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ABSTRACT: Normal incidence scattering of hydrogen atoms
off a H-covered tungsten W(110) surface is simulated via
quasiclassical trajectories. A density functional theory (DFT)
based multiadsorbate potential is developed to model a wide
range of surface coverages, θ = 0.25−1 monolayer (ML),
reproducing the surface arrangements observed at low
temperature. The competition between hot-atom (HA) and
Eley−Rideal (ER) abstraction mechanisms is studied for
collision energies of the projectile atom in the range Ep = 0.1−
5.0 eV (Ep = 0.1−2.0 eV) for θ = 0.25 ML (θ = 0.5, 0.75, and 1
ML) coverage. Cross sections, final energies of the
recombination products, and reaction times are analyzed. At low coverage and low collision energy, HA dominates the
abstraction, whereas HA and ER cross-sections become similar when collision energy increases. The vibrational distribution of
recombined H2 molecules at finite coverage is found to be in better agreement with experiments than the one computed within
the single adsorbate limit. At high surface coverage, ER dominates abstraction but the dynamical observables highlight the
similarity between both reaction mechanisms, thus suggesting that abstraction may be considered as a unique process.

1. INTRODUCTION

Over the last 20 years, many studies have addressed the Eley−
Rideal (ER) and hot-atom (HA) reactions of hydrogen
molecules on metal surfaces experimentally1−14 and theoret-
ically.15−33 At low surface temperatures, Langmuir−Hinshel-
wood34 reactivity for hydrogen recombination on most metals
is expected to be small as the process is usually significantly
endothermic. Recombination is consequently governed by ER
or HA abstraction35 in the presence of gas-phase atomic
species. In the ER abstraction, an atom impinging from the gas
phase (projectile) recombines directly with an adsorbate
(target) in a single collision with the surface. In the HA
reaction, the projectile diffuses on the surface before
recombination. During this diffusion step, initially at hyper-
thermal energy, the projectile experiences several encounters
with the surface and can exchange energy, before recombina-
tion, with the surface or the adsorbates at finite coverage.
However, as far as hydrogen is concerned, because of mass
ratio, the incident atom is expected to mainly lose energy
through collisions with adsorbates and dissipation to phonons
is thought to be negligible.21,22,36 Nevertheless, electron−hole
pair37 excitations might also play a non-negligible role.
Comparison between experimental1,3 and theoretical studies
for recombination of H(D) atoms with D(H)-covered Cu(111)
surface19,20,22,38,39 have suggested that HA dominates the
reaction: the experimental total abstraction cross sections were
found 1 order of magnitude greater than ER theoretical cross
sections computed within the single adsorbate limit. Pioneering

theoretical dynamics studies taking into account surface
coverage21,22,25,28,40−42 have led to a better agreement with
the kinetic experiments at low collision energies (<0.3 eV).
The recombination of hydrogen on tungsten is of special

interest, as this metal is the main candidate for the divertors of
the ITER fusion reactor.43−47 However, theoretical
works15−18,32,48,49 on this process were only performed in the
single adsorbate limit and thus restricted to the description of
the ER process. H-covered W(110) surfaces have also
generated fundamental interest because of the substrate
phonon anomalies observed near saturation coverage and
specific surface arrangements of adsorbates at low temperature
(<250 K) and lower coverages (θ = 0.5 and 0.75 monolayer
(ML)).50−59

In this paper, the competition between the HA and ER
processes, for the H+H/W(110) system, is investigated via
quasi-classical trajectory (QCT) simulations under normal
incidence. We first present a multiadsorbate PES developed
following the original idea by Shalashilin and Jackson
(S&J).21,22 This PES, based on density-functional-theory
(DFT) calculations and interpolated using the corrugation
reducing procedure (CRP),60 predicts equilibrium structures
for the H-covered tungsten surface in reasonable agreement
with observed surface arrangements, for the coverages studied
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in this work. Dynamics simulations are then performed for θ =
0.25 ML coverage, focusing on the effect of collision energy and
the distinction between both abstraction mechanisms from
dynamical observables such as final energies, reaction times, or
angular distributions of the produced H2 molecules. The
influence of the surface coverage on the HA vs ER competition
is then investigated for θ = 0.5, 0.75, and 1 ML. Comparison
with available experimental data is also presented.
The paper is structured as follow. Characteristics of the

multiadsorbate PES and methodological details of the QCT
simulations are presented in section 2. In section 3, results from
the dynamics are described and discussed. Section 4 concludes.

