy. The
ground state energy of the system will be exact by removing the over-counted energies
as

E[n] =
N

∑

i=1

εi −
1

2

∫

dr VH(r)n(r) −
∫

dr Vxc(r)n(r) + Exc[n]. (2.10)

Therefore the eigenvalues of the Kohn-Sham equation are not the energies of single-
electron states but the derivatives of the total energy with respect to the occupation
numbers of these states [25].

2.1.2 Exchange-correlation functionals

The universal functional of the exchange-correlation energy Exc[n] is not known in close
and analytic form yet. There is a simple approximation for the exchange-correlation
energy functional, namely the local density approximation (LDA) [19]. The LDA
assumption is that the exchange-correlation energy per electron at a point r in the
electron gas εxc(r) is equal to those of a homogeneous electron gas εLDA

xc (r) with the
same density n(r): thus the exchange-correlation functional is approximated as

Exc[n] =

∫

drn(r)εxc(n(r)). (2.11)

The LDA exchange-correlation potential is taken as a purely local functional, depending
only on the density at position r. Then the LDA exchange-correlation potential in
Eq. (2.9) is simplified as

V LDA
xc (r) =

∂

∂n
nεxc(n)

∣

∣

∣

∣

n=n(r)

. (2.12)

The LDA exchange-correlation itself can be obtained using an interpolation scheme
between analytic asymptotic behaviors and intermediate results based on quantum
Monte Carlo calculations of the homogeneous electron gas [26]. Furthermore, the LDA
satisfies important sum rules for the electron-hole pairing. Surprisingly, in spite of the
inexact representation of the inhomogeneous electron gas, LDA has been successful for
various bulk and surface problems [23]. LDA yields relatively reliable lattice constants
and ionic configurations, but in fact the reasons for this good accuracy are not fully
understood.

LDA calculations are not sufficiently accurate for gas-phase and surface chemical
reactions [2]. Usually LDA overestimates chemical binding energies, the binding en-
ergies and cohesive energies are too large compared to experiment. The attempts to
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improve DFT by using a Taylor expansion of the exchange-correlation energy εxc[n]
in the density had not been successful since it violates the sum rule for the exchange-
correlation hole [2, 27, 28]. Only in the so-called generalized gradient approximation
(GGA) the problem has been overcome [29–32], where the GGA exchange-correlation
energy is expressed as

Exc[n] =

∫

drn(r)εxc(n(r), |∇n(r)|), (2.13)

which includes the gradient of the density |∇n(r)|. Chemical binding energies are
described much better in GGA. For many chemical reactions DFT calculations using
GGA, finally, achieved chemical accuracy [2].

The search for finding better exchange-correlation functionals has not been fin-
ished. In spite of the success of the functional of Perdew and Wang (PW91) [31] and
Perdew-Burke-Ernzerhof (PBE) [32], still there are a number of failures in GGA. These
include [2]: (i) improper description of van der Waals forces, (ii) insufficient electron
affinities of negative ions, (iii) underestimation of cohesive energies, (iv) underestima-
tion of band gaps, (v) wrong long-range of the effective one-particle potential at large
distances, (vi) erroneous representation of anti-ferromagnetic insulators as metals.

Besides the effort to improve the GGA functional itself, e.g. the revised version
of PBE (RPBE) [33], the attempts of including exact exchange or considering meta-
GGA’s have led to a better accuracy. However, in spite of the better description of
exchange-correlation, computational power economics strongly recommends calcula-
tions using efficient GGA schemes. All calculations reported in this thesis have been
evaluated using the GGA in the form proposed by Perdew and Wang (PW91) [31].

2.1.3 Plane wave basis sets with special k-points

In the previous sections we reviewed the way to map an interacting many-body system
into effective one-electron problems. However, for solid systems the solution of Kohn-
Sham equations still requires to handle the dynamics of in principle an infinite number
of noninteracting electrons in a static high-dimensional potential.

The periodicity of a solid crystal can be utilized employing Bloch’s theorem to
reduce the infinite number of electrons to a finite number of electrons within a single
primitive unit cell [34]. The eigenvalues of these so called Bloch functions correspond
to discretely spaced band energies. The electron wave functions are expressed as the
product of a cell-periodic part and a plane-wave-like part. Usually the basis functions
are selected to be plane waves, hence the electronic wave functions are

ϕk,i(r) =
∑

G

ci,k+Gei(k+G)·r, (2.14)

where G represents the reciprocal lattice vectors and k is restricted to the first Brillouin
zone and i is the band index [34]. The electronic wave functions at each k can be
represented in terms of a discrete plane wave basis set. Thus, by Bloch’s theorem, the
electrostatic potential can be constructed by the contribution of occupied electronic
states at each k point, where the k is in the first Brillouin zone.
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The electronic wave functions will be almost identical when k points are very close
together. Hence the electronic wave function over a region of k space can be represented
by the wave function at a single k point. Hence the calculation of the electrostatic
potential requires only a finite number of electronic states at a finite number of k points,
and this electrostatic potential together with the external potential then determines
the total energy of the system. Thus the total energy of solid systems per unit cell is
expressed as

E = 〈H〉 =
1

V

∑

i

∫

V

dkHi(k)f(εi(k)) ≈ 1

V

∑

{k}

Hi(k)f(εi(k)), (2.15)

where the volume of the unit cell is V and f(εi(k)) is the density of electronic states at
a given band i and point k. The integral over the first Brillouin zone and sum over band
indices are replaced by a sum over a special kpoint set {k}. The most common way to
select special k points is described by Monkhorst and Pack [35]. This set corresponds
simply to an equispaced grid of k points. For accurate calculations of metals, more k
points than for insulator or semiconductor are required to describe the Fermi surface
precisely. To improve the accuracy of the discrete approximation to the Brillouin zone
integration, broadening methods are employed. The broadening is controlled by the
temperature parameter σ = kBT . The value of σ has to be carefully selected in the
calculation of Cu, since its d-electron structure is fully occupied and the upper bound
of d-electronic structure is located lower than the Fermi energy which creates a low
density of states at the Fermi energy. To avoid any spurious contributions, σ must be
small enough. First order Methfessel-Paxton smearing [36] and the linear tetrahedron
method [37] are used for the calculations in this thesis.

In principle, at each k point, an infinite plane wave basis set is required to expand
the electronic wave function. However, for practical reasons, the number of plane wave
basis is controlled by the energy cutoff,

Ecutoff = max
G

[

~
2

2m
|k + G|2

]

. (2.16)

The accuracy of this approximation will be simply improved by enlarging Ecutoff .
By employing Bloch’s theorem and a plane wave basis set, the Kohn-Sham equations

Eq. (2.7) are transformed to

∑

G′

[

~
2

2m
|k + G|2 δG,G′ + Veff(G −G′)

]

ci,k+G′ = εici,k+G, (2.17)

where the kinetic energy is diagonal and Veff(G − G′) is the Fourier transform of the ef-
fective potential. The eigenvalues εi and the plain wave coefficients ci,k+G are obtained
by diagonalizing the Hamiltonian. The size of the Hamiltonian matrix is determined by
the energy cutoff. Modern iterative methods find the electronic states that minimizes
the energy functional with avoiding direct matrix diagonalization [23, 38].

The implementation of the Kohn-Sham equations in the Vienna ab initio simulation
package (VASP) [39–42] is organized as follows: The wave function is expanded in plane
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waves on a finite k point mesh, and the resulting Hamiltonian is iteratively solved
either by a sequential conjugate gradient (CG) minimization [43, 44] or by a residual
minimization method (RMM) [38, 45] using a direct inversion in the iterative subspace.

Using a plane wave basis set also offers the advantage that the force FI on an ion
at position RI can be computed by the Hellmann-Feynman theorem [46],

FI = − dE

dRI

= − ∂E

∂RI

(2.18)

as the derivatives of the basis set with respect to the position of the ion are vanishing.

2.1.4 Pseudopotential approximation

Although Bloch’s theorem allows to expand the wave functions in a discrete set of plane
wave basis set, it is not appropriate to describe the tightly bounded core electrons which
have rapidly oscillating nodes by plane waves. To reproduce the details of the electronic
wave functions near the core in all-electron calculations requires a prohibitively large
size of the plane wave basis set. The decomposition of the wave function in different
basis sets for the core and the interstitial regions helps to reduce the size of the plane
wave basis. The first method using such a decomposition was the augmented plane
waves (APW) method within the muffin-tin approximation [47]. The problem of the
APW, a large computational cost, has been partially solved by the concept of the
linearized augmented plane waves (LAPW) by Andersen [48]: the wave functions of
the core regions are described by a linear combination of radial expansions and its first
energy derivative expansions. For the interstitial region, commonly APW and LAPW
use a plane wave basis set. All electron methods, such as the most recently developed
full-potential LAPW [49], provide a very accurate description of the system, but the
computational cost is very high for the description of transition metals and first-row
non-metal systems.

The computational effort is, of course, increased by including more electrons in the
DFT calculations. The construction of pseudopotentials reduces the number of elec-
trons by replacing the effect of the core electrons by an effective potential. As a result,
the use of pseudopotentials reduces the computational effort considerably. The idea of
pseudopotentials comes from the fact that most of the chemical properties of physical
systems are much more dependent on the valence electrons than on the localized core
electrons and that core electrons hardly take part in any chemical reactions [2, 50].
Replacing core electrons by an ionic potential leads to a pseudopotential that acts on a
set of pseudo wave functions. A pseudo wave function and the corresponding potential
are illustrated in Fig. 2.1. Outside the core region the pseudopotential and the pseudo
wave function are identical to the all-electron potential and wave function. In the core
region, the radial nodes of the wave function are removed while maintaining the norm
of the wave functions and the scattering properties.

The general form of norm-conserving pseudopotentials is given by

Vpseudo(r) =
∑

l,m

|Ylm〉 Vl(r) 〈Ylm|. (2.19)
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Figure 2.1: Schematic illustration of the difference between the all-electron and pseudo 3s
wave function and their corresponding potentials [2].

where |Ylm〉 denotes spherical harmonics. It is called semi-local since it is local in the
radial part and non-local in the angular part. The implementation of a plane wave
basis in the pseudopotential approach was first done by Troullier and Martins [51] and
Rappe et al. [52]. The accuracy of the pseudopotential calculations is only determined
by the energy convergence of the valence electrons, since core electrons are not directly
considered.

The development of Vanderbilt or ultrasoft pseudopotentials (USPP) by David
Vanderbilt [53] represents a significant improvement for the pseudopotential approx-
imation. In the generation of USPP, in contrast to the traditional pseudopotential
approach, the norm-conserving constraint has been removed. However, this ansatz
violates charge conservation. In order to recover the correct charge density, overlap
matrix derived augmentation charges are introduced in the core region. The electron
density is subdivided in a delocalized smooth part and a localized hard part in the core
regions. The USPP allows an accurate description of many systems with a much lower
energy cutoff, thus leading to a significantly reduced computational effort.

An alternative approach to disentangled core and valence states is known as the
projector augmented-wave (PAW) method [54, 55]. The idea of the PAW method is
based on that the all-electron wave functions are derived by pseudo wave functions
using a linear transform. This linear transform is uniquely determined by a sum of
local, atom-centered contributions. Each local contributions acts only within some
augmentation region enclosing the respective atom. The augmentation in the core
region is given by the overlap with localized projector functions, which is consistent
with the frozen-core approximation [2, 54]

PAW is an all-electron calculation, however it only requires the computational effort
of a pseudopotential calculation. The frozen core constraint of the PAW method makes
possible the computational efficiency of ultrasoft pseudopotentials with preserving the
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accuracy of all-electron calculations. Interestingly, the difference between PAW and
USPP is just based on one-center terms [55], which leads to the high efficiency of the
PAW method. It exhibits a higher accuracy than the USPP method when the system
depends on the core electrons, e.g. in the case of oxygen atoms. In this work, however,
we will remain within the framework of USPP for all DFT calculations.

2.1.5 Supercell approach

In solid state physics, structures that break the crystalline symmetry exhibit many in-
teresting physical properties. Also in theoretical methods requiring three-dimensional
periodicity symmetry breaking structures can be treated within the concept of Bloch’s
theorem using the supercell approach. The supercell includes the symmetry breaking
structure surrounded by a bulk crystal region, and periodicity is reproduced by repeat-
ing the supercell structure. Therefore the system is described as a bulk with an array
of symmetry breaking structures. The size of the supercell has to be large enough so
that the interactions between defects which are located in neighboring unit cell become
negligible.

In the case of surfaces, the three-dimensional crystal periodicity is broken in the
direction of the surface normal z. The ideal surface system consists of a semi-infinite
bulk region and a semi-infinite vacuum region along the z axis with preserving the
periodicity in the x-y plane. In the so-called slab approach, however, the semi-infinite
metal is replaced by a slab with a finite number of atomic layers. In this approach,
a two-dimensional lattice is obtained where the periodicity is given by the surface
unit cell. To recover three-dimensional periodicity, the slab is now repeated in the z
direction by adding a sufficiently large region of vacuum in between slabs. The size of
the vacuum region and the number of atomic layers are chosen such that the surface
energy and workfunction of the slab are converged, i.e. they do not change when the
size of the layers is enlarged. For low index metal surfaces, four or five layers slab and
at least 10 Å of vacuum layer are already sufficient to fulfill the convergence of surface
energy. For example, the convergence of the workfunction for Cu(100) requires a five
layer Cu slab with 12 Å of vacuum layer.

The size of the unit cell in lateral direction depends on the particular problem.
When single molecular or atomic adsorption is considered, it must be large enough to
remove the interactions between adsorbates in neighboring unit cell. The lateral size
of the supercell also depends on the considered coverage of the adsorbates.

2.2 Physical properties

The improvements in the computer powers made the treatment of realistic systems by
DFT methods possible. In this section, the numerical setup and the computational
treatment of adsorbate systems will be addressed. Moreover, the general concepts and
physical properties for surface adsorption and surface reactions will be briefly described.
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Figure 2.2: Electron density of a Cu(001) surface along a (010) plane demonstrating electron
smoothing at a metal surface [2].

2.2.1 Geometry relaxations

The construction of slabs requires the equilibrium lattice constant from bulk calcu-
lations. The common way to determine the lattice constant of a bulk crystal is the
interpolation of DFT cohesive energies as a function of the lattice constant. The direct
energy minimization requiring the change of the unit cell volume is thus avoided, which
would lead to additional correction forces arising from the stress tensor, namely Pulay
stress. DFT bulk energies with the same energy cutoff and same number of k points
are fitted to the Birch-Murnaghan equation [56, 57]

E(V ) = E(V0) +
B0V

B′
0(B

′
0 − 1)

[

B′
0

(

1 − V0

V

)

+

(

V0

V

)B′

0

− 1

]

, (2.20)

where V is the unit cell volume of the strained crystal and B0 and B′
0 are the bulk mod-

ulus and its pressure derivative at the equilibrium volume V0. DFT lattice constants
are usually close to experimental values, but but often with asystematical difference.
LDA lattice constants are usually smaller than experimental ones while GGA ones are
larger. This simply reflects the overestimation of cohesive energies in the LDA and
their underestimation in the GGA. The optimization of the VASP parameters is in
general performed in bulk calculations. The lattice constant, the optimized energy
cutoff and the k-point selection are determined in this step.

A substrate is constructed by stacking atomic layers with the bulk lattice constant.
For close packed (111) and (100) surfaces of face centered cubic (fcc) crystals, 4 or 5
layers are already sufficient for converged result. The rather open surface (110) requires
also only 5 atomic layers. However, the complex (210) surface already demands 11
atomic layers for converged results. Since the slabs are separated in z-direction so that
there is no interaction, only one k-point along this direction is required. However, the
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ideal bulk positions are no longer stable at a surface. At the surface of a solid the
electronic structure and charge density are strongly modified. Considering the charge
density of metal surfaces, the surface electron distribution is much smoother than in the
bulk. This Smoluchowski smoothing [58] leads to a rather uniform distribution of the
charge density thus lowering the kinetic energy of the surface electrons as illustrated in
Fig. 2.2. As a result of the surface charge density redistribution, the ion cores experience
inward forces to the bulk. For a realistic slab model, the surface ion relaxation is
included by computing the ionic forces by the Hellmann-Feynman theorem. In Cu
substrates, the relaxation of the upper-most ions affects the ion positions by only a few
hundredth of an Angstrom. The shift of the second layer atoms is generally smaller
than in the first layer.

Adsorption systems are modeled by locating the adsorbates on one side of the slab.
The atoms of the bottom layers of the slab are at their bulk position. This slightly
improves the description of the subsurface layers on the adsorbate side. In the case
of the adsorption of massive molecules the adsorbate induced surface relaxation must
also be accounted. For example, the adsorption energy of methoxy (CH3O) on the
hollow site of Cu(100) is enlarged by 0.03 eV by surface relaxation, while atomic hy-
drogen adsorption leads to no ionic rearrangement. DFT adsorption geometries can be
compared to results from low energy electron diffraction (LEED) and near edge X-ray
adsorption fine structure (NEXAFS) experiments, and to scanning tunneling micro-
scope (STM) images. For many systems, DFT yields reliable results for adsorption
geometries, surface reconstructions and binding energies.

2.2.2 Adsorption energies and activation barriers

The DFT total energy E[n] is used to determine the adsorption energy Eads which is
defined as the total energy difference between the adsorbate system and the sum of
the clean substrate and the gas-phase atom or molecule. In molecular non-dissociative
adsorption, the adsorption energy is defined as

Eads = Eadsorbate − (Eslab + Emol). (2.21)

For many closed-shell molecules, it corresponds simply to the physisorption energy, and
in most case this will be underestimated in GGA. In the case of open-shell molecules,
e.g. CO, Eq. (2.21) gives the chemisorption energy the molecule. However, for the
dissociative adsorption, e.g. of hydrogen, the adsorption energy per atom includes the
bond breaking of the gas-phase molecule,

Eads = Eslab+H − (Eslab +
1

2
EH2

). (2.22)

The adsorption energy is used as a parameter of the reactivity. It can also describe
the energy state of a reaction intermediates, then the reference energy for the reaction
must be defined as the total energy of the reactants. The reference energy for methanol
oxidation, for example, is given by,

Eref = Eslab + nECH3OH (2.23)



16 Chapter 2. Theoretical backgrounds

where ECH3OH denotes the energy of gaseous methanol and n is the number of methanol
molecules in the supercell. The adsorption energy is one of the most important results
obtained by DFT calculations. It can be compared to the binding energy determined
by thermal desorption spectroscopy (TDS) experiments. However, the DFT adsorption
energy does not correspond to the Helmholtz free energy since it does not include any
entropic effects [59]. This can be corrected by considering the energy of vibrational ex-
citations after diagonalizing the corresponding Hamiltonian matrix. However, usually
the entropic contributions are small so that they can be neglected.

Surface reactions can be fully described by molecular dynamics (MD) simulations.
However, the adiabatic potential energy surface (PES) approach in terms of DFT total
energies E({RI}) as a function of the ionic coordinates also leads to valuable results
with lower computational effort. In the simulation of adsorption processes often the
substrate is considered rigid, since the relaxations are small during the reaction. How-
ever, for phonon-supported adsorption systems, e.g. hydrogen over Si, the considera-
tion of substrate relaxations are inevitable for a correct description of the adsorption
process.

From the PES, important informations about the adsorption/desorption dynam-
ics can be derived. In the case of diatomic adsorption, one usually considers two-
dimensional cuts through the six-dimensional configuration space, so-called elbow po-
tentials for fixed molecular orientation and lateral center of mass coordinates.

In addition, the associative desorption barrier Edes along a particular reaction path
can be derived from the dissociative adsorption barrier via

Edes = Eb − (EH1

ads + EH2

ads) (2.24)

where inequivalent atomic adsorptions are assumed.
Elbow plots of the PES therefore help in identifying pathways, barrier regions and

transition states along the reaction path. However, they always give a restricted subset
of the true multi-dimensional PES and the true dynamics of the molecular adsorption
process.

