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ABSTRACT: The reaction of diatomic molecules on bimetallic surfaces,
formed by one to few monolayers of a metal adsorbed on a different metal
substrate, is relevant to understand the role of surface strain and substrate
chemical binding in catalysis, which is interesting for industrial applications,
challenges existing state-of-the-art theoretical methods, due to the additional
complexity associated with having a molecule with triplet spin multiplicity.
Here, we have studied the interaction of O2 with CuxML/Ru(0001) (x being the
number of Cu monolayers), for which experimental data are available, by means
of multidimensional classical dynamics simulations based on first-principles
potential energy surfaces. Our results show, on the one hand, that the inclusion
of the surface temperature on the simulations is essential to reproduce the
experimental observations, and therefore, to analyze the physical mechanisms
behind these observations, and, on the other hand, that electronic effects due to
the binding between the two metallic species are only relevant for one Cu
monolayer, whereas strain is responsible for the observed reactivity in O2 interacting with Cu(x≥2)ML/Ru(0001).

1. INTRODUCTION

Bimetallic surfaces, formed by a metal monolayer (ML)
deposited on a metal substrate, exhibit electronic and chemical
properties significantly different from those of the correspond-
ing pristine metals.1−9 When a ML of a metal is deposited on
another metal surface, it often grows pseudomorphically
adopting the lattice constant of the substrate, causing strain
in the ML metal lattice. A second ML, on the other hand, may
or not grows pseudomorphically. If it does not, the strain may
give rise to periodic superstructures, whose average lattice
constant is usually different from that of the individual metal
lattices.10 In some case, when the number of MLs further
increases, the lattice constant of the top ML gets closer to the
that of the parent bulk metal, thus decreasing the strain, until
the lattice constant of the bulk metal is recovered and the
strain disappears. This strain induces measurable changes on,
for example, molecular reactivity11,12 or vibrational frequencies
of probe molecules.13 However, the molecular reactivity
observed on bimetallic systems not only depends on strain
effects but also on the modifications in the electronic structure
because of the binding of the surface atoms to the substrate
atoms (hereafter called for short ligand effects).1,2,14 For
example, in ref 2, it was shown, by means of density functional
theory (DFT) calculations, that the computed adsorption
energies of CO on 1 and 2 ML of Pt pseudomorphically
deposited on Ru(0001) were lower than the adsorption energy
of CO on a compressed Pt(111)a Pt(111) surface with a
lattice parameter equal to that of Ru(0001).

Among bimetallic surfaces, Cu deposited on Ru(0001) has
received a special attention.15−25 For example, in 2000, Zajonz
et al.10 published a detailed analysis of the geometry of one and
two MLs of Cu on Ru(0001), based on X-ray diffraction
measurements. They observed that the first Cu ML grows
pseudomorphically on Ru, leading to tensile strain on the
surface, as the lattice constant in the Cu layer is 5.8% larger
than in bulk Cu. In contrast, the second ML presents a stripe-
phase reconstruction leading to a 16 3× superstructure,
with an average lateral expansion of around 2.2%. More
recently, Chakraborty et al.26 have suggested, based on X-ray
absorption spectroscopy measurements, that one or two ML
thick Cu-patches on Ru are more active catalysts for ammonia
oxidation than Ru, Cu, and three-dimensional (3D) Cu islands
on Ru.
The interaction of diatomic molecules with Cu-covered