2. THEORY
Multiadsorbate PES. In a recent work,48 we have extended

the CRP PES, developed by Busnengo et al.61 for the
investigation of H2 chemisorption on W(110), to the study
of ER abstraction dynamics. In this interpolation scheme, the
full 6-dimension (6D) PES, V6D, is decomposed as sum of the
atom-surface 3-dimension potentials, V3D, and a remaining 6D
interpolation function, I6D:
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where r1 and r2 are the position vectors of both atoms. Within a
good approximation I6D(r1,r2) = 0 when the interatomic
distance r = ∥r1 − r2∥ ≥ 3.0 Å. To describe the interaction of
the tungsten surface with more than two atoms and account for
finite surface coverage, we here adapt, to the CRP PES, the idea
first developed by S&J21,22 which consists in expanding the
multiadsorbate potential V({ri}) as a two-body terms sum for
the N H atoms:
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where ri is the position vector of atom i. The underlying
assumption is that three H atom interactions are negligible
during the dynamics. Such a limitation is discussed in the next
subsection.
In agreement with experiments50,54−56 and previous DFT

calculations,59,61,62 the most stable atomic adsorption site
predicted by the interpolated PES is located very close to the 3-
fold hollow site (X = 1.585 Å, Y = 0.6503 Å, and Z = 1.07 Å in
the primitive cell), with a chemisorption energy of 3.06 eV. For
θ = 0.25 ML, the targets are adsorbed in such a position (Figure
1a) and distributed on the surface to maximize the distance

between adsorbates. However, with increasing coverage,
interactions between adsorbates slightly modify the equilibrium
positions. Exact equilibrium positions on the PES, for each
coverage, are displayed in Table 1. Despite the high mobility of

the H atoms at low coverage, when including zero point energy
(see next section), the multiadsorbate PES is able to reproduce
the observed surface arrangements at low temperature.50−55

Ordered p(2×1) and (2×2) configurations are characterized for
θ = 0.5 ML (Figure 1b) and θ = 0.75 ML (Figure 1c),
respectively, which disorder around 200 K in the former case
and 250 K in the latter one.51−53 At θ = 0.75 ML, in agreement
with experiment, the PES shows two sublattices of adsorbates
differentiated by red and black crosses in Figure 1c. The
adsorbates on the black crosses are surrounded by four nearest
neighbors whereas the adsorbates on the red crosses have two
nearest and two next-nearest neighbors. Accordingly, they
adopt slightly different equilibrium positions (Table 1). Close
to saturation, coverage θ = 1 ML, the H atoms follow a (1×1)
structure (Figure 1d) and exhibit a great mobility around their
adsorption site but still stay in their original unit cell conserving

Figure 1. Positions of the adsorbed H atoms at (a) θ = 0.25 ML, (b) θ = 0.5 ML, (c) θ = 0.75 ML, and (d) θ = 1 ML. The crosses represent the H
atoms positions and a = 3.17 Å is the lattice constant parameter. On (c), red and black crosses are used to differentiate the two sublattices for θ =
0.75 ML. Sampling areas of initial (Xp, Yp) positions of the projectiles for each coverage are represented in yellow.

Table 1. Equilibrium Positions of the Adsorbates (for
Adsorbates in the Origin Cell) for the Multiadsorbate PES
and DFT Calculationsa

coverage
multiadsorbate PES

(Å)
DFT
(Å)

ΔE
(meV)

ZPE
(meV)

θ = 0.25 X 1.585 1.585 0.66 47
Y 0.6503 0.6478 60
Z 1.07 1.08 71

θ = 0.5 X 1.585 1.573 11.8 34
Y 0.6803 0.684 48
Z 1.15 1.116 78

θ = 0.75 X 1.591 1.571 34.9 35
red crosses Y 0.6823 0.6725 47
Figure 1 Z 1.145 1.124 76
θ = 0.75 X 1.585 1.5849 40
black crosses Y 0.6923 0.6969 54
Figure 1 Z 1.216 1.135 82
θ = 1.0 X 1.585 1.585 80.6 41

