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Abstract. We studied adsorption dynamics of ©n Pt(111) using Molecular Dynamics (MD) simulations with #ienitio
based reactive force field ReaxFF. We found good quantitative mgr&evith the experimental data at low incident energies.
Specifically, our simulations reproduce the characteristic minimum of tippitrg probability at kinetic incident energies
around 0.1 eV. This feature is determined by the presence of a ptptiasowell in the ReaxFF Potential Energy Surface
(PES) and the progressive suppression of a steering mechanisetasiational kinetic energy (or the molecule’s rotational
energy) is increased. In the energy range between 0.1 eV and QHegdicking probability increases, similarly to molecular
beam sticking data. For very energetic impacts (above 0.4 eV), RgargI€ts sticking probabilities lower than experimental
sticking data by almost a factor of 3, due to an overall less attractiveFeRES compared to experiments and DFT.
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INTRODUCTION

The process of molecular adsorption on a surface has tadity been the subject of intense investigation because of
its fundamental importance in heterogeneous catalysisorEtical classical models, such as the hard-cube theory of
gas-solid interaction, are often too simple to captureittephysics of the molecular interactions with the surfae.
such, they are often inapplicable for any but the simplestesys, for example adsorption of noble gases [1].

On the other hand, molecular beam experiments [2] have bmginely used for many decades to investigate
adsorption dynamics. Sticking coefficients are measuredfasction of, for example, incident energy, angle of inci-
dence, surface coverage, or substrate temperature. Dagemtdhow they vary with such factors, some information
can be inferred on the mechanisms of adsorption. Variousrérpntal techniques can also help in determining the
type of adsorbates, and these include, among others, Xa@ggectron spectroscopy (XPS), ultraviolet photoetect
spectroscopy (UPS), and thermal-desorption spectrogddps).

Atomic-level simulations represent a very desirable ta@oktudy the adsorption process, as they allow one to
precisely investigate the sticking dynamics under coodgimuch more controlled than conceivable in experiments.
Typical force fields (FF) can be used to simulate rather massjstems (thousands to millions of atoms) without
excessive computational resources, but their transiéyals in many cases too restricted. Additionally, many FFs
often assume a fixed connectivity, for example by presagiliiarmonic bonds between atoms. As such, they are
inapplicable for situations where the process of bond bngdiormation is important, e.g., in dissociative adsimnpt

In this article, we use the Molecular Dynamics techniquénhie reactive force field ReaxFF [3] to investigate the
sticking of G on Pt(111). The interaction of molecular oxygen with Pt(li$Ja model system in surface science, and
it has been thoroughly investigated experimentally, nyadiuie to its technological importance in automotive catalyt
exhausts. As such, it represents an ideal test case to jhégeansferability of ReaxFF, and also its limitations.
Because the O/Pt mass mismatch is less significant than éodgn, it is unsafe to neglect the surface motion. In
fact, experiments have convincingly shown that stickingfficients of oxygen on Pt(111) are strongly affected by
the surface temperature [4]. And oxygen can adsorb bothaulaldy as well as dissociatively, as it has been well
established empirically [5, 6, 7, 8, 9, 10, 11, 12, 13] and alestrated theoretically [14, 15, 16, 17]. Therefore it is
important to develop reliable and transferable FFs capatilenly of describing chemical bonds, but also gas-phonon
interactions, at a reasonable computational cost.

Here, we briefly summarize the main results of previous itigagons. Molecular oxygen has been detected on the
(111) platinum surface in three distinct states. On coltbsas (below 40 K), a physisorbed species has been identified



using XPS [6], infrared reflection absorption spectroscdBAS) [12], and near-edge x-ray-absorption fine-strugtur
(NEXAFS) spectra [8]. At a surface temperatligup to about 120 K, oxygen is molecularly chemisorbed in two
almost degenerate states, labeled peroxolik}?l@nd superoxolike (©) (e.g., [7]). This was also verified usiralp
initio electronic structure calculations [14, 15]. WHRyis between 150 K and 500 K, mostly adsorbed atomic oxygen
is found on the surface, whereas subsurface oxidation éates at even higher substrate temperatures- (1000 K)

[5].

