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Ab initio molecular dynamics simulations of the adsorption of H2 on palladium
surfaces
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The interaction of hydrogen represents a model system for the study of the adsorption and absorp-
tion at metal surfaces. Theoretical gas-surface dynamics studies have usually concentrated on the
adsorption dynamics on clean surfaces. Only recently it has become possible, based on advances in
the electronic structure codes and improvements in the computer power, to address the much more
complex problem of the adsorption dynamics on precovered surfaces. In this brief review, recent ab
initio molecular dynamics studies will be discussed addressing the adsorption dynamics of hydrogen
molecules on hydrogen- and sulfur-precovered Pd surfaces. In addition, the relaxation dynamics of
the hydrogen atoms after the dissociation on clean Pd(100) will be presented.

PACS numbers: 68.43.Bc, 68.43.Mn, 82.65.+r

I. INTRODUCTION

The interaction of molecules with surfaces is of impor-
tance in many diverse areas such as heterogeneous catal-
ysis, sensing, growth of devices and passivation, just to
name a few. The adsorption of hydrogen on metal sur-
faces has been one of the model system in this field [1–4].
This is due to the fact that this system is well-suited for
both experimental as well as theoretical studies. In par-
ticular the interaction of hydrogen with palladium sur-
faces has been studied very intensively [5–27] since this
system is of relevance from a fundamental and a tech-
nological point of view. This is particularly true in the
context of hydrogen storage because hydrogen can ab-
sorb huge amounts of hydrogen [28] and can act as a
hydrogen sensor [29]. Still, this system is also important
with respect to hydrogenation reactions in heterogeneous
catalysis.

Hydrogen is rather strongly interacting with palla-
dium. In particular on Pd(110), hydrogen adsorption at
higher coverages can induce several different reconstruc-
tions as a function of the coverage [14, 23, 26, 27]. Ex-
perimentally, however, it is very hard to determine the
positions of hydrogen atoms on the reconstructed sur-
faces because they hardly scatter electrons so that they
are almost invisible for experimental methods using elec-
tron diffraction techniques. Here, the hydrogen induced
polymorphism has been studied in detail by DFT calcu-
lations [22, 30] elucidating the geometric and electronic
structure of the hydrogen-induced reconstructions.

The fact that hydrogen can take up a large amount
of hydrogen has motivated several theoretical studies ad-
dressing the energetics of hydrogen absorption in sub-
surface layers [10, 15, 31–35]. The subsurface sites are
found to be energetically less favorable than the adsorp-
tion sites on the surface. Therefore, for low coverages
hydrogen will always stay on the surface and not pene-
trate into the bulk. Only if one doses palladium surfaces
with more than one monolayer, then hydrogen will start
to dissolve into the bulk [21].

The facile incorporation of hydrogen into Pd is the

origin of some confusion about alleged anomalous mul-
tilayer relaxation effects. Pd(100) exhibits an unusual
outward relaxation of the first layer of Pd(100) [36, 37].
It was speculated that interstitial hydrogen might be one
of the possible origins for this anomalous behavior, but
the experimental invisibility of hydrogen did not allow a
verification of this speculation. Only careful experiments
avoiding any hydrogen contamination verified that this
outward relaxation is the consequence of the presence of
subsurface hydrogen [24].

As far as the reactivity of Pd surface with respect to
hydrogen is concerned, most studies were concerned with
clean Pd surfaces. To the best of my knowledge, so far
only one experimental study (Behm et al. [38]) deter-
mined the sticking probability of hydrogen on Pd(100)
as a function of coverage. However, not only the cover-
age of the considered adsorbens itself can influence the
adsorption probability, but also the coadsorption of other
species can poison or promote reactions on surfaces. On
Pd, in particular the influence of sulfur on the hydrogen-
Pd interaction dynamics was studied both experimen-
tally [6, 12, 39, 40] as well as theoretically [40–45], but
also CO coadsorption was considered [46].

