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ABSTRACT: We have used X-ray photoelectron spectroscopy and polarization-
resolved O K-edge X-ray absorption spectroscopy to investigate the reactivity of
various oxygen covered Pt(111) surfaces, which emerge under high temperature and
pressure conditions, toward CO. We find that the reactivity of the O/Pt(111) system
decreases monotonically with increasing oxygen coverage. Of the three surface oxygen
phases, viz., chemisorbed oxygen (O,q), a PtO-like surface oxide, and a-PtO, trilayers,
0,4 exhibits the highest reactivity toward CO, whereas a-PtO, trilayers exhibit the
lowest. Pt(111) surfaces fully terminated by a-PtO, trilayers are inert to CO. Here it is
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proposed that the reactive phase is either O,4 or PtO-like surface oxide phase on bare
non-CO poisoned Pt regions with PtO, as majority spectator species.

1. INTRODUCTION

Owing to the widespread use of Pt as oxidation catalyst in
catalytic converters and in polymer-electrolyte-membrane fuel
cells (PEMFCs), CO oxidation over well-defined Pt single-
crystal surfaces has been closely studied under conditions
ranging from vacuum to ambient pressure.'~* Despite intense
scrutiny, it remains unclear which oxygen species on Pt surfaces
are more or less reactive for CO oxidation.

CO oxidation in ultra-high-vacuum (UHV; P < 1 X 107°
Torr) conditions proceeds via a Langmuir—Hinshelwood (LH)
mechanism in which the active oxygen phase is chemisorbed
oxygen (Oad).l’z’s’é The barrier (E,) to this LH process depends
sensitively on the relative morphology of O,4 and adsorbed CO
(CO,4): on both Pt(110) and Pt(111), the observed reaction
order in O,y below the CO,4 desorption onset (T ~ 400 K) is
~0.5, which suggests that CO, formation on those surfaces is
confined to the boundaries of chemisorbed O,y domains."*®
The active oxygen phase during catalysis at realistic conditions,
in contrast, has not been established, because techniques that
probe surface speciation, e.g., X-ray photoelectron spectroscopy
(XPS), are typically incompatible with industrially relevant
pressure and temperature conditions (P ~ 1 bar, T > 300 K).
Furthermore, most techniques that can interrogate some
property of a Pt surface in situ under realistic conditions, e.g,
high-temperature scanning tunneling microscopy (STM), X-ray
absorption near-edge structure (XANES), and surface X-ray
diffraction (SXRD), lack the sensitivity needed to detect
minority surface species. Consequently, the oxygen phases
identified as active by previous in situ studies could in principle
be majority spectator species. There is considerable debate, for
example, as to whether the high activity of Pt surfaces under
nonstoichiometric, oxidizing conditions [i.e., under conditions
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where P(O,)/P(CO) > 1/2] arises from the atomically thin
surface oxide observed in most in situ studies or from a minority
chemisorbed species that has to date eluded detection.”**

