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Using scanning tunneling microscopy, thermal energy atom scattering, and density functional theory
we have characterized O2 dissociation on Pt(111) stepped surfaces at the atomic scale. The most reactive
site is at the top of the Pt steps. In both the molecular precursor state (MPS) and the transition state
(TS), the O2 has its axis aligned parallel to the step edge. Controlled step decoration with Ag monatomic
chains was used to locally tune the reactivity of Pt step sites. The enhanced reactivity at the Pt step sites
is not caused by a decrease of the local dissociation barriers from the MPS but is related to a stabilization
of both the MPS and TS.
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The behavior of molecules in the proximity of surface
defects such as kinks and steps is a central issue in understanding chemisorption processes on catalytic surfaces
[1,2]. Recently, specific studies of the step reactivity revealed that steps can determine the overall surface chemistry to a very large extent. Monatomic steps have been
shown to completely dominate the dissociation of N2 and
NO on Ru(0001) [2,3] and H2 on Si(001) [4]. Enhanced
step reactivity is generally attributed to a local decrease
of the dissociation barriers in the vicinity of step sites
related to the reduced coordination of the substrate edge
atoms. Density-functional theory (DFT) calculations for
the above-mentioned systems [3,4] support this view by
showing that the bond-breaking activation barriers with respect to the molecular precursors along the dissociation
path are 0.5-1.0 eV lower at edge sites compared to terrace sites. Here, by presenting a detailed analysis of O2
dissociation on Pt stepped surfaces, we show that surface
reaction systems exist for which step sites are most reactive without, however, being associated with the smallest
energy barriers.
Because of its relevance in many oxidation reactions
that involve Pt as a catalyst, such as that of CO, the
adsorption of O2 on Pt(111) has been extensively studied
as a model for dissociative chemisorption. Dissociation
of low energy O2 molecules proceeds by sequential
population of physisorbed and chemisorbed precursor
states [5–9]. Three chemisorbed molecular states have
been identified on Pt stepped surfaces by thermal desorption spectroscopy, electron-energy-loss spectroscopy,
and scanning tunneling microscopy (STM) [8,10,11],
corresponding to a fcc- and a bridge-bonded terrace
species, and a bridge-bonded step species [8]. Steps on
Pt(111) are known to bind oxygen molecules and atoms
more strongly than terrace sites [5,10–12], and to lead to
an increase in oxygen dissociative adsorption with respect
to terraces [5,10].
Here, by using a combined experimental and theoretical approach, we demonstrate that O2 molecules dissoci-

ate from a molecular precursor on the upper side of the
Pt step edges. The O adatoms resulting from dissociation
are found aligned along the Pt step edges, at least two lattice constants apart. Experimentally, the dissociation is
strongly favored at step sites which is consistent with our
calculations which show a considerable stabilization of the
dissociation transition state at step sites. Decoration of the
Pt steps by Ag monatomic chains results in a reduction
of the measured local reactivity of Pt step sites and, likewise, the calculations show a destabilization of the transition state by the Ag decoration. Since the stability of
the molecular precursor state is also affected by the presence of steps and the decoration of these by Ag, the local
dissociation energy barrier is — contrary to what might be
expected — found to be comparable for Pt terrace and step
sites and smaller for Ag-decorated Pt step sites. Our results therefore indicate that the enhanced reactivity of Pt
step sites originates from steering or lifetime effects associated with the rather stable molecular precursor state at
the Pt steps.
Two vicinal surfaces were employed in this paper:
Pt关9共111兲 3 共111兲兴 and Pt关8共111兲 3 共100兲兴. Both surfaces have (111) terraces that are, on average, nine and
eight atomic rows wide, separated by {111} and {100}
monatomic steps, respectively. Low-temperature STM
was used to determine the oxygen dissociation and
adsorption sites on Pt关9共111兲 3 共111兲兴, while thermal
energy atom scattering (TEAS) was used to control Ag
deposition and to measure the relative O2 dissociation
rate for different Ag coverages. The STM images were
acquired at 77 K after dosing oxygen at different sample
temperatures; typical tunneling parameters were 0.2– 6 nA
tunneling current and 5–200 mV voltage bias. The experiments were performed with a home-built low-temperature
UHV-STM and a triple-axis He spectrometer. The Pt
samples were cleaned by sputter-anneal cycles; both surfaces show a remarkable regular distribution of terraces,
as evidenced by STM and TEAS diffraction spectra [13].