2.2.3 Density of states

The chemical nature of a static configurations can be analyzed by looking at the density
of states (DOS). This quantity is given by

N(E) =

∞
∑

i=1

δ(E − εi), (2.25)

where the sum extends over all eigenstates of the appropriate one-particle Hamiltonian,
for example the Kohn-Sham Hamiltonian Eq. (2.7). As mentioned in Sec. 2.1.3, only a
finite number of eigenstates can be calculated at a given set of k points. Therefore, a
continuous distribution of the DOS is only acquired by smearing. In the consideration
of chemical bond formation and breaking we are interested in the atomic orbitals or
hybrids which take part in the bonding. In surface problems, of course, the electronic
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structure of the interacting surface atoms is also important. This analysis can be done
using the concept of the projected DOS as defined by [59–61]

nα(E) =
∞

∑

i=1

|〈φα|ϕi〉|2 δ(E − εi), (2.26)

where φα is a properly chosen localized function. In a plane wave basis the wave
function is just projected onto the respective atomic s, p, d orbitals. The decomposi-
tion into atomic orbitals can lead to the understanding of bonding and anti-bonding
contributions for a particular reaction.

However, the Kohn-Sahm eigenvalues εi are not the true energy eigenvalues of
single electrons. It rather corresponds to the eigenstates of non-interacting quasi-
particles. Thus using the density of states as an excitation energy or single-electron
levels has no theoretical justification. However, the common practice and the errors
introduced in such an approach are usually acceptable [62]. The application of the
DFT-DOS spectrum for describing chemical bond formation and breaking have been
extraordinarily successful.

2.2.4 Charge density analysis

The charge density is one of the quantities directly acquired from DFT calculations.
However, the charge density itself is somewhat hard to analyze. A band decomposed
charge density will be helpful to understand chemical bonds, but the much simpler
picture of electron density differences gives also valuable results. It is defined as the
electron density difference between the coupled and the uncoupled system. The electron
density difference is obtained by the simple evaluation

∆n = n(interacting system) −
∑

i

n(non−interacting system i). (2.27)

For adsorbate systems the non-interacting systems are selected as the gas-phase molecule
and the slab. Then the electron density difference by Eq. (2.27) will give the bond-
ing and anti-bonding electron density induced by the molecule-slab interaction. The
bonding character is recognized as an accumulation of electron density, the anti-bonding
character as a depletion of the electron density. However, the charge density difference
analysis does not include the orbital projection of molecular bonds, e.g. it does not
distinguish between σ and π bonds. Such results are only obtained from electron local-
ization function (ELF) calculations [63]. In spite of the nice features of the ELF, there
is still a problem of determining the appropriate isosurfaces. In this thesis, keeping
simplicity, only an electron density difference analysis will be applied.

2.3 Chemical reactions

The determination of surface reactions requires the calculation of the appropriate PES.
A diatomic adsorbate system is fully described by a 6-dimensional PES, if the rear-
rangement of substrate degrees of freedom is not crucial, and 2-dimensional cuts are
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often useful to analyze the system. However, considering the formation of clusters or
reactions of large molecular systems such as ammonia (NH4) and methanol (CH3OH),
the determination of high dimensional energy hyperplane requires an immense compu-
tational power. The artificial reduction of dimensions by freezing selective coordinates
can lead to erroneous results by predicting wrong reaction configurations. Here tran-
sition state theory (TST) is introduced as a simple and effective method to ascertain
reaction pathways with a comparably low cost.

2.3.1 Transition state theory

The construction of the quantum version of TST raises the following questions. First
of all, how can physical observables be properly expressed in quantum language, in
particular the partition function? A variety of quantum generalizations has been pro-
posed as a model of QTST, but we focus on the method of replacing the classical
statistical average by a quantum statistical average, especially on the method using
the idea of a centroid density which are based on Gillan’s rate theory [64, 65]. As a
first application, Voth, Chandler and Miller (VCM) built a quantum version of the par-
tition function [66, 67]. The next question is how the quantum statistical formulation
satisfies the variational criterion to determine the rate limiting step. Messina, Schenter
and Garrett (MSG) generalized VCM’s idea by allowing a variational method in quan-
tum Monte Carlo sampling [68, 69]. More recently, the reversible work transition state
theory (RW-TST) has been developed by Mills, Jónsson and Schenter [70, 71]. The
advantage of the reversible work method is a high applicability to multi-dimensional
systems with satisfying the variational criterion.

We start from the classical version of TST for simplicity to assemble the QTST to
DFT problems. When the reactant and product states are well divided by a hyper-
surface through the transition state Z‡ and the energy of the particles in the reactant
state follows a Boltzmann distribution, classical transition rate is expressed as

kTST =
1

2
〈|v⊥|〉

Q‡

QR
=

kBT√
2πµkBT

Q‡

QR
, (2.28)

where kB is Boltzmann’s constant and µ is an effective mass for the reaction coordinate
Γs. The hyperplane confinement at the dividing surface is given by Z = n‡ · (r− Γ‡) =
0. The dividing surface is determined by a variational method minimizing the rate
constant [72], but for high-dimensional systems this is a non-trivial problem.

Expressing the quantum mechanical partition function is possible by adopting Feyn-
man and Hibbs’ formulations of quantum statistical mechanics [73]. The description
in terms of Feynman path integrals (FPI) gives a general combination of quantum me-
chanics and quantum statistics in complex time τ . The quantum partition function is
expressed in terms of FPIs where the effective potential is

Veff(x) =

P
∑

i=1

[

k(xi − xi−1)
2

2
+

V (xi)

P

]

, (2.29)

with the spring constant k = mP/~
2β2, the particle mass m and β = 1/kBT . The

quantum partition function will be exact when P → ∞. The quantum statistical
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Figure 2.3: The hyperplane intersecting the reaction path at the reaction coordinate s is
defined as Z = ns · (r − Γs). The centroid density r̃0 is given by the FPI chain confined in
the hyperplane (a). The hyperplane is gradually moved from the reactant region towards the
products by varying the reaction coordinate (b). Reversible work allows moving and rotating
the hyperplane to an intermediate region [71].

effects are taken into account by the delocalization of the FPI chain, for P > 1. The
classical limit for the effective potential is given by k → ∞. It corresponds to increasing
the mass or temperature, and the system will be localized in the classical limit of hard
springs.

The QTST was improved within the concept of rate theory in quantum systems
by introducing the centroid coordinate x̃0 by Gillan. It fixes the FPI chain at a given
point and corresponds to the average over the remaining quantum degrees of freedom
and classical bath degrees of freedom:

x̃0 =
1

~β

∫

~β

0

dτ x(τ) =
1

P

P
∑

i=1

xi, (2.30)

where i is running over all the FPI images of the particle. A gradual shift of the
centroid from the reactant region to the saddle point yields the free energy difference
and the rate constant at the transition state. The variational criterion was used for the
dividing surface determination through minimizing the rate constant. However, in the
approach of VCM and MSG the reaction coordinate was still one-dimensional. It can
just be adopted to geometry restricted systems, e.g. H+H2 → H2 +H. However, more
realistic systems with high dimensional reaction coordinates were still hard to treat.

The concept of the RW-TST is based on the hyperplane confinement of the centroid
integration, and moreover on the gradual and reversible shift of the hyperplane along
the reaction coordinate. The progress of the reaction is written in terms of the FPI
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centroids of the quantum mechanical atoms in the primary system. To buildup the
reversible work, all particles in the reactant region are rearranged into the hypersurface
ZR as an intermediate state. Finally, the hypersurface ZR is located in the reactant
region. Then the rate constant is rewritten as

kTST =
kBT√

2πµkBT

Q‡

QZR

QZR

QR
=

kBT√
2πµkBT

Q‡

QZR
e−β δA(s), (2.31)

with the free energy difference δA(s). For reversible work, the hyperplane constraint
becomes

Z = ns · (r̃0 − Γs) = 0. (2.32)

The centroid integration at the reaction coordinate s is evaluated with the hypersurface
confinement as illustrated in Fig. 2.3a. The hyperplanes progress from the reactant
state to the product state along the reaction coordinate Γs is illustrated in Fig. 2.3b.
If the hyperplanes are spaced closely enough to satisfy an adiabatic change of the free
energy, then the free energy difference between the reference hyperplane ZR and a
hyperplane Zs is given by

δA(s) = −
∫ s

R

dzs′ 〈 1

P

P
∑

i=1

Fn(i)(1 − κRt(i))〉s′, (2.33)

where Fn represents the potential variance along the hyperplane normal, and Rt is the
turning direction component of the distance from the reference point. The quantum
mechanical partition function for a hyperplane at s is represented by

Qs =

∫

Dr(τ) e−βVeffδ[ns · (r̃0 − Γs)]. (2.34)

However, for reversible work the free energy is evaluated by the free energy differ-
ence in Eq. (2.33) rather than directly evaluated by the partition function Eq. (2.34).
Furthermore the statistical average of quantum observables in the hyperplane is

〈X〉s =

∫

Dr(τ) e−βVeff X δ[ns · (r̃0 − Γs)]

Qs
. (2.35)

When a reaction path from reactant to product region is defined, then the sequence
of hyperplanes intersecting the path is also determined. The planes are selected close
to each other enough to satisfy reversible work in Eq. (2.33). A convenient choice for
the reaction path is the minimum energy path (MEP). The optimal dividing surface
Z‡ is the hyperplane Zs corresponding to the maximum free energy, where both the
force 〈Fn〉s and the torque 〈FnRt〉s acting on the hyperplane vanish. An alternative
choice of a zero-torque path (ZTP) leads to a pure translational supported free energy
change. The MEP and ZTP have identical free energy barriers but ZTP yields a much
smoother free energy curve [71]. The free energy barrier is determined independently
from the selection of paths as long as the paths satisfy a variational criterion. The
integration along the reaction path gives a free energy maximum at the free energy
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barrier for the transition of the quantum system. Moreover it fulfills the variational
criterion automatically.

As an example of the reversible work formulation to surface problems, hydrogen
dissociative adsorption can be considered [70]. The reaction coordinate of the system
is selected as the surface normal z for the approach to surface, and the hyperplane
confinement of the MEP is expressed as z̃1 + z̃2 = constant in the reactant region and
x̃1 − x̃2 = constant in the product region. In the intermediate region,

(z̃1 + z̃2) = c(x̃1 − x̃2), (2.36)

where c is a constant. The quantum statistical sampling under the hyperplane confine-
ment (each sampling is derived by the determination of corresponding FPI chain) leads
to the evaluation of the average value of the free energy using Eq. (2.33), and the prop-
agation along the reaction coordinate yields the potential energy curve. Thus the acti-
vation barrier of H2 dissociation over Cu(110) surface was found to be 0.38 eV [70, 74].
It was slightly smaller than the experimental data 0.43 eV, but still in good agreement.

Finally, the implementation of the reversible work simplifies the QTST problem in
the selection of the appropriate hyperplane confinement. The establishment of the cor-
responding reaction path is derived by connecting the minimum energy configurations
of propagating hyperplanes. The MEP is defined by the boundary conditions that the
MEP must start at the lowest-energy reactant state and finish in the lowest-energy
product state. And it must satisfy the requirement that the force at any point be
parallel to the MEP itself.

2.3.2 Nudged elastic band method

As an efficient way to find the MEP, the nudged elastic band (NEB) method was
introduced by Jónsson et al. [70, 75]. This method finds the MEP in a variational
fashion, but much faster than the original elastic band method. Consider an elastic
band consisting of beads, connected by harmonic springs between reactant and product
states. By using a set of images of the system the elastic band describes a discrete
reaction pathway. Thus the problem to find the MEP is transformed to finding the
minimum of a given function,

F (r1, r2, · · · , rP−1) =

P−1
∑

i=1

V (ri) +

P
∑

i=1

kP

2
(ri − ri−1)

2, (2.37)

where the sum is over the true potential energies of intermediate images V (ri) and
elastic spring energies which guarantees the continuity of the reaction path {r}. The
convergence of the images onto the MEP demands a rather high cost using all degree
of freedoms. Here comes the concept of nudging, the coordinate decomposition. The
force projection on the bead parallel and perpendicular to the local path accelerates
the convergence under the following assumptions: (i) the perpendicular component of
the force leads the bead onto the MEP and (ii) the parallel component pushes the band
into the reactant or the product state with maintaining the space between the beads.
The perpendicular force does not interfere with the convergence of the elastic band to
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the MEP and the parallel force does not affect the distribution of images. In every
iteration step, the tangent to the path must be re-estimated for force nudging. The
iterations will be continued until all perpendicular component of the beads are zero,
which means that the elastic band is located on the MEP.

The tangent definition with respect to the reaction path at each ionic step is sig-
nificant for the convergence. The original NEB defines the tangent as a unit vector
in the direction from the previous to the next bead. However, this definition leads to
a convergence problem for a sudden change of the tangent. The revised tangent defi-
nition was introduced by Henkelman and Jónsson to avoid such a kink problem [75].
If the i-th image and its neighbors have a monotonic energy increase or decrease, the
corresponding tangent is defined as

τi =

{

τ+
i if Vi+1 > Vi > Vi−1

τ−
i if Vi+1 < Vi < Vi−1

, (2.38)

where τ+ = Ri+1−Ri and τ− = Ri−Ri−1. At a local minimum or local maximum, a
mixed configuration is suggested as follows

τi =

{

τ+
i ∆V max

i + τ−
i ∆V min

i if Vi+1 > Vi−1

τ+
i ∆V min

i + τ−
i ∆V max

i if Vi+1 < Vi−1
, (2.39)

with ∆V max
i = max(|Vi+1 − Vi| , |Vi−1 − Vi|) and ∆V min

i = min(|Vi+1 − Vi| , |Vi−1 − Vi|).
There is further slight change in the definition of the force,

Fs
i |‖ = k(|Ri+1 − Ri| − |Ri −Ri−1|)τ̂i, (2.40)

which arranges the beads equally spaced in the band. The elastic band converges onto
the MEP when the number of images is sufficiently large, but using an interpolation
scheme the continuous MEP can be reproduced using only a few number of images. It
allows the precise determination of the activation barrier and the local energy minimum
from discrete image energies.

The implementation of the revised NEB into VASP followed the instruction of the
Jónsson group. For the NEB calculations found in this thesis 4 images have been
used. The energy curve was interpolated by cubic spline fitting in terms of the reaction
coordinate using both the parallel and perpendicular forces. The reaction coordinate
includes the sum of all ionic displacement.

The geometric configuration and energy barrier at the transition state is partly
determined by the climbing image NEB [76] or the dimer method [77]. If the NEB
images are already close to the true reaction path after several tens of NEB steps, the
dimer method will accelerate the final convergence to the transition state.
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Surface adsorbates

Properties of various adsorbed molecules, corresponding to the intermediate states
of methanol decomposition, have been calculated over Cu(100) and Cu(110). Each
substrate was prepared as a 5 layer slab with the two upper most Cu layers fully
relaxed. Substrates were separated by 12 Å of vacuum layer. For single molecular
and atomic adsorption a (2 × 2) supercell with a coverage of θmol = 0.25 was used.
Adsorbate induced surface re-relaxations are taken into account, but any adsorbate
induced surface reconstruction was not included, e.g. the missing row reconstruction
of (2 × 1)O/Cu(110). Adsorbate and co-adsorbate phases have been evaluated based
on data from STM experiments.

3.1 Molecular properties of gas phase species

The assignment of molecular orbitals and the projected local density of states (LDOS)
makes an intuitive interpretation of chemical bonding of molecules possible. The as-
signment of the molecular orbitals was done according to general quantum chemistry
naming rule [78]. In the gas phase, atomic and molecular orbitals are defined by
well-localized Kohn-Sham eigenstates. The characteristics of each LDOS peak can be
associated with a particular molecular bond by an orbital projected LDOS analysis.
In Fig. 3.1, the molecular orbitals of formaldehyde (CH2O), methoxy radical (CH3O)
and methanol (CH3OH) are plotted with respect to the vacuum energy. Formaldehyde
and methanol are close-shell species, all shown orbitals are fully occupied. Close-shell
species are stable in the gas-phase, but methanol forms a polycrystalline state through
weakly polarized hydroxyl bonds (OH) like other alcohols. In contrast, methoxy is an
open-shell species. The Fermi level of methoxy crosses the 2e orbital. The partially
filled 2e radical induces the strong reactivity of the methoxy radical.

The symmetry of the gaseous species is reflected in the hybrid orbitals of the ethyl
group (:CH2) and methyl group (·CH3). The flat ethyl group forms σCH2

and πCH2

hybrids with C2v symmetry. On the other hand, the methyl group forms σCH3
and

23
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Figure 3.1: Occupied DOS peaks of gaseous molecules: (a) formaldehyde, (b) methoxy and
(c) methanol. Chemical bonds are assigned in σ and π. n represents non-bonding electrons.
The Fermi level of methoxy radical crosses the 2e orbital, corresponding to a filling factor of
3/4.

degenerate πCH3
hybrids with C3v symmetry. Formaldehyde forms an ethyl hybrid

and oxygen sp3 hybrids. The molecular orbitals of formaldehyde are assigned to the
DOS peaks in Fig. 3.1a. The lowest orbital is the CO sigma-bond (3a1), the CH2

σ and π bonds (4a1, 1b2) are located above it. The π-type bond of CO (5a1) is
the highest occupied bonding orbital. Non-bonding orbitals (1b1-2b2) are located just
below the Fermi energy εF. In the methoxy radical (Fig. 3.1b), a degenerate CH3 π-
bonding orbital (1e) is found which comes from the hybridization of hydrogen s and
formaldehyde 5a1 orbitals. The anti-bonding character of the 2e orbital leads to a CO
bond stretching. Furthermore, the πCO bond breaking and forming of the CH3 group
induces a σCO bond upshift. The non-bonding orbitals 1b1 and 2b2 are degenerate with
2e by symmetry and partially occupied from the 5a1 orbital.

In the gas-phase, upon the methoxy excitation of 2E → 2A1, a 5a1 electron transits
into the 2e orbital:

(3a1)
2(4a1)

2(5a1)
2(1e)4(2e)3 2E

(3a1)
2(4a1)

2(5a1)
1(1e)4(2e)4 2A1

(3.1)

This Rydberg state represents an excited state of the methoxy radical [79]. The 2e
orbital filling induces a CO bond enlargement, because the 2e orbital has CO anti-
bonding and CH3 bonding characters [80]. As a reference, 2A1 state can be compared
with an active transition state of the photocatalytic hydrogenation and with a surface
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adsorbate with a reactive 5b1 orbital.

As for methanol, the hydroxyl bond (6a1) is formed from the bonding of the half-
filled methoxy 5b1 and the hydrogen s-electron. Since the hydroxyl bond topologically
breaks the C3v symmetry of the CH3 group, the πCH3

states contributing to the 1e
and 2e orbitals of methoxy are split into 5a1/1a2 and 7a1/2a2 states, respectively. It
implies that over the high symmetry sites of a metal surface methoxy adsorbate binds
without C3v symmetry breaking. As a result, the methoxy adsorbate will maintain its
1e and 2e degeneracy at the high symmetry sites with an elongated CO bond along
the surface normal.

The molecular properties of various gaseous organic molecules calculated using DFT
are listed in Table 3.1. The bond geometry of each molecule is in good agreement with
available experimental data within an 1 % error. According to the DFT calculations,
there are two different angles ∠HCO of methanol whereas the angles ∠HCH are almost
identical. Due to the presence of the OH bond, the C3v symmetry of the CH3 group is
broken. Therefore there are two different values for ∠HCO and ∠HCH. The ∠HCH values
reflect the anisotropy of the CH3 group induced by OH bond. The molecular geometry
of the HCO radical is in good agreement with experiments; it shows that radicals
can be also successfully reproduced by DFT calculations. Even though experimental
information for the methoxy and the formate radical are missing, the DFT estimated
molecular properties are expected to be reliable and accurate.

The energy convergence of the methanol molecule requires a high cutoff energy of
the plane wave basis. The molecular energy is converged within 1 meV at 600 eV.
However, already at 320 eV the error for the free methanol molecule is below 10 meV.

CH3OH CH3O CH2O HCOO HCO

E
(g)
mol GGA −30.22 −24.03 −22.15 −23.98 −16.72

dCO GGA 1.43 1.35 1.22 1.24 1.19
Exp. 1.4246 - 1.2080 - 1.1712

dCH GGA 1.10 1.13 1.12 1.17 1.15
Exp. 1.0936 - 1.116 - 1.110

∠HCO GGA 112.3/106.5 112.0 122.0 108.2 123.1
Exp. - - 121.75 - 127.43

∠HCH GGA 108.4/108.9 106.7 116.0
Exp. 108.63 - 116.5

dOH GGA 0.97
Exp. 0.9451

∠COH GGA 108.2
Exp. 108.5

Table 3.1: Molecular properties of gas phase species evaluated by DFT. Molecular energy

E
(g)
mol is expressed in eV, chemical bond lengths d in Å and bond angle ∠ in degree. Experiment

data of molecular geometry in gas-phase were found in CRC Handbook of Chemistry and
Physics, 75th ed., CRC Press (1995). Methoxy and formate radical data are not available.
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Hence we have chosen a cutoff energy of 350 eV for all results reported in this thesis
which yields sufficient accuracy.

