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1. INTRODUCTION

1.1  Reactions of molecules on surfaces

A large number of processes in chemistry and physics, both in everyday
life and in industry, occur at a surface. Atoms and molecules can inter-
act with a surface, but also light and heat can. Well known examples
of surface chemistry in everyday life are for example the rusting (oxida-
tion) of metals and the conversion of toxic exhaust gases of a car into less
harmful gases. An example from physics is the transfer of heat through

AALIVHD

a surface, which is noticeable in everyday life by the air inside a house

cooling down on a cold day, but also by a lake freezing over, which
starts at the water—air surface and then continues downward.

Processes occurring at surfaces are also heavily used in industry.
Probably the most famous industrial process making use of surface
chemistry is the Haber—Bosch process,*

N, +3H, == 2NHj3;, (1.1)

the process in which ammonia is synthesized, an important chemical
in the production of fertilisers, which are needed in order to produce
food for the world population. Another example of such a reaction is
the methane steam reforming process,>

CH4 + HzO — 3 Hz + CO, (1.2)

which is currently the most used method to produce hydrogen, for ex-
ample for use in fuel cells.

In both of these processes, the metal surface acts as a catalyst, which
lowers the barrier to reaction. The gas reactants such as N, or CHy are
passed over the solid catalyst, on which they are then adsorbed and the
reaction can then take place. For the Haber—Bosch process, commonly
iron- or ruthenium-based catalysts are used, whereas for the methane
steam reforming process commonly nickel-based catalysts are used.

Clearly, processes occurring at surfaces are important and it should
therefore not come as a surprise that such processes are well stud-
ied, both from an experimental and a theoretical perspective. Many
such processes are however rather complex. Often surfaces are not
well-defined or rather rough, or the surface is polluted with atoms or
molecules that had already been adsorbed on the surface, thus making
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Ficure 1.1 Different mechanisms for molecule-surface reactions: (a) dissoci-
ative chemisorption, (b) abstraction, (c) molecular adsorption, (d) Langmuir—
Hinshelwood, (e) Eley—Rideal and (f) the hot-atom mechanism.
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it unclear what causes a particular process to occur. It is even possible
that such pre-adsorbed particles block a particular process from oc-
curring. Often therefore well-defined surfaces are used, and a large
number of studies in the field of surface science consider clean, single
crystal-cut surfaces. This reduces the complexity of the system con-
siderably and makes it possible to understand, at the very least in a
qualitative way, processes at surfaces.

Research on molecule-surface reactions has revealed various mech-
anisms, the most common mechanisms being shown in figure 1.1. Be-
fore any chemistry can occur on a surface, first the surface needs to be
covered with some reactant, i.e., atoms or molecules. The way to achieve
this is by adsorbing this reactant on the surface. In figure 1.1(a) to (c),
three mechanisms are shown for a molecule being adsorbed to the sur-
face: dissociative chemisorption (a), in which a bond of the incoming
molecule is broken and both fragments are adsorbed to the surface; ab-
straction (b), in which a bond of the incoming molecule is also broken
but only one fragment is adsorbed to the surface while the other frag-
ment bounces back into the gas phase; and molecular adsorption (c),
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in which the molecule is adsorbed onto the surface as a whole, and no
bond in the molecule is broken, either by chemisorption or physisorp-
tion.

It is also possible for molecules to combine with a fragment that is
adsorbed on the surface and then dissociate. Three such mechanisms
are shown in figure 1.1(d) to (f): Langmuir-Hinshelwood (d), in which
two fragments that are adsorbed on the surface meet each other, form a
new bond and dissociate; Eley-Rideal (e), in which a fragment coming
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in from the gas phase collides with an adsorbed fragment to form a new

bond and the molecule formed in this way desorbs; and the hot-atom
mechanism (f), in which a fragment from the gas phase collides with
a surface, makes several bounces while it is not yet equilibrated with
the surface, after which it collides with another adsorbed fragment on
the surface, forming a new bond with this fragment, and the molecule
formed in this way desorbs.

Of particular interest is the dissociative chemisorption mechanism,
which is in many applications of molecule—surface reactions an element-
ary step in the reaction and can even be the rate-limiting step: for ex-
ample, in the Haber—Bosch process, both N, and H, need to dissoci-
ate on the metal surface, and in this process N, dissociation is the rate-
limiting step.3

1.2 Scattering of hydrogen from metal surfaces

As discussed above, an important step in many applications of molecule—
surface reactions is the adsorption of (small) molecules on a metal sur-
face. Understanding the scattering and adsorption of molecules on
a surface is therefore often the first step to be studied for a chemical
reaction occurring at a surface. An example of such a reaction is the
scattering and adsorption of hydrogen molecules on a metal surface.
The scattering and adsorption of hydrogen molecules on a metal sur-
face is a particularly interesting system to study. This is due to several
reasons. A hydrogen molecule is a homonuclear diatomic molecule and
thus it is the simplest system which can undergo dissociative chemisorp-
tion. Additionally, both thermal surface atom displacements due to
phonons and electron-hole pair excitations, which can in principle oc-
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cur, are expected to have a small effect on the dissociation of hydrogen
on a metal surface.# For a discussion of these effects, and a detailed over-
view of theoretical results on H, dissociation on and scattering from
metal surfaces, the reader is also referred to reviews on these topics,
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such as references 4—7.

For H, dissociation on Pt(111), it has been argued that electron-hole
pair excitations should not play a large role in such a process.® For H,
dissociation on Cu(111),%'° Cu(110)"* and Ru(o001)'* dynamical calcu-
lations have been performed in which non-adiabatic effects have been
taken into account using electronic friction methods. No large non-
adiabatic effects have been found in these calculations, suggesting that
electron-hole pair excitations do not play a large role. Furthermore, for
activated systems, the amount of energy exchanged between H, and the
surface is not expected to be large,'>'4 due to the large mass mismatch
between the H, molecule and a surface atom.5°

CHAPTER

By making these approximations it becomes computationally feas-
ible to represent the potential energy surface (PES), as it only has six
dimensions, as well as to perform many (quasi-)classical trajectory and
quantum dynamics* calculations. This allows, for example, the effect
the used electronic structure method has on the PES and through that
on dynamical properties to be investigated.

1.2.1 The hydrogen molecule

Before the case of a hydrogen molecule interacting with a metal sur-
face can be discussed, first the hydrogen molecule itself needs to be dis-
cussed. The hydrogen molecule is the simplest and lightest diatomic
molecule (two electrons) that can be considered. A diatomic molecule
in general has six degrees of freedom. Applying the rules of quantum
mechanics to a diatomic molecule has several consequences. The vibra-
tional motion (associated with one degree of freedom) of the molecule
is quantised and is represented by the quantum number v and has a par-
ticular vibrational zero-point energy (ZPE). The rotational motion (as-
sociated with two degrees of freedom) of the molecule is also quantised
and is represented by the quantum numbers | and m; (see figure 1.2).
Translational motion (given by the three remaining degrees of freedom)
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Q90000

Ficure 1.2 The angular momentum vector ] of the hydrogen molecule to-
gether with its projection (1) on the surface normal (Z), and the definition of
its angular momentum quantum number J.

is not quantised in the gas phase. The molecule can therefore have any
amount of initial translational energy (E.,,s) with any arbitrary incid-
ence direction.

1.2.2 Hydrogen interacting with a surface

When a hydrogen molecule approaches a surface, the PES becomes
more complicated due to the interaction of H, with the metal surface.
If the surface is considered to be frozen, the PES will depend on the six
degrees of freedom of the H, molecule. As the molecule approaches
the surface, the bond will stretch and, if enough energy is present, the
molecule may overcome the barrier to dissociation, and as a result two
individual H atoms are adsorbed on the surface. If not enough energy
is present in the H, molecule to overcome the barrier to dissociation,
it may scatter back or it may stick on the surface without the molecule
dissociating.

In any collision of a molecule with a surface, energy can be redistrib-
uted over the molecule from one degree of freedom to another, or the
molecule can lose energy to the surface. In figure 1.3 these possibilities
are shown for scattering of a diatomic molecule from a metal surface.
In principle, any combination of these processes can occur when a mo-
lecule scatters on a metal surface. If no energy is rearranged over the
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Ficure 1.3 Scattering of a diatomic molecule on a metal surface: (a) elastic scat-
tering, (b) vibrationally inelastic scattering, (c) rotationally inelastic scattering,
(d) diffraction and (e) excitation of phonons.
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molecular degrees of freedom, it is called elastic scattering (a). If energy
is transferred into the vibrational or rotational degrees of freedom of the
H, molecule, it is called vibrational inelastic scattering (b) or rotational
inelastic scattering (c), respectively. Near a surface the momentum par-
allel to the surface can only change in discrete amounts due to the peri-
odic nature of such a surface. This process is called diffraction or dif-
fractive scattering (d). The associated quantum numbers are n and m,
and the diffraction quanta are given by Ak, = 27r/L, and Aky =2n/L,,
respectively, with L, and L, the lengths of the surface unit cell. Finally,
the molecule may also excite surface degrees of freedom, i.e., phonons
(e) and electron-hole pairs. It is noted that due to the quantisation of
rotational, vibrational and parallel motion of the H, molecule, energy
transfer from or into these degrees of freedom may only correspond to
full energy quanta. For motion perpendicular to the surface, however,
no such restrictions apply and any amount of energy can therefore be
transferred into this degree of freedom. The surface degrees of free-
dom are in theory also quantised. Phonons show discrete states, and
in electron-hole pair excitations electrons of the surface are excited into
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another state. Electron-hole pair excitations are, however, in infinitely
sized metals possible with infinitesimally small energy changes because
the highest band occupied by electrons is only partly filled.

Depending on the precise interaction of H, with the surface, differ-
ent potentials are obtained. It is therefore of interest to define several
different types of Hy—surface systems. From a phenomenological point
of view, it is interesting to define different types of Hy—surface systems
based on the interactions and, in particular, the barrier heights found in
the PES of such a system. Such a system can show activated (barrierless)

or non-activated dissociation. There are, however, also systems falling
18
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in between these two extrema, such as H, dissociation on Ru(ooo1)'7/
and Pt(111).879 It is therefore illustrative to make a division in three
types of systems, in order of increasing probability for reaction: strongly
activated systems, weakly activated systems and non-activated systems.
It is emphasized that this division is somewhat arbitrary, especially con-
sidering that the scale might be somewhat continuous, considering that
the barrier heights for different systems are in general different, and as
such no two systems are equivalent. The three “model” systems are
now briefly discussed, and examples are given.

Strongly activated systems show late, high barriers to dissociation
for all possible geometries and therefore show the least amount of re-
action of all cases. Examples of these systems include H, dissociation
on Cu(111),?° Cu(110),>° Cu(100),*° Ag(111)** and Au(111).>* Molecules
that have an energy high enough to overcome the barrier react, whereas
molecules that do not have an energy high enough to overcome the bar-
rier scatter back into the gas phase. The reaction probability as a func-
tion of collision energy generally rises monotonically up to the satura-
tion value, as the H, molecule, with increasing incidence energy, can
overcome the barrier to dissociation for more reaction pathways. For
Cu(111),>> Cu(100)>3 and Ag(111),>4 the lowest barrier is found for the
bridge site.

On the other side of the spectrum are the systems with non-activated
dissociation, in which at least some of the reaction pathways show
no barrier. Other reaction pathways show barriers that can be either
early or late. Examples of these systems include H, dissociation on
Pd(111),252® Pd(100),%” Ni(110),%7 Ni(100)?7 and V(111).28 Often, not
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all reaction pathways show barrierless dissociation, and the reaction
probability still increases with increasing incidence energy. For low
incidence energies, however, the reaction probability may also be in-
creased due to the trapping of molecules in a well in the potential.?9:3°
For Pd(111), barrierless dissociation is found for the top site.3°

The weakly activated systems share properties with the strongly ac-
tivated and the non-activated systems. No barrierless pathways are
found, i.e., dissociation is an activated process. Examples of these sys-
tems are H, dissociation on Ru(0001),"7*® Rh(111),33% Pt(111)8"9 and
Ni(111).?” The PES only shows low barriers to dissociation and these
are often early (far away from the surface), as found for Pt(111)33 and
Ru(0001)."7 As there is no barrierless dissociation, the reaction probab-
ility, as for the strongly activated systems, increases monotonically with
increasing incidence energy. For Pt(111),33 Ru(0001)'7 and Ni(111),34 the
lowest barrier is found for the top site.
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1.2.3 Approximations and challenges

There are a number of approximations inherent to theoretical treat-
ments of scattering of H, from metal surfaces and a number of chal-
lenges remain. First the approximations are considered. The three
large approximations are:

¢ the ideal static surface approximation,
¢ the neglect of electron-hole pair excitations,

¢ the exchange—correlation (XC) functional used in density func-
tional theory (DFT).

In the ideal static surface approximation, the surface atoms are as-
sumed to be frozen in their ideal lattice positions (after the surface is
allowed to relax), and as a result neither energy exchange between the
molecule and the surface, nor the effect of the increased corrugation of
the surface due to the surface temperature is considered. It is also not
possible for the surface to undergo expansion due to the surface tem-
perature, which can have a marked effect on the reaction dynamics.35
Additionally, from experiments on H, and D, desorbing from Cu(111),
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it is known that reaction probability curves broaden as a function of the
surface temperature.3%:37

The neglect of electron-hole pair excitations is the next approxim-
ation. When a molecule collides with a surface, it can excite electrons
of the surface (i.e., the Born—-Oppenheimer3® approximation does not
hold). As crystals, due to their periodicity, exhibit a band structure
and the highest occupied band in metals is only partly filled, for metal
surfaces electronic excitations can occur with an infinitesimally small
energy. This approximation thus seems dangerous for reactions of mo-
lecules on metal surfaces. For H, dissociation on metal surfaces how-
ever it has been argued?® that electron—hole pair excitations do not have
a large effect on reactive and non-reactive scattering. For H, dissoci-
ation on Cu(111),2*° Cu(110)* and Ru(0001)*? electronic friction-based
approaches have been used to study non-adiabatic effects in dynamical
calculations. No large non-adiabatic effects have however been found
in these calculations, suggesting that this approximation is not bad for
reactions of H, and D, on metal surfaces.

The XC functionals used in DFT calculations on molecule-surface
reactions are not exact and as the generation of the PES depends on the
DFT calculations, the PES is therefore not exact. The approximations
used in the construction of the XC functionals therefore also pose lim-
its to the accuracy of a description of a molecule-surface reaction. For
molecule—surface reactions, commonly generalized gradient approxim-
ation (GGA)394° level functionals are used as these are readily avail-
able in many quantum chemistry software packages. The local density
approximation (LDA)* does not work well for molecule-surface reac-
tions,4>744 as it tends to give barriers for activated processes that are
significantly too low compared to experimental data. The levels of ap-
proximations for the XC functional are further described in section sec-
tion 2.2.1.

Apart from the approximations given above, also challenges remain
for molecules reacting on metal surfaces in general4>4® which are not
all immediately related to reactions of H; on a metal surface. One such
challenge is the treatment of more complex systems. For example, the
dissociation of CH, and its isotopologues on metal surfaces have re-
cently been studied using ab initio molecular dynamics (AIMD) calcu-
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lations,*” and also the dissociation of N, on W(110) has recently been
studied.#® Although N, dissociation does not introduce any additional
degrees of freedom, energy exchange with the surface is a more import-
ant process as the mass mismatch between a N, molecule and a metal
atom is not as small as it is for a H, molecule with a metal atom. Addi-
tionally, whether electron-hole pair excitations might have a large effect
on reaction of N, on W(110) and other metal surfaces remains a matter
of debate.'"4549

The surface can also be made more complex, for example by adding
pre-adsorbed atoms or molecules to it or considering surface cuts which
exhibit a lower symmetry and a larger unit cell, such as stepped surfaces.
Adding pre-adsorbed atoms or molecules is rather interesting because
these types of systems can be examples of the “poisoning” of a catalyst.
Each of these changes makes a treatment using a static model more com-
plex and as such the use of AIMD is an interesting approach.>°

1.3 Scope and aim of this thesis

As discussed above, there are a number of commonly used approxim-
ations and limitations to theoretical descriptions of surface science. In
this thesis, the main aim is to provide an improved description of H,
dissociation on metal surfaces, and to better understand when and why
the approximations discussed above fail. Predominantly the effect of
the XC functional is considered (chapters 4 to 7), but attempts are also
made to go beyond the ideal static surface approximation (chapters 3
and 7) and to include adsorbates on the metal surface (chapter 7).

In chapter 2 the theory of the dynamical methods used in this thesis
is described. Also an overview of DFT is given, as well as an overview
of the interpolation method used for the PESs in the later chapters of
this thesis, the corrugation reducing procedure (CRP).

In chapter 3 a model is developed to describe surface temperature
effects for the dissociation of H, and D, on Cu(111). In this model, in
contrast to many models developed before, such as the (modified) sur-
face oscillator (SO) models,'35'75° the goal is not to describe energy ex-
change, which may be expected to be a relatively small contribution to
the dynamics because of the large mass mismatch between H, and Cu,
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but instead to describe the effect of the surface becoming more corrug-
ated by the displacement of Cu atoms with respect to their ideal lattice
positions at a particular T.

In chapter 4 the XC functional dependence of the dissociation of H,
on Ru(oo01) is investigated to investigate whether a functional can be
found which can describe the dependence of reaction on the incidence
energy as well as the probability for diffraction. Various XC functionals
are tested, including the revTPSS meta-generalized gradient approxim-
ation (meta-GGA) and functionals containing vdW-DF>57 or vdW-DF258
correlation.

In chapter 5 the XC functional dependence of the dissociation of H,
on Pd(111) is investigated, in order to investigate whether a better func-
tional, possibly using vdW-DF correlation, can be found to describe this
system.

In chapter 6 the differences between the SRP48 and optPBE-vdW-
DF functionals are investigated using quasi-classical dynamics calcula-
tions on the dissociation of H, on Cu(111), Cu(100), Ru(ooo1) and Pt(111)
surfaces, in order to investigate whether functionals with vdW-DF cor-
relation, here represented by optPBE-vdW-DF, can in principle provide
an improved description of H, dissociation on metal surfaces compared
to ordinary GGA functionals, here represented by SRP48.

In chapter 7 the dissociation of D, on CO-covered Ru(ooo1) is invest-
igated using an AIMD approach, in which special attention is paid to
the effects arising due to the motion of CO and the Ru atoms.

1.4 Main results

Throughout this thesis various H,—surface systems are considered. The
main results of each chapter are discussed here.

CHAPTER 3: Static surface temperature effects on the
dissociation of H, and D, on Cu(111)

In chapter 3, the surface temperature dependence of H, dissociation on
Cu(111) is discussed using a static corrugation model, in which a pair
potential is used to correct the PES for displacements of surface atoms.
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In such a model energy exchange is not possible. The experimentally
observed broadening3® of the reaction probability as a function of incid-
ence energy is attributed primarily to the displacement of surface atoms
and can be described in at least a semi-quantitative way. The rotational
quadrupole alignment parameter is decreased, especially at lower incid-
ence energies, resulting in a better agreement with experimental data.
For low surface temperatures, i.e., at T, = 120K, which was used for
the experimental molecular beam experiments, no large differences are
observed with the ideal static surface calculations.

CHAPTER 4: The effect of the exchange—correlation functional
on H, dissociation on Ru(ooo1)

In chapter 4, various XC functionals are tested for their applicability to
the dissociation of H, on Ru(oo01). For this system the energetic corrug-
ation is known to vary with the XC functional used.” It is found that XC
functionals which contain vdW-DF or vdW-DEF?2 correlation give a PES
with a higher energetic corrugation for a particular lowest barrier height
than the purely semi-local XC functionals that have been tested. Asares-
ult of this higher energetic corrugation, the reaction probability curves
are broader for these functionals and thus are in better agreement with
the width of the reaction probability curve measured in experiments.
The revIPSS meta-GGA functional does not give a large improvement
over the “standard” GGA functionals, e.g. those containing PBE correl-
ation, but the meta-GGA does give a lattice constant in good agreement
with experiments, in contrast to the standard GGA functionals. The
PBE-vdW-DEF2 functional, which combines PBE exchange with vdW-
DF2 correlation, and the PBE:RPBE(50:50)-vdW-DF functional, which
combines 50% PBE and 50% RPBE exchange with vdW-DF correlation,
both give a good overall agreement with the experimentally measured
reaction probabilities. These functionals however do not give a good
agreement for diffraction, as the computed diffraction probabilities are
too large compared to the experimental values. It is not fully under-
stood why this is the case. This may be related to the Debye-Waller
extrapolation, which was done by the experimentalists to estimate dif-
fraction probabilities for a 0 K surface. It is unclear whether this extra-
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polation works well for this system.

CHAPTER 5: Towards a specific reaction parameter density
functional for reactive scattering of H, from Pd(111)

In chapter 5, four XC functionals are tested on the dissociation of H,
on Pd(111), in order to determine whether a specific reaction parameter
(SRP) functional can be found for this system. A comparison with exper-
imental data is complicated by the amount of experimental data avail-
able, as three different molecular beam experiments have been carried
out and all three show different results. The latest experiment is as-
sumed to be the most accurate. The PBE-vdW-DF functional is found to
give a good agreement with the experimentally measured sticking prob-
abilities above a collision energy of 125 meV. Below this energy, neither
quantum nor quasi-classical dynamics can reproduce the experimental
sticking probabilities, as the “upturn” of reaction probabilities for low
incidence energies does not occur. The agreement with the experiment-
ally measured state-resolved reaction probabilities, which have been
measured at incidence energies lower than 125meV, is also not good
due to the lack of the upturn. The agreement between quantum and
quasi-classical dynamics is however rather good in general. A reason
for the lack of the upturn could be a lack of pathways in which barrier-
less dissociation can occur. It is also possible that the lack of energy ex-
change between the molecule and the surface in the dynamical model is
responsible for the poor agreement with experiment. Calculations459
on the H, /Pd(111) system suggest that at low collision energies energy
exchange with the surface might lead to trapping, which can in turn
promote reaction.

CHAPTER 6: Performance of a non-local van der Waals density
functional on the dissociation of H, on metal surfaces

In chapter 6, the optPBE-vdW-DF and SRP48 functionals are compared
to each other with respect to the application to the dissociation of H,
and D, on Cu(111), Cu(100), Pt(111) and Ru(ooo1). The PESs for the
different systems are qualitatively similar for the optPBE-vdW-DF func-
tional and the SRP48 functional. The potential as a function of the
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molecule-surface distance Z rises more quickly for the optPBE-vdW-
DF functional than it does for the SRP48 functional. Both functionals
give a good description of dynamical properties such as sticking prob-
abilities, although the optPBE-vdW-DF functional gives a better overall
description. Reaction probabilities for D, dissociation on Ru(ooo1)
and Pt(111) computed with the optPBE-vdW-DF functional rise less
quickly with increasing incidence energy than those computed with
the SRP48 functional, causing the better agreement with experiment.
The vibrational efficacy for H, dissociating on Cu(111) is slightly larger
for the optPBE-vdW-DF functional. The dependence of reaction on
the initial rotational quantum number | is different for the two func-
tionals: the optPBE-vdW-DF functional predicts reaction to not or only
slightly depend on | for small J, but the SRP48 functional shows a lar-
ger dependence on | (increasing with | also for small ], which is in
disagreement with experiment). The computed rotational quadrupole
alignment parameters are lower for SRP48, consistent with the higher
reaction probabilities for this functional. Overall, the optPBE-vdW-DF
functional gives results in better agreement with experiments than the
SRP48 functional does.

CHAPTER 7: AD initio molecular dynamics study of D,
dissociation on CO-precovered Ru(0001)

In chapter 7, the dissociation of D, on a CO-covered Ru(ooo1) surface
is considered. For this system, the AIMD method is used with the PBE-
vdW-DF2 functional in order to incorporate the motion of the CO mo-
lecules and the ruthenium surface atoms. Two simulation cell sizes are
considered: a 3 x 3 cell and a smaller ,/3 x /3 cell. The reaction prob-
ability at E;.,,s = 0.466 €V is about 0.05 higher for the 3 x 3 simulation
cell than for the smaller cell. The reaction probabilities obtained with
the PBE-vdW-DF2 functional are in good agreement with previously
computed reaction probabilities with the RPBE functional, where no
surface motion was taken into account. No large differences for the re-
action probability are found between an ideal CO/Ru(oo01) surface and
a 180 K surface. A large amount of energy transfer to the CO molecules
is found regardless, and the amount depends on the size of the simu-
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lation cell chosen. At E.,,s = 0.466€V, 0.105 + 0.002¢€V is transferred
to the surface for a \/5 X \/§ simulation cell, while 0.263 + 0.007¢€V is
transferred to the CO molecules and the surface for a 3 x 3 simulation
cell. Energy transfer occurs mostly to the lateral degrees of freedom of
the CO molecule. Energy transfer involving motion perpendicular to
the surface occurs mostly when a molecule collides head-on with the
CO molecule, which is not dependent on the simulation cell size. As
the D, molecule can move into the CO layer, the difference in energy
exchange for the lateral degrees of freedom is caused by the molecule
pushing against mirror images in such a way that the forces working
on the CO molecules partially cancel each other for smaller simulation
cells. This results in a decreased amount of energy which is exchanged
with the surface and CO molecules. The energy that is exchanged with
the CO molecules causes the molecules to move apart, locally “opening”
the surface, making it more favourable for reaction of D, to occur.

1.5 Outlook

Although many questions are answered by this thesis, also many new
questions and ideas arose as a result of the research carried out in this
thesis. In this section these questions and ideas are described and dis-
cussed.

First of all, there are several questions related to the performance
of XC functionals for molecule-surface reactions. The performance
of higher level DFT calculations, based on for example meta-GGA or
hybrid XC functionals, is still unclear. In particular meta-GGA cal-
culations are interesting, because functionals are available that give
both a good description of the molecule-surface interaction as well as
the surface itself.?° It is, however, not yet clear how adding a van der
Waals correction by combining vdW-DF or vdW-DF2 correlation with
a meta-GGA exchange functional would affect the PES and dynamics
of molecule-surface systems. Furthermore, it is in general not yet fully
clear how large the error of GGA functionals is for barrier heights of
molecule-surface systems, nor is it fully clear how this translates into
errors in dynamical properties. Only for reaction probabilities this is
immediately apparent: a too high barrier height generally results in too
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low reaction probabilities, and vice versa. More complicated dynamical
properties, such as vibrational efficacies or inelastic scattering probab-
ilities may be more sensitive to more detailed properties of the PES.
In order to get an idea of the sensitivity of these detailed properties,
these properties should be investigated for one or more H,-surface
systems for several functionals, including those which give similar re-
action probabilities, so that the effect of a wrong barrier height can
be mostly eliminated. Also interesting is to check the performance of
the optPBE-vdW-DF functional used in chapter 6 for other molecule-
surface systems, and to check whether better functionals can be found.

Second, the discrepancies found between experiment and theory for
both H, dissociation on Ru(ooo1) (chapter 4) and Pd(111) (chapter 5)
suggest that either the theoretical description is incomplete or that the
experimental results are not rightly interpreted. For H, on Ru(ooo1),
the reported experimental diffraction probabilities could not be repro-
duced by theory, while the reaction probability could be. This may be
related to the Debye-Waller extrapolation used by experimentalists to
extrapolate their diffraction probabilities at elevated surface temperat-
ures to Ty = 0K in order to compare to theoretical results. For H, dis-
sociation on Pd(111), rather different experimental values are reported
in the literature for the reaction probability. Although one can assume
the latest experiments to be the most accurate, this is not a given and
new experiments, preferably with a good characterisation of the mo-
lecular beam, should be performed on this system to validate the pre-
vious experiments. On the side of theory, it might also be useful to
perform quantum dynamics for more XC functionals in order to valid-
ate whether the upturn observed for reaction at low collision energies
can be reproduced. Additionally, one could explore whether allowing
energy transfer to the surface alters the results, as energy transfer to the
surface may affect non-activated dissociation quite differently than ac-
tivated dissociation, for instance by promoting trapping mediated dis-
sociation.”'459

Third, a better understanding is needed for the dissociation of D,
on CO-covered Ru(oo001) (chapter 7). Although energy exchange with
the surface plays an important role in the dissociation dynamics, the ef-
fect it has on the reaction probability is not large enough to explain the
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full difference between the present theory and the experiments. Using
a larger simulation cell causes more energy to be exchanged with the
surface and the reaction probability to increase somewhat. There are
several possible reasons for the discrepancies between theory and ex-
periment: (i) it is not yet fully clear whether the larger unit cell currently
used is large enough to capture all possible effects; (ii) the experimental
structure and coverage of CO on the surface may not precisely match
to the theoretical structure and coverage; (iii) the effect of electron-hole
pair excitations may be bigger than expected for this system; or (iv) the
XC functional is not quite right for this system, even though it worked
well for D, dissociation on bare Ru(ooo1). Of particular interest to the-
ory are reasons (i) and (iv): calculations can be performed in a rather
straightforward way to see whether they apply. For (i), AIMD calcu-
lations could be done on a larger simulation cell and compared to the
present results. For (iv), calculations could be done using a different
XC functional. It is noted however that changing the XC functional can
fix most discrepancies, regardless of the origin of those discrepancies,
possibly masking the relevant physics. It is therefore still needed to test
whether the other reasons might apply.

Finally, it is noted that it is relatively easy to extend the static cor-
rugation model of chapter 3 to other metal surfaces. Such an exten-
sion would allow surface temperature effects to be studied in other H,—
surface systems. Additionally, it may be of interest to perform quantum
dynamical calculations for H, /Cu(111) or other systems using a vibra-
tional sudden approximation, in which various random geometries and
thus perturbations in the PES are introduced, after which the reaction
or scattering probabilities are averaged over all selected geometries. An-
other interesting question is how large the role of energy exchange is
for systems like H, dissociation on Cu(111) and what effect this has on
dynamics, if any at all. Extending a static corrugation model such as de-
tailed in chapter 3 to also include surface motion is an interesting pos-
sibility for such a study, as the effect of energy exchange can then be
studied by displacing the surface atoms but fixing them in space and
comparing this to the case where the surface atoms are displaced and
allowed to move. The only modification that needs to be made to such
a model is the addition of a strain term, which describes how the PES
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In this chapter the theory of molecule-surface scattering is described for
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2.1 Potential energy surfaces

In the treatment of the dynamics of a molecule-surface reaction, the
ground state potential energy surface (PES) arises from the solution of
the electronic Schrodinger equation for the problem, as is done in the
framework of the Born-Oppenheimer approximation,” which is used
throughout this thesis. The PES for a molecule interacting with a sur-
face can be written as?

V(?, ‘7) = V6D(7; E])id> + Vcoup(77/ ‘7) + Vstrain(q))r (2-1)

where 7 are the molecular degrees of freedom, § the surface degrees
of freedom, VP (#;7,4) is the six-dimensional (6D) PES for the system
where the surface atoms are in their ideal positions, V.in(§) a correc-
tion term for displacement of surface atoms in absence of the molecule
and Voup
atoms when the molecule is present. This “coupling” potential couples
the motion of the surface atoms and the impinging molecule.

For the case of a molecule interacting with a frozen ideal surface,
only VoD (7, {iq) is required. As this approximation is at the basis of
most theoretical surface science studies, also in chapters 4 to 6 of this
thesis, in the remainder of this section the interpolation of VoD (7 Jiq) is

(7,§) a further correction term for the displacement of surface

described. The static corrugation model (SCM) is described in chapter 3.

2.1.1 Corrugation reducing procedure

For the PES of a diatomic molecule interacting with a frozen ideal sur-
face a rather efficient interpolation procedure is available, which is
called the corrugation reducing procedure (CRP).3#4 In the CRP, the
molecule-surface PES is written as

2
VeP(?) = IP(#) + ) V3D (), (2.2)

where 7 are the coordinates of the molecule, Vi?’D is the atom-surface
potential evaluated for the coordinates g; of each atom i of the molecule
and I°P is the so-called interpolation function, which is defined by this
equation. The inclusion of V3P serves to reduce the corrugation of the
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function I°P compared to V0P, and I° needs to be interpolated in some
way over the molecular coordinates 7. The atom-surface potential can
further be written as

N
V@) =103 + ) VIP(Ry), (2:3)
]
where R;; is the distance between atom i of the molecule and atom j of
the surface, VP a one-dimensional (1D) function which reduces the
corrugation of V3P, and I?P another interpolation function which is
defined by this equation and needs to be interpolated over the atomic
coordinates g;. A common choice for VP is the interaction of a hydro-
gen atom above a top layer atom.

By performing these two steps, the corrugation of I°P is reduced in
the X, Y, ¢ and ¢ degrees of freedom with respect to yeb, allowing
for an easier interpolation.3 Often in CRP potentials an interpolation
scheme is used for I?P and I°P which takes into account the symmetry
of the surface. An example of such a scheme, based on the method given
for H, /Cu(100) in reference 4, is described below. It is important to note
that it is, in principle, possible to use other interpolation schemes than
this, and that the interpolation scheme given in section 2.1.2 is clearly

not the only possible scheme.

2.1.2 Symmetry-adapted interpolation

To interpolate I3P and I°P (or, if the CRP is not applied, V3P and VP) of-
ten symmetry can be used to lower the number of points needed in the
interpolation. This is because usually a periodic lattice is considered,
with all the surface atoms fixed in their ideal lattice positions. Addi-
tionally, for the interpolation in the plane of the surface, additional
symmetry may be present in the form of, e.g., mirror planes and rota-
tion axes. Furthermore, for the interpolation over the angular degrees
of freedom even more symmetry may be present, when for example
a homonuclear diatomic is considered or when the molecule is above
a high-symmetry site of the surface, where an n-fold rotation axis is
present. These possibilities are considered in this section and from this
an interpolation scheme is derived which has been reported only for spe-
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cific symmetries in the literature3# and is similar to the scheme used to
construct the PES for references 5 and 6.

2.1.2.1 The atom-surface potential

The atom-surface potential only depends on three degrees of freedom:
the lateral coordinates u and v, and the atom-surface distance z. The
z coordinate does not exhibit any symmetry due to the presence of
the surface, and as such can be eliminated from the discussion of sym-
metry. As the u and v coordinates provide two dimensions and the PES
is periodic in these degrees of freedom, the symmetry in these coordin-
ates can be described by a wallpaper group, of which 17 exist.”® For
the atom—surface potential, the determination of the wallpaper group
which needs to be used is simple and can be found by considering the
symmetry inherent in the positions of the surface atoms. Periodic basis
functions that satisfy the wallpaper group symmetry and are based
on Fourier expansions have been worked out in the literature for all
of the wallpaper groups.” In the Fourier expansion, the 7, = (u,v)
dependence of the PES is written as

VO #) =) i, k, exp (ikPy), (2.4)
kl/k2

with k = klﬁl + kzgz, 131 and ﬁz the reciprocal lattice vectors, k; and
k, the indices of the basis function and g, , the (complex) coefficient
belonging to that basis function. Because y2b represents a PES, V2D e
R, and it is therefore convenient to rewrite equation (2.4) to use real
coefficients. This is done by

VZD(Flat) =dp,0 + Z Akey ky COS(k?]at) + bklrk2 Sin(k?lat)' (25)
kq,k2#(0,0)

Symmetry adapted basis functions Wj (u,v) can then be obtained by
considering for which (kq, k,) terms of equation (2.5) the coefficients are
related by symmetry, and can contain up to twelve terms for the most
symmetric wallpaper group (p6mm).7 The first basis function is always
Wy (u,v) =1, and the remainder is dependent on the symmetry of the
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surface. Itis noted that some sine terms will cancel out due to symmetry,
as sin(x) + sin(—x) = 0, and as such, these are discarded.

A simple way to satisfy the constraints on the atom-surface potential
is to first obtain at N sites Vl‘?‘tom(z), where i is a particular site. This can
easily be achieved by spline interpolation over z of a number of points
computed with density functional theory (DFT). When this is known, a
set of N basis functions Wj(u, v) needs to be chosen which are used to
perform the interpolation over u and v. This yields a series of equations
(one for each site at which the potential is known) of the form

N
Y Wituy, v))¢i(z) = Vitom(z), (2.6)
j

with u; and v; the coordinates for site i. The above equation can be re-
written as a matrix-vector multiplication

W1<M1,Ul) Wz(ul,vl) WN(ullvl) (] VTtom
Wl(uZ, 'Uz) Wz(uz,vz) WN(MZIU2) (65) _ Vgtom
Wl (MN,UN) Wz(MN,UN> WN(”N/UN> CN Vi}om

(2.7)
or W = V. The coefficients can then be obtained by W=1V = & Note
that ¢ depends on z due to V, but W does not depend on z. The resulting
potential can then be obtained by

N
V3P, v,2) = Z Wj(u,v)c]-(z). (2.8)
]

The question which remains is which symmetry adapted basis func-
tions should be used. Once the symmetry of the surface unit cell is
known, and thus the symmetry of the PES is known, the basis func-
tions can be chosen. This procedure is not entirely straightforward, and
care must be taken that the matrix W remains invertible, i.e., no linearly
dependent rows may be present. No two basis functions should there-
fore give the same value for all of the geometries at which the potential
is known (aliasing). One particularly important thing to note is that
sometimes a lower order term needs to be discarded because the basis
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function is zero at all (1, v) positions for which the potential is known.
The choice of the basis set does not only depend on the symmetry of
the surface, but may also depend on the sites at which the potential is
known.

2.1.2.2 The molecule-surface potential

The molecule-surface potential is more difficult to interpolate as more
degrees of freedom are taken into account. Not only does an interpol-
ation need to be performed over U, V and Z, but also over r, ¢ and
@. Similar to the case for the atom-surface potential, no symmetry
can be present in the Z direction, nor can there be symmetry in the
internal coordinate . The angular degrees of freedom ¢ and ¢ do show
symmetry. Using the usual spherical coordinate system with the po-
lar angle ¥ between 0° and 180° and the azimuthal angle ¢ between
0° and 360°, V6D(19,(p) = VoD (180° — ¢, ¢ + 180°) for homonuclear
diatomic molecules like H,. The symmetry in ¢ depends on whether
a homonuclear diatomic is considered, but also on the presence of
mirror planes and rotation axes. For a homonuclear diatomic with
® = 90°, VOP(¥ = 90° ¢) = VOP(® = 90° ¢ + 180°). If the center
of mass of the molecule is above a mirror plane, for some value of
®0, VP (@ — ¢9) = VOP(py — @) and VOP is even around ¢ = ¢,.
If the center of mass of a molecule is above a n-fold rotation axis,
VoD (@) = VP (¢ + 360°/n).

