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The improvement of product yields is one of the most
important goals for surface science, which is a discipline that
aims at a thorough understanding of heterogeneous catalysis
and the future design of knowledge-based catalysts.[1] Simple
reactions, such as dissociative O2 adsorption[2] and CO
oxidation,[3] feature among the most frequently studied
processes because of their paradigmatic role and apparent
simplicity. The elementary steps of simple chemical reac-
tions[1–4] can be studied by performing state-resolved experi-
ments with supersonic molecular beams (SMBs). As recently
demonstrated, this technique also allows the exploration of
the influence of the rotational alignment of the reactants[5–6]

by performing an accurate velocity selection of the molecules
that are seeded in lighter inert carriers.[7]

We previously applied this method, the so-called colli-
sional alignment, to investigate the sticking probability S in
gas–surface interactions, and found large stereodynamical
effects in the presence of preadsorbed molecules, but no
effects for molecules that interacted with bare surfaces.
Herein we show that, even if the value of S is the same, the
different rotational alignments of incoming O2 in the gas
phase governs the dissociation process on Pd(001) and is
responsible for the generation of oxygen atoms that are

characterized by totally different reactivity towards CO
oxidation. CO is connected to a different site above and/or
below the surface, which is reached by the O atoms that result
from dissociation, as shown by photoelectron diffraction
(PD). This phenomenon occurs even at low coverage, thus
contradicting state-of-the-art DFT predictions, which show
that only on-surface sites should be populated.[8] Collisional
alignment can thus be envisaged as a tool to tune chemical
reactivity in surface chemistry by selectively populating
subsurface sites without saturating the on-surface sites and
thus opening up new and possibly promising reaction paths.[9]

According to previous results, O2 chemisorbs dissocia-
tively on Pd(001) in the low-coverage limit, the resulting
adatoms are situated in fourfold hollow sites and form a
disordered layer or a p(2�2) structure, depending on the
coverage.[10] CO adsorbs randomly at bridge sites, except close
to 0.5 monolayers (ML) when a c(2�4) overlayer forms
(1 ML = 1.33 � 1015 Pd atoms cm�2).[11] CO oxidation has been
widely investigated;[12–13] the reaction is thermally activated
and occurs by a Langmuir–Hinshelwood mechanism and
tends to be incomplete,[14, 15] since some O2 and some CO
desorption are observed up to initial coverages of 0.25 ML for
both reactants.[14]

We performed state-resolved experiments[16] by exploiting
rotationally polarized SMBs: the forward collisions in the
supersonic expansion of a seeded mixture (4% O2, 96 % He in
the present experiments) generate very low rotational
temperatures, which correspond to the population of low
rotational K states (mainly K = 1), and molecular beam
polarization, that is, the selective population of the m helicity
states.[17] The K polarization is related to the alignment of the
molecular axis with respect to the beam direction and its
degree depends strongly on the final speed reached by the
molecules[7] after the supersonic expansion. The selection of a
specific portion of the SMB velocity distribution thus allows a
definite degree of alignment of the oxygen molecules to be
singled out.[7, 18, 19] A two-disk velocity selector was used in
order to maximize the throughput and thus enable retarded
reflector measurements.[16] The fast tail (FT) of the SMB
velocity distribution consists mostly of molecules in the
helicity state m = 0, while the rotational axes of the molecules
that form the slow tail (ST) are distributed isotropically
(similar population of m = 0 and m =� 1 components, K = 1 is
the most populated level). Since the beam impinges along the
surface normal, the m = 0 and m =� 1 states correspond to
molecules that rotate as cartwheels (CWs) or as helicopters
(HEs), respectively, with respect to the surface plane.[20] This
result implies that the ST consists mainly of HEs.
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The CO2 yield and O2 sticking probability versus time for
O2 exposures on CO pre-covered Pd(001) at two different
surface temperatures TS are shown in Figures 1a and b,

respectively. The pre-coverage was set at VCO = 0.04 ML, so
that most of the O2 molecules interacted with the bare
surface[21] and the sticking probability was large.[6] If TS is high
enough for CO to be mobile and for the reaction barrier to be
overcome, the O adatoms react and give rise to CO2

desorption. It is clear from Figure 1 that the CO2 desorption
yield is larger for molecules in the ST than for those in the FT.
The integrated CO2 production is given in Table 1. At TS =

394 K the production corresponds to the removal of about
half of the CO admolecules for the ST, while only one tenth
are consumed after the same exposure to the FT. The
remaining CO is consumed over a longer timescale. Consid-
ering the error bar in the measured CO2 yield and in the
degree of alignment, these numbers are consistent with the
fraction of helicopters present in the ST ((58� 5)%), and the
FT ((33� 5)%; see the Supporting Information). It can thus

be concluded that only the HEs generate the reactive oxygen
species.