Ru(0001) surfaces has been studied, for example, by Shimizu
et al.,27 using low-energy electron diffraction and thermal
desorption spectroscopy. These authors have shown that H2
sticking on Ru(0001) decreases drastically when Cu is
deposited on the metal substrate. Similar results have been
obtained later on by Laurent et al.28,29 from multidimensional
accurate simulations. More recently,30 a combined exper-
imental and theoretical analysis has shown an enhancement of
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H2 diffraction probabilities on Cu1ML/Ru(0001) with respect
to Cu(111) and Ru(0001), suggesting that both strain and
ligand effects play a relevant role in Cu1ML/Ru(0001).
Experiments have also been performed to determine sticking
probabilities of O2 as a function of the number Cu layers
deposited on Ru. Otero et al.31,32 have shown, using scanning
tunneling microscopy (STM) techniques, that the O2 sticking
probability at thermal energies decreases by almost an order of
magnitude when the Cu coverage increases from one to two
MLs, and by almost two orders of magnitude from two to three
MLs. Minniti et al.33 have studied O2 dissociative adsorption as
a function of the incidence energy and the number of Cu MLs,
using the King and Wells method34 in a helium atom scattering
apparatus.35 They have found that two-Cu MLs’ sticking curve
is only shifted, toward higher energy, by about 40 meV with
respect to the one-Cu ML curve. These authors argue that the
high reactivity found for the case of two-Cu MLs cannot be
understood only as a result of the tensile strain in the Cu ML,
but also as a results of a strong influence of the substrate.
To get a deeper understanding of these experimental results,

we have performed state-of-the-art dynamical simulations for
O2/Cu(111), that can be seen as the limit case of infinite Cu
overlayers, and O2/CuxML/Ru(0001) (x = 1 and 2).
Simulations involving O2 are a challenge for theory because
of the singular nature of this molecule. The ground state of O2
has a triplet spin multiplicity, which can change into singlet
spin multiplicity when the molecule approaches the metal
surface.36−38 This means that the knowledge gained from
theoretical studies involving diatomic molecules which singlet
spin multiplicity, such as H2,

39−41 N2,
42−44 and CO,7,45 cannot

be straightforward extrapolated to O2. For example, theoretical
studies based on the Born−Oppenheimer static surface
(BOSS) approximation do not even reproduce experimental
trends for sticking in O2/Ag(100)

38 or O2/Al(111).
37 The

latter system is specially controversial because some
authors46,47 attribute this failure to an abrupt charge transfer
from the metal-to-oxygen molecule, whereas others37,48−50

attribute it to a triplet to singlet spin transition involving spin−
orbit couplings. In our case, the spin−orbit coupling is stronger
because the mass of Cu and Ru atoms are larger than that of
Al. In the case of O2/Cu(111), very recent calculations based
on the RPBE-DFT approach51 reveal the activated character of
the dissociation in agreement with experimental results.33 This
is in contrast with previous theoretical results based on the
PW91-DFT approach,11 which predicts nonactivated dissoci-
ation. Another issue to be considered is the effect of the energy
exchange between the molecule and the surface. This effect has
already been shown to play a relevant role in H2/surface
interactions,52 one would expect that, for a heavier molecule
like O2, it could play an even more important role.53,54

In this manuscript, we show that multidimensional classical
dynamics simulations, carried out on a DFT-based potential
energy surface (PES), reproduce reasonably well the
experimental results of ref 33, provided that energy dissipation
into the substrate phonons is taken into account during the
dynamics. Our simulations also allow us to understand the
physical mechanisms responsible for these experimental
observations.

2. THEORETICAL TOOLS
To carry out our dynamics study, we have worked within the
Born−Oppenheimer approximation. Thus, we have first
computed the continuous PES for O2/CuxML/Ru(0001) (x =

1,2) and O2/Cu(111). For this, we have applied the
corrugation reducing procedure55 to a set of DFT energy
data. The required DFT energy data have been computed
using the plane-wave based code VASP.56−59 We have worked
within the generalized gradient approximation framework
using the semi-local RPBE exchange−correlation functional,60

which was developed to improve the description of molecular
adsorption of O2, CO, and NO on metal surfaces provided, for
instance, by the PBE61 or PW9162 functional.
To simulate the infinite nature of the surfaces, we have

applied periodic boundary conditions in the x and y directions,
whereas in the z direction, we have considered a five-layer slab,
and a 12 Å vacuum region to avoid spurious interactions
between neighboring slabs. The equilibrium surface geometries
were obtained by allowing the three topmost layers to relax
until the forces were lower than 0.02 eV/atom, while the two
bottom layers were kept fixed at the calculated values of the
corresponding metal in bulk phase, that is 2.12 Å for Cu(111)
and 2.18 Å for Ru(0001) for the CuxML/Ru(0001) with x = 1
and 2.
The interaction energies of O2 with Cu1ML/Ru(0001) and