As a first step, the interpolation over Z and r is performed for each
two-dimensional (2D) cut using a 2D cubic spline interpolation. Then,
at each site, the interpolation over ¢ is performed for each individual
value of ¢. For this interpolation the first N terms of the Fourier expan-
sion are used, with N the number of values of ¢ for which the potential
is known. The first few terms of this expansion, if a mirror plane passes
through the point (U, V), are

1, cos (ngp — ¢q), cos 2ne — ¢q), ..., (2.9)

with n the order of the rotational axis present at this site and ¢ the ¢
orientation at which the molecule is aligned with the mirror plane. If
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no mirror plane passes through this point, the first terms are

1, cos (np), sin (ng), cos (2ng), sin (2ne), .... (2.10)

Note that in case of a homonuclear molecule that is parallel to the sur-
face (¢ = 90°), an additional twofold rotational symmetry is present in
@ and this should be taken into account in n. The interpolation over @ is
then performed, in which again an interpolation over the first N terms
of the Fourier expansion is done. In this case, the basis is given by

>~
o
o]
)
<
=

1, cos (n®), sin (nd), cos (2nd), sin (2nd), ..., (2.11)

with n equal to 2 for a homonuclear molecule and 7 equal to 1 for a
heteronuclear molecule.

CHAPTER

Finally, the interpolation over U and V needs to be performed. In
the interpolation over U and V the symmetry of ¢ also needs to be taken
into account. In a formal derivation from group theory this would res-
ult in a basis set of direct products of functions in ¢ and functions in
U and V. This can, however, also be taken into account by mapping
VAD(Z, 7,9, ¢) to all positions in the surface unit cell and then interpol-
ating over U and V with a Fourier expansion similar to the one given in
equation (2.5).34 In this case the symmetry is imposed by applying the
symmetry operators on the data rather than the basis functions. The
interpolation over U and V is then based on p1 symmetry (only transla-
tion), because if the interpolation is done for a fixed ¢, only for ¢ = 0°
a higher symmetry than p1 is present. In order for the final PES to have
the correct symmetry, all terms belonging to a particular “order” (i.e., a
symmetry-adapted basis function for the symmetry group of the atom-
surface PES) need to be taken into account separately in the p1 interpol-
ation. If this is not possible due to the number of points on which the
potential is known, some of these terms may need to be combined.

2.2 Density functional theory

In order to obtain the potential energy for a particular geometry, which
needs to be done for many geometries to compute a PES, an electronic
structure method is needed. An efficient method to compute single
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points for the PES is DFT.9*° In DFT, in contrast to other electronic struc-
ture methods, the potential energy is written as a functional of the elec-
tron density n(7) of the system, instead of computing it from a wave
function. As a result, the potential energy can be computed rather ef-
ficiently, as the electron density in a system with N electrons only de-
pends on three degrees of freedom, and the method scales as N instead
of the N™ scaling with m > 4 for wave function based methods.

Honenserc and Konn® showed that for a system of electrons in an
external potential the ground state wave function is a unique functional
of n(#). It was also shown that DFT is in principle variational, i.e., the
application of the Hamiltonian to an electron density which is not equi-
valent to the ground state electron density will result in a higher energy
than the ground state energy.

In the DFT method proposed by Koun and Suam,™ a fictitious sys-
tem consisting of non-interacting electrons in an effective external po-
tential is considered. By comparing this fictitious system to the interact-
ing system, the Schrédinger equation for the interacting system can be
formulated as a set of N single-electron equations, often referred to as
the Kohn—-Sham equations,

v2
[—7 + VKS(F)] ¢;(7) = €;¢;(7), (2.12)

in which the first term represents the kinetic energy of the electron, and
the second term the interactions between the electron and the other
particles, called the Kohn—-Sham potential Vig. The electron density of
the system can be computed by

- 2
n@® =) |¢:7) (2.13)
i=1
and the Kohn-Sham potential is given by

Vis(P) = Ve () + Vu(P) + Vyc (P, (2.14)

in which V. (7) is the external potential, Vi is the Hartree (Coulomb)
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potential, given by

n(@ )
V@) = [ 5 7 (215)
and Vyc the exchange—correlation (XC) potential, given by
5 _ 9Exc[n]
= ———— .16
ch(r> 51/1(7_")) ’ (2 1 )

which represents the error made by the use of the classical Coulomb po-
tential and the kinetic energy of the system of non-interacting electrons.
The XC functional Exc is not known exactly and is therefore approxim-
ated in practical calculations. These approximations are discussed in
the next section.

2.2.1  The exchange—-correlation functional

The unknown part of the complete density functional is called the XC
functional, and it is clear that, because this part of the functional is not
known exactly, the quality of practical applications of DFT depends
strongly on the form of the XC functional that is chosen for a calcula-
tion. The simplest reasonable approximation is called the local density
approximation (LDA), where the XC functional is written as'®

EXPA (] = [ n(P)ekPA(n()d?, (217)

124 is a function which de-

in which n(7) is the electron density, and ey,
pends only locally on the density. In the LDA, the assumption is there-
fore made that the XC energy of a system only depends locally on the
electron density. For the LDA, conventionally the result from the ho-
mogeneous electron gas (HEG) is taken, which has an exact solution for
the exchange energy, but needs to be approximated for the correlation

energy:

elPA(n(?) = elEC(n(?)) + ePAn(#)), (218)
in which !EC is given by
>\ 1/3
HEC () = > (3";”) . (219)

33

CHAPTER

>~
o
o]
)
<
=




AALIVHD

2. THEORY

34

Approximations for the HEG correlation energy are mostly based on
Quantum Monte Carlo data by CeperLEYy and ALDER." Several popular
approximations for the LDA correlation functional are given in refer-
ences 12—-14. Although LDA functionals work rather well for solids and
in particular metals, a less good performance is to be expected for sys-
tems which have an electron density far away from the HEG, such as
molecules.’> The interaction of molecules with a surface is similarly not
well described: for various strongly activated H,—metal surface systems
no or only a very small barrier to dissociation is found.*6-8

The next level of approximations is the generalized gradient approx-
imation (GGA)."*° In the GGA, the XC energy is still evaluated point-
wise as in the LDA, but instead of the functional depending pointwise
on the electron density (1) only, the gradient of the electron density (Vn)
is added into the functional,

ESSAI] = [ n(P)eGEA (n(P), Vn(P))d?. (2.20)

Such a functional is often called a semi-local functional due to the added
density gradient dependence. Many semi-local functionals are written
using so-called exchange or exchange—correlation enhancement factors:

€500 (n(P), V(7)) = Fx(c)(n(7), V(i) P (n(#)), (2.21)

where Fy () is the exchange(—correlation) enhancement factor. The ex-
change enhancement factor Fy is commonly written as a function of the
reduced density gradient s:

_ vl [vn@)
- 2kp (Hyn(7) T 232 1BpA3(7)

(2.22)

Equation (2.21) provides a large amount of freedom, even if known con-
straints*** on the XC energy are taken into account.?3>4 The number of
GGA functionals that exist in the literature are therefore considerable,
and libraries have been created to easily evaluate such functionals.?> In
figure 2.1 the exchange enhancement factor is shown for several popular
exchange functionals.
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Ficure 2.1 Exchange enhancement factor for several popular GGA exchange
functionals.

In surface science, the PW912* (or the similar PBE>?) and RPBE?3 XC
functionals are rather popular. The PBE and RPBE XC functionals only
differ in the exchange functional, which for PBE is determined by

Fx(s) =1+« — (2.23)

14 pus?/x
and for RPBE by

Fx(s) =14« (1 - e‘”sz/"> . (2.24)

In PBE and RPBE, the parameter « is chosen in such a way that the Lieb-
Oxford bound?® is locally (and therefore also globally) satisfied.?>7 u
is chosen to reproduce the LDA linear response by cancelling with cor-
relation.*?

For molecule-metal surface interactions, the GGA works consider-
ably better'®® than the LDA, as also indicated by the wide variety of
PESs computed with such methods that are described in the literature
(e.g., references 5, 28—32). Unfortunately, however, for solids the GGA
does not always yield improvements. Only if GGA functionals specific-
ally constructed to describe solids are used a good description of solids
is obtained.33
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Improving beyond the GGA can be done in many ways, but not all
methods are feasible at present for computing a PES for a molecule in-
teracting with a metal surface. The next step on the “Jacob’s ladder”
proposed by PErDEw and ScamiDT34 is the meta-generalized gradient ap-
proximation (meta-GGA). In the meta-GGA, apart from the gradient of
the density, also the kinetic energy density and/or the Laplacian of the
density is added. One advantage for surface science is that a meta-GGA
can, using the added variables, better distinguish between molecules
and solids, as illustrated by the revTPSS functional.35 It is possible to
go even further, although it is not immediately apparent whether in all
cases the application of such functionals to molecule-surface reactions
is feasible. For example, the next step on the ladder is the “hyper-GGA”,
of which hybrid functionals such as B3LYP are an example.34 In these
functionals, Hartree-Fock exchange is added into the functional, which
makes the computational cost for molecule—surface reactions consider-
able and unfeasible at present for a whole PES.

It is important to note that long range interactions such as van der
Waals effects are not (properly) described when local or semi-local (i.e.,
up to meta-GGA level) functionals are used. Various methods3® have
been used to overcome this problem, some more and some less applic-
able to problems involving metal surfaces. A popular method is the
DFT-D3 method by GrimMmE et al.,37 in which a pairwise potential based
on Cq coefficients computed from time-dependent density functional
theory (TD-DFT) is added, in contrast to earlier methods,3%39 where
(semi)empirical values were used. TkarcHENKO and ScHEFFLER*C have re-
ported a method where Cg coefficients are obtained from the mean-field
ground state electron density. Other approaches are also possible. Dion
et al.4* have reported a “seamless” non-local XC functional (vdW-DF)
that can describe van der Waals systems. Since then, other functionals
have been reported+*749 that attempt to improve over the original vdW-
DF functional, by either changing the exchange functional, the correla-
tion functional or both. The computational method of RoMAN-P£rREZ and
SoLer> has allowed the vdW-DF4* and vd W-DF245 correlation function-
als to be evaluated self-consistently.
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2.2.2 Periodic DFT using a plane wave basis set

When performing calculations of molecules on a periodic metal surface,
the periodicity of the surface needs to be taken into account in order to
avoid “edge” effects. One way of avoiding this is to use a sufficiently
large cluster of surface atoms. Such calculations however quickly be-
come expensive with the increased number of electrons. Another ap-
proach is to build the periodicity into the DFT calculation, by using
a periodic basis set. For this basis set, plane waves are used and this
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method is then commonly referred to as plane wave DFT.

Although using plane waves as a basis has many upsides, there are
also some downsides. First of all, generally a large number of plane
waves are needed. Second, the entire simulation cell (including the ad-
sorbate) is repeated, and not only the surface itself. This effect can be
made arbitrarily small by enlarging the simulation cell so that the cov-

CHAPTER

erage of the surface can be decreased systematically. Finally, increas-
ing the vacuum size in between two mirror images of a slab is penal-
ized because more plane waves are needed. A plane wave expansion
is however in other ways advantageous. For example, the basis set can
be systematically improved with a single parameter and converting the
wave functions between real space and momentum space can be done
efficiently using fast Fourier transforms (FFTs).

2.3 Quasi-classical dynamics

In order to understand and compare to experimental measurements, dy-
namical properties need to be computed. In this thesis primarily the
quasi-classical trajectory (QCT) method5" is used for this purpose. In
the QCT method, dynamical properties are obtained by computing tra-
jectories for an ensemble of initial conditions. Each trajectory is propag-
ated for a particular time until an outcome has been determined for this
trajectory, such as dissociative chemisorption or scattering. When all
the trajectories have been computed, reaction and scattering probabil-
ities are obtained by counting how many trajectories show a particular
outcome.
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2.3.1 Initial conditions

In order to perform (quasi-)classical dynamics calculations initial posi-
tions and velocities are needed, as well as the mass of the particles. For
H, dissociation on a metal surface the initial positions and velocities
can be determined rather easily. The H, molecule is initially placed far
away from the surface, where the potential does not depend on Z, with
a particular velocity towards the surface that corresponds to the per-
pendicular incidence energy E | . A random impact site is chosen and, if
off-normal incidence is considered, a velocity vector is set up matching
constraints from the parallel incidence energy E, or the polar incidence
angle ¢; and the azimuthal incidence angle ¢;. The orientation of the
molecule ¢ and ¢ is randomly chosen based on the selected rotational
state, with the initial angular momentum L of the molecule fixed by
L = yJ({J + 1)h and the orientation of the angular momentum vector
chosen randomly with the constraint cos ¢; = my/ VJ/(J + 1), where 9;
is the angle between the angular momentum vector and the surface nor-
mal, and m; is the magnetic rotational quantum number. To take into
account the zero-point energy (ZPE) of the H, molecule, the vibrational
states of the molecule are calculated using the Fourier grid Hamiltonian
method.5* The H, molecule is initially given the amount of energy as-
sociated with a particular vibrational state by randomly sampling pos-
itions and momenta from a 1D classical dynamics calculation of the vi-
brating molecule, in which the total energy is equivalent to the energy
of the selected vibrational state.

2.3.2 Propagation

To integrate the equations of motion, two different propagators are
used. For the ab initio molecular dynamics (AIMD) calculations using
the VASP code,5375 the leapfrog algorithm implemented in VASP was
used. In the leapfrog algorithm, the representation of the velocities
is staggered by half a time step compared to the representation of the
positions. The positions are updated by

X(t+A) =X() +0(t+At/2) At, (2.25)
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and the velocities by

D(t+AE2) =D (t—At/2) + (DAL, (2.26)

where the accelerations are computed from the forces F at time t. It is
noted that this particular propagator is closely related to the Velocity
Verlet propagator, where the velocities and positions are taken at the
same time and can be evaluated by

D(t+At/2) =0(t) + d(t)At)2 (2.27)
X(t+At) =X(t) + 0 (t+ At/2) At (2.28)
D4+ AL =D (t+ At/2) + At + At)At/2. (2.29)

It is noted here that equations (2.25) and (2.28) are equivalent, while
substituting equation (2.29), with the substitution t — t — At, into
equation (2.27) gives equation (2.26). The Velocity Verlet and leapfrog
algorithms are therefore the same.>” The advantage of the leapfrog
algorithm is that with n force evaluations n time steps can be made,
whereas with the Velocity Verlet algorithm the nth time step cannot
be completed as equation (2.29) cannot be evaluated for the nth step
without performing one extra force evaluation.

In the classical dynamics based on the CRP interpolated PESs, the ex-
trapolation method by Stoer and BurirscH?® was used. In this method
successively smaller time steps are used. This information is then used
to extrapolate to an infinitely small time step.

2.3.3 Analysis

In a trajectory the molecule is considered to have reacted when the H-H
distance r first reaches a particular value. A molecule is considered to
have scattered when the molecule is far away from the surface, where no
interaction is present, and also has a momentum away from the surface.
After a certain amount of time ¢, if neither event has occurred, the
molecule is considered to be trapped.

The reaction probability P, can then be obtained from

Pr = Nr/Ntotal/ (2'30)
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where N, is the number of reacted trajectories and N, the total num-
ber of trajectories. Additional observables can be computed with the
methods described in section 2.5. It should be noted that in quasi-
classical dynamics certain observables, such as molecular beam sticking
probabilities or degeneracy-averaged reaction probabilities, can also be
computed by imposing specific initial conditions. In these cases P, rep-
resents that particular observable, rather than the fully state-resolved
reaction probability.

2.4 Quantum dynamics

A full description of the theory of quantum dynamics for a molecule—
surface reaction is beyond the scope of this thesis. The interested reader
is referred to reference 59.

For the quantum dynamics calculations a time-dependent wave
packet (TDWP)%61 method was used. To represent the wave packet
in Z, r, X and Y, a discrete variable representation (DVR)®? was used,
and to represent the wave packet in the angular degrees of freedom,
a finite base representation (FBR)®3%4 was used. To transform the
wave function from the FBR space to the DVR space, and vice versa,
FFTs% and discrete associated Gauss-Legendre transforms®3%4 were
used. To propagate the wave packet according to the time dependent
Schrédinger equation, the split operator method®® is used. The initial
wave packet is placed far away from the surface, where only a negligibly
small interaction is present, and is written as a product of a Gaussian
wave packet for motion perpendicular to the surface, plane waves for
motion parallel to the surface and a rovibrational wave function de-
scribing the initial state of the molecule.®* The reflected wave packet
is analysed using the scattering amplitude formalism®7-% at Z = Z_,
yielding S-matrix elements for state-to-state scattering. For large r or
Z, optical potentials’® are used to absorb the reacted (r) or analysed
(Z) wave packet. Scattering probabilities were obtained from S-matrix
elements over the entire range of energies present in the wave packet.



2.5. COMPUTATION OF OBSERVABLES

The fully initial state-resolved reaction probability is defined as

P.(v,],mp) =1~ Zpscat(v,], my — v’,]’,m}, n,m), (2.31)
Vl,](,m},
n,m
where P (v,], my — v',] ’,m}, n,m) are the state to state scattering
probabilities, v (v'), | (J'), my (m}) the initial (final) vibrational, rota-
tional and magnetic rotational quantum numbers, respectively, and n
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and m the quantum numbers for diffraction.

2.5 Computation of observables

CHAPTER

2.5.1 Initial state-resolved reaction probability

Degeneracy averaged reaction probabilities Py, can be computed by

J

Pdeg(V/]> = Z (2 - 5mIO>Pr(V/]/m])/<2]+ 1)/ (2'32)
my=0

in which P, is the fully initial state-resolved reaction probability and ¢
the Kronecker delta.

2.5.2 Rotational quadrupole alignment

The rotational quadrupole alignment parameter is a measure of the de-
pendence of the reaction on the orientation of the molecule with respect
to the surface. It can be written as

Aéz) = <3 cos? ¥ — 1> , (2.33)

in which 9; is the angle between the angular momentum vector and the
surface normal. It can also be computed as”*

3m;?
Zm] Pr(vlllm]) (](IT]D - 1)
Zm] Pr(V/]/m])

AP w,]) = (2.34)
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2.5.3 Molecular beam sticking probabilities

The molecular beams used in experiments to measure sticking probab-
ilities do generally not consist of molecules in a single state with one
specificamount of energy. The experimental distributions should there-
fore be taken into account when comparing theoretical results to ex-
perimental data. The experimental conditions are taken into account
in two steps. First, the initial state-resolved reaction probabilities are
Boltzmann averaged over the rovibrational states populated in the mo-
lecular beam. Second, the experimental spread of incidence energies is
taken into account. The first point is addressed by

Rmono (Etrans; Tn) = Z FB (Vr]; Tn>Pdeg(EtranS/ V/]) . (235)
v,J

Rinono is the mono-energetic reaction probability averaged over all states
present in the molecular beam obtained with a nozzle temperature T|,.
The reaction probability of each state is weighed with the Boltzmann

factor
Fo(v,J;Ty) = —2DE@TT0) (2.36)
FW/', ] Ty)
v',]'=] (mod 2)
in which
F(V/]; Tn) = (ZI + 1) exp <_Evib<V/]>/<kBTn))
- eXp (_Erot(vr])/(0~8 : kBTn)) . (2'37)

In equation (2.36) the summation runs only over the values of ]’ that
have the same parity as J. E;, and E,; are the vibrational and rota-
tional energy, respectively, of the (v, ]) state and kg is the Boltzmann
constant. In these equations, it is assumed that the rotational temperat-
ure of the molecules in the beam is lower than the nozzle temperature
(Tror = 0.8-T,).7? It is also assumed that the fractions of ortho- and para-
H, and D, are equivalent to the high temperature limit, given by w(J).
This is usually the case in experiments, as the gas cylinder is stored at
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room temperature and conversion of ortho- and para-hydrogen does
not happen on the time scale of the experiment. For H,, w(]) is equal to
1/4 for even | and 3/4 for odd . For D,, w(]) is equal to 2/3 for even |
and 1/3 for odd J.

The mono-energetic reaction probability is then averaged over the
translational energy distribution by®

Rbeam _ fO f(vi; Trolo)Rmono(Etrans;Tn)dvi‘ (238) %‘
fo f (v;; Tyy)do; <
In this equation f is the flux weighted velocity distribution, which is o
given by7374 E
<
5
f(; Ty)do; = Co2 exp [—(v; — vg)?/a? ] dv;. (2.39)

In equation (2.39) C is a constant, v; the velocity of the molecule, v is the
stream velocity and « is a parameter describing the width of the velocity
distribution.

2.5.4 Vibrational efficacy

The vibrational efficacy is a measure of how “efficiently” vibrational en-
ergy can be used to promote reaction relative to (normal) translational
energy.757° It can be computed by

Egy(v=0,]) —Eyx(v =1,]) _ AE,
Evib(l/ = 1/]) - Evib(]/ = O/]) AEVib/

xv() = (2.40)
in which Ey, (v, ]) is the vibrational energy corresponding to a particu-
lar state of the gas-phase molecule and E,(v,]) is the energy for which
P,(Eg;v,]) = P,o(v,]), where P, ((v,]) is a particular value of the reac-
tion probability. This reaction probability is commonly taken to be half
the saturation value of the reaction probability.”> In calculations often
the convention is used that P, o(v = o,]) = P,o(v = 1,]). This con-
vention may differ from the one often used by experimentalists if the
saturation values differ for v = o and v = 1, orif a P,  is selected that
does not correspond to half the saturation value for any v.
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2.5.5 Diffraction probabilities

In chapter 4 a comparison is made between experimental and theoret-
ical diffraction probabilities. To compare with the experimental diffrac-
tion probabilities,”” first rovibrationally elastic diffraction probabilities
were computed by

J
Pantw T = 3 (2= 0ny0)- (249

mI":O
Pgear(v, ], my — vV=v,] = ],m]”,n,m)),

where P, is the rovibrationally elastic probability for scattering into
the diffraction state denoted by the n and m quantum numbers. These
probabilities are then degeneracy averaged by

J
P,.v,])= Z Py (v, ],mp) /(2] +1). (2.42)
m,:—]

Because in experiments mostly ] = oand | = 1 H, were present with
a narrow energy distribution,”778 in particular at the lowest incidence
energies, a reasonable approximation should be the use of a beam of
cold n-H, (25% ] = 0, 75 % ] = 1) with a monochromatic energy. In the

calculations performed in chapter 4 this approximation is made.
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Abstract

A model for taking into account surface temperature effects in molecule—
surface reactions is reported and applied to the dissociation of H, and
D, on Cu(111). In contrast to many models developed before, the model
constructed here takes into account the effects of static corrugation of
the PES rather than energy exchange between the impinging hydrogen
molecule and the surface. Such an approximation is a vibrational sud-
den approximation. The quality of the model is assessed by comparison
to a recent DFT study. It is shown that the model gives a reasonable
agreement with recently performed ab initio molecular dynamics calcu-
lations, in which the surface atoms were allowed to move. The observed
broadening of the reaction probability curve with increasing surface
temperature is attributed to the displacement of surface atoms, whereas
the effect of thermal expansion is found to be primarily a shift of the
curve to lower energies. It is also found that the rotational quadrupole
alignment parameter is generally decreased at low energies, whereas it
remains approximately constant at high energies. Finally it is shown
that the approximation of an ideal static surface works well for low sur-
face temperatures, in particular for the molecular beams for this system
(Ts = 120K). Nonetheless, for the state-resolved reaction probability at
this surface temperature, some broadening is found.

3.1 Introduction

One of the most studied systems in surface chemistry is the dissociation
of hydrogen on a copper surface. In this work the Cu(111) face is con-
sidered; a large number of theoretical'™* and experimental**34 stud-
ies have been done for this particular surface. Theoretical studies have
mostly considered motion only in the degrees of freedom of the hydro-
gen molecule, due to the complexity of taking into account surface de-
grees of freedom. In experiments, however, often high surface temper-
atures are applied. Instead of treating the full system, in most previous
theoretical work the atoms in the surface have been assumed to be fixed
to their ideal lattice positions. This approximation is expected to hold as
long as the surface temperature is relatively low, but may be suspect at
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high temperatures for specific observables because significant surface
temperature effects were found in experiments.?7:3°

Calculations with the Born-Oppenheimer static surface (BOSS)
model have provided a very good description of the experiments.»> A
number of approximations are made within this model. First, the sur-
face atoms are frozen at their ideal lattice positions. Second, electron-
hole pair excitations are neglected. Finally, density functional theory
(DFT) is used to compute the potential energy surface (PES). Electron—
hole pair excitations should not be important for hydrogen dissociating
on a metal surface.35 Recently an accurate specific reaction parameter
(SRP) DFT functional was found for this system by taking a linear com-
bination of two functionals often used for the description of molecule—
surface reactions.™* In this study, a number of the remaining discrep-
ancies between theory and experiment were attributed to the neglect of
phonons. For example, the rotational quadrupole alignment parameter
can be expected to be dependent on the surface temperature, because
a corrugated surface may allow tilted molecules that do not react on
an ideal surface to react due to the surface being locally tilted. The
dependence of the rotational quadrupole alignment parameter on the
surface temperature has however not been measured experimentally.

The remaining discrepancies between theory and experiment there-
fore make it interesting to take into account the surface degrees of free-
dom. Although it is now possible to take into account surface temperat-
ure effects with ab initio molecular dynamics (AIMD),?°2136 these calcu-
lations are still computationally expensive, restricting the scope of these
studies. It is therefore desirable to have a model which is computation-
ally less expensive. Additionally, using a model allows a more thorough
assignment of observed effects in the dynamics to structural changes
caused by the surface temperature, as individual parts of a model can
be switched off more easily.

In order to construct such a model efficiently, it is important to
first consider precisely how surface temperature influences the atomic
structure of the system. One of the most well known effects is thermal
expansion, i.e., the crystal expands as the surface temperature is in-
creased.37:38 Additionally, at the surface the interlayer spacings may be
different from interlayer spacings in the bulk, and they may be temper-
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ature dependent.3® These two effects combined can be referred to as
systematic (static) effects, as they involve systematic displacements of
atoms in the crystal. The surface atoms will additionally vibrate around
their ideal lattice positions, giving the surface atoms an instantaneous
displacement.4>4' This is a statistical effect, due to the (apparent) ran-
dom displacement of atoms in the crystal. Additionally there will be
dynamical effects involving the motion of surface atoms, such as energy
exchange between the impinging hydrogen molecule and the surface
and dissipation of heat through the crystal.

Work on surface temperature effects has mostly focused on energy
exchange with surface oscillator (SO)4>748 models, of which the most
advanced study so far for hydrogen dissociating on Cu(111) has been
the application? of a three-dimensional (3D) SO model.#® It was how-
ever found that this does not account sufficiently for the effects observed
experimentally.”* Attempts have been made to improve the SO model.
The modified surface oscillator (MSO)#*44 model contains a microscop-
ically motivated coupling term. Nave and Jackson49-5° recently showed
that the harmonic approximation used in the SO model is reasonable.
Another model which has been applied is the surface mass (SM)46:47
model, in which the surface does not oscillate but instead is given a
certain velocity and mass, which does not allow energy exchange, but
does allow recoil effects to be taken into account. Also, for H, dissoci-
ation on Pd(111), an extension of the corrugation reducing procedure
(CRP) has been applied.>* Finally, BonranTr et al.5* performed seven-
dimensional (7D) quantum dynamics (QD) calculations for H, dissoci-
ation on Cu(111), in which a second layer atom was allowed to move
perpendicular to the surface. In this study, calculations were addition-
ally performed using a vibrational sudden approximation (6+1D), and
reaction probabilities computed using this model were found to be in
good agreement with the full 7D results.

In this chapter a model is developed to take into account the thermal
displacement of surface atoms and the expansion of the crystal within
a vibrational sudden approximation, in which the surface atoms are as-
sumed to be fixed but not in their ideal positions. The model is then
tested by comparison with a DFT study33 for this system in which the
influence of surface atom displacements is considered. Additionally,
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three observables are computed and the results are compared, where
possible, to experiments. The initial state-resolved reaction probability
is considered, because for this observable strong surface temperature ef-
fects are known from experiments. These effects are manifested in the
broadening of the reaction probability curves with increasing surface
temperature.?7:3° Also the rotational quadrupole alignment parameter
is considered, because surface temperature effects are expected for this
observable. Finally, to verify the approximation previously made of an
ideal static crystal being representative of a crystal at low temperatures,
molecular beams are simulated to compute sticking probabilities.

The structure of this chapter is as follows. In section 3.2.1 an over-
view and motivation of the model that was constructed is provided,
and the individual parts of the model are discussed in section 3.2.2. In
section 3.2.3 the computational details of the calculations that were per-
formed are given. Then in section 3.3 the results that were obtained by
application of the model are discussed. This section is split in several
parts for the different observables that are considered in the present
work. First, in section 3.3.1, the quality of the model is assessed by
comparison to the DFT study>3 mentioned above. In section 3.3.2 the
initial state-resolved reaction probability is considered, then in sec-
tion 3.3.3 the rotational quadrupole alignment parameter, and finally
sticking probabilities are discussed in section 3.3.4. In section 3.4 the
conclusions are given.

3.2 Static corrugation model

In this section the newly developed static corrugation model is de-
scribed and arguments are made to support the assumptions made in
the construction of the model. First a general overview of the model
is given, after which a more detailed description is given. Finally the
computational details and scope of the present study, the application
to H, dissociation on Cu(111), are given.
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3.2.1 Model overview

Previous work on the surface temperature effects of H, dissociation on
Cu(111) has focused on the effects of energy exchange through SO mod-
els.#>748 In SO models the entire surface is attached to a spring. As
the impinging hydrogen molecule approaches the surface it can inter-
act with the surface by exchanging energy with the oscillating surface.
It has been shown that a SO model alone cannot quantitatively describe
the broadening of the sticking curves as observed in experiment.'*

In previous other work, mostly ideal static lattices were considered
and these were assumed to be representative of a real crystal at oK.
Results based on this model were compared with experiments done
at higher temperatures (120 — 925K). Such a treatment of an ideal lat-
tice is however somewhat misleading as the surface atoms in a real 0K
crystal will not necessarily be in their ideal positions,**4* due to the
presence of zero-point energy (ZPE) in the surface. In order to model a
real oK crystal, the static surface approximation has to be dropped, so
that the surface atoms can move due to their ZPE and energy exchange
between the hydrogen molecule and the copper surface can take place.
At a higher temperature, the atoms will vibrate even more and, addi-
tionally, thermal expansion may have to be taken into account.

A number of approximations are argued here to be reasonable. First
of all, due to the large mass mismatch between the hydrogen molecule
and the surface atoms, motion of the hydrogen molecule and the surface
atoms should only be weakly coupled, e.g., the effect of energy exchange
should be small. Second, surface atoms move relatively slowly com-
pared to the hydrogen molecule. This indicates that a sudden approx-
imation, in which the surface atoms are assumed fixed but not in their
ideal positions, should work well. Finally, in typical experiments the
time between scattering events is long compared to a scattering event.
The time between scattering events is long, as shown by the adsorp-
tion and desorption rates, which are on the order of monolayers per
second.??3 This indicates that there is no clear correlation between the
surfaces different hydrogen molecules “see”.

Further motivation for these approximations can be derived from
recent studies of CH, dissociation on Ni and Pt surfaces.49-5954-55 [t was
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found that only very little energy exchange occurs (20 meV at an incid-
ence energy of 1eV at a surface temperature of 475 K for dissociation on
Ni(111)), even though CHy, is significantly closer in mass to Ni than H,
is to Cu (myi/mcn, = 3.7, My /My, = 31.5)-

For the system considered here, hydrogen dissociation on Cu(111), a
model is therefore constructed for a non-ideal but still fixed surface, in
which different surface configurations are taken into account for differ-
ent scattering events. It is noted that the model discussed in this chapter
can in principle be combined with the SM model4®47 so that also recoil
effects can be taken into account.

3.2.2 Method
3.2.2.1 Potential energy surface

The PES for a diatomic molecule in the vicinity of a surface can be writ-
ten as®3

V(7,q) = VeP(#; fia) + Vcoup(;}/ D + Vetrain (), (3-1)

in which VP is the 6D PES of the diatomic molecule in the presence
of an ideal surface, V,,, the so-called coupling potential, which is
defined by this equation, and Vi, the strain in the surface defined
by Vstrain(q) ) = Vslab(q) ) — Vslab(q)id)' Here, Vslab is the potential energy
of the slab in absence of the diatomic molecule (or with the diatomic
molecule far away from the surface). The coordinates 7 are those of the
diatomic molecule, and § are the coordinates of all surface atoms, with
Jiq the coordinates of the surface atoms in their ideal lattice positions.
The representation of the 6D potential is now well understood; a variety
of methods, such as the CRP,5° have been developed for representing or
interpolating this part of the potential. The coupling potential contains
by far the most information, relating the 7 and § degrees of freedom.
BonNranTI et al.53 computed the coupling potential for H, dissociation
on Cu(111) using DFT for a number of configurations, in which the
H, molecule was fixed at barrier locations above the high symmetry
sites while a single surface atom was moved in a particular direction.
It was noted in this study that the dependence of the coupling poten-
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tial on different surface degrees of freedom is, to within a reasonable
approximation, additive.

From equation (3.1) a correction term can be determined for dis-
placement of surface atoms:

Vcorr(77r (i) = V(7/ Ei) - V(7 (iid) (3-2)

= Vint (7/ 57) - Vint (7/ q)id )+ Vstrain ((/_7)) ’

as Veoup (7, Gia) = 0, Virain (Gia) = O and V6P does not depend on surface
degrees of freedom. Here the substitution

Vcoup<7l [?) = Vint(?/ ‘7> - Vint(f)f q)id) (3'3)

has been made, in which V;, is a term describing the interaction
between the hydrogen molecule and the copper atoms. The correc-
tion term has to be added to V°P. For static slab simulations Vi,
does not have to be taken into account in equation (3.2). It is however
needed to get Vi, in equation (3.2) and thus implicitly Vi, through
equation (3.3).

Due to the large number of degrees of freedom, it is difficult to treat
any of the correction terms V. (7,§) exactly. It may, however, be pos-
sible to use some kind of approximate analytical form. A logical choice
for this form would be a small number of terms from the many-body
expansion®’ of the full PES of equation (3.1).

Consider a general PES E M(Rlz fiz, el R wm) for a system of M atoms.
In the many-body expansion this PES is written as a sum of N-body
potential terms with N up to the number of atoms considered in the
full PES:57
M
Em(Ry, Ry, oo, Rpp) = Y EN(Ry, Ry, ..., Ryp), (3.4)
N=0

and each individual energy term, E (N) can be written as

2 > > 1 M M M 2 > >
EN)Y(Ry, Ry, ..., Ryp) = Ni ZZ...mZV<N)(Rm1,Rm2,...,RmN). (3.5)
N

my mp
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This expression is exact and does not provide a simplification. One
could however expect that the lowest order terms are the most import-
ant ones. Expressions like this are commonly used in force fields and
recently reactive force fields have been applied to molecule-surface re-
actions with reasonable success, as long as the force field is specifically
parametrized for the description of a molecule-surface reaction.5%!
Applying the many-body expansion to an H, molecule near a Cu sur-
face with n surface atoms, if only two-body terms are included in the

expansion the full potential can be written as

V) =V (Ra, — Ry

2 n
UEDY Z Vit cw (R, =Ry )+ (3.6)
I i

YV (Jfeo ~ Reu)

i j>i

in which Vng is the interaction between the two hydrogen atoms,
V<2> . the interaction between a hydrogen atom and a copper atom, and
V(2> _cy the interaction between two copper atoms. Therefore, within
the two-body approximation, using equation (3.6) in equations (3.2)

and (3.3),

2 n
Vi) =3 View (=), (3.7)
I i

Vaa@® = Y. VE o, (- ). (38)
i j>i

It is again emphasized that this last term Vg, is not needed for a
static surface simulation.

3.2.2.2 Fitting procedure

(2) ;
The form chosen for Vi{” - is

VP (1) = (1= pr)V () + p(r)V (by), (3-9)
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where
3
V(r) = —e -2 Z (cr(r = 2)F) (3.10)
k=0
and
0 ifx < bl
p(x) = %cos(%_:f))+% ifby <x<b, (3.11)
1 if x > bz.

The form of the 1D potential VI({ZlCu(r) is therefore Rydberg-like
with an added switch function. Correct parameters for equations (3.10)
and (3.11) were found by fitting V., (7,§) (equation (3.3)) directly
to DFT data of BonranTr et al.53 The resulting fit is discussed in sec-
tion 3.3.1.

3.2.2.3 Surface configurations

As the strain term in equation (3.2) is at present not included, the sur-
face atoms cannot move and surface configurations cannot be generated
trivially. Therefore an alternative method is used, based on the Debye-
Waller (DW) B factor. To randomly displace surface atoms, surface atom
position vectors are defined by

4 = Gia,; + qitl;, (3.12)

where §i4 ; is the surface atom position vector for an ideal surface as-
sociated with atom i, ii; is a 3D unit vector with a random orientation
and g; arandomly chosen scalar displacement sampled from a Gaussian
distribution with width

3B

U= 82 (3-13)

In this formula B is the DW factor for a particular surface temperature.
The used DW factors are obtained from fits*° to experimental neutron
inelastic scattering data.** The approximations made here are that the
displacement is assumed to be isotropic and bulk-like, so any surface
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effects are neglected. Displacements obtained from the DW factor are
in agreement with displacements obtained from harmonic fits to the
strain potential;>3 with the DW factor o = 0.2547 Aat T, = 925K, while
for the harmonic fits ¢ = 0.25A for first layer perpendicular motion
(w = 16meV) and ¢ = 0.21A for second layer perpendicular motion
(w = 19meV) at the same surface temperature.

Only surface atoms within a radius of 16 4, of the projection of the
center of mass of the initial configuration of the H, molecule on the
surface are displaced from their ideal positions using this method. In
table 3.1 the parameter ¢ is shown for the surface temperatures that are
considered.

3.2.2.4 Thermal expansion and contraction/expansion of the first
layer

Taking into account systematic displacements like thermal expansion is
less straightforward. If a correction is made by adjusting the displaced
surface atom position vectors using equation (3.2), the proper symmetry
of the system is not kept. This is because the surface also expands in
the surface plane and the two-body approximation is not exact, which
means that the potential energy not accounted for by the two-body ap-
proximation on sites which should be equal could be different.

A possible way of taking thermal expansion into account is by re-
moving the part of the potential energy that can be accounted for by
the two-body approximation from the full VP, “stretching” the resid-
ual function in X and Y by the same factor as the expansion that occurs,
and finally re-adding the part that can be accounted for by the two-body
approximation:

V<?exprc7exp) = V6D(;I; Ziid) - Vint(;},r q)id) + Vint(7exp/ C_iexp)' (3-14)

It is pointed out here that 7' and 7, depend on each other. I is
related to 7o,p so that X' = Xop/aand Y’ = Y, /a. Here a is Leyp/Lig.
Z',1', 9" and ¢’ are equal to Zeyp, Texps Fexp aNd Perp-

As there is no periodicity perpendicular to the surface, changing
interlayer distances can simply be done by changing 4. To correct for
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TaBLE 3.1 Model parameters o, « and d,_, as used for the surface temper-
atures considered in this work. These parameters were derived from experi-
mental results.3774*

T,(K) o (A) & di_p (A)

0 0.0746 1.0000 2.1200
120 0.0993 1.0001 2.1212
300 0.1470 1.0034 2.1270
600 0.2056 1.0087 2.1297

925 0.2547 1.0152 2.1739

TaBLE 3.2 Rovibrational states for which calculations have been performed. In
the molecular beam simulations of section 3.3.4, all these states are included
in the calculations.