3.2 Electronic structures of surface adsorbates

Detailed DFT calculations have been executed for various adsorbate configurations.
The results show that the surface species can be mainly categorized as physisorbed
or chemisorbed adsorbates by the strength of the surface-adsorbate interactions. On
clean copper surfaces, the closed-shell species methanol and formaldehyde are weakly
physisorbed. In Fig. 3.2, the LDOS of physisorbed methanol over Cu(100) and Cu(110)
is plotted. The gas-phase LDOS can be compared to the adsorbate state by aligning the
vacuum energies. The lower adsorbate orbitals 3a1-5a1 are identical to the gas-phase
orbitals. The gas-phase methanol molecular orbitals keep their identity on the metal
surface which means that they are narrow and well-identified without any splitting
or broadening by the interaction with the surface. The non-bonding electron peaks
(7a1-2a2) are slightly shifted down, and the σOH orbital (6a1) is at the same position
as the πCH3

(1a2) orbital. However, still the peaks are well defined. Hence the change
of the molecular bonds can be considered to be negligible. Experimentally, the peaks
have been measured in UPS experiments by Bowker et al. on Cu(110) [81]. They show
that physisorbed methanol orbitals are not affected strongly by the adsorbate-surface
interaction. All peaks are located close to their gas-phase positions. The down-shift
of the non-bonding electron orbital is also very small for the orbitals of physisorbed
formaldehyde, as shown in Fig. 3.3. Such a small amount of orbital lowering of adsorbed
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Figure 3.2: Local density of states of physisorbed methanol within the adsorption config-
uration (a) Otop-Hhl/Cu(100) and (b) Osb-Hhl/Cu(110). The non-bonding electron orbitals
(7a1-2a2) of the physisorbed adsorbates are shifted down still maintaining their gas-phase
characters. The σOH orbital 6a1 is lowered by an anti-bonding contribution.
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Figure 3.3: Local density of states of physisorbed formaldehyde at a large adsorption height
on (a) Cu(100) and (b) Cu(110). The adsorption configuration for physisorbed formaldehyde
is selected with the CO bond parallel to the surface at a large adsorption height, over 2.7 Å.
The anti-bonding orbital π∗

CO is well localized over Fermi level.

molecules corresponds to a weak interaction between the adsorbate and the surface and
to a small physisorption energy.

The molecular properties of adsorbed methanol are listed in Table 3.2 and of ad-
sorbed formaldehyde in Table 3.4. The molecular geometries of physisorbed methanol
and formaldehyde are not changed from the gas-phase structures at the various adsorp-
tion configurations. For both physisorbed molecules, the binding energies are estimated
to be of the order of 0.1 eV. Experimentally, methanol and formaldehyde adsorption
energies have been measured by different groups. A redhead analysis of SKS data
gives a methanol adsorption energy of −0.56 eV on Cu(111) [82] and −0.43 eV on
Cu(100) [83]. Formaldehyde on Cu(111) clusters which are supported by SiO2 has an
adsorption energy of −0.33 eV [84]. A TPD experiment on Cu(110) gives an adsorp-
tion energy of −0.70 eV for methanol and −0.56 eV for formaldehyde [12]. In previous
theoretical studies, the determined physisorption energies were smaller than the ex-
perimental data [85–87]. The same trend is found in this work. The binding energies
listed in Table 3.2 and Table 3.4 correspond to roughly half the experimental value. It
can be explained by the fact that, in general, DFT-GGA underestimates physisorption
energies and van der Waals forces.

The binding energy of physisorbed methanol has a weak dependence on the adsorp-
tion site. The hydroxyl group is close to the surface, and its bond is parallel to the
surface. The oxygen prefers to be close to the top site and the OH bond is oriented
towards a high symmetry site with the CO bond almost upright. The methanol ad-
sorption configurations will be assigned as Osite1-Hsite2, where “site1” represents the
nearest high symmetry site for oxygen and “site2” for hydrogen. On Cu(100), the most
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Lattice Config Eads hCu−O dCu−O dCO dOH ∠COH dCH ∠HCO ∠nCO ∠nOH

Cu(100) Otop-Hbr −0.18 2.24 2.27 1.44 1.00 112.8 1.10/1.09 111.1/105.8 27.0 85.7
Otop-Hhl −0.21 2.20 2.23 1.45 1.00 113.4 1.10/1.09 111.1/105.9 32.0 81.6
Obr-Hhl −0.19 2.46 2.84 1.45 1.00 111.8 1.10/1.09 111.3/106.5 8.9 103.1

Cu(110) Osb-Hhl −0.35 1.84 2.34 1.46 1.01 114.0 1.10/1.09 110.6/105.5 17.6 96.3
Otop-Hlb −0.41 2.02 2.18 1.46 1.00 111.5 1.10/1.09 110.0/105.7 75.6 103.3
Olb-Hhl −0.20 1.94 2.65 1.45 1.00 112.2 1.10 111.3/105.9 11.5 100.7

Table 3.2: Molecular properties of physisorbed methanol. The methanol adsorption energies Eads are expressed in eV. The adsorption
geometry is described by the adsorption height hCu−O and the distance from the nearest Cu atoms dCu−O. The orientation of methanol
is specified by the CO bond angle to the surface normal ∠nCO and to the OH bond ∠nOH. The bond lengths are not very different from
their gas-phase values. In all adsorbate configurations, the hydroxyl bond is parallel to surface.
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favorable adsorption configuration corresponds to Otop-Hhl and on Cu(110) to Otop-Hlb.
The adsorption energies differ within 30 meV between different adsorption sites on
Cu(100). This means that methanol molecules which are located 2.2 Å above the sur-
face are very mobile. On Cu(110), methanol is attracted closer to the surface caused
by a stronger interaction between the methanol non-bonding electrons and the surface
which is reflected by the larger interaction induced down-shift of the non-bonding or-
bital down-shift on Cu(110). As a consequence, the binding energy is larger by 0.2 eV
compared to Cu(100). The adsorption position with the smallest distance to the near-
est surface Cu atom, Otop-Hlb/Cu(110), has the largest adsorption energy. However,
this configuration corresponds to a low-symmetry situation with the COH bond in a
plane that does not contain the surface normal. A similar adsorption configuration was
found on the top site of Pt(111) by Greeley and Mavrikakis [88], where the active site
for oxygen is the top site.

For physisorbed formaldehyde, the CO bond is parallel to the surface. The adsorp-
tion height is larger than 2.7 Å, which is higher than for methanol physisorption. A
parallel displacement, however, does not alter the adsorption energy at this adsorption
height. Compared to the methanol physisorption, the smaller adsorption energy and
the lesser variance of the LDOS reflect the weaker interaction between formaldehyde
and surface. The anti-bonding orbital π∗

CO is well localized above the Fermi level εF,
so that the back-donation from the metal surface is negligible.

The open-shell methoxy radical (CH3O) chemisorbs directly via the oxygen atom.
The CH3-group orbitals (4a1, 1e) remain discrete at the surface as predicted by exper-
iments [89, 90], since they are not disturbed by the surface-adsorbate interaction. In
the gas-phase, the methoxy radical 2e orbital is partially filled. Electron transfer from
the surface into the 2e orbital upon adsorption leads to CO bond stretching, since the

Lattice Config Eads hCu−O dCu−O dCO dCH ∠HCO ∠nCO

Cu(100) hollow −2.96 1.21 2.18 1.46 1.10 109.8 0.0
bridge∗ −2.85 1.42 1.96 1.43 1.10 110.9/110.2 3.7
top∗ −2.22 1.83 1.83 1.41 1.10 110.8/111.0 2.8

Cu(110) (111) step −2.98 1.44 1.95 1.44 1.10 109.4/111.6 33.0
long bridge −2.63 1.17 2.03 1.45 1.10 109.8/111.5 16.3
long bridge −2.61 1.14 2.04 1.45 1.10 110.0/110.3 0.0

hollow∗ −2.33 1.09 2.41 1.46 1.10 110.4/109.9 0.1
short bridge∗ −2.98 1.44 1.95 1.44 1.10 109.3/111.8 34.0

top∗ −2.22 1.81 1.81 1.41 1.10 110.8/111.0 0.8
Cu(111) fcc hollow −2.68 1.45 2.08 1.44 1.10 110.1 0.0

Table 3.3: Molecular properties of adsorbed methoxy over various Cu surfaces. The binding
energies Eads are expressed in eV. The adsorbate geometry is described by the adsorption
height hCu−O, the distance dCu−O and the CO bond tilt angle to the surface normal ∠nCO.
The symbol ∗ denotes non-stable adsorption geometries with the oxygen atom located above
a given high symmetries site, even if there are remaining forces at this oxygen site in the x-y
plane.
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Figure 3.4: Local density of states of chemisorbed methoxy within the adsorption configu-
ration of (a) Ohl/Cu(100) and (b) Oph/Cu(110). On Cu(100), a 5a1/1e orbital inversion is
visible in terms of orbital projected DOS. The strong interaction between O and Cu leads to
a split 2e orbital. On Cu(110), adsorption on the pseudo (111) edge leads to a breaking of
the C3v symmetry for the 1e orbital. As a result, the 1e orbitals are split and located around
the 5a1 orbital.

2e orbital has partially an anti-bonding CO character [80]. In Fig. 3.4, the LDOS peak
of the 2e orbital is significantly broadened and split by the interaction with the surface
d-band on both Cu(100) and Cu(110). This hybridization causes the direct chemical
bonding of the methoxy-metal system. As a result, methoxy chemisorption involves
a large adsorption energy. The relaxed methoxy adsorbate gains around 2.9 eV ad-
sorption energy at the high symmetry sites. Figure 3.5 shows charge density difference
plots for methoxy over the four-fold hollow site of Cu(100). Charge accumulation on
the oxygen site and overall depletion on the nearest Cu sites are visible. Moreover,
the strong charge depletion on CH3 reflects the changes of the π∗

CH3
orbital (3e) which

contributes to the anti-bonding CO orbital and induces a stretching of the CO bond.
The methoxy non-bonding electron pair 5a1 is also shifted down on the Cu surface
leading to an 1e/5a1 orbital inversion, which has also been found in ARUPS experi-
ment [91] and cluster calculation by Rodriguez (INDO/S) [92] for Cu(111). Figure 3.4a
shows that the pz (5a1) orbital projected DOS is lower than the one of the px + py (1e)
orbitals.

An alternative description of the methoxy adsorption can be given by considering
the gas-phase excitation of Eq. (3.1). In the presence of the substrate, the methoxy
radical is activated to the 2A1 state. This leads to a weakened CO bond and a 3a1

orbital up-shift which indicates a high reactivity. The electron donation into the 5a1

orbital is assumed to be the most probable process, it stabilizes the CO bond again.
The 3a1 orbital recovers its position and the 5a1 orbital is lowered. The depletion
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Figure 3.5: Charge density difference plot of adsorbed methoxy over the four-fold hollow site
of Cu(100). (a) Side view along the [100] direction and (b) top view. The charge accumulation
on the oxygen site is illustrated by solid lines, and the overall charge depletion on the nearest
Cu atoms is denoted by dashed lines. The charge depletion on the CH3 group (dashed lines)
reflects the changes of the anti-bonding 3e orbital which leads to CO bond stretching. The
parameter r in (a) corresponds to

√

x2 + y2.

of surface electrons will be compensated by the hybridization of the 2e-d band. The
adsorbate geometry partly reflects the 2A1 state features described by Jackels [79]. The
CO bond is stretched by 0.09 Å and the angle ∠HCO is reduced by 2◦, but the amount
of the change is smaller than estimated by Jackels.

In Table 3.3, the molecular properties of chemisorbed methoxy are listed. The DFT
calculations show that methoxy prefers high symmetry adsorption sites. On Cu(100),
it is located at the four-fold hollow site in a configuration perpendicular to the surface
as found in IR experiments by Ryberg [93]. Bridge and top site adsorption is only
meta-stable under high hydrogen concentration. In the calculations, no fully relaxed
adsorption geometry for methoxy adsorption at the bridge and top sites was found.
The remaining force indicates that methoxy will slip down from the low coordination
sites to the hollow site. However, under high atomic hydrogen coverage θH = 0.25,
methoxy forms a fully relaxed meta-stable state at the bridge site with a 24.7◦ CO tilt
angle. Several NEXSAFS and IRS studies have reported a 28± 10◦ tilt of he CO bond
on Cu(111) [91] and 30◦ tilt on Cu(100) [89]. These experiments apparently describe
the meta-stable methoxy configuration under hydrogen co-adsorption. The DFT-GGA
study by Greeley and Mavrikakis [85] also found a methoxy adsorption configuration
at the high symmetry, three-fold hollow site of Cu(111). Our calculations for Cu(111)
confirm the results of Greeley and Mavrikakis. On Cu(111), methoxy is by 0.3 eV
more weakly bounded than on Cu(100) with a 0.25 Å higher adsorption site. SEXAFS
experiments determined the methoxy adsorption configuration on Cu(111) yielding a
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Figure 3.6: Adsorption geometry of methoxy on pseudo (111) edge site of Cu(110) in side
view of direction [11̄0]. CO bond is oriented close to pseudo (111) surface normal.

CO bond length of 1.44 Å and a Cu-O distance of 2.00 Å [94], in good agreement with
DFT calculations. Obviously, the close packed Cu(111) surface interacts less strongly
with methoxy.

On Cu(110), surface methoxy is located at the pseudo (111) step edge site. The
adsorption geometry is illustrated in Fig. 3.6 in a side view along the [11̄0] direction.
The CO bond is tilted in [001] direction by 2◦ with respect to the pseudo Cu(111)
surface normal. Interestingly enough, the adsorption height on the pseudo (111) surface
of 1.11 Å is smaller than the pure Cu(111) surface result of 1.45 Å, and the distance to
the nearest Cu atoms is also shorter by 0.1 Å. The adsorption on the step site enhances
the methoxy-Cu substrate binding energy. This means that the methoxy adsorption
depends not only strongly on the electronic structures, but also on geometric structural
factors.

This adsorption configuration has also been found in NEXAFS experiments by
Bader et al. [95] and XPD experiments by Holub-Krappe et al. [96] on Cu(110). These
experiments find methoxy adsorbed on the short bridge site tilted by 30-40◦ along the
[001] direction. It can be successfully interpreted as a pseudo (111) surface normal
adsorption. The same adsorption configuration has been repeatedly found on various
other systems, e.g. CH3O/Ni(110) by Dastoor et al. [97] and NO/Pd(110) by Singh
et al. [98]. Independent of the kind of substrate metal and adsorbate, the step edge
configuration is often the most favorite adsorption site.

At an alternative adsorption site on Cu(110), the long bridge site, methoxy has
two different adsorption geometries. In both configurations, the adsorption energy is
smaller than on the pseudo (111) step edge by ca. 0.4 eV. At this configuration, the
methoxy CO bond is either perpendicular or 16.3◦ tilted to the surface normal. The
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tilt angle along the [11̄0] direction was measured by Holub-Krappe et al. [96]. The
experimental XPS value is about 18◦, which is reproduced by our DFT calculations.
As mentioned above, the CO bond orientation is influenced by the surface geometry.
This configuration can be interpreted as a pseudo (100) step edge adsorption. However
the terrace area of the pseudo (100) surface is not large enough, so that methoxy is
hindered to be oriented along the pseudo (100) normal direction. Hence, the CO bond
is not elongated along the pseudo (100) normal, and the adsorption energy is smaller
than for the hollow site adsorption on Cu(100) by 0.33 eV.

A CO orientation perpendicular to the surface is repeatedly found on unstable
top and four-fold hollow (second layer top) sites. The adsorption energies and the
configurations of these unstable state are very close to the case of the Cu(100) top site
adsorption. Apparently, the low symmetry adsorption is less sensitive to the direction
of the surface orientation.

The LDOS peaks of methoxy on Cu(110) reflect the symmetry breaking at the
pseudo (111) edge. In Fig. 3.4b, the πCH3

(1e) orbital is split in two, and the 5a1

orbital is located between the 1e peaks.

3.3 Chemisorption of formaldehyde

Formaldehyde has been believed to be physisorbed on Cu metal surfaces. However, our
DFT calculations predict a chemisorption configuration on both Cu(100) and Cu(110).
The LDOS of the carbon and oxygen p-states of chemisorbed formaldehyde on Cu(100)
is illustrated in Fig. 3.7. It shows a dramatic LDOS change compared to the physisorp-
tion state in Fig. 3.3a. The lower orbitals 3a1 and 4a1 are no more located at its
gas-phase positions (see the inset in Fig. 3.7a), and the higher orbitals 1b2-2b2 can not
be clearly identified. Interestingly, the 3a1 and 4a1 orbitals are placed at the methoxy
σCO and σCH3

positions in Fig 3.1. Furthermore, the Cu d-band structure close to
the carbon site is also modified very strongly. The most impressive change is that the
anti-bonding π∗

CO orbital is no more localized above the Fermi level, but shifted down
significantly.

The LDOS of adsorbed formaldehyde on Cu(110) is illustrated for various adsorp-
tion in Fig. 3.8. The physisorbed formaldehyde peaks in Fig. 3.8a are hardly changed
from their gas-phase positions. For the η1-phase chemisorption, the oxygen binds to
Cu atoms with a low coordination. The whole LDOS is shifted down by 1.2 eV. In
particular, the position of the πCO (5a1) orbital becomes identical to the πCH2

(1b2) one
as illustrated in Fig. 3.8b. The symmetry break caused by the presence of the surface
leads to the reordering. The molecular geometry is not changed from the gas phase in
the η1-phase, but the adsorption energy is increased to −0.21 eV (listed in Table 3.4).
As a result of the overall LDOS lowering, the anti-bonding π∗

CO orbital is just above
of Fermi level. The peak is slightly broadened, but still well localized and unoccupied.
The η1-phase can still be interpreted as physisorption, since the adsorption energy
is rather small and the LDOS peaks keep their shape. It is not clear, whether this
configuration can be regarded as an intermediate for chemisorption.

The most dramatic LDOS changes are found for the η2-phase formaldehyde chemisorp-
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tion. The adsorption geometry has been determined to be with the CO bond parallel
to the surface, and the carbon and oxygen atoms bind directly to the Cu atoms. Fig-
ures 3.8c and 3.8d describe the LDOS of the oxygen and carbon p-state of chemisorbed
formaldehyde, respectively. The LDOS peaks are very similar to the ones on Cu(100)
illustrated in Fig. 3.7. The adsorption geometry H2Csb-Osb/Cu(110) is rather close
to the H2Cbr-Obr/Cu(100) geometry. Thus we can conclude that the η2-phase exists
on various Cu faces. It corresponds to an universal adsorption scheme with a strong
attraction to the surface. Both the carbon and oxygen atoms interact directly with the
surface Cu structure. This leads to a σCO (3a1) orbital up-shift of 1.55 eV and a σCH2

(4a1) orbital down-shift of 0.93 eV as illustrated in the insets of Figs. 3.7a and 3.8c.
This causes a methoxy-like CO and CH2 orbital rearrangement, while higher orbitals
(1b2-2b2) keep their formaldehyde characters. However, we found that the 1b2-2b2 or-
bitals are extremely modified. The most important change is associated with the π∗

CO

orbital filling. On both surfaces, the π∗
CO state is no more located above the Fermi level.

The orbital is shifted down under the Fermi level as the arrows indicate in Figs. 3.7a
and 3.8c and becomes occupied through electron transfer from the surface.

