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The adsorption of molecular hydrogen on sulfur- and chlorine-covered Pd(100) in a (2×2) geometry
is studied by ab initio molecular dynamics simulations. The potential energy surfaces of H2/S(2 ×
2)/Pd(100) and H2/Cl(2× 2)/Pd(100) are rather similar. Consequently, also the dependence of the
sticking probability on incident kinetic energy, angle of incidence and internal excitations are very
close. For H2/S(2 × 2)/Pd(100), previous results obtained on an interpolated ab initio potential
energy surface are confirmed, except for the dependence of the sticking probability on the initial
rotational state which exhibits a surprising rotational enhancement. Discrepancies with respect
to the experiment remain which are discussed. In the simulations, several subsurface penetration
events have been found, preferentially close to the sulfur or chlorine adatoms, respectively. This
is explained by lower barriers caused by the destabilization of hydrogen adsorption close to the
repulsive adatoms.
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I. INTRODUCTION

Under realistic ambient conditions, almost every sur-
face or substrate is covered with adsorbates. These ad-
sorbates can have a significant influence on the chemical
and catalytic activities of surfaces. They do not only
lead to the blocking of adsorption sites, but can interact
directly or indirectly [1] through the substrate with fur-
ther adsorbates. Thus they can either promote [2] or poi-
son [3] chemical reactions at surfaces. The most promi-
nent catalyst poison is lead whose presence deactivates
the car exhaust catalyst [4], but also sulfur is well-known
to poison catalysts such as Pd-containing Diesel oxidising
catalyst [5, 6] or palladium catalysts for methane com-
bustion [7].

The first and often rate-limiting step in surface reac-
tions is the adsorption of the reactants. Therefore study-
ing the adsorption of molecules on surfaces precovered
with adsorbates is of considerable relevance for a com-
plete understanding of surface reactions and their poi-
soning or promotion. The influence of adsorbates on the
adsorption properties for further adsorbates has been the
topic of numerous theoretical electronic structure stud-
ies (see, e.g., [1, 8–16]. As far as the theoretical treat-
ment of the adsorption dynamics on precovered surfaces
is concerned, however, there have been up to now only
relatively few studies [17–21]. This has been due to the
fact that the presence of coadsorbates increases the com-
plexity of surface structures which in particular increases
the computational efforts for dynamical studies based on
quantum methods [22, 23].

Hydrogen adsorption has often been used as a model
system to study the principles of adsorption pro-
cesses [24, 25]. For example, the interaction of H2 with
sulfur-covered Pd surfaces was used as a model system
for the study of dissociative adsorption poisoned by a co-
adsorbate [19, 26–29]. According to electronic structure
calculations based on density functional theory (DFT),

the adsorption of sulfur turns the non-activated dissocia-
tive adsorption of H2 into an activated one [1, 8–10]. This
is caused by a combination of direct repulsion for H2 close
to the adsorbed sulfur atoms and indirect interaction
through the sulfur-induced modification of the electronic
structure of Pd(100). Dynamical studies performed on a
potential energy surface (PES) based on a interpolation
of DFT data showed a typical activated behavior with
the sticking probability increasing significantly at ener-
gies above the minimum barrier height [17, 18]. These
findings were at variance with experimental molecular
beam data which exhibited no pronounced activated be-
havior [26]. However, the dynamical simulations were
able to reproduce the vibrational heating and rotational
cooling observed in D2 desorption from Pd(100) [19].

In this work, I present ab initio molecular dynamics
(AIMD) simulations of H2 impinging on S(2×2)/Pd(100)
in which the forces necessary to integrate the classi-
cal equations of motion are calculated “on the fly” in
each step by periodic DFT calculations. Some years
ago, AIMD simulations of molecules interacting with sur-
faces have been restricted to a small number of trajecto-
ries [30, 31] due to their high numerical effort. Because
of the increase in computer power and the development
of efficient algorithms it has now become possible to run
a statistically meaningful number of DFT-based AIMD
trajectories for the determination of reaction probabili-
ties [20, 32–35]. This allows to determine reaction proba-
bilities on complex surface structures involving several re-
action partners since no interpolation scheme is required.
This also avoids artefacts that can be introduced through
the interpolation method. Thus we can assess the qual-
ity of simulations performed on interpolated PESs. In
addition, we can address further aspects in the interac-
tion dynamics such as the influence of the surface motion
on reaction probabilities. In addition, the AIMD simu-
lations can be used as an means for an unbiased search
for reaction mechanisms. This will be illustrated using
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FIG. 1: Snapshots of ab initio molecular dynamics simulations of H2 impinging on a) S(2 × 2)/Pd(100) (left panel) and b)
Cl(2 × 2)/Pd(100) (right panel) within a 2 × 2 periodicity. Panel a illustrates the initial configuration with the H2 molecule
5 Å above the Pd layer whereas panel b depicts a situation after dissociative adsorption.

subsurface penetration events that have be observed in
the simulations.