Significantly, not only is the active phase under industrially
relevant conditions controversial, it is also unclear which
surface-oxygen phase of Pt is most reactive toward CO. Indeed,
previous studies reach contradictory conclusions regarding the
relative activities of O,y and surface-oxide (PtO,) phases.
Isothermal rate measurements of PtO,/Pt(111) and O,4/
Pt(111) films by Weaver et al. indicate that the rate of CO
oxidation diminishes monotonically as the oxygen coverage
[6(0); henceforth, ®(O) will denote the coverage of surface-
oxygen species exclusive of CO,4 ie, ©(0) = O(0,) —
©(CO,q)] increases, which implies that PtO, phases are less
active than chemisorbed oxygen.'> Conversely, titration studies
of oxygen-precovered Pt(332)'* and Pt(110)—(1 x 2)"
surfaces suggest that Pt surface oxides could be more active
toward CO: for Pt(332), a one-dimensional (1-D) step-edge
surface oxide has been reported to disappear more readily than
0,4 on the terraces,'*'® while for Pt(110) it has been proposed
that the a-PtO, phase and chemisorbed (12 X 2)—220,
domains react comparably fast."> These results are difficult to
reconcile with the conclusion of Weaver et al.'' that oxide
phases inhibit CO oxidation on Pt(111), for two reasons: first,
the step-edge oxide on Pt(332) exhibits the same square-planar
Pt coordination and striped, 1-D morphology as the PtO-like
surface oxide that forms on Pt(111);'” and second, a-PtO,
trilayers are precursors to bulk-oxide growth on both Pt(110)—
(1 x 2)”'® and Pt(111)."""
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This work aims to establish the relative activities for CO
oxidation of the O, and PtO, phases on Pt(111). Using a
photoemission system that can operate at near-ambient
pressures (P < 10 Torr),"” we have followed the titration of
oxygen-precovered Pt(111) surfaces with CO by means of X-
ray absorption spectroscopy (XAS) and XPS. Unambiguous
signatures of oxygen speciation' from O K-edge XAS and Pt 4f
XPS allow us to compare directly the relative activities of the
three surface-oxygen phases that can be generated by exposing
Pt(111) to O, above 300 K: O,y PtO-like stripes (alternately
denoted “40”), and a-PtO, trilayers. We find that surface
oxides react with CO more slowly than do O,y domains.
Crucially, a-PtO, trilayers are dramatically less active than
either the chemisorbed or 40 phases: at 300 K, CO neither
adsorbs on nor reacts with Pt(111) surfaces fully terminated by
a-PtO, trilayers [©(0O) > 1.6 ML]. Based on the order of
activity established in the present article, we conclude that the
correlation between surface oxidation and increased activity
observed in previous in situ studies does not prove that PtO,
phases are intrinsically more reactive than O,q domains, as has
been widely proposed. Rather, this correlation confirms only
that CO,g-saturated Pt(111) surfaces inhibit O, dissociation
and are therefore drastically less reactive than surfaces covered
by either O,4 or PtO, phases. Our data and those of previous
authors can be reconciled if we assume that under oxygen-rich
conditions, it is possible to generate regions of bare Pt not
poisoned by CO within which O,4 or PtO-like stripes are the
active species for CO oxidation. Regions of PtO, can coexist
with the active O,4 and PtO-like stripes under oxygen-rich
conditions, but as a majority spectator species, rather than as an
active phase.

2. METHODS

The experiments were performed at the variable phase undulator
beamline 11.0.2 of the Advanced Light Source (ALS) using a chamber
equipped to perform photoemission spectroscopy at pressures of up to
10 Torr."® The base pressure for all titration measurements was better
than 1 X 107 Torr.

A Pt(111) disk (@10 mm X 2 mm thick) was cleaned by successive
sputter—anneal cycles (annealing temperature = 1100 K) and cooling
in oxygen [P(O,) = 1 X 107° Torr; T = 800—400 K]. Oxygen-
precovered surfaces were prepared by dosing up to 10 Torr O,
between 300 and 800 K. ©(O) for each sample was determined by
comparing the ratio of the integrated intensities of the Pt 4p and O 1s
XPS peaks, I(Pt 4p)/I(O 1s), against the corresponding ratio for a
saturated p(2 X 2)—0O,4 adlayer, which has an oxygen coverage of 0.25
ML 2022

The CO oxidation activity of oxygen layers were titrated by
backfilling the chamber with a constant pressure of CO [1 X 1078 <
P(CO) < 1 X 1075]. To eliminate contamination from Ni carbonyls,
the CO was passed over a trap consisting of heated Cu gauze (~250
°C) and supplied to the chamber using Cu tubing; we could not
discern any traces of Ni on the surface using Ni 3p XPS.

In both the XPS and XAS measurements, the sample was
illuminated at grazing incidence such that the angle (¢)) between the
sample surface and the propagation direction of the incoming beam
was ~10°% the electron-emission angle in this geometry was ~35°.
Unless otherwise specified, all XP and XA spectra were acquired ex
situ, i.e., after evacuating CO and at base pressure.

The binding energies (BE) of all XP spectra are referenced to the
Fermi level (E;) of Pt. From the full-width at half-maximum of the
Fermi edge, we estimate that the resolution of all XPS measurements
presented here is better than 0.3 eV. Unless otherwise specified, O 1s
and Pt 4f XPS were recorded using incident photon energies () of
735 and 275 eV, respectively. A Shirley-type background has been
subtracted from all XP spectra. All of the Pt 4f spectra shown in the
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present article are normalized to the height of either the bulk Pt 4f;,,
peak at 74.3 eV or the bulk Pt 4f,/, peak at 70.9 eV; the O 1s XP
spectra are not normalized.