Y 0.6993 0.6825 50
Z 1.1974 1.1207 81

aΔE represents the total DFT energy difference between the
multiadsorbate PES and DFT equilibrium positions. Values for the
assigned ZPE, for each vibrational mode (X, Y, and Z), are displayed in
the last column.55
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the (1×1) structure qualified as a “two-dimensional quasi-
liquid-like phase” by Balden et al.55 To check the accuracy of
the multiadsorbate PES, regarding these surface arrangements,
we performed DFT optimizations using the parameters
previously used for the construction of the CRP PES.61 The
primitive cell for the DFT calculation is displayed in yellow in
Figure 1. At each surface coverage, the agreement between the
multiadsorbate PES and DFT equilibrium positions is
reasonable and discrepancies in total DFT energy (ΔE)
between both structures are small (Table 1). The major
differences in the equilibrium positions appear in the normal
coordinate (Z) for which the multiadsorbate PES leads to
higher relaxation. Nevertheless, the two sublattices of
adsorbates at θ = 0.75 ML are also revealed by the DFT
calculations.
Dynamics. The normal incidence scattering of an H

projectile over an H-covered W(110) surface is simulated via
QCT for θ = 0.25, 0.5, 0.75, and 1 ML. Within the Born−
Oppenheimer approximation, the dynamics simulations are
performed on the ground state PES. The surface is considered
static and coupling with phonons is not included. Due to the
large mass mismatch, energy dissipation to phonons is expected
to be slow in comparison with the simulation time scale.
Conversely, collisions with H adsorbates are expected to lead to
the dominant energy-transfer mechanism.21,22,36 Electron−hole
pair excitations, which have been recently suggested as a
significant energy loss channel for hydrogen atoms hyper-
thermal diffusion on Pd(100),37 are here neglected. This may
affect quantitatively the results of the present work, in particular
for the HA process at low coverage.
To model an infinite covered surface, a 6 × 6 rectangular

(a×a√2) array with periodic boundaries conditions was used.
The classical equations of motion were numerically integrated
with a Beeman algorithm63,64 for 18, 36, 54, and 72 targets for
respectively θ = 0.25, 0.5, 0.75, and 1 ML. We increased the
simulation cell size up to a 12 × 12 (10 × 10) array with 72
(100) targets at θ = 0.25 ML (θ = 0.5 ML). In agreement with
previous works,21,22,25,28,40−42 changes on the results were not
significant. Initial conditions for the QCT simulations were the
following: the targets sit in their equilibrium positions (Table 1
and Figure 1) and are given an initial ZPE. For θ = 0.25 ML,
the targets initially do not interact between themselves (I6D =
0); therefore, the ZPE (Table 1) were calculated in the single
adsorbate limit through a X, Y, and Z mode decomposition.48,49

For higher coverages, the experimental ZPE values (Table 1)
were used.55 We checked that a change by a factor 2 in the
value of the ZPE does not affect the results of the dynamics.
The H projectile starts in the asymptotic region of the
potential, i.e., at 7.0 Å from the surface. Its (Xp, Yp) initial
coordinates are randomly sampled in the primitive cell of the
H-covered surface, displayed for each coverage in yellow in
Figure 1. For each collision energy, we compute 120 000
trajectories for θ = 0.25 ML and θ = 0.75 ML, 60 000
trajectories for θ = 0.5 ML and 30 000 trajectories for θ = 1
ML.
Integration of the trajectories is performed until one atom

enters the surface below Z = −0.75 Å (absorption), one atom
(ref lection) or one molecule (abstraction) reaches the initial
altitude of the projectile, or the total integration time of 2 ps is
completed (adsorption). As shown in the following section, the
total integration time is sufficient to allow all processes to
happen. Among the total abstraction channel, Eley−Rideal
abstraction occurs when projectile and target recombine with

only one rebound of the center of mass of the molecule after
the collision between projectile and surface. Otherwise the
abstraction is counted as primary hot-atom. Whether the
abstraction takes place involving two targets, it is classified as
a secondary hot-atom. The cross section per adsorbate for each
mechanism is defined by

