
This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 18227–18235 |  18227

Cite this: Phys. Chem. Chem. Phys.,

2022, 24, 18227

Alignment and impact angular dependence to O2

sticking and dissociation on Pt(111) and
close-packed steps†

Maatje J. E. de Willigen,a Mitsunori Kurahashi b and Ludo B. F. Juurlink *a

Oxygen’s interaction with Pt surfaces serves as a model system in the development of an accurate

theoretical description of reaction mechanisms that involve multiple precursor states. To benchmark the

influence of surface structure on the dynamics of this interaction, we report absolute values of the initial

sticking probability of O2 onto Pt(111) and two vicinal surfaces for state-selected and rotationally-aligned

O2 molecules. Sticking probabilities vary significantly for helicoptering and cartwheeling molecules. Our

data can be understood if normal energy scaling holds for all molecular orientations relative to the

surface. Vicinal surfaces are much more reactive than Pt(111) with little to no dependence on

the molecule’s alignment and a more complex angular dependence. At low incident energies,

sticking probabilities are highest for incidence into step facets. The weak alignment dependence points

toward predominant scattering into a physisorbed state preceding chemisorbed states over a wide

angular range.

1 Introduction

Molecular oxygen plays an important role in many heteroge-
neously catalysed oxidation reactions. Amongst transition
metal catalysts, Pt has relevant applications in the oxygen
reduction reaction (ORR) in fuel-cells1–3 and the automotive
exhaust gas treatment, where O2 oxidises CO and residual
hydrocarbons.4,5 Such applications draw interest from scienti-
fic and technical communities, while the cost of this precious
metal stimulates efforts to develop cheaper catalysts. A rational
approach in this effort requires a detailed understanding of the
interactions of O2 with the catalyst’s surface. Model studies
combining ultrahigh vacuum (UHV), surfaces of single crystals,
and supersonic molecular beam techniques allow for unravelling
the principles that govern the adsorption dynamics.6

Molecular oxygen’s interaction with catalytic platinum sur-
faces is known to be complex. To understand the dynamics of
adsorption and dissociation, it was originally studied exten-
sively on a Pt(111) model catalyst surface.7 The quantified
dependences of the initial sticking probability (S0) on incident
kinetic energy (Ei), surface temperature (Ts), and angle of

incidence (yi) were first interpreted to indicate both indirect
and direct dissociative adsorption. This idea was corrected later
by the determination of the species adsorbed using vibrational
spectroscopy, and it was shown that O2 molecular dissociation
always proceeds via molecular chemisorption and subsequent
thermal dissociation.8,9 In these studies, two molecular chemi-
sorbed states were identified, a superoxo (O2

�) and a peroxo
species (O2

2�). A physisorbed state is only populated extensively
at lower surface temperatures.10 Infrared spectroscopy showed
that it serves as a precursor to the superoxo species.11

The corrugation on the Pt(111) surface, e.g. introduced by
regular monoatomic steps, drastically increases the sticking
probability.12–14 A lack of identification of the species resulting
from sticking made it impossible to conclude whether
steps open up a channel to direct dissociative adsorption, as
speculated from a study on Pt(533).12 At the same time,
independence of step type for sticking at low incident energy
was speculated to result from the increased importance of the
physisorbed state in the dynamics of trapping and dissociation.13

Desorption and scanning tunnelling microscopy (STM) studies
point to differences in the influence of step-type on adsorption
and dissociation,15–18 but could not make claims regarding the
adsorption dynamics.

While most of these studies of O2 impacting onto Pt used
randomly oriented O2 beams, Kurahashi and Yamauchi devel-
oped a technique to study alignment effects with a high level of
control over the impacting orientation of the O2 molecule.19

Since O2 is a paramagnetic linear molecule, a hexapole magnet
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may be used to select a single spin state in a molecular beam.
The (2,2) state is generally selected and, subsequently, oriented
by a magnetic field surrounding the crystal to impact onto a
surface with either a helicoptering (H) or cartwheeling (C)
motion relative to the normal of the crystal surface. The techni-
que and some applications have been reviewed previously.20

Even more recently, an alignment effect in the chemisorption of
oxygen on Pt(111) was examined.21 This study showed that for
lower collision energies, impact with the O2’s internuclear axis
continuously aligned with the (111) surface plane, i.e. helicop-
ters, strongly increases S0 relative to the cartwheeling align-
ments. It was interpreted to reflect the molecular chemisorbed
peroxo and superoxo states with their OQO bond lying parallel
to the (111) plane, and the activation energy required to reach
them from the gas phase. With increasing incident energy, S0

for the different alignments changed relatively, explaining the
asymptotic dependence of S0 with kinetic energy and levelling
well below S0 = 1, as found previously for Pt(111).

