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Translational Energy Selection of Molecular Precursors to Oxygen Adsorption on Pt(111)
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Adsorption intermediates of oxygen on a platinum (111) surface were examined with electron
energy-loss spectroscopy (EELS) and molecular beams. Low incident kinetic energies promote initial
adsorption into both a superoxolik870 cm™!) and peroxolike(690 cm™!) molecular surface species
at 77 K. High incident energies, however, exclusively populate the more strongly bound peroxolike
species, suggesting a close correlation between incident kinetic energy and the reaction coordinate
for adsorption. This investigation directly verifies surface intermediates in high kinetic energy
adsorption and provides evidence of translational energy affecting adsorption product distribution.
[S0031-9007(98)07249-4]

PACS numbers: 68.45.Da, 34.50.Dy, 82.65.My, 82.40.Dm

Oxygen adsorption at transition metal surfaces serves Conversely, simple direct dissociation—without a
as the initial mechanistic step in many industrially surface intermediate—has typically been the explanation
important catalytic processes and has thus been studied choice for higher incident energy molecules, and
extensively over the past few decades. The continueduch an interpretation appears at least topically intuitive
development of surface science techniques employings an energetic molecule may be pictured to fall apart
ultrahigh vacuum (~107!° Torr), molecular beams, essentially upon surface impact [4,7—9]. However, in an
and surface-specific spectroscopies has contributeidvestigation of nitrogen on Fe(111l) a decade ago,
significantly to a more detailed comprehension of theRettner and Stein questioned this classical interpretation,
physical and chemical interactions between adsorbatesiggesting that rather than directly dissociating, hyper-
and surfaces by permitting investigation of energeticallythermal molecules chemisorb initially intact and subse-
controlled incident gas molecules on well characterizedguently dissociate due to substrate thermal effects [10].
clean, single-crystal metal surfaces. The adsorptiofRecent investigations of oxygen adsorption on several
reaction between oxygen and the (111) face of platinunsurfaces have implicated similar chemisorbed molecular
has been examined particularly thoroughly in recenintermediates for high kinetic energy adsorption as well
years, due largely to its relevance in environmentallyj11-15]. While kinetic studies [11,12,14,15] and thermal
significant oxidation reactions [1]. Additionally, the desorption experiments [12] have provided compelling
ability of Pt(111) to adsorb oxygen in both an atomicindications of molecularly chemisorbed intermediates in
and molecular state under easily attainable laboratorjow-coverage, high-energy adsorption, until recently veri-
conditions underscores its potential value as a moddication of such a mechanism has unfortunately rested on
system in elucidating microscopic details of dissociativeinherently circumstantial evidence [16], as the presence
chemisorption. of the dissociation precursor is merely inferred. Inves-

The notion of dissociation precursors dates back nearljigations of oxygen adsorption on silver surfaces have
70 years, when Langmuir recognized that a mobiledemonstrated the utility of vibrational spectroscopy in ob-
surface intermediate could explain a coverage indeperserving molecular species and offered stronger verification
dence in the adsorption probability of cesium on a tung-of high-energy molecular intermediates [13,17]. Thus, we
sten filament [2,3]. Since this time, the relevance ofhave employed electron energy-loss spectroscopy (EELS)
molecular intermediates has been debated for many ade probe surface molecularity and demonstrate definitively
sorption systems under various conditions. At translathe applicability of molecular surface intermediates to an
tional energies less than0.1 eV, dissociative adsorption adsorption regime once considered purely direct.
of oxygen on Pt(111) is well established as proceeding We have utilized EELS in combination with molecu-
through sequential physically and chemically adsorbedar beam techniques to verifgirectly and characterize
molecular precursors [4—6]. An impinging molecule is surface species in the initial adsorption reaction of the
thought to initially dissipate sufficient momentum to the O,/Pt(111) system. Experiments were performed in an
surface to bind via van der Waals forces; subsequeniltrahigh vacuum apparatus [18] equipped with EELS, an
conversion to chemically bound molecular and atomicAuger electron spectrometer (AES), a quadrupole mass-
adsorbates likely proceeds through a thermally driverspectrometer (QMS), and an ion-sputtering gun. The
kinetic competition between desorption and reactionPt(111) surface was prepared by argon-ion sputtering and
Such a mechanism is often referred to as trappingrepeated oxygen-anneal cycles until judged clean by the
mediated chemisorption and has been widely observed iabsence of energy-loss peaks in EEL spectra (EELS re-
various gas-adsorption reactions. solved impurities below the detection limit of Auger