Cu(111) have been computed using a (3 × 3) unit cell and a
(7 × 7 × 1) Monkhorst−Pack63 grid of k-points. For O2/
Cu2ML/Ru(0001), a (16 3 )× unit cell and a (1 × 7 × 1)
Monkhorst−Pack grid of k-points has been used to properly
describe the experimentally observed reconstruction (see
section 3.3 for further details). The energy cut-off for the
plane wave expansion has been set to 450 eV and an electronic
smearing has been introduced according to the Methfessel and
Paxton scheme64 with N = 1 and σ = 0.01 eV in all cases.
To perform dynamics simulations accounting for surface

temperature effects, molecule-surface energy exchange, and
energy dissipation to the bulk, we have used the generalized
Langevin oscillators (GLO)65,66 model as previously imple-
mented by Busnengo et al.67 (see Figure 1 for a schematic

representation). In this approximation, to account for the
molecule-surface energy exchange, the surface is allowed to
oscillate as a 3D rigid oscillator of mass ms and coordinates Rs
= (Xs, Ys, Zs), ms being the mass of a surface atom in the
topmost layer. To introduce thermal fluctuations and energy
dissipation to the bulk, a virtual 3D oscillator of mass mv and
coordinates Us = (Ux, Uy, Uz), mv being the mass of a bulk
atom (bottom layer), is coupled to the surface oscillator. The
coupling matrix between these oscillators includes a random
force term and a damping term to simulate each of the

Figure 1. Schematic representation of the GLO model.
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aforementioned effects. Thus, applying the GLO method, the
equations of motions are given by

R
R R R Rm
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where R1,2 = (X1,2,Y1,2,Z1,2) and m1,2 represent the coordinates
and masses of the oxygen atoms, respectively. K̂s is the elastic
coupling of the surface oscillator to the (fixed) bulk, K̂v is the
coupling of the virtual oscillator, and K̂vs is the elastic coupling
among both oscillators. The virtual oscillator is affected by a
damping force characterized by the γK̂v matrix and a random
force represented by W(Δt). The equations of motion (1−3)
were integrated using the third order, fixed-step Beeman
method.68 In our set up, we considered the oscillators in the x
and y directions as isotropic, that is, with identical elastic
constants. The values of the parameters used were obtained by
allowing one surface and/or one subsurface atom to oscillate in
a given direction (x, y or z), fitting a harmonic potential and

calculating the elastic coupling constant as V
Ri

2

2
∂
∂

with i = x, y, z;

the calculated values are given in Table 1.

3. RESULTS AND DISCUSSION
3.1. O2/Cu(111). As already discussed in ref 51., a simple

scrutiny of our computed RPBE-PES already reveals that the
system is activatedin contrast with previous results based on
PW91-DFT calculations11with a minimum entrance barrier

of 0.097 eV. This minimum barrier is found for the bridge-90-0
configuration (see Figure 2a), in which the molecule lies
parallel to the surface, with its center of mass (CoM) over the
bridge site and the two O atoms pointing to top sites.
However, the high exit barrier (>1 eV) found for this
configuration will prevent molecular dissociation. When the
CoM of the molecule moves from the bridge site to the site
located halfway between bridge and the opposite top site (see
Figure 2c), the entrance barrier increases to 0.202 eV, but the
exit barrier disappears. Thus, to dissociate, the O2 molecule
should approach the surface parallel to it over the bridge site,
and later on it has to move quasi-parallel to the surface from
the bridge to the hollow sitethe reactive path is shown in
Figure 2d. Interestingly, as can be observed in Figure 2, once
the molecule overcomes the entrance-channel barrier, it
encounters a molecular chemisorption well varying from
−0.168 eV at the bridge-90-0 configuration (Figure 2a) to
−0.284 eV at the bridge-to-bridge configuration (Figure 2c).
The presence of these molecular wells plays a prominent role
in this system as we discuss below. Here, it is important to
point out that these are not chemisorption wells, but rather
saddle points. The global chemisorption minimum in full 6D is
found at the face-centered cubic (fcc)-90-30 configuration,
with a depth of −0.317 eV.
To further scrutinize the characteristics of this system, we