∫ ∫σ =
P X Y

N
X Y

( , )
d d

D

p p

t
p p

(3)

with integration over D, the sampling area in yellow in Figure 1.
P(Xp,Yp), the two-dimensional opacity function, is the
probability of each mechanism for a given set of initial
coordinates (Xp, Yp) of the projectile and Nt is the number of
targets initially adsorbed in the sampling area. A Gaussian
weighting binning65−67 procedure is applied to semiclassically
quantize the final vibration of the H2 diatom. In such a
procedure, each trajectory is weighted by a Gaussian coefficient
depending on the value of the final (real) vibrational action
with respect to the nearest entire one (semiclassical counterpart
of the vibration quantum number). This procedure was found
to significantly improve the QCT prediction of state
distributions in the quantum regime, i.e., when few vibrational
levels are available to the products. This is typically the case
when significant energy dissipation to the adsorbates occurs
during hot-atom abstraction.
As mentioned earlier, the PES is limited to a two-adsorbate

terms expansion and can lead to unphysical results when three
H atoms are too close. Therefore, trajectories are stopped when
one H atom has two other H atoms closer than 1.5 Å (twice the
equilibrium distance in vacuum). The actual fate of these
trajectories is thus unknown. At θ = 0.25 ML coverage, the
simulations describe correctly over the Ep = 0.1−5.0 eV energy
range, at least 92.5% of the total reactive trajectories. At this
coverage, we represent the total cross section of stopped
trajectories as error bars for each exit channel. With increasing
the coverage, the proportion of stopped trajectories increases
and we had to limit the energy range studied to Ep = 0.1−2.0
eV. In this energy range the simulations model correctly at least
84.6% of the total reactive trajectories at θ = 0.5 ML, 76.8% at θ
= 0.75 ML, and 67.1% at θ = 1 ML. We thus predict a range of
possible cross sections by assuming that either 0% or 100% of
the stopped trajectories lead to ER and primary HA channels.
Though quantitative analysis at high coverage should be
regarded with caution, this makes possible a qualitative analysis
of the ER vs HA competition.

3. RESULTS AND DISCUSSION
Coverage θ = 0.25 ML. The cross sections for the different

above-defined outcomes of the scattering are displayed in
Figure 2 as a function of the perpendicular initial energy of the
projectile, Ep, at θ = 0.25 ML coverage. At very low collision
energy, most of the projectiles adsorb on the surface. As Ep
increases, the adsorption cross section rapidly decreases at the
expense of absorption and reflection channels. The total
abstraction cross section, which is found 1 order of magnitude
lower than the sum of the other channels, similarly decreases
over the 0.1−5.0 eV energy range. At low energy, the primary
HA process is found much higher (almost 4 times) than ER, as
observed in previous studies (lower panel of Figure 2.).21,22,25

However, when Ep increases, the HA abstraction decreases
rapidly whereas ER abstraction remains almost constant until
Ep = 2.0 eV. These two processes thus lead to similar cross
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sections for energies higher than 2.5 eV. Because of a different
sampling area of the initial (Xp, Yp) positions of the projectiles
and recombination with targets initially adsorbed outside the
sampling area, ER cross section is slightly higher than the one
computed within the single adsorbate limit.48,49 Consistently
with previous works48,49,68,69 such ER trajectories bounce on a
W surface atom prior to recombination. The secondary HA
contribution to the abstraction cross section remains low and
constant (∼0.1 Å2).
In Figure 3, the final average translational, rotational, and

vibrational energy of the recombined molecules are represented
as a function of Ep. As already observed in single adsorbate
studies,48,49 most of the available energy is transferred to
translational motion. Both ER and HA processes produce
rotationally and vibrationally excited molecules. Nevertheless,
molecules formed via ER abstraction appear to be more excited
than the ones recombined via primary HA mechanism. The
HA, diffusing close to the surface (Figure 3), might scatter from
other adsorbates, thus transferring energy before recombina-
tion. A secondary HA mechanism requires a sufficient energy
transfer from the projectile to one adsorbate to kick it out of its
adsorption site before the latter recombines with another target.
Thus, as observed in Figure 3, final energies of this channel are
much lower than others. For θ = 0.25 ML, ER abstraction total
final energy and partition between the different degrees of
freedom are identical to results obtained within the single
adsorbate limit.48

Figure 4 displays the final time distributions of the different
reactive channels for Ep = 1.0 eV. At this collision energy and
coverage, ER abstraction appears to be faster than 0.25 ps
whereas most of primary HA abstraction happens between 0.25
and 0.75 ps. We also display the distributions of exit polar angle

ΘE of the produced molecules (respect to the surface normal
axis) divided by sinΘE. ER and primary HA processes do not
lead to distinct signatures on the contrary to recombination on
Cu(111),22 for which H2 molecules leave the surface close to
the normal direction.