Furthermore, I have performed AIMD simulations of
the H2 adsorption on Cl(2 × 2)/Pd(100). Chlorine can
also act as a poison, for example in the CO oxidation on
supported Au particles [13, 36]. Chlorine is also present
as an specifically adsorbed species at electrochemical
electrode/electrolyte interfaces if perchloric acid solution
is used as the electrolyte. It has been shown that the
presence of adsorbed chlorine can strongly influence the
adsorption properties of electrodes [37]. Hence this study
is also of relevance for the understanding of the properties
of electrode surfaces with specifically adsorbed anions.

II. THEORETICAL METHODS

All DFT calculations were performed using the Vi-
enna ab initio simulation package (VASP) [38, 39]
within the generalized gradient approximation (GGA)
to describe the exchange-correlation effects, employ-
ing Perdew, Burke and Ernzerhof (PBE) exchange-
correlation functional [40]. The ionic cores are rep-
resented by projector augmented wave (PAW) poten-
tials [41] as constructed by Kresse and Joubert [42]. The
electronic one-particle wave functions are expanded in a
plane-wave basis set up to a cutoff energy of 280 eV.

The AIMD simulations were performed within the mi-
crocanonical ensemble using the Verlet algorithm with
a time step of 1 fs within a 2 × 2 supercell. The sub-
strates were modeled by a 5-layer Pd(100) slab with an
adsorbate coverage of sulfur and chlorine, respectively, of
1/4. All atoms were allowed to move exact for the lowest
two layers of the Pd(100) which were fixed at their bulk
positions.

The trajectories were started with random initial lat-
eral positions and orientations of the H2 molecule 5 Å
above the surface with the substrate atoms initially at
rest. Such a situation is illusstrated for H2 impinging

on S(2 × 2)/Pd(100) in Fig. 1a. Sticking probabilities
for each considered structure and incident kinetic energy
were evaluated by averaging over at least 150 trajecto-
ries. A trajectory was considered to correspond to a
dissociation event when the interatomic distance of the
molecule exceeded 2.5 Å (depicted in Fig. 1b for H2 on
Cl(2 × 2)/Pd(100)) and to a scattering event when the
molecule returned to the initial distance of 5 Å from the
surface. Because of the stochastic nature of the sticking
process [32], the statistical error of the sticking probabili-

ties is given by σ =
√
S(1− S)/

√
N where S is the stick-

ing probability andN the number of trajectories [43]. For
N ≥ 150, the statistical error is σ ≤ 0.04. It is important
to emphasize 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.

In order to find the minimum energy paths and the
barrier height for the subsurface penetration of hydrogen,
we have used an automatic search routine, the climbing
image nudged-elastic band (NEB) method [44, 45], as
implemented in the VASP code.

III. RESULTS AND DISCUSSION

A. Potential energy surfaces

First, we address the potential energy surfaces (PES).
The PES of H2 interacting with S(2 × 2)/Pd(100) has
been previoiusly mapped out in great detail [1, 8–10].
The presence of a (2 × 2) sulfur adlayer turns the not-
activated H2/Pd(100) system into an activated one. The
interaction of the adsorbed sulfur atoms with hydro-
gen is characterized by a strong repulsion, as far as the
direct sulfur-hydrogen interaction is concerned, and a
longer-range indirect repulsive effects through the sulfur-
induced change of the electronic properties of the Pd
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FIG. 2: Two-dimensional cut through the potential energy surface of H2 interacting with S(2×2)/Pd(100) and Cl(2×2)/Pd(100)
as a function of the H2 of center distance from the surface and the H-H distance. The configuration of the remaining degrees
of freedom is indicated in the insets. The level spacing is 0.1 eV.