As far as the first-principles based theoretical descrip-
tion of the H2-Pd dynamics on low-index metal sur-
faces is concerned, it has usually been treated quan-
tum mechanically because of the light mass of hydro-
gen [1, 7, 47–49], but also classical dynamical studies
were performed [11, 17, 18, 20, 50]. In these calculations,
all six degrees of freedom of the H2 molecule were explic-
itly considered, the substrate degrees of freedom, how-
ever, were kept frozen since otherwise the calculations
would have been computationally much too expensive.
This was justified by the large mass mismatch between
hydrogen and metal atoms. In addition, comparisons be-
tween six-dimensional quantum and classical calculations
showed that the role of quantum effects in the hydrogen
adsorption dynamics on surfaces is limited [50, 51].

These simulations are typically performed on parame-
terized potential energy surfaces [52–56]. If more than six
degrees of freedom are involved, the parameterization of
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such high-dimensional potential energy surfaces becomes
quite cumbersome [57]. Alternatively, ab initio molecular
dynamics (AIMD) simulations of the adsorption dynam-
ics can be performed. Since in these simulations, the
forces necessary to integrate the equations of motion are
determined “on the fly” by first-principles calculations,
no parameterization of the potential energy surfaces is re-
quired. However, in every single time step of the molecu-
lar dynamics simulations a converged first-principles elec-
tronic structure calculation has to performed. This re-
sults in a considerable computational effort, so that up
to recently AIMD simulations were restricted to a small
number of trajectories [58, 59].

Fortunately, due to the increase in computer power and
the development of more efficient algorithms it has now
become possible to determine a statistically meaningful
number of AIMD trajectories [60]. This allows to address
the adsorption dynamics from first principles in complex
systems where many degrees of freedom play a crucial
role, such as adsorption on precovered surfaces, but also
in systems where the surface recoil cannot be neglected.
In this brief review, I will discuss recent AIMD studies of
H2 interacting with precovered Pd surfaces. In addition,
I will present studies addressing the hydrogen relaxation
dynamics after the dissociative adsorption on Pd.

II. THEORETICAL METHODS

All the AIMD simulations presented in this review were
performed using the periodic DFT code VASP [61] within
the generalized gradient approximation (GGA) [62, 63]
for the exchange-correlation functional. To reduce the
computational effort, the atomic cores were represented
either by ultrasoft pseudopotentials [64] or by projected
augmented-wave (PAW) potentials [65] allowing a small
cutoff energy in the expansion of the one-electron va-
lence states in plane waves. The substrates were mod-
eled by slabs of three to five layers within the supercell
approach. The uppermost layers were allowed to move
in the simulations in order to enable recoil and energy
transfer processes at the surface. The MD simulations
were performed using the Verlet algorithm with a time
step of 1 fs within the microcanonical ensemble. Typi-
cally, all substrate atoms were initially at rest, i.e., the
initial surface temperature corresponded to 0 K.

The reaction probabilities were determined by aver-
aging over trajectories with random initial lateral con-
figurations and molecular orientations for one particu-
lar kinetic energy. This leads to a statistical error of
σ =

√
s(1− s)/

√
N where s is the adsorption probabil-

ity and N the number of trajectories. For example, for
N = 200 this leads to a statistical error of σ ≤ 0.035. It is
important to emphasize that the statistical error does not
depend on the complexity of the system, i.e., the number
of considered dynamical degrees of freedom. It should
also be noted that AIMD simulations of reaction proba-
bilities on surfaces are restricted to, say, less than 1000

FIG. 1: Relative dissociative adsorption probability of hydro-
gen on hydrogen-covered Pd(100) determined through AIMD
simulations as a function of hydrogen coverage θH involving
different arrangements of the hydrogen. The initial kinetic
energy is 0.1 eV. 2V, 3VH and 3VT denote the dimer vacancy
and the trimer vacancy centered around a Pd hollow and a
Pd top site on Pd(111), respectively. The experimental re-
sults [38] were obtained for a temperature of 170 K.

trajectories because of their still considerable computa-
tional cost. This results in an absolute statistical error
in the reaction probabilities of not less than 0.01 which
means that AIMD simulations should only be applied to
reactions that have probabilities larger than 0.05.

