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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
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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.



7.2. METHODS

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°

Ab initio molecular dynamics study of D, dissociation on
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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
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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.



7.3. RESULTS AND DISCUSSION

045 1T
V-V RPBE (Groor et al.®)

0.40
Q0 3% 3AIMD ideal

0.35 E
B8 3% 3AIMDT, = 180K ]

0.30 3
@@ 3x3AIMDT, =180K
0.25

NAA Experiment (Uera et al.8)
0.20

0.15
0.10
0.05

0.00 -
0.05 010 015 0.20

Reaction probability

025 030 035 040 045 0.0
Average collision energy (eV)

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



7.3. RESULTS AND DISCUSSION

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
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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.
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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



7.4. CONCLUSIONS

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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