Oxygen was dosed by backfilling the UHV chambers
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at pressures in the 1027 1026 mbar range. The base
pressure was 2 3 10210 mbar or better.
Figure 1(a) shows the Pt关9共111兲 3 共111兲兴 surface after
exposure to 1.9 L O2 at 350 K. At this temperature the
O atoms resulting from dissociation are highly mobile and
occupy the most favored adsorption sites. These are the
near-edge fcc sites, in agreement with the results of Feibelman et al. [12]. The step sites are completely saturated
with a 2 3 1 periodic structure, whereas very few O atoms
can be seen on the terraces, implying sequential site filling. To pinpoint the actual O2 dissociation sites on a Pt
stepped surface we have lowered the adsorption temperature to 140 K. At this temperature the O2 molecular precursor is highly mobile and its lifetime short: adsorption
either results in dissociation or in O2 desorption [8,10,11].
Since below 160 K the mobility of O atoms on Pt(111)
is inhibited [14], the spatial distribution of the dissociated
O atoms allows us to identify the active sites in the dissociation process. Figure 1(c) shows the distribution of
the O atoms after dosing the Pt关9共111兲 3 共111兲兴 surface
at 140 K with 1.1 L O2 . Ag monatomic chains deposited
at 400 K, prior to O2 dosing, partially decorate the Pt steps.
We observe that O2 dissociation is largely promoted at the
step edges, where clean Pt step sites appear to be more
reactive with respect to Ag-decorated ones, whereas only
a minority of O atoms can be found on the terraces [15].
Since very few O atoms are observed on the lower side of
the Pt steps, we conclude that the bond-breaking process
involves only the Pt atoms that are situated at the upper
step edges. Both O atoms resulting from dissociation occupy near-edge fcc sites, indicating that the O –O bond is
stretched in the 关110兴 direction, parallel to the steps. This
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observation is consistent with a previous STM study by
Stipe et al. [8] which shows that the O2 molecules bind in
the bridge position at the upper edge of Pt{111} steps with
the interatomic axis parallel to the step.
Step decoration can be employed as a means to vary
the reactivity of the step sites in a local and controllable
way. Ag deposition at 400 K leads to a regular row-by-row
growth of Ag chains along the Pt steps which can be precisely monitored by TEAS [13]. We show in Fig. 1(b) that
Ag does not physically block the Pt step sites that are active
in the dissociation process [16]. Independently from the
presence of Ag, oxygen atoms are always found to occupy
preferably near-edge fcc sites (with respect to Pt only).
To probe the relative variation of the oxygen dissociative
sticking coefficient s0 due to Ag step decoration, we have
measured the decay of the TEAS intensity reflected from
the sample due to O adsorption on Pt关9共111兲 3 共111兲兴 and
Pt关8共111兲 3 共100兲兴. s0 represents the initial sticking coefficient and it is therefore a measure of the reactivity of
step sites. In the limit of low O coverage, the slope of the
TEAS curves is proportional to s0 [17]. Figure 2 shows
the variations of s0 relative to the clean Pt surfaces for
different coverages of Ag monatomic wires. The ratio
s0-Ag兾Pt 兾s0-Pt decreases linearly with the Ag coverage up
to complete decoration of the Pt steps by a single chain of
Ag atoms. From then on s0-Ag兾Pt 兾s0-Pt varies slowly until
it drops abruptly as the first Ag monolayer is completed.