Vibration Rotation D,  Rotation H,

V=0 J=o0...15 J=0...11
V=1 J=0...12 J=o0...7
V=2 J=o0...10 No calculations

changes in the first interlayer spacing, all atoms below the first layer
were translated up or down so that the first interlayer distance has a
particular value d;_,. Because in the present model the 1D interaction
VI({zlcu is switched off beyond about .54, effectively only the change
in interlayer distance between the first two layers can be taken into ac-
count. In table 3.1 the parameters « and d;_, are shown for the surface
temperatures that are considered. These parameters were computed
based on experimental data.37739

3.2.3 Computational details

The reaction probability was sampled for each initial rovibrational state
at 20 incidence energies, spread equidistantly from o eV up to1eV. Only
normal incidence is considered. The considered surface temperatures
are 0K, 120K, 300K, 600K and 925K. Additionally, calculations were
also performed for an ideal lattice. Calculations were performed both
with and without the model for thermal expansion. For each incidence
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energy, rovibrational state and surface temperature at least 2 x 104 tra-
jectories were computed, spread equally over the different m; states.
Rovibrational states for which calculations have been performed are lis-
ted in table 3.2.

The SRP PES used by Diaz et al.* was used. This PES is a linear
combination of two PESs interpolated with the CRP,5° one based on
calculations with the PW91 exchange—correlation (XC) functional,® the
other based on calculations with the RPBE XC functional.®3 This PES
has p6mm symmetry rather than p3m1 symmetry.®4

The applied quasi-classical trajectory (QCT) method is mostly the
same as used in a previous study."? The initial rovibrational energies
of the H, molecule were computed with the Fourier grid Hamiltonian
method.®5 The Hamilton equations of motion were solved by using the
extrapolation method of Stoer and BuLirsch.?® The initial angular mo-
mentum of the H, molecule is fixed by L = /J(J + 1)h. For ] > 0, the
orientation is chosen randomly by cos ¢, = my/ VJ(J + 1), where 9 is
the angle between L and the axis perpendicular to the surface. The cen-
ter of mass of the hydrogen molecule was initially placed 9 A away from
the surface. Reaction is considered to have occurred when the H-H dis-
tance r is larger than 2.25 A. Scattering is considered to have occurred
when the hydrogen molecule has a momentum away from the surface
and is further than g A away from the surface. Trajectories were stopped
after 20 ps. Trajectories that have not shown reaction or scattering after
this time are also considered non-reactive. This choice has been made
because of the static surface approximation. Although the molecule can
be considered to be “trapped” in this case, motion of the surface likely
leads to desorption of the trapped molecule in most cases.

3.3 Results and discussion

In this section, first the quality of the model is assessed by compar-
ison to a recent DFT study.>3 After this assessment, a comparison is
made between calculations performed on an ideal static surface, calcu-
lations performed on a non-ideal static surface with the static corruga-
tion model (section 3.2; both with and without thermal expansion), re-
cent AIMD results®® and experiments. To do this, three observables are
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considered: the initial state- and energy-resolved reaction probability;
the energy resolved rotational quadrupole alignment parameter; and
the reaction probability averaged over the velocity distribution and the
rovibrational states present in molecular beams.

3.3.1 1D correction function

The 1D correction function (VI({ZlCu(r) in equation (3.9)) used in the
model is related to the coupling potential as shown in equation (3.3).
As the 1D correction function to be used is fitted to reproduce the coup-
ling potential, comparing the coupling potential computed with DFT
with the coupling potential computed with the model provides a way
to check the quality of the fit. In total 153 points of the coupling po-
tential were used in the fit. Some of these points are published>3 while
others are not.®7 43 points are related to perpendicular motion of the
first layer atom, 50 to perpendicular motion of the second layer atom,
44 to perpendicular motion of the third layer atom and 16 to parallel
motion of the first layer atom.

In figure 3.1 the coupling potential as predicted by the model is com-
pared with the coupling potential computed by Bonrant et al.53%7 For
the first and second layer perpendicular motion the agreement is quite
good, in particular for small displacements, with perhaps the exception
of second layer perpendicular motion with the hydrogen molecule fixed
on the TtB site. For the parallel configurations®’ the agreement is less
good. The reason for this is not clear. It could be that these data points
sample a different regime of r which cannot be well represented due
to restrictions of the form chosen for the 1D correction function. It is
noted here that only a small number of points corresponding to paral-
lel displacement (16) are included in the fit, and as such not enough
weight may be put on parallel displacement in the fit. The model can
clearly not reproduce parallel motion A, and for parallel motions B, C
and H the agreement is also not so good. For parallel motions D to G
however, the agreement between the model and the DFT calculations
is quite good. BonranTr ef al.53 argued that perpendicular motion of
second layer atoms has the most effect on the lowest barrier for reac-
tion.
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Ficure 3.1 Coupling potential computed with the model (lines) compared
with the coupling potential computed by BonranTi et al.53 (points) for a num-
ber of motions. For the perpendicular displacement, the hydrogen molecule
is fixed at a barrier position as indicated in the graph, while a surface atom is
moved in a perpendicular direction. Data for the third layer motion is not plot-
ted as it is zero due to the added switch function. The bottom graphs represent

unpublished data® for 8 configurations in which a first layer atom is moved in
a parallel direction. These configurations are described in the bottom figure.
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TaBLE 3.3 Parameters used for the 1D correction function as defined in equa-
tions (3.9) to (3.11).

Parameter Value
z 2.3014
[ 1.274/4ag
Co —0.03030E;,
1 0.1035 E}, /ag
Cr —0.069 25 E, /ay?
c3 —4.135 X 1079 E}, /a3
by 7-444 .40
by 7-464 a9

The conclusion is therefore that a pair potential can represent quite
well the behaviour of the coupling potential for perpendicular motion,
and that for parallel motion the agreement is perhaps less good, but it
is possible that the agreement can be improved if more configurations
are added into the fit. It is even possible to extend the model to include
three-body terms in V;; although this does increase the computational
cost of using such a model. The agreement could also be improved by
using a layer-dependent 1D correction function. This would allow a
better description of the various ranges of r spanned by different mo-
tions and might also improve the agreement for first layer parallel mo-
tion. Both of these extensions require more DFT points than are used at
present.

The fitted parameters are given in table 3.3. The function is also
plotted in figure 3.2. It should be clear the interaction is relatively long
range, up to approximately 7.5a,, which suggests it is important to take
into account many surface atoms in equation (3.2).

3.3.2 Initial state-resolved reaction probability

Experimentally, MICHELSEN et al. 2829 Murpay and Hobcson,3° and
RETINER et al.3> have measured desorption probabilities for H, and D,
desorbing into a specific rovibrational state and, by invoking detailed
balance, fitted the corresponding reaction probabilities to expressions
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Ficure 3.2 The 1D correction function VI({z_)Cu(r) based on the parameters of
table 3.3.

of the form

A ’ Erans_E s
R(Eans; v, ]) = O; D (1 +erf( ! W ?;V ]))), (3-15)

in which E,,s is the translational energy of the H, molecule, A(v,])
the saturation value of the reaction probability, Ey (v, ]) the translational
energy for which the reaction probability is half the saturation value
(the “dynamical barrier height”) and W(v,]) a width parameter that
describes the steepness of the curve. The experimentalists found E to
be approximately independent of T, while they found W to increase
with increasing T.

Reaction probabilities for adsorption from an initial state were com-
puted for all states and surface temperatures listed in section 3.2.3 and
these are compared to the available experimental data.

3.3.2.1 Thermal displacement

In figure 3.3 the reaction probability for a number of initial rovibrational
states is shown, with only thermal displacement taken into account. If
the surface temperature is increased, at low energies the reaction prob-
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Ficure 3.3 Broadening of the sticking curves as the surface temperature is
increased, for a selection of initial rovibrational states, only taking into account
the effects of thermal displacement. Also plotted are the experimental sticking
curves obtained by MicHELSEN et al.?8:29 and ReTTNER et al.3*
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ability in general is slightly increased, whereas at high energies the re-
action probability is decreased. In other words, a broadening occurs.
As argued in a previous study,"? there should not be a large difference
between the ideal lattice and a real crystal at a low temperature. The
findings here are consistent with that, although some broadening is ob-
served for T, = 120K. The available experimental data2®2932 was ob-
tained for a surface temperature T, = 925 K. The agreement with the ex-
periments generally is improved for the width (shape) of the curve, but
not for the dynamical barrier height (E;). Generally the curve is shifted
too much to higher energies, i.e., the system is found to not be reactive
enough. To compare the width and shape of the computed T, = 925K
reaction probability curves with the experimentally measured sticking
curves, the computed Ty = 925K reaction probability curves are also
plotted shifted to lower energies in such a way that agreement is ob-
tained at the experimental E;. The agreement for the shape at low en-
ergies is excellent, except for (v = 1, ] = 12) D,, where the computed
reaction probability curve seems to be slightly too broad.

The trends found in figure 3.3 are general for all initial states and
surface temperatures considered. To emphasize this point, in figure 3.4
the reaction probability of D, initially in the (v = 0,] = 11) and (v =1,
] = 6) states for all surface temperatures considered is shown. As the
surface temperature is increased, the sticking curve gradually broadens,
increasing the reaction probability at low incidence energies, while de-
creasing the reaction probability at high incidence energies. All curves
seem to intersect at one point close to the experimental E, value, and at
this point the reaction probability for (v = o, ] = 11) is approximately
0.04 and for (v = 1, ] = 6) is approximately o.1. This finding is qualit-
atively consistent with the experiments, where it is known that the E,
parameter of the sticking curve does not depend significantly on the sur-
face temperature.3°3* The experimentally obtained reaction probability
for the intersection point is, however, higher. The calculations also in-
dicate that the reaction probability does not saturate, in contrast to what
is found in experiments. This discrepancy could possibly be explained
by the low population of hydrogen molecules desorbing from the sur-
face with high energies. As equation (3.15) has a saturation inherent to
the form, and there is only a small weight attached to the high energy
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FIGURE 3.4 Broadening of the sticking curve for D, initially in the (v = o,
J = 11) and (v = 1, ] = 6) states, for all considered surface temperatures,
only taking into account the effects of thermal displacement. The experimental
sticking curve® is also plotted, as well as the AIMD results by Narrino et al.?°

data, the predicted fit parameters could be wrong.

The trends found for (v = o, ] = 11) and (v = 1, ] = 6) D, are also
generally valid for all states. The intersection point is found to be at a
reaction probability of approximately 0.04 to 0.1 for D,, while for H, it
is found at reaction probabilities of up to 0.15. It seems clear that the dis-
placement of surface atoms alone does not yield a good enough descrip-
tion of the process, although it does seem to account for (most of) the
broadening. This can be understood as follows. Displacement of sur-
face atoms will modulate the barrier height and position.53 Therefore,
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under the influence of thermal displacement, for each configuration of
the surface atoms, some barrier heights will be decreased, while oth-
ers will be increased. At low incidence energies, when only very few
molecules react, an increase of the barrier will not change the results
considerably, however a decrease of the barrier will make more traject-
ories reactive. At higher energies, when almost all molecules react, a
decrease of the barrier will not change the results considerably, but an
increase of the barrier will make fewer trajectories reactive. The net ef-
fect of averaging over surface configurations is therefore an increase of
reactivity at low incidence energies and a decrease of reactivity at high
incidence energies, in other words, a broadening. The amount of broad-
ening is determined by the magnitude of the change in barrier height,
while the point with respect to which broadening occurs (the intersec-
tion point) is determined by the precise distribution of barriers for all
possible surface configurations.

The effects found for (v = o, ] = 11) and (v = 1, ] = 6) D, are larger
than those found in the AIMD study by Nartino et al.>° The reaction
probability curves found in the present study seem to be broader than
those found by AIMD. The reason for this is not fully clear. As argued
in section 3.2.1, due to the relatively slow desorption speed from the
metal surface, there is a long time between different scattering events,
and different hydrogen molecules therefore meet surface configurations
which are not clearly related to each other. Narrivo et al.>° used snap-
shots from 1ps dynamics simulations of eight different slabs as initial
configuration of the surface, from which one is selected at random. In
this study, a new surface configuration is generated for every traject-
ory from a distribution based on experiments. It is possible that snap-
shots from a 1ps dynamics simulation are not different enough from
each other, or that not enough slabs have been used, but this is not fully
clear. Additionally, in the AIMD calculation a unit cell of finite size is
used and periodic boundary conditions are applied while this is not as-
sumed in the calculations on the static corrugation model. The size of
the unit cell could be important due to the relatively long range interac-
tion of VI({zzCu(r) (see figure 3.2).
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Ficure 3.5 Thermal expansion effects for all surface temperatures considered
for D, initially in the (v = o, ] = 11) state.

3.3.2.2 Thermal expansion and change in first interlayer distance

In figure 3.5 an overview is provided for thermal expansion effects for
D, initially in the (v = o, ] = 11) state for all four surface temperatures
that are considered. The results show that the most important effect is
a shift of the reaction probability curve to lower energies. The size of
this shift increases as the surface temperature is increased, being almost
non-existent at T, = 120K, but significant at Ty = 925 K. Additionally,
the shape of the curve is also somewhat altered: the curve is slightly nar-
rower when thermal expansion effects are taken into account. This can
be explained as follows. As the effect of the inclusion of non-ideal sur-
face configurations is an increase of the corrugation of the PES, causing
the broadening of the reaction probability curve, expansion of the crys-
tal tends to locally flatten the surface a bit due to the larger distances
between surface atoms. The shift of the reaction probability curve to
lower energies can be understood as well. Narrivo ef al.>° found a de-
crease of the barrier height as the crystal was expanded. For Ty = 925K,
a decrease of the lowest barrier to dissociation, the bridge to hollow bar-
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rier, of about 3.5k]/mol was found. The decrease found here is some-
what larger (up to approximately 5kJ/mol) and J-dependent, as will
become clear later.

In figure 3.6 the reaction probability for a number of initial rovibra-
tional states is shown, with both thermal displacement and thermal ex-
pansion taken into account. The agreement with experiment here is in
general significantly better than in figure 3.3, where only thermal dis-
placement was taken into account. The effects seem to be in particular
large for (v = 1, ] = 0) Hy, where most of the broadening caused by the
thermal displacement has vanished. In general, however, in particular
for higher | the agreement is quite good, and the computed T; = 925K
curves mostly line up with the experiments at low incidence energies.

In figure 3.7 the reaction probability is shown for the same two states
as in figure 3.4. The curves for Ty = 925K seem to be somewhat too
broad, but not by much. The broadening found here is still bigger than
the broadening found in the AIMD calculations by Nartivo et al.>° The
point where the T, = 925K curve intersects the ideal lattice curve is
however in reasonable agreement with the AIMD calculations. It is
however noted that the agreement with experiment seems to be better
than the AIMD calculations, especially for low energies for (v = 1,] = 6)
D,.

3.3.2.3 Comparison to desorption experiments

To make a full comparison with the desorption experiments by RETTNER
et al. 3> MicHELSEN et al., 2829 and Murpry and Hopason,3° first the sim-
ilarities and differences in the experimental results are discussed. All
of the experimental sticking curves were originally fitted to the form of
equation (3.15). NATTINO et al.** re-analysed the experimental sticking
curves of MicHELSEN et al.?9 for D, on Cu(111) by fitting to a different
functional form, which resulted in a higher saturation value for v = 0.
The analysis below is based on the original sticking curves which were
fitted to equation (3.15). MicHELSEN ef al.2829 and ReTTNER et al.32 meas-
ured the desorption probability for a large number of final states, al-
lowing them to determine the A parameter by fitting to adsorption ex-
periments (which yield, in contrast to desorption experiments, absolute
reaction probabilities). MurrHY and Hopcgson3° only measured the de-
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Ficure 3.6 Broadening of the sticking curves as the surface temperature is
increased, for a selection of initial rovibrational states, taking into account the
effects of thermal displacement and thermal expansion (TE) effects. Also plot-
ted are the experimental sticking curves obtained by MicHELsEN et al.?829 and
RETTNER ef al.3?
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by Narrino et al.?°
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Ficure 3.8 Comparison of the sticking curves for (v = o, ] = 5) H, by Murpay
and Hopagson3® and RerTNER et al.3* The saturation value for the experiment by
Murpay and Hobpcson3° is unknown, and if this would be approximately 0.5
the two experiments are in agreement with each other.

sorption probability for a few final states, which means only Ey and W
were determined. MurpHY and Hopcson3° found significantly larger E
and W parameters than MICHELSEN ef al.28:29 and RerTNER et al. 32 but no
explanation was offered for this.

A possible explanation could be that the sticking curves by MurrHY
and Hopcson3® have a higher saturation value. In figure 3.8 the stick-
ing curves of MurpHY and Hopcson3° and RerTNER ef al.3 for (v = o,
] = 5) H, are compared, taking for A the value which gives best agree-
ment between the two different experiments. At low energies, the two
curves are essentially the same up to experimental precision. This can
be argued to be the most important region for the comparison due to the
population of low energies being highest. This shows therefore that the
two experiments could be in agreement with each other, but it cannot be
rigorously proven.

In figure 3.9 the reaction probability for (v = o, ] = 5) H, computed
with the model at T, = 925K is plotted both on a linear scale and on
a logarithmic scale. Fits are also shown if A is kept fixed during the
fitting procedure for two A parameters. It is shown that the reaction
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Ficure 3.9 Fits for the computed sticking curve at T, = 925K for (v = o,
J = 5) H, with A = 0.25, the experimental value reported by ReTTNER et al.,3*
and A = 0.5, which yields a much better description of the computed sticking
curve.

probability can be well described by the form of equation (3.15), how-
ever, if the A parameter determined by MicHELSEN et al. is used the low
energy regime is not described well, but also the high energy regime is
not described well. Although a low energy “tail” is known,3° the calcu-
lations show a larger difference between the fit to equation (3.15) and the
computed values. In fact, it is found that increasing A in the fitting pro-
cedure provides a significantly better description of the sticking curve.
The similarity between the A value used here (0.5) and the A value used
to reconcile the fits of MicHELSEN et al. and those of MurpHY and Hobc-
soN3° is pointed out (see figure 3.8).
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As shown in figure 3.9, the calculated sticking curve can be well
represented by equation (3.15). If Ej is fixed to a particular value, W
determines the shape of the sticking curve and E; its position on the
energy axis. Therefore, if W and E, are obtained from accurate fits with
an A equal to the experimentally found saturation value, a reasonable
comparison can be made with experiment. As noted earlier, a higher A
value generally provides a better description of the curve at low ener-
gies, however in that case no comparison can be made with the experi-
mental data, as Ey and W will in this case be too high. In the fits below
A will be assumed to be equal to the values reported by MicHELSEN et
al. and ReTTNER et al. In the fits, data points with a reaction probability
smaller than 1% are not taken into account for accuracy reasons; data
points with a reaction probability larger than 0.6 - A are also not taken
into account as they decrease the quality of the description at lower en-
ergies, where the population is highest in desorption experiments. Diaz
et al.>2? found that, for the ideal lattice, the fits start to deviate from the
computed reaction probabilities above a reaction probability of about
0.75- A.

In figure 3.10 the fit parameters are shown for D, with A = o0.27
(v =0),A =05 =1)and A = 0.38 (v = 2). The behaviour of
the model with thermal expansion and expansion or contraction of the
first interlayer distance is somewhat suspicious for low | (J < 4). Al-
though the dynamical barrier height Ej at | = o is considerably more
decreased than E at high | when the surface temperature is increased,
this seems to not be the case for | = 1, where it is unchanged or even
increased. The curves for E; versus rotational state are therefore not
as smooth as one might expect. This could be due to the use of a PES
for the 6D system with p6mm symmetry, while the symmetry in reality
is p3m1. p3mi1 symmetry has to be assumed for the surface atom po-
sition vectors in the model. Because this could change the anisotropy
of the PES, thermal expansion could introduce an error in the PES for
the | dependency. Additionally, the pair potential as used in the present
model might be too restrictive for correcting for thermal expansion. The
effects of thermal expansion are again underlined here: the dynamical
barrier height is decreased (system becomes more reactive), while at the
same time the width decreases. Overall, the W parameter determining
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Ficure 3.10 Fitted parameters to equation (3.15) for all considered initial states
of D,. Results including thermal expansion are listed as TE. Top panels: (v =
0). Middle panels: (v = 1). Bottom panels: (v = 2). Experimental data with
T, = 925K by MicuELseN et al.2829 Experimental data with T, = 9ooK by
MurpaY and Hopagson.3°
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the shape of the reaction probability curve is in good agreement with
the experiments by MicHELSEN et al., 2829 except for (v = 1), where it is
somewhat too large. It is however noted that significant errors in the
ratios of A from the experiments (A(v = 0) : A(v = 1) : A(v = 2) =
(0.54 + 0.16) : 1.00 : (0.77 + 0.18))?% manifest itself here in terms of the
W parameters as A was assumed to be fixed to the experimentally repor-
ted value. For example, if A(v = 1) is assumed to be slightly smaller (0.4
instead of 0.5) the agreement for the width is as good as for other states
and the decrease of A is (almost) within the reported errors of the ratios.
Overall, the agreement for the E, parameter determining the position
of the reaction probability curve on the energy axis is improved if also
thermal expansion and expansion or contraction of the first interlayer
distance is taken into account, but not if only thermal displacement is
taken into account. Although the high | behaviour seems good, the low
] behaviour is suspicious. Again here for (v = 1) D, the agreement is
not so good, but if A is adjusted to 0.4 the agreement is again very good.

In figure 3.11 the fit parameters are shown for H, with A = 0.25. The
agreement with the experiments by RETTNER et al.3* is less good than for
D,. It is possible that this could be caused by the use of quasi-classical
rather than quantum dynamics. Because H, has a lower mass than D5,
quantum effects are more important for H, due to this mass difference.
Previously with the BOSS model™?* significant differences were found
between results obtained with quasi-classical and quantum dynamics
for H, dissociating on Cu(111). Similar effects as found in the results for
D, above are also found for H,. Overall the agreement with experiment
is good, but for (v = 1) H, the agreement is less good than for (v = o)
H,.

Compared to results reported in the literature837:3032:45 for SM46:47
and (M)SO4*~48 models, significantly better width values are obtained.
If the SM model were to be applied on top of the model applied here,
only a small amount of extra broadening would be expected, due to
the unfavourable H, /Cu mass ratio. DarLiNG and Horroway? already
reported in 1994 that the static corrugation which is introduced by
thermal displacement of surface atoms could be very important.

Clearly the presented results are sensitive to the accuracy of the
experimentally obtained A value. A better comparison would be to



3.3. RESULTS AND DISCUSSION

@@ Ideal lattice @ -0 T,=925K ¢ Expogz25K
-0 T,=120K B8 T,=925K+TE @+ ExpgooK

0.24
0.70
0.20 ]
0.60 —
0.16 1 Z
050 =
0.12 1 ey
_ 040 g
S 0.08 - =
L 030 B
= g
]
':é 0.16 1040 8
0.14 036 S
1 g
0.12 032 Z
] =,
0.10
Jo2s P
0.08 1
0.24
0.06

0o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Rotational quantum number

Ficure 3.11 Fitted parameters to equation (3.15) for all considered initial states
of H,. Results including thermal expansion are listed as TE. Top panels: (v =
0). Bottom panels: (v = 1). Experimental data with T, = 925K by ReTTNER
et al.3* Experimental data with T, = 9oo K by MurpHY and Hopgson.3°

compare the theoretical results directly to the raw experimental time-
of-flight (TOF) data from which the A, W and E parameters were indir-
ectly extracted. Such a direct comparison has for example been done in
2014 for AIMD calculations on H, /Cu(111).**

3.3.3 Rotational quadrupole alignment parameter

The rotational quadrupole alignment parameter for D, desorbing from
a Cu(111) surface was measured by GuLpinG et al.,*4 Hou et al.,*> and
WErtzIG et al.34 The rotational quadrupole alignment parameter is a
measurement of preference of desorption in a particular m; state and
the definition of this parameter is given by equation (2.33). Equa-
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tion (2.34) shows how it can be computed from the initial state-resolved
reaction probability.

Hou et al.*> measured the energy-resolved rotational quadrupole
alignment parameter for desorption into two states, while GuLping
et al.** and WErziG et al.3* measured the rotational quadrupole align-
ment parameter for desorption into a larger number of states, but these
measurements were not energy-resolved. In this study only the energy-
resolved rotational quadrupole alignment parameter is considered due
to sampling-related inaccuracies of (quasi-)classical methods at low
energies.

In figure 3.12 the rotational quadrupole alignment parameter is plot-
ted for a variety of models, comparing the ideal lattice results with the
results of the static corrugation model, the experimental data and recent
AIMD calculations. The effect of thermal displacement is also a broad-
ening of the rotational quadrupole alignment parameter curve; at low
energies the rotational quadrupole alignment parameter is considerably
decreased, while at high energies the rotational quadrupole alignment
parameter is slightly increased. Including thermal expansion effects in
the calculations tends to lead to a further decrease of the rotational quad-
rupole alignment parameter. Comparing the static corrugation model
results with the experimental results, the agreement at low energies is
considerably improved, although the observed effect is slightly too large
for (v = 1,] = 6) D,. Athigh energies however, the agreement is not im-
proved. It is not clear why this is the case. It is however noted that the
experimentalists have calculated the rotational quadrupole alignment
parameter from fits to TOF spectra, and these fits may be, like the fits
for the desorption probability considered in section 3.3.2, relatively in-
sensitive to the high energy regime, although this does not seem to be
reflected in the size of the experimental error bars.

The dependence of the rotational quadrupole alignment parameter
on the surface temperature can be explained. It is likely that the ar-
guments (see section 3.3.2) for the broadening and shifting of the J-
resolved reaction probability curve also hold for the m;-resolved reac-
tion probability curves. The calculations done here are in agreement
with this. At low energies, the overall reaction probability is increased
with increasing surface temperature. This leads to a larger denomin-
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Ficure 3.12 Comparison of the rotational quadrupole alignment parameter
computed with different models. Plotted are the rotational quadrupole align-
ment parameter for an ideal crystal, for a crystal with T, = 120K, T, = 925K,
T, = 925 K with thermal expansion effects (TE), the experimental data by Hou
et al.?> and the AIMD results by Narrivo et al.,*° for a rigid ideal surface and
moving surface at Ty = 925K.
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ator in equation (2.34). The numerator will decrease because tilted mo-
lecules will react more due to the locally tilted surface. This results in a
lower alignment parameter. At high energies, the overall reaction prob-
ability is only slightly decreased, resulting in a slightly lower denomin-
ator. In the limit of saturation (reaction probability equal to unity), the
tirst molecules to react less are the unfavourably tilted ones, resulting
in a slightly higher numerator. Overall this leads to a slight increase of
the alignment parameter.

3.3.4 Molecular beams

To make a comparison with molecular beam experiments possible, two
things have to be taken into account. First, the state-resolved reaction
probabilities should be averaged over all states with significant popula-
tion in the beam. Second, the experimental spread in incidence energies
has to be taken into account. The way in which this has been done has
been described in section 2.5.3 of this thesis.

Experiments were performed for D, by MicHELsEN et al.?9 and for H,
by ReTTNER et al.3* The parameters for the velocity distribution, equa-
tion (2.39), for these experiments were obtained by Diaz et al.»? In the
calculations all rovibrational states listed in table 3.2 are included.

In figure 3.13 the molecular beam simulations are shown for the
ideal lattice and for Ty = 120K. For T, = 120K the results are not
changed much if thermal expansion effects are taken into account: only
a slight increase in reaction is found due to the small shift of the reaction
probability curve to lower energies. For low average collision energies,
reaction is generally found to be slightly increased for Ty = 120K with
respect to the ideal lattice, while for higher average collision energies
reaction is generally found to be slightly decreased. Comparing the res-
ults found here with the AIMD results for this trend is difficult, as no
calculations were performed for the ideal lattice and the surface tem-
perature effects are very small. It is noted that the differences found for
the initial state-resolved reaction probability of D, in the (v = o, ] = 11)
state between the SRP potential* as used here and the AIMD calcula-
tions*° (figure 3.4), might have a consequence for the molecular beam
results. The AIMD results for this state were found to be more reactive
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Ficure 3.13 Effect of surface temperature on molecular beams, with (TE) and
without thermal expansion effects, for a variety of H, and D, beams. Experi-
ments for D, by MichHeLsEN et al.*9 and for H, by RETTNER et al.3*> Parameters for
the velocity distribution of the molecular beams were extracted by Diazet al.*?
Ab initio molecular dynamics results by Narrino et al.>°
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than the results with the SRP potential used here. If this effect is gen-
eral for D, in the (v = o) state, a significant shift should be observed in
the molecular beam results. Combined with the significant error in the
AIMD results due to a limited number of trajectories being sampled in
AIMD, the conclusion here is that the AIMD results are consistent with
the results for the static corrugation model.

3.4 Conclusions

A model has been constructed to take into account surface temperat-
ure effects for H, or D, dissociating on a Cu(111) surface. The model
is general and does not require a special form for the PES. It is based
on the assumption that in different scattering events the hydrogen mo-
lecule experiences different non-ideal but (almost) static surfaces. This
approximation is reasoned to work well, based on the physics of the
event taking place and is corroborated by previous calculations on CH,
dissociation on metal surfaces. The model introduces a correction term
for displacement of surface atoms based on the coupling potential.

The quality of the model has been assessed based on a comparison
with a recent DFT study and the comparison of three computed observ-
ables with experiments and recent AIMD calculations. The observables
that were considered are the initial state-resolved reaction probability,
the rotational quadrupole alignment parameter and the reaction prob-
ability averaged over the distribution in molecular beams. Overall, the
agreement with experiments and the AIMD calculations is found to be
good. Apparently bigger overall effects are found here than were found
in AIMD calculations, however. The agreement with experiment seems
however to be better in some cases for the calculations performed in
this work. It is not fully clear why this happens. A possible explana-
tion could be differences in the sampling of surface configurations. For
the AIMD calculations a limited number of surface configurations are
sampled whereas here surface atoms are displaced individually per tra-
jectory according to a model based on DW factors. The model also dif-
fers from AIMD in a different way: whereas in AIMD a 2 x 2 unit cell
is used, here no periodic boundary conditions are applied to the sur-
face atoms. The 1D correction function is relatively long range (7.54),
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which might indicate a larger unit cell might be needed.

For the comparison with the DFT study it is concluded that the
chosen form for the 1D correction potential can reproduce well the be-
haviour of the coupling potential at high-symmetry barrier positions
in an ideal surface for perpendicular displacements.

For the initial state-resolved reaction probability, it is found that
both thermal displacement and thermal expansion are of importance.
Thermal displacement causes the broadening that has been experiment-
ally observed as the surface temperature increases, whereas thermal ex-
pansion primarily makes the system more reactive by shifting the re-
action probability curves. The discrepancy between two sets of exper-
imental data has been attributed to the fact that experimentalists are
not able to measure absolute desorption probabilities. Therefore the
experimentalists had to obtain one parameter from a fit to adsorption
experiments, which was not done for one of the experiments. The agree-
ment with the AIMD calculations is reasonable, but somewhat broader
reaction probability curves are found here. The width of these curves
is however generally found to be in agreement with the experiments.

For the rotational quadrupole alignment parameter, it is found
that, analogous to the reaction probability, thermal displacement tends
to broaden the rotational quadrupole alignment parameter curve,
whereas thermal expansion tends to shift the curve. At low energies,
the rotational quadrupole alighment parameter is decreased with in-
creasing surface temperature, whereas at high energies, the rotational
quadrupole alignment parameter is slightly increased with increasing
surface temperature. The agreement with experiment is good at low
energies, but less good at high energies. In recent AIMD calculations
a decrease with increasing surface temperature was also found at low
energies, and one state considered also showed an increase at high
energies. A larger broadening of the rotational quadrupole alignment
parameter curve is found in the calculations performed here, which
provides a better agreement with experiments at low energies.

For the comparison to molecular beam sticking experiments, it is
found that the approximation of an ideal surface being representative
of alow temperature surface, as previously used, is good. This was also
found in recent AIMD calculations. Only very weak surface temperat-
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ure effects are found in the molecular beam simulations, in which the
surface temperature is 120 K.

The model constructed here is therefore able to reproduce most of
the surface temperature effects observed experimentally, without en-
ergy exchange between the molecule and the surface being possible. It
has been previously suspected, based on model calculations by DarLING
and Horroway,? that the effect of static corrugation could be important,
and the calculations performed confirm that idea.
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4. H, pissociatioN oN Ru(0001)

Abstract

The specific reaction parameter (SRP) approach to density functional
theory (DFT) has enabled a chemically accurate description of react-
ive scattering experiments for activated H,-metal surface systems
(H,/Cu(111) and Cu(100)), but its application has not yet resulted in
a similarly accurate description of non-activated or weakly activated
H,-metal surface systems. In this study, the effect of the choice of the
exchange-correlation functional in DFT on the potential energy sur-
face and dynamics of H, dissociation on Ru(ooo1), a weakly activated
system, is investigated. In total, full potential energy surfaces were cal-
culated for over 20 different functionals. The functionals investigated
include functionals incorporating an approximate description of the
van der Waals dispersion in the correlation functional (vdW-DF and
vdW-DF2 functionals), as well as the revTPSS meta-GGA. With two
of the functionals investigated here, which include vdW-DF and vdW-
DF2 correlation, it has been possible to accurately reproduce molecular
beam experiments on sticking of H, and D,, as these functionals yield
a reaction probability curve with an appropriate energy width. Diffrac-
tion probabilities computed with these two functionals are however
too high compared to experimental diffraction probabilities, which are
extrapolated from surface temperatures (Ts) > 500K to oK using a
Debye-Waller model. Further research is needed to establish whether
this constitutes a failure of the two candidate SRP functionals or a fail-
ure of the Debye-Waller model, the use of which can perhaps in future
be avoided by performing calculations that include the effect of surface
atom displacement or motion, and thereby of the experimental T.

4.1 Introduction

To perform accurate dynamics calculations on molecule-surface reac-
tions, such as the dissociation of small molecules on metal surfaces, ac-
curate potential energy surfaces (PESs) are needed. Due to the large,
delocalized nature of these systems, electronic structure calculations on
such systems are computationally expensive. Efficient electronic struc-
ture methods are therefore needed if one wishes to study such a system



4.1. INTRODUCTION

in detail.

For molecule-surface reactions, one is limited to an electronic struc-
ture method with a favourable computational scaling, which in prac-
tice means density functional theory (DFT)** using an approximate
exchange—correlation (XC) functional at the generalized gradient ap-
proximation (GGA) level. As of yet, it is not quantitatively known
how large the error of using such an approximate XC functional is
for barrier heights of molecule-surface reactions. Such studies have
been performed for gas-phase reactions,34 but remain challenging for
molecule—surface reactions because of the lack of benchmark databases
available for these systems. For chemisorption energies a database of
experimental values is available,> but for barrier heights only a very
small database may be said to exist, with only two entries in it.° An-
other database of molecule-surface barrier heights exists,”® but this
database is based on DFT calculations using the RPBE? functional, and
can as such not be used to estimate the error made by the use of DFT in
general.

For molecule-surface interactions, additional complications arise
because also the surface introduces many additional degrees of free-
dom: energy exchange is possible with surface phonons and electron-
hole pair excitations are possible.’*™** For H, dissociation on metal sur-
faces, these effects can however be mostly avoided. Energy exchange
with surface phonons may be expected to be a small effect’3 due to the
large mass mismatch between the H, molecule and a surface atom. It
has furthermore been argued that electron-hole pair excitation should
only have a small effect on Hy—surface reactions.'* These effects are
discussed further in section 4.2.1.

For dissociation of H, on Cu(111), which is an activated late barrier
molecule-surface reaction, it has been shown that neither of two popu-
lar XC functionals in the surface science community, the PW91" and the
RPBE? functionals, could give a good agreement with experiment.’*%7
By employing a specific reaction parameter (SRP)*® approach adapted
to molecule-surface reactions,'®'7 good agreement could be obtained
with a broad range of reaction and scattering experiments. The func-
tional that was obtained as a result of the SRP procedure for H, on

Cu(111) was also found to work well for H, on Cu(100).* In the SRP
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procedure previously used for H, on Cu(111), a parameter (x) mixing
two functionals by

EXRP = aE} - + (1 — ) E%c. (4.1)

where Ej and E%_ are the XC energies obtained from the two function-
als, was fitted in such a way that the reaction probability obtained from
the SRP (mixed) functional matched the values measured in molecular
beam experiments. As a result of this fitting procedure, the functional
provides a reasonable description of the barrier height for reaction.*
The test of an SRP functional is that it should also yield a good descrip-
tion of other observables than the one it was fitted to for the system
investigated. It should be pointed out however that it is possible that
one particular functional can already yield a good description of the on-
going processes, and as such the mixing procedure may not be needed.

It is currently not clear to what extent such a procedure is valid
for weakly activated early barrier molecule—surface reactions. H, dis-
sociation on Ru(o001) is an example of such an early barrier molecule—-
surface reaction. This reaction is also of catalytic importance, as rutheni-
um-based catalysts can be used to catalyse the production of ammonia
from H, and N,,?°24 and the dissociation of H, on ruthenium is one
of the elementary steps in this process. Although the dissociation of
N, on ruthenium is thought to be the rate determining step in this pro-
cess, 2520 it is nonetheless important to have a detailed understanding
of the other steps.

Previously, PESs were constructed for H, dissociation on Ru(ooo1),?”
and quantum dynamics calculations have been performed2®29 to com-
pare the performance of two DFT XC functionals, PW91'5 and RPBE,?
with each other. Comparisons have also been made to experimental mo-
lecular beam studies on dissociative adsorption3° as well as diffractive
scattering.?® The results of the comparison with experiments showed
that neither functional could properly describe reaction over the entire
interval of incidence energy, in the sense that the calculated reaction
probability curve as a function of incidence energy was too narrow
compared to the experimental curve, suggesting that the energetic cor-
rugation of the used PESs is too small.?3° The same semi-empirical
mixture of these two functionals as the one which worked well for H,
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dissociation on Cu(111),'%'7 was also not able to describe the reaction
probability of H, on Ru(ooo1) over the entire range of incidence ener-
gies. Additionally, calculated diffraction probabilities were generally
(somewhat) higher than the experimental diffraction probabilities. This
discrepancy was attributed to the used XC functionals.? It was argued
that the van der Waals interaction, which is not taken into account in
the usual (semi-)local XC functionals,33*> could be important for an
early barrier system such as H, dissociation on Ru(ooo1). Furthermore,
in calculations on H, on Ru(ooo1) in which electron-hole pair excita-
tions were incorporated by the use of electronic friction coefficients, the
width of the reaction probability curve was found to be influenced only
weakly by electronic friction.33

In the present work, an extensive study of XC functionals for H,
dissociation on Ru(oo01) is reported. The goal of the present work is
twofold: first, to determine whether improved XC functionals, such as
van der Waals-corrected functionals or meta-generalized gradient ap-
proximation (meta-GGA) functionals, can lead to an improved descrip-
tion of this system, and second, to obtain a SRP functional which is
able to describe this system. To achieve this, PESs were constructed
for H, on Ru(oo0o01) using more than 20 different XC functionals. Bar-
rier heights for reaction are analysed and from this analysis, and based
on reaction probabilities obtained from quasi-classical trajectory (QCT)
calculations, interesting functionals are identified. Quantum dynamics
(QD) calculations are performed for the functionals giving the best de-
scription of reaction to compare with diffraction experiments.