0031-900798/81(15)/3179(4)$15.00  © 1998 The American Physical Society 3179



VOLUME 81, NUMBER 15 PHYSICAL REVIEW LETTERS 12 ©TOBER 1998

electron spectroscopy). Sample temperatures were maigenvoluted insight into the fundamental mechanisms of the
tained through conductive cooling from a liquid nitrogen O,-Pt adsorption reaction, as interadsorbate effects and sig-
filled reservoir and resistive heating. Beams of molecuificant substrate electronic changes preclude a simple in-
lar oxygen were generated by supersonic expansion fromestigation of gas-metal chemisorption. Thus, vibrational
a stainless-steel nozzle assembly with28 wm diame-  spectra taken in the limit of zero substrate coverage are re-
ter aperture, and translational energies were selected lmuired to probe the initial reaction mechanisms precisely.
dilute seeding in He or Ar and through nozzle tempera- Figure 1 shows EEL spectra taken after several low-
ture control and quantified using standard time-of-flightcoverage doses of high translational energy(@70 eV)
techniques [19]. Surface coverages were determined byn the Pt(111) surface held at 77 K. Clearly for each
comparing mass-spectrometer signal levels during thermaloverage shown, the intramolecular bond frequency of the
desorption of doses to that of a saturated surface. peroxolike specie$690 cm™!) is present, indicating un-

At near-saturated surface coverages, low incident eneequivocally that high kinetic energy oxygen is capable of
gies, and temperatures below 130 K, l@as been observed adsorbingassociativelyon the metal surface at low surface
to adsorb in two distinct molecular chemically bondedcoverages. The peaks present r80 cm™! correspond
states. EELS and NEXAFS (near edge x-ray absorptioto a small amount of adsorption from background CO al-
fine structure) data indicate predomination of a superoxoways present in the analysis chamber, and the loss features
like (O,”) species formed at bridge sites with an in-at490 cm™! are characteristic of two nearly degenerate vi-
tramolecular vibrational frequency 670 cm™! [20]. A  brational modes—the Pt-O vibration of adsorbed atomic
second, less-populated molecularly chemisorbed state cooxygen and the Pt-C stretching mode of adsorbed CO. A
responding to a more strongly bound peroxolik®>") presence of atomic oxygen would appear to indicate either
intermediate with a stretching frequency 60 cm™! a channel to direct dissociation at high energies or fast con-
has been observed in threefold hollow sites [20]; thes@ersion from the initial molecular state, but the portion of
assignments are in good agreement with recent theoretihis signal actually due to oxygen is difficult to quantify.
cal calculations [21,22]. Thermal conversion is thought toTo address this question, a series of time and temperature
occur from the superoxolike through peroxolike state, andesolved spectra was recorded and is shown in Fig. 2. As
upon sufficient heating (surface temperature about 130 Kihe time between dosing and the EELS scan is increased
to an atomic species in threefold hollow sites [23] withfrom 2 to 5 and 15 min, the magnitude of the0 cm™!

