
Hydrogen dissociation on metal surfaces
Wijzenbroek, M.

Citation
Wijzenbroek, M. (2016, June 2). Hydrogen dissociation on metal surfaces. Retrieved from
https://hdl.handle.net/1887/39935
 
Version: Not Applicable (or Unknown)

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/39935
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/39935


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/39935 holds various files of this Leiden University 
dissertation 
 
Author: Wijzenbroek, Mark 

Title: Hydrogen dissociation on metal surfaces 
Issue Date: 2016-06-02 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/39935


Hydrogen dissociation on
metal surfaces

PROEFSCHRIFT

ter verkrijging van
de graad van Doctor aan de Universiteit Leiden,

op gezag van Rector Magnificus prof. mr. C. J. J. M. Stolker,
volgens besluit van het College voor Promoties

te verdedigen op donderdag 2 juni 2016
klokke 10:00 uur

door

Mark Wijzenbroek
geboren te Vlaardingen in 1988



Promotiecommissie
Promotor: prof. dr. G. J. Kroes
Overige leden: prof. dr. J. Brouwer

prof. dr. M. T. M. Koper
prof. dr. J. G. E. M. Fraaije
prof. dr. A. Groß (Universität Ulm)
dr. C. Díaz (Universidad Autónoma de Madrid)
dr. L. B. F. Juurlink
dr. J. Meyer

The research described in this thesis was performed at the theoretical
chemistry group of the Leiden Institute of Chemistry (Einsteinweg 55,
2333 CC, Leiden). This work was supported financially by the divi-
sion Chemische Wetenschappen of the Nederlandse organisatie voor
Wetenschappelijk Onderzoek (NWO-CW) and with computer time
granted by the Physical Sciences division of NWO (NWO-EW). This
work is part of the programme of BiG Grid, the Dutch e-Science Grid,
which is financially supported by the Nederlandse Organisatie voor
Wetenschappelijk Onderzoek (Netherlands Organisation for Scientific
Research, NWO).



Contents

v List of acronyms

vii List of symbols

1 chapter 1
Introduction

1.1 Reactions of molecules on surfaces 2
1.2 Scattering of hydrogen from metal surfaces 4

The hydrogen molecule 5 • Hydrogen interacting with a surface
6 • Approximations and challenges 9

1.3 Scope and aim of this thesis 11
1.4 Main results 12
1.5 Outlook 16

References 19

25 chapter 2
Theory

2.1 Potential energy surfaces 26
Corrugation reducing procedure 26 • Symmetry-adapted inter-
polation 27

2.2 Density functional theory 31
The exchange–correlation functional 33 • Periodic DFT using a
plane wave basis set 37

2.3 Quasi-classical dynamics 37
Initial conditions 38 • Propagation 38 • Analysis 39

2.4 Quantum dynamics 40
2.5 Computation of observables 41

Initial state-resolved reaction probability 41 • Rotational quad-

i



Contents

rupole alignment 41 • Molecular beam sticking probabilities
42 • Vibrational efficacy 43 • Diffraction probabilities 44

References 44

51 chapter 3
Static surface temperature effects on the dissociation of H2
and D2 on Cu(111)

3.1 Introduction 52
3.2 Static corrugation model 55

Model overview 56 • Method 57 • Computational details 62

3.3 Results and discussion 63
1D correction function 64 • Initial state-resolved reaction prob-
ability 66 • Rotational quadrupole alignment parameter 81 •
Molecular beams 84

3.4 Conclusions 86
References 88

95 chapter 4
The effect of the exchange–correlation functional on H2
dissociation on Ru(0001)

4.1 Introduction 96
4.2 Theory 100

Dynamical model 100 • Construction of potential energy sur-
faces 102 • Calculation of observables 104 • Computational de-
tails 105

4.3 Results and discussion 107
Potential energy surfaces 107 • Initial state-resolved reaction
and rotational quadrupole alignment 116 • Molecular beam
sticking 120 • Scattering and reaction at off-normal incidence 123