In section 4.2 the methods used are explained, starting with the
dynamical model and dynamics methods in section 4.2.1. The con-
struction of PESs is discussed in section 4.2.2. Section 4.2.3 focuses
on the calculation of observables. In section 4.2.4 the computational
details are given. In section 4.3 the results of the calculations are shown
and discussed, starting with an overview of the constructed PESs in
section 4.3.1. Initial state-resolved reaction probabilities and rotational
quadrupole alighment parameters are discussed in section 4.3.2 and
simulations of molecular beam sticking experiments are discussed in
section 4.3.3. Diffractive scattering and reaction at off-normal incidence
are discussed in section 4.3.4. Finally, in section 4.4, the conclusions
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Ficure 4.1 (a) The center of mass coordinate system used for the description
of the H, molecule. (b) The surface unit cell and the sites considered. The
origin of the coordinate system (X=U=0, Y=V=0, Z=0) is at a top layer atom
(top site).

are given.

AALIVHD

4.2 Theory

4.2.1  Dynamical model

Both quantum dynamics and quasi-classical dynamics calculations
have been performed. For all calculations, the Born-Oppenheimer
static surface (BOSS) model is used. In the BOSS model, two approxim-
ations are made. First of all, the Born-Oppenheimer approximation34
is made. Second, a static surface approximation is made, in which the
surface atoms are assumed to be fixed at their ideal lattice positions,
and therefore, only the six degrees of freedom of the H, molecule are
taken into account in the dynamics. The coordinate system used is
shown in figure 4.1(a).

The use of these approximations for H, /metal surface scattering is
supported by previous work. For H, dissociation on Pt(111) it has pre-
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viously been argued that non-adiabatic effects should not play an im-
portant role, for reasons that are generic to H, /metal systems."4 Non-
adiabatic effects have been incorporated in calculations on H, disso-
ciation on Cu(111),353° Cu(110)37 and Ru(0001),33 using electronic fric-
tion. No large non-adiabatic effects were found in these dynamics calcu-
lations, suggesting that the Born-Oppenheimer approximation works
well for these systems.

The validity of the static surface approximation has been tested re-
cently for H, dissociation on Cu(111) using ab initio molecular dynamics
(AIMD) calculations,3® in which surface atoms in three layers of a 2 x 2
unit cell were allowed to move, and static corrugation model (SCM) cal-
culations (chapter 3), which excluded energy exchange with the surface
but included the displacement of surface atoms and surface expansion
effects. In these studies, good agreement was found between static sur-
face calculations and calculations at the experimental surface temperat-
ure (Ts = 120K). These calculations suggested thermal expansion of
the surface to be important, which has been tested recently.39

For H, dissociation on Ru(0o01), the neglect of surface temperature
is not expected to have a big effect. The importance of energy exchange
is not expected to be large. Due to the large mass mismatch between
a H, molecule and a surface atom, motion of the H, molecule and the
surface atoms should only be weakly coupled, i.e., the effect of energy
exchange should be small. The effect of the static displacement of sur-
face atoms is also expected to be small. This is because H, dissociation
on Ru(0001) is an early barrier system: the barriers are located far from
the surface, therefore the coupling between the H, molecule located
at the barrier and the closest surface atoms should be small. Finally,
also thermal expansion is expected to be a rather small effect. Bulk
ruthenium expands by about 0.24% in a and 0.36% in c¢ from oK to
500 K.4° The first interlayer spacing dq, contracts slightly with increas-
ing surface temperature.#* It should be noted that the surface temper-
ature used in the diffraction experiments (T = 500K?>9) is somewhat
higher than the surface temperature used in the molecular beam exper-
iments (T; = 180K3°), which suggests that if surface temperature does
play a role it would do so predominantly in the diffraction experiments.
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4.2.1.1  Quantum and quasi-classical dynamics

For the quantum dynamics calculations a time-dependent wave packet
(TDWP)4>43 method was used. This method is described in section 2.4.

The QCT44 method was also used, as described in section 2.3. At
each computed point on a reaction probability curve, to get accurate
results, at least 10* trajectories were computed. The H, molecule was
initially placed at Z = 9 A. The molecule was considered to have disso-
ciated when r > 2.25 A.

4.2.2 Construction of potential energy surfaces

Full 6D PESs were constructed from self-consistent DFT calculations
with various XC functionals. To construct a PES, a number of DFT cal-
culations are performed. First, to obtain the lattice constants a and c to
use for ruthenium, a bulk hexagonal close packed (HCP) unit cell con-
taining two atoms was set up. This unit cell was relaxed, during which
the size and shape of the unit cell was allowed to change. Second, to
obtain the structure of the slab to use, a slab was set up with a structure
resembling the bulk structure obtained in the first step, after which the
positions of the atoms were allowed to relax in the direction perpendic-
ular to the slab. Finally, to map out the molecule-surface interaction
on various sites in the Ru(ooo1) surface unit cell, a H, molecule was
added to the unit cell obtained in the second step, and a large number
of single point calculations were carried out with the H, molecule in
various geometries.

To interpolate the results from the single point calculations, the cor-
rugation reducing procedure (CRP) was used,*>4® as described in sec-
tion 2.1.1. In the interpolation a 60° skewed coordinate system (U, V)
is used (see also figure 4.1(b)). In the discussion below this (U, V) co-
ordinate system is assumed to be scaled such that the closest surface
atom-surface atom distance within a layer is unity.

For the interpolation of I1°P a total of 29 configurations (U, V, ¢, ¢)
are used, spread over 6 different sites (U, V) (see also figure 4.1(b)). The
used configurations have been listed in table 4.1. The interpolation is
done in several steps, similar to the method used for H,/Cu(100) by
OvseN et al.4° First, for every configuration, the interpolation over the r
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TaBLE 4.1 Configurations used in the interpolation of H, /Ru(ooo1) PES. The
sites listed here correspond to the sites listed in table 4.2, and are also shown
graphically in figure 4.1.

Site 4 (°) @ (9
Top 0
Top 90 0, 30
tzh 0
t2h 45 30,120,210
t2h 90 30, 120
HCP 0
HCP 45 30, 210
HCP 90 0, 30
Bridge 0
Bridge 90 0, 60, 90
FCC 0
FCC 45 150, 330
FCC 90 0, 330
taf 0
tof 45 150, 240, 330
tzf 90 240, 330

and Z degrees of freedom is performed. This interpolation is performed
over a 14x15 (r x Z) grid using a 2D cubic spline interpolation. Then, on
every site, the interpolation is performed over the ¢ and ¢ degrees of
freedom using symmetry adapted sine and cosine functions. Finally,
the interpolation over U and V is performed, again using symmetry
adapted sine and cosine functions.

For the interpolation of I 3D a total of 10 sites in (1, v) are used. The
used configurations have been listed in table 4.2. The interpolation is
performed in two steps. First, for every site, a 1D cubic spline interpola-
tion over 57 points in z is performed. Then the interpolation over the u
and v degrees of freedom is performed, using symmetry adapted sine
and cosine functions. For VP the spline interpolation of the interaction
of the H atom above the top site is used, similar to previous studies.*>
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TaBLE 4.2 Sites used in the interpolation of the H/Ru(ooo1) PES.

Site u 7}

Top 0 0
Bridge 1/2 0
HCP 1/3 1/3
t2h 1/6 1/6

€ 1/3 1/6
T 1/6 0
n 1/3 0
taf 1/3 -1/6
€ 1/2 -1/6

FCC 2/3 -1/3

From Z = 3.4 A to Z = 4.0 A the PES is switched from the full V®P to
a 2D gas phase interaction V2P, as the dependence on the other degrees
of freedom far away from the surface is small. This gas phase potential
is given by

V(r,Z) = VOUZ) + VE=(1), (4.2)

where V& is a function describing the dependence of the PES on Z
beyond Z = 4.0 A and V8 is the interaction at Z = Z,,,,,. For the work
described in this chapter these functions are represented by 1D cubic
splines, with Z,,,, taken to be 6 A.

4.2.3 Calculation of observables

Initial state-resolved reaction probabilities, rotational quadrupole align-
ment parameters, molecular beam sticking probabilities and diffraction
probabilities were computed as described in section 2.5. The paramet-
ers for the H, and D, beams of Groor et al.3° are shown in table 4.3.
These parameters were obtained by fitting

G(t;Ty) = c1 + cu;t exp [—(v; — vg)? /a?] (4.3)

to the experimental time-of-flight (TOF) spectra.4” It is noted here that
the parameters describing the H, molecular beam differ somewhat from
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TaBLE 4.3 Parameters used for the molecular beam simulations of H, and D,
on Ru(ooo1). The parameters were obtained from fits of equation (4.3) to the
experimental TOF spectra.47

(E;) (€V) v (m/s) a(m/s) Tpopse (K)

0.061 2375.3 167.3 300
0.075 2641.8 329.2 300
0.129 3334.2 607.5 500
0.182 3862.9 852.0 700
H, 0.232 4264.6  1088.9 900
0.274 4564.2  1266.7 1100
0.328 4907.6  1473.7 1300
0.377 5154.2  1687.5 1500
0.430 5391.6  1901.9 1700
0.078 1932.3 193.6 300
0.124  2372.5 295.1 500
0.219 3090.8 527.4 900
D, 0.316 3625.4 765.6 1300
0.363 3818.9 908.9 1700
0.455 4051.2  1261.8 1700
0.466 4268.9 1097.1 1700

the parameters presented earlier,* as an error was made in the analysis
of the TOF measurements.4”

4.2.4 Computational details

For the electronic structure calculations VASP®°3 (version 5.2.12) was
used. To allow the use of XC functionals not present in VASD, the
LibXC® library (version 1.2.0) has been used.

Potential energy surfaces have been constructed for a wide range
of XC functionals. The functionals used are listed in table 4.4. For the
GGA functionals, except for the PBELDA and PBExLDA functionals, the
standard® VASP ultrasoft pseudopotentials (USPPs)®® were used. For
all other functionals, projector augmented wave (PAW)®7 potentials®®
were used. The vdW-DF functionals were evaluated within the scheme
of RoMAN-P£REZ and SOLER.%9
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TasBLE 4.4 The XC functionals used in this work. Also shown are the lattice constants obtained for ruthenium (best matches
shown in bold typeface).

Name Type Exchange Correlation a(A) c(A)

BLYP GGA Becke884 LYP# 2.775  4.363

BP GGA Becke884 Perdew86%°  2.735 4.308

HTBS GGA HTBS> PBE> 2,706  4.268

PBE« GGA PBEx=0.5>3 PBE> 2.720 4.288

PBExLDA GGA PBE«x=0.553 LDA (PW54) 2778  4.369

PBE«LYP GGA PBE«x=0.553 LYP4 2.763  4.348

PBE«:RPBE(85:15)LYP GGA 0.85 PBEx=0.5%3 + 0.15 RPBE?  LYP#% 2.767  4.353

PBE GGA PBE>* PBE> 2.730  4.304

PBELDA GGA PBE>> LDA (PW54) 2790 4.387

PBELYP GGA PBE>> LYP# 2.775  4.365

PBEP GGA PBE>? Perdew86>°  2.735 4.310

PBE-vdW-DF vdW-DF PBE>? vdW-DF5 2751 4.336

PBE-vdW-DF2 vdW-DF PBE5? vdW-DF2%® 2754 4.341

PBE:RPBE(50:50)-vdW-DF  vdW-DF 0.5 PBE>* + 0.5 RPBE? vdW-DF55 2.758  4.347

PWI1 GGA PW91*5 PW91%5 2.732  4.305

(revPBE-)vdW-DF vdW-DF revPBE57 vdW-DF> 2.761  4.351

\w/ revTPSS meta-GGA  revIPSS?® revTPSS5® 2.690  4.246

S RPBE GGA RPBE® PBE> 2.744  4.325

(M\ RPBELYP GGA RPBE?® LYP# 2.790 4.388

~ RPBE-vdW-DF vdW-DF RPBE?® vdW-DF> 2.765  4.357

Z RPBE-vdW-DF2 vdW-DF RPBE?® vdW-DF2% 2768  4.362

M (rPW86-)vdW-DF2 vdW-DF rPW865° vdW-DF2%  2.799 4.412

Q WC GGA WC>9 PBE>* 2.706  4.267
B

m Experiment (295 K)®° 2.706  4.281

2 Extrapolation (o K)#° 2.703  4.274
0
A
o
T
<+
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Tests were performed on the bulk system and the molecule-surface
system to find a k-point sampling and plane wave cut-off yielding con-
verged results. The convergence was found to be nearly independent
of the XC functional, although for vd W-DF functionals the convergence
was somewhat less good, but still good enough. For this reason, as well
as consistency, the k-point sampling and plane wave cut-off were chosen
to be equal for all functionals. For the bulk calculations, a 20 x 20 x 20
I'-centered Monkhorst-Pack”® grid was used with a plane wave cut-off
of 450€V. For the slab calculations, a 20 x 20 x 1 I'-centered Monkhorst—
Pack grid was used with the same plane wave cut-off. For the single
point calculations to determine the molecule-surface interaction, a 8 x
8 x 1 I'-centered Monkhorst-Pack grid was used with a plane wave cut-
off of 350eV. A 2 x2 supercell with a vacuum of 13 A between images of
the slab was used. For all calculations, to speed up convergence, Fermi
smearing was used with a width of o.1eV. Finally, in all calculations
a five-layer slab was considered. Convergence tests with respect to the
number of layers for two geometries close to the transition state for the
top(® = 90°, ¢ = 0°) and hcp(¢ = 90°, ¢ = 30°) configurations, showed
that for a range of GGA functionals the difference between using a five-
and seven-layer slab was on average about 5meV for the top to bridge
case and about 10meV for the hcp case. This error was found to not
depend much on the chosen XC functional.

For the quantum dynamics calculations on reaction at normal incid-
ence, two wave packets with different energy ranges were propagated.
The lower energy range was taken from 4omeV to 200 meV, the high
energy range from 150 meV to 60o meV. For calculations on diffraction
at off-normal incidence however, only the lower energy range was cal-
culated. Convergence tests indicated that the same parameters could be
used for all calculations. The parameters used are shown in table 4.5.

4.3 Results and discussion

4.3.1 Potential energy surfaces

It should be clear that with the large number of PESs considered here, a
full analysis is beyond the scope of this chapter. It is nonetheless import-
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TABLE 4.5 Parameters for quantum dynamics calculations on H, dissociation
and scattering from Ru(ooo1). Values for odd values of |, where different, are
listed in parentheses. All values are in atomic units.

Parameter Description Value
Nx =Ny Number of grid points in X and Y 18
Jimax Maximum | in basis set 16(17)
M] max Maximum 1; in basis set 16(17)
Tmin Start of grid in r 0.4
Ar Spacing of grid in r 0.25
N, Number of grid points in r 32
Z nin Start of grid in Z -1.0
AZ Spacing of grid in Z 0.135
Nz Number of grid points in Z 128
Nz o Number of grid points in specular Z 256
At Propagation time step 5.0

2 JAY N Analysis time step 40.0

E Zy Center of initial wave packet 16.955

a Z Location of analysis line 12.5
A% Optical potential strength in Z 0.002
Zgﬂ; Start optical potential in Z 12.5
ZF End optical potential in Z 16.145
A?Sp Optical potential strength in Z, 0.0035

glf,tmm Start optical potential in Z, 22.355

Zggfmax End optical potential in Z, 33.425
Al Optical potential strength in r 0.008
rrofi; Start optical potential in r 4.15
robl End optical potential in r 8.15

108




4.3. RESULTS AND DISCUSSION

hcp qb =30°

0.5 1.0 1.5 0.5 1.0 1.5 2.0
o
r(A)

Ficure 4.2 Contour plots of the H, on Ru(ooo1) PES for four high symmetry
configurations with ¢ = 9o°, for the PBE-vdW-DF2 functional. Transition
states are indicated by (red) crosses while local minima in the potential are
indicated by (blue) plus symbols. The spacing between contour lines is 0.1€V.

ant, however, to highlight several features of the created PESs, thereby
extending the previous analysis by Luppr et al.?7

Contour plots of all 2D cuts that were used for the construction of
the PES were made and the transition states on these contour plots were
identified. In figure 4.2, contour plots of several high symmetry con-
figurations are shown, from one of the PESs which was found to give
the best description of the molecular beam experiments (see also sec-
tion 4.3.3). Consistent with previous calculations,?” the barrier height
increases in the order top < t2h/t2f < bridge < hcp/fcc. In most cases,
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TABLE 4.6 Barrier geometries and barrier heights, relative to the gas phase
minimum, for the four geometries depicted in figure 4.2. Where available, both
barriers have been indicated. With MIX-vdW-DF the PBE:RPBE(50:50)-vdW-
DF functional is meant.

Parameter topr1 top2 tzh1 tzh2 bri  hcp

) O
ZPBE-VdW—DF2 ( A)
Zlg/HX—VdW—DF ( A)

o o o o o o

(6} 120 120

90 30
2.605 1.557 2.139 1.473 1.858 1.661
2.605 1.559 2.122 1474 1.830 1.646
ZEBE (A) 2.736  1.544 2.350 - 2.069 1.926
rEBE-vdW-DFz ( OA)
rlg/HX—vdW—DF (A)

0.751 1.247 0.771 1.071 0.796 0.857
0.751 1.249 0.771 1.072 0.799 0.861

rPBE (A) 0.757 1.251 0.767 - 0785 0.805
EPBE-VdW—DFZ (ev)

0.004 -0.073 0.115 0.061 0.276 0.432
EMDvAW-DE (6V)  0.004 -0.044 0.125 0.096 0.295 0.459
E;BE (eV) 0.022 -0.366 0.092 - 0198 0.304

except for the rPW86-vdW-DF2 functional, the hcp barrier was found
to be slightly higher (by up to 46 meV for the revIPSS functional) than
the fcc barrier. It should be emphasized that most of the trends seen in
figure 4.2 are qualitatively reproduced by most functionals, but quant-
itatively (large) differences can be found.

A notable feature of the H, on Ru(ooo1) PES is the presence of two
barriers on several 2D cuts. On the top site two barriers are found with
a well in between. This feature is general for all functionals. This is
also, for several functionals, found to be the case for the t2h(d = 90°,
@ = 120°) and t2f(¢ = 90°, ¢ = 240°) configurations. Differences were
found with respect to the relative energy of the early and late barriers
present in 2D cuts above the top site. For most XC functionals, the early
barrier was found to be highest, but for several others the late barrier
was found to be highest. The difference between the two barrier heights
(Etb()p’late — E;Op’early) was found to vary between —0.64 €V for the WC func-
tional to 0.14 eV for the -PW86-vdW-DF2 functional. These results sug-
gest that care should be taken with the choice of an XC functional, as this
could have a drastic influence on the dynamics. Barrier geometries and
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Ficure 4.3 Energetic corrugation of the potential versus lowest barrier height = 8
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heights for the geometries depicted in figure 4.2 are given in table 4.6,
for the PBE-vdW-DF2, PBE:RPBE(50:50)-vdW-DF and PBE functionals.
These two vdW-DF functionals, included because they yield the best
description of the molecular beam experiments (see section 4.3.3), yield
similar barrier geometries and heights, and in all cases barriers are ob-
tained which are closer to the surface than obtained with the reference
PBE functional.

The energetic corrugation has also been considered. The energetic
corrugation is defined here as the difference between the hcp(¢ = 90°,
@ = 30°) barrier height and the top(¢ = 90°, ¢ = 0°) barrier height.
The energetic corrugation of a PES is a useful quantity as it is typically
found to correspond to the “width” of the reaction probability curve for
activated dissociation systems.”* By the width, one usually means the

CHAPTER
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range of energies over which the reaction probability increases more or
less linearly from an onset energy that is close to the reaction threshold
to an energy at which the reaction probability starts to plateau. As such,
the width of the reaction probability curve is inversely related to the
slope of the reaction probability over this energy region, and the slope
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of the curve is therefore also related to the energetic corrugation of the
PES. In this chapter, the width of the reaction probability curve is rather
loosely defined in this way. In some cases reaction probability curves
may be fitted rather well with sigmoidal functions like

A Eyons — E
S(Etgans) = 5 [1 + erf (“‘TO)] (4-4)

as used for instance in references 72 and 73, and in such cases the width
has a well-defined meaning and is given by the value of a specific para-
meter of the fit function (W in the example given, furthermore A is the
maximum value of the reaction probability, and E, the energy at which
the reaction probability becomes half its maximum value).

For facilitating a comparison of the energetic corrugation among
various functionals, in all cases the height of the early barrier on the
top site was used, even if the late barrier was higher in energy than
the early barrier. Lupri et al. previously noted that the PW91 and RPBE
functionals showed a large difference in the energetic corrugation.?” Fig-
ure 4.3, in which the energetic corrugation is plotted against the top
to bridge barrier height, shows that the results obtained here support
this. A number of features should be pointed out. No very clear overall
correlation is found between the lowest barrier height and energetic cor-
rugation of the potential. Functionals with LYP or LDA correlation how-
ever show a higher energetic corrugation than the functionals with PBE
or Perdew86 correlation, while functionals using vdW-DF or vdW-DF2
correlation show an even higher energetic corrugation. For the function-
als considered here, it seems that the energetic corrugation is higher for
the functionals which yield a higher top(¢ = 90°, ¢ = 0°) barrier height.
The functionals within a correlation group (i.e., a group of functionals
with the same correlation, as indicated in figure 4.3 by the use of one
specific symbol), show a somewhat stronger correlation between the
top(¢ = 90°, ¢ = 0°) barrier height and the energetic corrugation, in the
sense that functionals with a higher top to bridge barrier height mostly
give a larger energetic corrugation. Such a trend is especially apparent
for functionals incorporating a “PBE-like” exchange functional, namely
the exchange functional sequence PBEx — PBE — RPBE, but less so for
other exchange functionals such as rPW86 or HTBS.
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It is not fully understood at present why there is an almost linear
correlation between the energetic corrugation and the minimum bar-
rier height for functionals with PBE-like exchange within correlation
groups. It is also not completely clear why for H, on Ru(ooo1) the ener-
getic corrugation varies so strongly with the minimum barrier height. It
should, however, be pointed out that this could be related to the rather
large difference in distance to the surface (Z) of the top(¢ = 90°, ¢ = 0°)
and hep(¢ = 90°, ¢ = 30°) barrier (also referred to as geometric corrug-
ation7): the top(¢ = 90°, ¢ = 0°) barrier is much further away from the
surface than the hep(d = 90°, ¢ = 30°) barrier (see table 4.6). For the
H, on Cu(111) system, the geometric corrugation is smaller (all barriers
are late and their positions fall between Z = 2.2 — 2.6 a;), and for this
system no large differences in energetic corrugation between PW91 and
RPBE were found, while larger differences were found between PW91
and RPBE barrier heights.16%7
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In figure 4.4 the height of the top to bridge barrier has been plot-
ted against the distance of the same barrier to the surface. There is no
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clear correlation between the position and height of the barrier. Similar
correlations as in figure 4.3 can however be found within a correlation
group, although these correlations are less clear here. Barriers obtained
with vdW-DF functionals are usually closest to the surface, while func-
tionals with PBE or Perdew86 correlation are usually furthest from the
surface. The top to bridge barrier can therefore shift by about 0.4 A with
the choice of the XC functional in Z for a particular top to bridge barrier
height. This rather large shift can have dramatic effects on the aniso-
tropy or corrugation of the potential barrier which is experienced by
the H, molecule. For the functionals considered here, it seems that the
barriers are higher the closer they are to the surface, but it should be
noted that this correlation is rather weak.

The lattice constants for ruthenium obtained with various function-
als were compared to experiment.®® Because no experimental data is
available for low temperatures, also a comparison is made to an extra-
polation of experimental data to 0 K.4° The computed values for the
lattice constants are shown in table 4.4. It is clear that most function-
als overestimate the lattice constant. Of all the functionals which were
tested only the revTPSS, WC and HTBS functionals yield a lattice con-
stant in reasonable agreement with experiment. This is not surpris-
ing because the WC functional is a functional created for describing
solids,?9 and the HTBS and revTPSS functionals are functionals created
to yield a good description of both solids and molecules5"5 at the GGA
and meta-GGA level, respectively.

Finally, in figure 4.5 the height of the top to bridge barrier and the
energetic corrugation have been plotted against the lattice constant a.
There is, as shown in the bottom panel, a rather clear overall correla-
tion between the energetic corrugation and the lattice constant, in the
sense that functionals giving a higher energetic corrugation also predict
a larger lattice constant. In spite of this clear trend, there is still some
variation. In particular the LYP and LDA functionals considered here,
as well as the rPW86-vdW-DEF2 functional, yield a relatively low ener-
getic corrugation for the obtained lattice constant. The HTBS and re-
vTPSS functionals yield a relatively high energetic corrugation (similar
to the PBE value) for the lattice constants obtained with these function-
als. As shown in the top panel of figure 4.5, there seems to be no clear
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tional.
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overall correlation between the minimum (top to bridge) barrier height
and the lattice constant, although a clearer and near-linear correlation
is present for functionals containing PBE-like exchange and belonging
to the same correlation group, as in figures 4.3 and 4.4. In fact, this
is not so surprising, as a similar correlation has been observed before
between the CO adsorption energy on specific metal surfaces and the
metal surface energy computed with GGAs7+75 (interestingly, similar
to what is found here, the revIPSS meta-GGA result fell away from the
line correlating the CO adsorption energy and the surface energy?>). A
correlation would then be expected also between barrier heights and lat-
tice constants because adsorption energies and reaction barrier heights
are correlated (as described by the so-called Bronsted—Evans-Polanyi
relations”®77), while the metal surface energy and the lattice constant
of the metal are both functions of the cohesive strength of the metal.

4.3.2 Initial state-resolved reaction and rotational
quadrupole alignment

In figure 4.6 the initial state-resolved (degeneracy averaged) reaction
probability Pyeg(Egans; v, J) for H, dissociating on Ru(ooo1) obtained
from QCT calculations is compared to QD calculations for the PBE-vdW-
DF2 and PBE:RPBE(50:50)-vdW-DF functionals. At the lowest energies
some small oscillations are present in the QD results. In spite of this, the
agreement between QCT and QD is found to be excellent, in particular
for the higher rotational states. This good agreement makes it possible
to use QCT instead of QD results for the simulation of molecular beam
sticking.

In figure 4.7 the degeneracy averaged reaction probability for H,
dissociating on Ru(ooo1) obtained from QCT is compared for various
initial rovibrational states for the PBE and PBE-vdW-DF2 functionals.
It is clear that the PBE-vdW-DF2 functional gives rise to less steep reac-
tion probability curves than the PBE functional. This can be understood
from the increased energetic corrugation (see figure 4.3) of the PES. Fur-
thermore, the ordering of the curves is different. With the PBE-vdW-
DF2 functional first reaction decreases with increasing | up to about
] = 5, after which reaction increases again with increasing J. With the
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Ficure 4.6 Comparison between the initial state-resolved reaction probability
calculated with quantum dynamics and quasi-classical trajectory calculations.

PBE functional, reaction first slightly increases with | up to | = 2, then
slightly decreases with | up to ] = 5, and then increases further with
increasing J. This shows that the PBE and PBE-vdW-DF2 functional
clearly have a different anisotropy, as the anisotropy of the potential de-
termines the rotational dependence of reaction. The precise feature of
the PES responsible for this difference is however not clear and is con-
sidered beyond the scope of this chapter. Because the PBE-vdW-DF2
functional gives barriers which are closer to the surface than the PBE
functional however, a larger anisotropy is expected for the PBE-vdW-
DF2 functional, which is also found in the PESs (see table 4.6). The PBE
functional gives smaller rotational effects than the PBE-vdW-DF2 func-
tional, consistent with the differences in anisotropy.

It should be noted that for H, and D, dissociation on Cu(111) exper-
imental studies”>7%79 showed a behaviour similar to the one here ob-
served with the PBE-vdW-DEF2 functional, in the sense that reaction at
first decreases with |, after which it increases with J. This trend could
not be reproduced in recent calculations'®'7 in which the PW91 and
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Ficure 4.7 The degeneracy averaged reaction probability for the PBE and PBE-
vdW-DF2 functionals for several rotational states in the vibrational ground
state. The probabilities were computed with the quasi-classical trajectory
method.

RPBE functionals were used. In these calculations, a behaviour similar
to the one here observed with the PBE functional was found. This there-
fore suggests that the use of vdW-DF functionals on H, or D, dissoci-
ation on Cu(111) could lead to an improved description of that system,
as will be discussed further in chapter 6.

The differences in anisotropy between the PBE and PBE-vdW-DF2
functionals are emphasized even more when the orientational depend-
ence of reaction is considered. In figure 4.8 the rotational quadrupole
alignment parameter computed with QCT is shown for the same two
functionals. Several differences are found between the two functionals.
For a specific | state, the rotational quadrupole alignment parameter for



4.3. RESULTS AND DISCUSSION

PBE
0.8 |

0.6

04 | .

02 |

-0.2

06

Rotational quadrupole alignment

0.2 |

0.2 : . : . :
0 0.1 0.2 0.3

Normal incidence energy (eV)

Ficure 4.8 The rotational quadrupole alignment parameter, computed with
the quasi-classical trajectory method, for the PBE and PBE-vdW-DEF?2 function-
als for several rotational states in the vibrational ground state.

the PBE functional is generally lower than for the PBE-vdW-DEF2 func-
tional. On the investigated interval, the rotational quadrupole align-
ment parameter reaches a maximum value of about 0.4 for the PBE func-
tional, while the PBE-vdW-DEF2 functional reaches a maximum value of
about 0.9. This rather large difference can be understood if the posi-
tions of the barriers are considered. For example, on the hcp site, the
barrier computed with the PBE functional is at Z, = 1.93 A, while the
barrier computed with the PBE-vdW-DEF2 functional is at Z, = 1.66 A
(see also table 4.6). This leads to a higher anisotropy on the barrier for
the PBE-vdW-DEF?2 functional, which in turn leads to a higher rotational
quadrupole alignment parameter, because the higher anisotropy leads
to an increased preference for reaction of helicoptering molecules.
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F1GURE 4.9 Reaction probability for molecular beams of H, dissociating on
Ru(ooo1) computed with various standard functionals, compared to experi-
ment.3°

4.3.3 Molecular beam sticking

In figure 4.9 the molecular beam simulations for H, dissociating on
Ru(ooo1) are shown for several commonly used XC functionals. It is
clear that, similar to previous results by Nieto et al.,> the computed
reaction probability curves are narrower than the experimental curve.
For the width, the best agreement with experiment is found for the
RPBE and BLYP functionals, but both of these underestimate the reac-
tion probability for the lowest collision energies considerably. The PESs
obtained from these functionals therefore have too high minimum bar-
riers. The PW91 and PBE reaction probability curves are quite similar,
which is not surprising as the PBE functional is overall quite similar5*
to PWO91. It should be clear that the reaction probability follows the
trends shown in figure 4.3 for the energetic corrugation and lowest bar-
rier height at least qualitatively.

In figure 4.10 the molecular beam simulations for H, dissociating
on Ru(ooo1) are shown for the revIPSS and HTBS functionals, with
a comparison to results obtained with related functionals. The HTBS
functional yields a reaction probability curve which is in between the re-
action probability curves obtained with the WC and RPBE functionals.
The reaction probability obtained with the HTBS PES at low energies is
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FIGURE 4.10 Reaction probability for molecular beams of H, dissociating on
Ru(oo01) computed with the revIPSS and HTBS functionals. For comparison,
the PBE, WC and RPBE molecular beam reaction probabilities are plotted, as
well as experimental results.3°

underestimated, while it is overestimated at high energies. The width of
the HTBS reaction probability curve seems to be equal to or even slightly
smaller than the width of the PBE reaction probability curve. The re-
vTPSS functional yields reaction probabilities which are slightly lower
than PBE and are therefore in better overall agreement with the experi-
ments. The width of the reaction probability curve is however not much
changed and can in this sense not explain the experimental dependence
of the reaction probability on the incidence energy. It is difficult to say
much of general validity about the importance of the meta-GGA ap-
proximation for molecule-surface reactions, as only a single meta-GGA
functional is tested here for a single system. For the system considered
here, however, the strength of the meta-GGA approximation seems to
lie in the better simultaneous description of the surface, as evidenced
by a better lattice constant (see table 4.4), and the molecule—surface in-
teraction, as evidenced by the reaction probabilities computed with the
PBE and revTPSS functionals being similar. The better simultaneous
description of the molecule and the surface is in agreement with pre-
vious results obtained with the revTPSS functional,”> and is consistent
with construction principles used in the development of this functional
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FIGURE 4.11 Reaction probability for moleculars beams of H, and D, dissociat-
ing on Ru(ooo1) computed with various functionals containing LYP and vdW-
DF correlation, compared with experimental results.3° In the legend, only the
name of the exchange functional is given.

(better simultaneous description of molecules and solids).>® The finding
that the revIPSS functional yields similar values of the minimum bar-
rier height and the energetic corrugation for H, on Ru(ooo1) but yield a
different and somewhat better value of the Ru lattice constant suggests
that meta-GGA functionals could be devised that give a systematically
better simultaneous description of surface reactivity and the metal lat-
tice. This could be relevant to being able to simulate reactive scattering
processes in a specific system over a large range of surface temperat-
ures.8°

The relatively high energetic corrugation of the LYP- and vdW-DE-
based functionals suggests that if suitable exchange functionals are
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chosen, they could be used for a mixing procedure similar to the one
previously applied for H, on Cu(111).2%%7 The results of such a mixing
procedure, in which only the exchange functional is mixed and the
correlation functional kept fixed, are shown in figure 4.11. For the LYP
functionals, it is found that PBEALYP (with « = 0.5) and RPBELYP could
form a pair for the mixing procedure, in the sense that one functional
consistently overestimates the reaction probability and the other con-
sistently underestimates. The PBELYP functional already provides a
reasonable description at higher energies, but underestimates the reac-
tion probability at the lowest energies. A 85:15 mixture of the PBEx and
RPBE functionals gives a good agreement for the lowest energies. For
the vdW-DF functionals, the PBE-vdW-DF and RPBE-vdW-DF func-
tionals could also form such a pair (see bottom panel of figure 4.11). A
50:50 mixture of the PBE and RPBE functionals gives a good agreement
over the whole energy range. For the vd W-DF2 functional, it was found
that no mixing procedure was needed, as is shown in figure 4.12.

In figure 4.12 the molecular beam simulations for H, and D, disso-
ciating on Ru(ooo1) are shown for the PBE-vdW-DF2, PBE:RPBE(50:50)-
vdW-DF and PBEa:RPBE(85:15)LYP functionals. The PBE-vdW-DF2 re-
action probability is at all points slightly higher than the PBE:RPBE-
(50:50)-vdW-DF reaction probability, even though the minimum bar-
rier heights are almost the same for these functionals. The PBEx:RPBE-
(85:15)LYP functional gives a reaction probability curve which is slightly
more reactive and narrower. The agreement with experiment is good
for both vdW-DF functionals, except perhaps at the highest two ener-
gies. It should however be pointed out that a somewhat oscillatory be-
haviour is present in the experimental data at the highest points, which
is not reproduced by theory. Overall, the agreement with experiment
is quite good for the two vdW-DF functionals. This suggests that these
functionals can be considered candidate SRP functionals.

4.3.4 Scattering and reaction at off-normal incidence

In figure 4.13 the reaction probability of cold n-H, (25% ] = 0,75%] = 1)
computed with quantum dynamics is plotted against normal incidence
energy for normal and off-normal incidence, for the PBE-vdW-DEF2 func-
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FIGURE 4.12 Reaction probability for molecular beams for H, and D, disso-
ciating on Ru(ooo1) computed with the PBE-vdW-DF?2 functional and the two
mixed functionals of figure 4.11, compared with experimental results.3° For
comparison, the PBE molecular beam reaction probability has been plotted.

tional. It should be noted that normal energy scaling does not seem to be
completely obeyed. Molecular beam experiments however suggested
that normal energy scaling is obeyed.3° The effect of parallel incidence
energy is, at the energies considered, a decrease of the reaction probabil-
ity, consistent with previous calculations on H, dissociation on Pt(111)+3
and model potentials.?* It should furthermore be noted that small oscil-
lations occur in the curve at low energies, suggesting that the hydrogen
molecule can be temporarily trapped in one of the wells present in the
PES. These oscillations were not present in previous PW91 results.??

In figure 4.14 probabilities for various scattering processes com-
puted with quantum dynamics are shown for cold n-H, scattering
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Ficure 4.13 Reaction probability for n-H, reacting on Ru(ooo1), shown as a
function of normal incidence energy, computed with the PBE-vdW-DF2 func-
tional for various incidence conditions.
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FIGURE 4.14 Various scattering probabilities for n-H, scattering from Ru(ooo1)
with an initial parallel energy of 35 meV in the [1120] incidence direction com-
puted with the PBE-vdW-DF2 and PBE:RPBE(50:50)-vdW-DF XC functionals.
Theoretical results: lines, experimental results:*® symbols. Top panels: rovibra-
tionally elastic scattering (survival), rotational excitation (v' = 0, ] = 2) and
reaction. Bottom panels: per-order diffraction probabilities for rovibrationally
elastic scattering. For comparison, previous PW91 results® are also shown.
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from Ru(0oo01) with an initial parallel energy of 35meV in the [1120]
incidence direction. The reaction probability computed with the PBE-
vdW-DF2 and PBE:RPBE(50:50)-vdW-DF functionals is lower than the
reaction probability previously obtained with the PW91 functional over
the entire range of incidence energies considered. Rotational excitation
into (v' = 0,]" = 2) for the vdW-DF functionals has a probability sim-
ilar to the one previously obtained with the PW91 functional, and is
the dominant rovibrational excitation channel. Vibrational excitation is
not an open channel at the energies considered here. The probability
for survival in (v' = 0,]" = 0) or (v = 0, ]" = 1) is higher with the
PBE-vdW-DF2 and PBE:RPBE(50:50)-vdW-DF functionals than those
previously obtained with the PW91 functional.