A subsequent study employing stepped Pt(111) crystals
showed that the increased sticking at low incident energies
previously observed without state-selection and alignment
showed no alignment dependence near Ei = 0.1 eV.22 This result
was interpreted to indicate that, at low impact energies, steps
aid in trapping the O2 molecule by initially scattering it into
the physisorbed state, as such a state is rotationally (nearly)
isotropic. The results also showed that the step influence on Pt
is twofold; sticking probabilities are strongly enhanced by
scattering into a physisorbed state at low incident energy, but
with increasing incident energy, direct adsorption into chemi-
sorbed states at the step edges starts contributing to the overall
sticking.

Despite this detailed understanding of the mechanisms by
which O2 traps and sticks to Pt surfaces, there are still aspects
to be addressed. First, as Cao et al.22 only published relative
values of S0 for H and C aligned molecules, a comparison of
absolute values for such alignments for Pt(111) and stepped
surfaces is lacking. Such absolute values are required
to address the accuracy of theoretical calculations and the
quality of potential energy surfaces developed for gas-surface
interactions.23 Second, to predict catalytic rates, unravelling
parallel mechanisms leading to sticking and dissociation must
be done in an absolute sense. This requires not only the energy
dependence for normal incidence but also the impact’s angular
dependence. For Pt(111), incidence at higher Ei was previously
shown to reflect normal energy scaling, i.e. showing a cos2(yi)
dependence, but was found to be more complex at lower
energies.7 The angular dependences for the various alignments
on Pt(111) directly sticking into a chemisorbed molecular state
have not been investigated, nor how the impact angle affects
scattering from monoatomic steps into the physisorbed state.
As for H2 direct dissociation on stepped Pt surfaces an increase
in sticking was observed for molecules impacting into the step
facet,24,25 and we hypothesize that a similar effect is observed
for O2 impacting on such surfaces. At low incident energy, we
also expect this effect to be mostly independent of alignment as
scattering seems to occur predominantly in a physisorbed state.

Herein, we investigate how changes in the alignment of the
rotational axis of the O2 molecule upon collision with steps and
(111) terraces affect sticking on the Pt surface. We report
absolute values for the sticking of various alignments for both
Pt(111) and two-stepped Pt(111) surfaces and investigate the
angle dependences. We quantify sticking at steps vs. terraces by
separating the measured sticking probability into local sticking
probabilities, S111

0 and Sstep
0 . These are weighted by an estimate

of their relative surface areas as previously done for H2 disso-
ciation on stepped Pt surfaces.26–28

2 Methods

Stereodynamically sensitive experiments were executed in
Tsukuba, Japan. The apparatus has been described before.20,29

Briefly, supersonically expanded mixtures of O2 in He pass
through a magnetic hexapole. The hexapole contains a variable
number of hexapole elements. The number matches the vari-
able kinetic energy of state-selected O2. Stern–Gerlach (SG) and
TOF analyses of O2 [(J,M) = (2,2)] indicate that the purity of the
(J,M) = (2,2) state is nearly 100%. The estimated velocity spread
(Dv/v) is at most 10–15%.29 The supersonic molecular beam
passes through multiple differentially pumped chambers that
are separated by aligned skimmers and small orifices. A UHV
chamber at the end of this sequence of chambers houses the
Pt(553), Pt(533), or Pt(111) crystal upon which the state-selected
O2 molecules impinge. The crystals are suspended from a X, Y,
Z, Y manipulator. The crystals are attached to transfer plates
that allow for moving the crystal into a second UHV chamber
used for cleaning the crystals’ surfaces, verification of
long-range order by low-energy electron diffraction (LEED),
and verification of cleanliness by Auger Electron Spectroscopy
(AES). As reported previously, after the standard cleaning
procedures of multiple sputtering-annealing cycles, the crystals
show no measurable levels of impurities. The obtained LEED
patterns are as expected for these crystals.22 The direction of
the rotation of the hexagonal split-spot pattern for the stepped
surfaces allows us to determine the direction of the steps.