4.4 Conclusions 130
References 132

141 chapter 5
Towards a specific reaction parameter density functional
for reactive scattering of H2 from Pd(111)

5.1 Introduction 142
5.2 Methods 146

Born–Oppenheimer static surface model 146 • Electronic struc-
ture method 147 • PES interpolation 148 • Dynamics methods
149 • Computation of observables 149 • Computational details

ii



Contents

150

5.3 Results and discussion 152
Potential energy surface 152 • Molecular beam sticking prob-
abilities 156 • Initial state-resolved reaction probabilities 160 •
Comparison to experiment and outlook 162

5.4 Summary and conclusions 166
References 167

175 chapter 6
Performance of a non-local van der Waals density func-
tional on the dissociation of H2 on metal surfaces

6.1 Introduction 176
6.2 Theory 181

Dynamical model 181 • Construction of potential energy sur-
faces 182 • Computational details 184

6.3 Results and discussion 185
Potential energy surfaces and barrier heights 185 • Molecular
beam sticking 191 • State-resolved reaction probability and ro-
tational quadrupole alignment 192 • The effect of changing the
exchange and the correlation functionals separately 197

6.4 Conclusions and outlook 199
References 201

209 chapter 7
Ab initio molecular dynamics study of D2 dissociation on
CO-precovered Ru(0001)

7.1 Introduction 210
7.2 Methods 213

Dynamical model 213 • Initial and analysis conditions 216 •
Computational details 217

7.3 Results and discussion 218
Properties and dynamics of the CO-covered surface 218 • The
molecule–surface interaction 221 • Reaction probability and en-
ergy exchange 225

7.4 Conclusions 234
References 236

243 Samenvatting

iii



Contents

249 Curriculum vitae

251 List of publications

iv



List of acronyms

AIMD ab initio molecular dynamics.

BOSS Born–Oppenheimer static surface.
BtH bridge-to-hollow.

CRP corrugation reducing procedure.
CT classical trajectory.

DFT density functional theory.
DVR discrete variable representation.
DW Debye–Waller.

FBR finite base representation.
FCC face-centered cubic.
FFT fast Fourier transform.

GGA generalized gradient approximation.

HCP hexagonal close packed.
HEG homogeneous electron gas.

LDA local density approximation.

meta-GGA meta-generalized gradient approximation.
ML monolayer.
MSO modified surface oscillator.

v



List of acronyms

NEB nudged elastic band.

PAW projector augmented wave.
PES potential energy surface.

QCT quasi-classical trajectory.
QD quantum dynamics.

RMSE root mean square error.

SCM static corrugation model.
SM surface mass.
SO surface oscillator.
SRP specific reaction parameter.

TD-DFT time-dependent density functional theory.
TDWP time-dependent wave packet.
TOF time-of-flight.
TtB top-to-bridge.

USPP ultrasoft pseudopotential.

XC exchange–correlation.

ZPE zero-point energy.

vi



List of symbols

Coordinates of a diatomic molecule
𝑈 Lateral position of the center of mass of a diatomic

molecule with respect to the surface (skewed coordin-
ates).

𝑉 Lateral position of the center of mass of a diatomic
molecule with respect to the surface (skewed coordin-
ates).

𝑋 Lateral position of the center of mass of a diatomic mo-
lecule with respect to the surface (Cartesian coordin-
ates).

𝑌 Lateral position of the center of mass of a diatomic mo-
lecule with respect to the surface (Cartesian coordin-
ates).

𝑍 Distance of the center of mass of a diatomic molecule
to the surface.

𝜑 Azimuthal angle of a diatomic molecule.
𝜗 Polar angle of a diatomic molecule.
⃗𝑟 Collection of 𝑈, 𝑉, 𝑍, 𝑟, 𝜗, 𝜑.

𝑟 Bond length of a diatomic molecule.