Influence of the Coverage. We now investigate the
influence of surface coverage on the dynamics. In Figure 5, the
possible range for ER and primary HA cross sections are
represented for coverages θ = 0.25, 0.5, 0.75, and 1 ML as a
function of the perpendicular initial energy of the projectile in
the range Ep = 0.1−2.0 eV. With increasing coverage, important
changes on the cross sections can be noticed. At low coverage,
θ = 0.25 ML (Figure 2), the primary HA cross section is a
maximum at very low collision energy and decreases with
increasing Ep whereas at higher coverage it starts from much
lower values and increases up to Ep = 0.5 eV (Ep = 1.5 and 2.0
eV) for θ = 0.5 ML (θ = 0.75 and 1 ML). This coverage-
dependent diminution at low collision energy results from an

Figure 2. Cross sections (Å2) as a function of the initial energy of the
projectile Ep (eV) at θ = 0.25 ML. Upper panel presents the main exit
channels whereas lower panel details the abstraction mechanisms.

Figure 3. Final average translational (upper panel), rotational
(middle), and vibrational (lower panel) energies plotted as a function
of the initial energy of the projectile, Ep (eV) at θ = 0.25 ML. The
results from ER abstraction within the single adsorbate limit are
displayed as purple stars.48
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increase of the adsorption channel which is found to be more
probable than absorption and reflection of the projectile even
when the collision energy increases (not shown). At θ = 0.5
ML, the ER cross section does not change much from θ = 0.25
ML but ER and primary HA cross sections are comparable.
With increasing coverage, the ER mechanism clearly raises up
and dominates the molecular hydrogen formation and cannot
be disregarded as in low coverage and low energy studies.21,22

Figure 6 displays the total abstraction time distributions at Ep
= 1.0 eV for the four coverages studied in this work. In

agreement with a previous work,25 we observe that lowering the
coverage consistently increases the abstraction time. In the
lower panel, we detail the time distributions for the abstraction
mechanism at θ = 0.75 ML (left) and θ = 1 ML (right).
Comparison with Figure 4 highlights the increasing contribu-

Figure 4. Final time distributions of abstraction for Ep = 1.0 eV (upper
panel). Distributions of exit polar angles ΘE of the formed molecules
(lower panel), with respect to the surface normal axis. On the lower
panel, the color code is the same than Figure 2 and 4 240 000
trajectories have been computed for these plots.

Figure 5. Cross sections (Å2) as a function of the initial energy of the projectile Ep (eV) for different coverages.

Figure 6. Upper panel: total abstraction time distributions for Ep = 1.0
eV at the different coverages studied. Lower panel: times distributions
of abstraction mechanisms for Ep = 1.0 eV at θ = 0.75 ML (left) and θ
= 1 ML (right).
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tion of ER with increasing coverage. Moreover, both primary
and secondary HA take place on the same time scale as ER at θ
= 1 ML.
In Figure 7, the final average translational, rotational, and

vibrational energies of the recombined molecules at θ = 0.5,

0.75, and 1 ML (to be compared with Figure 3) are displayed.
The diatom final energies, when accounting for all abstraction
channels, are not much affected by coverage changes. However,
final energies for diatoms resulting from ER recombination are
much lower than that from the single adsorbate limit,48 but still
more excited than the ones corresponding to HA abstraction.
At θ = 0.5 ML coverage, the final average total energy of ER
trajectories represents on average 85% of the value at θ = 0.25
ML, the remaining part being transferred to other adsorbed

atoms. This proportion decreases to 77% and 68% with
increasing coverage respectively to θ = 0.75 and 1 ML. In the
single adsorbate limit and at θ = 0.25 ML coverage, ER
abstraction proceed via collision with a W surface atom prior to
recombination, which role is to redirect the projectile toward
the target. When surface coverage increases, the projectile is
more likely to scatter from a target and transfer some energy in
its way to another adsorbate with which it recombines.
In the following section, we compare the vibrational

populations simulated with experiments performed at 2000 K.
Figure 8 displays the vibrational distributions for collision

energies Ep = 0.1 and 0.25 eV, which are about the average
collision energy of the experiments. In this energy range,
vibrational populations are not much affected by coverage
changes between θ = 0.25 and 0.75 ML. Therefore, in the
following section, the comparison with experiments, for which
coverage is unknown, should not be drastically affected by such
coverage changes.
The influence of surface coverage on the dynamics highlights

the difficulty to differentiate ER and primary HA processes at
high coverage. The balance between both mechanisms changes.
ER is not negligible anymore and shares many characteristics
with the primary HA process. Both abstraction processes occur
on the same time scale and both experience collision and
energy exchange with adsorbate before recombination. These
observations suggest that at high coverage ER and primary HA
are hardly separable. The distinction between both is thus
somewhat arbitrary.

