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The interaction of hydrogen molecules with clean and hyenegrecovered Pd surfaces was
studied usingab initio molecular dynamics simulations based on density functidmeory.

In particular, the dependence of the adsorption probghilit the hydrogen coverage and the
relaxation of hot hydrogen atoms after dissociation wedressed. The simulations unravel
the crucial role of the substrate degrees of freedom in tsgodiative adsorption process.

1 Introduction

The interaction of hydrogen with metal surfaces has beenobtiege benchmark system
for the understanding of gas-surface dynamfcg his is due to the fact that this system is
well-suited for both experimental as well as theoreticadiss. Furthermore, the hydrogen
adsorption on metal surfaces is also relevant from a teolgie! point of view, in partic-
ular in the context of hydrogen storage, but also with ressfzeltydrogenation reaction in
heterogeneous catalysis.

Because of the light mass of hydrogen, the dynamicspaébsorption on low-index
metal surfaces has mainly been studied using a quantum meah&teatment on param-
eterized potential energy surfaces derived from densitgtfanal theory (DFT) calcula-
tions>4. In these calculations, all six degrees of freedom of therdlecule were explicitly
considered, the substrate degrees of freedom, howeves, keet frozen since otherwise
the calculations would have been computationally much ipeesive. This was justified
by the large mass mismatch between hydrogen and metal atbmeddition, compar-
isons between six-dimensional quantum and classical legilens showed that the role of
quantum effects in the hydrogen adsorption dynamics oraesesfis limiteé®.

If more than six degrees of freedom are involved, quantunadyoal calculations are
computationally prohibitive. Furthermore, the paramietgion of such high-dimensional
potential energy surfaces becomes quite cumbersoe.initio molecular dynamics
(AIMD) simulations of the adsorption dynamics represerdliéernative approach. Inthese
simulations, the forces necessary to integrate the equsatibmotion are determined “on
the fly” by first-principles calculations. This does not reguany parameterization of the
potential energy surfaces. However, up to recently AIMDidations were restricted to a
small number of trajectories because of their high comjunat effort’-8,

Previously, we had studied the adsorption and scatterii@p87t(111) usingab initio
derived tight-binding molecular dynamics (TBMD) simutats*. This method is about
three orders of magnitude faster than AIMD simulations, iandeds relatively little input
from ab initio total-energy calculations since the tight-binding Haarilan already takes
the quantum nature of bonding into accourtiowever, the TBMD method still involves
a fitting procedure which introduces a source of possiblersythis is true in particular, if
more than two different elements are included in the siniat
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Fortunately, due to the increase in computer power and thela@ment of more effi-
cient algorithms it has now become possible to determinatésstally meaningful num-
ber of AIMD trajectorie$?. In this contribution, this will be demonstrated using the H
adsorption on precovered Pd surfaces and the relaxatidrediytdrogen atoms after the
dissociation on clean surfaces as examples.

2 Theoretical Methods

Periodic DFT calculations were performed within the gelieed gradient approximation
(GGA)*3 4 for the exchange-correlation functional using the VASPe&tad The atomic
cores were represented by ultrasoft pseudopotetftiallowing a small cutoff energy of
200eV in the expansion of the one-electron valence staggaire waves. The surface was
modelled by slabs of three to five layers for the (100) surtawtfive layers for the (111)
surface. The uppermost layers were allowed to move in thalations in order to enable
recoil and energy transfer processes at the surface.

Adsorption probabilities were determined by averagingr@tdeast 200 trajectories
with random initial lateral configurations and moleculaieatations for one particular ki-
netic energy. This leads to a statistical error6(1 — s)/1/200 < 0.035, wheres is the
adsorption probability. All the substrate atoms were aflifi at rest, i.e., the initial surface
temperature corresponded to 0 K. The MD simulations werpaed using the Verlet al-
gorithm with a time step of 1 fs within the microcanonicalemble. The parallel version
of the VASP code was written using a message-passing progiragrmodel relying on the
MPI library to deal with communications.

3 Hydrogen Dissociation on Hydrogen-Precovered Pd Surfase

In a recent STM study addressing the formation of ordereddgeh layers on Pd(111), it
was found that hydrogen molecules impinging on an almostpbet® hydrogen overlayer
did not adsorb dissociatively in hydrogen dimer vacari¢ié$ Instead, aggregates of
three or more vacancies were required for the dissociafibhy 0As a consequence, it was
speculated that the accepted notion that two empty siteaesded for the dissociative
adsorption of diatomic molecules might not be cortéét However, a subsequent DFT
study demonstrated that the dissociative adsorption-.ofnHa hydrogen dimer vacancy
is still exothermié®. Nevertheless, because of repulsive interactions theepeesof the
hydrogen overlayer leads to the formation of small enecdpstiriers. Thus the dissociative
adsorption of H on hydrogen-precovered Pd(111) is no longer spontanedussbomes
an activated process by the so-called poisoning effecteofijfdrogen overlayer.