Coordinates of an atom
⃗𝜌 Collection of 𝑢, 𝑣, 𝑧.

𝑢 Lateral position of an atom with respect to the surface
(skewed coordinates).

vii



List of symbols

𝑣 Lateral position of an atom with respect to the surface
(skewed coordinates).

𝑧 Distance of an atom to the surface.

Corrugation reducing procedure
𝐼3D Three-dimensional interpolation function.
𝐼6D Six-dimensional interpolation function.
𝑉1D Repulsive pair potential used for the calculation of

𝐼3D.
𝑉3D Three-dimensional potential energy surface.
𝑉6D Six-dimensional potential energy surface.

Density functional theory
𝐸XC Exchange–correlation functional.
𝑉H Hartree potential.
𝑉KS Kohn–Sham potential.
𝑉XC Exchange–correlation potential.
𝑉ext External potential.
𝜖C Correlation energy per particle.
𝜖XC Exchange–correlation energy per particle.
𝜖X Exchange energy per particle.
𝑛 Electron density.

Geometry of the surface
⃗𝑞id Collection of all surfaces degrees of freedom for an

ideal surface.
⃗𝑞 Collection of all surface degrees of freedom.

𝑑𝑎−𝑏 Distance between layers 𝑎 and 𝑏.

Initial conditions
𝐸⊥ Perpendicular translational energy of a molecule.
𝐸rot Rotational energy of a molecule.
𝐸trans Translational energy of a molecule.
𝐸vib Vibrational energy of a molecule.

viii



List of symbols

𝐸∥ Parallel translational energy of a molecule.
𝐿 Magnitude of the angular momentum vector.
𝑇n Nozzle temperature.
𝑇rot Rotational temperature.
𝑇s Surface temperature.
𝛼 Width of the velocity distribution of a molecular

beam.
𝜑𝑖 Angle of incidence of the molecule (angle between the

projection of the velocity vector on the (𝑈, 𝑉) plane
and the 𝑈 axis).

𝜗𝐿 Angle between the angular momentum vector and
the surface normal.

𝜗𝑖 Angle of incidence of the molecule (angle between the
velocity vector and the surface normal).

𝑣0 Stream velocity of a molecular beam.
𝑣𝑖 Incident velocity of a molecule.

Observables
𝐴(2)

0 Rotational quadrupole alignment parameter.
𝑃deg Degeneracy averaged initial state-resolved reaction

probability.
𝑃scat State-to-state scattering probability.
𝑃𝑟 Fully initial state-resolved reaction probability.
𝜒𝜈 Vibrational efficacy.

Physical constants
𝑘𝐵 Boltzmann constant.
ℏ Reduced Planck constant.

Properties of the potential
𝐸𝑏 Height of a barrier.
𝑍𝑏 𝑍 coordinate at a barrier.
𝜉 Energetic corrugation.
𝑟𝑏 𝑟 coordinate at a barrier.

ix



List of symbols

Quantum numbers
𝐽′ Final rotational quantum number of a diatomic mo-

lecule.
𝐽 Initial rotational quantum number of a diatomic mo-

lecule.
𝜈′ Final vibrational quantum number of a diatomic mo-

lecule.
𝜈 Initial vibrational quantum number of a diatomic mo-

lecule.
𝑚′

𝐽 Final magnetic rotational quantum number of a diat-
omic molecule.

𝑚𝐽 Initial magnetic rotational quantum number of a diat-
omic molecule.

𝑚 A diffraction quantum number of a diatomic mo-
lecule interacting with a surface.

𝑛 A diffraction quantum number of a diatomic mo-
lecule interacting with a surface.

Reaction probability curve parameters
𝐴 Saturation value of a reaction probability curve.
𝐸0 Dynamical barrier height.
𝑊 Width of a reaction probability curve.

Static corrugation model
𝑉coup Coupling potential.
𝑉strain Strain potential.

x