We further noticed that CO2 production started only after
a small but measurable delay, which implied that only O
atoms generated for O2 uptakes larger than approximately
0.02 ML are reactive.[22] To investigate this phenomenon
further, the surface, which was precovered with CO at 313 K,
was exposed to the STor the FTof the O2 SMB (see Figure 2);

the dose was interrupted shortly before CO2 production for
the ST starts. After a delay of some tens of seconds, the
exposure was resumed, with the ST used in both cases. CO2

emission was then observed to start immediately if the first
pulse was ST, while a measurable delay, as if the sample had
not been pre-exposed, was present if the first pulse was FT.
The presence of a delay proves that: 1) the states of the
oxygen atoms generated in the pre-treatment are different for
the ST and the FT; 2) these oxygen atoms are stable for the
time of the experiment at TS = 313 K; and 3) only pre-
treatment with the ST is effective for initiating CO oxidation.
If, as can be reasonably expected, the delay is due to the
saturation of surface defects, it is concluded that the defects
cannot be reached by the O atoms generated from the FT.

Figure 1. a) CO2 yield and b) O2 sticking probability as a function of
time for O2 molecules from the ST (c) and FT (b) on Pd(001)
pre-covered with 0.04 ML of CO at 313 K (left) and 394 K (right). The
traces for the CO2 yield are corrected for the different ionization factor
of O2 and CO2, so that the intensities can be directly compared. S(O2)
is isotropic with respect to the investigated beam tail while CO2

production is not. The zeros for S(O2) and the CO2 yield are
determined by the level at which the QMS signal is no longer
distinguishable from the level before dosing. Negative values are due
to noise fluctuations.

Table 1: Total amount of desorbing CO2.
[a]

Total CO2 yield (ML)
TS = 313 K

Total CO2 yield (ML)
TS =394 K

ST (0.020�0.006) (0.018�0.002)
FT (0.005�0.006) (0.004�0.002)

[a] The errors correspond to a 99 % confidence level. Any possible
systematic error in the absolute value of the flux affects all the values by
the same factor. The total O2 uptake at the end of the reaction (after 5 s at
TS =394 K) corresponds to an oxygen atom uptake of 0.12 ML.

Figure 2. a) CO2 yield and b) oxygen sticking probability (2 � SO2) as a
function of time. A 0.04 ML CO pre-covered surface is initially exposed
to O2 either from the ST (c) or by FT (b) for a time shorter than
the ignition time. The exposure is eventually resumed with the ST,
after 42 s for the ST pre-treatment and after 50 s for the FT pre-
treatment (this difference does not affect the final outcome). CO2

desorption occurs without delay if the surface was pre-dosed with the
ST, while a significant delay, as if no O pre-adsorption had been
performed, is observed for the FT.
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In order to directly probe the adsorption sites of the
different oxygen moieties, we investigated O2 adsorption on
bare Pd(001) by PD at the SuperEsca beamline of the Elettra
Synchrotron Light Source in Trieste, which is equipped with a
velocity selected SMB. Since the X-ray photoelectron spec-
troscopy (XPS) energies of the O 1s and Pd 3p3/2 levels
overlap, the photoemission information was retrieved from
the O 2s peak. Additional O 2s intensity that arises from
adsorbed CO is shifted by 6.5 eV and is therefore clearly
discernible. However, CO adsorption from the residual gas
was always negligible, as also confirmed by inspection of the
C 1s region.