atoms [1]. The minimum barrier is at a location at
the fourfold-hollow site furthest away from the sulfur
atoms. A corresponding two-dimensional cut through
the PES is plotted in Fig. 2 together with an illustration
of the atomic geometries. Note that the height of the
minimum barrier of about 250 meV is 100 meV higher
than in previous studies [1, 8–10]. This is caused by
the different computational setup: in the previous stud-
ies the PES has been calculated for a symmetric three-
layer slab with hydrogen adsorption on both sides using a
full-potential-linear-augmented-plane-wave (FP-LAPW)
method whereas here a five-layer slab with adsorption
only on one side was used. Furthermore, in the previ-
ous studies also a slightly different GGA functional, the
Perdew-Wang 91 [46] functional, was employed. How-
ever, apart from the height of the minimum barrier all
features of the calculated PES are rather similar.

Figure 2 shows a two-dimensional cut through the
H2/Cl(2 × 2)/Pd(100)-PES for the same configuration
as for the sulfur-covered surface. As sulfur, chlorine is
a electron acceptor. And in fact, the PES of H2/Cl(2 ×
2)/Pd(100) bears a striking resemblance to the PES of
H2/S(2× 2)/Pd(100), as Fig. 2 demonstrates. The most
significant difference is that the minimum barrier height
for dissociative adsorption is at about 180 meV, i.e., the
poisoning effect of chlorine is a little bit less pronounced
than for sulfur, but otherwise all features of the two
PESs are almost the same, as an inspection of other two-
dimensional cuts through the six-dimensional configura-
tion confirms.

B. Ab initio molecular dynamics simulations

The sticking probability of H2 impinging on S(2 ×
2)/Pd(100) under normal incidence as a function of the
kinetic energy is plotted in Fig. 3. The dash-dotted line
show the results of previous MD simulations on a inter-
polated PES. Apart from the shift of about 0.1 eV which
is due to the different set-up of the electronic structure
calculations (see previous section), the dependence of the
sticking probability on the kinetic energy is rather simi-
lar. In the original interpolation, an artificial symmetry
θ ↔ π − θ was introduced since the total-energy cal-
culation the interpolation was based on were only per-
formed at high-symmetry points with respect to the lat-
eral H2 center-of-mass degrees of freedom [1]. Whereas
the corresponding artificial symmetry has lead to a signif-
icant quantitative error in the non-activated dissociation
dynamics of H2 on clean Pd(100) [20, 21], for the acti-
vated system H2/S(2 × 2)/Pd(100) these details appar-
ently hardly matter, in particular because the minimum
barrier is at a high-symmetry site. This indicates that for
activated systems it is mainly the region around the min-
imum energy path that matters for the determination of
the sticking probability. For non-activated systems, how-
ever, the dissociative adsorption can occur along many
different paths which all need to be described accurately.
This makes the interpolation of a non-activated PES
much more challenging [47].

The similarity of the AIMD and the MD results also
means that the discrepancy between the experimental
molecular beam results [26] still remains. I have checked
whether the surface recoil might play a role in the ad-
sorption dynamics by performing AIMD simulations for
an initial kinetic energy of Ei = 400 meV with the
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FIG. 3: Sticking probability of H2 impinging on S-covered
Pd(100) under normal incidence determined in classical and
quasiclassical AIMD simulation. For Ekin = 0.4 eV, addi-
tional AIMD runs with the substrate kept fixed were per-
formed. In addition, the results of classical MD simula-
tion [18] based on a parameterization of DFT results [1, 10]
and measured sticking probabilities [26] are included. In ad-
dition, AIMD results for H2 impinging on Cl-covered Pd(100)
are included.

surface atoms kept fixed. The corresponding sticking
probability (red diamond in Fig. 3) is only slightly re-
duced with respect to the simulations including surface
recoil. Apparently the recoil of the surface atoms of
the S(2 × 2)/Pd(100) substrate hardly matters as far as
the adsorption dynamics is concerned. Note that this
is different in the H2 adsorption on hydrogen-precovered
Pd(100) where the motion of the surface atoms has a
significant influence on the sticking probability [21].

Quantum effects can also not explain the substantial
difference between experimental and theoretical results
for the sticking probability. Hence one can only spec-
ulate about the reasons for the discrepancy. As previ-
ously discussed [18], they might be due to the fact that
in the experiment no well-ordered (2 × 2) sulfur-adlayer
was present.