III. HYDROGEN DISSOCIATION ON
HYDROGEN-PRECOVERED Pd SURFACES

It is rather obvious that the presence of adsorbates on
surface modifies the adsorption probability of impinging
molecules. First of all, adsorbates lower the number of
available sites. Apart from this pure site blocking effect
there can be a direct mutual interaction between adsor-
bates and molecule and an indirect interaction through
the modification of the electronic properties of the sub-
strate.

Typically hydrogen atoms on metal surfaces show a
mutual repulsion due to dipole-dipole interactions [66]
which, together with the site-blocking, should lead to
a adsorption probability that decreases with increasing
coverage [67]. And indeed, the experiments by Behm et
al. [38] in which the Pd(100) surface was dosed with hy-
drogen molecules at a temperature of 170 K find a stick-
ing probability that follows this behavior (see Fig. 1).

Figure 1 also shows the relative sticking probabilities
according to AIMD simulations of H2 impinging with an
kinetic energy of 0.1 eV on hydrogen-precovered Pd(100)
as a function of the coverage. The results were ob-
tained with (2 × 2), (3 × 2) and (3 × 3) surface unit
cells for different configurations of the precovered hy-
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drogen atoms. In addition, two curves corresponding to
S(ΘH) = S(0)(1−ΘH) and S(ΘH) = S(0)(1−ΘH)2 are
included which would correspond to the sticking proba-
bility if it was determined by pure site-blocking requiring
one or two empty sites, respectively.

At low and intermediate coverages, both the calcu-
lated as well as the measured sticking probabilities of H2

at Pd(100) are larger than predicted from a simple site-
blocking picture, in particular for ΘH = 0.5. Running ad-
ditional AIMD trajectories with the substrate kept fixed
reveals that it is the energy transfer from the impinging
H2 molecule to the substrate and the rearrangement of
the substrate atoms that lead to this enhanced sticking
probability compared to pure site blocking [60]. These
effects overcompensate the poisoning of the H2 dissoci-
ation caused by the presence of the hydrogen overlayer
atoms.

The spread in the calculated sticking probabilities
clearly indicates that the sticking probability strongly de-
pends on the particular arrangement of the pre-adsorbed
hydrogen atoms [20]. In the experiment, the particular
structure of the adsorbed hydrogen could not be specified
except for the fact that at low temperatures and interme-
diate coverages the formation of a c(2×2) pattern was ob-
served in low-energy electron diffraction (LEED) experi-
ments [38]. Qualitatively, the calculated maximum stick-
ing probabilities per specific coverage trace the measured
sticking probabilities, but they are systematically lower.
With respect to the discrepancy, it should be noted that
the experimental sticking probabilities were obtained for
a diffusive gas exposed to the surface at low surface tem-
peratures whereas the calculations were carried out with
hyperthermal kinetic energies with surface atoms that
were initially at rest, i.e., at a surface temperature of
0 K. In fact, recently MD simulations were performed for
H2 impinging on a frozen hydrogen-precovered Pd(100)
surface within a (2 × 2) periodicity [20] with a parame-
terized potential energy surface that was obtained from
DFT calculations using a modified corrugation reducing
procedure (CRP) [53]. These MD simulations showed
that the relative sticking probability depends on the ini-
tial kinetic energy. Given these uncertainties in the com-
parison between theory and experiment, the agreement
is considered to be quite satisfactorily.