The theoretical background of the η1- and η2-phase chemisorption can be derived
from the so-called Blyholder mechanism [99, 100]. It was introduced in order to explain
the chemisorption of carbon-monoxide (CO) on metal surfaces. The Blyholder mech-
anism involves the σ donation of an electron from CO into unoccupied metal orbitals
and π back-donation of electrons from metal orbitals into the 2π∗ orbital of the CO
molecule. This mechanism increases the CO-metal binding energy but decreases the CO
bond strength [99–102]. On various metal surfaces the Blyholder mechanism has been
intensively studied by theoretical [103, 104] and experimental investigations [105]. It
has turned out that the Blyholder mechanism is very successful for alkali and transition

Lattice Bond Config Eads hCu−O dCu−O dCO dCH ∠HCO ∠HCH

Cu(100) Phys. - −0.15 2.75 - 1.24 1.11 122.0 116.0
Phys. - −0.14 3.00 - 1.24 1.11 121.6 117.0

η2 Cbr-Obr −0.70 1.42 2.13 1.41 1.11 112.5 106.7
Cu(110) Phys. - −0.10 2.75 - 1.25 1.11 122.0 115.6

η1 Osb −0.21 1.72 2.16 1.27 1.10 120.1 119.7
η2 Csb-Osb −0.63 1.17 2.02 1.41 1.11 110.7 107.3

O/Cu(110) η1 Osb −0.62 1.63 2.16 1.27 1.10 119.5 120.9
η2 Csb-Osb −0.40 1.38 2.03 1.36 1.11 113.0 112.3

Table 3.4: Molecular properties of formaldehyde adsorbates. The binding energy Eads is
expressed in eV. The adsorption configuration is parallel to the surface for the physisorption
and η2-phase chemisorption states. For η1-phase chemisorption, oxygen binds to the surface
Cu atoms. The adsorption geometry is described by their adsorption height hCu−O, distance
dCu−O. The molecular bonds are specified by the chemical bond lengths and their angles.
For physisorption, the adsorption height is larger than 2.7 Å, and the surface geometry is not
significant. The oxygen covered surface was evaluated within a (2 × 1)O structure in [001]
direction, and formaldehyde was located between the oxygen rows.



3.3 Chemisorption of formaldehyde 35

-8 -6 -4 -2 0 2
Energy  ε  -  ε

F
  (eV)

Lo
ca

l d
en

si
ty

 o
f s

ta
te

s 
(a

rb
. u

ni
ts

)

Clean Surface Cu d-structure
Surface Cu d-structure
Oxygen p-state (Adsorbate)
Oxygen p-state (Gas)

-20 -15 -10

Clean Surface Cu d-structure
Surface Cu d-structure
Oxygen p-state (Adsorbate)
Oxygen p-state (Gas)

1b
2
/5a

1

1b
1

2b
2

(a)

π*CO

3a
1 4a

1

-8 -6 -4 -2 0 2
Energy  ε  -  ε

F
  (eV)

Lo
ca

l d
en

si
ty

 o
f s

ta
te

s 
(a

rb
. u

ni
ts

)

Clean Surface Cu d-structure
Surface Cu d-structure
Carbon p-state (Adsorbate)
Carbon p-state (Gas)

1b
2
/5a

1

1b
1

π*CO

(b)

Figure 3.7: Local density of states of (a) the oxygen p-state of chemisorbed formaldehyde
in the η2-phase and of (b) the carbon p-state over Cu(100). The back-donation of metal
electrons into the antibonding π∗

CO orbital leads to a dramatic change of the formaldehyde
LDOS. A strong deformation of the surface Cu d-band beneath the carbon site in (b) indicates
the direct chemical bond between Cu and C.

metals. On Cu surfaces, the π back-donation plays an energetically more important
role in determining the character of the bond than the σ donation [106, 107]. CO is
rather weakly bound to Cu with a heat of adsorption of about 0.8 eV [108]. Still it
is believed that when the molecule has a partially filled π orbital, the back-donation
mechanism is operative.

The formaldehyde adsorption had been studied by thermal desorption mass spec-
troscopy (TDMS) over clean and sulfided Pt(111) [109] and oxygen covered Ag(110) [110].
Furthermore, an EEL spectra study by Sexton et al. addressed polymeric paraformalde-
hyde adsorption over oxygen precovered Cu(110) surface [111]. A detailed identification
of chemisorbed formaldehyde was first done by an EELS study on clean and oxygen
covered Ru(001) [112]. The geometry of the chemisorbed formaldehyde η2-phase had
been identified by several early experiments on Ru and Zr catalysts [113, 114]. How-
ever, up to now, to the best of our knowledge the specification of η2-phase formaldehyde
on Cu is still missing both experimentally as well as theoretically. The change of the
ν(CO) and δ(CH2) vibrational modes reflects the stretching of the CO bond and the
breaking of the C2v symmetry of CH2, respectively. It causes a rearrangement of the
planar gas-phase geometry of CH2O to a bend geometry. Compared to the physisorp-
tion and the η1-chemisorption of formaldehyde, the η2-phase has lost the πCO character
and the C2v symmetry. The 1b2 and 5a1 orbitals are still identical, but the peaks are
much broader. The non-bonding electron orbital 1b1 is split in two. In spite of the
strong change, we can still assign the orbitals in terms of formaldehyde levels. The
calculated formaldehyde chemisorption state can be successfully identified with the η2-
formaldehyde state found in EELS experiments. Because of its rearrangement, it is a
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Figure 3.8: Local density of states of the oxygen p-state of adsorbed formaldehyde for
(a) physisorption (b) η1-phase chemisorption and (c) η2-phase chemisorption on the clean
Cu(110) surface. The carbon p-state of chemisorbed formaldehyde in the η2-phase is plotted
with the local d-band of the nearest Cu atom (Cu2 in Fig. 3.9) in (d). The hybridization of the
anti-bonding state π∗

CO is increased upon the approach to the surface. This can be described
by the Blyholder mechanism: back-donation from metal states into the anti-bonding π-type
orbital of CO.

strong candidate for being an intermediate state for further dehydrogenation.

The case of carbon-dioxide (CO2) is an example of back-donation to a close-shell
molecule. XPS and HREELS experiments have found an anionic chemisorption state
of CO2 on polycrystalline Cu surfaces [115, 116]. The heat of adsorption of COδ−

2 has
been estimated to be 0.62 eV, whereas it is 0.19 eV for physisorption [117]. The anionic
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Figure 3.9: Charge density difference plots of chemisorbed formaldehyde on Cu(110). Side-
views including the CO bond (a) and the intermediate position of the nearest Cu atoms (b).
Top-views including the formaldehyde oxygen atom (c) and an intermediate position between
the uppermost Cu atoms and formaldehyde (d). The dashed line indicate the positions of the
perpendicular two-dimensional cuts. Solid lines represent charge accumulation and dashed
line charge depletion.

adsorption on single-crystal surfaces is promoted by the co-adsorption of alkali metals,
e.g. Cs or K, since alkali metals on Cu surface provide electrons for charge transfer to
the CO2 molecules. This confirms the validity of the back-donation model for filled π
bond molecules.

Similarly, the filling of the formaldehyde anti-bonding π∗
CO orbital can also be de-

scribed by the back-donation from the metal surface according to the Blyholder mech-



38 Chapter 3. Surface adsorbates

0 1 2 3 4

-1

0

1

2

3

x (Å)

y 
(Å

)

O C

Cu1

Cu1 Cu2

Cu2

H

H

(b)

(a)
-1 0 1 2 3

-1

0

1

2

3

(b) y (Å)

z 
(Å

)

Cu2

O
C

H

Cu2
(a)

H

Figure 3.10: Charge density difference plots of chemisorbed formaldehyde on Cu(110). (a)
Top view, (b) side view with the projections of the atomic positions included. The location
of the 2-dimensional cuts is indicated by the dashed lines.

anism. The stretching of the CO bond is in good agreement with the predictions of the
Blyholder model, the adsorption energy is 0.63 eV on Cu(110) and 0.70 eV on Cu(100).
It is not sufficiently large to be interpreted as strong chemisorption. The relative small
energy gain in adsorption comes from the cost of the CH2 and CO bond deforma-
tion. The distortion energy of the η2-phase adsorbate configuration is estimated to be
1.65 eV by performing calculations for the deformed molecule in the gas phase. The
binding energy of the distorted formaldehyde is 2.28 eV on Cu(110), but most of this
energy gain is compensated by the rearrangement of the chemical bonds.

The charge density difference plots in Fig. 3.9 illustrate the electron density deple-
tion of the CO bond and its accumulation at the C and O ion sites. Figures 3.9a and
3.9c clearly show the CO bond weakening. Moreover, Figs. 3.9b and 3.9d indicate the
direct chemical bonding of Cu-O and Cu-C. Cu ions act as an electron donor and car-
bon and oxygen as an acceptor. It implies that the η2-formaldehyde is slightly anionic
similar to case of CO2 chemisorption.

The charge density difference at the surface Cu ions is illustrated in Fig. 3.10. The
charge depletion of oxygen close to the Cu1 site is similar to the methoxy adsorption
in Fig. 3.5. However, at the carbon atom close to the Cu2 site there is a charge
accumulation. Interestingly, the surface charge localization leads to a strong Cu-C
bond. It leads to a quasi C3v symmetry of the adsorbed formaldehyde resembling a
CH3 configuration, Thus it leads to the resemblance of the geometric structures of
η2-formaldehyde and methoxy.

The promoting effect of co-adsorbed alkali metal, which was found in CO2 ad-
sorption over Cu, has not been investigated for formaldehyde adsorption, however, it
is expected that co-adsorbed alkali metals promote the oxidation of formaldehyde to
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CO2. According to Wachs and Madix, there are two possible reaction mechanisms for
adsorbed formaldehyde:

CH2O
(a) + O(a) −→ CO2

(g) + H2
(g) (3.2)

CH2O
(a) −→ CO(g) + H2

(g). (3.3)

In the presence of oxygen, the formaldehyde is converted to CO2 according to Eq. (3.2).
TPD experiments by Wachs and Madix had suggested formate (HCOO) as an inter-
mediate state for the process [12]. In contrast, the formaldehyde oxidation without
oxygen leads to CO desorption according to Eq. (3.3).

The importance of the two mechanisms Eqs. (3.2) and (3.3) becomes clearer when
an oxygen covered surface is considered. We have prepared an oxygen covered surface
in a (2×2)O/Cu(110) geometry. The oxygen rows are running in [001] direction and the
coverage is θO = 0.5. At high oxygen coverage, the surface will undergo an added-row
reconstruction [118, 119]. The electronic properties of the CuO chain on the added-row
surface are significantly different from isolated oxygen. However, in order to keep the
simplicity and to focus on the contribution of pure oxygen, only the unreconstructed
oxygen-covered Cu(110) surface is considered.

Interestingly enough, the energetically most favorable configuration is the η1-phase
on the oxygen covered surface. Furthermore, when atomic oxygen is located in the same
row as the formaldehyde CO bond, the η2-chemisorbed formaldehyde lost the Cu-C
bonds. The co-adsorption of atomic oxygen leads to a surface charge redistribution with
the electrons accumulated at the oxygen site. The low surface electron density attracts
η1-phase formaldehyde closer to the surface and induces a further energy gain. However,
it also causes an electron depletion at the Cu-C bond of the η2-phase formaldehyde.
As a result, the Cu-C bond is weakened and the adsorption height of formaldehyde
is increased. This is the reason why the η1-phase contributes to the CO2 desorption
channel in Eq. (3.2). However, without the presence of surface oxygen the η2-phase
formaldehyde is considered as an intermediate state for CO desorption in Eq. (3.3).
The rolling motion of η2-phase formaldehyde is believed to lead to CH bond scissions.
In this thesis, however, the dehydrogenation steps of formaldehyde to CO2 or CO are
not studied.

3.4 Methoxy super-structure

The sequential adsorption of oxygen and methanol produces predominantly methoxy
adsorbates. STM images show that oxygen adatoms form a (2×1) structure. The pres-
ence of methanol reduces the size the oxygen-covered area while adsorbed methoxy
forms super-structures separated from the oxygen islands [120, 121]. Terminal oxy-
gen is believed to be more reactive than the centered oxygen in islands, because it
is removed at first. This leads to the well-known methoxy induced (5 × 2) surface
reconstruction [120, 121]. After further methanol oxidation, a methoxy c(2× 2) super-
structure has been detected with zigzag chains running in [001] direction. Eventually,
methoxy forms islands with c(2 × 2) periodicity. The methoxy super-structures has
been precisely determined by several STM experiments [120–124]. Furthermore, these
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experiments find that oxygen islands and the c(2 × 2) methoxy structure were well
separated, and that only a chain-like methoxy structure exists in the interspatial area.

The character of the pure methoxy c(2×2)CH3O/Cu(110) and c(2×2)CH3O/Cu(100)
structure has been studied in detail by our DFT calculations. On Cu(110), adsorbed
methoxy is located on pseudo (111) edge and long bridge sites with two different CO
angles. At the pseudo (111) step edge, the c(2×2) structure leads to an energy gain of
0.06 eV/CH3O with respect to the well separated (2× 2) structure. At the long bridge
site, the stabilization is 0.03 eV/CH3O for both tilt angles.

When the methoxy coverage θCH3O is increased to 0.5, the adsorbates try to maxi-
mize their intermolecular distance. The methoxy adsorbates in the c(2 × 2) structure
are still well separated on Cu(110). The intermolecular interaction of methoxy is at-
tractive, but very weak. In contrast, on Cu(100), the c(2×2) structure with methoxy at
the hollow site is less stable by 0.13 eV/CH3O. Interestingly enough, the c(2×2) struc-
tures are almost energetically degenerate at the hollow and bridge sites on Cu(100).
Thus the stability of the adsorption sites depends on the coverage. In Sec. 3.2, we
found that hydrogen co-adsorption induces a meta-stable methoxy adsorption config-
uration at bridge site. By increasing methoxy coverage, the same kind of meta-stable
configuration is created.

The local adsorption geometry of methoxy in the c(2×2) structure is hardly changed
from the low coverage (2 × 2) result listed in Table 3.3. The high coverage induces a
slight buckling of the surface Cu atoms. A very detailed look at the charge density
difference plot is shown in Fig. 3.11b. It illustrates the tiny redistribution of the electron
density by forming the c(2 × 2) structure. The change of the electron density on each
methoxy molecule is negligible. Hence, the stabilization of the methoxy super-structure
is hard to explain in terms of charge density plots. The corresponding surface Cu d-
LDOS is also plotted in Fig. 3.11a. According to the LDOS analysis, the surface d-band
is slightly broaden in the c(2 × 2) structure. It reflects a stronger interaction between
the Cu d-band and methoxy, which is, however, not visible in the LDOS of methoxy.
Thus, the stabilization of the methoxy c(2 × 2) structure can hardly be explained by
analyzing the LDOS or charge density difference plots.

Methoxy adsorption on the long bridge site still gives a stable configuration. The
energy change is smaller than for the pseudo (111) step site adsorption, since methoxy

Lattice Config Eads ∆Eads dn.n. hCu−O dCu−O dCO dCH ∠nCO

Cu(100) hollow −2.96 +0.13 3.64 1.25 2.19 1.45 1.10 0.7
bridge −2.85 +0.01 3.64 1.42 2.00 1.45 1.10 26.3

Cu(110) pseudo fcc −3.04 −0.06 4.46 1.43 1.95 1.44 1.10 35.0
long bridge −2.66 −0.03 4.46 1.21 2.03 1.45 1.10 21.5
long bridge −2.64 −0.03 4.46 1.23 2.02 1.44 1.10 0.5

Table 3.5: Molecular properties of the methoxy c(2 × 2) super-structure on Cu(110) and
Cu(100) corresponding to a coverage of θCH3O = 0.5. The binding energy Eads in the (2× 2)
structure and the further energy gain by forming the c(2 × 2) super-structure ∆Eads are
expressed in eV per molecule.
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Figure 3.11: Local density of states and charge density difference plot for the formation of
the methoxy c(2× 2) structure on Cu(110). The scale of the contour lines is 10 times denser
than for the charge density difference plot for the molecular adsorption, since the c(2 × 2)
structure formation only leads to small changes of electron density.

at the long bridge induces a rather large rearrangement of surface Cu ions. For both
methoxy tilt angles, the top Cu atoms relax in a zigzag pattern in [11̄0] direction. More-
over, the tilt angle is increased to 21.5◦ which is partly promoted by the rearrangement
of the top Cu atoms for the high methoxy coverage.

On the Cu(100) surface, the adsorption energy at the bridge site is lower than at
the hollow site for the (2 × 2) structure. At a higher coverage, the hollow site is no
more the most favorite adsorption configuration, however, it is a stable configuration
which maintains a high symmetry.

The stability of the methoxy super-structure was also tested under the co-adsorption
of atomic oxygen. The molecular properties of methoxy and co-adsorbed oxygen are
listed in Table 3.6. The co-adsorption geometry is described in Fig. 3.12 where the
methoxy coverage corresponds to θCH3O = 0.5 for the c(2 × 2) and θCH3O = 0.25 for
the (2 × 2) structures. The adsorption site ph1 is below the C atom and ph2 below
the O atom of the adsorbed methoxy. The zigzag chain has a c(2× 2) structure and is
running in [11̄0] direction.

The co-existence of methoxy and oxygen results in large repulsive intermolecular
interactions. At a low methoxy coverage corresponding to a (2 × 2) structure, which
is described by the dash-dotted rectangle in Fig. 3.12 with methoxy at the corners,
the presence of oxygen leads to a repulsive interaction of 0.78 eV for oxygen in a
c(2 × 2) structure. Since methoxy is too close to the oxygen atoms, a large repulsive
interaction results. Strong adsorption geometry changes are a consequence of this high
oxygen coverage. The system lowers its total energy by maximizing methoxy-oxygen
distance. The preferred structure is indeed a zigzag chain structure for oxygen in the
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ph1ph2

Figure 3.12: Geometry of the methoxy superstructure and co-adsorbate sites. The solid
line denotes the c(2 × 2) supercell and the dash-dotted line the (2 × 2) structure. The co-
adsorption sites ph1 and ph2 correspond to pseudo (111) fcc hollow dash-dotted sites, the
dashed line illustrates the zigzag oxygen (2 × 1) structure in the [11̄0] direction.

[11̄0] direction. In this configuration, adsorbed methoxy is attracted to the second
layer Cu atoms and the CO bond is oriented close to the surface normal. As a result,
methoxy is located very close to the surface.

For the c(2 × 2) methoxy structure, at a coverage of θCH3O = 0.5, oxygen co-
adsorption induces a large repulsion even at low coverages of oxygen. At the ph1 site,
oxygen pushes the nearest two methoxy molecules outward of the pseudo (111) plane.

CH3O Adsorbate ∆E dn.n. hCu−O ∠nCO dO−Ads Geo.
c(2 × 2) (2 × 2)O 0.83 3.91/5.05 1.46/1.40 42.5/25.8 3.07 ph1

(2 × 2)O 0.71 3.87/5.10 1.41/1.45 37.8/36.6 2.83 ph2
(2 × 1)O 1.39 3.25/5.96 0.96/1.41 2.8/33.4 3.15 [11̄0]

(2 × 2) (2 × 2)O 0.14 5.15 1.48 35.1 2.89 ph2
(2 × 1)O 0.23 5.15 1.06 0.3 3.46 [11̄0]

c(2 × 2)O 0.78 5.15 1.47 40.3 2.64 ph2

Table 3.6: Molecular properties of oxygen co-adsorbed with methoxy in the c(2 × 2)CH3O
and (2 × 2) structures. The adsorption sites of oxygen are specified in Fig. 3.12. The
intermolecular repulsion ∆E is defined as the energy difference of methoxy adsorption at
the clean and the O-covered surface. Under oxygen co-adsorption, the methoxy adsorption
geometry becomes distorted. For high oxygen coverages of θO = 0.5, the methoxy adsorbates
lose their original 2 × 2 and c(2 × 2) periodicity.
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This results in a metastable methoxy adsorption configuration with the CO bond tilt
angle enlarged to 42.5◦. In contrast, at the ph2 site, oxygen pushes the two nearest
methoxy molecules inward of the pseudo (111) plane which causes no significant change
of the methoxy adsorbate geometry. As a result, the ph2 oxygen adsorption induces
smaller repulsion than the ph1 adsorption. The high-coverage oxygen adsorption in the
chain structure causes a very large repulsion and a symmetry change of the methoxy
adsorbates. On the highly oxygen-covered surface, the methoxy c(2 × 2) structure is
broken and changed into a (2 × 1) chain like structure running in [11̄0] direction. It
is the same trend as found for the (2 × 2) structure, only the chain periodicity is now
c(2× 2). The methoxy adsorbates pushed outward of the pseudo (111) plane form the
same geometry as in the case of the (2×2)CH3O structure in the pressure of a (2×1)O
structure.