Still, the H, adsorption process requires the dissipation of more thaf% & has been
proposed that the energy transfer to substrate phonon®cirah hole-pair excitations
could be suppressed due to surface stiffening or the motiificaf the electronic band
structure, respectively, caused by the hydrogen overayEne magnitude of these effects,
however, could not be assessed so far. Therefore we havesseédrthe dynamics of
the H, dissociative adsorption on hydrogen-precovered Pd sesfag performing AIMD
simulations.

In a first step, we used a small initial kinetic energy of 0.92as in the STM ex-
periments. And indeed, we did not find any single adsorpti@nein a hydrogen dimer
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Figure 1. Dissociative adsorption of hydrogen on hydrogevered Pd(100) and Pd(111). a) Calculated sticking
probability as a function of hydrogen covera@g for an initial kinetic energy of 0.1 eV. 2V, 3Y and 3V
denote the dimer vacancy and the trimer vacancy centrechdradPd hollow and a Pd top site, respectively. b)
Energy redistribution and #centre of mass distance from the surface along a particalectory forfyy = 5/9.

vacancy (2V) on Pd(111) within @ x 3) surface geometry, thus confirming the experi-
ment’ and providing an explanation for the experimental findingthe low temperatures
of 70K used in the experimeftthe impinging H molecules had too little kinetic energy
to cross the dissociation barrier.

At higher kinetic energies, however;holecules can adsorb dissociatively in a dimer
vacancy on hydrogen-covered Pd(111). This is shown in Figviere the sticking prob-
abilities for both Pd(111) and Pd(100) are plotted as a fanaif the hydrogen coverage
normalized to the value at the corresponding clean Pd ®sféar an kinetic energy of
0.1 eV. On Pd(111), a small, but non-vanishing relative gatgmn probability of 0.05 is
found in the dimer vacancy (2V). At the trimer vacancies ofilRd) centred either around
a hollow site (3\;) or a Pd top site (3¥), the adsorption probability is at least twice as
large as on the dimer vacancy (2V). Since the area of the tnmeancy is only larger
by 50% compared to the dimer vacancy, this indicates thatriot only the area of the
vacancies that determines the adsorption probability.

In Fig. 1a, two curves corresponding 8(0y) = S(0)(1 — ©y) and S(On) =
S(0)(1 — ©y)? are included which would correspond to the sticking prolitshf it was
determined by pure site-blocking requiring one or two enwgitys, respectively. At low
and intermediate coverages, the sticking probability pBHPd(100) is significantly larger
than predicted from a simple site-blocking picture, in jgartar for © = 0.5. Running
additional AIMD trajectories with the substrate kept fixedeals that it is the energy trans-
fer from the impinging H molecule to the substrate and the rearrangement of theratéost
atoms that lead to this enhanced sticking probability cargbdo pure site blocking.
These effects overcompensate the poisoning of thdiskociation caused by the presence
of the hydrogen overlayer atoms.

A rather surprising result is, however, that both the motibthe hydrogen atoms and
the Pd atoms contribute to the high sticking probabilityhat precovered surfaces, as the
simulations with only fixed Pd atoms and with only fixed hydeogverlayer atoms show
(see the results in Fig. 1a fé = 1/2). Not only energy transfer processes alone but also
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Figure 2. Snapshots of the AIMD trajectory of,Himpinging on hydrogen-precovered Pd(100) whose energy
distribution is plotted in Fig. 1b. The initial hydrogen eage i¥g = 5/9 within a (3 x 3) surface periodicity,
i.e., there are four hydrogen vacancies in the surface ettit ¢

substrate recoil and relaxation effects in the highly cgated potential energy surface
enhance the sticking probability of;Hnolecules, as a detailed analysis of the adsorption
dynamics indicates.