The total per-order diffraction probabilities obtained with the PBE-
vdW-DF2 and PBE:RPBE(50:50)-vdW-DF functionals are generally
higher than those obtained with PW91. The shape of the per-order dif-
fraction probability curves is however almost the same for the different
functionals considered. The second and third order diffraction probab-
ilities do not change much over the considered energy range, while the
zeroth and first order diffraction probability curves in all cases decrease
with increasing incidence energy. For the vdW-DF based functionals,
the total first order diffraction probability is higher than the zeroth or-
der diffraction probability, whereas they are almost the same for the
PWO1 functional, except at the lowest energies. The PW91 functional
is the only functional reproducing the experimental trend that zeroth
order diffraction is more probable than first order diffraction, but only
at the lowest energies. All functionals predict a reasonable amount of
second and third order diffraction, in disagreement with experiments
(in experiments, second order diffraction channels were found to be
an order of magnitude lower in intensity than first order diffraction
channels®9). For the [1010] incidence direction similar results were
obtained.

In figure 4.15 diffraction probabilities for rovibrationally elastic scat-
tering of cold n-H,; computed with quantum dynamics are shown for
the PBE:RPBE(50:50)-vdW-DF and PBE-vdW-DF2 functionals, and com-
pared to experiments and previous results* obtained with the PW91
functional. The two vdW-DF functionals considered here, PBE-vdW-
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Ficure 4.15 Diffraction probabilities for n-H, scattering from Ru(ooo1) with
an initial parallel energy of 35€V in the [1010] or [1120] incidence directions
computed with the PBE-vdW-DF2 and PBE:RPBE(50:50)-vd W-DF XC function-
als. For comparison, experimental results®® and previous PW91 results® are
also shown.
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DF2 and PBE:RPBE(50:50)-vdW-DF, give results in good agreement
with each other. Furthermore, the order of the curves is mostly in agree-
ment with the previous PW91 calculations. The diffraction probability
at higher energies is however somewhat higher than obtained with the
PWO91 calculations, especially at higher incidence energies. The results
from the vdW-DF functionals overestimate the experimental diffraction
probability by at most about a factor 2 for zeroth order diffraction and
by around a factor 3 for first order diffraction.

The agreement with the diffraction experiments is clearly not as
good as the agreement obtained for the reaction probability in sec-
tion 4.3.3. The computed diffraction probabilities are too high com-
pared to the experiments, in particular for first order diffraction. There
are several possible explanations for this and these will be discussed
below.

First, the effects of surface temperature should be considered. For
the reaction probability, no large surface temperature effects are expec-
ted. This has several reasons. The surface temperature used in the ex-
periments, T = 180 K,3° is rather low. In AIMD calculations3® and SCM
calculations (chapter 3), almost no effects were found for H, dissociat-
ing on Cu(111) at a surface temperature T, = 120 K. While the surface
temperature for the molecular beam experiments on H, dissociation
on Ru(ooo1) was slightly higher, the experimentalists did not find sur-
face temperature effects down to Ty = 140 K.3° Furthermore, the lowest
barriers in the H, on Ru(ooo1) system are further away from the sur-
face than was the case for H, on Cu(111), suggesting a weaker coupling
between H, and surface degrees of freedom. Finally, energy exchange
is not expected to be important for this system due to the large mass
mismatch between a H, molecule and a ruthenium atom, and due to
reaction being activated for this system. For H, dissociation on Pd(111)
it was found that a considerable amount of trapping can occur through
energy exchange, and that this can promote reaction, but on Pd(111) H,
dissociation is non-activated.52%3

The importance of surface temperature effects could however be
different for the case of diffraction. In the diffraction experiments, a
higher surface temperature of Ty = 500 K298+ was used. It is known
that surface temperature can lead to a dramatic decrease of the meas-
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ured diffraction probability due to Debye-Waller (DW) attenuation.®5
To correct for this, the experimental data was extrapolated to T, = oK
using a DW model.?? Experiments in the range T, = 500 — 1000 K were
found to obey such a DW model.?? It is, however, not clear to what ex-
tent such a model holds below T, = 500K, as no measurements were
possible below this temperature due to a build-up of a hydrogen layer
on the surface.?® The quality of such a DW extrapolation can be tested
theoretically by performing calculations at a higher surface temperat-
ure. Recently quantum dynamics calculations have been performed for
H, dissociation on Cu(111) where one surface degree has been taken
into account either completely (7D) or using a phonon sudden approx-
imation (6+1D).8¢ Such calculations, or calculations taking into account
even more degrees of freedom, could help clarify to what extent such a
DW model holds.

Second, it should be noted that it is not possible to rule out that
the XC functionals used are still not quite correct, in the sense that
they could predict a too weak anisotropy in the PES and therefore a
too low rotational excitation probability, and therefore too high rota-
tionally elastic diffraction probabilities. With respect to this possibility,
it should be noted that previous calculations using PW91 and RPBE
showed a similar rotational excitation probability (at the highest incid-
ence energy considered, approximately 5%??), and as such it is not clear
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whether this could explain the observed discrepancies.

Third, it should be noted that in the theoretical calculations only the
(v =0,] =o0)and (v = o, ] = 1) states were considered, while in the
experiments also other states than these could be present. It was estim-
ated previously that 73% of the molecules were in the | = 1 state at
the lowest energy considered in experiments in contrast to 60% at the
highest energy considered. As discussed in section 4.3.2, the reaction
probability decreases slightly with increasing | up to ] = 5. Assuming
normal energy scaling to hold to a reasonable extent, this could lead to
an increase of the scattering probabilities of, in the most extreme case
(J = 5), less than 20% compared to | = 1. If all the ortho-H, not present
in the | = 1 state would be in the | = 5 state (most would actually be
in the | = 3 state), this would lead to a change in scattering probability
of at most about 20% - 15% = 3% at the highest energy considered. A
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smaller contribution is expected from the para-H, molecules. Atlow en-
ergies, the number of rotationally excited molecules is simply too low to
come even remotely close to explaining the observed discrepancies. As
such, the incorporation of additional rotational states in the calculation
is therefore not expected to improve the results considerably.

In summary, it is not yet clear whether the disagreement with the
experimental diffraction probabilities reflects a failure of the two can-
didate SRP density functionals or a failure of the DW model to extra-
polate the measured diffraction probabilities from Ty > 500K to oK.
Hopefully, future calculations incorporating the effect of surface tem-
perature can resolve this issue. In addition, new and detailed reactive
scattering experiments on H,/Ru(ooo1) would be useful, as such ex-
periments could yield observables which can be used to validate the
candidate SRP XC functionals, without the incoherent scattering prob-
lems that affect diffraction experiments. Examples of such experiments
include associative desorption experiments, which by application of
detailed balance may yield initial state-resolved reaction probabilities
(measured for, for instance, H,72 and D,79%7 dissociation on Cu(111)).
Alternatively, such experiments may also yield rotational state popula-
tions (as measured for H, + Pd(100)%®), average translational energies
for H, desorbing from the surface in particular (v, J) states (as measured
for H,/Cu(100)*) and initial rotational quadrupole alignment para-
meters describing the orientational dependence of reaction (measured
for, for instance, H,/Cu(111),%9 9" H,/Cu(100)* and H,/Pd(100)%?).
Additional valuable information can perhaps be obtained from experi-
ments that use laser excitation and detection using resonance enhanced
multi-photon ionization (REMPI) to determine probabilities for rota-
tionally inelastic scattering, like the experiments performed earlier
for H,/Cu(111),93 H,,% HDY% and D,%/Cu(100) and H,,%7 HD% and
D,% /Pd(111).

4.4 Conclusions

Potential energy surfaces have been constructed for the dissociation of
H, on Ru(ooo1) from DFT calculations, using over 20 different XC func-
tionals. To compare with experimentally measured sticking probabilit-
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ies and diffraction probabilities, quasi-classical and quantum dynamics
calculations have been performed.

The functionals investigated yield a wide range of lattice constants,
barrier heights and barrier positions. In particular the energetic cor-
rugation, defined as the difference in barrier height between the hcp
and top sites, shows a wide variation. The energetic corrugation is one
of the factors determining the width of the reaction probability curve,
which was in a previous study found to be too narrow for this system.
Functionals containing LYP or LDA correlation yield a higher energetic
corrugation than functionals containing PBE or Perdew86 correlation,
and functionals containing vdW-DF correlation yield an even higher
energetic corrugation. A similar trend was found for the barrier pos-
itions, where the vdW-DF functionals yield barriers closest to the sur-
face, and functionals with PBE or Perdew86 correlation yield barriers
furthest away from the surface.

From a comparison of the initial state-resolved reaction probability
and rotational quadrupole alignment parameter between the PBE func-
tional and the PBE-vdW-DF2 functional, it is concluded that the vdW-
DF functional has a higher anisotropy of the potential at the barrier be-
cause the barriers obtained with this functional are closer to the surface.

The effect of the exchange—correlation functional
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From the comparison to molecular beam sticking experiments, it is
concluded that, out of the functionals tested, only functionals which
incorporate the van der Waals interaction in an approximate way can
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reasonably well describe the width of the reaction probability curve, as
already expected from the energetic corrugation of these functionals.
The PBE-vdW-DF2 and PBE:RPBE(50:50)-vdW-DF functionals describe
the sticking experiments reasonably well, with the largest discrepancies
occurring at the highest incidence energies, suggesting that these func-
tionals can be considered candidate specific reaction parameter func-
tionals.

For the comparison to diffraction experiments for the PBE-vdW-DF2
and PBE:RPBE(50:50)-vdW-DF functionals, it is found that the com-
puted diffraction probabilities are higher than the DW-extrapolated
experimental results. Two possible explanations are offered: either the
DW model cannot be used to extrapolate from the lowest surface tem-
perature probed in experiments (Ty = 500K) to 0K, or the candidate
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[3]

[4]

[5]

specific reaction parameter XC functionals considerably underestimate
the amount of rotational excitation occurring in the scattering process.
The first point can be addressed by performing calculations at a higher
surface temperature, in which the instantaneous displacements and
possibly also motion of surface atoms are taken into account, to test
the quality of the DW model. Only such calculations can determine
whether or not the PBE-vdW-DF2 and PBE:RPBE(50:50)-vdW-DF func-
tionals can also give a good description of diffractive scattering.
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Abstract

Recently, an implementation of the specific reaction parameter (SRP)
approach to density functional theory (DFT) was used to study sev-
eral reactive scattering experiments of H, on Cu(111). It was possible
to obtain chemical accuracy (1kcal/mol ~ 4.2kJ/mol), and therefore,
accurately model the dissociation of hydrogen on an activated metal
surface. In this work, the SRP-DFT methodology is applied to the dis-
sociation of hydrogen on a Pd(111) surface, in order to test whether
the SRP-DFT approach is also applicable to non-activated systems. In
the calculations, the Born-Oppenheimer and static surface (BOSS) ap-
proximations are used. A comparison to molecular beam sticking ex-
periments on H,/Pd(111) suggested the PBE-vdW-DF functional as a
candidate exchange—correlation functional describing the reactive scat-
tering of H, on Pd(111), because at high incidence energies simulated
molecular beam reaction probabilities obtained with the quasi-classical
trajectory (QCT) method and using a PBE-vdW-DF potential energy
surface are in good agreement with experimental sticking probabilit-
ies. Unfortunately, quantum dynamics calculations are not able to re-
produce the molecular beam sticking results for low incidence energies.
From a comparison to initial state-resolved (degeneracy averaged) stick-
ing probabilities it seems clear that for H, /Pd(111) dynamic trapping
and steering effects are important, which are not yet well modelled with
the potential energy surfaces (PESs) considered here. Applying the SRP-
DFT method to systems where H, dissociation is non-activated remains
difficult. It is suggested that a density functional that yields a broader
barrier distribution than PBE-vdW-DF (i.e., non-activated dissociation
at some sites but similarly high barriers at the high energy end of the
spectrum) could allow a more accurate description of the available ex-
periments.

5.1 Introduction

A large number of chemical reactions involve gas—surface interactions.
These interactions are of great importance to the chemical industry,
where heterogeneous catalysis lies at the heart of the synthesis of many



5.1. INTRODUCTION

important compounds.” One famous example is the Haber-Bosch pro-
cess, which is arguably the most important invention of the twentieth
century.? This process is the main industrial route to produce ammonia,
which is used in fertilizers. The dissociative chemisorption of hydrogen
on metal surfaces is one of the most fundamental gas—surface reactions.
Heterogeneously catalysed processes typically involve several of such
elementary surface reaction steps.34

Unfortunately, it is difficult to accurately model the dissociation
of hydrogen on metal surfaces.> In order to correctly calculate the re-
action probability of hydrogen dissociation on a metal surface, one
needs to obtain reaction barriers with chemical accuracy (1 kcal/mol =
4.2kJ/mol). Currently, the electronic structure method of choice to
study the dissociation of H, on a metal surface is density functional
theory (DFT),” with functionals based on the generalized gradient
approximation (GGA). Even these calculations, however, have mean
absolute errors of at best 4kcal/mol, for gas-phase reaction barrier
heights®9 (unfortunately, for molecule-surface reactions such system-
atic investigations are currently not available).'® In contrast, high accur-
acy for gas-phase reactions is available from high-level ab initio theory,
and to a lesser extent from DFT with hybrid functionals.®9 The scaling
of such methods, however, is rather unfavourable, so that in practice
these methods cannot yet be applied to the computation of global
potential energy surfaces (PESs) for molecule-surface reactions. There-
fore, recently an implementation® of the specific reaction parameter
(SRP) approach to DFT,"** adapted to molecule—surface reactions, was
proposed. This allowed a quantitative description of several reactive
scattering experiments of H, on Cu(111), which is a benchmark system
for activated hydrogen-metal surface reactions.® It was shown that this
SRP exchange—correlation (XC) functional was also transferable to the
H, /Cu(100) reaction.’3

In calculations on H, dissociation on Cu(111),® a SRP XC functional
was constructed in the following way,

B¢ = aBxc + 1 - 0)Ec. (5)

Here, the energy of the SRP XC functional can be written as a linear
combination of Ey and E%, the energy expression of any two arbitrary
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XC functionals. The essence of the SRP approach to DFT is that an XC
functional is found (possibly through an empirical fit) that yields an ex-
cellent agreement with the sticking probability measured in molecular
beam experiments, with the desired result that also other, more detailed
observables (like diffraction probabilities) are described well. There-
fore, the SRP XC functional need not be a mix of two XC functionals.
The question remains, however, if the approach first tested and found to
work well for activated hydrogen—-metal systems (i.e., fitting an XC func-
tional by demanding that dynamics calculations performed with the
Born-Oppenheimer static surface (BOSS) model on a PES obtained from
DFT calculations reproduce molecular beam sticking probability meas-
urements) is also appropriate to model H, dissociation in non-activated
systems. In this work, the specific reaction parameter methodology will
be applied to the dissociation of hydrogen on a Pd(111) surface, in order
to test whether the SRP approach is applicable to non-activated systems
as well.

Several molecular beam experiments have been performed by the
Rendulic group on the sticking of H, on Pd(111)."477 Furthermore,
molecular beam experiments have been performed for this system by
GosteN and Sitz,*® who analysed their results to extract initial state-
resolved reaction probabilities.

Unfortunately, there are large discrepancies between the sticking
probabilities obtained from the different molecular beam studies. In
figure 5.1, the molecular beam sticking probabilities for all the avail-
able experiments are plotted. It can be seen that there is a large spread
in the experimental data of the molecular beam experiments by the
group of Rendulic. From private correspondence,' it becomes clear
that the latest experiment (exp. Rendulic 2001'%7) is probably the most
reliable. This experiment is also in reasonably good agreement with
the rotationally averaged sticking coefficients obtained by Gostemn and

Sitz.18

Apart from experimental work on the dissociation of hydrogen on
Pd(111), this system has also been studied theoretically.2°28 The theor-
etical work mainly focused on rotational effects on the dissociation of
hydrogen on Pd(111), and on the role zero-point energy (ZPE) plays in
the classical dynamics of H, dissociation. Surface temperature effects
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Ficure 5.1 Molecular beam sticking probabilities for all the available exper-
iments. The experiment by RescH et al.'* is labelled exp. Rendulic 1994, the
experiment by BeutL ef al.’ is labelled exp. Rendulic 1995, and the experiment
performed by Lesnik'® and Beutw et al."7 is labelled exp. Rendulic 2001. The
experiment by Gostein and Sirz*® is labelled exp. Sitz 1997.

Towards a specific reaction parameter density func-
tional for reactive scattering of H, from Pd(111)

have also been considered.?728 In these studies it was found that energy
exchange can promote trapping of the H, near the surface, and thereby
reaction (trapping mediated reaction). There have also been a few stud-
ies which focused on the scattering of H, from Pd(111),?93° but in this

CHAPTER
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work scattering processes will not be discussed. Also other low index

surfaces have been studied intensively. Experimental data is available
for Pd(100)3'34 and Pd(110),35 and theoretical studies have also been
performed on Pd(100)3°74° and Pd(110).3541743

This chapter is organized as follows: in section 5.2, the methods
used to obtain the PES and to carry out the dynamics calculations in
this work are presented. The computational details are also discussed
there. The results and discussion can be found in section 5.3, where first
the PESs is discussed in section 5.3.1, after which a candidate for the
specific reaction parameter XC functional is discussed in section 5.3.2.
For this candidate functional, quantum dynamics (QD) calculations
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have been performed, and are compared with results obtained with the
quasi-classical trajectory (QCT) method and experiment. This compar-
ison is done for both molecular beams (section 5.3.2) and initial state-
specific reaction probabilities (section 5.3.3). The main conclusions will
be summarized and presented in section 5.4.

5.2 Methods

5.2.1 Born-Oppenheimer static surface model

In this work the BOSS model has been used. Within this model the
H,—surface system is treated using six molecular degrees of freedom,
by freezing the positions of the surface atoms in their ideal lattice po-
sitions. The coordinate system used to describe the position and ori-
entation of the molecule with respect to the surface can be found in
figure 5.2(a). Here, X, Y, and Z are the center of mass coordinates of Hj,
r is the H-H distance, ¢ is the polar angle of the molecular axis with
the Z-axis, and ¢ is the azimuthal angle. In the BOSS model electron-
hole (e-h) pair excitation and phonons are neglected. Reactive scatter-
ing calculations on H,/Pt(111) using a single PES and neglecting e-h
pair excitation were able to describe the dissociation and diffractive
scattering of hydrogen on Pt(111) accurately.#4 Moreover, calculations
on H,/Cu(111),4> Cu(110),4® and Ru(0001)4” modelling e-h pair excita-
tion with friction coefficients showed very small non-adiabatic energy
losses. These results suggest that non-adiabatic effects are not import-
ant when modelling H,—metal surface systems, supporting the validity
of the Born—-Oppenheimer approximation for these systems.

The validity of the static surface approximation has been tested by
static surface QCT calculations on the reactive scattering of D, from
Cu(111) at low surface temperature (Tg = 120 K).648 These calculations
were in good agreement with ab initio molecular dynamics (AIMD) res-
ults,* which modelled phonon motion. Also results obtained with the
static corrugation model (SCM) in chapter 3, which excluded energy
exchange with the surface but included the displacement of surface
atoms, were in good agreement with the results above for low surface
temperatures. These studies suggested that, for high surface temper-
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Ficure 5.2 (a) Coordinate system for dissociation of H, on a surface. In the
plot, X, Y, and Z are the center of mass coordinates of H,, r is the H-H dis-
tance, ¢ is the polar angle of the molecular axis with the Z-axis, and ¢ is the
azimuthal angle. (b) Schematic representation of the unit cell with the high
symmetry sites on the Pd(111) surface, and of considered H,-surface geomet-
ries.

atures, thermal expansion of the surface can be important, which has
been tested recently.>°

5.2.2 Electronic structure method

To construct 6D PESs, plane wave DFT calculations were performed for
H/Pd(111) and H,/Pd(111) with version 5.2.12 of the VASP5'54 soft-
ware package. The surface is modelled by a five layer slab represent-
ation>>%° using a 2 x 2 supercell.57 Each PES has p3m1 symmetry.5
As a consequence, a distinction can be made between second and third
layer hollow sites, called HCP and FCC respectively, which are shown
in figure 5.2(b). PESs have been calculated for four different XC func-
tionals: PBE,5 RPBE,® PBE-vdW-DEF,5%¢' and PBEa-vdW-DF.6%62 In
the PBEx-vdW-DF functional, « = 0.5 is chosen. In the PBEx method
« is defined in such a way that « = 1 corresponds to PBE, and a =
oo corresponds to RPBE.®? For PBE-vdW-DF and PBEa-vdW-DF, the
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PBE correlation is replaced by vdW-DF correlation® resulting in PBE
and PBE« exchange and vdW-DF correlation. In VASP the vdW-DF
method uses®3 the method of RomAN-P£rez and Sover.%4 The lattice con-
stants have been calculated using a plane wave energy cutoff of 450€V,
sampling the Brillouin zone by a 20 x 20 x 20 I'-centered k-point mesh.
Subsequently, a five layer slab was optimized, with the same energy cut-
off, and with a 20x20x1 I'-centered k-point mesh to sample the Brillouin
zone. Each PES is based on more than 6000 single DFT points. These
single points are calculated using a plane wave cut-off of 400 €V, and us-
ing a 9x9x1I'-centered k-point mesh to sample the Brillouin zone. Con-
vergence tests suggested that the error made in the single DFT points,
due to the basis set size and numerical integration, is around 5meV.
The PBE and RPBE functionals from LibXC® version 1.2.0 were used.
To describe the core electrons, the projector augmented wave (PAW)
method®47 has been used for PBE-vdW-DF and PBE&-vdW-DF. For
PBE and RPBE ultrasoft pseudopotentials (USPPs) have been used.®%9

5.2.3 PES interpolation

The 6D PESs were constructed in a way analogous to that described in
section 4.2.2. In total, 29 2D PESs were used in the interpolation pro-
cedure for the molecule-surface PES. The 2D PESs are a function of Z
and r, and represent the most important configurations of the H, mo-
lecule interacting with Pd(111). Each 2D PES is based on a cubic spline
interpolation of 196 points (14 in r and 14 in Z) which are calculated
with DFT. The positions (X, Y) and orientation (8¢, ¢) of H, in the 2D
cuts can be found in table 4.1. A very important task is to interpolate
the 2D PESs to obtain an accurate 6D PES. Due to the strong corruga-
tion of the potential near the surface, a direct interpolation can lead to
large errors in the interpolated PES.7° The corrugation reducing proced-
ure (CRP) method,*"7* as discussed in section 2.1.1 has therefore been
used.The required 1D PESs representing the H-surface interaction were
calculated for 10 different sites (table 4.2).
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5.2.4 Dynamics methods

QCT calculations for each initial (v, ]) state were performed for 14 nor-
mal incidence energies, spread equidistantly over a normal incidence
energy interval of 25 — 350meV. The used QCT method has been de-
scribed in section 2.3 of this thesis. Initially, the center of mass of the
hydrogen molecule is placed at a distance of 7 A from the surface. It
is assumed that dissociation occurs when r (the H-H distance) exceeds
2.25A. Scattering is assumed to have occurred when the hydrogen mo-
lecule has a momentum away from the surface, and a hydrogen-surface
distance larger than 7 A is reached. To obtain statistically accurate res-
ults for each point at least 104 trajectories were computed, which are
sampled equally over the possible m; states.

The QD calculations have been carried out using a time-dependent
wave packet (TDWP) method”?73 as described in section 2.4. In order to
cover a large range of normal incidence energies (40 —600 meV) two cal-
culations are performed with separate energy ranges: 40 —200 meV and
150 — 6oomeV. This is done to avoid problems which may arise from
the interaction of the optical potential with the low energy components
in the wave packet, if only one broad Gaussian initial wave packet is
used to cover the entire range from 40 — 600 meV.73

5.2.5 Computation of observables

Initial state-resolved reaction probabilities and molecular beam stick-
ing probabilities were computed as discussed in section 2.5. In order
to compare the computed sticking probabilities with molecular beam
experiments from the Rendulic group, the parameters vy and « (see
also equation (2.39)), characterizing the molecular beam, are needed.
Unfortunately, for the molecular beam experiments on Pd(111)'4™7 no
time-of-flight (TOF) spectra were published. Therefore, the parameters
are obtained from experiments with pure beams on H, scattering from
Cu(111), which were performed by BErGERr et al. in the group of Rendulic.
The TOF intensities G(t; T},) characterizing the H, beams are presented
in figure 4.4 from the thesis by Bercer’4 for T, = 100, 300, 500, 800,
1100, 1400, and 1700 K. This figure was digitized and fitted”> according
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TABLE 5.1 Parameters used to simulate the molecular beam experiments. The
parameters were obtained by digitizing and fitting figure 4.4 from the thesis
by BerGer74 according to equation (5.2). In order to simulate the molecular
beam sticking probabilities (equation (2.38)) these parameters enter the flux
weighted velocity distribution (equation (2.39)).

T, (K) (E;) (V) v (m/s) a (m/s)

100 0.035 1820.7 78.7
300 0.068 2503.9 237.6
500 0.126 3162.2 781.7
800 0.150  3300.1  1007.3

1100 0.240 3691.5 1694.6
1400 0.391 3510.8 2897.2
1700 0.445 3096.6  3411.0

to,

v; — Vg \2
G(tTy) = ¢ + ¢ -vitexp [— (T) ], (5-2)

where ¢y and c; are constants. The parameters obtained from the fits are
presented in table 5.1. Note that reference 6 only presented parameters
for T,, > 1100K.

5.2.6 Computational details

The relevant input parameters for the QD calculations are listed in
table 5.2. For both energy ranges (40 — 200meV and 150 — 600 meV)
the same input parameters could be used. For the low energy range
the convergence errors are lower than for the high energy range (errors
of the order of 1% for low incidence energies, and not more than 2%
for the high energy range). A long propagation time is needed, due
to a chemisorption well in front of the barrier. The wave function is
propagated long enough to ensure that the norm of the wave function
which is still on the grid at the end of the calculation is no more than
0.01. The total propagation time ranges from 60 x 103 to 360 x 103 a.u.
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TaBLE 5.2 Input parameters for the quantum dynamical calculations of H,
dissociating on Pd(111). For a detailed description of the parameters, see refer-
ence 73. For both energy ranges the same input parameters could be used. The
values are listed for the calculations with | even, when the calculations with
J odd have different parameters they are listed in parentheses. All values are
given in atomic units.

Parameter Description Value
Nx =Ny no.of grid points in X and Y 24
Ny no. of grid points in Z 128
Nz (sp) no. of specular grid points 240
AZ spacing of Z grid points 0.135
Z nin minimum value of Z -1.0
N, no. of grid points in r 32
Ar spacing of r grid points 0.25
Trmin minimum value of r 0.4
Jmax maximum | value in basis set 18(19)
m maximum m; value in basis set 18(19)
At time step 2.5
Zy center of initial wave packet 16.64
Z location of analysis line 12.5
Zggrt start of optical potential in Z 12.5
ZSE; end of optical potential in Z 16.145
Ay strength optical potential in Z 0.0041
rgti;t start of optical potential in r 4.4

grlf; end of optical potential in r 8.15

. strength optical potential in r 0.005

Z(sp)stlf:rt start of optical potential in Z(sp) 22.22
Z(sp)gﬁfi end of optical potential in Z(sp) 31.265
Az(sp) strength optical potential in Z(sp) 0.0041

151

Towards a specific reaction parameter density func-

CHAPTER

tional for reactive scattering of H, from Pd(111)

5




AALIVHD

5. REACTIVE SCATTERING OF H, FROM PD(111)

152

TaBLE 5.3 The lattice constants (in angstrom), and the first and second inter-
layer spacings (in A) for all four computed PESs. Note that the experimental
value for the lattice constant is obtained at 4.2 K, whereas the calculations as-
sume a surface temperature of o K.

Lattice constant d;_, d,_3

PBE 3.966 2.289 2.281
PBE-vdW-DF 3.996 2.313  2.304
RPBE 4.007 2.311 2.300
PBEa-vdW-DF 3.968 2.294 2.284
Experiment”” 3.872 = =

5.3 Results and discussion

5.3.1 Potential energy surface

In table 5.3, the lattice constants and interlayer spacings, computed
through energy minimization with DFT, can be found for the four dif-
ferent XC functionals investigated. All the computed lattice constants
were converged within 0.003 A. From the table, it becomes apparent
that the calculations overestimate the lattice constant of palladium.
In general, GGA functionals cannot give both correct accurate atomic
exchange energies, and accurate bond lengths.”® Since for gas-phase
molecules (Where GGA functionals are most applied) accurate atomic
exchange energies are more important than the precise bond length,
GGA functionals typically overestimate the lattice constant. Because
the slab relaxations are performed with five layers, the 1 and 4™, and
the 2" and 3™ interlayer spacings are almost identical to one another.
Note that justifications of the use of symmetrized slabs are given in
reference 50. Test calculations with slabs consisting of up to ten layers
confirmed that the interlayer spacings were well converged (discrep-
ancy at most 0.004 A).

In figure 5.3, four relevant 2D cuts of the PES are shown for the PBE-
vdW-DF functional. The top and t2f sites can have both an early and a
late barrier, whereas the bridge and FCC sites are early barrier sites. In
table 5.4, the corresponding barriers for dissociation of H, on Pd(111),
relative to the gas-phase minimum, are given for these configurations
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TaBLE 5.4 The energy barriers (in meV) for the dissociation of H, on Pd(111)
relative to the gas-phase minimum are given for four different PESs. The con-
figurations which are listed here are the top (¢ = 90°, ¢ = 0°) site, the bridge
(9 = 90°, @ = 90°) site, the FCC (¢ = 90°, ¢ = 330°) site, and the t2f (¢ = 90°,
@ = 240°) site.

Top (early) (late) Bridge FCC t2f (early) (late)

PBEa-vdW-DF - 34 -18 22 -115  —65
PBE -5 0 83 118 12 -75
PBE-vdW-DF  —93 158 116 157 -6 133
RPBE 66 307 276 322 165 227

for the four PESs obtained with the different XC functionals. The first
thing to note is that, as expected, the barrier heights are highly depend-
ent on the choice of XC functional. The variation of the barrier height
with impact site is also heavily dependent on the XC functional. For ex-
ample for PBE the bridge site has a higher barrier than the top site, but
for PBE-vdW-DF the barrier of the bridge site is actually lower than that
of the top site.

The barrier heights and positions for the dissociation of H, on
Pd(111) can be found in figure 5.4. Here, the top-to-bridge (top # = 90°,
@ = 0°) cut of the potential energy is shown and the location of the
barriers for the other configurations used in the construction of the
PES are shown by the closed (early barriers) and open (late barriers)
symbols. The colour of these symbols indicate the barrier height, with
red symbols indicating energetically low barriers, and blue symbols
indicating energetically high barriers. It can be seen from the figure
that there is a correlation between barrier height and barrier position.
The general trend is that late barriers are energetically higher than early
barriers. It should be noted that, especially for PBE, this trend can be
divided into two separate regimes, i.e., v < 1 A, and r > 1A.

The interpolation of the PESs by the CRP has been tested thoroughly.
QCT calculations were used to sample configurations of the PES which
are dynamically relevant. For each PES, all the intermediate points of
100 trajectories were logged for the seven different nozzle temperat-
ures of the calculated molecular beams (see table 5.1). For 500 points
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Ficure 5.3 2D contour plots (in Z and r) of the PBE-vdW-DF PES for four
different configurations. The configurations are the (a) top (¢ = 90°, ¢ = 0°),
(b) bridge (8 = 90°, ¢ = 90°), (c) FCC (8 = 90°, ¢ = 330°), and (d) t2f (¢ = 90°,
@ = 240°) dissociation geometries. The zero of the potential energy is set to
the gas-phase minimum energy, and the contours span the interval [-0.6, 0.6]

eV, with steps of 100 meV.
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FiGURE 5.4 Barrier heights and positions for H, on Pd(111) for the computed
configurations used in the construction of the PES, together with the top-to-
bridge (top & = 90° ¢ = 0°) cut of the PES. Closed symbols denote early
barriers, and open symbols denote late barriers. The zero of the potential en-
ergy is set equal to the gas-phase minimum energy, and the solid line contours
span the interval [-1, 0.35] eV, with steps of 5o meV.
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(which were randomly extracted) per PES, the quality of interpolation
was tested. Those points were binned on their respective Z value in
order to test the PES for specific regions. Bin 1 has Z values of 4 to
6.5 A, which corresponds to the gas-phase. The early barrier region has
Z values between 2 and 4 A, which are binned in bin 2. All the points,
which have Z values of less than 2 A, were additionally binned on their r
value. Bin 3 has r values which are smaller than 1.5 A, these correspond
to the late barrier region. Finally, bin 4 has the points where > 1.5 A;
the points in this bin correspond to trajectories which have already re-
acted, and these points are therefore dynamically the least important.
The results, which can be found in table 5.5, show that the root mean
square error (RMSE) is small for the gas-phase and early barrier region
(~ 1to 5meV), and somewhat larger for the late barrier region (roughly
12 — 17 meV). The largest absolute error which can be found for each
PES, however, is on the order of 50 to 100 meV, and can be found in
the late barrier region (bin 3). From this it can be concluded that, al-
though overall the CRP works quite well, for specific cases the error in
the interpolation of the PES can be rather large. The RMSE values re-
ported here are somewhat larger than in previous studies,®7* because
of the used testing procedure. Here, the sampled points were selected
at random from dynamics calculations, which is more thorough than
previous tests where potential cuts in only one or two dimensions were
considered.

5.3.2 Molecular beam sticking probabilities

The accuracy of the reaction probabilities obtained with classical and
QCT methods for H, /Pd(111) has been studied extensively.2242¢ It was
found that for this system the QCT method describes dynamic trapping
poorly, because dynamic trapping is quenched due to an unphysical
conversion of vibrational ZPE to rotational energy. The classical traject-
ory (CT) method describes the role of dynamic trapping much better
because no initial ZPE is present. Direct dissociation, however, is not
well described by the CT method. The result is that at low incidence
energies both of the methods are not able to accurately calculate the
reaction probability. For high incidence energies the QCT method is,
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however, in good agreement with QD, because dynamic trapping does
not play a significant role for high incidence energies.?4

Therefore, in order to check the performance of XC functionals it is
best to compare reaction probabilities obtained with the QCT method
with experiments for high incidence energies. If a good candidate SRP
functional is found, QD calculations can then be performed for this XC
functional. The results of QD calculations can then be compared with
experimental sticking probabilities over the entire incidence energy re-
gion to assess the quality of the functional.

In figure 5.5, the experimental sticking probability of the latest
(and presumably best) molecular beam experiment from the Rendulic
group'®?7 is compared with the simulated molecular beam reaction
probabilities obtained with the QCT method for four different PESs
for the incidence energy region of 125 — 400 meV, for which the QCT
method should work reasonably well. It can be seen that the probab-
ility of hydrogen dissociation on Pd(111) is heavily dependent on the
choice of the XC functional used in the DFT calculation of the PES.
Furthermore, the reaction probability obtained with the PBE-vdW-DF
functional is in reasonable agreement with experiment. Therefore, out
of these functionals, the PBE-vdW-DF XC functional seems the best can-
didate. Hence, QD calculations will be performed for this functional
only.

In order to validate if the candidate functional is indeed able to
describe the molecular beam experiment also for low energies, QD cal-
culations were performed for the PBE-vdW-DF functional. In figure 5.6,
the experimental molecular beam sticking probabilities are presented
from Gostein and Sirz*® (labeled exp. Sitz), and from Lesnik®
BeurtL et al.'7 (labeled exp. Rendulic 2001). The reaction probabilities
obtained with the PBE-vdW-DF functional computed with the QCT
method and with QD can also be found in this figure. Unfortunately,
the molecular beam simulations using QD are not able to reproduce
the non-monotonic behaviour of the experiment. Therefore, assuming
the BOSS model gives correct results, we can disregard the PBE-vdW-
DF functional as a good candidate for the specific reaction parameter
functional for H, /Pd(111). In fact, the QD molecular beam result is not
a significant improvement over the molecular beam results obtained

and
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Ficure 5.5 Reaction probabilities of the simulated molecular beams computed
with the QCT method alongside the experimental molecular beam sticking
probabilities performed by Lesnik*® and Beutw et al.7 (labeled exp. Rendulic
2001) for an incidence energy interval of 125 — 400 meV.

with the QCT method. This suggests that (for the selected functional)
quantum effects, such as ZPE and tunnelling do not play an important
role, and that most of the reaction occurs classically over the energy
barrier. The lack of dynamic trapping could therefore be due to the
PES rather than to the use of the QCT method. It is however important

to note that dynamic trapping can also be enhanced by allowing energy
27,28
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exchange with surface atoms, which suggests that, apart from the
functional, also surface temperature effects may need to be taken into

account.

Note that the point at 35 meV (corresponding to T,, = 100K) is omit-
ted for the PBE-vdW-DF QD results. This was done because there is a
large uncertainty for that point, which arises from the extrapolation of
the state-resolved reaction curves towards low incidence energies. For
Pd(111) it is non-trivial how to extrapolate towards low incidence ener-
gies. For activated systems the reaction curve can be extrapolated to
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FiGure 5.6 Reaction probabilities obtained with the PBE-vdW-DF functional
for the simulated molecular beams computed with the QCT method, and with
QD are compared with the most experimental molecular beam sticking prob-
abilities. The experiment by Gostemn and Sitz'® is labelled exp. Sitz 1997, and
the experiment performed by Lesnik'® and BeutL et al."7 is labelled exp. Ren-
dulic 2001.

zero, but for this non-activated system it is not clear how to extrapol-
ate towards low incidence energies. Tests with several extrapolation
schemes indicated that the resulting uncertainty in the reaction probab-
ility in the point at 35meV can be as large as 30%. Fortunately, for all
other calculated points this extrapolation towards low incidence ener-
gies does not significantly change the reaction probability (changes are
in the order of 0.001).

5.3.3 Initial state-resolved reaction probabilities

The discrepancy between the molecular beam experiment and the sim-
ulated molecular beam with QD can have multiple causes: (i) effects of
surface motion are not modelled, because of the static surface approx-
imation in the BOSS method;"° (ii) incorrect assumptions about the dis-
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tribution of energies in the molecular beam can introduce errors; and
(iii) errors in the anisotropy and corrugation of the PES. In this work,
it is not studied whether surface motion plays an important role in the
dissociation of H, on Pd(111), which may be important for properly de-
scribing trapping of molecules, and trapping mediated reaction.?728 In
order to clarify the latter two points the initial state-resolved (degen-
eracy averaged) reaction probabilities obtained with the QCT method
using four different PESs, and reaction probabilities obtained with QD
for PBE-vdW-DF will be compared with the state-resolved experiment
by Gosten and Sirz.'8

In figure 5.7, initial state-resolved (degeneracy averaged) reaction
probabilities can be found for the (v = o,] = o)and (v = o, ] = 1)
states. Again, as expected, the state-resolved reaction probabilities are
very dependent on the choice of XC functional. The PBE-vdW-DF func-
tional clearly underestimates the initial state-resolved reaction probab-
ilities for the (v = o, ] = o) and (v = o, ] = 1) states. There is a good
agreement between the state-resolved reaction probabilities obtained
with the QCT method and those obtained with QD for the PBE-vdW-
DF functional, especially for the (v = o, ] = 1) state. This confirms the
previous conclusion that quantum effects do not play an important role
in the reaction probability for this functional. The discrepancy observed
for low incidence energies between the simulated molecular beams and
the molecular beam experiments are probably not only caused by er-
rors in the distribution of energies in the molecular beam, because also
for the initial state-resolved reaction probabilities there is a discrepancy
between experiment and the calculations. Furthermore, for low trans-
lational energies the width of the translational energy distribution in
experiments tends to be narrow.