Figure 3 also shows the results of quasiclassical AIMD
simulations, i.e. classical simulations in which the H2

molecules initially vibrate with a vibrational energy cor-
responding to the H2 zero-point energy [48, 49]. The
quasiclassical AIMD results are slightly larger than the
purely classical AIMD results. This indicates that there
is a vibrational enhancement in the sticking probability
which is consistent with the observed vibrational heating
in desorption [19]. However, at first glance this seems
to be surprising since the potential energy surface plot-
ted in Fig. 2 indicates that the H2/S(2 × 2)/Pd(100) is
an early-barrier system, i.e. the barrier is located before
the curved region of the minimum energy path towards
dissociation, and according to the Polanyi rules [50] in
such a system no vibrational effects in the reaction prob-
ability should be expected. However, at the position of

FIG. 4: Calculated sticking probabilities for H2 impinging
on S- and Cl-covered Pd(100) as a function of the angle
of incidence for two initial kinetic energies, Ekin = 0.4 eV
and Ekin = 0.6 eV. In addition, experimental results for
H2/S/Pd(100) are included [26] which have been scaled by
a factor of 10 in order to make the comparison easier.

the dissociation barrier the H-H stretch frequency is al-
ready lowered, and such a lowering of the H-H vibrational
frequency leads to vibrational adiabatic effects which en-
hance the sticking probability [51].

The sticking probability of H2 impinging on Cl(2 ×
2)/Pd(100) based on classical AIMD simulations is also
included in Fig. 3. The AIMD sticking curves for
H2/S(2 × 2)/Pd(100) and H2/Cl(2 × 2)/Pd(100) are
rather similar, both curves even have a kink at Ei ≈
500 meV. The main difference is that at lower kinetic en-
ergies the H2/Cl(2× 2)/Pd(100) sticking curve is shifted
by 50 − 100 meV to lower energies compared to the
sticking curve for H2/S(2 × 2)/Pd(100). This just re-
flects the fact that the potential energy surfaces exhibit
very similar features, only the energy minimum bar-
rier for dissociative adsorption is smaller by 70 meV for
H2/Cl(2× 2)/Pd(100).

Due to the presence of the repulsive adatoms, the
potential energy surfaces of H2/S(2 × 2)/Pd(100) and
H2/Cl(2 × 2)/Pd(100) exhibit a strong variation as a
function of the lateral coordinates of the H2 molecules,
i.e., the potential energy surfaces are strongly corru-
gated. This corrugation is reflected in the strong de-
pendence of the sticking probability on the angle of inci-
dence [52–54] which is plotted in Fig. 4 for the two con-
sidered systems for two incident kinetic energies, Ei =
400 and 600 meV. For H2/S(2× 2)/Pd(100), in addition
the results of the molecular beam experiment [26] for
Ei = 400 meV are plotted which are scaled by a factor
of ten in order to make a comparison with the trends
in the theoretical results easier. Again, the AIMD re-
sults for H2/S(2 × 2)/Pd(100) are rather similar with
respect to the results of previous MD simulations [18].
And also the AIMD results for H2/S(2× 2)/Pd(100) and
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FIG. 5: Sticking probability of H2 impinging on S- and
Cl-covered Pd(100) under normal incidence determined as
a function of the initial rotational state for two initial ki-
netic energies closely above the minimum barrier height. For
H2/Cl(2 × 2)/Pd(100), additional AIMD runs with the sub-
strate atoms kept fixed were performed.

H2/Cl(2×2)/Pd(100) are comparable except for the fact
that on Cl(2 × 2)/Pd(100) the sticking probabilities are
a little bit larger because of the smaller energy minimum
barrier. Because of the large corrugation, additional par-
allel momentum leads to a suppresion of the sticking
probability [18]. Qualitatively, the suppression for higher
angles of incidence is stronger in the theory than in the
experiment. This might be another hint that in the ex-
periment the sulfur-covered surface is not well-ordered so
that there is a significant fraction of less-corrugated parts
on the surface.