Details of the energy transfer along a particular trajgctor an initial hydrogen cover-
age ofdg = 5/9 are presented in Fig. 1b, and three snapshots along thestiay within
the (3 x 3) periodicity are presented in Fig. 2. This specific examptéhermore demon-
strates that AIMD simulations do not only yield statistlgakliable reaction probabilities,
but also allow for valuable microscopic insights into thesdiciative adsorption dynamics.
At the hydrogen-covered Pd(100) surface, the impingingtdlecules do not necessar-
ily either immediately dissociate or scatter back into ths ghase. In fact, there exists
a weakly bound molecular precursor state above the top witésh becomes stabilized
due to the poisoning effects of the pre-adsorbed hydrogenstvery similar to the one
already identified at the hydrogen-covered stepped Pd@i€)cé? 23 This state has not
been identified experimentally yet, however, it should bectable at low surface temper-
atures by, e.g., isotope exchange experiments since itiiscioy 0.1 eV. In the case of the
particular trajectory considered in Fig. 1b, after impimgon the surface thetmolecule
becomes first trapped for more than 2 ps in the molecular psecstate about & above
a Pd atom (Fig. 2a).

At about 2.5 ps, one of the two hydrogen atoms enters theffddatomic adsorption
site which is associated with an energy gain of about 0.5 &\ &nergy is first taken up
by the corresponding hydrogen atom but is then rapidly feaed to both the hydrogen
overlayerandthe Pd substrate atoms. The other hydrogen atom remainsritge Isite
configuration where is stays for about 0.8 ps (Fig. 2b). Tithtewhal bridge-site hydrogen
atom can actually move in an exchange mechaffisvhich is what happens after 3.3 ps:
the bridge-site hydrogen atom replaces one of the adsonpdden atoms at an adja-
cent four-fold hollow sites which is then pushed up to an eeljgempty four-fold hollow
site so that eventually all hydrogen atoms end up in the nansturable adsorption sites.
However, the replaced hydrogen atom can also end up in artwildge-site configuration
which corresponds to an exchange-diffusion of this hydnapecies.

Recently, there has been a renewed interest in the hydrdapempion in metaf® in
the context of the hydrogen technology. Itis important tdiee that hydrogen storage still
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Figure 3. Snapshots of a AIMD trajectory of;Hmpinging on hydrogen-precovered Pd(100) with a kinetic
energy of 1.0 eV. Initially, there is a hydrogen dimer vagane., the coverage ¥z = 7/9 within the (3 x 3)
surface periodicity.

remains a problef. Experiments showed that on Pd hydrogen first adsomitise surface
before bulk absorption staffs DFT calculations have confirmed this picture by showing
that hydrogen subsurface absorption is energetically feagsurable than adsorption on
the surfacé’; furthermore, the penetration into the Pd bulk is hindergdatbarrier of
considerable height

In the AIMD simulations of the hydrogen interaction with lmgden-precovered Pd
surfaces with an initial kinetic energy of 0.1 eV, we did natfiany subsurface adsorption
events. This is due to the fact that the subsurface permiratirresponds to a rare event
because of its activated nature. In order to obtain hydrpgeetration events, we ran tra-
jectories with the unrealistically high initial kinetic ergy of 1.0 eV so that the chance is
higher that the hydrogen atoms have enough energy to overtwerbarrier towards sub-
surface adsorption. And indeed, thus we observed sevedabggn subsurface adsorption
events. Interestingly, most of these events involved a@&ded motion of hydrogen atoms
which is illustrated in Fig. 3.

Initially, one of the two atoms of the impingingsHnolecule enters a four-fold hollow
site while the other one is again trapped in a bridge conftjungFig. 3a), as already
depicted in Fig. 2b. Note that because of the high initiakkimenergy of 1.0eV there
is a large amount of excess energy available which is maralystered to the hydrogen
overlayer atoms. After about 400 fs, there is a concertedomatf the hydrogen bridge-
site atom and the H atom to its right in Fig. 3b at the adjacent-fold hollow site. The
bridge-site atom replaces the other hydrogen atom, butithesthe other atom does not
pop up to the surface, but is rather pushed into the subsutéger. Thus it seems that
the subsurface penetration is facilitated when more thanhydrogen atom are involved
in this process. The elucidation of the mechanism of the dyein subsurface adsorption
certainly requires further studies.

After the one hydrogen atom has gone subsurface, the remgdigdrogen atoms on the
surface are still energetically hot which is reflected inltnge amplitudes of the vibrational
motion of the hydrogen atoms with respect to their equilibripositions that are visible in
Figs. 3b and c. Through interatomic collisions, one of thérbgen overlayer atoms in fact
gains enough kinetic energy to cross the diffusion barmek faops into the neighbouring
vacancy site (Fig. 3c).
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Figure 4. Calculated relaxation of dissociategl iHolecules on clean Pd(100) within(@ x 6) surface unit cell.
a) H-H distance, the displacement of the single H atoms fifweir initial lateral position, the kinetic energy of
the Hx molecules and of the Pd substrate as a function of the runairaeged over 80 AIMD trajectories with
an initial Hy kinetic energy of 200 meV. b) lllustration of a trajectorytbe hydrogen atoms after dissociation.
The total run time was 2 ps. The surface unit cell of the sitinia is indicated by the dashed blue line.

