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The dissociative adsorption of molecular hydrogen on Pd,Ru,_,/
Ru(0001) (0 < x < 1) has been investigated by means of He atom
scattering, Density Functional Theory and quasi-classical trajectory
calculations. Regardless of their surroundings, Pd atoms in the
alloy are always less reactive than Ru ones. However, the reactivity
of Ru atoms is enhanced by the presence of nearest neighbor Pd
atoms. This environment-dependent reactivity of the Ru atoms in
the alloy provides a sound explanation for the striking step-like
dependence of the initial reactive sticking probability as a function
of the Pd concentration observed in experiments. Moreover, we
show that these environment-dependent effects on the reactivity
of H on single atoms allow one to get around the usual constraint
imposed by the Brensted-Evans—Polanyi relationship between the
reaction barrier and chemisorption energy.

Bimetallic surface alloys offer great flexibility to design interfaces
with specific properties, which explains the great deal of attention
they have attracted during the last years.'™* Through the use of
physical vapor deposition at different surface temperatures
and/or selecting adequate annealing conditions, it is possible
to control the amount of ad-atoms deposited on a host surface,
as well as their location and surroundings.”® This opens the
door to unprecedented investigations on the reactivity of iso-
lated atoms and/or small aggregates of a catalytic species,”
which will help filling the gap between real-world surfaces and
the ideal single-component ones usually considered in surface
science studies."
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Pd,Ru; _,/Ru(0001) (0 < x < 1) are surface alloys of particular
interest (here x = 0 and x = 1 correspond to pure Ru(0001) and
Pdy; /Ru(0001) respectively). Thanks to the pseudomorphic
growth of Pd on Ru(0001) in a wide range of temperatures, in
the submonolayer regime it is possible to achieve precise control
of the Pd coverage using He atom scattering (HAS)'* (see Fig. S1
in the ESIT) and scanning tunneling microscopy (STM).” Flash
annealing to ~1100 K gives rise to a single-layer PdRu alloy
characterized by phase separation into 2D Pd and Ru islands and
well defined Pd/Ru relative contents.” Whereas for a wide range
of intermediate Pd concentrations (0.15 < x < 0.85) Ru- and
Pd-aggregates of various different sizes coexist, for Ru-rich
(Pd-rich) alloys almost all the Pd (Ru) atoms are isolated, i.e.
fully surrounded by Ru (Pd) atoms.

For Pd,Ru; ,/Ru(0001) alloys with x increasing from 0 to 1
the D, desorption temperature, Tq.s, Smoothly decreases from
~400 K to ~250 K, which corresponds to a decrease of the
atomic hydrogen binding energy from ~0.52 eV to ~0.31 eV."*
In contrast, the initial reactive sticking coefficient, s,, of D,
molecules at room temperature (RT) on Pd,Ru; ,/Ru(0001)
remains constant for a wide range of Pd concentrations (for
0 < x < 0.9), and suddenly decreases when Pd covers almost
completely the Ru(0001) substrate (see Fig. 1a). This step-like
dependence was first observed by Hartmann and co-workers
who determined s, by computing the derivative of the measured
D-coverage vs. Dy-exposure curve in the limit of zero exposure for
alloys with various Pd concentrations.” The HAS technique allows
us to determine not only the amount of deposited Pd with a daily
precision of ca. 1% but also relative values of s, that is proportional
to the initial slope of the deposition curve.'® Thus, using a HAS
experimental set-up,'* we have investigated the reactivity of H, on
Pd,Ru; ,/Ru(0001) by monitoring the specularly reflected He
beam intensity while exposing the sample to a H, background
pressure (see Fig. 1b). As we can see in Fig. 1b, essentially the same
deposition curve is obtained for both Pd,gsRugs/Ru(0001) and
Ru(0001). In contrast, in the case of Pdyy /Ru(0001) the slope of the
deposition curve is smaller by a factor of ~4, which is compatible
with the step-like behavior of s, as a function of x reported in ref. 7.
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Fig. 1 (a) Sticking probability, so (black), and desorption temperature, Tyes (red),
as a function of the Pd fraction for molecular hydrogen interacting with
PdyRu_,/Ru(0001). Full symbols: experimental data taken from ref. 7, open
symbols: theoretical results for H, (present work). The arrows indicate the y-axis
corresponding to sq (left) and Tq4es (right), and the lines are guides for the eye.
(b) Intensity of the He specular peak as a function of time during exposition of
Ru(0001), Pdg 95RUg 05/Ru(0001), and Pdy, /Ru(0001) to H, background pressure
(present work). The surface alloy Pdg gsRug os/Ru(0001) was annealed to 1150 K
before recording the data at 120 K. The arrow indicates the beginning of the H,
dosing.