O K-edge XAS was recorded using an electron spectrometer by
monitoring the yield of O(KLL) Auger electrons while sweeping Z@
from 525 to 555 eV; the overall resolution of these measurements is
better than 0.1 eV. By changing the phase of the undulator, the E-
vector of the linearly polarized incident beam could be oriented either
parallel (¢ = 0) or perpendicular (¢ ~ 80°) to the sample plane; the
spectra thus recorded will henceforth be denoted in plane and out of
plane, respectively. All spectra shown here reflect removal of the
background contribution of the Pt substrate and are area normalized
30 eV above the O K-edge absorption threshold, i.e., at 550 eV.

3. RESULTS

3.1. Reactivity of a-PtO,/Pt(111) toward CO. In order to
examine the reactivity toward CO of a-PtO, trilayers, we
exposed a Pt(111) crystal to 10 Torr O, for 10 min while
repeatedly (~4 times) cycling its temperature between 300 and
800 K. O K-edge XAS (Figure la) and Pt 4f XPS (Figure 1b)
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Figure 1. (2) In-plane (black line) and out-of-plane (red line) O K-
edge XA spectra of a 2.8 ML a-PtO, film. (b) Pt 4f XP spectra of a 2.8
ML a-PtO, film (red line) and of an adsorbate-free Pt(111) surface
(black line).

together with coverage estimates from O 1s XPS (Figure 2b)
confirm that the surface thus prepared is fully covered by an a-
PtO, film. O K-edge XA spectra exhibit a single feature
centered at 530.8 and 531.2 eV in the out-of-plane and in-plane
polarizations, respectively, which establishes that the oxygen
layer is composed exclusively of @-PtO, trilayers.'” Pt 4f;,, XPS
shows not only that oxide comprises a-PtO, trilayers but also
that the underlying metallic substrate is fully covered: whereas
Pt 4f,, features associated with bulk Pt (70.9 eV) and the a-
PtO,-like surface oxide (72.2 and 73.6 eV) are clearly resolved,
there are no signatures of either adsorbate-free (70.5 eV) or
O,¢-binding (71.1 eV) metallic surface sites. This is also seen as
a lack of the low-energy resonance in the in-plane spectra
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Figure 2. (a) Pt 4f and (b) O 1s XP spectra of an 2.8 a-PtO, film
before (black lines) and after (red lines) exposure to 2000 L CO
[P(CO) = 1 x 107> Torr] at 300 K.

related to O,."” The oxygen coverage of 2.8 ML, determined
using O 1s XPS, is also consistent with the presence of multiple
a-PtO, trilayers: based on the mismatch between the in-plane
lattice constants of - PtO, (3.10 A) and Pt(111) (2.77 A), we
estimate that the a-PtO, film comprises ~1.8 trilayers {trilayers
~2.8/[2 x (2.77/3.10)*] = 1.8}. Given that the (1010) facet is
the only stable low-index surface orthogonal to the (0001)
surface,” we postulate that the @-PtO, film comprises a-
PtO,(0001) islands with (1010)-oriented edges.

The reactivity toward CO oxidation was examined by heating
the oxide film in CO. While the 2.8 ML oxide layer is inert to
CO at 300 K, heating beyond ~350 K in the presence of 1 X
107 Torr CO triggered the removal of oxygen. Figure 2(a)
shows that the 2.8 ML oxide layer is unchanged by exposure to
2000 L CO [P(CO) = 1 X 107> Torr] at 300 K. In particular, O
1s (Figure 2b) and Pt 4f XP (Figure 2a) spectra indicate that
®(0) remains constant and that CO does not adsorb. This
accords with the observation of Weaver et al. that a 1.7 ML a-
PtO,/Pt(111) film reacted with CO when T > 400 K, albeit
after a long induction period.