Currents through three sets of the Helmholtz coils surround-
ing three different axial directions outside of the UHV chamber
are alternated every 2 seconds. This alternation switches the
impact geometry for state-selected O2. The sticking of O2 is
measured using the King and Wells technique with the mole-
cular beam striking the surface for at least one minute. Here,
the pressure in the chamber as measured by a magnetically
shielded ion gauge is used for the King & Wells measurement.
It is corrected for the contribution of He to the total pressure,
as determined by separate measurements of the ratio of He
and O2 using a quadrupole mass spectrometer (QMS). Experi-
ments using two alternating impact geometries are generally,
but not always, performed twice using both possibilities for
the starting order of impact geometries. Initial sticking prob-
abilities are obtained by a fit to the data as discussed in detail
below. The time dependence may, in principle, be used to
determine the coverage dependence of the sticking probability.
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Here, it cannot be determined for reasons described in detail in
the ESI.†

3 Results and discussion

Fig. 1 shows the reference frame for the experimental setup
with laboratory frame axes defining translational motion and
the three directions of rotational motion relative to the step
directions within the surface of Pt crystals for O2. The beam
containing O2 molecules enters along the x-axis. Alignment of
rotation within the xy plane yields molecules acting as cart-
wheels with a rotational momentum vector aligned along z (Cz).
Similar rotation within the xz plane yields cartwheels with a
rotational momentum along the y-axis (Cy). Rotation in the
yz plane yields helicoptering molecules (H). Note that the
magnetic fields do not align molecules uniquely. Molecules
impinge with a distribution of rotational angles centred along
x, y, or z.20

Fig. 2 shows in blue and red two typical sets of data prior to
any analysis or treatment, collected with identical experimental
settings. The kinetic energy of O2 molecules, Ei, is 0.33 eV and
the incident angle is 01 relative to the Pt(111) surface normal.
The data were taken on the same day with several similar
measurements performed in between. The figure shows the
ion gauge current collected by a magnetically shielded nude ion
gauge in the UHV chamber over time when a mixed O2/He
beam is sequentially allowed to enter the UHV chamber and
impinge onto a Pt(111) surface. Initially, the mixed O2/He beam
does not enter the UHV chamber. The ion gauge current is low.
After approximately 10 s, at timestamp T1, a beam valve is
opened and the beam enters the chamber but scatters off an
inert flag. The nearly instantaneous pressure rise reflects the
flux of O2 molecules diluted in He, F, entering the UHV
chamber. After a fixed amount of time, at timestamp T2 (see
the inset of the expanded signal), the inert flag is removed and
the beam impinges directly onto the clean Pt(111) surface.
A sharp electronic spike in the data accurately defines the
starting point for the incident flux of O2 molecules to hit and
partially stick to the surface. Sticking of O2 and its subsequent
dissociation leads to a pressure drop. It may also be considered

a lower reflectivity due to the sticking of O2 to the Pt(111)
sample compared to the inert flag. From this point onward, the
magnetic field at the crystal is also continuously switched for
both experiments. The switching causes the O2 to impinge
alternatingly as cartwheels with rotational momentum along
the z axis and helicopters. The sequence starts with H. Clearly,
switching between H and Cz modulates the reflectivity of (or
the sticking to) the surface. With time, the reflectivity smoothly
increases as the surface fills up with atomic oxygen from
dissociated O2, although modulated by the magnetic field
altering the incident rotational alignment. The ion gauge
current ultimately approaches the value obtained for the
reflectivity of the inert flag, i.e. in between T1 and T2. The beam
is allowed to impinge onto the surface for approximately 40 s,
after which the inert flag is placed back at timestamp T3. This is
again characterized by an electronic spike. The small step
function in the data at this point suggests that sticking, even
after 40 s, had not yet fully saturated the surface. If the surface
is fully passivated toward sticking, its reflectivity should equal
that of the inert flag. The effect is most clearly observed in the
blue trace.