Typically, in the desorption of diatomic molecules from
surfaces, rotational cooling is observed, i.e. the mean
rotational energy of desorbing molecules is less than ex-
pected in thermal equilibrium [19, 55, 56]. Invoking the
principle of time reversal or detailed balance, the rota-
tional cooling in desorption is associated with rotational
hindering in adsorption which can be more intuitively
understood: Rotating molecules might rotate out of fa-
vorable configurations for dissociation leading to a re-
duced dissociative adsorption probability. In fact, this
rotational hindering has been directly observed in molec-
ular beam experiments of H2 molecules impinging on
Pd(111) [57, 58]. Only in the system H2/Pd(110), a rota-
tional enhancement of the sticking probability has been
predicted based on ab initio-based quantum dynamics
simulations [59]. This rotational enhancement has been
attributed to the strong corrugation and anisotropy of
the potential energy surface.

In Fig. 5, I plot the calculated sticking probabil-
ity based on AIMD simulations of H2 impinging on
S(2× 2)/Pd(100) and Cl(2× 2)/Pd(100) as a function of
the initial rotational state. The initial rotational energy
has been selected according to the particular quantum

state; the initial orientations of the molecular axis and
of the rotational momentum have been chosen randomly.
The initial kinetic energies are larger than but close to
the minimum barrier height so that the time-reverse dy-
namics corresponds to typical desorption events.

Surprisingly enough, the calculated sticking probabili-
ties do not exhibit any rotational hindering. In contrast,
the smallest sticking probabilities are obtained for ini-
tially non-rotating molecules. Consequently, additional
rotational motion obviously enhances the sticking prob-
ability. Again, the sticking probabilities at sulfur- and
chlorine-covered Pd(100) are very similar except for the
difference in the minimum barrier height. Note that the
AIMD results are at variance with the previous MD re-
sults for H2/S(2× 2)/Pd(100) on an interpolated poten-
tial energy surface [18].

Recall that in these MD simulations all substrate
atoms were kept fixed. In order to check whether this has
a significant influence on the sticking probability for ini-
tially rotating molecules, I performed additional AIMD
simulations for H2 on Cl(2×2)/Pd(100) initially rotating
according to the l = 6 rotational state with all substrate
atoms kept fixed. The resulting sticking probability also
included in Fig. 5 is only slightly reduced with respect
to the unconstrained AIMD simulations. In any case,
the reduction is not sufficient to explain the qualitatively
different dependence of the sticking probability on the
initial rotational state.

Obviously, the artificial symmetry θ ↔ π − θ con-
tained in the interpolated PES which did not matter
for the determination of the sticking probability of ini-
tially non-rotating molecules affects the sticking proba-
bility if the molecules initially rotate and hence explore a
larger region of the configuration space. And here, as in
the system H2/Pd(110) [59], the strong corrugation and
anisotropy of the potential energy surface leads to an ef-
ficient coupling of the rotational motion to the motion
along the reaction path towards dissociative adsorption.
Note that rotational enhancement in dissociative adsorp-
tion can also result from rotational adiabatic effects due
to the elongation of the molecular bond and the accom-
panying increase in the moment of inertia [60, 61] but this
mechanism should not be operative in the early-barrier
systems considered here.

The rotational enhancement in the dissociative adsorp-
tion is also in a seeming conflict with the experimentally
observed rotational cooling in hydrogen desorption from
S(2 × 2)/Pd(100) [19] invoking the principle of detailed
balance. However, it is important to note that the princi-
ple of detailed balance couples adsorption and desorption
at a particular coverage and temperature [30, 62], and
typically adsorption experiments are performed on clean
surfaces at low temperatures whereas desorption fluxes
are measured at high surface temperatures and cover-
ages.

It should also be mentioned that in the D2/S/Pd(100)
desorption experiments yielding rotational cooling the
deuterium atoms are supplied to the surface by atomic
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FIG. 6: Snapshots of the subsurface penetration of hydrogen on Cl(2× 2)/Pd(100) taken from an ab initio molecular dynamics
simulation at t = 80 fs (a), t = 140 fs (a) and t = 220 fs (a). The H2 molecule was impinging on the chlorine-covered Pd(100)
surface with an initial kinetic energy of Ei = 200 meV and an initial rotational energy corresponding to the l = 6 rotational
state.

permeation through the bulk [19, 28, 29]. This means
that before desorption, the deuterium atoms orginate
from subsurface layers. However, it is unclear whether
before desorption the atoms equilibrate on the surface or
whether they directly find a partner for the associative
desorption after they appear on the surface.