4 Relaxation Dynamics of Dissociated kI Molecules

So far we have focused on the dissociation gfdth hydrogen-covered Pd surfaces. We
were only interested in the question whetherdissociates on Pd or not, but we did not
consider the fate of the hydrogen atoms after the dissoaiatHowever, directly after
the dissociation when the atoms enter the atomic adsorpt@ils, they gain a significant
amount of energy. For #Pd, this amounts to about 1 eV for the two H atoms together
and thus gives rise to the formation of “hot” atoms, i.e.n@gowith energies much larger
than thermal energies. These atoms can use their kinetigyeimeorder to travel along the
surface. The mean free path of these hot atoms is for exarmlgleant for catalytic reac-
tions on surfaces since it determines whether adjacentamaacan react directly after the
dissociative adsorption of one of the species or whetheedtiffusive motion is required
before any further reaction can occur. So far, simulati@f¥@ssing the relaxation of hot
atoms after dissociation have only modelled the motionmyglsi atoms with initial veloc-
ities considered to be typical for dissociation fragmentedlly after the bond-breaking
proces$ 2% We have decided to model the full relaxation process irinlyithe interac-
tion of the two fragments after the dissociation. We havedtfoge run AIMD trajectories
of the dissociation of K on clean Pd(100). In order to minimize the interaction of the
hot hydrogen atoms with their periodic images, we have aneskrge(6 x 6) surface
unit cell. To reduce the computational cost, only three Rérdawere considered but test
calculations with five Pd layers yield hardly modified result

Figure 4a shows the mean H-H distance and the mean displatefthe single H
atoms as a function of time averaged over 80 AIMD trajeciovitaereas in Fig. 4b one
specific trajectory is displayed that was run for 2 ps. Thgttary shows that the single
hydrogen atoms visit several surface sites. In this pddidtajectory, the hydrogen atoms
approach each other again after an initial increase in tieeatomic distance. At a certain
time, they are moving towards adjacent adsorption sitesrbahey separate again. This
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shows that the mutual interaction can be important for theatmm movement.

As for the mean distance between the two H atoms, after abbpsit reaches a value
of about 8.5 and does not increase any further. This corresponds tot éiv@e Pd lattice
units. It should be noted that the root mean square deviatitite H-H distance saturates
at aboutt4 A, however, single trajectories show a maximum H-H distasfceore than
20A. In Fig. 4a, also the kinetic energies of the hydrogen ardRtl atoms, respectively,
are plotted. At about 100 fs, the hydrogen atoms gain on taege about 700 meV when
they enter the atomic adsorption well. This energy is thandfered from the hydrogen
atoms to the Pd substrate atoms. When the mean H-H distarsendbchange any more,
i.e., after 1.5 ps, the hydrogen atoms have only about 250af&Wetic energy left which
corresponds rather closely to the diffusion barrier for hag on Pd(100).

These results demonstrate that AIMD simulations are weted in order unravel de-
tails of reaction dynamics at surfaces that are not acdedsjtexperiment.

Acknowledgments

These calculations were made possible through a grant opetantime at the John von
Neumann Institute for Computing in Julich.

References

1. Axel Grol3,Reactions at surfaces studied by ab initio dynamics catmrg Surf.
Sci. Rep.32, 291, 1998.

2. G.-J. Kroes, A. GroR}, E. J. Baerends, M. Scheffler, and DMéCormack,Quantum
theory of dissociative chemisorption on metal surfadex. Chem. Res.35, 193,
2002.

3. Axel Grof3, Steffen Wilke, and Matthias Schefffeix-dimensional quantum dynamics
of adsorption and desorption df, at Pd(100): steering and steric effecRhys. Rev.
Lett., 75, 2718, 1995.

4. G.-J. Kroes, E. J. Baerends, and R. C. MowR&iy;dimensional quantum dynamics
of dissociative chemisorption of & 0,57 = 0) H, on Cu(100) Phys. Rev. Lett.78,
3583, 1997.

5. Axel GroR3 and Matthias Scheffl&b initio quantum and molecular dynamics of the
dissociative adsorption of hydrogen on Pd(1,(@hys. Rev. B57, 2493, 1998.

6. H. F. Busnengo, E. Pijper, M. F. Somers, G. J. Kroes, A.nSdk. A. Olsen,
D. Lemoine, and W. DongSix-dimensional quantum and classical dynamics study
of Hy (v = 0, J = 0) scattering from Pd(111)Chem. Phys. Lett356, 515, 2002.