Surprisingly, for the (v = o, ] = o) state, there is an excellent agree-
ment between the calculated reaction probability obtained for the PBEx-
vdW-DF functional and the state-resolved experiment by Gostein and
Sitz.'8 For the reaction probability of the (v = o, ] = 1) state, however,
this good agreement is not reproduced, as can be seen on the right panel
of figure 5.7. Here, PBEx-vdW-DF clearly overestimates the reaction
probability for dissociation of hydrogen on Pd(111).

In order to elucidate the origin of the discrepancy between calcu-
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Ficure 5.7 Rotational state-resolved reaction probabilities of the dissociation
of hydrogen on a Pd(111) surface. On the left (v = o, | = 0), and on the right
(v = o, ] = 1). The experiment'® was performed with a surface temperature
of 423 K. If not mentioned otherwise the calculated results are obtained with
the QCT method. The quantum results have been smoothed by a weighted
Gaussian with a width of 0.5 meV.

lated reaction probabilities and experiment, the reaction probability of
H, dissociating on a Pd(111) surface has been plotted versus the initial
rotational state (J) for an incidence energy of 94 meV. This is shown in
figure 5.8. For all functionals the reaction probability increases with |
up to ] = 2 for the calculations performed with the QCT method. Then,
for all functionals except RPBE, the reaction probability decreases with
increasing | and stabilizes. Experimentally, however, a sharp decrease
in reaction probability is observed between | = o and | = 1.18 After that,
the reaction probability increases a little and stabilizes. The QD calcu-
lations show a small improvement over the QCT calculations, but they
are also not able to reproduce the experimental trend in the depend-
ence of the reaction probability on J. The calculations cannot reproduce
the decrease in reaction probability with increasing rotational quantum
number (J), as is experimentally found.

5.3.4 Comparison to experiment and outlook

The discrepancies noted between the experiments and the theoretical
calculations on H, /Pd(111) can be due to several reasons, i.e., (i) errors
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Ficure 5.8 Dissociative reaction probability as a function of initial quantum
number ] for an incidence energy of 94 meV. If not mentioned otherwise the
calculated results are obtained with the QCT method. The state-resolved ex-
periments were performed by Gostem and Sirz.*8

in the experiments; (ii) errors in the simulation of the experiments due
to assuming wrong translational energy distributions or nozzle temper-
atures; (iii) errors in the PES used; and (iv) errors in the dynamical
model used. These error sources will now be discussed one by one, end-
ing with a brief outlook on how progress may be achieved with model-
ling the reactive scattering of H, from Pd(111) in future work.

As noted already in the introduction rather diverse sets of measure-
ments have been published on sticking of H, on Pd(111). The latest set
of measurements from the Rendulic group'®?7 and the measurements
by Gostein and Sitz'® are in reasonable agreement with one another,
but they still differ from one another at the higher incidence energies
probed by GosteiNn and Sitz (see figure 5.1). Also, for neither set of
measurements the beam conditions have been published, while accur-
ate calculations on H, /Cu(111)® show that the knowledge of the nozzle
temperature and the parameters characterising the translational energy
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distribution of H, beams is essential for accurately simulating reactive
scattering of H, from metal surfaces. The absence of these data (the as-
sumption had to be made that the beam parameters for H, /Pd(111) were
the same as those used in other experiments of the Rendulic group on
H, /Cu(111)) makes it harder to describe the experiments on these sys-
tems accurately. The result that the sticking probability first decreases
and then increases with incidence energy is, however, not in doubt, as
it is observed in all the measurements shown in figure 5.1. We also note
that knowledge of the translational energy distributions is less critical to
simulating sticking measurements for low average incidence energies,
as the translational energy distributions are typically rather narrow for
low incidence energies (nozzle temperatures).

Errors in the PES can be due to errors in the interpolation of the DFT
data and to the density functional yielding an inaccurate description
of the molecule-surface interaction. Due to the accuracy of the CRP
method used to interpolate the PES for H, /Pd(111) (see section 5.3.1)
and other H, + metal surface systems (see for instance references 6 and
44) it can be safely assumed that if errors in the PES are to blame for the
discrepancy with experiment, then they are most likely due to the use
of an inaccurate density functional. This point will now be discussed in
more detail.

The discrepancies of the dynamics results based on the PBE-vdW-
DF candidate SRP density functional with the measured sticking prob-
abilities and initial state-resolved reaction probabilities can be summar-
ized as follows. (i) Although the computed sticking probabilities are
in reasonable agreement with the experiments of Lesnik'® and BeutL
et al.'7 for incidence energies > 125 meV, the computed reaction prob-
ability curve does not show the upturn occurring at low energies with
decreasing incidence energy, as manifest in both the experiments of
Lesnik™® and BeurtL et al.’7 and those by GosteIN and Srrz.*® (ii) The
computed initial state-resolved reaction probabilities do not show the
decrease occurring in the experimental results going from non-rotating
H, (J = o) to rotating H, (] = 1 — 5). Both experimental observa-
tions are manifestations of a reaction mechanism whereby the mo-
lecule reacts without barrier either through “steering”3%37 or “dynamic
trapping”.252° Molecules with a low incidence energy are more easily
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trapped at the surface through energy transfer from translation to rota-
tion,?5 and have more time to be steered to sites or orientations for which
reaction is barrierless.3® Likewise, non-rotating molecules are more eas-
ily steered to an orientation for which reaction is barrierless,3” and
they are more easily dynamically trapped.?® Both discrepancies with
experiment therefore point to one and the same defect in the theoretical
treatment: the correct functional should show barrierless dissociation
for at least some impact sites and orientations. The problem with the
candidate PBE-vdW-DF SRP density functional is that it does not show
barrierless dissociation for any of the high symmetry sites investigated.
The fact that it performs well for high incidence energies suggests that a
functional is needed with a broader distribution of barrier heights over
the impact sites, with the distribution of barrier heights skewed more to
lower energies than obtained for the PBE-vdW-DF density functional.

Finally, the discrepancies between theory and experiment can in
principle also de due to the dynamical model (the BOSS model) being
inadequate to describe the experiments on H, /Pd(111) here discussed.
For reasons discussed in section 5.2.1, it is it unlikely that the Born-
Oppenheimer approximation is responsible for the large deviations
between experiment and theory. The presence of phonons in the dy-
namical model might facilitate trapping, but for this to facilitate reaction
atlow incidence energies a PES which shows barrierless dissociation for
at least some impact sites and orientations would still be needed. In pre-
vious calculations on this system, energy exchange was found to alter
the probability for trapping.?7-?® The PES used in these studies how-
ever already showed barrierless dissociation if energy exchange was
not taken into account. For these reasons, the dynamical model is not
the first place to look for improvements of the theoretical description of
the reactive scattering experiments on H, /Pd(111) discussed here, but
the possibility that phonons are needed for an accurate description of
these experiments cannot be excluded.

It is therefore suggested that future theoretical calculations on
H,/Pd(111) first investigate the performance of candidate SRP dens-
ity functionals which have a broader distribution of barrier heights for
this system, so that they show barrierless dissociation for at least some
impact sites and orientations, while showing similar barrier heights
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at the high energy end of the spectrum. The availability of new well-
characterised molecular beam sticking experiments on H, /Pd(111) (or
detailed information on the beam parameters used in the experiments
of Lesnik et al. and of Gostein and Sitz) would also facilitate the de-
velopment of an accurate theoretical description of this system. The
availability of new and well-characterised molecular beam sticking
experiments on H,/Pd(100) would also be useful, as associative de-
sorption experiments are also available for this system,3478 and an
SRP density functional developed for H, interacting with the Pd(100)
surface is likely to be accurate for H, /Pd(111) as well.*3

5.4 Summary and conclusions

Potential energy surfaces have been calculated for H,/Pd(111) for four
different XC functionals. The barrier heights are highly dependent on
the choice of XC functional. Moreover, the way in which the barrier
height varies with the impact site is also dependent on the choice of XC
functional. It is found that there is a correlation between the barrier
height and barrier position, where the general trend is that late barriers
are energetically higher than early barriers. With the CRP method used
to interpolate the DFT results, the RMSE of the interpolation of the PESs
is small for the gas-phase and early barrier region (~ 1 to 5meV), and
somewhat larger for the late barrier region (roughly 12 to 17 meV).

A candidate SRP density functional was obtained by comparing sim-
ulated molecular beam reaction probabilities obtained with the QCT
method with experimental sticking probabilities for high incidence en-
ergy (above 125 meV). The reaction probability is, as expected, heavily
dependent on the choice of XC functional. The PBE-vdW-DF functional
was proposed as a candidate XC functional describing the reactive scat-
tering of H, on Pd(111), because at high incidence energies simulated
molecular beam reaction probabilities obtained with the QCT method
were in reasonable agreement with experimental sticking probabilities.
In order to check the validity of the candidate functional, QD calcula-
tions were performed for the PBE-vdW-DF functional. The simulated
molecular beam results obtained with QD, however, were not in good
agreement with experimental sticking probabilities at low incidence en-
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Abstract

Van der Waals functionals have been applied in chapter 4 to obtain a
potential energy surface to describe the dissociation of H, on Ru(ooo1).
An improvement was found for computed reaction probabilities com-
pared to experiment, which could not be achieved with the use of
other exchange—correlation functionals. It is, however, not yet clear to
what extent van der Waals functionals give a better description of other
molecule-metal surface systems. In this chapter, the optPBE-vdW-DF
functional is compared to the SRP48 functional, which was originally
fitted to describe the dissociation of H, on Cu(111), in terms of the
resulting potential energy surfaces and results of quasi-classical dy-
namics calculations and their agreement with experiment for different
H,—metal surface systems. It is found that overall the optPBE-vdW-
DF functional yields potential energy surfaces which are very similar
to potential energy surfaces computed with the SRP48 functional. In
dynamics calculations the optPBE-vdW-DF functional gives a slightly
better description of molecular beam experiments. Also a different
dependence of reaction on the rotational quantum number | is found,
which is in better agreement with experimental data for H, dissociation
on Cu(111). The vibrational efficacy is found to be relatively insensitive
to which of the two functionals is chosen.

6.1 Introduction

To perform accurate calculations on molecule-surface reactions, it is
important to have an accurate potential energy surface (PES). It is, how-
ever, not clear which precise electronic structure method should be
used to compute such a PES in order to obtain a desirable accuracy.
In practice, due to limitations in computational power, one is limited
to density functional theory (DFT)"“? using approximate exchange-
correlation (XC) functionals. These functionals are usually taken to be
generalized gradient approximation (GGA)3~® level functionals due to
the larger computational expense of higher level methods such as meta-
generalized gradient approximation (meta-GGA)™* level functionals,
and hybrid functionals," which introduce Hartree-Fock exchange into
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the functional. Additionally, because for such systems often only dy-
namical properties such as reaction probabilities are known from ex-
periments, and no or little knowledge is available from higher level
electronic structure methods, it is often necessary to perform dynamics
calculations’>*4 in order to benchmark electronic structure methods.
This further makes such investigations computationally challenging,
as either a high dimensional PES is needed, or dynamics needs to be
performed based on energies and forces computed directly on the DFT
level in ab initio molecular dynamics (AIMD) calculations.

One particular example of molecule-metal surface reactions is the
dissociation of H, on metal surfaces. This particular example is a use-
ful benchmark system for electronic structure methods, for several reas-
ons. First of all, a large amount of experimental data is available for
such systems. Additionally, these systems have also been well studied
in theoretical calculations using various electronic structure and dynam-
ics methods (see for instance references 13—23).

Second, in general molecule-surface systems are rather complex be-
cause, apart from the degrees of freedom of the molecule, in principle
also degrees of freedom from the surface should be included, such as
phonons and electron-hole pair excitations.'>?425 It is however expec-
ted for hydrogen dissociation on metal surfaces that the effects associ-
ated with these degrees of freedom are rather limited. For H, dissoci-
ation on metal surfaces the neglect of electron-hole pair excitations and
surface motion seems to be a good approximation. it has been argued*®
for H, dissociation on Pt(111) that electron-hole pair excitations should
not play an important role in such processes. Additionally, for H, dis-
sociation on Cu(111),2%*7 Cu(110)?® and Ru(0001)?> non-adiabatic effects
have been taken into account in dynamical calculations using electronic
friction. In these calculations no large non-adiabatic effects were found,
which suggests that for Hy—metal systems the Born—-Oppenheimer ap-
proximation works well. Furthermore, for activated dissociation sys-
tems energy exchange with phonons is expected to be a small effect>9:3°
due to the large mass mismatch between the H, molecule and a metal
surface atom. The validity of the neglect of surface motion and surface
temperature has been recently tested for H, dissociation on Cu(111), us-
ing AIMD calculations,* in which the surface atoms were allowed to
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move. Additionally, calculations have been performed in chapter 3 on
the same system using a static corrugation model (SCM), in which en-
ergy exchange with the surface is not possible, but the displacement
of surface atoms and thermal expansion of the crystal lattice are taken
into account. In particular, in both studies, a good agreement with ideal
static surface calculations was found for H, dissociation on a low tem-
perature Cu(111) surface (T; = 120K).

Finally, because hydrogen is a small and simple molecule, if the sur-
face degrees of freedom are neglected, the PES of the reaction is relat-
ively simple (6-dimensional) and it becomes feasible to accurately map
out the PES. Additionally, symmetry is often present in the systems of
interest and thus can often be applied in the construction of the PES,
as is often done in for example the corrugation reducing procedure
(CRP).3"3? The application of symmetry can often reduce the computa-
tional costs for PESs for H, dissociation on ideal low-index surfaces con-
siderably. Hydrogen-metal surface systems thus are useful for bench-
marking the performance of electronic structure methods for molecule-
surface reactions.?>

It has been shown in chapter 4 for hydrogen dissociation on Ru(ooo1),
which is a system with low barriers to reaction, that a functional con-
taining vdW-DF33 or vdW-DF234 correlation was needed to obtain a
good agreement with experimental data, and that other functionals did
not give a proper ‘width’ of the reaction probability as a function of in-
cidence energy. It is however not yet clear to what extent vd W-DF-like
functionals improve or worsen agreement for other systems, such as
systems with a high barrier to reaction like H, dissociation on Cu(111)
or Cu(100), or other systems with low barriers to reaction such as H,
dissociation on Pt(111).

One of the problems of DFT for molecule-surface reactions is that
computed barrier heights are often not in agreement with experiments
and can differ wildly for different functionals, as shown in chapter 4
and reference 18. It is known that, for barriers of gas-phase reactions,
using GGA level functionals mean absolute errors are obtained which
are at best 4kcal/mol.35737 Recently, fitted functionals on the meta-
GGA level have been proposed claiming mean absolute errors of about
2 kcal/mol.3774° It is however not clear how such functionals would
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perform for molecule-surface reactions as such systems have not been
considered for the fitting set of these functionals.

To address the problem of accuracy in DFT, Diaz et al.8

proposed an
implementation of the specific reaction parameter (SRP) approach*" in
which the XC functional is adapted to the system at hand by optimising
& in

ERP = aElc + (1 — ) EZ(, (6.1)

where E>1<C and E>2<C are two ‘standard’ (i.e., GGA level) XC functionals, of
which one generally tends to provide barriers which are too low, while
the other generally provides barriers which are too high. Standard XC
functionals used for molecule-surface reactions are the PW91° (or the
similar PBE7) and RPBE® functionals. The optimisation of « is done in
such a way that an important experiment which provides information
about the barrier height is well described. As a result, one hopes that
the barrier heights for the system are well described and that other ob-
servables that have not been fitted are better described for the system
considered. The downside of such a procedure however is that it gives
only limited predictive power, as for each specific system of interest in
principle at least one experiment is needed in order to construct such a
functional, which then is specific to one particular system. The quality
of the description thus relies on the quality of the experiment to which
the functional was fitted. Note however that the functional which was
fitted for H, dissociation on Cu(111)*® could also give a reasonable de-
scription of experimental data of H; dissociation on Cu(100),4* suggest-
ing that an XC functional which works well for one system may also
work well for a sufficiently similar system.

In the present study an SRP approach is not taken. Instead, in or-
der to investigate to what extent current XC functionals can describe
H,-metal surface systems, and to what extent van der Waals effects
are needed for a description of such systems, the performance of func-
tionals for not one but several H,—metal systems is considered. The
H, /Cu(111), H, /Cu(100), H, /Pt(111) and H, /Ru(0001) systems are con-
sidered, because relatively well characterised experimental data is avail-
able for these systems. Two functionals are considered, one with a non-
local van der Waals correction to the correlation functional and one

179

CHAPTER

Performance of a non-local van der Waals density func-

tional on the dissociation of H, on metal surfaces



AdHALIVHD

6. NoN-LocAL VAN DER WAALS FUNCTIONAL

180

without. For the non-corrected functional SRP482! is taken, as this func-
tional gives a good agreement with experiments for H, /Cu(111).

Over the past years, the inclusion of van der Waals effects in DFT
has gathered a large interest, in particular for the interaction of mo-
lecules with surfaces.#3747 Many methods to incorporate van der Waals
effects in DFT have been developed, including the vdW-DF method by
Dion et al.,33 the DFT-D3 method by GrimME et al.48 and the PBE+vdW
method by TkarcHENko and ScHEFrLER.49 For a full overview, the reader
is referred to recent review papers, such as references 44 or 45. In the
vdW-DF method non-local correlation is used in an XC functional in-
stead of standard (semi-)local correlation. Several revisions of this
method have been published, including revisions of the vdW-DF cor-
relation functional such as vdW-DF2,34 but also functionals in which
other exchange functionals such as optB88 and optPBE,>° optB86b,5!
C0952 and LV-PW86r,53 are combined with the vdW-DF correlation
functional. Recently, it has been shown for adsorption of benzene on
transition metal surfaces that the optB88-vdW-DF and optPBE-vdW-
DF functionals yield good adsorption energies, whereas the original
vdW-DF and vdW-DF2 XC functionals yield adsorption energies that
are smaller than the experimental values.54 5% For H, dissociation on
Ru(ooo1) it was found in chapter 4 that the vdW-DF and vdW-DF2
XC functionals yield barriers for reaction that are too high. For these
reasons, here the optPBE-vdW-DF functional is chosen as the vdW-
corrected functional to be tested. This functional has also recently been
tested for the dissociation of N, on W(110).57

In section 6.2 the methods used are explained, beginning with the
dynamical model in section 6.2.1. The construction of the PESs needed
for the calculations is explained in section 6.2.2, and the computational
details are given in section 6.2.3. The results are given in section 6.3,
beginning with several properties and differences of the computed
PESs in section 6.3.1. Molecular beam sticking results are shown in
section 6.3.2 and state-resolved reaction probabilities and rotational
quadrupole alignhment parameters are considered in section 6.3.3. Ef-
fects of changing the exchange functional and correlation functional
separately are discussed in section 6.3.4. Finally, the conclusions are
given in section 6.4.
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Ficure 6.1 (a) The center of mass coordinate system used for the description
of the H, molecule. (b) The surface unit cell and the sites considered for the
Cu(111), Pt(111) and Ru(ooo1) surfaces. (c) The surface unit cell and the sites
considered for the Cu(100) surface. In both (b) and (c), the origin of the co-
ordinate system (X = U =0,Y = V = 0, Z = 0) is at a top layer atom (top
site). In (b), the fcc site is above a third layer atom for Cu(111) and Pt(111), but
for Ru(ooo1) no surface atom is present at this site.

6.2 Theory

6.2.1 Dynamical model

In all calculations the Born-Oppenheimer static surface (BOSS) model
is used. As suggested by the name of the model, first of all, the Born-
Oppenheimer approximation3 is used. Second, the surface atoms are
taken to be fixed at their ideal lattice positions. As a result, only the
6 degrees of freedom of the H, molecule are taken into account in the
dynamical model. In figure 6.1(a), the coordinate system used is shown,
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in figure 6.1(b) the surface unit cell for the Cu(111), Pt(111) and Ru(ooo1)
systems, and in figure 6.1(c) the surface unit cell for the Cu(100) system.

Quasi-classical dynamics calculations are performed in favour of
quantum dynamics calculations for computational simplicity. For ac-
tivated H, and, in particular, D, dissociation on metal surfaces, this
is in general a good approximation, as shown for H, dissociation on
Cu(111),'8596° Cu(100),°* Ru(0oo1) (chapter 4) and Pt(111),%? i.e., for all
systems considered here. In the dynamics calculations the Hamilton
equations of motion are solved using the extrapolation method by Stoer
and BuLirsch.%3 The initial conditions of the H, molecules are selected
using standard Monte Carlo methods. In order to obtain m; resolved
reaction probabilities, the initial angular momentum of the molecule is
fixed by L = /J(J + 1)k and the orientation is chosen with the constraint
cos ¥y, = my/\J(J] + 1), where 8 is the angle between the angular mo-
mentum vector and the surface normal. To obtain accurate statistics, for
each set of incidence conditions at least 10 trajectories were computed.
The H;, molecule is initially placed beyond the point where the PES no
longer depends on Z (Z > 6.5 A). The molecule is considered to have
dissociated when r > 2.25A, and the molecule is considered to have
scattered when Z > 6.5A with the momentum vector pointing away
from the surface.

6.2.2 Construction of potential energy surfaces

Full 6D PESs were constructed from self-consistent DFT calculations us-
ing the optPBE-vdW-DF>° and SRP48>" functionals. The SRP48 func-
tional contains a linear combination of 48 % RPBE exchange® and 52 %
PBE exchange” together with PBE correlation.” The optPBE-vdW-DF
functional combines an optimized PBE-like exchange functional (opt-
PBE>°) with vdW-DF correlation.33

In the interpolation of the PESs the CRP,3"3* discussed in sec-
tion 2.1.1, is used. The idea behind the CRP is to interpolate 19D instead
of V6P as I°P is much less corrugated in the U, V, ¢ and ¢ degrees of
freedom than VP is (see section 2.1.1 for the definition of these sym-
bols).3' The (U, V) coordinate system is a coordinate system in which
the surface lattice vectors are taken as unit vectors. For H, dissociation
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TasLE 6.1 Configurations used in the interpolation of the H, /Cu(100) PESs.
The sites listed here correspond to the sites listed in table 6.2, and are also
shown graphically in figure 6.1(c).

Site 4 (°) @ (9
Top 0
Top 90 0, 45
tzh 0
t2h 45 45,135,225
t2h 90 45,135
Hollow 0
Hollow 90 0, 45
Bridge 0
Bridge 90 0, 45, 90

on Cu(111), Pt(111) and Ru(ooo1) the skewing angle of this coordinate
system thus is 60°, while for H, dissociation on Cu(100) the skewing
angle is 9o° as for the Cartesian coordinate system (also see figure 6.1(b)
and (c)). The interpolation over U, V, ¢ and ¢ is done using symmetry
adapted functions, in a way similar to the method used for H, /Cu(100)
by Ovsen et al.3* The interpolation procedure used for potentials for
the H,/Cu(111), Pt(111) and Ru(ooo1) systems is the same as used in
chapter 4 for H,/Ru(ooo1) (p3m1 symmetry). The interpolation for
H, /Cu(100) (p4mm symmetry) is detailed below.

For the interpolation of I°P for potentials with p4mm symmetry, 16
configurations (U, V, 8, ¢) are used, spread over 4 different sites (U,
V). These sites are also shown in figure 6.1(c). The configurations used
are shown in table 6.1. The interpolation is done in several steps. First,
for every configuration, the interpolation is performed over the r and Z
degrees of freedom. For this interpolation a 14 x 14 (r x Z) grid is used
employing a 2D cubic spline interpolation, where r,,,;, = 0.4 A, rax =
23A, Z,in = 0.25A and Z,,,, = 4 A. Then, for every site (U, V) the
interpolation is performed over the ¢ and ¢ degrees of freedom using
symmetry adapted sine and cosine functions. Finally, an interpolation
over U and V is performed, for which again symmetry adapted sine and
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TaBLE 6.2 Sites used in the interpolation of the H/Cu(100) PES.

Site u v
Top 0 0
tzh 1/4 1/4

Hollow 1/2 1/2
bzh 1/2 1/4
Bridge 1/2 0
t2b 1/4 0

cosine functions are used.

In order to represent interactions that are rather long-ranged in the
potential, the potential is switched between Z = 3.4 A and 4.0 A from
the full 6D potential to a 2D gas-phase potential only dependent on r
and Z, because far away from the surface the corrugation is small. This
gas phase potential is represented by

V2D (r,7) = VoY Z) + V83 (p), (6.2)

where V& is a function describing the dependence of the PES on Z
beyond Z = 4 A and V& is the interaction at Z = Z,sy, taken to be
6.5 A.

For the interpolation of
tials with pgmm symmetry, which are listed in table 6.2. The sites b2h

3P six sites in (1, v) are used for the poten-

and t2b correspond to the sites in between bridge and hollow, and top
and bridge, respectively. For each site, 57 points are taken in Z, with
Zmin = —1.06 A and Zmax = 5.6 A. The reference function V1P is taken
to be the H atom-surface interaction for the H atom above the top site,
as used in previous studies.3

6.2.3 Computational details

For the electronic structure calculations version 5.2.12 of the VASP®4767
software package was used. For calculations with the SRP48 functional,
the standard®® VASP ultrasoft pseudopotentials®® were used. For the
optPBE-vdW-DF functional, the standard®’ projector augmented wave
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(PAW)7° potentials were used. VASP evaluates the non-local vdW-DF
correlation functional within the scheme of RoMAN-P£REz and SoLEr.”*
For the computation of the PESs, a 9 x 9 x 1 I'-centered k-point
mesh was used with a plane wave cut-off of 400eV, except for the
H, /Ru(ooo1) PESs where a 8 x 8 x 1 mesh was used with a plane wave
cut-off of 350€V. For H, dissociation on Cu(100) and Cu(111), a 4 layer
slab was used, while for H, dissociation on Ru(ooo1) and Pt(111) a 5layer
slab was used, which is consistent with previous calculations'®%42 on
these systems (see also chapter 4). In all cases a 2 x 2 supercell was con-
sidered with a 13 A vacuum between different images of the slab. Fermi
smearing with a width of 0.1eV was used to speed up convergence of
the DFT calculations. The convergence with respect to the plane wave
cut-off and k-point sampling was tested for H, /Cu(111) and H, /Pt(111)
at three different geometries close to or at the barrier geometry and is
expected to be well within 10 meV of the fully converged value.

6.3 Results and discussion

6.3.1 Potential energy surfaces and barrier heights

In table 6.3 barrier heights are given for three high symmetry dissoci-
ation paths for the computed PESs, together with the distance of the
H, molecule to the surface (Z) and the distance between the two H
atoms (r) at the transition state. For the H,/Cu(111) and H,/Cu(100)
systems, both functionals predict the lowest barrier to be for bridge-
to-hollow (BtH) dissociation, consistent with previous calculations.*842
For these systems the energetic corrugation (denoted in table 6.3 by ¢,
here defined as the difference between the highest and lowest investig-
ated barrier) is smaller for the optPBE-vdW-DF functional than for the
SRP48 functional. For the H,/Ru(ooo1) and H,/Pt(111) systems, both
functionals predict the lowest barrier to be for top-to-bridge (TtB) dis-
16,20,72 (see

also chapter 4). For these systems the optPBE-vdW-DF functional yields

sociation, which is also consistent with previous calculations

a larger energetic corrugation than the SRP48 functional. Compared to
the SRP48 barrier heights, for the H, /Cu(111) and H, /Cu(100) systems
the optPBE-vdW-DF functional generally predicts larger barrier heights,
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TaBLE 6.3 Barrier heights (E,), positions (r;,, Z;) and energetic corrugation
(¢, in V) for SRP48 and optPBE-vdW-DF PESs for H, dissociation on Cu(111),
Cu(100), Ru(ooo1) and Pt(111) above three different sites. For all geometries,
¥ = 90°. On the HCP and hollow sites, ¢ = 0°. Also see figure 6.1(b) and
figure 6.1(c) and the definitions given in the text.

SRP48 OptPBE-VdW-DF
E, (eV) 1, (A) Zy(A) Ep(eV) 1, (A) Zy(A)

Cu(111) BtH 0636 1.030 1.172 0.712 1.053 1.165
TtB 0887 1.396 1.394 0.915 1.382  1.396
HCP 1.047 1539 1.269 1.070 1.427 1.271
¢ 0.411 0.358

Cu(100) BtH o0.742 1239 0.992 0.822 1.237  0.996
HOL 0.836 1.099 1.031 0.896 1.112  1.050
TtB 0867 1.432 1.379 0.883 1413 1.383

¢ 0.125 0.074

Ru(ooo1) TtB  0.066 o0.757 2.650 -0.013 0.755 2.662
BtH 0281 0789 1.997 0.219 0.793  1.934
HCP 0.398 0.812 1.869 0.361 0.835 1.762
¢ 0.332 0.374

Pt(111) TtB  o0.102 o0.767 2.292 0.034 0.774  2.152
HCP o0.490 0.847 1.669 0.506 0.874  1.602
BtH o0.492 0.837 1.602 0.530 0.862  1.506

¢ 0.390 0.496

whereas the optPBE-vdW-DF barrier heights for H, /Ru(ooo1) are gen-
erally smaller. For H,/Pt(111), the optPBE-vdW-DF barrier height is
smaller for TtB dissociation, but larger for HCP and BtH dissociation.

The barrier positions for the two PESs are similar for the H, /Cu(111)
and H,/Cu(100) systems, but are less similar for the H, /Ru(ooo1) and
H, /Pt(111) systems, where the barriers for optPBE-vdW-DF are mostly
closer to the surface than for SRP48. For H,/Ru(ooo1), in chapter 4,
where a large number of functionals were considered, it was found for
the TtB barrier that functionals containing vdW-DF correlation predict
a barrier closer to the surface than functionals containing another type
of correlation, e.g., PBE correlation as used in the SRP48 functional, for
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Ficure 6.2 (U, V) dependence of the PESs for H, dissociation on Cu(111), for
r=1.2A,Z =1.2A and ¥ = 90°. Top panels: full potential with ¢ optimized.
Bottom panels: anisotropy in ¢, as explained in the text.

a similar barrier height. The present results for Ru(ooo1), but also for
Pt(111), are in agreement with this.

In figure 6.2 the (U, V) dependence of the SRP48 and optPBE-vdW-
DF PESs for H, dissociation on Cu(111) is shown, together with the an-
isotropy in ¢ at the same points, for a point (r = 1.2 A, Z = 1.2 A) close to
the barrier geometry with @ = 9o°. The anisotropy in ¢ is here defined
as the difference between the highest and lowest potential encountered
while rotating the molecule around 360° over ¢ for ¢ = 9go°. The poten-
tial energy shown in the top panels is the minimum potential energy
encountered during this rotation over ¢.

The anisotropy of the two potentials close to the barrier geometry
is remarkably similar, with the anisotropy for optPBE-vdW-DF being
slightly lower than the anisotropy for SRP48. The remarkable similarity
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Ficure 6.3 Reaction paths based on nudged elastic band (NEB) calculations
on a spline interpolation of computed 2D PES cuts for the H,/Cu(111) and
H, /Ru(ooo01) systems, for four different dissociation geometries. A potential
of 0eV corresponds to the gas-phase minimum. Results for optPBE-vdW-DF
are indicated by solid lines, while results for SRP48 are indicated by dotted
lines.

between the SRP48 and optPBE-vdW-DF PESs for both the full poten-
tial, minimized over ¢, and the anisotropy in ¢, as well as the barrier
positions shown in table 6.3, suggests that also dynamical observables
that are dependent on more detailed properties of the PES, such as the
anisotropy or the corrugation of the PES should be reasonably similar,
except for a small shift or broadening due to the different barrier heights.
Similar plots for the other systems considered show similar behaviour
in the sense that the anisotropy of the SRP48 and optPBE-vdW-DF PESs
is at least qualitatively similar.
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Minimum energy paths were computed with the nudged elastic
band (NEB) method applied to 2D cuts through the interpolated PES
for H, dissociation on Cu(111) and Ru(ooo1) for four different disso-
ciation pathways. These pathways are shown in figure 6.3. Several
features of the PES are apparent in this figure. First of all, far away
from the surface, near Z = 3.5A, the optPBE-vdW-DF potential is
lower than the SRP48 potential. This is a result of the van der Waals
attraction, which leads to a well in the PES. This well is present in the
optPBE-vdW-DF PESs, but not in the SRP48 PESs, as (semi-)local func-
tionals such as SRP48 cannot describe van der Waals effects.*> Beyond
this well, moving the molecule closer to the surface, the PES for both
functionals qualitatively changes in the same way: the ordering of the
potential for different reaction paths is the same for both surfaces.

There are, however, some more subtle differences which seem to be
relevant. First of all, for H, dissociation on Cu(111), the optPBE-vdW-
DF potential rises more quickly when the molecule is moved toward
the surface than for the SRP48 potential. This causes the optPBE-vdW-
DF and SRP48 potentials to cross one another at about Z = 1.6A.
Second, for H, dissociation on Ru(oo01), similar effects occur although
the effects seem smaller for this system. In this case a similar cross-
ing occurs as for Cu(111), but here the crossing occurs after the SRP48
transition state, at about Z = 1.6 — 1.8 A, similar to the crossing for
Cu(111). In the optPBE-vdW-DF PES, the Z dependence of the poten-
tial for H, /Ru(oo001) is also somewhat stronger than in the SRP48 PES,
although this effect seems to be smaller than for H, dissociation on
Cu(111). The barriers for H, dissociation on Ru(ooo1) are generally
closer to the surface for optPBE-vdW-DF than for SRP48. H,/Cu(100)
behaves similarly to H, /Cu(111), while H, /Pt(111) behaves similarly to
H, /Ru(0001).

It is clear that such effects should be present if a functional with a
van der Waals correction is used which, additionally, gives the same or
nearly the same description of the barrier height as the non-vdW func-
tional, as is the case here. The interaction present in the regular, non-
vdW corrected functional approximately starts at a value of Z which
corresponds to the bottom of the van der Waals well. In order to obtain
the same barrier height and position with the vdW functional that the
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non-vdW functional would yield (the effective barrier from this point
to reaction has gone up by the well depth), this non-vdW interaction in
the vdW corrected functional either has to start earlier (at a larger value
of Z) or has to be stronger (i.e., yields a stronger Z dependence of the
potential). As shown in figure 6.3, the non-vdW interaction does not
seem to start earlier for optPBE-vdW-DF than for SRP48 (an extrapola-
tion of the SRP48 curves to the bottom of the well in figure 6.3 suggests
the interaction should then start at Z ~ 3.5A). As this is not the case,
the Z dependence of the potential should be stronger. A proper van
der Waals corrected functional for such systems is therefore expected
to yield a steeper Z dependence than a non-vdW corrected functional
would.

By considering these effects for early and late barriers it is possible
to explain the differences between SRP48 and optPBE-vdW-DF barri-
ers in table 6.3, as well as make more general predictions for differ-
ences between van der Waals and standard GGA functionals. Due to the
steeper Z dependence of the PES, for late barriers, which occur beyond
the crossing point (Z < 1.6 A), the barrier will in general be increased by
going from SRP48 to optPBE-vdW-DF. For systems containing only late
barriers, such as the highly activated H, /Cu(111) and H, /Cu(100) here,
all barrier heights will therefore in general increase. For early barriers,
which occur before the crossing point (Z > 1.8 A), the barrier will in
general be decreased and occur at a smaller value of Z for the optPBE-
vdW-DF functional. The results in table 6.3 are mostly in agreement
with this. It should be noted that for H, dissociation on Ru(ooo1) it was
previously found that there is a trend between the barrier height and po-
sition, in the sense that higher barriers generally occur closer to the sur-
face,”> which was also found in chapter 4. For systems containing early
barriers such as H, /Pt(111) and H, /Ru(ooo1) however, in general both
earlier and later barriers will be present, and for these systems the later
barrier heights therefore increase slightly compared to the earlier bar-
rier heights, yielding an increased energetic corrugation. It should be
noted that, in principle, these arguments can be extended to other pairs
of well performing functionals and systems as well, provided that one
knows where the crossing point for the two functionals occurs, which is
determined by the steepness of the potential in Z and the depth of the
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FIGURE 6.4 Molecular beam simulations for the optPBE-vdW-DF and SRP48
functionals, applied to the four systems considered in this study. Beam para-
meters used for the Cu(111) and Cu(100) calculations were taken from Diaz
et al.®® Beam parameters used for the Ru(00o1) calculations were taken from
chapter 4. For the Pt(111) surface the (v = o, ] = 0) reaction probability is
shown as no beam parameters are known. Experimental data for Cu(111) by
MicHELsEN et al.,73 for Cu(100) by ANGER et al.,74 for Pt(111) by Luntz et al.75 and
Ru(0001) by Groor et al.7®

physisorption well.

6.3.2 Molecular beam sticking

In figure 6.4 sticking probabilities are shown for D, dissociation on
Cu(111), H, dissociation on Cu(100) and D, dissociation on Ru(ooo1),
and the initial state-resolved reaction probability is shown for (v =
o, ] = o) D, dissociation on Pt(111), for the optPBE-vdW-DF and
SRP48 functionals. A comparison is made with available experimental
data.737% As expected, for D, dissociation on Cu(111) the SRP48 re-
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action probability is in good agreement with experiment. This is not
surprising because this functional was constructed'®?* to reproduce
this particular molecular beam experiment. The optPBE-vdW-DF func-
tional also performs well, giving somewhat lower reaction probabilit-
ies in line with the higher barriers present in the PES (see table 6.3).
For H, dissociation on Cu(100) the same holds. The agreement for
the SRP48 functional is similar to that found in previous calculations
with a similar functional,#* and the agreement for the optPBE-vdW-
DF functional is again somewhat better due to the higher barriers to
dissociation given by this functional. For D, dissociation on Pt(111)
and Ru(ooo1), however, the optPBE-vdW-DF functional gives higher
reaction probabilities than the SRP48 functional. For D, dissociation
on Pt(111), the agreement is better for the optPBE-vdW-DF functional
than for the SRP48 functional. The optPBE-vdW-DF reaction probabil-
ity rises less steeply with increasing incidence energy than the SRP48
reaction probability. Such a ‘broadening’ effect resulting from the use
of XC functionals containing vdW-DF correlation was also found for
hydrogen dissociation on Ru(ooo1) in chapter 4. Finally, for D, disso-
ciation on Ru(ooo1), the SRP48 functional gives a reaction probability
curve which is too narrow, which was also found in previous calcula-
tions with a similar functional.*® The optPBE-vdW-DF functional gives
a somewhat better width for the reaction probability curve and bet-
ter agreement with experiment. Overall, for the systems considered
here, the optPBE-vdW-DF functional tends to outperform the SRP48
functional.