Previous Density Functional Theory (DFT) and quasi-classical
trajectory (QCT) calculations have anticipated a very small reactivity
of Pdyg/Ru(0001) (x = 1) under exposure to low energy molecular
hydrogen, which is due to an activation energy barrier of ~0.2 eV,
i.e. one order of magnitude larger than on Ru(0001) (x = 0).""*° Due
to both strain and electronic ligand effects, in Pdyy/Ru(0001) Pd
atoms lose their natural high capacity to spontaneously dissociate
H,.® Therefore, the progressive replacement of Ru atoms by the
less reactive Pd ones is expected to entail a progressive decrease
of s,. Moreover, if we take into account the general Brgnsted-
Evans-Polanyi (BEP) linear relationship between the activation
energy for dissociation and the dissociative chemisorption
energy,”®*" and the measured smooth decrease of the atomic
hydrogen binding energy with increasing x, a similar smooth
decrease of s, is expected instead of the step-like behavior
observed in experiments.

In this paper we show that this striking dependence can
be explained in terms of a subtle environment-dependent
reactivity of Ru atoms in the Pd,Ru; _,/Ru(0001) alloys. Whereas
the Pd atoms in these alloys are themselves unreactive, they
turn their nearest neighbor (NN) Ru atoms more reactive than
in pure Ru(0001). Thus, for instance, a relatively small fraction
of isolated Ru atoms in a Pd-rich alloy (e.g. x ~ 0.95) provokes a
global reactivity much higher than that of the full Pd overlayer
(x =1) and similar to that of pure Ru(0001) (x = 0). On the other
hand, for low and intermediate Pd concentrations, an increase
in the fraction of unreactive Pd atoms is compensated by the
increased reactivity they induce in their NN Ru atoms.

We have performed DFT calculations using the Vienna
ab initio Simulation Package (VASP)*>>* which makes use of a
plane-wave basis set to represent the Kohn-Sham orbitals. We
have used the projector augmented-wave method>’ to describe
the interaction of the valence electrons with the atomic cores,
and the Perdew-Burke-Ernzerhof (PBE)*® exchange-correlation
functional. The energy cutoff employed was 400 eV and electronic
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Fig. 2 Potential energy along four 2D(r,Zcym) Ha DPs as a function of Zey: (a) and
(d) PdgggRug11/Ru(0001), (b) Pdp/Ru(0001), and (c) Ru(0001) surfaces. The
molecular configurations for which each DP has been computed are depicted
in the panels on the right, where orange (grey) circles represent Ru (Pd) atoms.

smearing was introduced following the Methfessel and Paxton
approach®” with N = 1 and ¢ = 0.2. This setup gives lattice
parameters of Ru bulk (a = 2.71 A and ¢ = 4.28 A) in excellent
agreement with the experimental ones (a®*P = 2.70 A and ¢ =
4.28 A).?® The surface alloy Pd,Ru;_,/Ru(0001) (0 < x < 1) was
represented by a five-layer slab separated from its periodic
images by a 16 A width vacuum region. The two bottom layers
of the slab were kept fixed at the theoretical bulk distance
between consecutive (0001) planes of Ru, dygo, = ¢/2, whereas
the positions of the remaining atoms were fully optimized
(in the absence of hydrogen). All the DFT calculations were
carried out for a 3 x 3 unit cell using a 7 x 7 x 1 I'-centered
k-points grid.