The molecular beam experiments of Luntz and co-workersd&glshown a strong non-monotonic behavior of the
sticking probabilityS (in the limit of zero coverage) as a function of the incideimtetic energyk; (Fig. 1). At low
E;, Squickly declines to reach a minimum at abd&jt= 0.1 eV. For 01 < E; < 0.5 eV, dS/dE; > 0, andStends to
a plateau of roughly 0.3 at high;, up to~ 1.4 eV. Such a behavior has traditionally been interpretedhisgking
a precursor-mediated dissociation at |&yvand a direct dissociation at high. The former is characterized by the
presence of an intermediate state in which the molecule desmify resides while equilibrating with the surface,
before entering the dissociation channel. Because theculelés only weakly bound to the surface due to van der
Waals attractionS is strongly influenced byls [4, 6]. But at highE;, impinging molecules possess enough energy
to overcome a dissociation barrier, and therefore diradifgociate. Under these circumstances, little to no serfac
temperature dependence is observed.

Recent Tight-Binding Molecular Dynamics (TBMD) simulai®[18, 19] have challenged this traditional picture of
O, adsorption by invoking a dynamic steering mechanism aHpf20] and only trapping into molecular chemisorbed
states. The calculated sticking probabilities are largwatincident energies, when the repulsive tails of the PES
are able to steer the slowly traveling molecules into a fabler configuration to enter an adsorption pathway. This
beneficial effect is suppressed, however, by increasirgeeihe collision speed or the rotational energy or both.
Hence, Grol3 and co-workers [18] have shown that no phygisarptate is needed to explain the strong decrease
of Swith E; at low incident kinetic energiesy0.2 eV). Yet their calculations have not reproduced the charistic
minimum of Sat around 0.1 eV.

COMPUTATIONAL METHOD

The ReaxFF potential: overview and training

The ReaxFF formulation is based on a bond order/bond distatation, similarly to the Tersoff potential originally
developed for silicon [21]. Because no fixed connectivitpiiescribed, the bond ord&0;j(rij) between any two
atomsi and j is updated at every MD time step. MoreovB0;;(rij) is a smooth function ofij, and it goes to zero
asrij — r¢, whererc is the potential cut-off radius. This is necessary to siteuthe process of bond breaking and
formation without introducing energy discontinuitiesatThen all energy terms are made dependent WBOR(rij)
and go smoothly to zero as the bond order vanishes (i.e., wieebond breaks). Similarly, energy continuity is
guaranteed when a new bond forms. We refer the reader to¢batrpaper (and references therein) by Goddard and
co-workers for a more complete overview of ReaxFF and itsib#iies [22]. The complete and updated formulation
of the functional form of each of the ReaxFF energy termsigaioed in the supporting information of a recent article
on hydrocarbon oxidation [23].

To derive the ReaxFF parameters for the Pt-O interactioasjsed a training set which included:

- equations of state and heats of formation for PtO and @h- and low-temperature) condensed phases;
« binding energies of oxygen atoms to Pt(111) top, bridgeafut hcp sites (Ref. [24]);

- binding energies of the £molecule to bridge, fcc, top and tilted (umgerade) fcc iR, [24]);

- dissociation barriers for £on the bridge, fcc and tilted fcc sites (Ref. [24]);

- the Pt-Pt parameters were derived using the training setides in Ludwig et al. [25].

We found good agreement between ReaxFF and QM for all thecatases.

Simulation details

The surface consisted of88 bulk cells in thex—y plane, with total dimensions of 22.3 A 38.7 A. Periodicity
was used along theandy directions. Six atomic layers were used in thdirection, giving a total of 768 Pt atoms.