Comparison with Experiments. Experiments of molec-
ular hydrogen recombination on polycrystalline tungsten
samples have recently been performed by Markelj et al.70 In
this experiment, hydrogen atoms are previously dissociated on a
tungsten filament at 2000 K. In a recent work, we compared the
results of the simulations of ER abstraction with such
experiments. To that end, a thermal averaging of the simulated
vibrational population detailed in refs 48 and 71 was performed.
As apparent from Figure 9, such simulations lead to vibrational
distributions slightly to hot, though qualitatively correct.
Besides, in previous studies,28,49 vibrational excitation has
been found weakly dependent on surface symmetry and surface
temperature. Therefore, we compute vibrational populations in
the static surface approximation at θ = 0.25 ML and perform a

Figure 7. Final average translational (upper panel), rotational
(middle), and vibrational (lower panel) energies represented as a
function of the initial energy of the projectile, Ep, at coverages θ = 0.5
(left), 0.75 (middle), and 1 ML (right). Purple stars represent the
results obtained for the ER abstraction studies in the single adsorbate
limit.48

Figure 8. Relative vibrational populations of the recombined
molecules for the different coverage studied at collision energy Ep =
0.1 (left) and 0.25 eV (right).
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thermal averaging of the vibrational populations48,71 to
compare with experimental data. As both normal and total
energy scaling limits give similar results, we only consider the
normal energy scaling limit.
Figure 9 displays the vibrational distributions for the total

abstraction channel at θ = 0.25 ML and for ER recombination
within the single adsorbate limit.48 Results taking into account
the HA processes are in much better agreement with
experiments for levels υ = 0 to υ = 3. Populations of higher
levels are almost negligible. ER and HA processes cannot be
discrimiated in these experiments and the results provide
evidence for the necessity to simulate all the abstraction
mechanisms to obtain a correct description of the product
vibrational excitation.

4. CONCLUSION
QCT simulations of atomic hydrogen normal incidence
scattering over an H-covered W(110) surface are presented
for θ = 0.25, 0.5, 0.75, and 1 ML coverages within the static
surface approximation. A multiadsorbate PES is developed as a
sum of CRP atom-surface potentials and a two-body term
expansion of atom−atom interpolation functions. In agreement
with previous works, the HA process dominates the abstraction
of H2 at low coverage (θ = 0.25 ML) and low collision energy.
The abstraction time scale is subpicosecond. ER and HA
processes produce vibrationally and rotationally hot molecules;
however, ER leads to the more excited ones. Vibrational
distributions of the recombined molecules for finite coverage
are found in better agreement with experiments than the one
computed within the single adsorbate limit. With increasing
surface coverage, HA versus ER balance changes to make ER an
equivalent (θ = 0.5 ML) or dominant (θ = 0.75, 1 ML)
channel. Moreover, the total abstraction time decreases and
both primary HA and ER processes take place on a similar time
scale at saturation coverage. The partition of average energy
between translation, rotation, and vibration is weakly affected
by coverage changes. However, ER average final energies
decrease when the surface coverage increases because of
scattering of other adsorbates before recombination. At high
surface coverage, ER and primary HA dynamics share lots of
similarities, thus highlighting the arbitrary character of their

separation. Primary recombination at high coverage should be
considered as a unique reactive process.
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(69) Quintas-Sańchez, E.; Crespos, C.; Rayez, J.-C.; Martin-Gondre,
L.; Rubayo-Soneira, J. Surface temperature effects on the dynamics of
N2 Eley-Rideal recombination on W(100). J. Chem. Phys. 2013, 138,
024706.
(70) Markelj, S.; Cadez, I. Production of vibrationally excited
hydrogen molecules by atom recombination on Cu W materials. J.
Chem. Phys. 2011, 134, 124707.
(71) Ramos, M.; Minniti, M.; Díaz, C.; Miranda, R.; Martin, F.;
Martinez, A. E.; Busnengo, H. F. Environment-driven reactivity of H2
on Pd Ru surface alloys. Phys. Chem. Chem. Phys. 2013, 15, 14936−
14940.

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp511847w
J. Phys. Chem. C 2015, 119, 3171−3179

3179

http://dx.doi.org/10.1021/jp511847w