7. A. Grol3, M. Bockstedte, and M. Scheffl&h initio molecular dynamics study of the
desorption of @ from Si(100) Phys. Rev. Lett.79, 701, 1997.

8. Lucio Colombi Ciacchi and Mike C. Payri#jot-Atom” O2 Dissociation and Oxide
Nucleation on Al(111)Phys. Rev. Lett92, 176104, 2004.

9. A. GroR3, “Molecular trapping of oxygen at metal surfagags” NIC Symposium
2004, D. Wolf, G. Munster, and M. Kremer (Eds.), vol. 20NIfC Seriesp. 51, John
von Neumann Institute for Computing, Julich, 2003.

10. A. Grof3, A. Eichler, J. Hafner, M. J. Mehl, and D. A. PapatantopoulodJnified
picture of the molecular adsorption process;/@t(111) Surf. Sci.,539, L542, 2003.

219



11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

. A. Gro3, A. Eichler, J. Hafner, M. J. Mehl, and D. A. PapastantopoulosAb initio
based tight-binding molecular dynamics simulation of thieking and scattering of
0,/Pt(111) J. Chem. Phys124, 174713, 2006.

A. GroR3 and A. Dianatlydrogen dissociation dynamics on precovered Pd surfaces:
Langmuir is still right Phys. Rev. Lett98, 206107, 2007.

John P. Perdew, J. A. Chevary, S. H. Vosko, Koblar A. Jatk®ark R. Pederson,
D. J. Singh, and Carlos Fiolhaitoms, molecules, solids, and surfaces: Applications
of the generalized gradient approximation for exchange emelation, Phys. Rev.
B, 46,6671, 1992.

John P. Perdew, Kieron Burke, and Matthias ErnzefBeferalized gradient approx-
imation made simplePhys. Rev. Lett.77, 3865, 1996.

G. Kresse and J. Furthmulldfficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis,deltys. Rev. B54, 11169, 1996.

David VanderbiltSoft self-consistent pseudopotentials in a generalizgene@alue
formalism Phys. Rev. B41, 7892, 1990.

T. Mitsui, M. K. Rose, E. Fomin, D. F. Ogletree, and M. Safon, Dissociative
hydrogen adsorption on palladium requires aggregates ofgtor more vacancies
Nature, 422, 705, 2003.

T. Mitsui, M. K. Rose, E. Fomin, D. F. Ogletree, and M. Saton,Hydrogen adsorp-
tion and diffusion on Pd(111purf. Sci.,540, 5, 2003.

Miquel SalmeronThe nature of the catalytic sites forHlissociation Topics Catal.,
36, 55, 2005.

Nuria Lopez, Zbigniew Lodziana, Francesc lllas, anddidgsalmeronyWhen Lang-
muir Is Too Simple: K Dissociation on Pd(111) at High Coveragehys. Rev. Lett.,
93, 146103, 2004.

S. Holloway;The active site for dissociative adsorption of:fVas Langmuir right?
Surf. Sci.,540 1, 2003.

Pia K. Schmidt, Klaus Christmann, Georg Kresse, Juigafner, Markus Lis-
chka, and Axel GroRRCoexistence of atomic and molecular chemisorption states:
H2/Pd(210) Phys. Rev. Lett87, 096103, 2001.

M. Lischka and A. Grof3,Hydrogen adsorption on an open metal surface:
H2/Pd(210) Phys. Rev. B65, 075420, 2002.

P. J. Feibelmariffusion path for an Al adatom on AI(0O01phys. Rev. Lett.65,
729, 1990.

A. Pundtand R. Kirchheinikjydrogen in metals: Microstructural aspecfsnnu. Rev.
Mater. Res.36, 555-608, 2006.

Loius Schlapbach and Andreas Zuttdydrogen-storage materials for mobile appli-
cations Nature 415 353, 2001.

Uwe Muschiol, Pia K. Schmidt, and Klaus Christmafdsorption and absorption of
hydrogen on a palladium (210) surface: a combined LEED, TR8,and HREELS
study Surf. Sci., 395, 182, 1998.

C. Engdahl and G. Wahnstrofmransient hyperthermal diffusion following dissocia-
tive chemisorption - a molecular-dynamics stu8yrf. Sci.,312 429, 1994.

N. Pineau, H. F. Busnengo, J. C. Rayez, and A. SRktaxation of hot atoms follow-
ing Hs dissociation on a Pd(111) surfacé Chem. Phys122 214705, 2005.

220