The supercell dimension along thaxis was set such that the surface was exposed to vacuumaifligédrge surface
minimizes the lateral interaction of the periodic imagesrdhe short time scale of the impact.

Similarly to Grol3 and co-workers [18, 19], the bottom Pt layas frozen, and the next two thermalized using
the Langevin thermostat to prevent the substrate from ingatp due to the energy transfer upon the collision.
Before each simulated Qmpact, the substrate was first equilibrated to the desiggfr at least 2 ps, and the in-
plane dimensions were dynamically adjusted to releaseta@gssusing the Nosé/Hoover temperature thermostat and
pressure barostat. Then, the cell dimensions were lockeld4 @s of additional equilibration followed, using only the
Langevin thermostat. The stochastic nature of the Langewitperature control also provided a randomization of the
coordinates and momenta of the Pt atoms for each molecalactory.

The MD simulations were performed with a time stiipof 1071° s (1 fs), which is approximatelyo,/20, where
To, is the vibrational period estimated using a harmonic agprasion of the internuclear ReaxFFR, @otential energy
around the equilibrium valugy = 1.2253 A. The symplectic velocity-Verlet scheme was usedHettime integration.

The initial configuration of the @molecule was also randomized, namely its in-plane locadimhits orientation
with respect to thex—y plane, whereas its initial height above the top Pt layer veass 30 A . No zero-point
vibrational energy was included in the initial conditiof®r all trajectories, the initial vibrational energy was &e
zero. However, the vibrational state of the molecule cohlahge due to its collision with the surface.

After the surface equilibration run, the molecule was gigemmanslational velocity corresponding to the desired
E; and incident anglé;, and each oxygen atom velocity was adjusted to impose arfived®,. Impacts at several
incident angles were simulated. The molecule was congldeapped if it stayed on the surface for more than 3 ps for
E; < 0.2 eV and 2 ps foE; > 0.2 eV, and within a distance of roughly 5 A from the top Pt layairing each MD run, a
series of indicators were monitored and recorded to chariaetthe impact, including theQranslational, rotational,
and total kinetic energy, its bond length, center-of-massrdinates and momenta, and substrate temperature. A
minimum of 420 trajectories were generated per e8cke estimated the uncertainty in our measurementS of
with the Wald method [26], setting = 0.05 corresponding to a 95% confidence interval. We used tlssick MD
parallel simulation code Lammps [27, 28]. Each trajectequired four 1.15 GHz Quad-Core AMD Opteron™ CPUs
for roughly up to 0.5 hrs.

RESULTS AND DISCUSSION
Ts=0KandE, =0eV

The results foffs = 0 K and non-rotating molecules are shown in Fig. 1 (a), anttedovith TBMD calculations
[18, 19] and sticking data from several molecular beam expaatts [4, 29].

The sticking probabilities calculated with ReaxFF agresy weell with the molecular beam data f& < 0.4 eV.

In the higher energy rang&i(> 0.4 eV), ReaxFF predicts lower values of S by roughly a factoB.cDverall, the
ReaxFF surface is less attractive than an experimental Bt@urface, more markedly so at high incident energies.
Also, ReaxFF predicts a much more repulsive surface than DBWMer the whole energy range.

The ReaxFF parameters are determined with a fit of a rathengixe database of pre-computed DFT energies with
an optimization procedure that minimizes the error betwessrh DFT and ReaxFF energy in the training set. There-
fore, slight discrepancies between DFT and ReaxFF are t&sghéess than 0.2 eV). For example, the chemisorption
energy in the TBT state as predicted by ReaxFF is arcu@85 eV (Fig. 1(b)), whereas the corresponding B3LYP
XC functional DFT energy is-0.49 eV [24].