The surface temperature during our measurements is some-
where between 300 and 400 K, but varies by at most 30 K. The
variation results from differences in the required time to move
the crystal between the preparation chamber and the UHV
scattering chamber, hence the time that the crystal cools after
annealing. The exact temperature is unknown due to lack of
temperature measurement in the latter chamber. The estimated
range of 30 K is based on more recent measurements of

Fig. 1 Schematic illustrating the x, y and z laboratory frame axes, the
sample, and the alignment of O2 molecules as H, Cz, and Cy.

Fig. 2 Two original data sets of two experiments representing O2 adsorp-
tion to Pt(111) with alternating rotational alignment, H and Cz. The incident
angle is 0 degrees relative to the Pt(111) surface normal, Ei = 0.33 eV, and
300 K o Ts o 400 K. Relative fluxes are indicated as F1 and F2. Time-
stamps, T1–T3, are described in the text. The inset shows the enlarged
signal at the start of sticking for the blue trace only. The red overlapping fit
near timestamp T2 is an exponential fit capturing the vacuum time
constant of the UHV system for O2.
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temperature for similar experiments. For this range, surface
temperature effects on sticking coefficients can be neglected.13

Prior to analyzing the data to obtain sticking coefficients, we
study the traces in greater detail. First, we note that the
absolute base current, i.e. the current detected prior to T1, for
the two traces is not the same for experiments with identical
settings. As the ion gauge detects residual gas indiscriminately
(although with varying sensitivity), this may reflect a minor
difference in the base pressure of the UHV chamber. This
difference in base pressure is not unexpected as repetitively
allowing intense beams into the chamber may increase the base
pressure during the day. However, the fluxes F1 and F2 also
differ between these identical experiments. The starting pres-
sure at T1 may for the latter experiment (red) be higher, but the
immediate increase is slightly smaller than for the former
experiment (blue). This could be a result of a lowered detection
efficiency of the ion gauge. It may also reflect a change in the
beam. The absolute beam flux may have dropped a little or the
relative composition of O2 and He may have shifted toward the
less easily ionized species, i.e. He. Also, we observe in the blue
trace that the ion gauge signal within a single experiment
changes as a function of time. When the beam scatters of the
inert flag between T1 and T2, the ion gauge current is slightly
lower than after T3. The detector’s sensitivity improved, the
beam flux increased or the composition changed toward the
more easily ionizable species (O2). As the experiment repre-
sented by the blue data was performed prior to the experiment
represented by the red data, and the red data show no differ-
ence between the ion gauge sensitivity measured prior to T2 and
after T3, we expect that the beam flux or composition changed
slightly over time and only stabilized well after the initial (blue)
experiment. Although the effects are small, in the ESI,† we show
that this and other seemingly small effects ultimately render us
incapable of accurately quantifying the sticking probability’s
dependence on the atomic oxygen coverage, i.e. S(YO).

Regardless of the variations in the obtained signal for
identical experiments, the data allows us to obtain accurate
initial sticking probabilities for variations in kinetic energy and
incident angle, i.e. S0(Ei,yi), for the individual alignments
(Cz, Cy, and H). To do so, the data presented in Fig. 2 were
converted by performing the following steps. First, the back-
ground signal (base level) was deducted from the data. We use
the average of the ion current up to T1. Subsequently, the
average between T1 and T2 is determined. The entire signal is
normalized to this value and subsequently spans a relative
current or flux between 0 and 1. The signal is then inverted
and shifted to span the range of 0 to 1. This remaining signal,
starting at T1, represents S(t) with Y0 = 0 at t = T1.

Fig. 3 shows the resulting time-dependent sticking prob-
ability of O2 on a Pt(111) surface. It was created from the raw
data presented in blue in Fig. 2. Against the top and on the
right axis, we show the block function that illustrates the
alternating rotational alignment. It modulates between 0 and
1 for H. The inverse function would characterize the impact
of Cz-aligned O2. The decaying sticking probability follows
the switching between the alignments. However, the signal also

reflects the vacuum time constant for O2 of the vacuum system.
After the nearly instantaneous switch of the magnetic field, it
takes some time for the system to adapt to the new decaying
equilibrium and follow the sticking probability trend. This
equilibration time was found to be between 270 and 310 ms
with an average of 300 ms. The block function indicating the
switching of rotational alignment was then altered to omit the
first 300 ms after each switch. The adjusted block function used
as a data mask in the subsequent fitting procedure (see below)
is depicted as a dotted line in Fig. 3 for H. It is 0 for the times
that the magnetic field selects the other alignment and for the
times that the vacuum time constant affects the data. For Cz,
the inverted block function is used and adapted analogously to
create a data mask when fitting Cz data.

