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Ab initio molecular dynamics (AIMD) simulations represent a versatile tool to study dynam-
ical processes of molecules, solids and/or surfaces as will be demonstrated focusing on the
adsorption dynamics of molecules on nanostructured surfaces such as precovered or stepped
surfaces. Performing AIMD simulations corresponds to unbiased computer experiments allow-
ing the identification of mechanistic processes whose sequence is sometimes unexpected. This
will be illustrated using the Ho adsorption on a precovered surface without any dimer vacancies
as an example. In addition, first results related to the adsorption of molecular oxygen on stepped
platinum surfaces will be presented.

1 Introduction

In ab initio molecular dynamics simulations, the forces necessary to integrate the clas-
sical equations of motions are calculated on the fly using some suitable first-principles
total-energy electronic structure method!. This makes the method very versatile since no
fitting of multi-dimensional potential energy surfaces is required which can be rather cum-
bersome?. Yet, in particular for the adsorption dynamics on metal surfaces, such AIMD
simulations have been prohibitively expensive just a few years ago allowing only the de-
termination of a few trajectories>*. However, due to the development of efficient periodic
electronic structure codes™® based on density functional theory (DFT) and the improve-
ment in the available computer power this situation has now changed. It has become pos-
sible to determine thousands of trajectories of molecules impinging on surfaces’”. Note
that the statistical uncertainty of reaction probabilities does not depend on the complexity
of the system making the determination of statistically significant reaction probabilities on
structured surfaces possible.

Furthermore, the AIMD simulations provide an unbiased view on dynamical processes
on surfaces. This can lead to the detection of unexpected processes which might still
be highly relevant. This is not only of technological, but also of fundamental relevance,
as will be illustrated using the interaction of hydrogen with precovered surfaces as an
example. Furthermore, the technologically and environmentally important interaction of
oxygen with platinum surfaces will also be addressed.

2 Motivation

The interaction of molecules with surfaces is of high technological relevance. All materials
interact with their environment through their surfaces. Sometimes this interaction can be
harmful and lead, e.g., to corrosion or wear. However, also beneficial processes occur at



surfaces. Many chemical reactions are considerably facilitated at catalytic surfaces. This is
of particular interest considering the importance of (electro-)chemical energy storage and
conversion for the future energy technology. In order to improve the chemical activity of
catalysts, it is important to understand how reactions proceed on surfaces. For decades,
surface science studies, both experimental and theoretical, have been extremely successful
in elucidating atomistic structures and processes on well-defined clean surfaces. Yet, many
technologically relevant processes occur on precovered, structured surfaces. Therefore it is
crucial to take into account the full complexity when studying such processes on surfaces.

3 Computational Method

The AIMD simulations have been performed using the periodic Vienna Ab initio Simula-
tion Package (VASP)® within the supercell approach. Electronic exchange and correlation
have been described within the generalized gradient approximation (GGA)'*!!. The ionic
cores have been represented either by ultrasoft pseudopotentials'>!® or by projected aug-
mented wave (PAW) potentials'*!3. The convergence of the electronic structure calcula-
tions with respect to the energy cutoff representing the size of the plane-wave basis set and
the k-point sampling for the integration over the first Brillouin zone was carefully tested.

The AIMD simulations were performed using the Verlet algorithm'® with a time step
of 1 fs within the microcanonical ensemble, i.e., the total energy was conserved during
the simulations. This energy conservation was typically fulfilled to within =5 meV along a
AIMD run. Sticking probabilities for each considered structure and incident kinetic energy
were evaluated by averaging over 100 to 150 trajectories which were started with random
initial lateral positions and orientations of the impinging molecules far enough above the
surface, The statistical error of the sticking probabilities amounts to o = /S(1 — S)/vVN
where S is the sticking probability and N the number of trajectories!’. For N > 150, the
statistical error is o < 0.04, and for N > 100, 0 < 0.05 . Note that the statistical error does
not depend on the complexity of the system, i.e., on the number of considered dynamical
degrees of freedom, but only on the number of calculated trajectories.

4 Hydrogen adsorption on H-precovered Pd(100)

The adsorption of Hy on Pd(100) represents one of the model systems in surface science
for the study of adsorption phenomena. In addition to its importance in hydrogenation
reaction this system is also interesting because of the fact that palladium can absorb huge
amounts of hydrogen'®. Because of the high sticking probability of Hy on Pd(100)'°, the
surface becomes quickly covered by hydrogen once it is exposed to a Hy gas. In order
to model the adsorption of Hy on H-precovered Pd(100), we have used (2 x 2), (4 x 2),
(3 x 2), and (3 x 3) unit cells with various amounts or preadsorbed hydrogen atoms. Note
that there are typically several different arrangements of the adsorbed hydrogen atoms for
a given coverage unless the surface is fully covered.