Figure 3 shows the O 2s photoemission spectra recorded
at TS = 220 K (when removal of O by background CO is
thermally hindered, even on a timescale of several hours) with

a photon energy hn = 150 eV for two different photoemission
polar angles q along the [110] direction. The spectra
correspond to the bare surface (d) and to oxygen layers
obtained after exposure to 0.10 ML O2 at normal incidence
with ST (c) and FT (b), respectively. The estimated
atomic O coverage is 0.12 ML. The inset in Figure 3 shows

that, within experimental error, the O2 uptakes are identical
for the two tails. In spite of this, it is apparent that the
photoemission intensities are different, thus confirming that
most of the O atoms that originated from the ST and FT
occupy different sites.

Figure 4 shows the contribution of HEs and CWs as a
function of q (dashed curves) deconvoluted from the mea-
sured intensity for the ST and FT at 0.12 ML coverage

according to the rotational polarization (see the Supporting
Information). By comparison with multiple scattering calcu-
lations (continuous lines)[23] of the angular anisotropy, we
found that the best agreement for HEs is with oxygen in the
fourfold hollow site (Ofour), which is (0.82� 0.02) � above the
Pd surface plane. The location of this site is consistent with
previous experimental and theoretical studies.[8, 24] For CWs,
however, the only compatible site is the octahedral interstitial
(Oocta) with the O atoms sitting (1.60� 0.10) � below the
surface plane and inducing a deformation of the surface
atomic geometry, to attain a Pd–O distance of about (2.0�
0.10) �. The errors are related to the clear-cut minima in the
R factors (see insets in Figure 4) which, in turn, are due to the
high sensitivity to the atomic geometry for the scattering of
the photoelectrons in the present conditions.

Figure 3. Photoemission spectra of the O 2s level recorded on Pd(001)
at TS = 220 K versus binding energy. The curves show the clean surface
(d) and after dosing 0.10 ML of O2 by ST (c) or FT (b). In
both cases the estimated atomic O coverage is 0.12 ML. The different
count rates at the different angles and the low signal for the FT at
+158 should be noted. The inset shows O2 uptake for the ST and the
FT on the bare surface at normal incidence, which proves that the
coverage is independent of the rotational alignment.

Figure 4. Deconvoluted experimental PD intensities of the O 2s level
versus electron emission angle (with respect to the surface normal) for
a) CW (d) compared with the theoretical fit of the octahedral model
(c) and b) HE (d) compared with the theoretical fit of the
fourfold hollow model (c). The photon energy is 150 eV and the
detection direction is along the [110] azimuth. Further photoemission
data recorded versus photon energy are presented in the Supporting
Information. The insets show the R factors versus adsorption height.
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The reactivity of HE-generated oxygen (or passivity of
CW-generated oxygen) towards CO descends naturally from
the location above (or below) the surface of such atoms. A
subsurface location of most of the CW-generated O atoms
may appear surprising and is indeed not supported by DFT
calculations.[8] We note nevertheless that the occupation of
hollow and octahedral sites is similar to that observed for O–
Pd(111),[25] for which both the face-centered cubic (fcc)
hollow sites (predicted by DFT calculations) and the octahe-
dral sites (produced by filling a subsurface defect) were
reported. The occurrence of nonequilibrium conditions,
which may elude a static DFT investigation, must be taken
into consideration, thus a proper dynamical approach is called
for. This site occupation may arise because of the release of
energy (several eV) in the chemisorption process, which
results in the generated O atoms. Their velocity is mainly
parallel to the surface for HEs and at an angle to the surface
for CWs, which causes implantation into the surface in the
latter case. Finally, the molecules have a translational energy
of 0.4 eV and, because of the absence of an activation barrier
for adsorption, part of the energy can be employed to
overcome the barrier between on-surface and subsurface
sites. In agreement with this picture, we observe no stereo-
sensitivity in the reactivity when dosing with O2 at TS = 730 K.
We mention finally that subsurface-site occupation at low
coverage for O/Pd(001) was suggested previously[26] to
account for the temperature dependence of the oxygen
Auger signal. In conclusion, we have demonstrated that the
rotational alignment of the incoming O2 molecules for O2–
CO/Pd(001) with respect to the surface unexpectedly controls
the occupation of different surface sites by atomic oxygen,
these sites being characterized by a remarkably different
chemical reactivity.
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