As a single exponential decay does not capture the trend
accurately, a functional form containing two exponential
decays is fitted to the data for each of the rotational alignments.

SðtÞ ¼ A1 exp
�ðt� t0Þ

t1
þ A2 exp

�ðt� t0Þ
t2

þ y0 (1)

The offset, y0, was set to zero as the baseline was already
established. The remaining fitting parameters A1 and t1 capture
the fast decay at the start of the experiment, while A2 and t2

capture a second, slower decay. The start time, t0, is defined as
the exact average between the removal of the inert flag (marked
by the electronic spike at T2) and the start of the adsorption
signal. We have checked the sensitivity of S0 to minor changes
in the definition of t0 by varying the latter in between the
removal of the inert flag (T2 in Fig. 2) and the start of the
adsorption signal (the first peak in the blue line in Fig. 3).
Changing t0 within this range yields a variation in the ulti-
mately determined value of S0 between 0.5–3%. The uncertainty
in t0 is, therefore, insignificant.

The data masks ensure that only relevant data is selected in
the fitting procedure. The fits to the time-dependent sticking of

Fig. 3 Time-dependent sticking probability of O2 as a function of time on
Pt(111) for 0.33 eV incident energy. The direction of rotational motion of O2

relative to the Pt surface is switched between H and Cz. Two fit functions
are shown as dotted lines. The upper fit was created using data of H and
the lower fit Cz. The upper red solid and dotted block functions represent
the alternating rotational alignments and the adjusted mask functions used
for data fitting purposes.
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both alignments are shown as red dotted lines passing through
the data. The upper fit represents the H and the lower fit
represents the Cz alignment. The fits deviate most from the
data at the start of the experiment, although the overall fits
seem to capture the absolute values very well. With the fitting
parameters determined, we calculate S0 using t = t0. In this
particular example, we find that the S0(H) is considerably
higher than S0(Cz), 0.173 for S0(H) and 0.114 for S0(Cz).

Fig. 4 shows the initial sticking probability as a function of
incident angle, yi, for Pt(111) at an incident energy of 0.33 eV.
The three different rotational alignments are colour-coded with
H in blue, Cy in black and Cz in red. This colour-coding is
maintained in the presentation of data. The data shows that
helicoptering molecules are considerably more reactive than
cartwheeling molecules at normal incidence. This difference
becomes smaller when the angle from the surface normal
increases. The two types of cartwheeling molecules show iden-
tical sticking probabilities at normal incidence. With the
increasing incident angle, a minor discrepancy develops with
S0(Cy) being consistently slightly larger than S0(Cz). Values for
S0(H) also approach S0(Cy) at 45 incidence.

Normal energy scaling (NES) has been established for O2

sticking on Pt(111),7 Ag(001),30 Cu(111), Cu(110), and
Cu(100).31 It is often interpreted to signal activated adsorption
with a barrier positioned in the entrance channel. To judge
whether NES also applies to sticking on Pt(111) for all indivi-
dual alignments, traces of the form

S0(yi) = (S0(01) � cos(yi))
2 (2)

are added to Fig. 4. For these dashed lines, we used the
determined values of S0(01) to fix the amplitude at normal inci-
dence. Normal energy scaling seems to hold for all rotational

alignments, although H and Cy appear to follow the angular
dependency on cos(yi)