have carried out classical dynamics simulations. First, we
consider normal incidence within the BOSS framework, that is,
no energy exchange between the molecule and the surface is
allowed. In Figure 3a, we display the dissociative adsorption
probability, Pads, as a function of the incidence normal energy
(E⊥). We observe a threshold at 0.09 eV, which is compatible
with having an activated system. From this energy threshold,
the probability increases with E⊥ until it reaches a maximum of
0.38 at 0.2 eV. From this maximum, the probability decreases
monotonically with the energy. To understand this behavior,
we have performed a more detailed analysis of our classical
trajectories. From the 2D-PES cuts shown in Figure 2, we can
see the presence of reaction barriers in the entrance channel, Z
≈ 2.5 Å. Thus, the molecule has to overcome this barrier to
dissociate. From the analysis of the classical trajectories, we
have found that the number of molecules reaching Z < 2.5 Å
increases monotonically with E⊥. In fact, for E⊥ ≥ 0.2 eV, 100%
of the molecules overcome the barrier. A molecule that actually
dissociates can follow either a direct reaction path or an
indirect one. In the latter case, hereafter called dynamic

Table 1. Elastic Coupling Constants for Each Oscillator in
the GLO Modela

Ksx,y Ksz Kvx,y Ksz Kvsx,y Kvsz

Cu(111) 2.82 2.83 4.36 5.02 1.75 1.03
Cu1ML/Ru(0001) 2.67 3.64 11.8 11.6 0.67 1.15

aAll values are in 10−2 eV/Å2.

Figure 2. (a−c) 2D (r, ZCM) for O2/Cu(111) on bridge-90-0, fcc-90-0, and bridge-to-bridge configurations, respectively. The energy difference
between consecutive equipotential lines is ΔE = 0.1 eV; the red lines represent the 0 eV (reference energy level corresponding to the O2 molecules
and the surface in equilibrium and far from each other), whereas solid (dashed) lines correspond to positive (negative) potential energy values. The
blue line indicates the minimum-energy path for that configuration. (d) Energy profile along the minimum-energy path for the three configurations.
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trapping, the molecule may rebound many times on the surface
before finding a barrierless path and dissociate. To distinguish
between these two mechanisms, we have chosen five as the
number of rebounds that defines trapping. Figure 3a shows the
calculated direct and the trapping dissociation probabilities
according to this definition. One can see that direct
dissociation increases monotonically with incidence energy,
whereas the trapping dissociation shows the same non-
monotonic behavior found for the total dissociation. For E⊥
> 0.2 eV, the dissociation after trapping decreases when the
energy increases because the molecules find more easily
barrierless paths, whereas the number of molecules approach-
ing the surface remains constant. The combination of direct
and trapping dissociation explains the nonmonotonic behavior
found for the dissociative adsorption of O2 on Cu(111).
However, the simulated dissociation probability agrees poorly
with experimental sticking measurements.33