As far as the dependence of the sticking probability
on the particular configuration of the preadsorbed hy-
drogen is concerned, it is usually assumed that two ad-
jacent vacancies, a so-called dimer vacancy, is needed for
the dissociative adsorption. This notion which goes back
to Langmuir was in fact recently questioned based on
STM study addressing the formation of ordered hydro-
gen layers on Pd(111) [68, 69]. In this study, hydro-
gen molecules impinging on an almost complete hydrogen
overlayer did not adsorb dissociatively in hydrogen dimer
vacancies [68, 69]. Instead, aggregates of three or more
vacancies were required for the dissociative adsorption of
H2. A subsequent DFT study demonstrated that the dis-
sociative adsorption of H2 in a hydrogen dimer vacancy

FIG. 2: Energy redistribution and H2 center of mass dis-
tance from the surface along a particular trajectory for a H2

molecule impinging with Ekin = 0.1 eV on a hydrogen-covered
Pd(100) surface with θH = 7/9.

should still be exothermic [70], but because of the repul-
sive interaction between the hydrogen atoms the disso-
ciation is no longer non-activated but becomes hindered
by small barriers.

Note that the H2 adsorption process requires the dis-
sipation of more than 1 eV [70]. It was speculated that
the energy transfer to substrate phonons and electron
hole-pair excitations could be suppressed due to surface
stiffening or the modification of the electronic band struc-
ture, respectively, caused by the hydrogen overlayer [71].
However, no simulations were available that could model
both the dissociative adsorption and the energy transfer
to the substrate so that this speculation could neither be
verified nor falsified.

These findings motivated AIMD simulations address-
ing the dissociative adsorption of H2 on hydrogen-
precovered Pd(111) [60] and Pd(100) with dimer and
trimer vacancies. They are ideally suited to model chem-
ical reactions and energy dissipation due to surface re-
coil on an equal footing. In a first step, on Pd(111) a
small initial kinetic energy of 0.02 eV corresponding to
the thermal velocities of the STM experiments was used.
And indeed, no single adsorption event in a hydrogen
dimer vacancy (2V) on Pd(111) within a (3 × 3) sur-
face geometry was found. These AIMD results confirm
the experiment [68] and provide an explanation for the
experimental findings: At the low H2 gas temperatures
used in the experiment the impinging H2 molecules did
not enough kinetic energy to cross the dissociation bar-
rier. The more open trimer vacancies, on the other hand,
allow a facile dissociation of H2.

Figure 1 also includes the sticking probabilities on
hydrogen-covered Pd(111) with a dimer vacancy (2V)
and with trimer vacancies on centered either around a
hollow site (3VH) or a Pd top site (3VT) for Ekin =
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FIG. 3: Snapshots of the AIMD trajectory of H2 impinging on hydrogen-precovered Pd(100) whose energy distribution is
plotted in Fig. 2. The initial hydrogen coverage is θH = 7/9 within a (3× 3) surface periodicity.

0.1 eV. At these higher kinetic energy, H2 adsorbs also
on a dimer vacancy with a relative sticking probability of
0.05 for a surface coverage of ΘH = 7/9. This shows that
the assumption that aggregates of three or more vacan-
cies were required for the dissociative adsorption of H2 is
not justified.

On the more open and thus more reactive Pd(100)
surface, H2 even spontaneously dissociates in a dimer
vacancy, and at Ekin = 0.1 eV the relative sticking
probability 0.23 at ΘH = 7/9 is much larger than on
Pd(111). The energy redistribution along a typical tra-
jectory of H2 eventually entering a dimer vacancy on
Pd(100) is plotted in Fig. 2. After impinging on the
hydrogen-covered Pd(100) surface, the H2 becomes first
dynamically trapped [8, 17] due to energy transfer from
the translational energy to internal degrees of freedom,
mainly the rotation. At about 1.8 ps, the molecules en-
ters a weakly bound molecular precursor state above the
top sites. This state that is shown in Fig. 3a stabilized
due to the poisoning effects of the pre-adsorbed hydro-
gen atoms, very similar to the one already identified at
the hydrogen-covered stepped Pd(210) surface [9, 10]. It
has not been detected experimentally yet, however, one
should be able to identify it at low surface temperatures
by, e.g., isotope exchange experiments.

