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The adsorption of atomic and molecular oxygen on bimetallic Pt/Ru overlayer systems has been
studied by periodic density functional theory calculations. A strong interaction between the Pt
and the Ru layers is found resulting in a hcp stacking for the first Pt layer on Ru. The chemical
properties of the Pt/Ru overlayers are beyond those of the single constituents Pt and Ru. Both the
compression of the Pt overlayers as well as the strong direct interaction between Pt and Ru, which
reaches up to the second Pt layer, reduce the atomic and molecular oxygen adsorption energies
compared to pure Pt and Ru surfaces. Although the influence of the electrolyte and any external
electric field are neglected, the results should still be relevant in the electrochemical context. The
consequences of the theoretical findings for the oxygen reduction reaction in electrocatalysis are
discussed.
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I.

INTRODUCTION

Modifying the catalytic or electrocatalytic properties
of a surface by systematically altering its electronic structure is an intriguing and fascinating idea. One way to
achieve this goal is the application of external strain on
the substrate [1–5]. Compressing or expanding any metal
substrate changes the overlap of the atomic orbitals and
thus consequently increases or decreases the width of the
electronic bands. The effect of a lattice expansion on
the d-band density of states of a transition metal such
as ruthenium with a more than half-filled band is the
following: Expanding the lattice to a larger lattice constant leads to less overlap and thus a narrowing of the
d-band. This in turn causes an up-shift of the center of
the d states in order to preserve the degree of d-band
filling [2, 6]. The energetic position of the d-band center shifts closer to the Fermi level resulting in a larger
reactivity according to the d-band model [7–9]. The reverse is true for compressed lattices: Compression causes
a down-shift and thus a lower reactivity.
Experimentally, however, the application of external
strain on a large scale is difficult. Metals easily form dislocations, and significant deformations are thus not possible. Nevertheless, it was shown experimentally [1, 10]
that oxygen adsorption on Ru(0001) preferentially occurs on local areas with expanded lattices, whereas compressed lattice areas are depleted. In these experiments,
the Ru surface layers were strained locally by argon implementation into subsurface cavities: At their rim, the
lattice was compressed, whereas it was expanded at their
top. Although these experiments proved the concept to
be right, it does not allow for a quantitative assessment
of the effect as the strain is only applied locally in a nonuniform way.
To achieve a macroscopic, uniformly strained surface,
another approach has to be used: Growing a metal film
pseudomorphically on top of a different metal substrate,
it is possible to obtain overlayers compressed or expanded

to the lattice constant of the underlying substrate. At
some point, however, the strained layers will relax and
continue to grow at their own lattice constant. Furthermore, the reactivity of the overlayers will not only be
determined by the induced strain, but also by the electronic interaction of the overlayers with the underlying
substrate. Of course, the thicker the overlayer is, the
weaker will be the consequences of this interaction on
the chemical properties of the overlayer system.
Pseudomorphic bimetallic overlayer systems have indeed recently attracted a lot of attention since they allow
a systematic investigation of the relationship between the
surface structure and composition and its chemical and
catalytic properties [6, 11–23]. These studies have shown
that the chemical and electrochemical properties of the
bimetallic overlayer systems can significantly differ from
those of the pure substrates.
In this paper, we examine the properties of the
Pt/Ru(0001) overlayer system by performing periodic
density functional theory (DFT) calculations. As shown
experimentally , platinum overlayers deposited on a
Ru(0001) grow pseudomorphically [12, 23–26], even up
to a film thickness of 4 layers [12]. Compared to its own
lattice constant, the platinum overlayers are compressed
by 2.5% to adapt to the ruthenium lattice constant. This
heteroepitaxial metal layer system thus allows for a discrimination between pure strain effects and effects due
to a residual interaction with the underlying substrate.
It has recently been shown that both the compression of
the pseudomorphic Pt layers as well as the strong PtRu interaction lead to reduced adsorption energies for
CO [12, 27] and hydrogen [23].
In this study, we address the interaction of atomic and
molecular oxygen with pseudomorphic Pt/Ru overlayers
motivated by corresponding experiments [28]. This system is of particular interest since PtRu is regarded as
a promising electrode material for the cathodic oxygen
reduction reaction (ORR) [29]. In our calculations, the
oxygen adsorption energies on Pt/Ru overlayers are de-
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termined for the solid-vacuum interface so that the effects
of the electrolyte and any external electric field are entirely neglected. However, the presence of an electrolyte
such as water has only a weak influence on the binding energies in specific adsorption [30, 31]. Furthermore, theoretical predictions for the reactivity of bimetallic overlayers systems obtained at the solid-vacuum interface have
recently been fully confirmed in an experimental electrochemical study [21]. Hence the results presented here
will also be relevant for the electrochemical solid-liquid
interface.
This paper is structured as follows. We will first discuss the pseudomorphic structure of the Pt/Ru overlayer
system with up to five deposited layers of Pt, and then we
will show how atomic and molecular oxygen adsorption
is affected and modified by the film thickness. Finally we
discuss the consequences of our findings for the oxygen
reduction reaction on Pt/Ru overlayers.