We do not observe that CO reduces the a-PtO,-like surface
oxide to other oxygen phases, e.g., chemisorbed oxygen, during
CO oxidation. Instead, we observe that a CO-covered metallic
surface is generated. Specifically, the only readily discernible
change in Pt 4f;,, XPS (Figure 3a) is a steady attenuation of
features at 75.6 and 77.0 eV associated with the a-PtO, phase.
We note that the presence of CO,4 cannot be readily resolved
using Pt 4f XPS, because features from on-top (75.4 eV) and
bridge (74.8 eV) CO,4 overlap with the 75.6 eV a-PtO,
feature.®® O K-edge XAS, however, confirms that both a-
PtO, trilayers and CO,4 remain on the surface after partially
reducing the 2.8 ML oxide layer: in the representative out-of-
plane spectrum shown in Figure 3b, the peaks at 531.2 and
533.1 eV can be respectively assigned to a-PtO, and the 7*
resonance of CO. Removing the residual CO,4 by flashing to
450 K generates a CO,g-free, partial oxide film [@(O) = 0.46
ML] with XA spectra nearly identical to those of the intact 2.8
ML oxide layer (Figure 3c). The coordination environment of
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Figure 3. (a) Pt 4f;/, XP spectra recorded in situ while heating a 2.8
ML a-PtO, film from 300 to 380 K in the presence of 1 X 10~ Torr
CO. (b) Out-of-plane O K-edge XA spectra before (black line) and
after (red line) the 6000 L CO dose. Subsequent annealing to ~450 K
removed CO,, yielding the in-plane O K-edge XA spectrum shown by
the red line in (c).

most of the Pt atoms within the a-PtO, film is thus unchanged
following reaction with CO; Weaver et al. reached similar
conclusions from temperature-programmed desorption (TPD)
studies of partially reduced a-PtO,/Pt(111) films.

3.2. Relative Reactivities of a-PtO, Trilayers and
Chemisorbed Oxygen. We compared the reactivities of a-
PtO, trilayers and chemisorbed oxygen using an oxygen layer
comprising both phases.

The sample was prepared via a two-step procedure. First, we
generated a Pt surface sparsely covered by a-PtO, islands
[6(0) = 0.27 ML] by reacting a @-PtO, film with CO at 400 K
and subsequently flashing to 450 K to desorb residual CO,q.
Second, the surface was exposed to 1 X 10™* Torr O, at 300 K
for 15 min, yielding a mixed O,4/a@-PtO, layer with a total
oxygen coverage of 0.47 ML.

Both Pt 4f;, XPS (Figure 4a) and O K-edge XAS (Figure
4b) confirm that the 0.47 ML mixed oxygen layer comprises a-
PtO, islands surrounded by p(2 X 2)—0,; domains. The Pt
4f;,, XP spectrum of the 0.27 ML a-PtO, film exhibits clear
signatures of adsorbate-free surface Pt sites (73.8 €V) and a-
PtO, trilayers (75.6 and 77.0 €V), while the spectrum of the
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Figure 4. (a) Pt 4f;,, XP and (b) O K-edge XA spectra of (in order from bottom to top) a 0.27 ML a-PtO, film; a 0.47 ML mixed O,4/a-PtO, film
generated by exposing the 0.27 ML film to 1 X 10~* Torr O,; a 0.29 ML O,4/a-PtO, film generated by exposing the 0.47 ML mixed film to 1 L CO;
a 2.8 ML a-PtO, film; a saturated p(2 X 2)—0,4 adlayer. Each spectrum in (a) is compared against the spectrum of an adsorbate-free Pt(111) surface
(dashed lines). Red and black traces in (b) are out-of-plane and in-plane polarized, respectively. Schematic structure models are shown at the center
of the figure. The insets directly overlay the Pt 4f;,, XP (left inset) and O K-edge XA (right inset) spectra of the as-prepared 0.27 ML and CO-

exposed 0.29 ML films.