In Fig. 2 we show four dissociation pathways (DPs) for:
H,/Pd goRu 11/Ru(0001) (a) and (d), H,/Pdyy/Ru(0001) (b),
and H,/Ru(0001) (c). These pathways have been computed
within 2D(r,Zcy) cuts of the potential energy surfaces (PES),
with r and Zgy being the H-H distance and the height of the
molecular center of the mass above the surface respectively. In
all the cases considered in Fig. 2 the molecule is parallel to the
surface, its center of mass is placed on top of a Pd atom (panels
a and b) and on top of a Ru atom (panels c and d), and the H-H
bond points to nearest hollow-fcc and hollow-hcp sites. In what
follows, such molecular configurations will be referred to as
fce-topPd-hep and fee-topRu-hep respectively.

In agreement with DFT-PW91*° results reported previously
for H,/Ru(0001)"” and H,/Pdy;/Ru(0001),” the present DFT-PBE
calculations predict that H, dissociation on both surfaces is an
activated process. In the former case, the minimum activation
energy barrier is ~0.015 eV and is located early in the entrance
channel Zcy; ~ 3 A (see curve (c) in Fig. 2) whereas in the latter case
the minimum activation energy barrier (found for fcc-bridge-hep
configurations) is ~0.2 eV.” In contrast, isolated Ru atoms in the
Pd-rich surface alloy Pd,goRuy11/Ru(0001) offer a non-activated
dissociation pathway for impinging H, molecules, see Fig. 2(d).
For the Pd,Ru,_,/Ru(0001) alloys with different Pd concentrations
investigated (x = 0, 0.11, 0.22, 0.78, 0.89, and 1), we have found that
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the most stable sites for atomic hydrogen chemisorption (after
molecular dissociation) are always (threefold) hollow-fcc. In
addition, hydrogen atoms always prefer adsorption in the local
environment with the largest number of Ru atoms around
them. This trend is likely to be connected with the small but
systematic up-shift of the center of the d-band projected on
topmost-layer Ru atoms when the number of NN Pd atoms
increases (see the ESIT for further details).

Interestingly, the DPs for the fec-topPd-hcep configuration on
both Pd, ggRuy 11/Ru(0001) and Pdy /Ru(0001) are very similar
to each other, and despite the relatively large activation energy
barrier (~0.40 eV), low energy molecules can approach the surface
(down to Zcy ~ 2 A) without experiencing any repulsion (curves
(a) and (b) in Fig. 2). The DPs obtained for the fec-bridgePdPd-hcp
configuration (i.e. with the molecular center of mass on a
bridge site between NN Pd atoms and the H-H bond pointing
to the closest fcc and hcp sites, not shown) on Pdg goRug 11/
Ru(0001) and Pdy; /Ru(0001) are also similar to each other. This
is a consequence of the strongly localized character of the
perturbation introduced by isolated Ru atoms into the Pd
monolayer. This perturbation can be properly accounted for
by the attractive pairwise Ru-H potential, Vg,.y, shown in
Fig. 3(a). Accordingly, for Pd-rich surface alloys (x 2> 0.85) the
6D-PES of H,/Pd,Ru;_,/Ru(0001), Vip, can be approximated as:

ey

where Vip' is the 6D-PES of H,/Pdy;/Ru(0001) described in
ref. 30, R;; is the distance between the jth atom of the molecule
(j = 1,2) and the ith Ru atom, and the sum is over all the Ru
atoms in the outermost surface layer. The accuracy of this
model is illustrated in Fig. 3(b-d) where we compare the values

Vep =Vep' + Z Veu-t (Ri1) + Vru-n(Ri2),
7
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Fig. 3 (a) Ru-H pairwise potential, Vg, (see text). (b—-d) Comparison of the
results obtained for the potential energy along various 2D(r,Zcy) Hz DPs. Solid
lines: model potential V§p for x = 0.89; full circles: DFT data. The molecular
configurations (parallel to the surface) are illustrated in the insets, where orange
(grey) circles represent Ru (Pd) atoms.
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Fig. 4 Results for Ho(v = 0, J = 0) initial sticking probability, so, on Pd,Ru_,/
Ru(0001) for x = 0.96 and x = 1, as a function of the molecular impact energy, £;,
at normal incidence.

of Vip-® obtained using eqn (1) with DFT data along the DPs
for the configurations depicted in the insets. In particular,
eqn (1) properly accounts for the existence of non-activated
DPs on top of Ru atoms for Pd, goRu, 11/Ru(0001) as well as the
short-range influence of these Ru atoms.