At 2.1 ps, the hydrogen molecule enters the molecu-
lar chemisorption well (Fig. 3b) thereby gaining approx-
imately 0.8 eV. This energy is then rather quickly trans-
fered to the hydrogen substrate atoms. Figure 3c illus-
trates that the adsorbed hydrogen atoms exhibit large
vibrational amplitudes around their energy minimum po-
sitions. The energy transfer to the much heavier Pd
substrate atoms takes much longer, only 6 ps after the
H2 molecule entered the atomic chemisorption wells, the
kinetic energy of the Pd atoms levels off. Interestingly
enough, AIMD simulations with only fixed Pd atoms and
with only fixed hydrogen overlayer atoms demonstrated
that both the motion of the hydrogen atoms and the Pd
atoms contribute to the high sticking probability at the
precovered surfaces [60]. A detailed analysis of the ad-
sorption dynamics indicates that it is not only energy

transfer processes alone that enhance the sticking prob-
ability of H2 molecules, but also substrate recoil and re-
laxation effects in the highly corrugated potential energy
surface play a role.

In the previous discussion, we presented the energetics
associated with the process of a hydrogen molecule en-
tering a hydrogen dimer vacancy. In fact, on Pd(100) it
turns out that even not a dimer vacancy is required to
dissociate H2, a single hydrogen vacancy is enough [72].
This is demonstrated in Fig. 4, where snapshots of an
AIMD trajectory of H2 on c(2×2)H/Pd(100) are shown.
This surface does not have adjacent hydrogen vacancies.
First the H2 becomes trapped in the molecular state
above the top site for about 10 ps (see Fig. 4a). After
10 ps, one of the two hydrogen atoms of the H2 molecule
enters a vacancy while the other hydrogen atoms stays
in a bridge position (Fig. 4b). This bridge-site hydrogen
might in fact be a candidate to explain the saturation
coverage of hydrogen on Pd(100) that is larger than one,
as measured by Behm et al. [38] (see Fig. 1). Since hydro-
gen can only desorb recombinatively, this hydrogen will
stay on the surface as long as it does not find another
weakly bound H atom. However, it is rather mobile and
can propagate in an exchange-like mechanism as first de-
scribed for Al atoms on Al(111) [73]. This means that
the bridge-site hydrogen atom replaces one of the ad-
sorbed hydrogen atoms at an adjacent four-fold hollow
sites which is pushed up (Fig. 4c). Thus the hydrogen
atoms at the bridge site can travel along the surface until
they find a empty four-fold hollow site where they then
stay. Through this mechanism H2 molecules can adsorb
dissociatively on hydrogen-covered Pd(100), even if there
are only isolated vacancies present.

Currently, there has been a renewed interest in the hy-
drogen absorption in metals [28] in the context of the hy-
drogen technology. It is important to realize that there
are still a lot of open issues with respect to hydrogen
storage [74]. According to experiments, on Pd hydro-
gen first adsorbs on the surface before bulk absorption
starts [21]. DFT calculations have confirmed this picture
by demonstrating that hydrogen subsurface absorption
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FIG. 4: Snapshots of an AIMD trajectory of H2 impinging
on hydrogen-precovered c(2× 2)H/Pd(100) corresponding to
an initial hydrogen coverage of θH = 1/2, i.e., there are two
separate hydrogen vacancies in the surface unit cell.

is energetically less favorable than adsorption on the sur-
face [10]; furthermore, the penetration into the Pd bulk
is hindered by barriers of considerable height [28].