Digging deeper into the trapping mechanism, we have found
that, at the lower energies, all molecules trapped on the surface
end up dissociating because the same barriers that prevent the
molecules from approaching directly the surface prevent them
from escaping back to the vacuum after having overcome the
barrier. At higher energies, on the one hand, some of the
molecules trapped on the surface can escape to the vacuum
(are reflected). We investigate now if this mechanism remains
valid when we allow the molecule to exchange energy with the
surface. For this, we have run classical dynamics simulations
using the GLO method (see section 2). In Figure 3b,c, we
show the GLO sticking probabilities obtained for a surface
temperature Ts = 100 K and Ts = 350 K, respectively. In the
same Figures, we also display the contribution of the different
channels, namely, molecular adsorption, direct dissociation,
and dissociation after trapping. The most interesting feature in
these Figures is the presence of the molecular adsorption,
which does not exist when the surface remains frozen.
Remarkably, for the lower surface temperature (Figure 3b),
the sticking probability is governed by molecular adsorption
channel. In this case, after having overcome the barrier in the
entrance channel, the molecule transfers energy to the surface,
so that it does not have enough energy to overcome the barrier
located in the exit channel (see Figure 2). For higher Ts
(Figure 3c), on the other hand, the surface may transfer energy
to the molecule, so that trapped molecules may find a
barrierless path toward dissociation more easily, that is, they
may overcome the exit barriers toward dissociation more
easily, which explains why at Ts = 350 K the sticking curve is
dominated by dissociation after trapping, and that the trapping
dissociation curve decreases more slowly than in the case of
BOSS simulations (Figure 3a). Thus, our results indicate that

the molecule-surface energy exchange plays a key role in
understanding the reactivity of this system.
We note that in our simulations we assign trajectories to the

molecular adsorption if at the end of the integration time (80
ps), they have not dissociated or have not been scattered. To
ensure that these adsorbed molecules are, in fact, in a
molecular adsorption state, we have performed a detailed
analysis of their final states. In Figure 4, we display the XY, Z,
and θ distribution of the molecules assigned to the molecular
adsorption channel [(a), (b) and (d)], as well as, their final
energy (c). We show results for an incidence energy of 0.2 eV,
but similar results are found for other values. In this Figure, we
observe that adsorbed molecules lie mostly parallel to the
surface 70° < θ < 110° (Figure 4a), at a distance 1.5 Å < Z <
1.8 Å over the surface (Figure 4b), and with their CoM located
around the hollow sites (Figure 4d). Furthermore, their final
energy has been found to range between −0.3 and −0.22 eV
(Figure 4c), in very good agreement with the calculated depth
of the chemisorption well. All these characteristics are
compatible with the molecular adsorption states described
above (see Figure 2).

3.2. O2/Cu1ML/Ru(0001). We have carried out the same
analysis for O2 dissociation on a ML of Cu adsorbed on
Ru(0001). It has been found experimentally10,31 that the first
ML of Cu grows pseudomorphically on Ru(0001), that is, the
Cu ML is strained with respect to its equilibrium geometry in
Cu(111). Thus, strain and ligand effects11,14,69 could be
expected. In Figure 5, we show the 2D cuts, representing the
electronic interaction of O2 with Cu1MLRu(0001), for the same
configurations as in Figure 2. The main features of these 2D
cuts are very similar to those of the O2/Cu(111) PES (Figure
2). The minimum reaction barrier, located at the entrance
channel, is 0.026 eV for the bridge-90-0 configuration. In this
configuration we also observe a molecular chemisorption well
and a barrier of 0.675 eV in the exit channel. As in the case of
O2/Cu(111), to dissociate, the molecule has to move parallel
to the surface from the bridge-90-0 configuration to the bridge-
to-bridge one, after having overcome the first barrier (see
Figure 5c). The main differences between the O2/Cu(111)
and the O2/Cu1MLRu(0001) PESs are the height of the
entrance and exit barriers, and the depth of the chemisorption
wells. The minimum barrier for Cu1ML/Ru(0001) is 0.026 eV,
one-third of the value found for Cu(111). On the other hand,
the depth of the global chemisorption well, located in the fcc-
90-0 configuration, is −0.707 eV, that is, more than twice
larger than for O2/Cu(111).
As a consequence, the dynamical behavior of the O2/