The co-existence of methoxy and oxygen leads to a large repulsive interaction.
This explains the fact that oxygen and methoxy islands on Cu(110) surface are well-
segregated, as found in STM experiments. Moreover, it indicates that the methoxy
oxidation is not promoted by surface oxygen. When methoxy is produced on the
surface by the support of surface oxygen, it will propagate immediately to minimize
its energy through maximizing the methoxy-oxygen distance. The methoxy adsorbates
form a c(2 × 2) structure when the coverage is high enough. Growing c(2 × 2) islands
expel isolated oxygen atoms from their interior.

STM experiments show that first the (5× 2) reconstruction structure vanishes and
then the chain-like structure shrinks. The c(2 × 2) structure remains longest on the
surface [120, 121]. Furthermore, the methoxy structure is disturbed by continuing oxy-
gen supply [124]. Additional oxygen adsorption leads to an instability of the methoxy
superstructure and promotes further oxidation or thermal desorption. However, oxy-
gen adsorption is believed to promote the forward reaction to formaldehyde whereas
hydrogen promotes the backward reaction resulting in methanol desorption.

3.5 Co-adsorption of methanol and oxygen

A precoverage of oxygen is believed to promote the methanol oxidation on Cu sur-
faces [12, 82], especially as far as the hydroxyl bond breaking is concerned. In this
section we discuss DFT calculations on oxygen precovered Cu(100) and Cu(110) sur-
faces including adsorbate induced surface relaxation. The oxygen atoms are located
in their most favorable sites, which are the hollow sites on Cu(100) and the pseudo
three fold hollow sites on Cu(110) within a coverage θO = 0.25. The initial methanol
geometries are selected as for the adsorption on the clean surface as listed in Table 3.2.

The molecular properties of methanol adsorption on oxygen covered Cu surfaces
are listed in Table 3.7. On O/Cu(100), the methanol physisorption energy is increased
by the presence of surface oxygen. Even though methanol is located far above the
surface, the total energy is lowered. However, no spontaneous hydroxyl bond breaking
is found on the Cu(100) surface for various configurations. Interestingly, the methanol
induced surface re-relaxation is very strong for the Otop-Hhl/Ohl/Cu(100) adsorption
configuration. It leads to a (111)-like surface deformation and a close attraction of
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Figure 3.13: Geometry of neighboring methoxy and hydroxyl after the spontaneous
methanol hydroxyl bond decomposition on O/Cu(110). Methoxy is located at the pseudo
(111) step edge site and hydroxyl is located at the pseudo fcc hollow site of the lower terrace.
The surface hydroxyl bond is oriented towards the methoxy oxygen site illustrating a still
remaining CH3O-OH interaction. This configuration is associated with a large adsorption
energy of −1.53 eV.

methanol to the Cu atom. This demonstrates that oxygen is very stable on Cu(100)
and does not easily take part in the methanol oxidation by the formation of a surface
hydroxyl bond. This result, however, is at variance with previous experiments that
found methanol oxidation at low temperatures over O/Cu(100) [93, 125].

The reactivity has been tested by changing the adsorbate coverage. For the lower
coverage, a (3 × 2) unit cell was used. In this low coverage situation with θO = 0.17,
methanol is physisorbed within a Ohl-Hbr configuration. The adsorption energy is

Lattice Config Eads hCu−O dCu−O dCO dOH dO−Oad
Relax

Cu(100) Otop-Hhl/Ohl −0.47 1.94 2.02 1.43 1.05 2.47 T
Otop-Hhl/Ohl −0.34 2.64 2.64 1.44 1.01 2.64 F
Ohl-Hbr/Ohl −0.32 2.33 2.90 1.44 1.01 2.68 T
Ohl-Hbr/Ohl −0.30 3.15 3.41 1.44 1.01 4.41 F

Cu(110) Osb-Hhl/Oph −1.52 1.43 1.99 1.45 1.73 2.74 T

Table 3.7: Molecular properties of methanol adsorption on oxygen precovered Cu surfaces
with an oxygen coverage of θO = 0.25. The adsorption energy Eads is expressed in eV and the
adsorption geometry is characterized by the height and distance from the nearest neighbor
Cu atoms. The most favorable oxygen adsorption sites were selected which are the hollow
site on Cu(100) and the pseudo fcc hollow site on Cu(110). The last column denotes whether
surface relaxation was included (True) or not (False).
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slightly increased compared to θO = 0.25 when the surface rerelaxation is not included.
In this configuration, the distance from the nearest Cu atom dCu−O is 2.65 Å. The
distance is 0.25 Å shorter than for θO = 0.25 (see Table 3.7). It shows that the
methanol reactivity depends on the oxygen coverage.

Compared to the isolated adsorbates, the CH3O+OH structure within a (2 × 2)
surface unit cell is energetically unfavorable, indicating again the repulsive interaction
of methoxy with other adsorbates. On the (3 × 2)O surface, the energy is lower by
0.1 eV, indicating a smaller repulsion. The total energy change from methanol to
methoxy and hydroxyl bonds is estimated to be 0.5 eV for the (3 × 2) unit cell. This
small energy difference already implies that the spontaneous conversion of methanol
to methoxy is rather unlikely on the O/Cu(100) surface.

On the contrary, on oxygen-covered Cu(110), the methanol hydroxyl bond is spon-
taneously broken with a large decomposition energy gain. The stable configuration of
neighboring methoxy and hydroxyl is illustrated in Fig. 3.13. Methoxy is located in
a pseudo (111) step edge site and OH in a fcc hollow site of the lower terrace. This
configuration corresponds to an adsorption energy of −1.53 eV which is significantly
larger than on O/Cu(100). It is partially based on an attractive methoxy-hydroxyl
interaction. There is a remaining attractive interaction of 0.32 eV in the structure
illustrated in Fig. 3.13 compared to well-separated adsorbed methoxy and hydroxyl.

The high reactivity of the O/Cu(110) surface can be interpreted as a step ef-
fect [126]. The geometry of step sites increases the reactivity due to the low coordina-
tion number of the step atoms. Moreover, at the step site it is easier for adsorbates to
find an energetically favorable adsorption geometry. The GGA-PW91 calculations of
the dissociation barrier of N2 over Ru(0001) by Logadóttir and Nørskov show a consider-
able reduction at step [126]. The same electronic structure and geometric contribution
is expected on the O/Cu(110) step edge. Interestingly enough, in this configuration the
methoxy adsorption geometry is very close to the methanol physisorption geometry on
clean Cu(110). It gives an extra advantage for the OH bond dissociation: methoxy eas-
ily finds the final state geometry and the dissociated hydrogen atom diffuses efficiently
to the atomic oxygen site.

The LDOS of the surface adsorbates in Fig. 3.13 is plotted in Fig. 3.14. The Cu-O
interaction peaks are as expected for both methoxy and hydroxyl. The methoxy 2e
orbital and the Cu-Oad peak are well split by the Cu d-band. The methoxy-hydroxyl
attractive interaction leads to the O-OH peak. This is derived from the alignment
of the methoxy oxygen p-state (solid line), hydroxyl oxygen p-state (dotted line) and
hydroxyl hydrogen s-state (thin sold line). The anti-bonding O-OH∗ interaction has no
hydroxyl s-electron contribution. The hydroxyl bond orientation with respect to the
methoxy oxygen site in Fig. 3.13 confirms these findings; on the clean surface the bond
was oriented along the surface normal. The interaction maximizes the distance between
CH3O and OH, but at the same time minimizes the CH3O-H distance. Furthermore,
the CH3O-OH interaction induces a stabilization of the non-bonding electrons. The
methoxy 5a1 orbital becomes lower than the split 1e orbital peaks. On the clean surface,
it was located between the 1e peaks.

In Fig. 3.14b, the methoxy LDOS for clean Cu(110) is compared to the one for
OH-covered Cu(110). The dotted line represents the clean surface methoxy LDOS and
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Figure 3.14: Local density of states of spontaneously decomposed methanol over oxygen
covered Cu(110): (a) CH3O+OH/Cu(110) and (b) comparison with the clean surface ad-
sorbate CH3O/Cu(110). The methoxy-hydroxyl interaction forms new O-OH peak and its
anti-bonding contribution O-OH∗ in (a). The ordering of the 5a1 and 1e orbitals is reversed
compared to the methoxy adsorbate on the clean surface in (b).

the solid line the methoxy-hydroxyl system. The 2e orbitals are almost identical in
the two configurations. This means that the CH3O-Cu bond is not disturbed by the
hydroxyl co-adsorption. The modification of the LDOS is characterized by the creation
of a O-OH peak and the 1e peak down-shift caused by the O-OH∗ interaction.

In conclusion, the difference between O/Cu(100) and O/Cu(110) is that the sur-
face adsorbates methoxy and hydroxyl interact repulsively on Cu(100) but attractively
on Cu(110). This interaction depends sensitively on the surface geometry and the
adsorption configuration, in particular for open step-like structures. The absence of
open structures on oxygen-covered Cu(100) and Cu(111) suppresses the hydroxyl bond
breaking.



Chapter 4

Reactivity on stretched surfaces

Recently the relationship between the catalytic reactivity of binary Cu/ZnO catalysts
and the strain of the copper in the Cu/ZnO system has been intensively discussed [127].
The surface strain influence on the surface reactivity has been rationalized in terms of
the d-band model [128, 129]. At the expanded substrate, the overlap between the Cu
atoms is reduced, which leads to a narrowing of the d-band. In the case of transition
metals, the d-band is not completely occupied. If the d-band is more than half-filled,
charge conservation causes an up-shift of the d-band upon its narrowing [129, 130].
The higher d-band center usually causes a higher reactivity [128]. Surprisingly, the
GGA-PW91 calculations for oxygen adsorption on strained Cu(111) surface by Xu and
Mavrikakis were interpreted successfully within the d-band model, in spite of the fact
that the Cu d-band is fully occupied and a d-band up-shift should not be expected [131].

In this chapter, a detailed analysis of the hydrogen adsorption and the reactivity
of the reaction intermediates in methanol oxidation over expanded substrates will be
presented in terms of the d-band model. The hydrogen-Cu substrate system has served
as a benchmark system for the study of the interaction of molecules with surfaces, both
experimentally [132–137] as well as theoretically [138–147]. Thus the calculations of hy-
drogen reactivity over strained copper might contribute to a microscopic understanding
of the reactivity of real binary catalysts.

4.1 Hydrogen adsorption in d-band model

The concept of reactivity in surface problem is usually associated with the binding
energy between adsorbate and surface. A larger binding energy denotes a more reactive
system. An early model to describe the surface reactivity was based on the concept
of Pauli repulsion. The Pauli repulsion of the s-electrons of adsorbing H2 is reduced
by the availability of empty d-states near the Fermi level. Thus the Fermi level is
correlated with the reactivity of metal [148, 149]. Unfortunately, this simple model

47
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was too poor to describe surface reactions properly. Here we take into account the
prominent d-band model proposed by Hammer and Nørskov [128].

The d-band model describes the interaction of molecular adsorbates and transition
or noble metal via separate sp-state and d-band contributions. The interaction of the
sp-bands leads to an energy renormalization of the adsorbate energy levels. In the case
of H2 interacting with a sp-metal surface (Aluminum or jellium), both the bonding
(σg) and the antibonding (σu∗) states are renormalized. The d-band contributes to the
interaction energy by the d-band center hybridization with the renormalized hydrogen
σg and σu∗ orbitals. The extra energy gain by the d-band contribution is expressed as
a second order perturbation term,

δE ∼ V 2

|εd − εσ|
, (4.1)

where V ≪ |εd − εσ| and the coupling matrix element V is 〈φσ|H|φk〉. The whole
interaction energy due to the d-band of the H2-metal surface system including bonding
and anti-bonding orbitals is expressed in [128] as

δEH2

d = −2
V 2

εσu∗
− εd

− 2(1 − f)
V 2

εd − εσg

+ αV 2 (4.2)

where f is the d-band filling factor of the metal. εd denotes the center of the surface
d-band, and εσg

and εσu∗
represent renormalized bonding and antibonding levels. The

coupling matrix element V depends on the distance between the interacting atoms.
It usually decreases rapidly with increasing distance. Coupling matrix elements of
hydrogen and transition or noble metal atoms interaction have been approximated by
a simple 1/r3 dependence in Hammer and Nørskov’s work [128, 130]. If the surface
ions are nonequivalent, then the d-band contribution is replaced by the weighted sum
over the corresponding atoms.

The first term in Eq. (4.2) describes the energy gain due to the attractive interaction
of the H2 antibonding level with the d-band. The energy gain of the σg-d interaction
depends on the d-band filling in the second term. In noble metals, the d-states are
fully occupied, thus the filling factor is f = 1. Therefore the contribution of the σg-d
interaction will vanish for noble metals, such as Cu. The last term is the energetic cost
of the orthonormalization between the molecular and the substrate states.

In the case of the H2/Cu system, the d-band is fully occupied and located 2 eV
below the Fermi energy. Hence the d-band contribution for the H2/Cu system can be
simplified to

δE
H2/Cu
d = −2

V 2

εσu∗
− εd

+ αV 2. (4.3)

The original version of the d-band model [128] included the factor of (1− f) in the
attractive term of Eq. (4.2). However, later it turned out that irrespective of the filling
factor there is an attractive contribution of the σg-d interaction [103, 150]. Moreover
there is a linear relationship between the d-band center shift and the change in the
chemisorption strength of atomic hydrogen on metal surfaces,

δEH
d = − V 2

|εd − εH|2
δεd, (4.4)
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Figure 4.1: Slab energy per atom as a function of the lateral lattice strain for Cu(100) and
Cu(111) surfaces. The Cu(100) and Cu(111) slabs consist of 5 and 4 layer atoms, respectively.
The anisotropic distortion of the crystal leads to an energy minimum at a lower position than
the bulk value. The energy per atom of the close-packed (111) slab is lower than for the more
open (100) slab and closer to the bulk energy of Cu.

if δεd≪|εd − εH|. This can be understood in terms of the Newns-Anderson model [103].
The position of the renormalized hydrogen 1s adsorption resonance εH entering Eq. (4.4)
is a strongly varying function of the distance of the hydrogen atom from the surface
according to jellium calculations [151, 152]. It drops from 1 eV below the Fermi energy
at a distance of 1.2 Å to 6 eV below the Fermi energy at a distance of 0.4 Å. Still, the
Newns-Anderson model shows that an upshift of the d-band center causes a stronger
bonding of adsorbates with their crucial renormalized adsorption states well below the
Fermi level [103], even for a filled d-band.

The slab energy per atom as a functions of the lattice strain is illustrated in Fig. 4.1.
It shows that the energy of the close-packed Cu(111) slab increases steeply under slab
compressing, and crosses the Cu(100) curve at −4% compression. The high electron
concentration of Cu(111) leads to a stronger repulsion. The energy minimum of the
strained slab was found at a smaller interatomic distance than the equilibrium bulk
value.

Strained substrates are prepared with lateral lattice constants modified by −3% and
+2%. The two upper most layers are fully relaxed. The lateral lattice strain causes
modifications in the distances of the relaxed layers. Table 4.1 lists the layer distances
of Cu(111) and Cu(100) as a functions of the strain. The top layer positions are shifted
outward on the compressed substrate since the electron density is enhanced. On the
other hand, we find an inward relaxation on the expanded substrate. The second layer
position of the close-packed Cu(111) surface is hardly influenced by the strain, Cu(111)
has almost bulklike features already in the second layer.

The local d-band density of strained Cu(111) surfaces and its variation are plotted in
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Figure 4.2: Local density of states at the uppermost layer of Cu(111) as a function of the
lattice strain (a). The d-band center εd of the surface layer with respect to the Fermi energy
as a function of the lattice strain for different copper surface terminations. It is determined
from the d-band density of states nd by εd =

∫

dE E nd(E)/
∫

dE nd(E) (b).

Fig. 4.2a. The d-band width decreases for increasing lattice constant, as follows from
simple tight-binding considerations due to the reduced overlap. In fact, the d-band
center of the uppermost Cu(111) layer shifts up with increasing lattice constant, in
agreement with previous calculations [131]. However, this upshift cannot be explained
by the simple argument of charge conservation as in the case of a transition metal with
a partially filled d-band. As Fig. 4.2a indicates, the upper edge of the local Cu d-band
at the surface is apparently pinned with respect to the Fermi energy. Because of this
pinning the band narrowing causes an upshift of the d-band center.

The d-band center εd as a function of the lattice strain for different Cu surface
terminations are plotted in Fig. 4.2b. The first fact that is obvious is that the more
open the surface, i.e., the less coordinated the surface atoms, the higher the d-band

Lattice a/aeq ∆12 ∆23 εd ∆φ
Cu(111) 0.97 1.02 1.03 −2.57

1.00 1.00 1.02 −2.42
1.02 0.97 1.02 −2.35

Cu(100) 0.97 1.01 1.04 −2.42 4.63
1.00 0.97 1.01 −2.36 4.52
1.02 0.94 0.97 −2.32 4.47

Table 4.1: Height difference (∆ij = (hi − hj)/deq) of the Cu slabs as a function of the
lateral lattice constant as a result of relaxation. On compressed surfaces, the top atoms move
outwards and on expanded surface inwards.
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center. Secondly, the shift of the d-band center is much larger for the Cu(111) surface
than for the Cu(100) or Cu(110) surface. The local density of states of the close-packed
Cu(111) surface is much more bulk-like compared to the more open Cu(100) surface.
This demonstrates that the effect of the lattice strain on the electronic structure at
an already open, less coordinated surface is less pronounced than for a close-packed
surface.

According to the d-band model the atomic hydrogen binding energies on Cu should
increase for expanded surfaces while the dissociation barrier should become smaller for
increasing lattice constants which usually leads to a higher reactivity. Furthermore, the
model should also be applicable for reaction intermediates of the methanol oxidation.

4.2 Chemisorption of atomic hydrogen on Cu

Atomic hydrogen adsorption energies are determined as a function of the lattice strain
at the high-symmetry sites of the Cu(111), Cu(100), Cu(110), Cu(210) and the oxygen-
precovered (2×2)O/Cu(100) surfaces. All hydrogen adsorption energies have been ob-
tained for a surface coverage of θH = 0.25. For higher hydrogen coverage it turned out
that the results were influenced by the mutual repulsive interaction between the hydro-
gen atoms. For θH = 1, we found an increase in the atomic binding energy upon lattice
expansion which was simply due to the reduced repulsion between the adsorbates. For
the unstrained surfaces, our results compare well with previous calculations in a similar
setup within the typical uncertainty of DFT calculations of ±0.1 eV [153, 154].

As far as the general site dependence of the hydrogen adsorption energies on the low-
index copper surfaces is concerned, we observe that hydrogen prefers to be located at
the high-coordination adsorption sites. This is also true for the Cu(110) surface. Note
that the hollow site at the (110) surface corresponds to adsorption on top of the second
layer atom in the trough so that this site is effectively also a low-coordination adsorption
site. The most favorite site on the (110) surface is the pseudo three fold hollow site on
both unstrained and expanded slabs. However, on the compressed surface, the short
bridge site shows the largest adsorption gain. The hydrogen-surface distance is larger
on the compressed surface. On the pseudo-threefold hollow site of the (110) surface,
an adsorption symmetry change occurs. The symmetry of the hydrogen adsorption
configuration on the pseudo-threefold hollow site becomes broken upon the compression
of the slab and the increase of the hydrogen adsorption height. As a result, hydrogen
is placed on the bridge site of the pseudo (111) surface. This adsorption configuration
has two nearest Cu atoms. An adsorption symmetry change is also found for the long
bridge site of the (110) surface. On the expanded substrate, hydrogen is attracted
further towards the surface, and the second layer copper ions become the nearest
neighbors. The adsorption symmetry is close to the one for the short bridge site.

According to the d-band model, the interaction between a hydrogen atom and the
copper d-band should be repulsive, hence one would not expect that it is energetically
favorable to build up many bonds between the hydrogen 1s and the Cu d states. On
the other hand, the delocalized Cu sp states lead to a strong attraction of the hydrogen
towards the surface. At the high-coordination sites, the hydrogen atom can minimize
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Figure 4.3: Atomic hydrogen adsorption energies as a function of the lattice strain at the
high-symmetry points of (a) Cu(111), (b) Cu(100), (c) Cu(110) and (d) Cu(210).

its distance to the surface plane while keeping a maximum distance to the nearest Cu
atom. This is illustrated in Table 4.2 where we have listed the height hCu−H of the
adsorbate position with respect to the uppermost Cu plane and the distances dCu−H

between the hydrogen atom and the nearest Cu atom in addition to the adsorption
energies for the Cu(111) and Cu(100) surfaces.