II.

COMPUTATIONAL DETAILS

All calculations reported in this article were performed
using the Vienna ab initio simulation package (VASP)
[32, 33] with the exchange-correlation effects treated
within the so-called PW91 generalized gradient approximation (GGA) [34]. Where appropriate, the spin polarization has been included. The ionic cores are described
by projector augmented wave (PAW) pseudopotentials
[35, 36], with projections done in real space. The surface
itself was modeled using supercells [37]. The Ru(0001)
substrate was always represented by a four layer thick
slab. On top of this substrate, one to five overlayers of
laterally compressed Pt were considered (see Fig. 1). Denoting the number of grown Pt layers by n, we indicate
the film thickness by nPt/Ru(0001) in our notation. For
comparison, all adsorption calculations were also done
on two four-layer slabs of platinum, one of which was
unstrained with its computed nearest neighbor distance
of bulk Pt, whereas the other was compressed horizontally to match the computed nearest neighbor distance of
bulk Ru. The latter slab thus served as a model for an infinitely thick stack of laterally compressed Pt overlayers.
Calculations using this compressed slab will be denoted
as “Pt(111)@Ru”. The separating vacuum region was
chosen to be 12 Å and kept constant. The supercell size
in the z direction perpendicular to the surface thus varied
between 18.5 and 30.4 Å.
The Brillouin zone of the p(1 × 1) slab was sampled using a Γ-centered Monkhorst-Pack mesh of 12 × 12 × 1 k
points [38], together with a first-order Methfessel-Paxton
smearing [39] of width σ = 0.2 eV. Reported total energies are extrapolated to σ → 0 eV. The valence states
were expanded in a basis of plane waves with kinetic energies below 290 eV. For adsorption calculations using
a p(2 × 2) surface unit cell, a Monkhorst-Pack mesh of
4 × 4 × 1 k points and, due to the harder oxygen core,
a higher energy cut-off of 400 eV were necessary to ob-

tain converged total energies. Geometrical relaxations
were carried out using the Hellman-Feynman forces and
a conjugate-gradient minimization scheme. In all calculations, the two bottom Ru or Pt layers were kept fixed
at their truncated bulk positions whereas all other layers were relaxed such that the forces on each atom were
below 0.02 eV/Å.
Lattice constants for both bulk platinum and ruthenium were obtained by fitting the Murnaghan equation
of state [41, 42] to the computed total energies at several
different lattice parameters. For the hexagonal lattice of
ruthenium, both lattice parameters a and c would need
to be optimized. However, as a previous VASP study [43]
showed that the c/a ratio obtained by a full optimization
using the GGA functional is c/a = 1.58, we kept the c/a
ratio fixed to the experimental value of c/a = 1.582. The
theoretical Ru nearest neighbor distance was then determined to be 2.73 Å, a bit larger (1.1%) than the experimental value (see Table I). For Pt, a lattice constant of
3.99 Å was calculated in comparison to a slightly smaller
(1.8%) experimental value of 3.92 Å. The in-plane PtPt nearest neighbor distance of an unstrained Pt(111)
slab is thus 2.82 Å. Both determined lattice constants
are within the expected accuracy of the GGA exchangecorrelation functional. Due to the different absolute deviations, the lattice mismatch of the theoretically computed lattice constants amounts to 3.2%, whereas the
experimental lattice mismatch is only 2.6%. The effect
of compressing the platinum layer to match the ruthenium lattice might thus be slightly overestimated within
the GGA approximation.

III.

RESULTS AND DISCUSSION
A.

PtRu stacking

When pseudomorphically growing a platinum overlayer
on Ru(0001), the platinum atoms of the first overlayer
can be either adsorbed in fcc hollow or hcp hollow positions. To determine the correct layer stacking with the
lowest energy, all possible permutations for adsorption of
each additional platinum overlayer were computed. Referring to the top two Ru layers as AB as denoted in

TABLE I: Bulk properties of Pt and Ru as determined selfconsistently by GGA-PAW calculations. Experimental data
is taken from [40]. The c/a ratio of ruthenium was fixed to
the experimental value.