2 slightly better than Cz. In line with
previous studies that came to the same conclusion based on
other arguments, these results suggest that molecular chemi-
sorption of O2 on Pt(111) is activated.21,22,32 Our results indicate
that the idea of an entrance channel barrier holds for all
rotational alignments. The considerably higher sticking prob-
ability of the H alignment in comparison to the C alignments
signals that the molecularly bound chemisorbed state is more
easily accessed when the internuclear axis is of gas phase O2

and is already parallel to the surface.20,21

As noted, at the incident angles of �45 and 451, S0(H) has
dropped to almost the same value as S0(Cy) while S0(Cz) is
distinctly lower than S0(Cy). This behaviour is as expected. In
the experiment, we rotate the crystal along the z-axis. This alters
both the angle between the macroscopic surface normal and
velocity vector of the O2 molecule, and the angle between the
molecular rotational plane and the surface plane. The H align-
ment at yi = 01 turns into Cy and vice versa with increasing yi.
On the other hand, Cz remains unique and only contains a
cartwheel character irrespective of yi. Considering that the H
character results in higher S0 values, it is not surprising that Cz

is the least reactive at the most extreme angles. At the same
time, the data for both H and Cy are exactly in between their
original helicopter and cartwheel character at �451. Although
the angle between the (111) surface plane and their rotational
plane is the same, the data suggest that S0(H) is slightly larger
than S0(Cy) at this incident angle. This may be an artefact
caused by the order in which the sticking for different rota-
tional alignments is determined. For this particular set of data,
we mostly started experiments with the H impinging first. This
may cause a slight advantage as the second alignment never
truly experiences an entirely clean surface. Its S0 may, therefore,
be slightly underestimated. However, the difference may also
be a consequence of an actual difference for H and Cy at the
incident angle of 451. Even though H and Cy are identical with
respect to their rotational plane relative to the surface plane at
�451 incidence, they are different in the alignments of their
velocity vectors and rotational momenta. For the alignment
indicated as H for normal incidence, these momenta are
aligned, while for the original Cy they are orthogonal. This
difference may affect the ratio of scattering vs. sticking by
coupling rotational and kinetic energy in the collision. Here,
however, rotational energy is small compared to the kinetic
energy. Hence, we feel that more detailed experiments are
required to draw any conclusion beyond that normal energy
scaling seems to hold for the rotational alignments indicated as
H, Cy, and Cz.

To illustrate the influence of monoatomic steps in the Pt
surface on sticking, Fig. 5a displays the dependence of S0 for
the three alignments as a function of yi for the stepped Pt(533)
surface with Ei = 0.1 eV. The data are qualitatively representa-
tive of both Pt(533) and Pt(553) and show a clear maximum for
molecules impinging into steps. In Fig. 5b the same type of data
is shown for Pt(553) for a higher incident energy, i.e. Ei =
0.33 eV, i.e. the same as for Pt(111) in Fig. 4. The incident

Fig. 4 Initial sticking probability for three different alignments of the
rotational plane of O2 as a function of yi relative to the Pt(111) surface
normal at 0.33 eV incident energy. The crystal temperature is between 300
and 400 K.
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angles in both panels are relative to the macroscopic normal of
the crystal. Incidence along [111], hence normal to the 4 atom-
wide (111) terraces, occurs at +12.31 +14.41 from the Pt(553) and
Pt(533) surfaces, respectively. While the data for low incident
energy shows a broad maximum at negative impact angles, at
higher Ei the maximum shifts toward [111]. This reflects the
increasing contribution of direct adsorption into chemisorbed
states on the (111) facets.22

When compared to Fig. 4, three clear distinctions arise from
Fig. 5. First, sticking is considerably higher on stepped surfaces
than on Pt(111) for both incident energies, at all angles, and for
all rotational alignments. Second, the significant difference
between H and C for Pt(111) occurring over a wide angular
range disappears at the lowest incident energy for stepped
surfaces. Finally, the angular dependence is not symmetric
along the macroscopic normal, nor does it reflect normal
energy scaling along the [111] or any other normal. A fourth
point that we note is more subtle. Sticking probabilities
at negative impact angles are consistently higher for Cy as
compared to Cz.

To discuss our interpretation of these results, we depict the
reference frame separately in Fig. 6. Positive and negative
angles are denoted by + and � and correspond to the angular
axis in Fig. 5. The left panel of Fig. 6 depicts incidence relative
to the Pt(111) facets. Fig. 4 shows that any contribution to
sticking resulting from incidence onto a (111) terrace should
reflect normal energy scaling. It will therefore show a sym-
metrical dependence with respect to [111] reflecting eqn (2).