The results of more than 6,000 AIMD trajectory calculations with respect to the stick-
ing probability at various hydrogen coverages are summarized in Fig. 1 where the sticking
probability of Hy on H-precovered Pd(100) is plotted as a function of the coverage. The
different values of the sticking probability for the same hydrogen coverage are due to the
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Figure 1. Relative dissociative adsorption probability S(©)/S(0) of hydrogen on hydrogen-covered Pd(100) as
a function of coverage. The theoretical results are obtained for an initial kinetic energy of 0.1 eV at different con-
figurations of the adsorbed hydrogen atoms whereas the experimental results by by Behm e al.?® are measured
using a Ha gas. In addition, a snapshot of an AIMD trajectory is shown for a hydrogen precoverage of Oy = 3/4
ina 2 X 4 structure.

fact that several arrangements of the pre-adsorbed hydrogen atoms were considered which
in general exhibit different sticking probabilities. In addition, the solid and the dashed line
in Fig. 1 correspond to the sticking probability in the case of pure site-blocking without
any dynamical effects if jut one or two empty sites, respectively, are required for the Hy
adsorption. The fact that the AIMD sticking probabilities are larger than the results for
pure site-blocking indicates that there are important dynamical effects such as steering or
dynamical trapping in the adsorption process which enhance the sticking probability.

Experimental results?® are also included in Fig. 1. Note that the calculations have
been done for a mono-energetic molecular beam with a initial kinetic energy of Fy;, =
0.1eV whereas the experiment was performed with a Hy gas. Still it is satisfying that the
theoretical results trail the experimental ones.

In addition, in Fig. 1 two curves S(0©) = S(0)(1 — ©) and S(0) = S(0)(1 — ©)2
are included which correspond to the sticking probability at a precovered surface if it is
governed by pure site-blocking requiring one or two empty adsorption sites, respectively.
The measured and most of the calculated sticking probabilities are above these two curves
indicating that there are steering and trapping effects that lead to a higher sticking probabil-
ity than expected for pure site-blocking although there is some slight repulsive interaction
between pre-adsorbed hydrogen atoms and the impinging hydrogen molecule, as DFT cal-
culations show. Interestingly enough, for the adsorption of Hs on hydrogen-precovered
Pd(111) both experimental and theoretical results find a dependence of the sticking proba-
bility on the coverage which is close to the S(0) = S(0)(1 — ©)2 curve?'.

This significant difference between Pd(100) and Pd(111) is related to the fact that on
Pd(100) the hydrogen atoms in the four-fold hollow adsorption site are located almost at
the same height as the surrounding Pd atoms whereas on Pd(111) the adsorbed hydrogen
atoms in the smaller three-fold hollow sites are positioned higher above the Pd atoms.
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Figure 2. Calculated relative dissociative adsorption probability S(©)/S(0) of Hy impinging on hydrogen-
covered Pd(100) with a coverage of ©y = 1/2 and Oy = 2/3, respectively, with an initial kinetic energy of
Eyin = 0.1eV for three different adsorbate structure within a (3 x 3) periodicity as indicated in the insets.
In addition, the stability AFE in meV of the adsorbate structures per hydrogen atom with respect to the most
favorable structure is given in the figure.

Consequently, on Pd(100) the adsorbed hydrogen atoms are effectively shielded by the Pd
atoms leading to a rather small mutual repulsion between the hydrogen atoms. On Pd(111),
there is a stronger H-H repulsion which effectively leads to the much lower sticking prob-
ability than on Pd(100) at the same hydrogen coverage.

The fact that there is still some admittedly small mutual hydrogen repulsion on Pd(100)
is illustrated in Fig. 2 where for several hydrogen adsorbate structures their stability AF
per hydrogen atom with respect to the most favorable structure is given. Typically, the
more compact the H-adsorbate structures, i.e., the higher the number of nearest-neighbor
H atoms, the less stable the structure is. For the corresponding sticking probability of Hy
molecules impinging on these particular structures that is also plotted in Fig. 2, we find an
anti-correlation with respect to the stability. The more compact H structures which as a
consequence also exhibit compact vacancy structures lead to higher sticking probabilities.
Still, it is important to realize that also on substrates where there is no dimer vacancy
present, as for the most stable structures included in Fig. 2, still H, dissociative adsorption
is possible. The dissociation starts with one H atom entering the four-fold hollow site with
the other H atom remaining at a neighboring bridge site. From there, it propagates in a
exchange-like mechanism until it finds an empty hollow site.

For one particular © = 1/2 structure within a 2 x 2 geometry, simulations with differ-
ent subsets of substrate atoms kept fixed have been performed. The corresponding sticking
probabilities also plotted in Fig. 2 show that there is a strong dependence of the stick-
ing probability on the recoil of the substrate atoms, much stronger than on flat surfaces’.
This again indicates the importance of dynamical effects in these strongly corrugated, non-
activated system.
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Figure 3. Left panel: Two-dimensional cut through the potential energy surface of Ha/S(2 x 2)/Pd(100) as a
function of the H-H distance and the Ha distance from the surface calculated by periodic DFT calculations. The
inset illustrates the molecular orientation and lateral center of mass position. The contour spacing is 0.1 eV. Right
panel: Sticking probability determined in AIMD simulations for Ha impinging on S(2 x 2)- and CI(2 X 2)-covered
Pd(100). For Eyi, = 0.4eV and H2/S(2 x 2)/Pd(100), the AIMD result for a fixed substrate is also shown. In
addition, the measured sticking probability of Hy on S-covered Pd(100)!? is included.