Ru
GGA-PAW
Exp.

a [Å]
2.73
2.70

c/a
1.582

a [Å]
3.99
3.92

Pt
B0 [GPa]
231
230

3

FIG. 1: Stacking sequence of pseudomorphic platinum overlayers on Ru(0001). The first platinum layer (layer no. 5)
continues the hexagonally close-packed structure of ruthenium (sequence AB). Beginning with the sixth layer, platinum starts to grow in its face-centered cubic structure (ABC
sequence). Reported layer spacings refer to the layer numbers
shown in the illustration.

Fig. 1, with the top layer being A, epitaxial growth of
Pt can continue the stacking as either BAB (hcp hollow
adsorption) or BAC (fcc hollow position). For the first
overlayer, continuation of the hexagonally closed packed
structure of Ru, sequence BAB, is favorable by 18 meV
per p(1 × 1) surface unit cell compared to the sequence
BAC. Starting with the second layer of platinum, however, growth switches to the face-centered cubic structure of bulk Pt. Adsorption of the second overlayer resulting in a stacking of BABC is energetically favored
by 31 meV in comparison to the next best structure of
BABA. Starting with the third overlayer, the platinum
layers, although compressed by 3.2%, grow according to
the fcc stacking found for bulk Pt. The lowest energy
structure found for 5Pt/Ru(0001) is illustrated in Fig. 1.
All further adsorption calculations will be performed using the discussed Pt film structure.
At all film thicknesses, a full relaxation of the Pt overlayers and the two top-most Ru layers was allowed. The
computed interlayer distances are summarized in Table II. The topmost Ru-Ru interlayer spacing, d3−4 , is
found to be contracted by 3.7% to 2.08 Å, which is somewhat larger than the LEED-determined value of 2.3%
[44]. Upon adsorption of Pt overlayers, this contraction
is slightly reduced to 2.11 Å. The interlayer distance of
the first Pt overlayer to the Ru substrate is initially found
to be 2.31 Å and is further reduced to 2.28 Å as more

Pt layers are grown on top. This Pt-Ru interlayer distance is almost identical to the interlayer distance of bulk
Pt(111), dPt(111) = 2.30 Å, although the layer is compressed significantly in-plane. Starting with the second
Pt layer, the Pt-Pt interlayer distance is found to be approximately 2.41 Å, almost identical up to a film thickness of 5 layers within the accuracy of our numerical calculations. The lateral compression is thus compensated
for by an increase of the layer distance from 2.30 Å to
2.41 Å.
Also given in Table II is the separation energy of each
Pt overlayer. The separation energy is defined as the energy needed to completely separate the top-most layer
from its remaining substrate while keeping the in-plane
nearest-neighbor distances fixed. It is thus an indication of the strength of the chemical interaction between
the surface layer and the substrate. For the first Pt overlayer, a rather large separation energy of 1.57 eV/atom is
found, whereas adsorption of additional overlayers yields
an almost constant energy gain of roughly 0.93 eV/atom.
This shows that there is a strong attractive interaction
between the Pt and the Ru atoms. It has to be noted
that the separation energy does not take into account
any energy released due to the “assembly” of the free Pt
monolayer: Compared to bulk Pt(111), a free monolayer
of Pt actually tries to contract itself to compensate for
the lack of bonding partners above and below. Compressing a free Pt(111) monolayer from its bulk lattice
constant to the Ru lattice constant of 2.73 Å gives an energetical gain of ∆E = 0.24 eV, with the energetic minimum being located at an even smaller Pt-Pt distance
of approximately 2.62 Å [45]. In this sense, the surface
termination of 1Pt/Ru(0001) is much more “ideal” for
the top Pt layer than in uncompressed Pt(111). This
is also true for the other nPt/Ru(0001) systems and for

TABLE II: Layer relaxations of the system nPt/Ru(0001).
Reported layer distances dn−m refer to the layer numbers
given in Fig. 1. Printed in italics is the layer distance between the Ru substrate and the first Pt overlayer, d4−5 . For
comparison, the interlayer distance of Ru(0001) at its bulktruncated positions is dRu(0001) = 2.16 Å (Exp. 2.14 Å [44]),
that of Pt(111) dPt(111) = 2.30 Å (Exp. 2.26 Å [40]). Also
given is the energy to completely separate the top-most overlayer from the rest of the slab, ∆Esep .
nPt/Ru(0001)
0
1
2
3
4
5
d8−9 (Å)
2.41
d7−8 (Å)
2.41 2.40
d6−7 (Å)
2.42 2.41 2.41
d5−6 (Å)
2.41 2.40 2.40 2.41
d4−5 (Å)
2 .31 2 .25 2 .28 2 .27 2 .28
d3−4 (Å)
2.08 2.08 2.11 2.11 2.10 2.11
d2−3 (Å)
2.14 2.14 2.13 2.13 2.13 2.13
∆Esep (eV/atom)
1.57 0.92 0.92 0.93 0.94
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FIG. 2: Local d-band density of states of nPt/Ru(0001).
From top to bottom, the d-band LDOS of the surface layer of
Pt(111), 1Pt/Ru(0001), and Ru(0001) are shown. For comparison, the LDOS of the compressed surface layer of the
Pt(111)@Ru slab is also plotted as a dashed line.