Hence it is also interesting to address the time-reverse
process of the permeation towards the surface, namely
the subsurface penetration of hydrogen at sulfur- and
chlorine-covered Pd(100). This process is also interesting
in the context of hydrogen storage. Although palladium
is not considered as a material for hydrogen storage be-
cause of its large specific mass, it still is used as a model
system to study hydrogen absorption in metals [63]. In
addition, thin palladium films act as hydrogen-insertion
promoters for complex hydrides formed by light ele-
ments [64, 65]. Furthermore, subsurface penetration of
hydrogen in Pd nanoparticles might be the crucial pro-
moter for the olefin hydrogenation [66].

Clean Pd(100) exhibits a relatively small barrier of
0.41 eV hindering the subsurface penetration of a sin-
gle hydrogen atom [25]. Recently however, it has been
shown that the subsurface penetration on hydrogen-
covered Pd(100) is substantially facilitated if the sub-
surface penetration occurs in a concerted fashion with
the adsorption site that is emptied immediately being re-
filled by another hydrogen atom from an adjacent bridge
site [67].

Yet, in the AIMD simulations of H2 impinging on
sulfur- and chlorine-covered Pd(100) subsurface pene-
tration events occured that did not involve any con-
certed mechanism. In Fig. 6, such a typical subsur-
face penetration event is illustrated using snapshots of
an AIMD trajectory. The H2 molecule is impinging
on Cl(2 × 2)/Pd(100) with an initial kinetic energy of
Ei = 200 meV and an initial rotational energy corre-
sponding to the l = 6 rotational state (Fig. 6a) . The H2

molecule directly dissociates and the two hydrogen atoms
populate two adjacent four-fold hollow adsorption sites
(Fig. 6b). The hydrogen atom at the four-hold hollow
site between the two chlorine atoms then almost directly

enters the tetragonal subsurface site (Fig. 6c). In fact, at
lower kinetic energies subsurface penetration events have
exclusively occured at the four-fold hollow site between
the sulfur or chlorine atoms, respectively, only at higher
kinetic energy ≥ 600 meV the penetration into the bulk
also occured at the central four-fold hollow site.

In order to rationalize this facile subsurface penetra-
tion, as a first step I calculated the energetics of hydro-
gen at the available adsorption and subsurface sites of
the sulfur- and chlorine covered surface. As a reference,
I determined the same numbers for the clean Pd(100)
surface which indeed compare favorably with previous
results [25]. These energies are collected in Tab. I. With
respect to the four-fold adsorption and the tetraeder sub-
surface site, there are two inequivalent position within
the (2× 2) surface unit cell, one at or close to the center
of the surface unit cell furthest away from the sulfur or
chlorine atom, respectively, denoted by center in Tab. I,
and one close to the adsorbed heteroatoms denoted by
bridge in Tab. I. The octaeder subsurface site is directly
below the Pd atoms which are all equivalent within this
surface unit cell.

With respect to the hydrogen adsorption sites on the
surface, the repulsive nature of the sulfur and chlorine
atoms is reflected in the fact that the binding of the H
atoms is weaker at the sites close to the adatoms. Sulfur
is more repulsive than chlorine since the binding energy
is lowered by 0.22 eV chlose to the S atoms whereas it is
only lowered by 0.16 eV close to the Cl atoms. The re-
pulsive influence of the electronegative adatoms reaches
down to the subsurface tetraeder site where the sites close
to adatoms are less favorable by 0.09 eV and 0.05 eV for
S(2 × 2)/Pd(100) and Cl(2 × 2)/Pd(100), respectively,
compared to the more central tetraeder site. The sub-
surface octaeder site is at the height of the second Pd
layer. Its occupation on the pre-covered surfaces is ener-
getically slightly more favorable than on clean Pd(100).
This can be attributed to the fact that the destabiliza-
tion of the surface sites on the (2× 2)-covered surfaces is
larger than the destabilization of the octaeder sites.

The subsurface penetration is in general not only en-
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TABLE I: Adsorption and subsurface absorption energies Eb of hydrogen atoms on S(2 × 2)/Pd(100), Cl(2 × 2)/Pd(100)
and Pd(100) for a hydrogen coverage of ΘH = 0.25. For every surface, the most favorable adsorption site serves as the energy
reference. The activation energies Ea correspond to the energy barriers for accessing the next subsurface site. For the assignment
of the sites, see the text.