For a quarter monolayer of hydrogen on clean Cu surfaces, there is no clear trend in
the atomic adsorption energy as a function of lattice strain, as Fig. 4.3 demonstrates.
On Cu(111) (Fig. 4.3a), the adsorption energies at the threefold hollow and the bridge
sites are roughly independent of the lattice strain, as expected from the d-band model.
At the top site, however, where hydrogen adsorption is endothermic with respect to
the free hydrogen molecule in the gas phase, we even find a stronger repulsion for the
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Lattice Lattice Cu(111)
constant strain fcc hollow hcp hollow Bridge Top

(Å) Eads h dCu−H Eads h dCu−H Eads h dCu−H Eads h = dCu−H

3.533 −3% −0.159 0.976 1.741 −0.152 0.977 1.742 −0.025 1.102 1.666 0.397 1.526
3.642 0% −0.176 0.919 1.748 −0.165 0.931 1.754 −0.034 1.060 1.668 0.425 1.525
3.715 +2% −0.166 0.878 1.753 −0.154 0.883 1.751 −0.025 1.032 1.670 0.444 1.527

Cu(100)
Fourfold hollow Bridge Top
Eads h dCu−H Eads h dCu−H Ea h = dCu−H

3.533 −3% −0.155 0.638 1.878 −0.061 1.096 1.662 0.339 1.530
3.642 0% −0.105 0.544 1.901 −0.025 1.046 1.659 0.420 1.530
3.715 +2% −0.079 0.434 1.908 −0.002 1.015 1.660 0.481 1.532

Table 4.2: Atomic hydrogen adsorption energies Eads, adsorption height h and nearest-neighbor distance dCu−H between hydrogen and
copper atoms on various high-symmetry adsorption sites on Cu(111) as a function of the lattice strain. Energies are given in eV while
distances are given in Å.
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expanded substrate, or in other words, a larger attraction at the compressed surface,
in contrast to the trends in adsorption energies as a function of lattice strain usually
observed [129, 131]. On Cu(100) (Fig. 4.3b), this unexpected dependence of the ad-
sorption energies on lattice strain is even obtained at all high-symmetry adsorption
sites, whereas on Cu(110) (Fig. 4.3c) and Cu(210) (Fig. 4.3d) the binding energies are
either constant or increase upon lattice expansion. Apparently, the predictions of the
d-band model are only fully confirmed for hydrogen adsorption at the Cu(110) and
Cu(210) surfaces. However, these results are partially influenced by the change in the
symmetry of the adsorption site.

In recent molecular beam experiments of the O2 adsorption on uniaxially stressed
Cu(100) surfaces, lattice stress was found to enhance the O2 adsorption for kinetic
energies below 250 meV but to suppress it for energies above 250 meV. Our result that
the dependence of the adsorption energies on lattice strain varies between different
adsorption sites might provide an explanation for the experiments since at different
kinetic energies different regions of the potential energy surface (PES) are probed by
the impinging molecules.

The approximate reactivity measure of the d-band model for atomic adsorption
Eq. (4.4) does not only depend on the d-band center but also on the coupling matrix
element V which is strongly dependent on the distance between the interacting atoms.
We have therefore analyzed the change in the adsorption position as a function of the
lattice strain. As Table 4.2 demonstrates, at all higher coordinated adsorption sites,
the adsorbed hydrogen atom relaxes towards the surface upon lattice expansion. How-
ever, this relaxation is done in such a way that the nearest-neighbor hydrogen-copper
distance remains basically constant at all considered adsorption site. At the onefold
coordinated top site where hCu−H and dCu−H are the same, there is also practically
no change in the bond length between hydrogen and copper. Hence we may assume
that the coupling matrix elements V also remain basically unchanged upon lattice
expansion.

In order to understand the microscopic origin for the unexpected larger H-Cu at-
traction on the compressed substrate, we have analyzed the local density of states upon
hydrogen adsorption in more detail. Fig. 4.4 shows the change of the local density of
states of the Cu d-band at the unstrained (111) surface caused by the hydrogen adsorp-
tion on the fcc hollow and the top site, respectively. In addition, the density of states of
the hydrogen 1s state is plotted. When the hydrogen atom is adsorbed on the fcc hol-
low site, the Cu d-band and the H 1s state remain well separated. Furthermore, the Cu
d-band is hardly modified by the presence of hydrogen on the surface. Directly above
the Cu d-band, the antibonding H 1s-Cu d resonances are visible whose occupation
gives rise to the repulsion between the hydrogen atoms and the Cu d bands [155].

For the hydrogen adsorption at the top site, the hydrogen atom is mainly interacting
only with one atom directly beneath. In addition, due to symmetry, the hydrogen
1s state only couples to the Cu d3z2−r2 orbital because all other d orbitals are not
rotationally symmetric with respect to the Cu-H bond along the z-axis. Consequently,
the H atom at the top site is much more strongly interacting with the single Cu d3z2−r2

orbital compared to the interaction of the H atom with the Cu d orbitals at the higher
coordinated site. This is reflected by the fact that the local d band at the Cu atom
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Figure 4.4: Local density of states of the hydrogen 1s state and the Cu d-band for atomic
hydrogen adsorption on unstrained Cu(111) at the fcc hollow site (a) and at the top site
(c) and on compressed Cu(111) at the fcc site (b) and at the top site (d). The hydrogen 1s
density of states is multiplied by a factor of 10.

beneath the hydrogen atom is strongly modified by the presence of the adsorbate, as
Fig. 4.4 clearly demonstrates, in spite of the fact that only one d orbital is directly
involved in the interaction.

Although on the compressed surface the antibonding H 1s-Cu d resonance becomes
more occupied leading to an increased repulsion, the adsorbate-induced downshift of
the Cu d-band center is larger by 0.15 eV compared to the unstrained surface. This
larger downshift overcompensates the increased occupation of the antibonding states
thus stabilizing the adsorption at the top site of the compressed Cu(111) surface.
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in the inset.

Consequently, if the hydrogen atom is strongly interacting with a particular cop-
per substrate atom, then apparently the d-band model is no longer fully appropriate.
Instead, the response of the local d-band to the presence of the adsorbate has to be
taken into account. We find the same phenomenon not only for the one-fold coordi-
nated top sites at Cu(111) and Cu(100), but also for the two-fold coordinated bridge
site at the Cu(100) surface. In fact, for the on-top adsorption of oxygen on strained
copper surfaces the same unexpected trend as a function of lattice strain is found [131].
An analysis reveals that also for O/Cu(111) the on-top adsorption leads to a strong
perturbation of the electronic structure stabilizing the adsorption on the compressed
surface [156].

Surprisingly, the same trend is also observed for the fourfold hollow site at the
Cu(100) surface. However, here the decreasing binding energy upon lattice expansion
is caused by another mechanism. For the extended lattice, the hydrogen adsorption
position moves closer to the surface plane (see Table 4.2). This means that the inter-
action of the hydrogen atom with the second layer copper atom will become stronger.
In fact, for an adsorption height of hCu−H = 0 Å, the distance between the hydrogen
atom and the surface copper atom would be the same as the distance to the second
layer copper atom leading to an effectively fivefold coordinated adsorption site. The
second layer copper atom is already twelvefold coordinated which means that it is
rather unreactive. Therefore the reduced distance between the hydrogen atom and the
second layer copper atom upon lattice expansion leads to an increased repulsion which
is responsible for the lower binding energy [157].

For the (2×2) oxygen-precovered Cu(100) surface we have also determined the
atomic hydrogen adsorption energies as a function of the lattice strain (see Fig. 4.5).
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For a quarter monolayer oxygen on Cu(100) there are two inequivalent fourfold hollow
adsorption sites h1 and h2. They are indicated in the inset of Fig. 4.5. As already
well-known [143], there is a direct repulsion between oxygen and hydrogen adsorbed on
copper surfaces, in other words, oxygen poisons the hydrogen adsorption, in particular
at site h2 which is closer to the oxygen atoms than site h1. Similar results have been
found for the hydrogen adsorption on the (2×2) sulfur-precovered Pd(100) surface [158,
159].

In contrast to the clean Cu(100) surface, we obtain a strong decrease of the adsorp-
tion energy upon lattice expansion at the oxygen-covered Cu(100) surface. As Fig. 4.2b
shows, the d-band center shift is indeed a little bit more pronounced at the oxygen-
precovered surface compared to the clean Cu(100) surface, but not stronger than at
the clean Cu(111) surface. This suggests that it is not the d-band center shift that is
responsible for the change in the adsorption energy, but simply the distance between
hydrogen and oxygen which increases with the lattice expansion and thus reduces the
mutual repulsion. This view is supported by the fact that the change in the adsorption
energy is larger at site h2 that is closer to the oxygen atoms.

4.3 Hydrogen dissociation barrier on Cu

In addition to the atomic hydrogen adsorption energies we have also determined the
hydrogen dissociation barrier on Cu(111), Cu(100) and (2×2)O/Cu(100). At all sur-
faces, we have kept the center of mass of the hydrogen molecule fixed above the bridge
site with the molecular axis parallel to the surface. We have then determined the
dissociation path into the adjacent hollow adsorption site by calculating the potential
energy surface (PES) as a function of the H-H interatomic distance dH−H and the cen-
ter of mass distance from the surface ZCu−H2

in this configuration. Thus the studied
dissociation paths correspond to the hollow-bridge-hollow (h-b-h) configuration which
is well-known [138, 160] to be the most favorable H2 dissociation path on Cu(111). At
Cu(100), in fact it has been found that the minimum dissociation barrier can be further
reduced by 30 meV by slightly tilting the molecular axis [160]. On (2×2)O/Cu(100),
we expect an even stronger energy gain upon tilting from the h1-b-h2 configuration
because of the inequivalence of the h1 and the h2 site.

However, in order to assess the strain effects for similar configurations we did not

Lattice Cu(111) Cu(100)
strain Eb dH−H ZCu−H2

Edes Eb dH−H ZCu−H2
Edes

−3% 0.581 0.974 1.270 0.892 0.534 1.17 1.080 0.844
0% 0.503 0.971 1.230 0.844 0.569 1.22 1.020 0.779

+2% 0.453 0.987 1.190 0.773 0.588 1.23 0.975 0.746

Table 4.3: Dissociation barrier height Eb, H-H distance d and H2 distance from the surface
Z at the dissociation barrier position and desorption barrier Edes on Cu(111) and Cu(100)
for the hollow-bridge-hollow geometry as a function of the lattice strain.



58 Chapter 4. Reactivity on stretched surfaces

0.6 0.8 1.0 1.2 1.4 1.6
0.5

1.0

1.5

2.0

2.5

H−H distance d (Å)

C
en

te
r 

of
 m

as
s 

di
st

an
ce

 Z
 (

Å
)

Cu(111)
0.3

0.6

0.5 1.0 1.5 2.0 2.5
0.5

1.0

1.5

2.0

2.5

H−H distance d (Å)

C
en

te
r 

of
 m

as
s 

di
st

an
ce

 Z
 (

Å
)

Cu(100)

0.6

0.2

Figure 4.6: Potential energy surface for the hydrogen dissociation on Cu(111) and Cu(100)
as a function of the H-H interatomic distance d and the center of mass distance from the
surface Z. The energy is in eV/molecule, the energy spacing of the contour lines is 0.1 eV. The
dissociation path corresponds to the h-b-h geometry, i.e., the center of mass has been kept
fixed laterally above the bridge site with the hydrogen atoms dissociating into the neighboring
three- or fourfold hollow sites, respectively. Note the different scale of the d axes.

consider any tilting of the molecular axis in our calculations. The potential energy
surfaces of H2 dissociation in the h-b-h geometry on unstrained Cu(111) and Cu(100)
as a function of the H-H distance dH−H and the center of mass distance ZCu−H2

are
shown in Fig. 4.6. It is apparent that the H2 dissociation barrier on Cu(111) is at a
larger distance from the surface, but at a closer separation of the two hydrogen atoms,
i.e. it corresponds to an earlier barrier [141].

The energetic heights of the H2 dissociation barriers as a function of the lattice
strain are plotted in Fig. 4.7. As far as the unstrained surfaces are concerned, Cu(111)
exhibits the lowest dissociation barrier although the Cu(100) surface has a higher d-
band center than Cu(111) and should thus be more reactive, i.e., the dissociation barrier
should be smaller. This fact has been explained by geometric effects [160]. At Cu(100),
the most favorable atomic adsorption positions, the hollow sites, are farther away from
the bridge site than for Cu(111) so that the transition state to dissociation occurs at a
separation of the two hydrogen atoms that is 0.25 Å larger compared to Cu(111). This
is demonstrated in Table 4.3 where the dissociation and desorption barrier heights Eb

and Edes, respectively, the H-H distance dH−H and the distance from the surface ZCu−H2

are collected for Cu(111) and Cu(100) as a function of the lattice strain.

As in the case of the atomic adsorption energies, there is no unique trend of the
H2 dissociation barrier on Cu as a function of lattice strain. For H2/Cu(111), the
dissociation barrier decreases for increasing lattice constant. This behavior is in ac-
cordance with the predictions of the d-band model in Eq. (4.4). For Cu(100), on the
other hand, the dissociation barrier increases upon lattice expansion. Thus Cu(100)
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Figure 4.7: The H2 dissociation barrier in the h-b-h geometry (see text) on Cu(111), Cu(100)
and (2×2)O/Cu(100) as a function of the lattice strain.

shows again a trend that is opposite to the predictions of the d-band model. Indeed
we connect this dependence of the dissociation barrier with the trend found for the
adsorption energies. Since the dissociation barrier is at a larger separation of the two
hydrogen atoms, it is strongly influenced by final states effects, i.e., by the atomic
adsorption energies [160]. And since atomic adsorption becomes energetically less fa-
vorable at the expanded Cu(100) surface, the dissociation barrier also increases upon
lattice expansion.

Interestingly enough, on Cu(100) the increase in the dissociation barrier height
upon lattice expansion is less pronounced than the increase in the adsorption energies.
This can be deduced from the fact that the desorption barrier Edes which has been eval-
uated according to Eq. (2.24) decreases with increasing lattice constant (see Table 4.3).
On Cu(111), the desorption barrier also decreases upon lattice expansion but for this
surface this mainly stems from the decrease in the dissociation barrier height since the
atomic adsorption energies in the Cu(111) hollow sites are almost independent of small
lattice strain (see Fig. 4.3a).

In a recent DFT study the H2 dissociation at kink and vacancy defects of Cu
surfaces has been addressed [147]. Similar to our results, the observed trend in the
dissociation barriers did not correlate with the position of the center of the local d-
band. An analysis of the electronic structure revealed that in fact changes in the Cu
sp-states are more important for the modification of the barriers at the defects than
changes in the Cu d-states. On the basis of our analysis we cannot exclude that there
is also an influence of the Cu sp-states on the trends found in our study. However, we
would expect that any influence of the sp-electrons would lead to a unique dependence
of adsorption energies and barriers on the substrate strain because of the delocalized
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nature of the sp-electrons. Since we do not find such an unique trend we do not believe
that the sp electrons are crucial for an understanding of our results.

As far as the oxygen-covered Cu(100) surface is concerned, we also find a decrease
in the dissociation barrier height with increasing lateral lattice constant, as Fig. 4.7
shows. However, since this trend is opposite to the one found for the clean Cu(100)
surface, this dependence can again be attributed to the increased distance between
hydrogen and oxygen upon lattice expansion which reduces the mutual repulsion.

4.4 Reactivity of hydrogen

According to the d-band model, a stronger atomic binding and smaller dissociation bar-
riers are expected on the expanded Cu surfaces. Nevertheless, as reviewed in Secs. 4.2
and 4.3, we find no general trend in the hydrogen-copper interaction energies as a
function of lattice strain. Depending on the surface orientation and the adsorption
site, hydrogen atomic adsorption energies increase, decrease or remain constant when
the lateral lattice constant is varied. In particular at Cu(100), atomic hydrogen ad-
sorption becomes weaker upon lattice expansion. The smaller atomic binding energies
of hydrogen on expanded Cu(100) also lead to a dissociation barrier that rises with
increasing lattice constant. An analysis of the underlying electronic structure reveals
that the d-band model is no longer necessarily appropriate when the local density of
states at the substrate atoms is strongly perturbed by the presence of the adsorbate
which occurs especially at low-coordinated adsorption sites.
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Figure 4.8: Change of the hydrogen adsorption energy and dissociation barrier and the
oxygen atomic and molecular adsorption energies as well as the transition state (TS) to
dissociation on Cu(111) as a function of the lattice constant. The data for oxygen are taken
from Ref. [131].
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Recent DFT calculations of atomic hydrogen adsorption on flat and stepped Ru(0001)
by Rogadóttir and Nørskov [126] also obtained a very small change in the adsorption
energy for different reactive sites. At the low-coordinated step edge sites the corre-
sponding d-band center is higher than for the flat surface. Nevertheless, the hydrogen
adsorption energy is only increased by 0.03 eV, while NH2 is stabilized by more than
1 eV. Apparently the d-band model is not fully applicable for hydrogen adsorption on
some metal surfaces.

In Fig. 4.8 we compare the change of the hydrogen adsorption energy and dissoci-
ation barrier with the oxygen atomic and molecular adsorption energies as well as the
transition state (TS) to dissociation on Cu(111) as a function of the lattice constant.
The oxygen data are taken from Ref. [131]. Note that in Ref. [131] a larger lattice
strain has been considered.

It is obvious that the atomic hydrogen adsorption energies on Cu(111) do not
follow the trend observed for oxygen on Cu(111). However, the change of the H2

dissociation barrier on Cu(111) caused by substrate strain, although somewhat smaller,
is comparable to the change in the oxygen-copper energetics which is in the order of
up to 0.2 eV for 5% change in the lattice constant. Thus our calculations confirm that
reaction rates on Cu surfaces could be substantially affected by lattice strain.

4.5 Reaction intermediates over stretched surface

The adsorption energies of the reaction intermediates in the partial oxidation of methanol
to formaldehyde on a stretched surface have been evaluated on pure Cu(110) for a lat-
eral lattice constant of 3.80 Å in a (2×2) supercell which corresponds to an expansion
by 4%. The molecular properties of various adsorbates on the unstrained and the
expanded substrate are listed in Table 4.5.

The methanol, methoxy and formaldehyde adsorption energies are all increased
by 0.03 eV upon the slab expansion. The adsorption geometry of each molecule is
not changed on the strained surface. A significant energy lowering is only found for
atomic oxygen adsorption. The overall energy lowering of methanol, methoxy and
formaldehyde is in agreement with the d-band model, but only for oxygen the substrate

Adsorbate Eads (eV) hCu−O (Å) dCu−O (Å)
/Cu(110)Lx

Config a3.64 a3.80 a3.64 a3.80 a3.64 a3.80
1
2
O2 pseudo fcc −2.46 −2.64 0.63 0.59 1.89 1.88

CH3OH Osb-Hhl −0.35 −0.37 1.84 1.84 2.34 2.36
CH3O step edge −2.98 −3.01 1.44 1.31 1.95 1.94
CH2O η1-phase −0.22 −0.25 1.71 1.66 2.16 2.15
OH pseudo fcc −3.49 −3.56 1.43 1.35 1.95 1.95

Table 4.4: Adsorption energies Eads and adsorption height hCu−O and distance to the
nearest Cu atom dCu−O of various adsorbates on unstrained and expanded Cu(110) surface
with lattice constants of 3.64 and 3.80 Å respectively.
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expansion has a sizable effect.
The binding energy of atomic oxygen at the pseudo fcc hollow site is increased by

0.18 eV on the stretched surface. This result is in agreement with the GGA-PW91
calculations by Yu and Mavrikakis [131]. The oxygen binding on strained Cu(111)
surface becomes stronger upon lattice expansion in the order of 0.1 eV per 0.1 Å. The
Cu(110) surface is more reactive than Cu(111), but the adsorption geometry of the
pseudo fcc hollow site is close to Cu(111). The oxygen adsorption geometry is just
slightly anisotropic and the substrate atoms are less coordinated. Thus the adsorption
energy gain is completely consistent with the result of Yu and Mavrikakis [131].