Pt(111)@Ru.
From the given structural data, it can thus be inferred
that, starting with the third layer, growth of additional
platinum overlayers is not influenced by electronic interactions with the Ru substrate any more. Growth is
then only affected by the strain due to the pseudomorphic growth.
As discussed in the introduction, the reactivity of
a system, especially under strain, is mostly influenced
by the d-band valence states, the key parameter being
their energetic center, εd . The local d-band densities
of states of the surface layers of Pt(111), Pt(111)@Ru,
1Pt/Ru(0001), and Ru(0001) are displayed in Fig. 2. The
top panel shows both the d-LDOS of unstrained (solid
line) and compressed (dashed line) Pt(111). Due to the
compression and increased overlap, the d-band gets significantly broadened. Adsorption of a monolayer of Pt on

Ru(0001) even further modifies the d-band distribution
(middle panel of Fig. 2): Interaction with the Ru substrate reduces the density of states at the Fermi level and
causes a further overall down-shift of the valence states,
again indicating the strong interaction between Pt and
Ru.
This downshift can be quantified by determining the
energetic position of the d-band center. For an accurate determination of the d-band center, a larger k point
mesh of 16 × 16 × 1 was used and the number of bands
was increased to make sure that all relevant states above
the Fermi level are included. To avoid picking up any
irrelevant noise above the actual d band due to the projection scheme, the integrals necessary to determine the
d-band centers were truncated at the upper edge of the
d-band. The d-band centers computed are summarized
in Table III. As expected from Fig. 2, the compression of
Pt(111) to the Ru nearest neighbor distance causes a noticeable downshift of the d-band center from −2.23 eV to
−2.37 eV. However, the influence of the Ru substrate on
the first Pt overlayer is even stronger: Hybridization with
the Ru orbitals lowers the d-band center to −2.61 eV.
Within the numerical accuracy, the d-band centers of the
top layer of the systems Pt(111)@Ru and nPt/Ru(0001)
with n = 2 . . . 5 do not exhibit significant differences.
Considering thus only the top layer, the chemical reactivity of these systems should roughly be the same.
Finally, this trend is also confirmed by looking at the
work function change with growing film thickness. The
work function is computed by introducing a dipole layer
in the vacuum region. As given in Table III, the work
function continually increases going from pure Ru(0001)
over 1Pt/Ru(0001) and 2Pt/Ru(0001) to 3Pt/Ru(0001).
From then on, the work function remains roughly constant with a value slightly larger than the one of unstrained Pt(111).
Based on the properties of the clean nPt/Ru(0001), we
can thus conclude that the influence of the Ru substrate
should be negligible starting with the third Pt layer. For

TABLE III: of nPt/Ru(0001). Experimental data is taken
from [46] and represents orientation-specific measurements.
For Pt(111), two different experimental values are quoted.
Φ /eV
Ru(0001)
1Pt/Ru(0001)
2Pt/Ru(0001)
3Pt/Ru(0001)
4Pt/Ru(0001)
5Pt/Ru(0001)
Pt(111)@Ru
Pt(111)

εd /eV
−1.54
−2.61
−2.38
−2.32
−2.35
−2.36
−2.37
−2.23

Theory
5.12
5.46
5.71
5.88
5.82
5.85
5.84
5.80

Exp.
5.37

5.93 / 5.82
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n = 1, we expect a large modification of adsorption properties due to the observed strong interaction of the Pt
monolayer with the Ru substrate. Starting with n = 3,
however, residual interactions should have vanished and
the remaining modifications should solely be due to the
strain on the Pt layers.