According to the AIMD simulations, hydrogen subsur-
face penetration into Pd does not occur spontaneously.
It is hindered by an activation barrier making it to a
rare event at an initial kinetic energy of 0.1 eV. Still, sev-
eral subsurface penetration events were observed in the
AIMD simulations. Interestingly, most of these events
involved a concerted motion of hydrogen atoms. In fact,
the trajectory depicted in Fig. 4 involves such a subsur-
face penetration event which is illustrated in Fig. 4d. At
about 14 ps, one of the hydrogen atoms starts to prop-
agate towards a subsurface site. At the same time, the
four-fold hollow site that is about to be emptied, will be
refilled by an hydrogen atom from the neighboring bridge
site. It looks as if the upper hydrogen atom pushes the
lower hydrogen atom down. However, the driving force
is rather that it is a combined bond-making/bond break-
ing process. An isolated subsurface penetration event
requires to overcome a barrier of about 0.6 eV, since the
hydrogen has to leave the energetically favorable four-
fold hollow site and propagate through a low-coordinated
transition state also involving strain effects. In the con-
certed motion, the energy cost of going through the low-
coordinated transition state is compensated to a large
extent by the energy gain when the bridge-site hydro-
gen atom enters the four-fold hollow site that is about to
be emptied. The combined effect results in a concerted
process that is hindered by a barrier of less than 0.1 eV.
Such a concerted motion provides an explanation for the
facile hydrogen subsurface penetration once the surface

FIG. 5: Two-dimensional cut through the potential energy
surface of H2/S(2×2)/Pd(100) derived from DFT calculations
as a function of the H-H distance and the H2 distance from
the surface. The inset illustrates the molecular orientation
and lateral center of mass position. The contour spacing is
0.1 eV.

is almost covered by hydrogen.

IV. H2 ADSORPTION DYNAMICS ON
SULFUR-PRECOVERED PD(100)

So far we have concentrated on the H2 dissociation
dynamics on hydrogen-precovered Pd(100). However, it
is well-known that other species on the surface can also
significantly influence reaction probabilities on surfaces.
They can either poison or promote reactions on surfaces.
Sulfur is known to lead to a poisoning of the platinum-
based car-exhaust catalyst, but the poisoning effect of
sulfur is not restricted to oxidation reactions on plat-
inum surfaces. On Pd(100), sulfur adsorption leads to a
significant reduction of the hydrogen dissociation proba-
bility [6, 12].

Because of the presence of sulfur, H2 dissociation on
Pd is no longer non-activated [6, 12, 40]. Figure 5 shows
a two-dimensional cut through the PES of H2 interacting
with S(2 × 2)/Pd(100) derived from PAW-DFT calcula-
tions. The minimum energy barrier towards dissociative
adsorption is about 0.25 eV. This is about 0.1 eV higher
than the results of previous calculations [43, 75] which
is caused by the different technical setups of the simu-
lations, mainly the different treatment of the core elec-
trons [76].

An analysis of the electronic structure of the inter-
acting system demonstrates that the poisoning of sul-
fur is due to a combination of direct and indirect ef-
fects [43, 75]. Since sulfur is strongly bound to Pd(100)
it first of all blocks sites at which no further reaction can
take place. In the vicinity of the sulfur atoms the direct
repulsion between H2 and sulfur leads to a dramatic in-
crease in the dissociation barrier height. But secondly, it
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FIG. 6: The measured sticking probability of H2 on S-covered
Pd(100) [6] is compared to the results of classical MD simula-
tion [45] based on a parameterization of DFT results [43, 75]
and to the results of AIMD simulations. For Ekin = 0.4 eV,
additional AIMD runs with the substrate kept fixed were per-
formed.

also modifies the electronic structure of the Pd substrate.
The interaction of sulfur with Pd leads to a down-shift
of the Pd d-states. As a consequence [77], even further
away from the sulfur atoms as for example at the four-
fold hollow site depicted in Fig. 5 dissociation barriers
are build up.

In order to study the dynamical consequences of the
sulfur-poisoning on the hydrogen adsorption dynamics,
six-dimensional quantum and classical dynamical study
were performed [40, 44, 45] on a parameterization of pre-
vious DFT calculations [43, 75]. Figure 6 shows the cal-
culated classical sticking probabilities as a function of
the initial kinetic energies for initially non-rotating and
non-vibrating molecules which are denoted by MD in the
legends. In addition, the results of recent AIMD simu-
lations are included. Compared to the MD simulations,
the AIMD results are shifted towards higher energies by
0.1 eV which is exactly the difference in the minimum
barrier heights using the two different DFT setups on
which the energetics of the dynamical simulations are
based.