The data measured by TEAS are in good agreement with
the STM data reported in Figs. 1(a) and 1(b): decoration
of the steps with one monatomic Ag row yields a tenfold
decrease in the reactivity of the steps. The initial linear
variation with Ag coverage (see inset in Fig. 2) implies

c)
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FIG. 1. (a) Top panel: STM image of Pt关9共111兲 3 共111兲兴 after exposure to 1.9 L (Langmuir) O2 at 350 K. The O atoms are imaged
as black depressions; bottom panel: close-up of the O-saturated Pt steps. (b) Top panel: STM image of one row Ag兾Pt关9共111兲 3
共111兲兴 after exposure to 19 L O2 at 350 K. Notice that O saturation of the step sites requires 10 times more O2 compared to (a);
bottom panel: O atoms behind the Ag row are imaged dark with a small bump in the middle. (c) Left panel: O atoms following
dissociation at 140 K on a partially Ag-decorated surface. As in (a) and (b) the gray scale has been redistributed on each terrace
for better contrast; the step-down direction is from right to left. In the right panel we show the right-hand side of the same image
without any processing to evidence the Ag monatomic chains at the step edges. These are recognizable because of their larger
apparent height with respect to Pt [13].
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that the dissociation rate is proportional to the probability
of finding an Ag-free region of the step edges. The data
presented in Figs. 1 and 2 indicate that Ag locally modifies the reactivity of the Pt edge atoms, an effect that is
limited to the Pt atoms in direct contact with Ag. Adsorption along the step atoms does not depend markedly on
the total Ag coverage beyond one monatomic chain: the
slow s0-Ag兾Pt 兾s0-Pt decrease that we observe in Fig. 2 until monolayer completion can be explained by taking into
account a reduced O2 exposure due to the fraction of O2
molecules that do not stick on the growing Ag layer [18].
To support the above analysis we have performed plane
wave, ultrasoft pseudopotential-based DFT calculations
for the oxygen molecular precursor and transition states
on flat and stepped Pt surfaces. Repeated slabs of four
Pt(111), twelve Pt(211), or sixteen Pt(221) layers are
used to model adsorption at (111) terraces, {100}, and
{111} steps, respectively. The DFT equilibrium lattice
constant of 4.02 Å is used self-consistently with the
generalized gradient approximation (GGA) based revised
Perdew-Burke-Ernzerhof exchange-correlation functional
(GGA-RPBE) [19] and non –self-consistently with the
original GGA-type Perdew-Wang exchange-correlation
functional (GGA-PW91) [20] exchange-correlation functionals. Substrate relaxation effects have been included,
and surface Brillouin-zone integrations are done using
6 3 4 k-points. Transition states are determined by
performing geometry optimization calculations with
the O–O distance fixed at values from 1.8 to 2.2 Å
(and larger when necessary), with increments of 0.2 Å.
Test calculations show that the molecule precursor state
geometry on Pt(221) and its potential energy are very
close to the results on Pt(211); we therefore limit here the
discussion to Pt(111) and Pt(211). In the following, we
will focus on the GGA-RPBE values as this functional
provides the more accurate O2 molecular binding energy, EbRPBE 苷 5.51 eV versus EbPW91 苷 5.84, compared
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FIG. 2. Variation of the O2 dissociation rate with respect to the
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to the experimental result, Eb 苷 5.23 eV [19]. The
GGA-PW91 values are, however, included in Fig. 3 for
consistency with the existing literature. The difference between the GGA-RPBE and GGA-PW91 results illustrates
the uncertainties in the DFT method.
Figure 3 (top panel) shows the molecular precursor state
(MPS) geometries for Pt(111), Pt(211), and Ag/Pt(211)
and the calculated local molecular chemisorption potential
energy minima, EMPS , and transition state (TS) potential
energies, ETS (bottom panel). The energy values are given
with respect to gas phase O2 . Our GGA-PW91 results
are in agreement with Ref. [7], which reports on the MPS
of O2 at Pt(111). Reaction geometries other than those
depicted in Fig. 3, e.g., with O2 tilted perpendicular to
the steps or out from the surface plane, were found to be
unfavorable.