2.5

Atomic adsorption of oxygen

Oxygen adsorption on Pt(111) is a well-studied system,
both experimentally [47–54] and theoretically [55–62]. It
is well established that, at a coverage of θ = 0.25, oxygen
forms a p(2 × 2) superstructure with the oxygen atoms
being adsorbed in fcc hollow positions (no atom in the
layer beneath the site). On the other hand, on Ru(0001),
again a p(2×2) superstructure is found, but with the oxygen atoms occupying hcp hollow positions [63–65]. In the
following, we will thus check how the application of strain
and the residual interaction of the ruthenium substrate
influences the adsorption of a p(2 × 2) layer of atomic
oxygen.
Adsorption energies of oxygen will be reported with
respect to the free O2 molecule in the gas phase. Oxygen
is known to be problematic within the DFT pseudopotential approach due to its hard core. It is the main
reason for the relatively large energy cut-off of 400 eV in
our calculations. The O2 ground state properties were
obtained from a Morse potential fit and are compared to
the experimental data in Table IV. Although the binding
energy obtained using ultrasoft pseudopotentials is significantly closer to the experimental value, the PAW result
is indeed very close to all-electron calculations for O2
[67]. It is thus only by chance that the induced error due
to a softer, inaccurate core region counterbalances the
DFT error due to the exchange-correlation functional.
We have used PAW potentials throughout this work and
refer adsorption energies to the PAW binding energy of
Eb = 6.27 eV.
Final adsorption energies for oxygen in the fcc hollow,
hcp hollow, and bridge sites are displayed in Fig. 3. All
atoms except the two bottom slab layers were allowed to
relax completely. In the case of bridge adsorption, the
oxygen atom was fixed laterally, though. Adsorption energies for the fcc hollow position are also listed in Table V
together with the computed oxygen-metal distances. All

TABLE IV: Binding energy, bond length, and stretching frequency for the O2 molecule. Experimental data is taken from
Ref. [66].
O2
GGA-USPP
GGA-PAW
Exp.

Eb /eV
5.86
6.27
5.21

d /Å
1.24
1.24
1.21

ω /cm−1
1572
1567
1580

O binding energy eV

2.0
B.

1.5
fcc hollow

1.0

hcp hollow
0.5
bridge
0.0
Ru

1Pt

2Pt

3Pt

4Pt

5Pt PtRu Pt

FIG. 3: Adsorption energies of p(2 × 2)-O/nPt/Ru(0001).
The energies per atom for adsorption in the fcc hollow, hcp
hollow and bridge sites are shown with respect to free O2
molecule. Energies on the strained Pt slab are denoted as
“Pt@Ru”, on the uncompressed Pt slab as “Pt”. Except for
Ru(0001), adsorption in the fcc hollow site is energetically
favorable. Binding energies with respect to free atomic O
may be obtained by adding half the binding energy of O2 ,
3.13 eV, to the given binding energy.

relaxations yielded a small buckling of the surface layers on the order of 0.1 Å, in good agreement with the
observed small buckling on both the Ru(0001) [63] and
Pt(111) [50, 51] surfaces. The height of the oxygen atom,
∆zO−Me , given in Table V, is calculated using the relaxed
nearest neighbor distances, i.e., the height of the oxygen
atom with respect to the clean surface is slightly larger
due to the outward relaxation of the nearest neighbors.
Ignoring the binding energies on clean Ru(0001), all
three energy curves in Fig. 3 show the same trend: Compressing the platinum slab to the Ru lattice constant, decreases the adsorption energy by roughly 0.3 eV. A monolayer of Pt on top of Ru(0001) exhibits another drastic
reduction in binding energy by 0.3 eV compared to the
compressed Pt(111) slab. The systems with 3 to 5 layers of platinum yield roughly the same adsorption energy
as the strained Pt slab, whereas adsorption energies on
the 2Pt/Ru(0001) system are still significantly reduced.
This clearly shows that the electronic properties of the
second layer atoms are still modified by the presence of
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the substrate as also found for other systems [13, 14, 68].
The compression of the Pt(111) surface also alters the
vibrational properties of the adsorbed oxygen atom. On
the unstrained Pt(111), by using a cubic fit to the total
energies at elongated positions of ∆z = 0.00, ±0.05, and
±0.10 Å, we obtain a vibrational frequency for the symmetric mode perpendicular to the surface of 448 cm−1 .
This is somewhat lower than the value of 475 cm−1 obtained using the LDA approximation [57] or the value of
477 cm−1 found experimentally [47, 53]. Nevertheless,
all theoretically reported frequencies do not take into account the finite mass of the substrate atoms. By using a
simple spring model for the threefold hollow adsorption
scenario, the first-order correction due to the finite mass
of the substrate atoms can be found to be [69]
r
Ma
ω = ω(Ms → ∞) 1 +
,
(1)
3Ms cos2 α
where ω(Ms → ∞) is the frequency obtained in the limit
of infinite substrate mass, Ma and Ms are the mass
of the adsorbate and substrate atoms, respectively, and
O−Me
cos α = ∆z
dO−Me . Applying this correction formula to our
computed frequency gives ω = 467 cm−1 , in much better
agreement with the experimentally observed frequency.
On the compressed Pt(111) surface, the frequency is increased to 485 cm−1 (503 cm−1 after finite mass correction). Experimentally, a similar trend towards a higher
frequency is observed, but only with a very small shift to
ω = 483.7 cm−1 [24].
So far, we did not discuss oxygen adsorption on
Ru(0001): As can be seen in Fig. 3, adsorption of oxygen in the hcp hollow positions is favored by 0.46 eV
(Eb = 2.84 eV) in contrast to the opposite ordering on
Pt(111) where the fcc hollow position is preferred by
0.42 eV. For 1Pt/Ru(0001) and 2Pt/Ru(0001) the pref-