Therefore, in the energy regime where trapping occurs irenuérly chemisorbed statefs; (< 0.6 eV, see later),
the ReaxFF Pt surface is slightly more repulsive than anraxpatal Pt(111) surface, but significantly more repulsive
than the TB one. Consequently, the trapping probabilitgigted by ReaxFF in Fig. 1(a) is generally lower.

In summary, forg; > 0.1 eV, the Q adsorption occurs mainly in the molecular chemisorptiol {+0.35 eV,

Fig. 1(b)), and although dissociation events are commda at1.1 eV (around 70%), none are detected for incident
energies below or at@ eV.

Although our calculations predict that 30% of trapping dgseare associative at the highest incident energy
considered in this work, EELS measurements [29, 30, 31] kiarly indicated that direct dissociation is a minor
channel forE; up to 1.4 eV Ts = 77 K), contrary to the quasi-direct adsorption mechanisoppsed by Luntz et
al. [4]. Hence, our results differ from empirical evidenderery highE;, thus indicating that further training of the
potential is necessary, for example by including direcsalisation channels in the training set.
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FIGURE 1. (a) Sticking probability for normal impact&f{ = 0 eV). Comparison with TBMD [18, 19] and experiments[4, 29].
(b) PES of molecular adsorption obt(111) determined by ReaxFF. Z denotes the distance of the moleceiess of mass from

the topmost Pt layer. The molecule is in the Top-Bridge-Top configurafibae energy zero is set to the free molecule, and values
are in eV.

Lack of dissociative events at hidh is also reported in the TBMD work of Grof3 and co-workers [18], but
over the whole energy range (i.e., upgp= 1.1 eV). Although they do not provide a value for the activaterergy
toward the dissociated state, they explain this phenomesorg steric arguments related to the marked “elbow”
shape of the PES. It is reasonable to assume that the Reaxifét bar direct dissociation is too high for molecules
with incident energies at or below 0.6 eV to overcome. In gneange 0.1 e\ E; < 0.6 eV, the dissociated state
is hardly accessible, and trapping occurs in the molecilamisorption state, whose adsorption energy is slightly
underpredicted. This results in reduced sticking prolit&gsicompared to molecular beam datafpr> 0.4 eV.

Ts=0KandE; =0.1eV

The abrupt drop oBwith E; at low incident energies has been recently explained by @t@R [18, 19] by invoking
a dynamic steering mechanism and considering only molechilmisorption. Hence, we repeated the simulations at
Ts=0K and sek; = 0.1 eV, a typical value of molecular beam experiments [32].

As Fig. 2(a) indicatesSis significantly reduced for rotating molecules. Epr= 0.01 eV andg; = 0.1 eV,S~ 0.3,
i.e., approximately 60% lower than the sticking probapibibtained withE; = 0.01 eV andE, = 0 eV. A similar
reduction occurs fo; = 0.025 eV. Like in the TBMD simulations of Grof3 et al. [18, 19], feeind that the additional
rotational energy hinders the adsorption path.

Our analysis of the molecular trajectories clearly shoves ttapping occurs as physisorption f§r< 0.1 eV. This
mechanism is, however, progressively suppressed by siogB; due to steric hindrance, which is also revealed if
E; # 0 eV. But whenE; > 0.1 eV, molecules have enough incident kinetic energy to tirewercome a molecular
adsorption barrier, and therefoBéncreases and oxygen is chemisorbed.

Ts=350K and E; =0eV

The role of the surface temperature was also investigatetet®rmining the trapping probability as a function of
E; on a substrate equilibrated & = 350 K. All impacts were for non-rotating molecules, i.E;,= 0 eV. As Fig.
2(b) shows, aE; = 0.01 eV, Sis reduced by a factor of almost 2 compared to the result fobatsate at rest. Now Pt
atoms have some thermal energy that they can transfer tonfiieging molecules, practically kicking them out of the
shallow physisorption basin. This results in a significaatuction of the trapping probability.
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FIGURE 2. (a) ReaxFF sticking probability for normal impacts witg= 0 K and G rotational energ¥, = 0.1 eV. (b) Trapping
probabilities for a substrate equilibratedTig= 350 K. The inset showSat low E; for clarity.