The molecular precursor chemisorption potential
energy minima vary substantially from terrace to step
sites: 20.1 eV on Pt(111), 20.9 eV on Pt(211) steps,
and 20.3 eV on Ag-decorated steps. The transition state
energies follow the EMPS trend. As a consequence, the
local dissociation energy barriers Ea 苷 ETS 2 EMPS
vary less than the stability of the individual precursor and
transition states: Ea 苷 0.9, 0.9, and 0.6 eV on Pt(111),
Pt(211), and Ag-decorated steps, respectively. Our results can be analyzed in terms of the d-band model for
chemisorption and reaction at transition and noble metals
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FIG. 3. Top: molecular precursor states and transition states
(solid and dotted circles, respectively) on Pt(111), Pt(211) step
(S) and “near step” (NS) sites, Ag兾Pt共211兲 (Ag). Bottom:
molecular precursor state potential energies 共¶兲 and transition
state energies 共±兲 as functions of the d-electron centers. The
GGA-RPBE (GGA-PW91) results are presented in the table
shown in the figure.
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[21]. Compared to the reference situation at Pt(111),
the Pt 5d-band centers shift to higher energies at the
Ag-decorated Pt step and to yet higher energies at the
clean Pt step sites. This reflects that terrace Pt is highly
coordinated with neighboring Pt atoms, while step Pt is
lower coordinated. Smaller coordination leads to band
narrowing and, through local charge neutrality, to upshifts
in the Pt 5d-band position. As metal d bands contribute
significantly to the chemisorption bonds, the net result
is that, as shown in Fig. 3, the potential energy of the
molecular precursor and transition states correlates with
the Pt 5d-band center.
Figure 3 shows that the molecular precursor state and
transition state are stabilized by similar amounts for a given
shift of the d-band center. As a consequence, Ea becomes
rather independent of the d-band center. The smaller Ea
calculated for Ag-decorated Pt steps therefore appears to
be caused by other effects — possibly from direct O2 -Ag
interaction.
In previous studies [2–4], enhanced dissociation at
step sites was shown to depend on a local lowering of
the activation barriers for the local molecular adsorption
species. For O2 on Pt, however, we find that these barrier
heights and the dissociation rates are anticorrelated, in
particular for the Ag-decorated and clean Pt step cases.
Only when considering the energy barrier with respect to
gas-phase O2 rather than to molecular chemisorbed O2
(i.e., considering ETS rather than Ea ) the enhanced reactivity of the Pt steps becomes apparent from the DFT results
(cf. Fig. 3). The use of ETS rather than Ea in interpreting
the experimental results is, however, highly relevant. We
shall consider the two extreme situations: (i) O2 in thermal
equilibrium with the surface and (ii) O2 behaving as a hot
precursor. In the first situation, Ea must be compared to
the desorption energy barrier, Ed 苷 2EMPS , because this
barrier determines the lifetime of the molecular precursor.
The branching ratio of the two competing events, dissociation and desorption, becomes exponentially dependent on
the difference, Ea 2 Ed 苷 ETS , whereby the importance
of ETS for the local reactivity becomes apparent. In
the other extreme situation, where the O2 acts as a hot
precursor, the local stability of the MPS provides us with
information on the potential energy surface (PES) for the
precursor. This PES shows strong steering forces [22]
from the Pt terrace sites towards the Pt step sites and
less so towards the Ag-decorated Pt step sites. As a hot
precursor, the O2 has kinetic energy up to Ekin,0 2 EMPS ,
where Ekin,0 is the kinetic energy upon impact, available
for surmounting the local energy barrier, Ea . For this
situation, Ekin,0 2 EMPS 2 Ea 苷 Ekin,0 2 ETS becomes
a measure of the local excess kinetic energy of the
dissociating precursor. Again, it is seen that ETS is the
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key parameter for the local reactivity. The O2 兾Pt system
constitutes, to our knowledge, the first case where the enhanced reactivity of step sites cannot be associated with a
lowering of the activation barrier, Ea . The exact behavior
of the O2 , whether in thermal equilibrium or acting as
a hot precursor, is unknown, but experimental evidence
indicates the first scenario as the more likely [6,11].
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