TABLE V: Adsorption energies and geometries for p(2 × 2)O/nPt/Ru(0001) for adsorption in the fcc hollow position.
Listed are the binding energy per oxygen atom with respect to
the free O2 molecule, Eb , the oxygen-metal distance, dO−Me ,
the height of the oxygen atom above the top-most metal atom,
∆zO−Me , and the characteristic frequency for vibrations along
the surface normal, ω. Frequencies in parentheses are corrected for the finite mass of the substrate atoms.

Ru(0001)
1Pt/Ru(0001)
2Pt/Ru(0001)
3Pt/Ru(0001)
4Pt/Ru(0001)
5Pt/Ru(0001)
Pt(111)@Ru
Pt(111)

Eb [eV] dO−Me [Å] ∆zO−Me [Å]
2.38
2.03
1.14
0.60
2.10
1.36
0.78
2.05
1.26
0.93
2.05
1.25
0.95
2.05
1.25
0.96
2.05
1.25
0.92
2.04
1.25
1.29
2.04
1.14

ω [cm−1 ]

487 (504)

485 (503)
448 (467)

FIG. 4: Structure of the oxygen molecular adsorption states.
Top panels: Side and top view of the O−
2 molecular precursor state (superoxo state) on the 1Pt/Ru(0001) surface. The
orientation of the O2 molecule is t-b-t. Bottom panels: Side
and top view of the O2−
molecular precursor state (peroxo
2
state). The orientation is b-fcc-t, and the molecule on a fully
relaxed surface is tilted by 7◦ off the (111) plane.

erential occupation of the fcc hollow site is already weakened by the influence of the underlying Ru substrate as
can be inferred from the decreasing energy difference between fcc hollow and hcp hollow adsorption energies.

C.

Molecular adsorption of O2

Atomic oxygen adsorption on Pt(111) is known to be
mediated by molecular precursors [47, 49, 62, 70–72]. In
experiments, two distinct molecular precursors were identified [47, 49, 70]: A superoxo-like (O−
2 ) species formed
at bridge sites with an intramolecular bond order of 1.5
and a vibrational frequency of 870 cm−1 , and a peroxolike (O2−
2 ), slightly stronger bound species adsorbed at
threefold hollow sites exhibiting an intramolecular bond
order of 1 and a vibrational frequency of 690 cm−1 .
Theoretical GGA-DFT studies corroborated this hypothesis [58, 61]: The superoxo precursor state was found
to be adsorbed in a top-bridge-top (t-b-t) orientation
on the Pt(111) surface which means that the center of
mass of the O2 molecule is located above the bridge
site with the two O atoms oriented towards the adjacent top sites (see Fig. 4). In this configuration, the
chemisorbed O2 molecule has a remaining magnetic moment of mO2 = 0.4µB . The peroxo molecular precur-