a Pt-O bond vibrational frequency 90 cm™' [6]. Al- peak increases relative to that of the molecular species.
though useful, high-coverage studies provide by nature a
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FIG. 2. Time and temperature resolved EEL spectra for a
FIG. 1. EEL spectra of several low coverages of oxygen0.013 ML coverage of oxygen following exposure to a 0.7 eV
following exposure to a 0.7 eV molecular beam indicate thatmolecular beam suggest rapid conversion from the peroxolike
high-energy molecules adsorb in a molecular precursor statepecies to the dissociated prodép0 cm™'), even at 77 K.
The peroxolike species &0 cm! appears to be the favored The observed atomic peak in the 2 min scan is likely a result
molecular intermediate for high translational energies. of conversion—not direct dissociative adsorption.
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The Pt-C stretch in CO is known to exhibit an EELS in- peroxolike molecular species at the lowest coverages
tensity approximately half that due to the C-O vibrationon Pt(111). As the surface coverage increases (Fig. 3),
[24], indicating that a substantial portion of this combinedan energy-loss peak characteristic of the superoxolike
peak is likely due to CO—judging by the rapid increase instate develops a870 cm™!, an effect likely representa-
the2080 cm™! feature with each successive scan. Electrortive of local work function elevation due to near-neighbor
beam-induced dissociation of oxygen is negligible, as n@oadsorbates. This preferential filling of the peroxolike
difference was observed in time-resolved spectra with thé90 cm™! state is in stark contrast to the EEL spectra
electron gun on and off. Further, since the molecular oxyshown in Fig. 4, which were obtained after doslowy ki-
gen loss feature &0 cm™~! shows no attenuation over the netic energy oxygen (0.055 eV) on the 77 K platinum sur-
15 min period, substantial dissociation from the molecuface. For all coverages shown, the superoxolike species at
lar state at 77 K seems unlikely. The rather significan870 cm™! is present in concentrations comparable to the
uncertainties associated with EELS intensities preclude amore advanced peroxolike state. Thus demonstrate
accurate quantification of atomically adsorbed oxygen, buthe ability of translational kinetic energy to affect the ini-
the preponderance of molecular adsorption over a poteriial adsorption reaction product.
tial direct dissociative channel seems clear. Mild substrate Ostensibly, higher energies facilitate adsorption into
heating offers strong evidence of dissociation from thehe more strongly bound peroxolike state—characterized
molecular precursor state, as the dropp$it) cm™! peak by a higher degree of charge transfer from the metal to the
intensity is dramatic in heating ramps to 96 and 120 K. molecule’s#* antibonding orbital. An experimental ar-
Figure 3 shows low coverages of oxygen dosed atifact of rapid conversion of the high-energy species from
the highest kinetic energy (1.3 eV) available with ourthe870 cm™! state to thes90 cm™! state (on a time scale
apparatus. As observed with an incident energy okhorter than the-2 min necessary to acquire a vibrational
0.70 eV, the peroxolike molecular state predominatesspectrum) appears unlikely, as such an effect would be
with some potential atomic conversion. The combinatiorexpected, but is not witnessed, for low-energy adsorption
of Figs. 1-3 yields strong evidence that, even for veryas well (Fig. 5). EEL spectra of low-energy adsorption in
high translational energies, molecularly bound oxygerfigs. 4 and 5 apparently depict a “snapshot” of trapping-
is the species first accessed by the gas phase, and amgdiated chemisorption; upon evolution from the physi-
channel to simple direct dissociation appears minimal. cally adsorbed species, both molecularly chemisorbed
Of particular interest is the observation that high ki-intermediates are sampled en route to dissociation.
netic energy oxygen appears to populate exclusively the
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FIG. 4. EEL spectra of low coverage doses of 0.055 eV oxy-
FIG. 3. EEL spectra of low-coverage exposures to a 1.3 e\gen indicate filling of both superoxoliké870 cm™') and per-
(the highest energy attainable in our apparatus) moleculapxolike (690 cm™!') molecular surface species. These spectra
oxygen beam mirror results from a 0.70 eV beam (Fig. 1).differ significantly from those taken after high-energy adsorp-
An emergence of a superoxolike specie$# cm™! at higher  tion (Figs. 1 and 3), which indicate near-exclusive population
coverages likely results from local work function elevation. of the peroxolike state.
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0,/Pt(111) surmounting any acti\{ation bgrrier to the more advanced

490 E, = 0,055 eV p.ero>.<ol|ke state. The |mplled mteg_ral correlation betwe_en
600 Teo 7'7 K kinetic energy and reaction coordinate for an adsorption
s= event manifests itself clearly in this model system with

e ©=0.018 ML two defined adsorption precursors, but likely provides a
basis for explaining adsorption trends in other gas-surface
systems as well.
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