At higher incident energie€( > 0.05 eV), howeverS does not seem to be affected much by the heated substrate,
as the error bars of each value®from the two data sets largely overlap. The mean kineticgnef the Pt atoms
is roughly (3/2)ksTs ~ 0.045 eV, wherekg is Boltzmann’'s constant. Hence, for intermediate incidemergies,
i.e., 005 < E; < 0.1 eV, the impacts are not energetic enough for then®lecule to overcome the chemisorption
barrier, but at the same time molecules possess enoughyeoeegsily escape from the physisorption basin. This
is demonstrated by the very low value of the trapping prdiigliS < 0.1). The thermal energy transfer from the
surface atoms can be assumed tod®.01) eV, insufficient to provide the ©molecule with enough additional
momentum to surmount the adsorption barrier toward the @wption state. At the same time, this extra energy may
only slightly increasd;, already largely sufficient to escape from the physisomptidnimum. Finally, ag; > 0.1 eV,
when chemisorption occurs, the Pt thermal energy is at &astder of magnitude smaller th&n and thus it has a
negligible effect on the impact dynamics, consistent witliract adsorption mechanism.

Molecular beam experiments have found a very strong depeerdef the sticking coefficients updr; over the
whole range of incident energies, and this is shown in Fig) ihich contains data from Luntz et al. [4] and Nolan
and co-workers [29]. On the contrary, our calculations te@vn a marked influence @ on the trapping probability
only at very lowE;. Clearly, experiments access time scalgs), which are many orders of magnitude larger than
those reached by MD calculations, i.6,(101%s). Hence, over the duration of typical molecular beam expeniis,
desorption events are likely to occur due to the finite sabstiemperature, and thus the sticking coefficients may be
generally lowered a%s is increased (see Fig. 1(a)). This very weak dependendg ahhighE; was also observed by
Grol3 et al. [18], who report a reduction of only 2%S3rat E; = 1.1 eV whenTs = 300 K compared to the sticking
probability obtained on a 0 K substrate. But, for exampl@eginental data show a reduction of almost 30% when
Tsis increased from 77 K [29] to 350 K [4] at the safie We cannot exclude, however, that with a lower activation
barrier to dissociate the Onolecule, the additional energy from the substrate atomshmaeneficial in promoting
direct dissociation. If so, this could be a limitation in tin@ensferability of the potential, and additional refiningtoe
ReaxFF parameters may be necessary.

SUMMARY AND CONCLUSIONS

We have used ReaxFF Molecular Dynamics simulations to stheyadsorption dynamics of,Gon Pt(111). Our
simulations have reproduced qualitatively well the datiioled with molecular beam experiments for a wide range
of incident kinetic energies. Given the uncertainties mélperiments and time scale issues, the agreement is good.
For slow collisions E; < 0.1 eV), the adsorption is caused by long-range attractiveeyrwhich determine a
weakly-bound physisorption state. In this regime, the giagp dynamics is dominated by a steering mechanism
coupled with a significant energy transfer to the substrates effect is suppressed due to steric hindrance by



increasingg; or E; or both, and consequentyis reduced. Up tdg; = 0.1 eV, trapping is caused by physisorption,
and the simulations show that the thermal motion of the satesatomsTs < 350 K) strongly affects the adsorption
dynamics, as seen experimentally. AL& E; < 0.4 eV, the sticking probability increases, as observed imouar
molecular beam experiments, and trapping occurs in aetivahemisorbed states. The strongly non-monotonic
behavior ofS as a function ofg; for kinetic energies lower than 0.4 eV is dueliath the physisorption state and
the progressive inhibition of the steering effect. At evaghler kinetic energies > 0.4 eV), Slevels off.
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