sor, on the other hand, is identified as being adsorbed
non-magnetically in a top-fcc hollow-bridge (t-fcc-b) orientation. The peroxo species is slightly tilted off the
(111) plane. The PW91-GGA calculations [58] yielded
adsorption energies of Eb = 0.72 eV and Eb = 0.68 eV
for the superoxo and peroxo species, respectively. Experimentally, the adsorption energies were estimated to
be approximately 0.5 eV [47], and it has to be noted
that the uncertainty due to the approximative exchangecorrelation functional is rather large for systems involving oxygen. This can already be seen from the substantial error in the binding energy of O2 (see Table IV),
and resulting binding energies computed with different
exchange-correlation functionals vary widely. Computations using the RPBE functional, e.g., yield much lower
binding energies of Eb ≈ 0.1 eV only [73, 74].
The molecular adsorption calculations were done in a
p(2 × 2) geometry. This effectively doubles the oxygen
coverage per cell in comparison to the previous section,
but interaction of neighboring O2 molecules are still considered to be small. In contrast to the original
study
√
of O2 on Pt(111) by [58], we do not use a 3 × 2 unit
cell. Using this rectangular cell does not represent the
C3v symmetry of the hexagonal Ru lattice accurately.
With no adsorbate present, the k point mesh is symmetrized accordingly. But as soon as an oxygen molecule
is present, the C3v symmetry is broken and k vectors
along the two surface unit cell vectors are no longer equivalent. For larger slabs of nPt/Ru(0001) with n > 2,
this turned out to be a significant disadvantage as rather
large numerical drifts in the computed Hellman-Feynman
forces rendered relaxations for such slabs useless. In a
p(2 × 2) geometry, both unit cell directions and thus k
points along them are related by the intrinsic symmetry
of the slab. Therefore, any symmetry violations of the
computed forces are avoided.
On the unstrained Pt(111) slab, the binding energies of O2 are determined to be almost degenerate, i.e.,
Eb = 0.80 eV and Eb = 0.78 eV for the O2−
2 peroxo and
the O−
2 superoxo precursor, respectively. The energetical
ordering of the two molecular precursor
√ states is thus reverted in comparison to the original 3 × 2 results cited
above [58]. Due to the different geometry, this might
be simply attributed to O-O repulsion effects, as the OO distance of neighboring√peroxo precursors is changed
from roughly 3.5 Å in a 3 × 2 unit cell to 4.5 Å in a
p(2 × 2) unit cell.
All results for nPt/Ru(0001) are summarized in Fig. 5
and Table VI. The expected trend of decreasing reactivity and lower binding energies going from Pt(111) over
compressed Pt(111) to 1Pt/Ru(0001) is again observed.
For all nPt/Ru(0001) surfaces, the superoxo precursor is
slightly stronger bound than the peroxo precursor contrary to unstrained Pt(111). For the t-b-t orientation of
the superoxo precursor, compressing the lattice constant
seems to be more favorable as it allows the molecule to
adsorb with a slightly smaller O-O bond length.
For the O−
2 superoxo precursor, we have also deter-

O 2 binding energy EB eV
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FIG. 5: O2 molecular adsorption energies on nPt/Ru(0001)
using a p(2 × 2) surface unit cell. Both adsorption energies
2−
of the O−
per2 superoxo precursor (solid box) and the O2
oxo precursor (×) are shown. The solid line marks the final
adsorption energy of O−
2 for compressed Pt(111). The adsorption energy of the O−
2 superoxo precursor on unstrained
Pt(111) is indicated by the dashed line.

mined magnetic moments and vibrational frequencies.
The magnetic moments given are total magnetic moments of the whole slab, with most of the polarized charge
located at the oxygen atoms. The spin polarization of the
adsorbed O2 molecule is clearly correlated with its binding energy: The weaker the binding to the metal substrate, the more of the gas phase polarization of µ = 2µB
is preserved. Vibrational frequencies were obtained using a cubic fit to the total energies at elongated positions ∆dO−O = 0.0, ±0.05, ±0.10 Å and reveal a similar correlation to the binding energy: With increasing
spin compensation of the O2 molecule, i.e., with increasing occupation of the π ∗ antibonding O2 orbitals, the
O-O bond gets weakened and the vibrational frequency
gets more and more reduced from the gas phase value of
ω = 1567 cm−1 .

TABLE VI: Adsorption energies and geometries for molecular oxygen adsorption on nPt/Ru(0001). Binding energies
and bond lengths for both the O2−
peroxo and the O−
2
2 superoxo precursor are given. For the spin-polarized O−
2 state,
total magnetic moments and stretching frequencies are also
reported.

O2−
2
Eb /eV dO−O /Å
Ru(0001)
2.06
1.48
1Pt/Ru(0001) 0.27
1.38
2Pt/Ru(0001) 0.41
1.38
3Pt/Ru(0001) 0.53
1.39
Pt(111)@Ru
0.53
1.38
Pt(111)
0.80
1.40

O−
2
Eb /eV dO−O /Å µ/µB ω/cm−1
1.92
1.42
0.00
749
0.34
1.34
0.82
1007
0.48
1.34
0.75
961
0.55
1.36
0.70
913
0.56
1.35
0.79
940
0.78
1.36
0.61
908
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FIG. 6: Molecular O2 adsorption energy versus d-band center
(with respect to the Fermi energy) of the surface Pt atom
for a p(2 × 2) ordered overlayer. Both adsorption energies of
2−
the O−
peroxo
2 superoxo precursor (solid box) and the O2
precursor (×) are shown. The solid line represents the best
least-squares linear fit to the O2− energies [excluding the one
on Ru(0001)].