In the right panel, the incident beam impinging at or very near
the steps of the (533) surface is illustrated. Positive impact
angles lead to incidence more along [111]. At negative angles,
the beam directs molecules more into the step facet.

If we consider the sticking probability to be predominantly
determined by the point of impact, the observed initial sticking
probability, S0(yi), is simply the average of local sticking prob-
abilities weighted by the relative surface areas of steps and
terraces.12,24,26,33

S0ðyiÞ ¼ A111 � S111
0 ðyiÞ þ ð1� A111Þ � Sstep

0 ðyiÞ (3)

A111 quantifies the fractional surface area of (111) terraces, and
S111

0 and Sstep
0 indicate the local sticking probabilities on (111)

terraces and steps. The general maximum observed in Fig. 5a
opposite to [111] suggests a substantial contribution of mole-
cules sticking by impact into the step facet at low incident
energy. Sticking to (111) facets, as quantified in Fig. 4, is
repeated by the coloured dashed lines in Fig. 5b, although
scaled (see below). Again, the underlying assumption here is
that long-range diffusion of a weakly-bound intermediate is not
a major component of the observed sticking probability.

Considering that Pt(553) is nominally equal to Pt[4(111) �
(110)],33 the surface area with a potential energy surface (PES)
resembling extended (111) terraces is expected to be at most on
the order of 80% of the total surface area.34 Taking A111 at 80%,
we calculate from the data in Fig. 5b and eqn (3) the local
sticking probability for steps. In Fig. 7, our rough estimates for
Sstep

0 for all three alignments are shown. Two observations stick
out. First, sticking by scattering from or reacting at steps is far
less sensitive to the rotational alignment of the molecule prior
to impact compared to Pt(111) at the same incident energy.
Whereas H was up to 1.8 times more reactive than C on
Pt(111),21 we find that the various alignments are much more
similar. The remaining difference may also be artificially
enhanced by the somewhat arbitrary differentiation between
step and terrace surface areas. In any case, the lack of a strong
alignment dependence at this incident energy indicates that
the predominant mechanism leading to O2 sticking proceeds
via a state that is rotationally isotropic.22 Hence, the data

Fig. 5 Initial sticking probability of O2 as a function of yi on (a) Pt(533) for
Ei = 0.1 eV and (b) Pt(553) at Ei = 0.33 eV. The vertical straight dashed lines
indicate the [111] normal. The coloured dashed curves in (b) are identical to
those shown in Fig. 4 for Pt(111) and centered at [111], but multiplied by 0.8.
The open circles indicate the contribution of (111) facets to the measured
S0 values for Pt(553).

Fig. 6 Incident beams on (111) facets (left) and steps (right), exemplified
for the (533) plane. The blue saw tooth line shows the local structure
and the black line the macroscopic surface. Plus and minus symbols
respectively denote positive and negative rotation of the molecular beam
in the laboratory frame.
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indicate that the high absolute sticking probability in compar-
ison to Pt(111) is a consequence of molecular scattering from
the step edges into a physisorbed state. Second, scattering into
the step, i.e. at negative angles, yields high sticking prob-
abilities. The actual values obviously depend on the same
division of surface areas for step and terrace. We conclude that
the steps are very effective in converting a large enough fraction
of the incident 0.33 eV into another form an energy – at least
large enough that the molecule does not escape the physi-
sorbed state. This conversion of kinetic energy may occur into
phonons, e-h pairs, rotational motion, or into kinetic energy
with a momentum vector oriented parallel to the surface.
Our experiments cannot distinguish between these origins of
trapping.