The hydrogen adsorption energy is almost independent of the slab expansion [161].
The hydrogen conversion to surface hydroxyl on the O-covered surface lowers the total
energy by 0.9 eV on the equilibrium Cu(110) surface. We note that the energy gain
upon OH formation is larger on the equilibrium surface than on the strained surface,
since the increase in the adsorption energy upon lattice expansion for oxygen is much
larger than for hydroxyl. Less strongly bound oxygen leads to a stronger O-H bonding.

The energy gain for the reaction intermediates on the (111) facets of the (110)
surface does not only depend on the d-band contribution but also on the adsorption
geometry. On Cu(100), the atomic oxygen adsorption energy is −2.80 eV where the
distance to the nearest Cu atom dCu−O is 2.01 Å. The corresponding adsorption energy
on Cu(110) is −2.46 eV. Surprisingly it is smaller than on Cu(100). The d-band model

predicts a higher reactivity for an open surface, as described in Fig. 4.2b, i.e. ε
Cu(100)
d <

ε
Cu(110)
d and thus the adsorption energy should be larger on Cu(110). Apparently, the

adsorption behavior of oxygen on Cu(110) is very similar to the one on Cu(111) because
of the comparable threefold adsorption geometries.

On the expanded (110) surface, the co-adsorption of methanol and atomic oxygen
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also leads to the spontaneous OH bond breaking of methanol. In contrast, we find no
dissociative adsorption pathway without dissociation barrier on the O/Cu(100) surface.
The surface intermediate states in the OH bond breaking are plotted in Fig. 4.9 with
respect to gas-phase methanol and oxygen. The attractive interaction between methoxy
and hydroxyl on Cu(110) which does not depend on the lattice expansion creates an
intermediate state that is distinctly different from the one on Cu(100).

As a result, ∆E is largest on the equilibrium Cu(110) substrate, caused by weakly
bound oxygen and the methoxy-hydroxyl attraction. Thus the OH bond breaking is
influenced not only by the electronic structure but also by the geometric structure. The
reactivity of the oxygen-covered surface, however, is mostly governed by the bonding
strength of the adsorbed atomic oxygen. Less tightly bound oxygen is more active for
the methanol decomposition.

Thus the binding strength of several adsorbates on the Cu/ZnO catalyst is en-
hanced on expanded metallic Cu island. At Cu(111), the change of the H2 dissociation
barrier upon lattice expansion was successfully explained within the d-band model.
The extension to the methanol decomposition will be discussed in the next chapter.





Chapter 5

Methanol reactions on Cu surfaces

The oxidation of methanol on surfaces has been studied in detail in experiment and the-
ory with the focus on Cu surfaces after the influential study of Wachs and Madix [12].
In this work details of the methanol oxidation were identified by performing tempera-
ture programmed desorption (TPD) experiments on oxygen-precovered Cu(110). The
reaction pathways determined by Wachs and Madix have proven their validity through
numerous successive experiments [81, 82, 84, 93, 111, 120, 122–125, 162–165]. There
were several attempts to reproduce the intermediate states and corresponding path-
ways theoretically [80, 85–88, 92], but these studies only focused on details of the
methanol-surface interaction. Hence the determination of reaction pathways including
coadsorbed oxygen represents an important contribution.

TDP experiments show that at low temperatures the methanol decomposition path
to methoxy is open in the presence of oxygen. It was believed that on clean Cu surfaces
the dehydrogenation of methanol is suppressed [12, 166, 167]. In contrast, methanol is
converted to methoxy with the help of surface oxygen through a Langmuir-Hinselwood
process [168, 169]. Secondary ion mass spectrometry (SIMS) experiments explicitly
show the combined increase of methoxy and hydroxyl on oxygen-covered Cu [125].
The methanol dehydrogenation process produces methoxy simultaneously decreasing
the amount of surface oxygen [170]. The removal of oxygen occurs via desorption in
the form of water,

2CH3OH(g) +
1

2
O

(g)
2 −→ 2CH3O

(a) + H2O
(g). (5.1)

Recent high resolution XPS experiments by Ammon et al. [170] provide a much more
detailed microscopic picture of the methanol dehydrogenation process. These spectra
show that the hydroxyl bond breaking is activated at 144 K on the clean surface. Fur-
thermore, small amounts of methanol are converted to formaldehyde above 220 K. In
fact, this result is in contradiction with early experiments by Sexton et al. [111], who
only found a physisorbed monolayer of methanol. However, the HRXPS data strongly
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suggest the possibility of a low activation barrier for OH bond breaking. Hence it is
very important point to understand at the same time the low reactivity of methanol
oxidation over the clean surface and the low activation barrier for hydroxyl bond break-
ing.

Adsorbed methoxy is the most abundant surface intermediate species during the
oxidation process. It is decomposed into formaldehyde and atomic hydrogen at 330-
400 K under low remaining oxygen coverage [12, 164]. Otherwise, if enough oxygen
is available, the channel for formate synthesis is open [171–173]. The CO2 production
channel in Eq. (3.2) follows the later reaction path. This means that it can be sup-
pressed by controlling the oxygen coverage on the surface. In this thesis, the considered
reactions will be restricted to the formation of formaldehyde, any further reaction of
formaldehyde will not be included.

The methoxy dehydrogenation to formaldehyde has been observed on clean Cu
surface. The experimentally determined activation energy of the CH bond breaking
on Cu(110) was 0.91-0.92 eV [163]. This experimental activation barrier was deter-
mined by heating up the system and measuring the peak temperature of formaldehyde
formation. It shows that the CH bond scission on the pure surface requires a large
activation energy of the order of 1.0 eV. The methoxy decomposition on the surface
can be simplified as

2CH3O
(a) −→ 2CH2O

(g) + H2
(g). (5.2)

On the oxygen precovered surface, the methanol oxidation is strongly promoted.
STM images of Leibsle et al. [120] of the oxygen precovered Cu(110) substrate demon-
strate that methoxy forms a stable c(2× 2) super structure building a zigzag chainlike
structure in [001] direction. The oxygen-covered islands and methoxy-covered islands
are well-segregated, and under methanol dosage the methoxy islands are observed to
grow at the expense of the oxygen islands. The formaldehyde formation was detected
via the disappearance of the c(2 × 2) methoxy islands along the [001] direction. Silva
et. al. demonstrated that further oxygen exposure promotes the synthesis of formalde-
hyde [124].

5.1 Clean surface reaction pathways

The initial steps of the methanol oxidation on clean copper surfaces proceed via OH
and CH bond scissions caused by the direct adsorbate-surface interactions as described
in Eq. (5.3),

CH3OH(g) −→ CH3O
(a) + H(a) −→ CH2O

(g) + 2H(a). (5.3)

It is assumed that the hydrogen atoms remain on the surface in the atomic adsorbate
state. Diffusion into the substrate and H2 desorption into the gas-phase are not taken
into account during this decomposition process. The hydrogen desorption barriers in
Table 4.3 are 0.84 eV and 0.78 eV on Cu(111) and Cu(100), respectively. On Cu(110),
a barrier lower than 0.8 eV is expected, however, still it is considerably large. Hence the
assumption of hydrogen remaining on the surface at low temperatures is energetically
reasonable. The observed hydrogen desorption above room temperature [12] is also
consistent with the DFT calculations.
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Figure 5.1: Energetics of the methanol interaction with Cu(100) as a function of the
methanol height hCu−O. All degrees of freedoms are fully relaxed except for the O z-
coordinate, which corresponds to the methanol height from surface atoms. dCu−O repre-
sents the distance between oxygen and the nearest Cu atom. Very close to the surface the
methanol hydroxyl bond breaks at hCu−O = 1.1 Å. The adsorption result on the clean surface
are plotted as stars.

Within a (2 × 2) surface unit cell, there is still a remaining repulsive interaction
between surface hydrogen and the reaction intermediates. On Cu(100), this repulsive
interaction due to the presence of a hydrogen concentration of θH = 0.25 is 0.3 eV for
methoxy at the hollow site with a coverage θCH3O = 0.25 and 0.57 eV for formaldehyde.
As far as the energetics along the reaction pathways reported in the following are
concerned, the dissociation barriers of each dehydrogenation steps determined by the
NEB method include the hydrogen-adsorbate repulsive interaction, but the energies of
the intermediate states are lowered by assuming an infinite separation of the species.
The energy difference between reactant and product states is denoted as follows

ER→P = Eproduct+H − Ereactant, (5.4)

where Eproduct+H is the sum of adsorption energies of atomic hydrogen and the product
molecule.

5.1.1 Hydroxyl bond breaking

The hydroxyl bond dissociation process on Cu(100) is illustrated in Fig. 5.1 as a
function of the methanol adsorption height hCu−O. The dash-dotted line represents
methanol with intact OH bond. The solid and the dotted lines represent methoxy
at bridge site and hollow site, respectively, coexisting with atomic hydrogen. The
methanol energy increases steeply upon approaching the surface, and very close to the
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Figure 5.2: Potential energy surface of methanol decomposition over Cu(100). The
methanol oxygen atom is confined to the hollow site which is the most favorite configu-
ration for methoxy on the clean surface. The activation barrier is 0.88 eV. Such a large
barrier shows that the hollow is not an active site for methanol decomposition.

surface the methanol hydroxyl bond breaks at hCu−O = 1.1 Å. The methoxy-hydrogen
system has two local minimum energy configurations. Methoxy on the bridge is more
stable than at the hollow site. And at the bridge site an earlier and lower dissociation
barrier is expected than at the hollow site. The activation energy can be estimated to
be around 0 eV compared to Eref .

In Fig. 5.1b, the distance from the nearest Cu atom to the methoxy oxygen atom
is plotted as a function of the adsorption height. The results for the approach of
methanol (dash-dotted line) are close to those for the co-adsorption of methoxy and
atomic hydrogen at the bridge site (solid line). It demonstrates that the energetically
favorable approach of methanol to the surface is found for the bridge site. In this
configuration, the dissociative barrier is determined only by the OH bond stretching.

For methoxy approaching the four fold hollow site, a high dissociation barrier is
found in the potential energy surface (PES) illustrated in Fig. 5.2. It shows that
the hydroxyl bond breaks 1.6 Å above the surface with a large dissociation barrier of
0.88 eV. An analysis of the methanol-surface interaction suggests that the cost mainly
comes from the methanol repulsion from surface. The methanol curve in Fig. 5.1a
demonstrates that methanol approaching the bridge site 1.6 Å away from the surface
only requires 0.2 eV, whereas at the hollow site there is 0.4 eV higher cost of 0.6 eV.

The exact barrier configuration can be better determined using the nudged elastic
band method (NEB). Thus a barrier height of 0.3 eV is obtained on Cu(100). The
transition state configuration corresponds to methanol on the bridge site with the
OH bond parallel to the surface as predicted by Fig. 5.1. After the dehydrogenation,
methoxy diffuses to the energetically preferred high symmetry site.

The transition state over Cu(110) surface is determined by the dimer method [77].



5.1 Clean surface reaction pathways 69

The OH bond becomes broken 1.38 Å above the surface at an O-H separation of 1.50 Å.
The barrier height is 0.38 eV with respect to Eref . Apparently the activation barrier
is higher than on the Cu(100) surface. The transition state is much closer to the
surface than the methoxy adsorption height. As a result, a high electronic density
is induced at the methanol. The higher barrier is attributed to the larger repulsion
between methanol and the substrate which requires an extra energy cost for the OH
bond breaking and leads to the high dissociation barrier.

The influence of the surface hydrogen concentration on the interaction energetics
can be estimated by comparing the results of Fig. 5.1 with the adsorption results on
the clean surface which are plotted as stars. The methoxy binding energy on the
clean surface increases by maximizing the distance to the nearest Cu atoms and the
coordination number. With hydrogen present, the bridge site is the most favorable
adsorption site, the height of methoxy is 1.46 Å. Hydrogen coadsorption weakens the
binding of methoxy and leads to a higher total energy of the system than for the
methanol physisorption state, i.e., the dissociation of methanol becomes endothermic
within an (2 × 2) surface unit cell. The detailed properties of methoxy under a high
coverage including coadsorbates are discussed in Sec. 3.4.

We can conclude that most of the energetic cost leading to the activation barrier for
dissociation is caused by the molecule-surface repulsion rather than the hydroxyl bond
stretching. The bridge site becomes the active site for the methanol decomposition due
to the lower energetic cost for the approach of methanol.

Interestingly, it has been reported by Chen and Masel [174] that the methanol de-
composition to formaldehyde is very active on clean Cu(210). The (210) surface is
already rather open with a step-like structure. Because of the low coordination of the
atoms directly at the surface, its reactivity should be high according to the d-band
model as illustrated in Fig. 4.2b. Hence the hydroxyl bond dissociation barrier on
Cu(210) is expected to be smaller than on the Cu(100) surface. On Cu(210), methoxy
and hydrogen can be efficiently separated after the breaking of the methanol OH bond.
This is the main difference to Cu(111), Cu(100) and Cu(110). Unfortunately, the sta-
bilization mechanism for methoxy and hydrogen on Cu(210) is not known from the
experiment. The TPD experiments of Chen and Masel, however, provide an expla-
nation for the high activity of Cu(210) for the methanol decomposition. The first
observed product is hydrogen at about 250 K [174]. On Cu(110), it is observed only at
336 K [12]. Since the hydrogen desorption requires only a small activation energy on
Cu(210), there is an easy removal of hydrogen atoms from the surface. The interme-
diate state can be assumed to be methoxy at the pseudo (110) long bridge or pseudo
(100) step edge site and hydrogen at the pseudo four fold hollow site. The DFT calcu-
lations for Cu(210) show that atomic hydrogen adsorption is endothermic (Fig. 4.3d).
Hence H2 desorption is energetically preferred. Thus H2 desorption is more likely than
the recombinative desorption of H and methoxy as methanol.

Experimentally, clean Cu is considered to be inactive for methanol decomposition to
formaldehyde [12]. The only exception is reported for Cu(210) by Chen and Masel [174].
But still the formaldehyde formation from methanol is observed on clean Cu by Ammon
et al. as illustrated in Fig. 5.3. This means that H2 desorption does occur on Cu, so
that the recombinative desorption of methoxy and hydrogen is blocked. Moreover, the
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Figure 5.3: HRXP spectra after adsorption of 7.5 L methanol on the pure Cu(110) surface
at 100 K (bottom-most spectra) and subsequent annealing to the indicated temperatures.
The data were recorded at a sample temperature of 95 K, the emission angle was 58◦ with
respect to the surface normal. (a) O 1s spectra hν = 650 eV, (b) C 1s spectra hν = 400 eV
(from [170]).

DFT calculations yield a low activation barrier for OH bond breaking. Therefore, we
focus on the fact that adsorbed methoxy is strongly influenced by hydrogen present on
the surface. The coadsorption of hydrogen and methoxy induces a strong repulsion.
After the breaking of the OH bond, the system lowers its total energy by maximizing
the distance between hydrogen and methoxy. For more methanol decomposed on the
surface, the hydrogen concentration will be increased. At low temperatures, hydrogen
will remain on the surface because H2 desorption is hindered. With methoxy and
hydrogen separated far from each other, methoxy can be found on the clean areas of
the surface (note the O 1s peak at 533.2 eV in Fig. 5.3). Well-isolated methoxy will be
decomposed into formaldehyde and atomic hydrogen at higher temperatures (note the
O 1s peak at 531 eV in Fig. 5.3). The amount of formaldehyde production is extremely
small, and it is sensitively influenced by the amount of initial methanol exposure. In
the next subsection, the CH bond scission on clean surfaces will be discussed in detail.
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5.1.2 CH bond breaking

The active configuration for the CH bond breaking process on the clean surface has
been assumed to correspond to a bending motion of the methyl group with keeping the
Cu-O bond length constant [12, 89]. We have studied various adsorption configurations
to find a suitable candidate for this active configuration. In Sec. 3.2, we found a meta-
stable methoxy configuration at the bridge site of Cu(100) and the short bridge site of
Cu(110), where the CO bond is tilted by ca. 30◦ with respect to the surface normal.
Similar local minimum configurations have been found on the hydrogen-covered sur-
faces. The DFT calculations predict the active configuration for the methoxy oxidation
to be slightly beside the bridge site. The reaction path determined by the NEB method
is in agreement with the expectations mentioned above. Methoxy shifts to the bridge
site and the CO bond starts bending. Then the CH bond extension occurs at this
tilted configuration. The reaction pathway of the methanol oxidation to the η2-phase
formaldehyde on clean Cu(100) is illustrated in Fig. 5.4.

The barrier height of the second oxidation step is 1.38 eV on Cu(100) and 1.44 eV
on Cu(110). GGA-PW91 (DACAPO) calculations of Greeley and Mavirikakis [85] for
Cu(111) found a barrier of 1.42 eV. DFT cluster calculation by Gomes et al. [86] pre-
dicted the barrier to be 1.80 eV for Cu(111). All these results are much larger than the
experimental value of 0.92 eV for Cu(110) [163] and 1.06 eV for Cu(111) [82]. There
might be several reasons for the discrepancy between theory and experiment. First,
we consider the effect of surface oxygen as discussed by Greeley and Mavrikakis. DFT
cluster calculations by Gomes et al. found a 0.12 eV lower methoxy decomposition
barrier caused by the presence of hydroxyl on the surface [86]. However, surface oxy-
gen is hardly active in the methoxy decomposition. According to the experiments, the
methoxy dehydrogenation is active at a low coverage of residual oxygen. We found that
the methyl group of methoxy interacts repulsively with surface oxygen, in agreement
with the experiment. The TPD study of Madix and Telford [163] revealed further
details of the surface adsorbates present after the first oxidation step. Residual oxygen
has not been detected. In addition, our calculations demonstrate that methoxy prefers
to be located at oxygen-free parts of the Cu surface. This suggests that the experimen-
tally measured barrier for methoxy decomposition corresponds to a clean Cu surface
configuration.

Secondly, the contribution of strain effects of the Cu substrate and of subsurface
oxygen to the methanol oxidation has been discussed for Cu/ZnO catalysts [175–177].
An upshift of the surface d-band center leads to a lowering of the activation energy
for ethylene dehydrogenation on various Pd overlayers [178]. The ethylene dissocia-
tion barrier decreased by 0.47 eV for a d-band center up-shift of 1 eV. Greeley and
Mavrikakis showed that the lattice strain induced d-band center shift lowered the ac-
tivation energy for O2 dissociation on Cu(111) by 0.15 eV for 4% expansion. However,
the lattice strain of the Cu/ZnO catalyst is below 1% [127]. Thus the contribution of
the lattice strain is expected to be below 0.1 eV for the real catalyst Cu/ZnO, and
therefore it cannot be considered as a dominant factor. Knop-Gericke et al. found
that a subsurface oxygen species only present under reaction condition promotes the
methanol synthesis. The oxygen species can be introduced through a surface recon-
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Figure 5.4: Reaction pathways from methanol to η2-phase formaldehyde on Cu(100) and
Cu(110). For the energetics it is assumed that the atomic hydrogen remains on the surface
at an infinite separation from the reaction intermediates.

struction by the high coverage of adsorbates. Oxygen-Cu surface clusters might provide
an efficient surface geometry for methanol oxidation. However, because of its complex-
ity subsurface oxygen structure have not been included in this work.

Thirdly, surface relaxations during the decomposition process might be important.
In the case of Cu, however, the surface distortion upon adsorption is not significant.
The calculations show that the methoxy induced surface relaxation lowers the total
energy by 70 meV, and chemisorbed formaldehyde (η2-phase) by 0.1 eV. These two
configurations lead to the largest surface distortion. Hence, the energy lowering dur-
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Figure 5.5: Reaction path of the methoxy oxidation on clean Cu(110) surface and its
correspoding CO bond length change. The dissociation barrier is estimated to be 1.44 eV. The
reaction coordinate denotes the sum of all ionic displacement. The geometric configuration
of the NEB images along the reaction path is illustrated in the lower panel.

ing the oxidation process due to relaxations is expected to be below 0.1 eV. Atomic
hydrogen induces almost no surface distortion.