Cu(111) and O2/Cu1MLRu(0001) systems is very similar
within the BOSS approximation. As Figure 6a shows, for the

Figure 3. O2 dissociation probability on Cu(111) as a function of the normal energy. Black circles: total dissociation probability; blue triangles:
direct dissociation; magenta triangles: dissociation after trapping. (a) Static surface approximations; (b,c) GLO approximation with surface
temperature 100 and 350 K, respectively. DD refers to direct dissociation, TD refers to dissociation after trapping, MA refers to molecular
adsorption, and Ads refers to adsorption.
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latter system, the dissociative adsorption probability exhibits a
more pronounced nonmonotonic behavior, but the same two
mechanisms contribute to it: direct dissociation, whose

probability increases monotonically with the energy, and
dynamic trapping, whose probability is responsible for the
nonmonotonic behavior. If we allow the molecule to exchange
energy with the surface (see Figure 6b,c), the total adsorption
probability increases and its nonmonotonic behavior softens
considerably, similarly to what we have found for Cu(111).
However, the role of the different mechanisms that lead to
molecular adsorption (sticking from the experimental point of
view) is rather different from that found in the case of O2 on
Cu(111). For Cu1ML/Ru(0001), molecular adsorption is only
noticeable at Ts = 100 K, in clear contrast with results obtained
for Cu(111), where molecular adsorption is also observed at
350 K. Furthermore, in the latter, surface molecular adsorption
is by far the dominant mechanism at Ts = 100 K, which is not
the case for the Cu1ML/Ru(0001). These differences are the
consequence of the different depths of the corresponding
chemisorption wells and the different barriers heights.
For the sake of completeness, Figure 7 shows an analysis of

the events labeled as molecular chemisorption. From Figure 7a,
we can see that chemisorbed molecules lie mostly parallel to
the surface (70° ≤ θ ≤ 110°) at a Z distance between 1.50 and
1.80 Å (Figure 7b). The final energy of these molecules, from
−0.68 to −0.54 eV (Figure 7c), agrees with the depth of the
calculated chemisorption well. Also in agreement with the
location of the chemisorption well, we have found that the
CoM of the molecule lies on the hollow sites (Figure 7d).

3.3. O2/Cu2ML/Ru(0001). We have also studied sticking
probabilities of O2 on two MLs of copper adsorbed on
ruthenium, Cu2ML/Ru(0001). Because of the complexity of
this system, our analysis is based only on electronic structure
results. According to Zajonz et al.10 when two ML of Cu are
deposited on Ru(0001), the surface undergoes a reconstruc-
tion, involving both Cu layers, which leads to a much larger
16 3× unit cell (see Figure 8). We can divide this unit cell
in three different regions, the fcc region in which the Cu atoms
are on fcc positions over the Ru surface, the hexagonal close-
packed (hcp) region with the Cu atoms on hcp positions, and
the dislocation regions that connect fcc and hcp regions (see
Figure 9). From Figure 9, we can see that the Cu−Cu nearest-
neighbor distance in the hcp region is close to that in Cu(111),
whereas in the fcc region the Cu−Cu distance is closer to the
Ru−Ru one. This complex unit cell makes the task of
computing a whole continuous PES unaffordable because of
the large size of the unit cell that should be used to
appropriately describe the interaction of the O2 with the

Figure 4. Final states of the trajectories labeled as molecular
adsorption (a) θf-distribution; (b) Zcm-distribution; (c) potential
energy distribution; and (d) position of the CoM in the xy-plane (red
circles) of O2 molecules at the end of the simulation for all trajectories
considered as molecular adsorption events. Brown circles represent
Cu atoms in the uppermost atomic layer.