At high Pd concentrations (x 2 0.85), Ru atoms in the PARu
surface alloy are far away from each other.” This allowed us to
use Vip (eqn (1)) in QCT calculations®" of s, for H, and D, on
Pd,Ru; ,/Ru(0001) with 0.83 < x < 1. We have computed s, as
a function of the molecular impact energy, E; for normal
incidence, and initial rovibrational states v = 0, J = 0,1,2,3.
We have considered Pd-rich surface alloy structures with only
one outermost layer Ru atom per 2 x 3 and n x n unit cells
(with n 3,4,5,6,7) using periodic boundary conditions.
We have assumed that surface atoms remain frozen in their
equilibrium positions during the dynamics (i.e. static surface
approximation), and for each (E;, J) initial condition we have
integrated 5000 trajectories. The results obtained for H,(v = 0,
J = 0)/Pdyo6Rug 04/Ru(0001) are compared with those for
Hy(v = 0, J = 0)/Pdp/Ru(0001) (x = 1) in Fig. 4.>*> For E; >
0.15 eV, the s, values obtained for the two systems are very
similar to each other: s§ >°® ~ s§ ' + 0.03. The monotonously
increasing dependence of sy(E;) is a consequence of direct
dissociation on both surfaces, and the 0.03 difference found
is consistent with the 4% of active Ru atoms in the outermost
layer of the alloy. Below E; ~ 0.12 eV, s§ ' is equal to zero®® in
stark contrast with the case of H,/Pdg¢¢RUg 04/RU(0001). For
E; < 0.1 eV, sy >° increases when E; decreases and reaches
~0.2 for E; ~ 0. This initial negative slope of s3 *°%(E;) is a
typical fingerprint of an indirect dissociation mechanism
usually called dynamic trapping.** Trapped molecules can
explore the surface for a while which increases the probability
of finding the Ru active sites. Thus, for low energy molecules a
small fraction of Ru atoms drastically enhances the reactivity of
the Pd,Ru;_,/Ru(0001) surface alloys with respect to the full Pd
monolayer.

For a direct comparison with experiments we have also
computed the reactive initial sticking probability averaged over
E; and various possible J initial states according to a gas of
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hydrogen molecules at RT. These RT-averaged results for H, are
shown in Fig. 1a (open squares).*® In spite of a small shift down
in x and a slightly larger (negative) slope of the theoretical
results, the agreement with experiments is excellent. The sharp
experimental decrease of s, observed for x ~ 1 is nicely
reproduced by our QCT calculations.

We now turn our attention to the region of low Pd concentra-
tions, where s, is nearly independent of x. To understand this
behavior, we have carried out DFT calculations for H,/Pd, 1:Rug go/
Ru(0001) and H,/Pdy»,Rug ,5/Ru(0001) considering isolated
Pd atoms and Pd dimers respectively. Similarly to the case of
Pdy;/Ru(0001),” we have found that Pd atoms surrounded by
Ru atoms are quite inert: e.g. the activation energy barrier for
H, dissociation on Pd, ;;Ru go/Ru(0001) for the fee-topPd-hep
configuration is ~0.23 eV (see Fig. S5 in the ESIT). Interest-
ingly, Fig. 5 also shows that the early ~0.015 eV activation
energy barrier found for the fcc-topRu-hep configuration on
pure Ru(0001) (curve (a)) decreases and eventually disappears
(in the alloys) on Ru atoms NN of Pd atoms. A reasonable
estimation of RT-averaged values of s, for 0 < x < 0.15 can be
obtained by summing the contribution to sy(E;) of hexagonal
regions centered on each surface atom.>® In contrast to the case
of Pd-rich alloys, the use of this simple method is justified for
Ru-rich alloys because only direct dissociation events are
expected. The contribution of regions centered on Pd atoms
can be safely neglected because of the low reactivity of Pd
atoms, whereas the contribution of hexagons centered on Ru
atoms surrounded only by Ru atoms can be taken equal to the
sticking curve of H, on pure Ru(0001), s °(E,)."”*” The con-
tribution of hexagons centered on Ru atoms NN of a Pd atom
(Runy) can be taken as s§ °(E; + 8 meV) since, as shown in Fig. 5,
the early activation barrier for H, dissociation on top of them is
8 meV lower than on top of Ru atoms in pure Ru(0001) (see the
ESIf for further details). The RT-averaged s, values obtained
in this way are shown in Fig. 1a. The computed initial slope,
dso/dx, is relatively small (positive) and consistent with the
experimental one.” It is important to note that the difference
between the s, values obtained for x = 0 and x = 0.14 is similar