0.47 ML mixed film shows an additional feature at 74.6 eV
arising from Pt atoms bound to O,4. The conclusions from O
K-edge XAS are analogous: in addition to an oxide-derived
resonance, the mixed 0.47 ML layer exhibits a near-edge
resonance at 529.9 eV attributable to chemisorbed O,. By
deconvoluting the Pt 4f XP spectra of the 0.27 and 0.47 ML
films, we ascertain that dosing O, reduces the coverage of
adsorbate-free Pt surface sites (henceforth denoted Pt sites)
by ~0.70 ML. This corroborates that exposure to oxygen covers
all initially available Pt sites with p(2 X 2)—0,4 domains:
assuming ~0.70 ML surface Pt sites are bound to O,4 in p(2 X
2)—0,4 domains, we estimate that the coverage of O,q is ~0.23
ML [©(0,9) ~ 0.70/3 = 0.23 ML], which agrees with the
~0.20 ML increase in coverage observed after dosing O,
[©(0,,) ~ 0.47—0.27 ML = 0.20 ML].

Exposing the mixed phase to 1 L CO [P(CO) =1 x 107°
Torr] removes only the p(2 X 2)—0,; domains. Whereas the
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Pt 4f;;, peaks associated with a-PtO, islands are unchanged
after dosing CO (inset, Figure 4a), the intensity of the
chemisorbed feature is drastically reduced. Moreover, the
intensity lost from the chemisorbed Pt 4f;,, feature nearly
matches that recovered by the surface peak, which further
supports the claim that only the O,4 domains react. O K-edge
XAS also shows that the oxygen species that persist after
titration are composed principally of a-PtO, islands, since
chemisorbed O,4 manifests as a strong peak broadening at the
low-energy side of the a-PtO, resonance (inset, Figure 4b).
Since CO,4 was not detected while dosing CO using either O
Is or C 1s XPS, the reaction rate must be limited by the
incoming CO flux at the pressure we employed (1 x 107
Torr). This accords with our claim that only chemisorbed
oxygen reacted, since it is known that, at 295 K, CO
impingement limits the reaction rate when P(CO) < S X
1077 Torr."S
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3.3. Relative Reactivities of a-PtO, Trilayers and PtO-
Like Stripes. We used a surface oxygen layer composed of a
mixture of the 40 and a-PtO,-like surface oxides [@(O) = 1.1
ML] to evaluate the reactivity of PtO-like and a-PtO,-like
surface oxides.

The sample was prepared by heating Pt(111) in 0.5 Torr O,
at 620 K. Pt 4f XPS (Figure Sa), O 1s XPS (Figure Sb) and O
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Figure 5. (a) (solid lines at bottom) Pt 4f;,, XP spectra of a mixed
PtO/a-PtO, film after exposure to 0.0 L (black), 1.2 L (red), 42 L
(green), and 7.4 L (blue) CO; (dashed lines at top) reference Pt 4f;,,
XP spectra of an adsorbate-free Pt(111) surface (black), a 1.1 ML 40
film (red), a 2.8 ML a-PtO, film (green), and a 0.5 ML c(4 X 2)—
2CO,q adlayer (blue). The corresponding O 1s XP spectra are shown
in (b).

K-edge XAS (Figure 6) show clear signatures of the two phases:
The Pt 4f;,, XP spectrum exhibits a pronounced peak
characteristic of a-PtO, trilayers at 77.0 eV as well as a broad
shoulder centered at 75.1 eV that, based on the measurements
of pure PtO,/Pt(111) phases outlined in Miller et al,'
subsumes components at 75.0 and 75.3 eV associated with the
40 and o-PtO,-like surface oxides, respectively. Since the
feature at 77.0 eV is considerably weaker than the shoulder at
75.1 €V, the intensity of the shoulder must derive principally
from the 40 component. Indeed, the O K-edge XA spectra
(Figure 6) of the mixed 1.1 ML layer deviate only slightly from
those of a pure “40” phase. Neglecting the minor contribution
of the a-PtO, component to the shoulder at ~75.1 eV, we
obtain an upper bound of 0.78 ML for the fraction of surface Pt
atoms within the PtO-like surface oxide; the remaining 0.22 ML
must be incorporated within a-PtO, trilayers, because we
cannot discern a Pt 4f;,, component at 73.8 eV ascribable to
Pt sites. From this information, we estimate that @(O) ~ 1.2
ML [O(0O) ~ 0.78 X 1 + 0.22 X 2 ML = 1.2 ML], which agrees
with the coverage of 1.1 ML determined from O 1s XPS.
When the 1.1 ML mixed layer is dosed with 1 X 107® Torr
CO at 300 K, the PtO-like stripes disappear more rapidly than
the a-PtO, islands. Indeed, aside from the growing feature at
~533.5 eV, which is due to transitions to the 77 resonance of
CO,q the O K-edge XA spectra of the mixed PtO/a-PtO, layer
steadily approach those of a pure a-PtO, film with increasing
CO exposure. In particular, regardless of incident polarization,
the near-threshold, PtO-derived feature (529.8 V) attenuates
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Figure 6. (a) (solid lines at bottom) In-plane O K-edge XA spectra of
a mixed PtO/a-PtO, film before (black) and after exposure to 1.2 L
(red), 42 L (green), and 7.4 L (blue) CO; (dashed lines at top)
reference in-plane O K-edge XA spectra of a 1.1 ML 40 film (red), a
2.8 ML a-PtO, film (green), and a 0.5 ML c(4 X 2)—2CO,4 adlayer
(blue). The corresponding out-of-plane O K-edge XA spectra are
shown in (b). The ball models of the a-PtO, and 40 (PtO-like striped
phase) structures were also presented.