Figure 5. (a−c) 2D (r, ZCM) for O2/Cu1ML/Ru(0001) on bridge-90-0, fcc-90-0, and bridge-to-bridge configurations, respectively. The energy
difference between consecutive equipotential lines is ΔE = 0.1 eV; the red lines represent the 0 eV (reference energy level corresponding to O2 and
the surface in equilibrium and far from each other), whereas solid (dashed) lines correspond to positive (negative) potential energy values. The
blue line indicates the minimum-energy path for that configuration. (d) Energy profile along the minimum-energy path for the three configurations.
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substrate. For this reason, we have only computed 2D cuts in
the regions of the configuration space where the minimum
energy barriers are expected to be locatedwe have assumed
that the minimum reaction barriers will be located in the same
regions as those in the O2/Cu1MLRu(0001) system.
In Figure 10a−c, we show the 2D cuts corresponding to the

fcc region. The shape of these cuts are very similar to the ones
obtained for Cu1ML/Ru(0001). The minimum barrier is only

slightly higher than the one computed for Cu1ML/Ru(0001).
As for Cu(111) and Cu1ML/Ru(0001), once the molecule has
overcome the minimum reaction barrier, a parallel displace-
ment of the molecule toward the hollow site is required to
allow for dissociation. The 2D cuts computed for the hcp and
dislocation regions are qualitatively similar to those computed
for the fcc region. A detailed analysis of the 2D cuts containing
the minimum reaction barriers in the three different regions
reveals a substantial increase of the barrier heights, from 0.030
eV in the fcc region to 0.070 eV in the hcp and dislocation
regions (see Figure 10d). Thus, the average minimum barrier
along the unit cell is estimated to be of the order of 0.05 eV.
From these results, we can make an estimation of the

adsorption probabilities by simply shifting the O2/Cu1ML/
Ru(0001) adsorption curve by an amount equal to the
difference between the minimum reaction barrier in O2/
Cu1ML/Ru(0001) and the average minimum reaction barrier in
O2/Cu2ML/Ru(0001) (see Figure 11).

3.4. Comparison with Experiment. The validity of our
theoretical approach and the subsequent analysis is supported

Figure 6. O2 dissociation probability on Cu1MLRu(0001) as a function of the normal energy. Black circles: total dissociation probability; blue
triangles: direct dissociation; magenta triangles: dissociation after trapping. (a) SSA; (b) and (c) GLO approximation with surface temperature 100
and 350 K, respectively. DD refers to direct dissociation, TD refers to dissociation after trapping, MA refers to molecular adsorption, and Ads refers
to adsorption.

Figure 7. Final states of the trajectories labeled as molecular
adsorption (a) potential energy distribution; (b) θf-distribution; (c)
Zcm-distribution; and (d) position of the CoM in the xy-plane (red
circles) of O2 molecules at the end of the simulation for all trajectories
considered as molecular adsorption events. Brown circles represent
Cu atoms in the uppermost atomic layer.

Figure 8. Upper and side views of the 16 3× unit cell used for
Cu2ML/Ru(0001) slab. Brown (silver) balls represent Cu (Ru) atoms.

Figure 9. Average nearest-neighbor distance for each Cu atom located
in the first atomic layer. Green (blue) line indicates the NN distance
in Ru(0001) [Cu(111)] surface.
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by comparison with available experimental data for the three
systems investigated in this work. In Figure 11, we compare the
measured sticking probabilities33 with our theoretical results.
In qualitative agreement with experiment, our simulations for
O2Cu1ML/Ru(0001) and O2Cu2ML/Ru(0001) show that at low
incidence energies (E⊥ < 0.2 eV) the sticking probability
curves increase steeply, the latter being shifted toward higher
incidence energies with respect to the former. At high
incidence energies (E⊥ ≥ 0.2 eV) both systems exhibit similar
sticking probabilities, which barely change with E⊥. The
qualitative agreement with experiment further supports our
theoretical analysis according to which molecular dissociation
and molecular adsorption coexist and are both responsible for
the sticking probability at low surface temperature. In the case
of O2/Cu(111), an increasing behavior of the sticking
probability is observed, in agreement with the experimental
results. The co-existence of atomic and molecular oxygen, has
been previously observed in experiments performed on other
metal surfaces, such as Ag(110),70−75 Pt(111),72,76−78