S(2 × 2)/Pd(100) Cl(2 × 2)/Pd(100) Pd(100)

site Eb(eV) Ea (eV) Eb(eV) Ea (meV) Eb(eV) Ea (eV)
Surface H: 4-fold center 0.0 0.45 0.0 0.34 0.0 0.41
Surface H: 4-fold bridge 0.22 0.28 0.16 0.25

Subsurface H: tetraeder center 0.35 0.08 0.29 0.11 0.36 0.06
Subsurface H: tetraeder bridge 0.44 0.01 0.34 0.05

Subsurface H: octaeder 0.28 0.30 0.32

ergetically unfavorable, but also further kinetically hin-
dered due to the presence of barriers. In Tab. I, I have
also included the activation barriers for accessing the
next subsurface sites. Whereas on the clean surface the
barrier to propagate towards the tetraeder subsurface site
is 0.41 eV, it is only 0.28 eV and 0.25 eV from the four-
fold hollow sites close to the adsorbed sulfur and chlorine
atom, respectively. The reduction in the barrier heights
is closely related to the destabilization of the initial state
that corresponds to H adsorption in the four-fold hol-
low sites close to the adatoms. On the central four-fold
hollow site, the barrier height is slightly increased upon
sulfur adsorption and slightly lowered upon chlorine ad-
sorption, compared to clean Pd(100).

With respect to the observed facile subsurface penetra-
tion on the S(2× 2)/Pd(100) and Cl(2× 2)/Pd(100) sur-
faces, based on the energies listed in Tab. I the following
scenario evolves: Upon H2 dissociative adsorption on the
(2×2)-covered Pd(100) surface, the two hydrogen atoms
have to enter two adjacent four-fold hollow adsorption
sites which are inequivalent. The one being closer to the
adsorbed adatom is less favorable by about 0.2 eV. This
destabilization of the adsorption site leads to a lowering
of the subsurface penetration barriers by about 0.15 eV
and thus to a facile subsurface penetration, since the first
subsurface site, the tetraeder site, is less affected by the
presence of the adatoms.

Still, it should be noted that the barrier for the
concerted subsurface penetration on hydrogen-covered
Pd(100) is only of the order of 0.1 eV [67], that means
that it is even more facile than on sulfur- or chlorine-
covered Pd(100). Finally one should also note that
the number of observed subsurface penetration events in
the AIMD simulations was too small in order to draw
any conclusions about the time-reverse process, hydro-
gen permeation towards the surface.

IV. CONCLUSIONS

The interaction of molecular hydrogen with (2 × 2)
sulfur- and chlorine covered Pd(100) has been studied
using ab initio molecular dynamics simulations based
on periodic density functional theory calculations. The

presence of sulfur and chlorine poisons hydrogen ad-
sorption in a rather similar way, the potential energy
surfaces of both systems look rather alike, except for
the fact that the minimum barrier for H2 adsorption
on Cl(2 × 2)/Pd(100) is about 70 meV lower than on
Cl(2 × 2)/Pd(100). As a consequence, the dependence
of the sticking probality on incident kinetic energy, angle
of incidence and internal excitations for both surfaces is
very similar for both substrates.

For H2 impinging on S(2 × 2)/Pd(100), the sticking
probabilities for initially non-rotating molecules basically
agree with previous molecular dynamics results on an
interpolated potential energy surface, indicating that in
this case the potential energy surface close to the mim-
imun barrier configuration matters. For initially rotat-
ing molecules, however, the AIMD simulations show a
qualitatively different dependence of the sticking prob-
ability on the initial rotational state than the previous
MD simulations. This has been related to artefacts in
the construction of the interpolated potential energy sur-
face. According to the AIMD results, additional rota-
tional motion increases the sticking probability which is
at variance with the experimentally observed rotational
cooling in desorption, invoking the principle of detailed
balance. Possibly the adsorption conditions do not corre-
spond to the experimental desorption conditions making
the direct application of the principle of detailed balance
not possible.

In the AIMD simulations, several subsurface penetra-
tion events of hydrogen atoms have been observed. The
facile subsurface penetration has been rationalized on the
basis of calculated minimum energy paths. The presence
of the repulsive adatoms sulfur and chlorine leads to a
larger destabilization of hydrogen adsorption sites on the
surface than of the subsurface sites. This is accompanied
by a lowering of the barriers towards subsurface penetra-
tion.

This work confirms that AIMD simulations have be-
come a reliable and unbiased tool to study the dynamics
of molecule-surface interactions yielding sometimes un-
expected reaction and diffusion scenarios.
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