more rapidly than does the higher-energy a-PtO,-derived
feature. Pt 4f XPS corroborates that dosing CO preferentially
removes the PtO-like surface oxide: despite subsuming growing
CO,4 components—bridge and on-top CO,4 within ¢(4 X 2)—
2C0O,4 domains yield features at 74.8 and 75.4 eV,
respectively’’—the shoulder at ~75.1 €V attenuates faster
than the a-PtO, component at ~77.0 eV. The simultaneous
intensity gain in Pt 4f;,, surface component at 73.8 eV also
suggests that adsorbate-free Pt(111) sites are generated.

Based on Pt 4f XPS and O K-edge XAS, the PtO-like stripes
do not decompose to other surface-oxygen phases during CO
oxidation. O K-edge XAS reveals that the intensity of the near-
edge, PtO-derived feature at ~529.8 eV (Figure 4b)
progressively decreases after each CO dose; the decomposition
of the 40 phase to O,4 would produce the opposite effect, since
the O, resonance appears at the same energy as the 40
resonance but exhibits weaker polarization dependence. In Pt
4f;/, XPS, on the other hand, we cannot detect any feature at
~74.6 (ie, on the high-energy-side of the bulk component)
that would suggest O,4 formation. We therefore propose that
both the PtO-like and a-PtO,-like oxides react directly with
CO, i.e., without prior decomposition.

3.4. Activity versus Total Oxygen Coverage. To
establish how reactivity varies with ®(0O), we measured the
rate at which surface-oxygen species are removed upon
exposure to CO. Specifically, O 1s and Pt 4f XP spectra were
recorded in situ while exposing oxygen-precovered Pt(111)
surfaces to CO (Figure 7). We examined three systems: a 2.8
ML a-PtO, film (see Section 3.1); a mixture of p(2 X 2)—0,4
and a-PtO, domains with an oxygen coverage of 0.47 ML (see
Section 3.2); a mixture of PtO and a-PtO, with a total oxygen
coverage of 1.4 ML (see Section 3.3). In addition, activity
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Figure 7. The coverage of surface-oxygen species [@(O)] while dosing
CO, as determined using in situ O 1s XPS, for three oxygen layers on
Pt(111): (red circles) an a-PtO, film with an initial coverage of 2.8
ML; (green squares) a 40/a-PtO, mixture with an initial coverage of
14 ML; (blue triangles) an O,4/a-PtO, mixture with an initial
coverage of 0.47 ML. The solid lines are guides to the eye. P(CO) was
1 X 107® Torr in all measurements except that of the 2.8 ML a-PtO,
film, for which a pressure of 1 X 107° Torr was employed. Inset: CO
dose-dependent change of the surface-oxygen species from a-PtO,
partially covering the surface. Note that ®(O) excludes the coverage of
CO,, ie, ©(0) = O(0,,) — O(CO).