The dominance of a mechanism that relies on scattering
into a physisorbed state should decline with incident energy.
A larger collision energy is more difficult to convert to an extent
that the molecule becomes trapped. One may, therefore, expect
that with increasing kinetic energy, alignment dependencies
similar to those observed for Pt(111) return. Fig. 8 shows that
this is the case. The data represent the absolute initial sticking
probability of O2 as a function of the incident kinetic energy for
the Pt(553) crystal surface at three incident angles. The step and
terrace directions are identical to those illustrated in Fig. 6 for
Pt(533), but with the [111] normal occurring at +12.31. The top
panel shows S0 at an incident angle of 01, hence normal to the
macroscopic surface. The middle panel displays the data for
12.31, hence normal for the short (111) planes. The bottom
panel shows the data for 451 incidence, hence beyond the [111]
normal and further away from the influence of the step facets.
Data are separated for the three directions of rotational motion.
They illustrate that, with increasing kinetic energy, helicopters
again attain a unique status and show a higher initial sticking

probability than cartwheels. Even for increasing incident energy
with the associated drop and levelling of S0, the H alignment is
clearly more reactive than the C alignments. For all incident
angles and energies the relative sticking probabilities do not vary
as strongly as for normal incidence onto Pt(111), but the ratio of
SH

0 to SC
0 increases to approximately 1.3 at 45 incidence. In line

with our previous interpretation,22 we conclude that with increas-
ing collision energy, the relative importance of parallel mechan-
isms leading to sticking and dissociation shifts from scattering
into a physisorbed state toward direct activated adsorption into
chemisorbed states. The alignment of such states with the inter-
nuclear axis parallel to the surface is reflected in the higher
sticking coefficient for H vs. C.

We finally address the fourth, more subtle, observation from
Fig. 5 mentioned previously. The consistency of higher sticking
probability values determined for Cy in comparison to Cz at
0.1 and 0.33 eV impact energy and negative impact angles also
holds true for the Pt(553) surface. In line with our previous
suggestion,22 where the argument was based solely on impin-
gement normal to the (111) facets but for a range of impact
energies, we attributed this effect to direct access to an align-
ment chemisorbed molecular state at the step. In DFT-based
calculations, the energy difference for chemically-bound mole-
cular states of O2 at these step types was found to strongly favor

Fig. 7 The estimated local sticking probability at steps (Sstep
0 ) as a function

of the angle for Pt(553) at Ei = 0.33 eV. Data result from the deconvolution
of S0 into two components as described by eqn (3).

Fig. 8 Absolute initial sticking probability of O2 as a function of kinetic
energy (eV) for a Pt(553) crystal on a three incident angles from the surface
of the crystal. The three directions of rotational motion are given for each
incident angle with H in blue, Cy in black and Cz in red with from top to
bottom the absolute initial sticking probability for incident angles of 01,
12.31 and 451.
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the interatomic O–O axis aligned with the step and binding to
the upper edge.35,36 Molecular impingement with the Cy geo-
metry partially probes this orientation, while Cz does not.
We believe that direct scattering into this edge-bound molecular
state causes the difference in the observed sticking probabilities
for the two cartwheeling motions. Its effect is seen over a range of
impact angles near the [111] normal.

4 Summary

The dependence of initial sticking probabilities on incident
angle and kinetic energy was determined and analysed for three
orthogonal alignments of the O2 molecule onto platinum single
crystal surfaces. We show sets of representative data for the
(111), (533), and (553) planes. At 0.33 eV incident energy,
sticking to the (111) plane shows a strong alignment depen-
dence with H being more reactive than C, but normal energy
scaling seems to hold for all alignments. It reflects an activation
barrier to molecular chemisorption in the entrance channel of
the reaction and alignment of chemisorbed molecular states
parallel to the (111) surface plane.

The sticking probabilities’ angular dependence for stepped
Pt surfaces shows an additional contribution to sticking at low
incident energy. Incidence into the step facet increases sticking
most drastically. A simple model suggests that a local sticking
probability at the step reaches values near 0.5 for 0.33 eV
incidence energy with a velocity vector aiming into the step.
The lack of a clear rotational alignment dependence to this
second sticking mechanism confirms that it does not result in
direct binding into an aligned surface-bound state. Instead,
sticking proceeds primarily via initial scattering into a more
weakly bound, free rotor state at low collision energies.
We expect it to predominantly result from geometric corruga-
tion introduced by the step. With increasing collision energy,
the dominance of this mechanism is reduced and alignment
effects reappear. At the same time, we find a minor discrepancy
for cartwheeling molecules. When the rotational plane is
parallel to the step direction, molecules stick slightly better
as a molecular bound state existing at the step edge is more
easily accessed than when molecules approach with their
rotational plane normal to the step direction.
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