Pd(111),79−81 Cu(111),82,83 and Cu(110).84 Our simulations
also agree with sticking probabilities inferred from STM
techniques,31 which show a swift decrease of the sticking
probability with the number of Cu MLs at thermal energies. In
this case, a direct comparison between our simulations and
those STM measurements would require the knowledge of the
Boltzmann distributions associated with these specific experi-
ments, which are not available in the literature.
Finally, aiming at disentangling the role of ligand and strain

effects in the reactivity of O2 on CuxML/Ru(0001), we have
compared the minimum reaction barrier for 1, 2, and 3 Cu

MLs adsorbed on Ru(0001) with the one for Cu(111), and
with the reaction barrier obtained for a fictitious Cu(111) with
a lattice parameter equal to the Ru lattice, that is, an expanded
Cu(111). We note that the minimum barrier for 2ML and
3ML has been obtained by assuming pseudomorphic growth.
From Figure 12, we can see that the barriers for 2ML, 3ML,

and the extended Cu(111) are very similar, higher than the
barrier for 1ML and noticeable smaller than the barrier for
Cu(111). This result suggests that the change of reactivity
found experimentally is purely due to a strain effect for a
number of MLs ≥ 2, whereas in the case of 1ML, both strain
and ligand effects play a relevant role.

4. CONCLUSIONS
We have computed six-dimensional PESs for O2/Cu(111) and
O2/Cu1ML/Ru(0001) showing that these systems are activated,
contrary to previous calculations but in agreement with
experimental measurements. Our analysis of these PESs
shows that the minimum-energy reaction path is rather
complex. To dissociate, the molecule has to approach parallel,
or almost parallel, to a bridge site of the surface, and
subsequently it has to move from the bridge to a hollow site.
Classical dynamics simulations using these PESs show that
inclusion of energy exchange between the molecule and the
surface is essential to qualitatively reproduce the behavior of
the sticking probability found experimentally, and therefore to
analyze the physical mechanisms behind this behavior. Our
analysis reveals that although both PESs present a
chemisorption well, the role of this well in the dynamics is
rather different. Although for O2/Cu(111) sticking due to the

Figure 10. (a−c) p2D (r, ZCM) for O2/Cu2ML/Ru(0001) on bridge-90-0, fcc-90-0, and bridge-to-bridge configurations, respectively. The energy
difference between consecutive equipotential lines is ΔE = 0.1 eV; the red lines represent the 0 eV (reference energy level corresponding to O2 and
the surface in equilibrium and far from each other), whereas solid (dashed) lines correspond to positive (negative) potential energy values. The
blue line indicates the minimum-energy path for that configuration. (d) Energy barrier in the entrance channel for the O2 molecule approaching the
surface in the different regions of the unit cell when the molecule is in its equilibrium distance and the internuclear vector is parallel to the surface.

Figure 11. Sticking probability as a function of the perpendicular
incidence energy. Solid line: theoretical simulations; symbols:
experimental results from ref 33. (dotted lines are to guide the eyes).

Figure 12. Minimum reaction barrier as a function of Cu MLs.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b04354
J. Phys. Chem. C XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acs.jpcc.8b04354


molecular adsorption channel plays a significant role and is
dominant at low surface temperature, for O2/Cu1MLRu(0001)
this channel plays a minor role and is only perceptible at low
surface temperature and low incidence energy. For this latter
system molecular dissociation (mostly dissociation after
trapping) is the dominant mechanism of sticking. Finally, our
analysis of the minimum reaction barrier as a function of the
number of Cu MLs, in comparison with a fictitious Cu(111)
with an expanded lattice parameter equal to the Ru(0001)
lattice reveals that effects due to the binding of Cu to the Ru
substrate are only relevant for Cu1ML/Ru(0001), whereas strain
effects dominate for Cu(x≥2)ML/Ru(0001).
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