6.3.3 State-resolved reaction probability and rotational
quadrupole alignment

In figure 6.5 the reaction probability for (v =0o,] =o0)and (v =1,] = 0)
D, dissociating on Cu(111) is shown for the SRP48 and optPBE-vdW-DF
functionals. Despite the difference in energetic corrugation (for SRP48
¢ = o.411eV, while for optPBE-vdW-DF ¢ = 0.358eV), for neither
(v=0,] =0)nor (v = 1,] = o) D, noticeable differences are found
between the slopes of the reaction probability curves obtained with the
two functionals, which contrasts with the large difference found for H,
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Ficure 6.5 Reaction probability as a function of normal incidence energy for
(v=0,] =0)D,and (v = 1, ] = 0) D, dissociating on Cu(111) for the SRP48
and optPBE-vdW-DF functionals. AE, at a reaction probability of 15% are in-
dicated. Experimental data for T, = 925 K by MicHELSEN et al.,73 reanalysed by
NatTINO et al.77

TaBLE 6.4 Vibrational efficacy for (v = 0 — 1) D, dissociating on Cu(111).

Method Vibrational efficacy
SRP48 0.65
optPBE-vdW-DF 0.71
Re-analysis?’ (P, , = 0.05) 0.62
Re-analysis”’ (P, , = 0.15) 0.74
Re-analysis?’ (P, , = 0.25) 0.88

dissociation on Ru(ooo1) in chapter 4. The (v = o) and (v = 1) curves
have a similar shape and slope for each functional, in disagreement with
the results of the analysis of experiments, which show large differences
between the slopes of (v = 0) and (v = 1) curves.”377 Note, however,
that the effect of surface temperature is not taken into account in the
calculations reported here, and it is known from experiments that this
should cause a broadening of the reaction probability curves, which
should be prominent at the experimental T (925 K).7579
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The use of the optPBE-vdW-DF functional leads to a slightly higher
value of the vibrational efficacy (x, = 0.71) than the use of the SRP48
functional (x, = 0.65) (see table 6.4). This reflects the slightly larger
shift of the (v = 1) reaction probability curve relative to the (v = o)
curve for the optPBE-vdW-DF functional (0.26 V) than observed for
the SRP48 functional (0.24 €V, see equation (2.40)). These numbers
can be compared to the value of x, that can be obtained from a recent
re-analysis”” of the original experimental data.”> This experimental
value depends on the value selected for P, ; used to define E in equa-
tion (2.40) (see section 2.5.4) because the shapes of the reaction prob-
ability curves for (v = 1) and (v = o) extracted from experiment differ:
for P,y = 0.15, x;, = 0.74 is obtained, and for P, , = 0.05, x,, = 0.62
(see table 6.4). To which theoretical value of x, the experimental value
should be compared is not so straightforward. The experimental fits
could be argued to be the most accurate where the time-of-flight (TOF)
intensity is highest. For (v = o, | = o) this is at a reaction probability of
about 0.1. On the other hand, the reaction probability at the so-called
effective barrier height in the old experimental fits was 0.135 and 0.25,
for v = o and v = 1, respectively. To a good approximation, at the
corresponding collision energy the reaction probability does not vary
with T,.7879 A useful compromise therefore seems to be to evaluate
the vibrational efficacy for a reaction probability of about 0.15. As it
is not fully clear which reaction probability should be considered, the
vibrational efficacy is shown for several values of the reaction prob-
ability in table 6.4. On the basis of these values, no preference for
SRP48 or optPBE-vdW-DF can be found from the calculated y,, as both
functionals perform equally well. Finally, note that the experimental
value for D, /Cu(111) was originally reported to be x,, = 0.54,73 but this
was based on a different definition of the vibrational efficacy, in which
different values for P, ; are used for v = oand v = 1.

In figure 6.6 the reaction probability for (v = o, ] = 0,2,4,6,8) D,
dissociating on Cu(111) is shown for both tested functionals, also com-
paring to the reaction probability curves extracted from experiments.””
The analysis of the experimental results showed that reaction first de-
creases with J, up to about | = 4, and then increases with J.7377 The
behaviour of the optPBE-vdW-DF results is closest to this: for optPBE-
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FiGURE 6.6 Reaction probability as a function of normal incidence energy for
several rotational states of D, dissociating on Cu(111) for the optPBE-vdW-DF
and SRP48 functionals. Fits to experimental results”3 at T, = 925 Kby Nartino
et al.77
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Ficure 6.7 Rotational quadrupole alignment parameter for D, dissociation
on Cu(111) as a function of normal incidence energy for the optPBE-vdW-DF
and SRP48 functionals. Experimental results at T, = 925K by Hou et al.%

vdW-DF, up to ] = 6 no large dependence of reaction on | is found, and
for higher | the reaction probability increases with J. For the SRP48 func-
tional, however, reaction actually increases up to about | = 4, in direct
contrast to the behaviour observed in experiment. The optPBE-vdW-
DF functional therefore seems to show a somewhat better performance
than the SRP48 functional.

The rotational quadrupole alignment parameter Aéz) (v,]) is shown
in figure 6.7 for (v = o, ] = 11) and (v = 1, ] = 6) D, dissociating
on Cu(111) for both functionals, also comparing to experiments.®° The
A(()z) (v,]) computed with SRP48 is shifted to lower energies than the
one computed with optPBE-vdW-DF for both states at all energies con-
sidered, by about 0.05€V for (v = o, ] = 11) and 0.06€V for (v = 1,
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TaBLE 6.5 Minimum barrier height (E;, in eV) and energetic corrugation (¢,
in eV), of H, /Cu(111) obtained with the optPBE and PBE exchange functionals
combined with PBE correlation.

Exchange functional E, (eV) ¢ (eV)

optPBE 0.460 0.416
PBE 0.484 0.406

J = 6). The agreement of the static ideal surface theoretical results with
the experimental data is not so good for either state and for either func-
tional. However, previous work employing the SRP48 functional** and
a similar functional (chapter 3) showed that taking into account the ef-
fect of the surface temperature used in the experiments (925 K5°) leads
to a substantial decrease of the computed Aéz) (v,]) and to much bet-
ter agreement with experiment, although the computed Aéz) (v,]) were
still somewhat too high. Taking into account the surface temperature
for the optPBE-vdW-DF functional should also lead to a decrease in
the A(()2) (v, ]) computed with this functional, and to a better agreement
with experiment. It is however not yet clear whether surface temperat-
ure has the same quantitative effect for the optPBE-vdW-DF functional,
and it is therefore not yet fully clear which functional performs better
for Aéz) w,]).

6.3.4 The effect of changing the exchange and the correlation
functionals separately

In the above sections, dynamics results for two XC functionals, i.e., the
SRP48 and the optPBE-vdW-DF XC functionals, have been discussed.
One might wonder whether some of the results that are obtained, such
as the better performance of optPBE-vdW-DF for sticking of D, on
Ru(ooo1) (figure 6.4) or the difference in performance of the two func-

tionals for reproducing the Aéz)

measured for D, /Cu(111) (figure 6.7),
is due to changing the exchange functional, the correlation functional,
or both. The following can be said about this.

Starting from the SRP48 functional, changing only the exchange

functional amounts to using the optPBE exchange functional and the
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PBE correlation functional (“optPBE-PBE”). Inspection of table 6.5 sug-
gests that this would yield a functional that is similar to the PBE func-
tional: for H,/Cu(111), the minimum barrier height and the energetic
corrugation are very similar for these functionals. However, it is known
that the PBE functional does not yield a correct description of sticking
of H, to Ru(ooo1) (see figure 4.10) because functionals with PBE cor-
relation underestimate the energetic corrugation of the H,/Ru(ooo1)
PES, as shown in chapter 4. Specifically, with the PBE functional the
sticking probability is considerably overestimated at large average col-
lision energies, and the same would be expected to hold for the similar
optPBE-PBE functional. In contrast, reasonable values of both the min-
imum barrier height and the energetic corrugation can be obtained by
using vdW-DF correlation. In fact, using SRP48 exchange and vdW-DF
correlation would be very similar to using one of the candidate SRP
functionals that described sticking of H, and D, to Ru(ooo1) quite well
in chapter 4 and even better than the optPBE-vdW-DF functional. Here,
the only difference between the SRP48 and the candidate SRP func-
tional is that the former employs 48% RPBE and 52% PBE exchange,
whereas the latter uses 50% RPBE and 50% PBE exchange. In other
words, the better performance of the optPBE-vdW-DF functional than
that of SRP48 comes from changing the PBE to the vdW-DF correlation
functional, and not from changing the SRP48 to the optPBE exchange
functional.

Similarly, the good performance of the optPBE-vdW-DF functional
for H, /Cu(111) does certainly not come only from changing the SRP48
to the optPBE exchange functional. As discussed above (see again
table 6.5) optPBE-PBE and PBE yield very similar values of the min-
imum barrier height and energetic corrugation of H, /Cu(111). How-
ever, it is known that using the PW91 functional® leads to hugely over-
estimated sticking probabilities for H, /Cu(111) when comparing with
experimental values.'® The same should hold for the PBE functional, as
the PBE functional was designed to reproduce PW91 energies,” and the
PBE and PW91 barrier heights for H, /Cu(111) are indeed very similar.'8
Then, the use of the optPBE-PBE functional should likewise lead to
hugely overestimated sticking probabilities for H, /Cu(111). Quantum
dynamics calculations using a PW91 PES suggest that using the optPBE-
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PBE functional to compute Aéz) values for D, /Cu(111) should likewise
lead to incorrect results: within the static and ideal surface approxima-
tion, the use of PW91 leads to computed A(()Z) values that underestimate
the experimental values for (v = 1, ] = 6) D, (see figure 11 of ref. 59).
Also taking into account the effect of the high surface temperature in
the experiments (925 K®8°) would lead to a further decrease of the com-
puted Aéz), as shown in chapter 3 and reference 21, and therefore to an
even worse comparison with experiment. In other words, maintaining
good agreement with experiment for H, /Cu(111) depends on changing
not only the exchange functional, but also the correlation functional
when changing the SRP48 XC functional to the optPBE-vdW-DF XC
functional.

6.4 Conclusions and outlook

Potential energy surfaces are constructed for the dissociation of H,
on Cu(111), Cu(100), Pt(111) and Ru(ooo1) from DFT calculations us-
ing two different XC functionals, one with non-local vdW-DF correla-
tion (optPBE-vdW-DF) and one with standard GGA (PBE) correlation
(SRP48). To determine to what extent using the non-local vdW-DF
functional improves the description of the molecule-surface interac-
tion over the non-corrected case, the PESs for the two functionals have
been compared to one another in terms of barrier heights, anisotropy in
@ and the corrugation in U and V. A comparison is also made between
reaction probabilities and rotational quadrupole alignment parameters
obtained from quasi-classical dynamics calculations and experiments,
where possible.

In the analysis of the PESs in terms of barrier heights, different beha-
viours were found for the weakly activated H, /Pt(111) and H, /Ru(ooo01)
systems on the one hand and the highly activated H,/Cu(111) and
H, /Cu(100) systems on the other hand. For H, dissociation on Ru(ooo1)
and Pt(111), the barriers are generally found to be later for the optPBE-
vdW-DF PES than for the SRP48 PES, whereas for H, dissociation on
Cu(111) and Cu(100) the barriers were approximately equally late. For
H, dissociation on Ru(ooo1) and Pt(111), the energetic corrugation (dif-
ference in barrier height of the lowest and highest investigated barrier)
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is larger for optPBE-vdW-DF than for SRP48, whereas for H, dissoci-
ation on Cu(111) and Cu(100) the opposite is found. This is explained
by considering the minimum energy pathways to dissociation for sev-
eral geometries. For both H, dissociation on Ru(ooo1) and Cu(111),
the minimum energy pathways cross at a value of Z ~ 1.6 — 1.8 A. If
the barrier occurs after this crossing (closer to the surface), as for H,
dissociation on Cu(111) and Cu(100), the barrier is generally increased
because optPBE-vdW-DF shows a more steeply rising potential along
the reaction path. If the barrier occurs before this crossing, as found
for H, dissociation on Ru(ooo1) and Pt(111), the barrier is decreased,
because the optPBE-vdW-DF functional shows a physisorption well far
away from the surface for all considered surfaces, and the barrier is
usually also later.

Dynamics results show that reaction probabilities obtained with
the optPBE-vdW-DF functional tend to be in better overall agreement
with experiments than the SRP48 functional. For both D, dissociation
on Ru(ooo1) and Pt(111) the optPBE-vdW-DF sticking curve is broader
(less steep increase with incidence energy) than the SRP48 sticking
curve. The primary difference between the sticking curves for the
D,/Cu(111) and H,/Cu(100) systems is a shift, the optPBE-vdW-DF
functional showing overall less reactivity.

For D, dissociating on Cu(111) the J-dependence of reaction has also
been investigated, as well as the vibrational efficacy and the rotational
quadrupole alignment parameter. The vibrational efficacy as computed
with the optPBE-vdW-DF functional is slightly higher than for SRP48.
Based on this, and uncertainties in the experimental data, no prefer-
ence for one of the two tested functionals can be assigned. For the J-
dependence of reaction of D, on Cu(111), however, the optPBE-vdW-
DF functional shows that reaction for low rotational states (] < 8) is
virtually independent of the rotational state, whereas SRP48 shows reac-
tion to increase with increasing J. As experimental data for this system
shows reaction to decrease with increasing | state at first, the optPBE-
vdW-DF results are in qualitatively better agreement with the experi-
mental data. The rotational quadrupole alignment parameter for D, on
Cu(111) is for both functionals too high compared to experiments. It
should be noted however, that the temperature of the surface was not
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taken into account in this study. It is known from previous studies that
the temperature of the surface can greatly influence the rotational quad-
rupole alignment parameter. Although the known surface temperature
dependence for SRP48 suggests this functional to work better, in order
to determine a preference for either functional based on the rotational
quadrupole alignment parameter the surface temperature dependence
of both functionals should be investigated.

Overall, the optPBE-vdW-DF functional seems to yield results in bet-
ter agreement with experimental data for the systems considered, espe-
cially for the molecular beam sticking probabilities and the width (steep-
ness) of the associated reaction probability curves. It is satisfying to see
that including non-local vdW-DF correlation in the XC functional not
only improves the description of weakly activated dissociation (as seen
for H, /Ru(ooo1) in chapter 4), but also of highly activated dissociation.

In the future, it would be of interest to also apply the optPBE-
vdW-DF functional to non-activated dissociation problems, such as
H,/Pd(111),8482 H,/Pd(100),%384 or H,/Ni(110).34 A correct descrip-
tion of these systems would demonstrate the correct addition of strongly
attractive chemical interactions to the van der Waals interaction in a
region that is potentially even closer to the surface, which might consti-
tute an additional challenge. We note that H, /Pd(111) has already been
studied with functionals containing vdW-DF correlation in chapter 5;
a problem with this system is that there is considerable uncertainty
regarding the experimental sticking probability, due to experimental
discrepancies. The N, /W(110) system, in which the dissociation is also
considerably affected by the presence of molecular chemisorption wells,
has also recently been studied with the use of vdW functionals.5” How-
ever, the outcome of these calculations should be somewhat uncertain,
because the effect of energy transfer to the W(110) surface was not yet
taken into account, while AIMD calculations suggest a large effect on
the reactivity of this energy transfer.®>
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Abstract

In dynamics calculations of H, dissociating on metal surfaces often
clean, high-symmetry surfaces are used. Few such dynamics studies
have been performed on surfaces with pre-adsorbed molecules, and
even fewer studies also consider the motion of the surface and the
adsorbate. In this study, the dissociation of H, on a carbon monoxide-
covered Ru(ooo1) surface is considered. Ab initio molecular dynamics
(AIMD) calculations are performed on this system using the PBE-vdW-
DF2 functional, which accurately describes the reaction probability for
H, dissociation on Ru(ooo1). Using this functional, the reaction prob-
ability of H, on the CO-covered Ru(ooo1) surface is found to be too
low compared to experiments. This suggests that exchange—correlation
functionals that can describe reaction of H, on a bare metal surface are
not in general able to describe the reaction of H, on a CO-precovered
surface of the same metal, with the same accuracy. It can however not
be ruled out that the discrepancy between theory and experiment is
partly due to an inhomogeneous coverage of the surface by CO in the
experiments. The incorporation of the motion of the surface has only a
small effect on the reaction probability. It is found that when including
surface motion for this system, the size of the simulation cell can be
important. Upon collision, a considerable amount of energy is trans-
ferred to the surface, causing the adsorbed CO molecules to move apart,
which opens the surface for reaction. In order to obtain converged reac-
tion probabilities with respect to the size of the simulation cell, at least
a 3 x 3 simulation cell is needed, because in the smaller /3 x /3 cell
the CO molecules cannot be pushed apart as only a single independent
CO molecule is present, also leading to less energy exchange with the
surface.

7.1 Introduction

In detailed dynamics simulations of hydrogen molecules reacting on
metal surfaces often clean, high-symmetry surfaces are used." Only few
dynamics studies have been performed on surfaces which have been
pre-covered with, for example, H atoms or CO molecules, and even
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fewer studies have allowed the surface atoms and the pre-adsorbed
atoms or molecules to move. Such studies have been performed for
H, dissociation on various palladium surfaces decorated with H, S or
Cl atoms.*”7 No studies with a non-rigid surface have however been
performed yet for the dissociation of H, or D, on a CO-covered surface,
which are of interest because CO acts as a common poison for catalysts.

An example of such a system, for which sticking probabilities have
been experimentally measured, is D, dissociation on a CO-covered
Ru(0001) surface.® This system has already been studied with extens-
ive density functional theory (DFT) calculations® and with dynamics
calculations,'® but in the dynamics calculations the CO and the surface
atoms were fixed at their ideal lattice positions. Although no large
surface temperature effects would be expected at the rather low exper-
imental surface temperature (T, = 180K?®), it has not yet been tested
whether or not allowing the surface atoms and CO molecules to move
may improve the description of the process. In particular, a relevant
question is whether or not the D, can exchange energy with the CO
molecules. The masses of the D, and CO molecules match better than
those of D, and Ru, suggesting energy exchange may play a large role in
the dynamics, as the simple Baule model suggests that energy exchange
becomes important if the masses of the projectile and the surface atoms
match."** Finally, Zuao et al.'3 have studied co-adsorption of H, and
CO on Ru(ooo1) with DFT, considering precoverages of Ru(ooo1) by
CO other than the 1/3 monolayer (ML) precoverage considered here.
With the RPBE functional used, they obtained reasonable agreement
with ultrahigh vacuum experiments for their computed CO and H,
desorption temperatures and patterns.

The underlying surface system (CO on Ru(ooo1)) has been the sub-
ject of many different studies in which, e.g., CO adsorption and desorp-
tion, surface structures and vibrations have been studied, both from an
experimental4~39 and a theoretical'33% 52 point of view. At different CO

Ab initio molecular dynamics study of D, dissociation on

CO-precovered Ru(ooo1)

coverages, different surface structures are observed. For low coverages
of up to 1/3 ML, CO molecules tend to adsorb on top sites.'5043745 For
CO on Ru(oo01), the CO molecules adsorb with an orientation perpen-
dicular to the surface, with the C atom bonded to the surface.’48 One
particularly well-studied system is 1/3 ML CO on Ru(ooo1) (for a com-
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parison of experimental and theoretical data, see reference 9), which
exhibits a (/3 x,/3)R30° geometry, which seems to be the best defined
CO-covered Ru(ooo1) surface,?5 with the CO molecules occupying one
in every three top sites. For this reason, and because previous theor-
etical studies?'° of D, dissociation on CO-covered Ru(ooo1) have also
considered this particular coverage, the 1/3 ML case is considered in
this study.

For H, and D, dissociation on a bare Ru(ooo1) surface, two DFT
exchange—correlation (XC) functionals were found in chapter 4 that
could describe the reaction probability well over the range of incidence
energies for which experiments>3 are available. Previous calculations54
showed that the reaction could not be well described by the PW9155 (or
the similar PBE5®) and RPBE57 XC functionals, which are commonly
used for studies of molecules dissociating on metal surfaces. A mixture
of these functionals allowed several experiments on H, dissociation on
Cu(111) to be reproduced with chemical accuracy.® For H, dissociation
on Ru(ooo1) however, these functionals yielded reaction probabilities
that increased too quickly with increasing incidence energy. It was,
for this system, found that using functionals with either vdW-DF>° or
vdW-DF2%° correlation results in an improved agreement of the reac-
tion probability with experiments.

The description of CO-covered surfaces with DFT has received a lot
of attention. For example, the popular PW91, PBE and RPBE function-
als fail to predict the correct adsorption site of the CO molecule on the
Pt(111) surface.®* Also for other surfaces (Cu(111) and Rh(111)) the wrong
adsorption site preference is found,** giving rise to the “CO adsorption
puzzle”.46 Using higher level electronic structure calculations, e.g., hy-
brid functionals (B3LYP4® and PBEO and HSE03%2), the random phase
approximation (RPA),%3 the revTPSS meta-generalized gradient approx-
imation (meta-GGA) functional4® or vdW-DF functionals®4 partially or
fully resolves this problem. For 1/3 ML CO-covered Ru(ooo1) the cor-
rect adsorption site (top) is already predicted at the generalized gradi-
ent approximation (GGA) level.?

In this chapter, ab initio molecular dynamics (AIMD) calculations
are performed to describe D, dissociation on a 1/3 ML CO-covered
Ru(ooo1) surface, to understand if allowing the CO molecules and the
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surface atoms to move has effects on the dynamics. A second aspect,
however, is the use of the XC functional. Dynamics calculations have
previously been performed for H, dissociation on CO-covered Ru(ooo1)
with the RPBE5” functional.’® This functional however yielded reaction
probabilities that were too low compared to experiments that have been
performed for this system.® Recently, two functionals have been identi-
fied using a specific reaction parameter (SRP)5® approach that can accur-
ately describe the dissociation of H, on a bare Ru(ooo1) surface, which
is not possible with the RPBE functional (see also chapter 4). These func-
tionals use either vdW-DF> or vdW-DF2% correlation. An interesting
question is whether these functionals can also properly describe H, dis-
sociation on a CO-covered Ru(0ooo1) surface.® For the present study one
of the two candidate SRP functionals for H, dissociation on Ru(oo01),
the PBE-vdW-DEF2 functional, is taken.

In section 7.2 the methods used are described, starting with the dy-
namical model in section 7.2.1. Initial and analysis conditions are de-
scribed in section 7.2.2 and the computational details in section 7.2.3. In
section 7.3 the results are presented and discussed, starting with prop-
erties of the surface in section 7.3.1. The molecule-surface interaction
is explored in section 77.3.2. The reaction probability, its comparison to
experiments as well as differences between the results obtained with dif-
ferent unit cell sizes are discussed in section 7.3.3. Finally, in section 7.4
the conclusions are given.

7.2 Methods

7.2.1 Dynamical model

In all calculations the Born-Oppenheimer® approximation is used.
Two types of calculations are performed: calculations in which the sur-
face atoms are allowed to move at the experimental surface temperature
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(Ty = 180K), and calculations in which the surface atoms are frozen
at their ideal lattice positions. The forces and energies needed for the
dynamics were determined “on the fly” from DFT®7%8 calculations. For
the DFT calculations the PBE-vdW-DF25%° functional was used, which
was in chapter 4 found to be able to describe the dissociation of H, and
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Ficure 7.1 (a) The center of mass coordinate system used to describe the
coordinates of the H, molecule. (b) The surface unit cell considered for the
H,/Ru(ooo1) system. (c) The /3 x /3 surface unit cell considered for the
H,/CO+Ru(0001) system. The diagonal of the /3 x,/3 unit cell coincides with
one of the lattice vectors of the 3 x 3 cell. In (b) and (c), several sites which are
commonly considered are indicated. The subscript “ads” in (c) is used to in-
dicate which site is nearest the adsorbed CO, for sites that are, due to addition
of CO, no longer symmetry equivalent.
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Ficure 7.2 (a) The six triangles spanned by the CO molecules for the 3 x 3
cell. Each triangle has three CO molecules that can move independently. (b)
The bins used to compute site-specific properties. The sites giving names to
the bins have been indicated (see also figure 7.1(c)).

D, on Ru(oo01) rather accurately.

In the dynamics calculations for Ty = 180 K, the motion of all atoms
of the D, molecule and the CO-covered Ru(ooo1) slab is taken into ac-
count, except for the bottom layer of the Ru(ooo1) slab, which remains
fixed during the dynamics. For the ideal lattice calculations, the whole
slab, including the layer of CO molecules, remains fixed during the dy-
namics and only the D, molecule is allowed to move. Calculations were
done both using a /3 x/3 and a 3 x 3 cell, but for the ideal lattice calcu-
lations only a /3 x,/3 cell was used. In figure 7.1 the coordinate system
that is used to describe the location of the H, molecule, the surface unit
cell for bare Ru(ooo1), and the /3 x /3 surface unit cell of 1/3 ML CO-
covered Ru(ooo1) are shown. It is noted that if the surface atoms are al-
lowed to move, the molecule-surface distance Z is generally ill defined.
Throughout this chapter the convention is used that the highest atom
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that is part of the slab (including the adsorbate; for the CO-covered sur-
face this is therefore generally an oxygen atom of a CO molecule on the
surface) determines the location for Z = 0 A. Negative Z values thus
correspond to the H, molecule being in the CO layer of the slab.

In figure 7.2 two schemes used for analysis are shown. In fig-
ure 7.2(a), the six triangles that are spanned by the CO molecules in
a 3 x 3 cell are shown. These triangles are used to analyse the amount
of freedom a molecule has to dissociate on different parts of a slab at a
finite surface temperature. Each triangle has three CO molecules at the
corners of the triangle that are, to a large extent, free to move relative
to the surface. This is in contrast to the /3 x /3 cell, in which only
one single independent CO is present. In figure 7.2(b), the bins used
to obtain site-specific properties are shown. The names of the bins are
derived from the site that is located at the center of the bins in the ideal,
static surface.

In the dynamics, the equations of motion are integrated using the
leapfrog propagator with a time step of 1fs for the slab equilibrations,
and a time step of 0.5fs, 0.25fs or 0.125fs for (v = 0), (v = 1) and (v > 2)
D,, respectively.

7.2.2 Initial and analysis conditions

Quasi-classical dynamics calculations are performed, in which zero-
point energy (ZPE) is imparted to the D, initially. The initial rovibra-
tional energy that is put into the D, molecule is determined by the
Fourier grid Hamiltonian method.®» An ensemble of D, molecules in
various rovibrational states and with various translational energies cor-
responding to the experimental distribution in the molecular beam is
considered. This procedure, including the parameters used for these
distributions, is the same as used for the H, dissociation on Ru(oo01)
calculations of chapter 4.

The H, molecule is initially placed at Z = 6.5 A. The molecule is
considered to have scattered if Z > 4.0 A with a momentum vector
away from the surface. The molecule is considered to have dissociated
if ¥ > 2.0 A. Molecules that have neither reacted nor dissociated after
1ps (2 ps for the highest energy point), are considered to have scattered.
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To generate the initial conditions of the slab and CO molecules, sev-
eral steps are performed. First, the bulk lattice constants a and c for Ru
are determined by relaxing a HCP unit cell with two atoms. No thermal
expansion is taken into account, as Ru at T, = 180 Kis very similar to Ru
atTg = oK (from 0 Kto 180K, the a and c lattice constants grow by 0.05%
and 0.08%, respectively).”® The ideal slab geometry is then determined
by allowing all atoms of a CO-covered slab, except the bottom layer, to
relax in the z direction. Vibrational frequencies are then determined for
each of the atoms that are allowed to move in the slab, while keeping
the other atoms fixed. These vibrational frequencies are then used to ini-
tialize random displacements for the atoms of the slab. Initial velocities
for the surface atoms are taken from a Maxwell-Boltzmann distribution.
For the /3 x /3 cell, 50 randomly determined configurations are taken.
Each of these 50 snapshots is propagated for in total 4.0 ps with a time
step of 1.0fs. During the first 1.0 ps velocities are rescaled every 5 (first
0.5ps) and 50 (second 0.5 ps) time steps. After the velocity rescaling,
the calculation proceeds in the NVE ensemble, of which the first 0.5 ps
is discarded. Initial conditions for the slab and CO molecules are then
randomly selected from the remaining 2.5ps, giving in total 125 x 103
possible sets of initial conditions spread over the different slabs. For
the 3 x 3 cell, the same procedure is used, except that only 20 slabs are
propagated due to the increased size of the simulation cell.

7.2.3 Computational details

The electronic structure calculations were done with version 5.2.12 of
the VASP7'774 software package. The standard74 projector augmented
wave (PAW)75 potentials were used. The non-local vd W-DF2 correlation
functional in VASP is evaluated within the scheme of RomAN-P£rez and
SOLER.7°
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To speed up convergence, first order Methfessel-Paxton”’ smearing
was used with a smearing width of 0.1eV. For the bulk calculation,
a 20 x 20 x 20 I'-centered k-point grid was used with a plane wave
cutoff of 500eV. For all other calculations, a 9 x 9 x 1 I'-centered (shif-
ted Monkhorst-Pack?®) k-point mesh was used for calculations with the
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the 3 x 3 cell. A plane wave cutoff of 400 eV was used. For both cells a
vacuum of 13 A was chosen to separate different images of the slab. In
all cases a five layered ruthenium slab was considered, with either one
or three CO molecules adsorbed on one side, for the /3 x,/3and 3 x 3
cells, respectively. Convergence tests for the potential energy suggest
that the error introduced due to the basis set size, k-point integration
and the number of Ru layers is less than 30meV. Tests with CO mo-
lecules adsorbed on both sides of the slab suggest barrier heights may
be decreased by at most about 20 meV.

To obtain accurate statistics, 500 trajectories are computed for two
energy points of interest on the reaction probability curve. Only for the
highest energy point with the ,/3x,/3 cell for Ty = 180K, 1000 trajectories
are computed. Throughout this chapter, observables are often denoted
by O + o, where ¢ is an approximation of the statistical errors due to
the limited number of trajectories, and is approximated by ¢ = s/ \/W ,
where s is the sample standard deviation, N the number of trajectories
and n the number of samples per trajectory. For reaction probabilities,
oc=4P,-(1-P,)/ VN, where P, is the computed reaction probability.

7.3 Results and discussion

7.3.1 Properties and dynamics of the CO-covered surface

The adsorption energies (defined as E 43 = Eco + Ery — Eco/ru) for
CO above a five layer Ru slab on the top and hcp sites are found to be
1.91eV and 1.65 €V, respectively. These numbers match quite well to the
adsorption energies computed by Groor et al.9 and the top site adsorp-
tion energy is in good agreement with the measured adsorption energy
of PrnUR and MenzeL?3 for 1/3 ML (1.81 €V), but less so with the adsorp-
tion energy from an earlier study (1.66 eV) by the same authors*# and
the experimental value reported by AsiLp-PEDERSEN and ANDERSSON#S
(1.49 + 0.22 €V). Itis noted that it is not clear how this value was determ-
ined (multiple experiments were cited) and at which coverage, which
should be important: PENUr and MenzeL?3 found the adsorption energy
to depend on the CO coverage of the surface.

In table 7.1 several geometrical parameters of the 1/3 ML CO-
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TaBLE 7.1 Several geometrical parameters obtained with dynamics calculations on the
CO-covered Ru(ooo1) surface. The meaning of the symbols is explained in the text. The
values for D, dissociation correspond to averages over the (whole) computed trajectories
for E,,ns = 0.466€V.

Property Relaxed /3x,/3 (+Dy) 3x3 (+D,) Experiment

(00) (/}) Y 0.337 0425 0341 0567 —
(oc) (A) 0.216 0270 0.214  0.347 —

o

(0co) (A) ) 0278 0351 0.280  0.468 —
g g) (A) 0 0.330 0414 0.335  0.559 0.5 + 0.1%°
‘7@ (A) 0 0.207 0.257 0.206  0.339 0.3 +0.1%
03 (A) 0 0.061  0.093 0.058  0.096 0.1%®
od) (A) 0 0.056 0.077 0.055 0.071 0.1%®

(9c-0) (*) 0 7.7 94 7.9 111 —

(Bru-0) (°) 0 5.6 70 57 9.2 _

(d1_5) (é) 2.137 2139 2134 2139 2.137 2.09479

<dpr0t> (A) 0.184 0.165 0.147 0.169 0.164 0.07 4+ 0.03%7

(rru—c) (A) 1.915 1.920 1.918 1.920  1.923 1.93 + 0.04*7
(re_o) (A) 1.165 1.166  1.167 1.166  1.167 1.10 + 0.05%7

covered Ru(ooo1) surface are shown, comparing the small and large
simulation cells with and without the D, molecule impinging on the
surface. All properties are ensemble averages, which in the context of
the present calculations means that averages are taken over, if applic-
able, one or more occurrences in the unit cell and the different traject-
ories that were performed. Several types of properties are considered:
average root mean square displacements (c,) of atoms (x = C,O) or
the CO center of mass (x = CO) with respect to its position in the case
of the ideal lattice, the parallel (c}) or perpendicular () components
of the average root mean square displacements, the angle of a vector
from atom a to b with respect to the surface normal (4,_;), the first
interlayer spacing (d;_,, average distance between the two topmost Ru
layers of the surface), the protrusion of the Ru atom directly below the

Ab initio molecular dynamics study of D, dissociation on

CO-precovered Ru(ooo1)

CHAPTER
N

CO molecule with respect to the other Ru atoms in that layer (dt), and

bond lengths (r,_;) between atoms a and b. Many of these parameters
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Ficure 7.3 Schematic side view (left) of the 1/3 ML CO-covered Ru(ooo1) sur-
face. The shown view is along the Y-axis for the ‘/5 X \/5 cell of figure 7.1(c),
starting at the bottom (the U or X-axis). The frontmost two CO molecules have
been displaced from their ideal positions (open circles). The geometrical para-
meters of table 7.1 are indicated and are explained in more detail in the text.
Atoms that are further away are indicated by faded circles (see right figure).

are also shown in figure 7.3. In table 7.1, with a subscript Ru the Ru
atom immediately below a C or O atom of a CO molecule is meant. The
results for the cases with the D, molecule impinging on the surface
are discussed in section 7.3.3; for the case without the D, molecule the
results are discussed below.

The distance between the topmost ruthenium atom and the C atom,
as well as the distance between the C and O atoms, has been measured
by MicHALK et al.*> and Over et al.?7 The values found here for all cases
(1.92 A for the rp,,_ distance and 1.17 A for r-_n) match quite well to the
experimental values by Over et al. (1.93 + 0.04 A and 1.10 + 0.05 A, re-
spectively) and MicHALK et al. (2.00 + 0.10 A and 1.10 + 0.10 A, respect-
ively), although the computed C-O distance is a bit on the long side.
The root mean square displacement of the C and O atoms has been
measured by Gierer et al.'® and Over et al.27*® The computed displace-
ments are in fair agreement with the results of the latest experiment®
(0.5 + 0.1A for (7(”) at T, = 150K and 0.3 + 0.1A for ag). The protru-
sion of the Ru atom to which the CO is attached with respect to the
other atoms in the layer is somewhat larger than the experimental value
(0.07 + 0.03 A) by OvEr et al.?7 The contraction of the distance between
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the first and second layer is about 1.5% compared to the computed bulk
interlayer spacing (2.169 A), which is a bit smaller than the value for
the bare Ru(oo01) surface with the DFT functional used (3.3%). At Ty =
300 K, BADDORF ¢t al.79 measured the contraction of the distance between
the first and second layer to be 2.2 + 0.4%, corresponding to a first inter-
layer spacing of about 2.094 A. Finally, the results are overall in good
agreement with DFT studies?45 in which the RPBE functional was used.

Another interesting property concerns the motion of CO with re-
spect to the surface. From the C and O displacements given above, it
is clear that although the molecule has some freedom to move, it does
not readily move to the next top site (about 2.7 A away). The fact that
the displacement of the CO center of mass (ccp) closely matches the
weighted average of the displacements of the individual C and O dis-
placements, as well as that the Ru—C and C-O distances remain similar
during the dynamics as in the static surface case, suggests that the mo-
lecules behave in a way similar to that proposed by Gierer et al.': the
CO molecule tilts with respect to the topmost Ru atom, keeping the top-
most Ru to which the CO is adsorbed, and the C and O atoms approx-
imately on a line. Tilt angles of the line connecting the two atoms with
respect to the surface normal (d9-_p and dg,_p) have been computed.
Ory_o is slightly smaller (by about 2°) than d¢_, suggesting that the C
atom is on average not displaced far enough for the Ru, C and O atoms
to be on a line. Although the tilt angles are not large, the tilting of the
CO molecules may nonetheless have an effect on the H, dissociation dy-
namics. A small decrease in reactivity might be expected, because more
of the surface is “screened” by the CO for the impinging D, molecules.

7.3.2 The molecule-surface interaction

In figure 7.4 contour plots of the PES for H, dissociation on an ideal
1/3 ML CO-covered Ru(ooo1) surface (/3 x /3 cell) are shown for dis-
sociation above various sites and orientations with ¢ = g9o°. It is clear
that near a CO-covered Ru atom it is rather unfavourable for the H,
molecule to dissociate, although for dissociation above hcp or bridge,, 4
nonetheless a barrier and an exit channel is found. In contrast, for the
cases where the H, molecule is near a Ru atom without an adsorbed
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Ficure 7.4 The (r, Z) dependence of the PES for H, dissociating on 1/3 ML
CO-covered Ru(ooo1) above several different sites and orientations (¢ = 90°).
() 10Pags (¢ = 0°), (b) bridge,q, (¢ = 120°), () hep (¢ = 90°), (d) top (¢ = 0°),
(e) bridge (¢ = 0°), (f) bridge (¢ = 90°), (g) t2h (¢ = 150°), (h) t2f (¢ = 90°).
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TaBLE 7.2 Barrier heights and positions for several dissociation geometries for H, dis-
sociation on bare and 1/3 ML CO-covered Ru(ooo1). For all dissociation geometries
¥ = 90°. The notation a-to-b corresponds to dissociation above the a site with the H
atoms moving towards the next nearest b site. If this notation is ambiguous, the geo-
metry according to figure 7.1(c) is given. The dissociation geometries also considered
in figure 7.4 are indicated with the letter of the panel they are shown in. Values for the
bare Ru(ooo1) surface from the PBE-vdW-DF2 PES described in chapter 4. RPBE barrier
heights from reference 9.