Zoy A

CM

Fig. 5 Minimum energy DPs for molecular hydrogen interacting with: (a) pure
Ru(0001), (b) Pdg.11RuUgg9/RU(0001), and (c) and (d) Pdg 22Rug78/Ru(0001). The
molecular configurations (parallel to the surface) are illustrated in the insets,
where orange (grey) circles represent Ru (Pd) atoms.
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to the typical error bars of the measured data. We thus
conclude that for Ru-rich alloys the passivation due to isolated
Pd atoms is slightly overcompensated by the increased reactivity
of their NN Ru atoms.

The previous analysis of the reactivity of Ru- and Pd-rich
surface alloys provides a sound explanation for the intriguing
behavior of s, observed in the limit cases x < 0.15 and x >
0.85 respectively. For intermediate Pd (or Ru) concentrations
(e.g. x ~ 0.5), Pd and Ru aggregates of different sizes coexist in
Pd,Ru; _,/Ru(0001).” On the one hand, large Ru aggregates, in
which most atoms are as reactive as in pure Ru(0001), must
contribute to a global surface reactivity close to that of Ru(0001).
On the other hand, large Pd aggregates made of barely reactive
Pd atoms (like in the full Pd monolayer) are inert but favor
dissociative adsorption on the activated Ru atoms placed in the
boundary between Pd and Ru aggregates. Though a precise
evaluation of s, in this case is extremely involved, it is likely that
the latter opposite effects cancel each other leading to a s, value
close to that of H,/Ru(0001) as observed in the experiments.

To summarize, we have shown that the environment depen-
dent reactivity of Ru atoms in Pd,Ru; ,/Ru(0001) is responsible
for the peculiar step-like dependence of the reactive sticking
probability of molecular hydrogen as a function of the Pd
concentration. In contrast with pure Pd surfaces, Pd atoms
are highly unreactive due to both strain and ligand electronic
effects. However, Ru atoms surrounded by Pd atoms become
more reactive than in pure Ru(0001). For Pd-rich surface alloys,
the high reactivity of isolated Ru atoms together with dynamic
trapping of low energy molecules first encountering non-
reactive Pd patches gives rise to a global reactivity that sharply
decreases in a small range of Pd concentration, 0.9 2 x < 1.In
the case of surface alloys with higher Ru contents, the existence
of larger Ru aggregates makes them more similar to pure
Ru(0001). In addition, the passivating effect of Pd atoms is
compensated by the fact that they turn their nearest neighbor
Ru atoms more active (in terms of activation barriers for H,
dissociation) than in the case of pure Ru(0001). Then, in stark
contrast with the H chemisorption energy, the global surface
alloy reactivity for H, dissociation barely depends on the Pd
concentration. Thus, environment-dependent effects on the
reactivity of H, on single atoms allow one to get around the
constraints that are behind the widely used Brgnsted-Evans-
Polanyi relationship, which entails the simultaneous decrease
of activation barriers (in favor of a given elementary catalytic
step) and the increase of the products’ bond strengths (to
detriment of the forthcoming elementary catalytic steps). This
highlights the huge potentiality of bimetallic surface alloys for
the design of more efficient catalysts.
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