Similar to the results of atomic oxygen adsorption,
both effects of compressing the Pt(111) surface by 3.2%
and interactions with the Ru substrate are clearly separable. In both cases, the compression by 3.2% and
the influence of the Ru(0001) on the first Pt monolayer
yields roughly the same change in adsorption energies.
As shown in Sec. III A, both the compression of Pt(111)
monolayers and the strong inter-layer bonding between
the two metals drastically modifies the distribution of the
d-band valence states as shown in Fig. 2. According to
the Hammer-Nørskov model [7–9], the O2 adsorption energy should be directly proportional to the center of the
locally projected d-band of the surface atom. In Fig. 6,
the d-band center of the top-layer atom, εd , is plotted
against the computed binding energies for the O2−
2 peroxo and the O−
2 superoxo precursors (see also Table III
and VI). Also drawn is the best least-squares linear fit
to the O−
2 binding energies on all systems with a Pt toplayer atom. The binding energy of O−
2 on Ru(0001) is
somewhat offset from this trend, as might be expected
from the Hammer-Nørskov d-band model [7–9] since the
coupling matrix elements between O and Ru on the one
hand and O and Pt on the other hand are different so that
the simple linear relationship between d-band center and
binding energy is not valid if oxygen adsorption on Ru
and on Pt is compared. Nevertheless, the correct trend
for the adsorption of O2 on the different nPt/Ru(0001)
systems is clearly reproduced.

Experimental adsorption energies for O2 on
nPt/Ru(0001) are not available.
Initial sticking
coefficients were, however, determined recently [28].
The experiments yield that the O2 sticking coefficient
rises with the number n of the Pt overlayers. This is
in qualitative agreement with the results of our calculations since usually the molecular sticking probability
rises with increasing binding energies of the impinging
molecules [75].
Applying the same trend to the case of CO, the decrease in the adsorption energy on the PtRu overlayers would reduce the CO coverage and thus also reduce the blocking effect of CO in electrocatalysis and
fuel cells leading to CO poisoning. As far as the oxygen reduction reaction in electrocatalysis is concerned,
the exact microscopic mechanism is still controversely
discussed [29, 76, 77]. The reaction should involve the
breaking of the O-O bond and the formation of an O-H
bond. Like in any catalytic reaction, the reactands have
to interact strongly enough with the catalyst surface so
that the barriers for bond breaking and making are reduced, but the reaction products should be bound weakly
enough so that they can be efficiently released from the
surface. Hence any catalytic process relies on a delicate
balance requiring an intermediate interaction strength.
In a recent electrocatalytic study, a platinum monolayer supported on Ru(0001) showed a very low activity
for the oxygen reduction, much lower than pure Pt(111)
or a monolayer of Pt supported on Pd(111) [29]. On
the other hand, the production of H2 O2 was found to be
larger on Pt/Ru(0001) than on other platinum monolayers. The small adsorption energies for atomic and molecular oxygen found in this study indicate that there is
only a weak interaction between oxygen and one monolayer of Pt on Ru(0001). Obviously, this interaction is
too weak in order to efficiently induce the O-O breaking
thus making 1Pt/Ru(0001) an unsuitable catalyst for the
oxygen reduction reaction. This weak interaction is also
reflected in the adsorption experiments [28]. It would
certainly be interesting to experimentally check the catalytic activity of the nPt/Ru(0001) overlayer systems for
the oxygen reduction reaction as a function of the number of Pt overlayers since the reactivity of these overlayer
systems increases with the number of Pt layers.

IV.

CONCLUSIONS

We have addressed the adsorption of atomic and molecular oxygen on pseudomorphic Pt layers deposited on
Ru(0001) for up to five Pt layers by performing density functional theory calculations. Both the compression of the pseudomorphic Pt layers by 3.2 % as well as
the strong interaction between Pt and Ru lead to reduced oxygen adsorption energies on the PtRu overlayers.
The direct interaction between the Pt overlayers and the
Ru substrate is significant for up to the second Pt layer.
It is important to note that the properties of the PtRu
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overlayer systems are not intermediate between those of
the two constituents. They rather bind adsorbates less
strongly than the two elementary metals.
These weaker binding energies would be beneficial as
far as the CO poisoning of catalysts is concerned because
it would reduce the equilbrium CO coverage and thus its
blocking effect. In the case of the oxygen reduction reaction, the interaction of one monolayer of Pt on Ru(0001)
with oxygen is too weak to induce the O-O bond breaking of molecular oxygen. Still the PtRu overlayer system
might be suitable as a catalyst for the oxygen reduction reaction for a larger number of Pt overlayers since

its interaction strength increases with the number of Pt
overlayers.
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