studies of the a-PtO, islands were also performed since it is
important to confirm the low reactivity of the a-PtO, phase
also under the non-CO-adsorption-limited conditions. The a-
PtO, islands were prepared by exposing 2.8 ML a-PtO, CO at
400 K until 1.6 ML coverage is reached. Island formation was
confirmed by XPS, the appearance of the Pt 4f,, surface
component indicated the formation of adsorbate free Pt sites
(not shown). The PtO/a-PtO, and O,4/a-PtO, mixtures were
dosed with 1 x 10™® Torr CO, while the pure a-PtO, film and
islands were dosed with 1 X 10~ Torr CO on account of their
drastically lower reactivity; the substrate temperature in the
measurements was 300 K except for a-PtO, islands (345—350

Of the three oxygen layers we prepared, the a-PtO, film is
clearly the least active for CO oxidation, despite the
significantly higher CO flux employed. The activity of a-PtO,
islands is also poor, as seen in the inset of Figure 7, the amount
of CO dose required to reduce the islands is dramatically
higher. The a-PtO, phase mixed with O,4 and 40 phases and
a-PtO, islands coexisting with bare Pt surface sites remain
intact at 300 K. As outlined in Section 3.2, only the p(2 X 2)—
0,4 domains react when the 0.47 ML O,4/a-PtO, mixture is
exposed to 1 L CO. The initial rate at which the 0.47 ML
mixture is removed is therefore governed exclusively by the
reactivity of chemisorbed oxygen. The partial-coverage data in
Figure 7 clearly demonstrate that the chemisorbed domains in
the 0.47 ML sample react more rapidly than do the two oxides
(40, a-PtO,) comprising the 1.4 ML sample: at the same CO
flux [P(CO) = 1 X 107° Torr], ~1 L CO removes ~0.2 ML
chemisorbed oxygen, whereas ~6 L is required to remove a
similar amount of the PtO/a-PtO, mixture. The reactivity of
oxygen-precovered Pt(111) surfaces for CO,4 oxidation thus
decreases as the extent of surface oxidation increases.

Specifically, chemisorbed domains exhibit the highest activity
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for CO oxidation, while a-PtO, trilayers exhibit the lowest
activity.

4. DISCUSSION

Pt(111) surfaces fully terminated by a-PtO, films [©(O) > 1.6
ML] and a-PtO, islands [@(O) < 1.6 ML] are the least active
of all the oxygen precovered surfaces considered in the study;
they are inert to prolonged CO exposures (~2000 L) below
~350 K and react only slowly above that temperature. Our
results also clearly demonstrate that the intrinsic reactivity
toward CO of the O/Pt(111) system decreases monotonically
with increasing surface oxidation, ie. reactivity follows the
sequence O,4 > 40 > a-PtO,. In this section, we seek both to
account physically for this order of activity and to reconcile it
with the ostensibly contradictory conclusions of prior in situ
studies.

4.1. Mechanism of the Reactions of the O,4 and 40
Phases Mixed with a-PtO,. On O,4-precovered Pt(111)
surfaces below the CO,4 desorption onset (ie, T < 400 K),
CO, formation occurs exclusively at the phase boundaries
between p(2 X 2)—0,4 and ¢(4 X 2)—2CO,4 domains.'®**

On Pt(111) surfaces partially terminated by a-PtO, trilayers,
CO,q4 oxidation is likely to proceed via an LH mechanism
confined to coordinately unsaturated Pt and O surface sites
(henceforth denoted Pt and O, sites, respectively), e.g,
(1010) facets at the boundaries of a-PtO,(0001) domains and
metal/a-PtO, phase boundaries. Since the majority of Pt sites
within the sparse 0.27 ML a-PtO, film must reside at metal/a-
PtO, phase boundaries, the preferential removal of chem-
isorbed O,4 from the mixed O,4/a-PtO, layer suggests that, on
average, the edges of compact O,q islands are more reactive
than metal/a-PtO, phase boundaries. Although the sticking
probability of CO at 300 K is dramatically lower on a-
PtO,(0001) surfaces than on O,y domains (see Section 3.1),
this effect alone cannot explain the lower activity of the a-PtO,
islands, because at 300 K CO,4 molecules on bare metallic sites
are highly mobile and can readily diffuse to the edges of a-PtO,
islands. Indeed, the barrier to the diffusion of CO, [E,(diff)]
on Pt(111) terraces is reported to be ~0.1 eV.>®