More importantly, the similar qualitative behavior
of the results of the MD and the AIMD simulations
demonstrates that the parameterization of the H2/S(2×
2)/Pd(100) interaction which has only been adjusted at
the high-symmetry sites captures the essential features in
this activated system. In a non-activated system such as
H2 dissociation on clean Pd(100), such a parameteriza-
tion restricted to high-symmetry points is not sufficient
since in such a system without a minimum barrier the
dynamics sensitively depend on extended regions of the
PES [55, 56, 60] and not only on the region close to the
minimum barrier.

In Fig. 6, for Ekin = 0.4 eV the sticking probability
according to AIMD simulations with the surface degrees

kept frozen are included. There is only a small differ-
ence to the result with the uppermost surface atoms
allowed to move. This is again in contrast to the re-
sults for the non-activated H2/Pd(100) system where in
the dynamical trapping energy transfer and recoil pro-
cesses play an important role whereas for the activated
H2/S(2× 2)/Pd(100) system they obviously do not mat-
ter.

In addition to the sticking probability for normal in-
cidence, the experimentally observed dependence of the
H2 interaction dynamics with respect to the rotational
and vibrational degrees of freedom and with respect to
the orientation of the molecules was reproduced by the
quantum and classical simulations on the parameterized
PES [40, 44, 45]. Still it should be noted that there are
large significant quantitative and qualitative differences,
as far as the sticking probability is concerned. The mea-
sured probabilities are much smaller than the calculated
ones. It is true that the dynamical simulations are only
of approximate nature. The calculated PES might not
be fully correct due to problems associated with current
DFT functionals [78]. Furthermore, the neglect of elec-
tronic excitations could have an influence on the accuracy
of the results. However, it should also be noted that ex-
perimentally the preparation of an ordered (2× 2) sulfur
overlayer on Pd(100) is not trivial [6, 40]. It is often
prepared by just heating up the Pd sample leading to a
segregation of the sulfur dissolved in the bulk Pd crystal
to the surface [6].

Sulfur tends to form a c(2 × 2) overstructure on
Pd(100) [40] corresponding to a higher sulfur coverage
of ΘS = 0.5. At such a high sulfur coverage, Pd is totally
unreactive with respect to hydrogen dissociation. This
would explain the low sticking probability observed in the
experiment [6]. It is certainly desirable that additional
molecular beam experiments of hydrogen dissociation on
sulfur-covered Pd with a well-defined sulfur coverage are
performed.

V. RELAXATION DYNAMICS OF
DISSOCIATED H2 MOLECULES

In the previous sections I have discussed the dissocia-
tion of H2 on pre-covered Pd surfaces. The main focus
was on the question whether H2 dissociates on Pd or
not, but the fate of the hydrogen atoms after the dis-
sociation was not really considered. However, directly
after the dissociation when the atoms enter the atomic
adsorption wells, they gain a significant amount of en-
ergy. For H2/Pd, this amounts to about 1 eV for the
two H atoms together and thus gives rise to the forma-
tion of “hot” atoms, i.e., atoms with energies much larger
than thermal energies. Now if the hydrogen atoms enter
atomic adsorption wells surrounded by occupied adsorp-
tion sites, they hardly can propagate any further.