Site Surface 1, () Z, (A) E,(eV) ERPBE (eV)
top-to-bridge bare Ru(ooo1) o0.751  2.605 0.004
— on top,gs (a) CO/Ru(oo01) — — —
— on top (d) CO/Ru(ooo1) 0.754 —0.971 0.095 0.30

bridge-to-hollow bare Ru(ooo1) 0.796  1.858 0.276
—on bridge,4s (b) CO/Ru(ooo1) o0.773 —0.350 4.347

— on bridge (e) CO/Ru(ooo1) 1.059 —2.050 0.799 0.85
t2h-to-fcc bare Ru(ooo1) o.771  2.139 0.115
— on tzh, 4, CO/Ru(oo01) — — —
—on t2h (g) CO/Ru(ooo1) 1.225 -1.887 0.739
t2f-to-t2f bare Ru(ooo1) 1.292  1.552 0.312
— t2f(p = 90°) (h) CO/Ru(ooo1) 1.312 -1.737 0.923 0.84

— t2f(¢ = 150°) CO/Ru(ooo1) 0.747 -1.032 0.684

hcp-to-taf bare Ru(ooo1) 0.850  1.678 0.430
— hep(¢ = 30°) CO/Ru(ooo1) 0.721 -0.538 2.807
—hep(p = 90°) (¢)  CO/Ru(o001)  0.741 —-0.470  2.389

CO molecule, dissociation is much more favourable. For all cases in fig-
ure 7.4 where a full elbow is shown, late barriers are found. For disso-
ciation directly above the Ru atom without an adsorbed CO molecule,
additionally an early barrier and a well are found. This is in general
agreement with previous results for the RPBE functional.? For bridge-
to-hollow dissociation (figure 7.4(e)), however, Groor et al. found an
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early barrier, while here a later barrier is obtained with the use of the
PBE-vdW-DEF2 functional. For t2f (¢ = 90°) (figure 7.4(h)), only a late
barrier is found, whereas previously also an early barrier was found for
a geometry, t2f (¢ = 88°), which is close to the one considered here.
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In table 7.2 barrier heights and positions for dissociation of H, on an
ideal 1/3 ML CO-covered Ru(ooo1) surface (,/3 x,/3 cell) are compared
to those for dissociation of H, on an ideal, bare Ru(ooo1) surface. In
the case where one geometry for the bare Ru(ooo1) has multiple sym-
metry inequivalent geometries for the CO-covered surface due to the
addition of CO, both are given. The subscript “ads” refers to the site
which is closest to the adsorbed CO molecule (see also figure 7.1). Note
that Groor et al.9 only considered the sites furthest away from the CO
in their analysis (i.e., the ones here denoted without subscript “ads”).
Similar barrier heights are obtained for the fcc and t2f site as for the hcp
and tz2h site, respectively, and as such, values for a particular orienta-
tion are only given for either hcp (tzh) or fcc (t2f). It is clear that for
all configurations that are considered the barrier height is increased re-
lative to the bare Ru(ooo1), and in some cases a particular dissociation
geometry even becomes non-dissociative (i.e., no transition state could
be found). This is in general agreement with findings obtained using
the RPBE functional.® The computed barrier heights are in good agree-
ment with previously obtained values® with the RPBE functional, ex-
cept for the top-to-bridge barrier. For this geometry, the PBE-vdW-DF2
functional predicts a barrier height that is 0.20 eV lower than the RPBE
barrier height. Note that the barrier referred to is for passage to a local
molecular chemisorption minimum, see figure 7.4(d). Sites close to the
CO molecule show either a very high barrier (> 2eV) or no barrier at
all.

The results obtained with the PBE-vdW-DEF2 functional are at least
in qualitative agreement with the results obtained with the RPBE func-
tional.? As the dissociation barriers near top,qs are very high, it is clear
that the H, molecule is repelled by the adsorbed CO molecule and dis-
sociation can therefore only occur in the center of the triangles shown
in figure 7.2(a), i.e., close to the bare top site. As Z;, near the top site is
~ —2 A, it is clear that the H, molecule needs to move into the layer of
CO molecules, and if needed push the CO molecules aside, in order to
be able to dissociate.
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Ficure 7.5 Reaction probabilities as a function of average collision energy
computed with several methods compared to experiment.® Results obtained
with the RPBE5” functional by Groor ef al.* are also shown.

7.3.3 Reaction probability and energy exchange

In figure 7.5 the reaction probability is shown as a function of average
collision energy as computed using a rigid, ideal /3 x /3 cell, and us-
ing /3 x/3 and 3 x 3 simulation cells at T, = 180K. For comparison,
the experimental data by Ugra ef al.® and the previous results using the
RPBE57 functional by Groor et al., which were obtained with the use
of a rigid, ideal \/§ X \/§ cell in the DFT calculations, are also shown.

It is clear that the PBE-vdW-DEF?2 reaction probabilities are too low
compared to experiment, which was also the case for the previously
computed RPBE reaction probabilities.” The PBE-vdW-DF2 reaction
probabilities are even lower than the RPBE reaction probabilities. The
reaction probability computed with a frozen ideal surface matches
closely to, or is even slightly larger than, the reaction probability com-
puted with the /3 x /3 cell for T, = 180 K. The reaction probabilities
computed for Ty = 180K are greater if the 3 x 3 simulation cell is used,
this result being statistically significant for E,,; = 0.466eV. At this
incidence energy, the reaction probability for the 3 x 3 cell is higher by
about 0.05 compared to the /3 x,/3 cell.

It is not fully understood why a disagreement between theory and
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experiment remains. As surface temperature is taken into account here,
it seems likely that the disagreement of the PBE-vdW-DF2 reaction prob-
abilities for Ty, = 180 K with experiment is due to the XC functional not
being good enough, even though this functional works well for H, dis-
sociation on bare Ru(ooo01), as shown in chapter 4. Another possible
cause for the discrepancy between theory and experiments concerns the
coverage of Ru(ooo1) by CO in the experiment. To obtain the 1/3 ML
CO-covered Ru(oo001) system, which should correspond to the simple
\/5 X \/5 system studied here,'>'9*"? the experiments worked with a sys-
tem exhibiting half the measured saturation coverage.® The assumption
has been that this should correspond to the 1/3 ML covered surface, be-
cause the saturation coverage is experimentally known to be 2/3 ML.35
If the saturation coverage achieved by UEra et al. however was somehow
less than 2/3 ML, this could explain the observed discrepancy with ex-
periment at least in part. Specifically, on average the coverage should
then be less than 1/3 ML in the molecular beam experiment, and that
should make the measured reactivity higher than the one calculated
here. This could be aggravated by inhomogeneity effects, as this could
give rise to the formation of islands** with the 1/3 ML \/5 X \/5 cov-
erage considered here and areas with a much lower coverage, which
should exhibit a much greater reactivity. It would therefore be useful if
the experiments could be repeated with the accompanying use of low-
energy electron diffraction (LEED) to ascertain the surface coverage pat-
tern used in the experiments indeed corresponds to the \/5 X \/5 pattern
considered here, to rule out this source of error.

The remainder of this section will focus on the effects motion of the
surface has on the reaction probability. Possible reasons for why the
reaction probability of D, on a thermal slab might be slightly smaller
than the reaction probability of D, on a frozen ideal slab, as found with
the /3 x/3 cell, are that the CO molecules and the Ru(ooo1) surface act
as an energy sink, causing the D, to lose energy it could otherwise have
used to overcome the barrier to dissociation, and that slightly less of
the surface might be available because the CO molecule is, on average,
slightly tilted in the dynamics. From the present results, it is not clear
how important these effects are.

With respect to the difference between the smaller and larger simu-
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TasLE 7.3 For all AIMD calculations, the average initial translational energy
of the molecules that go on to react, along with the reaction probability for that
calculation.

Energy Cell model (Etrans ) react (€V) P,
0.363eV (/3 x,/3) 180K 0.415 + 0.015 0.034 + 0.008
(3x13)180K 0.452 + 0.028 0.042 4 0.009

0.466eV (/3 x,/3) ideal 0.607 + 0.020 0.088 + 0.013
(/3 x4/3) 180K 0.585 + 0.016  0.073 + 0.008
(3x3)180K 0.576 + 0.020 0.124 4 0.015

lation cell, it is not immediately apparent what could be the cause. Pos-
sible causes could be extra dynamical effects due to the presence of mul-
tiple independent CO molecules, such as extra possibilities for energy
exchange, but also small differences in DFT parameters (a smaller k-grid
was used for the 3 x 3 calculations) might play a role. These two effects
are discussed below. As is shown below, the larger reactivity obtained
with the 3x3 cell is probably due to the D, exchanging energy with three
independent CO molecules, which allows the nearby CO molecules to
move apart, so that the reactive Ru(ooo1) surface becomes exposed.

Convergence tests have been carried out on the k-point grid used
for the DFT calculations. From these convergence tests, it is clear that
the H, /CO+Ru(oo001) interaction is described accurately, the largest ob-
served difference between the /3 x,/3 cell and the 3 x 3 cell being about
34meV. Although this number is not small on the scale of the differ-
ences (the relative displacement on the energy scale of the two Ty =
180 K reaction probability curves is estimated to be in the range of 50 —
100 meV), it cannot explain the whole difference. Also, the maximum
observed energy difference was in the opposite direction to that which
would be expected to explain the difference in reactivity (the potential
near the surface was higher for the 3 x 3 cell rather than lower, which
decreases reactivity instead of increasing it). It therefore seems unlikely
that small differences in the DFT parameters can explain the observed
differences for the two simulation cells.

In table 7.3 the average initial translational energy of the molecules
that go on to react is shown for all AIMD calculations, together with
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the reaction probability for each calculation. It is clear that for the dif-
ferent simulation cell models the average initial translational energy of
the dissociating molecules is the same, at least insofar as the error due
to sampling is concerned. This suggests that the “effective” barriers to
dissociation are the same for all different simulation cell sizes and thus
that differences between the models are not due to static effects (i.e., due
to the barrier to dissociation being different for different sizes of the sim-
ulation cell).

In table 7.1 several geometrical properties are given of the surface,
with D, (the dynamics done to determine the reaction probability) and
without D, (the dynamics of the slab used to generate initial conditions).
In section 7.3.1 the results without D, were discussed. The results with
D,, and the comparison to the results without D,, are discussed here.
The numbers in table 7.1 correspond to averages from the trajectories
beginning with the D, molecule in the gas phase, for the case that D,
is present. As such, these parameters do not straightforwardly corres-
pond to a physically measurable situation, and these parameters are
only used to compare to the (in principle measurable) parameters for
the case without D,. For both the /3 x,/3 and the 3 x 3 cell, the mean
square displacement of the C and O atoms is increased markedly com-
pared to the case without D,, and even more so for the 3 x 3 cell than
for the /3 x/3 cell. This occurs for both the parallel and perpendicu-
lar components of the displacements, but mostly for the parallel com-
ponent. Intriguingly, for the perpendicular component, little or no dif-
ference is found between the /3 x /3 and the 3 x 3 cells, whereas the
parallel component does show a difference. Furthermore, the average
tilt angles of the CO with respect to the surface are also increased. This
means that the geometry of the CO-covered Ru(ooo1) surface is altered
by the impinging D, molecules, and more so for the 3 x 3 cell than for
the /3 x /3 cell. As energy in D, can be exchanged with the surface to
alter the geometry of the CO-covered surface, this in turn suggests that
more energy is exchanged with the surface for the 3 x 3 cell than for the
\/§ X \/§ cell. In particular, the O atom moves most, with the C atom
moving less, as also indicated by the increased tilt angles. The other
parameters, i.e., the interlayer spacing, the protrusion of the topmost
Ru atom, the Ru-C and C-O bond lengths are all not much influenced
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TaBLE 7.4 Amount of energy exchanged with the surface in collisions of D,
with the CO-covered Ru(ooo1) surface, for cases which result in scattering. Dir-
ect trajectories make only a single rebound.

Energy \/5 X \/§ cell (eV) 3 x 3 cell (eV)
0.363eV 0.080 + 0.003  0.191 + 0.005
— direct only 0.077 4+ 0.003  0.187 + 0.005
— indirect only 0.106 + 0.013  0.225 + 0.018
0.466 €V 0.105 4+ 0.002  0.263 4 0.007
— direct only 0.104 + 0.002  0.258 + 0.008
— indirect only 0.119 + 0.010  0.278 + 0.014

by the impinging D, molecule. These results therefore indicate that en-
ergy can be exchanged between D, and the CO molecules, and not so
much with the Ru(ooo1) surface.

In table 7.4 the amount of energy exchange of the molecule with the
surface is shown for scattered trajectories, which is defined as the total
energy lost to the surface by the D, molecule at t = tg,,,) compared to
t = 0. The results have also been split into direct (single rebound) and
indirect (multiple rebounds) scattering. It is clear that the amount of en-
ergy exchanged in the larger simulation cell is significantly larger than
that for the smaller simulation cell, by about a factor 2.5 for the higher
incidence energy and slightly less for the lower incidence energy. The
number of atoms has increased by a factor 3 on going from the smaller
to the larger cell, which suggests that, for the atoms with which energy
is exchanged, also energy is exchanged with molecules that would cor-
respond to mirror images in the /3 x,/3 cell, but are independent in the
3x3 cell. For indirect scattering, slightly more energy is exchanged than
is the case for direct scattering.

Intriguingly, a considerable amount of energy is transferred to the
surface for both simulation cell sizes. It is rather remarkable that in the
case of the 3 x 3 cell the amount of energy that is exchanged is over half

Ab initio molecular dynamics study of D, dissociation on
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the amount of initial translational energy, in particular if this is com-
pared to the amount for the /3 x /3 cell. A likely explanation for this
discrepancy seems to be that the D, molecule deposits energy into the
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Ficure 7.6 Time evolution of the kinetic energy of the ruthenium slab, the CO
molecules and H, molecule, averaged over all trajectories with tg,,; > 300fs,
for the /3 /3 and 3 x 3 cells. The energies for the CO and Ru atoms have been
normalized to the amount present in the /3 x,/3 cell.

transfer to the CO molecule(s) the reaction probability of the ideal and
the T, = 180K surface do not differ much. This suggests that the en-
ergy transfer is at least partly compensated by new reaction pathways
becoming available.

To better understand to what part of the surface the energy is lost, in
figure 7.6 the time evolution of the kinetic energy of the ruthenium slab,
the CO molecules and the H, molecule, averaged over all trajectories
with tg,, > 300fs, is shown. The kinetic energies of the CO molecules
and Ru atoms for the 3 x 3 cell have been divided by three to account
for the increase in the number of atoms in the 3 x 3 cell compared to
the /3 x /3 cell. It is clear that the amount of kinetic energy that is
transferred to the Ru atoms is rather small, while the amount of kinetic
energy that is transferred to the CO molecules is larger. No large differ-
ences are observed between the smaller and larger cell. These results
therefore show that energy is indeed exchanged with the, in the 3 x 3
cell, independent images, and, in particular, with the CO molecules.

Further information about the differences between the /3 x /3 and
3 x 3 cell can be found by binning the energy that is exchanged with the
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TaBLE 7.5 Amount of energy exchanged with the surface in collisions of D,
with the CO-covered Ru(ooo1) surface, binned with respect to the impact site.

Energy Site V3 xy/3 cell (eV) 3 x 3 cell (eV)
topags 0.102 4 0.008  0.104 4 0.009
top 0.056 + 0.007  0.203 + 0.013
0.363€eV  bridge,qs 0.100 + 0.005  0.173 + 0.009
bridge 0.057 + 0.004  0.255 + 0.013
hep/fec 0.080 + 0.005  0.215 + 0.010
topags 0.167 + 0.009  0.178 4+ 0.012
top 0.066 + 0.005  0.269 + 0.017
0.466 €V  bridge,qs 0.111 4+ 0.003  0.222 + 0.011
bridge 0.095 + 0.007  0.329 + 0.014
hep/fec 0.099 + 0.004  0.295 + 0.013

surface with respect to the impact site of the molecule. The results of
such an analysis are given in table 7.5 and the bins that have been used
are indicated in figure 7.2(b). For all sites that are considered, except
the top,qs site, and both incidence energies, the amount of energy ex-
change is larger for the 3 x 3 cell than for the /3 x,/3 cell. For the top,4s
site however, the amount of energy exchange is, to within the statistical
errors indicated, the same for both simulation cells. As the top,q4s site
corresponds to the D, molecule colliding directly on top of the CO mo-
lecule, this difference is not surprising, because the next CO molecule is
V/3 times the Ru-Ru distance away, which for the present case is 4.77 A.
The molecule thus exchanges energy with only a single CO molecule,
and predominantly energy in motion in the Z direction, as it is a head-
on collision and the molecule initially only has momentum in Z. For
all other sites, the interpretation is that the molecule will go in between
the CO molecules, which means that the D, molecule may be able to
exchange energy with up to three nearest CO molecules. In this case,
energy exchange will mostly involve motion in the U and V directions,
as the D, molecule collides with the CO molecule(s) more from the side.
As in the /3 x /3 cell only a single CO molecule is present the D, mo-
lecule pushes against its mirror images in such a way that the forces
parallel to the surface partially cancel each other. As in the 3 x 3 cell
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three independent CO molecules are present for similarly small D,—CO
distances projected on the surface (see figure 7.2(a)), such a cancella-
tion of forces does not occur and energy can be exchanged with all of
the three independent CO molecules without forces between CO and
D, being partly cancelled through the imposed periodicity, explaining
the larger energy exchange.

If energy is exchanged between the D, and CO in the U and V dir-
ections, the CO will move along the surface, but in case of the \/§ x \/§
cell the entire layer moves, as only a single independent CO molecule
is present. In case of the 3 x 3 cell however, the three independent CO
molecules may move apart. This can be analysed by tracking the size of
the 2D triangles that are spanned by the CO molecules (six for the 3 x 3
cell, see also figure 7.2(a)). In table 7.6 the size of the surface triangle
in which the D, is initially located (f = 0) is shown for the first and
final time step of both reactive and non-reactive trajectories, with the
corners of the triangle attached to either the C or the O atoms. For both
non-reactive and reactive trajectories, and for both the C and O triangles,
the size of the surface triangle in which the D, is initially located grows
during the dynamics, from a value essentially equal to that of an ideal
triangle size to a value which is in the range of about 15% to 30% lar-
ger, i.e., the CO layer locally “opens” due to the impinging D, molecule
pushing the CO molecules aside. The O triangles are larger than the C
triangles, suggesting that the molecules, apart from being pushed away,
are also tilted away to make room for D,. As the initial triangle size is
slightly larger for dissociative trajectories than for scattered trajectories,
an additional effect appears to be that in the 3 x 3 CO-covered surface
the D, molecule can find spots where the CO molecules have already
moved apart a bit, which opens the surface to reaction. It should, how-
ever, be stressed that such an effect is small and not fully established at
present due to the limited statistics of the dynamics calculations. The
main established mechanism therefore is the CO layer opening effect
due to the impinging D, molecule pushing the CO molecules away.

The difference between the reaction probability of the 3 x 3 and the
V3 x4/3 cells can thus be explained mainly from the amount of energy
exchanged between the D, molecule and the surface, and in particular
energy transferred to motion of CO molecules parallel to the surface.



7.3. RESULTS AND DISCUSSION

(t000)1y pareaodard-OD

UO UOHRIOSSIP (] JO ApNIS Sonueudp Ie[nds[ow oniul qy

— 4g'6 — 4g'6 [eapr
otoF Go€t SGroFrcor LroFo9cer 600 F €00T  UOHRIOSSIP —
91'0 F 19zt S00F 066 600 F Sh'rT Co0 F £Q6 Suriayeds —
VroF¥ Zger SooF V66 gooFoStr €ooTF 486 A2 9970
0L'0F Glzt LzoFeeor QUOoFeHIT ET0FL66  UORRIDOSSIP —
VroF 6zecr SooF €oor QooF 9Tt €00F 166 Surioyeds —
€ro¥cter SooFPoor gooF6cir €00 F 66 A €9€0
= 0=1 By = 0=1

(=Y) OV =Y) °V A3raug

D~

AALAVHD

"JOUWI 91e SUOIIPUOD SISATeue 9y} Yorym 10§ dojs aurny 381y o3 9q 03 udye; st 97 -aoejins (1000)ny] paisa0d-0)) Y} U0
UOReI0SSIp 10 3urIa)jess (] 10§ pajyedo] A[[entut st 4 ay3 yorym ut ((e)z 4 aan3yy 99s) s[3uerr) a0eyIns ay) Jo 9z1§ 9°Z a14av],

233



AALIVHD

7. D, pissociatioN oN CO-PRECOVERED Ru(0001)

234

Significantly more energy is exchanged between the molecule and the
CO overlayer for the 3 x 3 cell than for the /3 x /3 cell. As a result
of this, the CO molecules can move away from one another in the 3 x 3
cell. Only in the 3 x 3 cell (three) independent CO molecules are present.
These independent CO molecules can move apart, leaving more space,
and therefore more favourable pathways to reaction, for the molecule.

An interesting open question is whether or not further increasing
the size of the simulation cell could result in further changes in the re-
action probability. As the spacing between different CO molecules is
rather large (the diagonal of the HCP(0001) unit cell which, for this sys-
tem, is 4.77 A), it seems likely that the D, molecule cannot influence the
motion of the next nearest neighbour CO molecule, meaning CO mo-
lecules further away than the three making up the triangle in which it
lands (see figure 7.2). It is therefore not expected that increasing the
size of the simulation cell further will dramatically change the reaction
probability.

Even though the PBE-vdW-DF2 functional used here describes
the reaction of H, and D, on bare Ru(ooo1) rather well (chapter 4),
it severely underestimates the reactivity of D, on CO-covered Ru(oo01).
The PBE-vdW-DEF2 functional may be described as a candidate SRP XC
functional for H, /Ru(ooo1) (it described the dissociation of H, and D,
quite well, but its validity for other (diffraction) experiments was not
established). The present study suggests that a XC functional that gives
a good description of H, reacting on a bare metal surface may not ne-
cessarily work for the same metal, but with the surface poisoned by CO.
Additional studies on other H,—metal surface and H,-CO pre-covered
metal surface systems are needed to establish whether this finding is
general to these systems and what causes the problem noted.

7.4 Conclusions

The dissociation of D, on 1/3 ML CO-covered Ru(ooo1) has been stud-
ied with quasi-classical AIMD calculations using the PBE-vdW-DF2
functional. The PBE-vdW-DF2 functional gives a reasonable descrip-
tion of the structure of the CO-covered surface, both compared to ex-
perimental data and compared to previous theoretical studies. The
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molecule-surface interaction of D, with the CO-covered Ru(ooo1) sur-
face is mostly in agreement with a previous study? where the RPBE
functional was used, but some qualitative as well as quantitative differ-
ences are found.

The reaction probabilities computed with the AIMD method are not
in agreement with experimental data, as the computed reaction probab-
ilities are too low. The reaction probabilities are however in reasonable
agreement with the previous RPBE results using a frozen ideal surface
model, although the values reported here are still slightly lower. The
discrepancy with experimental data is assigned to the functional which
is used here not working well enough for this system, in spite of the fact
that it works well for H, dissociation on bare Ru(ooo1). For the higher
investigated incidence energy (Ei..ns = 0.466€V), the reaction probab-
ility for the 3 x 3 cell is somewhat higher (by about 0.05) than for the
‘/§ X \/§ cell.

The reaction probability for D, ona Ty = 180 K slab is overall similar
to the reaction probability for D, on an ideal slab. This arises due to
a balance between opposing factors. The D, molecule loses a rather
large amount of energy to the surface. In this way the impinging D,
molecules can push aside the CO molecule(s). Although the resulting
energy loss leads to a decrease in reaction, as this energy cannot be used
to overcome the barrier to reaction, the displacement of CO molecules
leads to new reactive pathways opening up. The CO molecules in a
Ts = 180K slab are additionally slightly tilted, whereas they are upright
in the ideal slab, which may lead to a decrease of reactivity, although the
size of this effect is not clear from the present results.

The difference between the reaction probabilities obtained for the
higher incidence energy for the /3 x /3 and the 3 x 3 cells can be ex-
plained by the number of independently moving CO molecules present
in the cell. For the 3 x 3 cell, the D, molecule can exchange energy with
up to three independent CO molecules, allowing the CO layer of the sur-
face to open up locally. For the /3 x,/3 cell only a single independent
CO molecule is present, which leads to some of the forces working on
the C and O atoms to be cancelled out due to the D, molecule pushing
different mirror images of these atoms in opposing directions. As a res-
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displace the CO molecules far enough for dissociation to become more
effective.
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Samenvatting

Veel chemische en fysische processen, zowel in industriéle en alledaagse
toepassingen, gebeuren aan een oppervlak. Een belangrijke toepassing
van reacties van moleculen op oppervlakken is katalyse: het oppervlak
verlaagt de barriere tot reactie, zodat moleculen door te adsorberen op
het oppervlak kunnen reageren. Omdat dergelijke processen vaak erg
complex zijn, mede doordat bijvoorbeeld het oppervlak niet goed geka-
rakteriseerd is, of doordat het oppervlak vervuild is met al aanwezige
atomen of moleculen, is het vaak niet duidelijk waarom een bepaald
proces wel of niet plaatsvindt. Vaak worden bij studies aan molecuul-
oppervlak reacties daarom dus schone, goed gedefiniéerde oppervlak-
ken gebruikt.

Voordat chemie kan plaatsvinden op het oppervlak, moet het opper-
vlak eerst bedekt worden met een reactant, wat bereikt wordt door ad-
sorptie. Een bekend adsorptiemechanisme is dissociatieve chemisorp-
tie. Bij dit mechanisme wordt een chemische binding in een aankomend
molecuul gebroken, waarna beide fragmenten van het molecuul een
nieuwe binding vorming met het oppervlak. Dit type reactie is in veel
molecuul-oppervlak reacties een elementaire reactiestap en kan ook
de snelheidsbepalende stap zijn, zoals bijvoorbeeld het geval is bij het
Haber—-Bosch proces, waarin ammonia gemaakt wordt. Hierin is de dis-
sociatieve chemisorptie van N, de snelheidsbepalende stap. Dissociatie-
ve chemisorptie is daarom een interessant proces om te bestuderen.

Een bijzonder interessante molecuul-oppervlak reactie om te bestu-
deren is de dissociatieve chemisorptie van waterstof op een metaalop-
pervlak. Omdat waterstof een homonucleair tweeatomig molecuul is
en H het lichtste atoom is, is het het simpelste systeem waarin dissoci-
atieve chemisorptie kan plaatsvinden. Ook speelt de beweging van op-

243



SAMENVATTING

244

pervlakteatomen door de excitatie van fononen en electron—gat-paren
waarschijnlijk geen belangrijke rol bij de dissociatieve chemisorptie van
waterstof. Door deze effecten te verwaarlozen is het potentiéle energie-
oppervlak slechts zes-dimensionaal, waardoor het mogelijk is om zowel
(quasi-)klassieke dynamica als quantumdynamica te doen.

Er worden in berekeningen aan waterstofdissociatie op metaalop-
pervlakken vaak een aantal benaderingen gemaakt. Ten eerste wordt
aangenomen dat de oppervlakteatomen vast staan op hun ideale roos-
terposities. Ten tweede worden electron—gat-paar excitaties verwaar-
loosd. Als laatste wordt voor het uitrekenen van het potentiéle energie-
oppervlak vaak dichtheidsfunctionaaltheorie (DFT) gebruikt met een
benaderende uitdrukking voor de exchange—correlatie energie.

Het hoofddoel van dit proefschrift is om een verbeterde beschrijving
van H, dissociatie op metaaloppervlakken te leveren, en om beter te be-
grijpen wanneer en waarom gemaakte benaderingen in deze berekenin-
gen falen. In dit proefschrift worden berekeningen aan waterstofdisso-
ciatie op metaaloppervlakken besproken, waarbij voornamelijk het ef-
fect van de gekozen exchange—correlatie functionaal op dynamische ei-
genschappen wordt beschouwd, maar ook oppervlaktetemperatuuref-
fecten worden besproken.

Zo wordt in hoofdstuk 3 een model ontwikkeld om oppervlakte-
temperatuureffecten te beschrijven voor de dissociatie van H, en D, op
Cu(111). In dit model is, in tegenstelling tot eerder ontwikkelde model-
len zoals de (aangepaste) surface oscillator modellen, het doel niet om
energieoverdracht te beschrijven, waarvan verwacht wordt dat het maar
een kleine bijdrage aan de dynamica levert door het grote verschil in
massa tussen H, en Cu, maar om te beschrijven hoe het oppervlak meer
“gerimpeld” raakt door de verplaatsing van Cu atomen ten opzichte
van hun ideale roosterposities bij een bepaalde oppervlaketetempera-
tuur Tg. In het ontwikkelde statische corrugatiemodel wordt een paar-
potentiaal gebruikt om de potentiaal te corrigeren voor de verplaatsing
van oppervlakteatomen. In een dergelijk model is het niet mogelijk om
energie uit te wisselen tussen het waterstof en het oppervlak. De ver-
breding die gevonden is in experimenten van de reactiewaarschijnlijk-
heid als een functie van de invalsenergie, wordt primair toegeschreven
aan de verplaatsing van oppervlakteatomen en kan in ieder geval semi-



kwantitatief worden beschreven. De rotational quadrupole alignment para-
meter wordt verlaagd, waardoor een betere overeenstemming met expe-
rimenten ontstaat. Bij lage oppervlaktetemperaturen, zoals Ty = 120K,
welke gebruikt is in moleculaire bundel-experimenten, worden geen
grote verschillen gevonden met berekeningen waarbij een ideaal sta-
tisch oppervlak gebruikt is.

In hoofdstuk 4 worden verscheidene exchange—correlatie functi-
onalen getest voor toepasbaarheid op de dissociatie van waterstof op
Ru(oo001), om te zien of een functionaal gevonden kan worden die zowel
de afhankelijkheid van reactie van de invalsenergie als de diffractiekan-
sen goed beschrijft. Het is voor dit systeem bekend dat de energetische
corrugatie sterk athangt van welke exchange—correlatie functionaal ge-
bruikt wordt. Als een exchange—correlatie functionaal gebruikt wordt
waarin vdW-DF of vdW-DF2 correlatie van de Rutgers—Chalmers groep
gebruikt wordt, heeft het potenti€le energieoppervlak een hogere ener-
getische corrugatie voor een bepaalde laagste barriérehoogte dan de
puur semi-lokale exchange—correlatie functionalen die zijn getest. Door
deze hogere energetische corrugatie zijn de reactiewaarschijnlijkheids-
curves breder voor deze functionalen en dus in betere overeenstem-
ming met de breedte van de experimentele reactiewaarschijnlijkheids-
curve. De revTPSS meta-GGA functionaal geeft geen grote verbetering
ten opzichte van de “standaard” GGA functionalen, bijvoorbeeld die
met PBE correlatie, maar de meta-GGA geeft wel roosterconstantes
die goed in overeenstemming zijn met experimenten, in tegenstelling
tot de standaard GGA functionalen. De PBE-vdW-DF2 functionaal,
waarin PBE exchange gecombineerd is met vdW-DF2 correlatie, en de
PBE:RPBE(50:50)-vdW-DF functionaal, waarin 50% PBE en 50% RPBE
exchange gecombineerd zijn met vdW-DF correlatie, geven allebei een
goede overeenstemming met de experimentele reactiewaarschijnlijk-
heden. Deze functionalen geven echter geen goede overeenstemming
voor diffractie, omdat de berekende diffractiewaarschijnlijkheden te
groot zijn in vergelijking met de experimentele waarden. Waarom dit
het geval is is niet duidelijk. Het kan gerelateerd zijn aan de Debye-
Waller extrapolatie, welke gedaan wordt door experimentatoren om de
diffractiewaarschijnlijkheden in te schatten voor een o K oppervlak. Het
is niet duidelijk of deze extrapolatie goed werkt voor dit systeem.
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In hoofdstuk 5 worden vier exchange—correlatie functionalen ge-
test op het beschrijven van de dissociatie van H, op Pd(111), om te be-
palen of een specifieke reactie parameter (SRP) functionaal gevonden
kan worden voor dit systeem. Een vergelijking met experimentele da-
ta wordt bemoeilijkt door de hoeveelheid beschikbare experimentele
data, omdat drie verschillende moleculaire bundel experimenten zijn
uitgevoerd en alle drie een ander resultaat laten zien. Er wordt aange-
nomen dat het laatste experiment in tijd het meest betrouwbaar is. De
PBE-vdW-DF functionaal geeft een goede overeenstemming met de ex-
perimenteel vastgestelde reactiewaarschijnlijkheden bij invalsenergie-
én groter dan 125meV. Bij lagere energieén kan noch quantum noch
quasi-klassieke dynamica de experimentele reactiewaarschijnlijkheden
reproduceren, omdat de omslag van reactiewaarschijnlijkheden bij lage
invalsenergieén niet optreedt. De overeenstemming met de experimen-
tele toestandsopgeloste reactiewaarschijnlijkheden, welke zijn gemeten
voor invalsenergieén kleiner dan 125meV, is ook niet goed omdat ook
hier geen omslag gevonden wordt. De overeenstemming tussen quan-
tum and quasi-klassieke dynamica is echter in het algemeen wel goed.
Een reden voor het ontbreken van de omslag in de reactiewaarschijnlijk-
heden kan zijn dat er te weinig paden zijn waarbij dissociatie zonder bar-
riere kan optreden. Het is ook mogelijk dat het niet meenemen van ener-
gieoverdracht tussen het molecuul en het oppervlak in het dynamische
model verantwoordelijk is voor de slechte overeenstemming met experi-
ment. Berekeningen elders in de literatuur aan het H, /Pd(111) systeem
suggereren dat bij lage botsingsenergieén energieoverdracht naar het
oppervlak kan leiden tot trapping, wat op zijn beurt weer leidt tot meer
reactie.

In hoofdstuk 6 worden de optPBE-vdW-DF en SRP48 functionalen
vergeleken met elkaar voor wat betreft de toepassing op de dissociatie
van H; en D, op Cu(111), Cu(100), Pt(111) en Ru(ooo1), om te kijken of
functionalen met vdW-DF correlatie in principe een verbeterde beschrij-
ving van H, dissociatie op metaaloppervlakken kunnen geven dan “ge-
wone” GGA functionalen. De potentiéle energieoppervlakken voor de
verschillende systemen zijn kwalitatief gelijk voor de optPBE-vdW-DF
functionaal en de SRP48 functionaal. De potentiaal als een functie van
de molecuul-oppervlak afstand Z stijgt sneller voor de optPBE-vdW-DF



functionaal dan voor de SRP48 functionaal. Beide functionalen geven
een goede beschrijving voor dynamische eigenschappen zoals reactie-
waarschijnlijkheden, alhoewel de optPBE-vdW-DF functionaal een bete-
re algemene beschrijving geeft. Reactiewaarschijnlijkheden voor D, dis-
sociatie op Ru(ooo1) en Pt(111) berekend met de optPBE-vdW-DF func-
tionaal stijgen minder snel met de invalsenergie dan die berekend met
de SRP48 functionaal, waardoor een betere overeenstemming met expe-
riment ontstaat. De vibrational efficacy voor H, dissociatie op Cu(111) is
een beetje groter bij berekeningen met de optPBE-vdW-DF functionaal.
De afhankelijkheid van reactie van het initiéle rotationele quantumgetal
] is verschillend voor de twee functionalen: de optPBE-vdW-DF functi-
onaal voorspelt dat reactie niet of nauwelijks athangt van | voor lage J,
maar de SRP48 functionaal laat een grotere athankelijkheid zien van |
(reactie neemt toe met | ook bij kleine J, wat in tegenstelling is met ex-
periment). De berekende rotational quadrupole alignment parameters zijn
lager voor SRP48, wat overeenkomt met de hogere reactiewaarschijn-
liikheden die met deze functionaal berekend zijn. De optPBE-vdW-DF
functionaal geeft in het algemeen resultaten die beter in overeenstem-
ming zijn met experiment dan de SRP48 functionaal.

In hoofdstuk 7 wordt de dissociatie van D, op een met CO molecu-
len bedekt Ru(ooo1) oppervlak bestudeerd. Voor dit systeem wordt de
ab initio moleculaire dynamica (AIMD) methode gebruikt met de PBE-
vdW-DF2 functionaal om de beweging van de CO moleculen en de ru-
thenium oppervlakteatomen mee te nemen in de dynamica. Twee ver-
schillende formaten simulatiecel worden beschouwd: een 3x3 cel en een
kleinere /3 x /3 cel. De reactiewaarschijnlijkheid bij E,,,s = 0.466 eV
is ongeveer 0.05 hoger voor de 3 x 3 simulatiecel dan voor de kleinere
cel. De berekende reactiewaarschijnlijkheden zijn niet in overeenstem-
ming met de experimentele reactiewaarschijnlijkheden. Aangezien een
functionaal is gebruikt die goed werkte voor H, dissociatie op Ru(ooo1),
suggereert dit dat een functionaal die voor een dergelijk systeem goed
werkt niet noodzakelijkerwijs ook goed werkt voor H, dissociatie op een
CO-bedekt oppervlak van hetzelfde metaal. De reactiewaarschijnlijkhe-
den verkregen met de PBE-vdW-DF2 functionaal zijn in goede over-
eenstemming met in het verleden berekende reactiewaarschijnlijkheden
met de RPBE functionaal, waarbij geen beweging van het oppervlak
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mee was genomen. Er worden geen grote verschillen gevonden voor de
reactiewaarschijnlijkheid tussen een ideaal CO/Ru(ooo1) oppervlak en
een 180 K oppervlak. Ondanks dat wordt er wel een grote hoeveelheid
energie overgedragen aan de CO moleculen, en deze hoeveelheid hangt
af van het formaat van de gekozen simulatiecel. Bij E,,,s = 0.466¢€V,
wordt 0.105 + 0.002 eV overgedragen voor een ,/3 x /3 simulatiecel, ter-
wijl 0.263 + 0.007 eV wordt overgedragen aan de CO moleculen en het
oppervlak voor een 3 x 3 simulatiecel. Energieoverdracht gebeurt voor-
namelijk in de laterale vrijheidsgraden van het CO molecuul. Energie-
overdracht waarbij beweging loodrecht op het oppervlak betrokken is,
gebeurt vooral wanneer een D, molecuul frontaal botst op een CO mole-
cuul, en is niet afhankelijk van het formaat van de simulatiecel. Omdat
het D, molecuul zich kan begeven in de CO laag, wordt het verschil in
energieoverdracht voor de laterale vrijheidsgraden veroorzaakt doordat
het D, molecuul tegen spiegelbeelden van het CO molecuul aandrukt
op een zodanige wijze dat de krachten werkend op de CO moleculen ge-
deeltelijk opgeheven worden in kleinere simulatiecellen. Dit zorgt voor
een verminderde hoeveelheid energieuitwisseling met het oppervlak en
de CO moleculen. De energie die wordt uitgewisseld met de CO mole-
culen zorgt ervoor dat deze zich uit elkaar bewegen, waardoor het op-
pervlak lokaal “geopend” wordt, wat reactie van D, bevordert.
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