5 Hydrogen adsorption on S- and Cl-precovered Pd(100)

Both the study of sulfur as well as chlorine co-adsorption is technologically relevant and
interesting. Sulfur is known as a poison for the car exhaust catalyst, and on Pd(100), it
leads to a significant reduction of the hydrogen dissociation probability'®?2. The specific
adsorption of chlorine is a typical process occuring at electrochemical metal-electrolyte
interfaces. Whereas there is already some mutual repulsion between adsorbed hydrogen
atoms, preadsorbed sulfur or chlorine atoms lead to much stronger repulsion, turning the
non-activated Hs adsorption on Pd(100) into an activated none, i.e., there are no longer any
paths without any barrier towards dissociative adsorption?>.

The minimum barrier for Hs dissociation on S(2 x 2)/Pd(100) is illustrated Fig. 3
where a two-dimensional cut through the potential energy surface is shown. Whereas the
particular path shown in Fig. 3 is non-activated on clean Pd(100)**, it becomes hindered by
a barrier of about 0.25 eV. In fact, chlorine adsorption has a rather similar effect as sulfur
on the H2-Pd(100) interaction, the barriers are just 50 meV smaller.

Such a poisoning of the substrate of course also changes the adsorption dynamics sig-
nificantly from non-activated to activated behavior, i.e., the sticking probability typically
increases monotonically with the incident kinetic energy, as Fig. 3 shows, where the re-
sults of AIMD simulations are also shown.The difference in the minimum barrier heights
between Ho/S(2 x 2)/Pd(100) and Ho/C1(2 x 2)/Pd(100) are reflected in the corresponding
shift between the sticking curves. Interestingly, keeping the substrate fixed modifies the
sticking probability only to a small extent. Apparently for an activated system the recoil of
the substrate atoms matters less than for a strongly corrugated non-activated system (see
Fig. 2).

Still, for Ho/S(2 x 2)/Pd(100) there is a large discrepancy between AIMD and exper-



Figure 4. Snapshots of an AIMD trajectory of O2 impinging on Pt(211) with an initial kinetic energy of Ey;, =
0.1eV.

imental results. Although short-comings of DFT calculations can never be excluded, it
should be noted that experimentally the preparation of an ordered (2 x 2) sulfur overlayer
on Pd(100) has not been fully confirmed'®?’. Hence the discrepancy might be due to
different sulfur overlayers realized in the calculations and in the experiment.

6 Interaction dynamics of O, with stepped Pt

The adsorption of O5 on Pt is one of the crucial steps occurring in the car exhaust catalyst.
Since realistic catalysts do not correspond to low-index single crystal surfaces but rather
consists of small particles with high step densities, it is important to clarify the role of steps
in catalytically important reactions. On Pt(111), direct Oy dissociation does not occur due
to steric hindrance®®?’, but it is still unclear whether it might happen at stepped surfaces
where the energy gain upon adsorption is much larger?s.

From a technical point of view, DFT simulations including O, are much more demand-
ing than simulations involving Hy due to the fact that O is in the triplet state in the gas
phase which requires a spin-polarized treatment. This does not only mean that twice as
many basis functions have to be taken into account for both the spin up and the spin down
components, but typically the convergence of the self-consistent field iteration to solve the
Kohn-Sham equations is much worse compared to spin-unpolarized calculations.

Still, it is possible to run AIMD trajectories in the O2/Pt(211) system. First preliminary
results are shown in Fig. 4 where snapshots of a trajectory of Oy impinging on Pt(211)
are depicted. After 350fs, the O; molecules hits the surface with one atom above the
lower side of the step. Still, the Oy molecule is steered towards the upper side of the
step (I = 790 fs) where the most favorable adsorption site is located. Here, the molecule
becomes molecularly trapped in the most favorable molecular adsorption site (7' = 4.4 ps)
that has already been identified in DFT calculations®®.

The AIMD simulations thus indicate that indeed steps do attract impinging Oj
molecules. Still, so far no dissociative adsorption event has been observed for O5/Pt(211).
Therefore it remains to be seen whether O» dissociation on Pt(211) is a two-step process
as on Pt(111)%7 or whether it rather corresponds to a direct event.



7 Concluding Remarks

This study has illustrated that ab initio molecular dynamics studies are a powerful tool to
study the adsorption of molecules on complex surface structures, such as precovered or
stepped surfaces. The unbiased nature of the AIMD simulations allows important insights
into the reaction dynamics on surfaces as long as several hundred trajectories are sufficient
to obtain statistically meaningful results. Since the statistical error of the AIMD simu-
lations with respect to the sticking probability does not depend on the complexity of the
considered systems, AIMD simulations are also well-suited to address the adsorption dy-
namics of larger molecules such as e.g. small organic molecules. Simulations along these
lines are planned for the future.
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