On a clean surface, however, these hot atoms can use
their kinetic energy in order to travel along the surface
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FIG. 7: Trajectories of the dissociative adsorption event of
H2 impinging on clean Pd(100) determined by AIMD simula-
tions within a (6×6) surface unit cell [79]. The initial kinetic
energy was 0.2 eV. The total run time was 2.5 ps. Two sets of
trajectories with the same initial conditions are shown. The
full lines correspond to the joint motion of the two hydro-
gen atoms while for the dash-dotted lighter lines the trajecto-
ries were computed individually after the two hydrogen atoms
reached a separation of 2.5 Å. The surface unit cell of the sim-
ulations is indicated by the dashed blue line.

since the barrier for diffusion is much lower than their
excess energy directly after entering the adsorption well.
The mean free path of these hot atoms is for example rele-
vant for catalytic reactions on surfaces since it determines
whether adjacent species can react directly after the dis-
sociative adsorption of one of the species or whether some
diffusive motion is required before any further reaction
can occur.

In order to address the distance of the hydrogen atoms
after dissociative adsorption on clean Pd(100), AIMD
simulations of H2 impinging on Pd(100) using a rather
large (6×6) surface unit cell were performed [79]. An ini-
tial kinetic energy of 0.2 eV was chosen to avoid any trap-
ping into a dynamical precursor as depicted in Fig. 4a.
The full lines in Fig. 7 show one typical trajectory of
the dissociative adsorption of H2. So far, simulations
addressing the relaxation of hot atoms after dissociation
have only modeled the motion of single atoms with initial
velocities considered to be typical for dissociation frag-
ments directly after the bond-breaking process [11, 80].
In fact, the dash-dotted lines in Fig. 7 correspond to such
a simulation in which the motion of the two hydrogen
atoms was determined individually after their separation
exceeded 2.5 Å.

As Fig. 7 illustrates, these two different kind of tra-
jectories differ quite significantly. This means that any
single trajectories depends sensitively on the particular
conditions of the runs. In particular the mutual interac-

FIG. 8: Mean lateral distance of the two hydrogen atoms upon
the H2 dissociative adsorption on Pd(100) as a function of the
run time determined by averaging over AIMD trajectories for
different computational setups (see text). In each case, at
least 75 trajectories were determined [79].

tion between the two fragments can be quite important
for a specific dissociative adsorption event. However, on
the average this mutual interaction does not seem to mat-
ter for the final distance of the two hydrogen atoms after
dissociative adsorption. This is demonstrated in Fig. 8
where the mean distance of the hydrogen atoms after dis-
sociative adsorption as a function of time averaged over
at least 75 trajectories is shown. To reduce the com-
putational cost, only three Pd layers were considered in
the simulations but simulations with five Pd layers yield
almost identical results [79].

The mean results for the combined and the isolated
motion of the two hydrogen atoms hardly differ: after
about 1.5 ps it reaches a value of about 10 Å and does
not increase any further. This corresponds to about three
to four Pd lattice units. Also surface relaxation effects
play no important role as reflected by the results of sim-
ulations with a fixed substrate but velocity rescaling in
order to take account of the energy dissipation which
are included in Fig. 8. Only if no energy dissipation
is considered in the simulations with a fixed substrate,
the mean distance differs quite substantially. This shows
that it is basically the energy transfer to the substrate
that determines the mean distance of the two fragments
after dissociative adsorption. For heavier species such
as oxygen atoms [81, 82] that dissipate their energy more
quickly to substrate phonons, the separations determined
in this study should provide an upper bound for the dis-
tance they travel after dissociative adsorption provided
the corresponding potential energy surface is similar.

VI. CONCLUSIONS

In this brief review, recent ab initio molecular dynam-
ics studies of the dissociative adsorption of H2 on clean
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and precovered Pd(100) were presented. The calcula-
tions showed that the sticking probability depends sensi-
tively on the particular configuration of the pre-adsorbed
atoms. These unbiased simulations helped to identify
novel processes and structures such as bridge-site hy-
drogen on hydrogen-covered Pd(100) that can travel in
an exchange-like fashion or the concerted mechanism of
hydrogen subsurface penetration. Furthermore it was
demonstrated that the mean distance of the hydrogen
atoms on clean Pd(100) only depends on the energy dis-
sipation. These results illustrate that AIMD simulations
are well-suited in order to unravel details of reaction dy-
namics at complex surface structures that are not acces-

sible to experiment.
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