In conclusion, we believe that the discrepancy between theory and experiment is
mainly due to a failure of the exchange-correlation functional. It is well-known that CH
bond scission barriers on metal surfaces are overestimated in GGA-DFT calculations.
The CH bond breaking energy of ethylene (C2H4) to vinyl (C2H3) on Pd(111) was
calculated to be 1.5 eV by GGA-PW91 (DACAPO) by Pallassana et al. [179], while
the experimental value is 0.65-0.75 eV on Pd(100) [180]. In methane (CH4) decom-
position on Ni, the GGA-PW91-derived dissociation barrier is 1.0 eV [160]. However,
molecular beam experiments found an activation energy in 0.65 eV on Ni(100) and
0.75 eV on Ni(111) (see Abbott et al. [181] and references therein). In contrast to
DFT-GGA, ab initio quantum chemistry methods obtain barrier height close to the
experimental results, 0.67 eV for Ni(100) [182] and 0.7 eV for Ni(111) [183]. Thus, an
overestimation of CH bond breaking barriers is obtained using DFT-GGA for several
organic molecules over various metal surfaces. Because of this overestimation, the CH
dissociation barriers determined by DFT-GGA can only be carefully interpreted in a
qualitative fashion.

The NEB calculations show that the barrier for the breaking of the CH bond is
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considerably high. On Cu(100), ER→P is larger than the dissociation barrier if ph-
ysisorbed formaldehyde is chosen as the product state. To avoid this problem, we
picked chemisorbed formaldehyde (η2-phase) as the product state. This leads to a
slightly smaller barrier height than on Cu(111). The CH bond breaking barrier on
Cu(110) surface is plotted in Fig. 5.5. The dissociation barrier of 1.44 eV is marginally
larger than on Cu(100) and on Cu(111). The transition state configuration implies
that on Cu(110) an extra repulsive interaction remains between the surface hydrogen
and formaldehyde after the CH bond breaking. The CH bond length of 2.28 Å at the
transition state is considerably larger than the value of 1.64 Å on Cu(111) [85].

The most abundant surface intermediate found in TPD experiments is methoxy [12].
This is caused by the fact that the methoxy to formaldehyde conversion is hindered by
a large activation barrier and that methoxy is very stable on the surface. The surface
temperature is not high enough for the conversion to formaldehyde, and methoxy re-
mains on the surface. From the results for the OH bond breaking we concluded that the
hydrogen concentration on the surface is strongly correlated with the methoxy stabil-
ity. On clean surfaces, only a low coverage of methoxy adsorbates can be stabilized. If
the methoxy adsorbates survive up to the reaction temperature of methoxy oxidation
(300-450 K), formaldehyde formation is induced. Considering the HRXP spectra of
Ammon et al., we note that a very weak formaldehyde peak is found on clean Cu(110)
in Fig. 5.3. The low rate of formaldehyde formation demonstrates that on clean surfaces
methoxy is hard to stabilize. Furthermore, it reflects that the separation of hydrogen
and methoxy is not efficient on clean Cu(110).

Finally we conclude that the formation of formaldehyde on pure Cu surfaces is
inactive because of the high CH bond dissociation barrier and the instability of the
methoxy adsorbate under a high concentration of co-adsorbed hydrogen. Thus the
efficiency of the formaldehyde formation depends mainly on the fact whether it is
possible to reduce the hydrogen concentration on the surface.

5.2 Oxidation on oxygen covered surface

The methanol oxidation rate is greatly promoted by the presence of oxygen on the
surface. Early experiments already mentioned the importance of oxygen [12]. So far,
we have obtained a detailed microscopic picture of the reaction on clean surfaces. It
suggests that reducing the surface hydrogen concentration leads to a high reactivity
for the formaldehyde formation. In this section, we focus on water desorption in the
low temperature regime as an efficient channel for hydrogen removal.

The methanol conversion to formaldehyde is maximal on various Cu surfaces for
an oxygen coverage of θO

∼= 1/4 [12, 82, 162]. TPD experiments show that surface
oxygen is removed from the surface as water after the first oxidation step. For lower
oxygen coverages, the methoxy formation and water desorption are dominant, and
for higher coverages methanol dehydrogenation is hindered. The second oxidation
step is promoted by the surface itself. If additional oxygen is offered, carbon dioxide
formation becomes possible. The reaction of methanol and adsorbed oxygen maintains
a 2:1 stoichiometry.
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STM images of O/Cu(110) [120, 123, 124] show well-segregated methoxy and oxygen
islands. The methoxy structure grows by removing (2 × 1) oxygen islands in the [001]
direction and forms a stable c(2 × 2) structure. The oxygen islands do not directly
support the methoxy oxidation step. The methoxy adsorbate structure remains stable
without further oxygen or hydrogen exposure because of the high CH bond dissociation
barrier.

5.2.1 Water desorption

The reaction path for the water desorption on O/Cu(110) proceeds through the fol-
lowing steps according to the DFT calculations:

CH3OH(g) + O(a) −→ CH3O
(a) + OH(a), (5.5)

CH3OH(g) + OH(a) −→ CH3O
c(2×2) + H2O

(g). (5.6)

The corresponding reaction pathway is illustrated in Fig. 5.6 including the energies
of the intermediate states. Water desorption via the formation of a c(2 × 2)CH3O
structure is strongly exothermic by 1.08 eV. It shows that water formation is an en-
ergetically preferred reaction. Microscopically, the methanol molecules are assumed
to sequentially approach the surface oxygen. The first methanol is attracted by the
negatively charged surface oxygen via the hydroxyl bond. The hydroxyl bond of the
first methanol spontaneously dissociates without any barrier. The second methanol
oxidation initiates the water desorption.

However, DFT calculations for methanol on OH/Cu(110) found no spontaneous
hydroxyl bond breaking of CH3OH. Methanol just showed a larger binding energy
than on the clean surface. Moreover, water desorption from the second methanol
hydroxyl bond breaking is slightly endothermic. The DFT calculations find a relatively
strongly bound physisorbed methanol precursor state coexisting with OH. A forced OH
bond scission creates a strongly interacting methoxy-water configuration. The water
desorption requires 1.03 eV from this methanol-hydroxyl configuration. This pathway
requires a large activation energy for the second methanol oxidation (lower path in
Fig. 5.6). Thus a detour with forming a c(2× 2)CH3O structure seems to be preferred
(upper path in Fig. 5.6).

First, the methoxy-water configuration was tested for a c(2×2)CH3O surface struc-
ture. This configuration showed almost no attraction. The energy gain because of
the attractive interaction of methoxy and water was compensated by the cost of the
methoxy structure distortion and the water molecule deformation. Thus the stability
of the c(2×2)CH3O structure clearly prevents the methanol synthesis induced by water
decomposition. The second methanol oxidation step, hence, can be considered to occur
through methoxy.

The water desorption leads to the removal of surface hydrogen which makes the
recombinative desorption of methanol impossible and thus promotes the further oxida-
tion of methoxy. However, the repulsion between adsorbed methanol and the surface
hydroxyl causes a large activation barrier for the water desorption (see the lower panel
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Figure 5.6: Reaction path of water desorption on O/Cu(110). The oxygen coverage corre-
sponds to θO = 0.25 and methanol was supplied with θCH3OH = 0.5. Thus the stoichiometry
is 2:1 for methanol and oxygen. The upper path describes the reaction of the c(2 × 2)CH3O
structure formation and the desorption of water. In the lower path, a separation between
methoxy and hydroxyl after the dissociative adsorption of the first methanol molecule is
assumed so that it then corresponds to the reaction of methanol with adsorbed hydroxyl.

of Fig. 5.6). Hence an alternative reaction path should be considered. On the clean sur-
face, the methanol OH bond breaking is hindered by a relatively small barrier. Hence
we can assume that methanol dissociates on a clean part of the Cu surfaces and then
the hydrogen atoms diffuse to an oxygen atom present some where else on the surface
leading to water formation and desorption. This scheme is illustrated in Fig. 5.7. It is
exothermic by 0.54 eV on Cu(100) and by 1.02 eV on Cu(110).

Interestingly, it turned out that the larger energy gain on Cu(110) is caused by the
less strongly bound surface oxygen which makes it more reactive. The water desorption
process illustrated in Fig. 5.7 is summarized in Eqs. (5.7) and (5.8).

O(a) + H(a) −→ OH(a) (5.7)

OH(a) + H(a) −→ H2O
(g) (5.8)

This shows that the indirect support of surface oxygen also leads to the same water
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desorption channel as the direct methanol-oxygen interacting scheme. The reverse wa-
ter gas shift (RWGS: H2 + CO2 −→ CO + H2O) reaction on Cu/ZnO/Al2O3 catalyst
is an important industrial process for the synthesis of methanol and methanol refor-
mation. Several experiments show that the concentration of oxygen on the surface is
effectively reduced by hydrogen adatoms [184, 185].

Taking into account the water desorption is necessary for a complete description of
the TPD and STM experiments at lower temperatures. Water desorption prevents the
recombination of methoxy and hydrogen to methanol, since the water desorption tem-
perature is lower the methoxy-hydrogen recombination temperature [167, 186]. More-
over, these considerations emphasize the important role of the methoxy super structure.
The next oxidation step, the CH bond breaking of methoxy, occurs on a clean surface
at higher surface temperatures.

The hydrogen diffusion after the methanol OH bond breaking by the clean surface
leads to an alternative indirect path for the removal of surface oxygen reduction by
water desorption. The presence of the water desorption channel explains why in the
experiments the oxygen islands on the surface are reduced gradually under methanol
dosage and also for high hydrogen concentrations. Both the indirect and the direct
interaction channels for surface oxygen can be summarized as

2CH3OH(g) + O(a) −→ 2CH3O
c(2×2) + H2O

(g). (5.9)

Sendner and Groß have simulated the TPD experiments of the methanol decompo-
sition on oxygen-covered Cu(110) using the kinetic Monte Carlo (KMC) method [187,
188]. In this simulation, the activation energies were taken from the DFT calcula-
tions presented in this thesis. However, in order to get the correct peak positions,
the methanol binding energy had to be increased and the methoxy dehydrogenation
barrier had to be reduced, as already discussed in Secs. 3.2 and 5.1.2. Figure 5.8 shows
an comparison between the experimental and theoretical TPD spectra. There is a
semi-quantitative agreement between the spectra. Still the calculated low-temperature
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peaks of water and methanol desorption are too narrow. This is caused by the fact that
the lateral interaction between these adsorbates was not included in the simulations.
Overall, however, the comparison demonstrates that the methanol oxidation process is
qualitatively well-described by the DFT calculations.

5.2.2 CH bond breaking and reaction products

The oxidation of the methoxy in the c(2 × 2) structure corresponds to methoxy dehy-
drogenation on a clean Cu surface. The TPD experiments show that the formaldehyde
formation peak is at a temperature of 350 K [163]. The species desorbing at higher
temperatures are hydrogen, formaldehyde and methanol. These products come from
the direct CH bond scission. The temperature of formaldehyde formation is higher than
the one for hydrogen desorption, therefore the surface hydrogen formed in the CH bond
scission desorbs according to Eq. (5.2). An alternative path is the methoxy-hydrogen
recombination according to

2CH3O
c(2×2) −→ CH3OH(g) + CH2O

(g) (5.10)

Several experiments have been performed addressing the codosing methanol and
oxygen on Cu(110) [123, 172, 173, 189]. By controlling the stoichiometry of the reac-
tants the selectivity of the reaction can be changed. According to the reaction schemes
(5.2) and (5.10), the reaction products are recombined methanol, molecular hydro-
gen and formaldehyde. All these products are observed in TPD experiments in the
300-420 K temperature range. Although these reactions require a high energy, they
become possible once the surface hydrogen is removed because this makes the direct
recombinative methanol desorption impossible.
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Figure 5.8: Comparison of (a) a measured [12] and (b) a calculated [187, 188] TPD spectrum
for the methanol decomposition on oxygen-covered Cu(110). The theoretical TPD spectrum
is simulated using the kinetic Monte Carlo method with the activation barriers Ea derived
from the DFT calculations presented in this thesis.
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CH bond scission on pure Cu(110) and (2×1)O/Cu(110). The activation energy for the C-H
bond breaking is smaller on O/Cu(110) than on the clean surface.

STM experiments have shown that the methoxy superstructure disappears upon
continuing oxygen exposure [124]. A shrinkage of the zigzag chains and a reduction of
the c(2 × 2) island in [001] direction were found. This demonstrates that the stability
of the methoxy structure is weakened by further oxygen adsorption. Note that the co-
adsorption of methoxy and oxygen leads to a repulsive interaction. Thus the further
exposed oxygen does not support direct CH bond breaking and does not form hydroxyl.

In Sec. 3.4, it was shown that the c(2 × 2) structure becomes unstable by oxygen
poisoning. Even though surface oxygen induces a strong repulsion within methoxy
structure, further oxygen adsorption into the methoxy super structure is still possible.
Oxygen poisoning with θO = 0.25 ML coverage reduces the stability of the methoxy
super structure by 0.71 eV, a θO = 0.5 ML coverage even by 1.66 eV.

Formaldehyde formation through the C-H bond breaking of methoxy was studied
on a (2×1)O surface. The oxygen induced “added row” reconstruction of the Cu(110)
substrate is not considered. The methoxy coverage was θCH3O = 0.25 with the methoxy
radicals located between the oxygen rows to reflect the STM experiments which found
that the methoxy structure is reduced in the [001] direction by oxygen exposure. The
energy difference E2nd

R→P changes to 1.13 eV on the oxygen covered surface from 1.20 eV
on the clean surface. Both product and reactant states experiences an overall energetic
shift, because both atomic hydrogen and methoxy are repelled from the oxygen on the
surface.

The CH dissociation barrier on the oxygen covered surface is 1.30 eV. It is 0.14 eV
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lower than on the clean surface. This barrier height lowering by oxygen is similar to
the effect of surface hydroxyl [86]. In Fig. 5.9, the reaction pathway of the C-H bond
dissociation on clean and (2 × 1)O covered Cu(110) is shown as a function of the C-H
bond length. Methoxy is slightly less strongly bound on the O-covered surface.

The CO bond length change upon the C-H bond stretching shows a similar trend
on both surfaces. The same trend was found for the Cu-O distance dCu−O. On the
clean surface, the energy rises rapidly for small CH bond expansion. In this step,
the dominant methoxy motion is the CO bond bending. As shown in Fig. 5.5, the
energy varies smoothly around the minimum. The energy on the oxygen-covered surface
reaches its final value much earlier. This demonstrates that the bending motion of the
CO bond is much smoother on the oxygen-covered surface. However, the absolute value
is higher, since methoxy is more weakly bound on the oxygen-covered surface.

The presence of oxygen on the surface makes methoxy less stable and thus also
leads to a lowering of the barrier height for methoxy oxidation. The fact that methoxy
was observed in STM experiments to vanish upon continuing oxygen supply [124] can
be explained by this poisoning effect. On oxygen-rich surfaces, the further oxida-
tion of formaldehyde is observed [171–173]. According to our results the η1-phase of
formaldehyde (see table 3.4) should be the most active species. This oxidation pro-
ceeds through formaldehyde intermediates and CO2 desorption. However, these further
oxidation steps are not considered in this thesis.
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Conclusions

We have studied the microscopic reaction steps in the partial oxidation of methanol
to formaldehyde on various Cu surfaces with and without the presence of oxygen by
performing electronic structure calculations based on density functional theory. The
energetics of the reaction pathways and of the reaction intermediates have been deter-
mined in detail.

As a first step, in Chap. 3 we have determined the energy minimum configurations
of methanol, methoxy and formaldehyde. Physisorbed methanol and formaldehyde are
weakly bound to Cu surfaces at a large distance from the upper-most Cu layer. In
contrast, the methoxy radical interacts strongly with the Cu surface via its oxygen
atom. Methoxy prefers to be adsorbed at high-coordination sites on Cu.

Furthermore, we have found a chemisorbed configuration for formaldehyde. This
configuration has not been identified in experiment and theory before for Cu surfaces.
In this η2-phase, formaldehyde binds directly to the Cu atoms via both its carbon and
oxygen atoms. There is a strong attraction to the surface for this species, but most
of the energy gain is compensated by the cost of the deformation of the chemisorbed
formaldehyde. As a result, the η2-phase formaldehyde has a relatively small binding
energy of about 0.7 eV. The chemisorbed formaldehyde species is expected to play an
important role in the further oxidation of methanol.

Various co-adsorption systems with different coverages have been tested as possible
reaction intermediates. Methoxy experiences a large repulsive interaction with co-
adsorbed hydrogen or oxygen. It forms a dense layer on Cu, excluding other adsorbed
species. The most stable methoxy structure is c(2 × 2)CH3O/Cu(110) with methoxy
located at the pseudo (111) step edge sites.

Possible strain effects in real catalysts are addressed by slab calculations with dif-
ferent lateral lattice constants. In Chap. 4, the reactivity of Cu substrates are analyzed
in terms of the d-band model. Hydrogen adsorption has been considered in detail as a
benchmark system. The calculations show that the reactivity of Cu can be described
by the d-band model, but at some sites no clear trend of the adsorption energy as
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a function of the lattice strain has been found. Additional calculations for reaction
intermediates clearly show an enhanced reactivity of the stretched surface. However,
the gain in adsorption energy for methanol, methoxy and formaldehyde is modest. A
considerable change was only found for oxygen. The activity of real catalyst seems to
be dominantly controlled by the oxygen exposure.

In Chap. 5, the reaction pathways are determined in terms of intermediate state
energies and activation barriers. Methanol oxidation on clean Cu surfaces is believed to
be inactive. However, recent HRXPS experiment by Ammon et al. revealed that a con-
siderable amount of methanol is decomposed on clean Cu(110), while the formaldehyde
formation rate is extremely low. More interestingly, on clean Cu(210) formaldehyde
synthesis is very active. Various calculations for the O-H bond breaking of methanol
show that the activation barrier is rather small, e.g. only 0.15 eV on Cu(100). The
further reaction to formaldehyde is hindered by a large CH bond breaking barrier.
The calculations show that methoxy will be preferentially recombine with surface hy-
drogen, since the hydroxyl bond reconstruction is only hindered by a small barrier.
On the other hand, the high H2 desorption and CH bond breaking barriers prevent
the methoxy decomposition. The low reactivity of pure Cu for methanol oxidation is
caused by these two barriers.

The high activity for formaldehyde formation on oxygen-covered Cu surfaces can
be explained by the efficient removal of surface hydrogen in the form of water. The
RWGS process reduces the surface hydrogen concentration. On clean Cu, methoxy is
very stable over a long time. The decay to formaldehyde occurs at higher temperatures
without the direct influence of surface oxygen. Hence, oxygen is an efficient agent for
methanol oxidation mainly by removing surface hydrogen.

For the second oxidation step, oxygen does not promote the CH bond breaking di-
rectly. The methyl group and surface oxygen interact repulsively and the TPD spectra
show no water desorption between 330 and 400 K. Thus we know that there is no direct
promotion of the second oxidation step by oxygen. However, recent STM experiment
show that continuing oxygen exposure leads to the removal of adsorbed methoxy from
the surface. The oxygen exposure makes the methoxy adsorbates unstable. It facili-
tates the methoxy bending motion and causes a lower activation barrier for the C-H
bond breaking. Further oxygen exposure also induces a strong binding of the η1-phase
formaldehyde which is an intermediate state for the CO2 formation.

In the DFT calculations the CH bond breaking barrier is overestimated by 0.5 eV
compared to the experiment. Although a direct comparion between experiment and
theory is not easy, still there remains a considerable mismatch between experiment and
theory. It turns out that GGA overestimates the energy barrier for CH bond breaking
for several systems. Therefore, the calculated barrier height can only be very carefully
interpreted in a qualitative fashion.

In conclusion, the catalytic activity of Cu-based catalysts for methanol oxidation
depends crucially on the fact how easily hydrogen atoms can be removed from the
surface. On clean and oxygen-covered Cu surfaces hydrogen desorption is hindered by
larger activation barrier than the methanol recombinative desorption. Tensile strain of
the substrate lowers the desorption barrier but hydrogen adsorption energies are hardly
affected. The presence of oxygen on the surface leads to hydrogen removal via water



83

desorption. The activity of oxygen-covered Cu surfaces depends on the metal-oxygen
interaction strength with more weakly bound oxygen being more reactive. In addition,
the surface geometry plays an important role. Stepped surfaces often show a higher
catalytic activity. Finally, the selectivity for CO and CO2 formation can be controlled
by oxygen exposure.
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