Interestingly, density functional theory (DFT) simulations
predict that the LH oxidation of CO,4 is more facile at favorably
disposed ¢(4 X 2)—2CO,4/a-PtO, phase boundaries (E, ~
0.08—0.24 eV) and at the (1010) facet of bulk a-PtO, (E, ~ 0.3
eV) than at the c(4 X 2)—2CO,4/p(2 X 2)—0, phase
boundary (E, ~ 0.5 €V).'"”* If the barrier to removing
defective a-PtO, trilayers were as low as ~0.3 eV, however, the
sparse a-PtO, islands would react instantaneously upon
exposure to CO at room temperature. Since this is not
observed, we speculate that the barrier to CO,4 oxidation at
metal/a-PtO, boundaries must be much higher than the barrier
at the edges of O,y domains estimated from DFT as ~0.5 eV.

Regarding the 40/a-PtO, mixture, we note that the PtO-like
surface oxide has a 1-D, striped morphology. Assuming that
CO,q4 oxidation follows a LH mechanism over both the 40 and
a-PtO, phases but with very different rate constants, the
following three factors could account for our observation that
the 40 phase is more reactive: (1) the sticking probability of
CO is higher on the 40 phase than on a-PtO,(0001); (2)
CO,q4 oxidation is less activated over the 40 phase than at
metal/a-PtO, phase boundaries; and (3) for a given oxygen
coverage, the fraction of reactive oxygen sites is higher for the
40 phase. Of these three factors, only the first has been
validated experimentally: the sticking coefficient of CO declines
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monotonically with coverage, and at 100 K becomes
immeasurably small once ®(O) exceeds 1.5 ML.'" Although
sticking probability alone cannot fully rationalize the lower
reactivity of the a@-PtO, phase—CO should readily diftuse to
the reactive boundaries of a-PtO,(0001) domains once Pt
sites become available—the relative contributions of the second
and third factors outlined above cannot be specified based on
our results. The DFT simulations of Petersen et al.,”> however,
support the hypothesis that the 40 phase is more reactive
because of its higher fraction of active oxygen sites. The LH
oxidation of CO,q is predicted to encounter the same barrier
(E, ~ 0.3 eV) over both a-Pt0,(1010) and (12 X 2)—220,4/
Pt(100)—(2 X 1); the latter phase is structurally and
morphologically analogous to the 40 surface oxide. However,
whereas only the boundaries of a-PtO, islands are active for
CO oxidation, Pedersen et al. predict that the adsorption and
oxidation of CO,q are weakly activated both within and at the
boundaries of the (12 X 2)—220,; phase. We note, however,
that since E, for the a-PtO, structure must be much higher
than 0.5 eV (see Section 3.2), the 0.3 eV reaction barrier
computed for the (12 X 2)—220,4 phase is an underestimate.

We conclude, therefore, that reaction occurs only with the
0,4 and 40 phases under the present conditions. There is no
indication that the @-PtO, islands react with chemisorbed CO
following the removal of either O,q4 or the 40 phase. We cannot
exclude, however, that the PtO, phase does in fact react at its
boundary, but with a rate constant that is orders of magnitude
lower than that for the reaction of either O,4 or 40 with CO,,.

4.2, Mechanism of the Reaction of a-PtO, with CO.
CO is unlikely to adsorb on or react with defect-free a-
PtO,(0001) surfaces, on account of the coordinative saturation
of the surface Pt and O atoms. Consequently, CO, formation
on Pt(111) surfaces fully terminated by a-PtO, [©(0) > 1.6
ML], e.g., the 2.8 ML a-PtO, film considered in Section 3.1,
which reacted only at elevated temperatures, must be confined
to Pt and O, sites.

A recent STM study of a Pt(111) surface oxidized using
atomic O beams'? reveals that the a-PtO,-like surface oxide is
not a continuous thin film but is instead arranged in a network
of stripes aligned along the three high-symmetry axes of the
Pt(111) substrate. For the 2.8 ML a-PtO, film, it is very likely
that the stripes lack periodic superstructure, enclosing small a-
PtO,(0001) domains with sizes that accord with previous
estimates from SXRD (35—60 A).2**” Moreover, since the
(1010) facet is the only stable low-index surface orthogonal to
the (0001) surface,® the stripes are likely to bounded by
(1010)-oriented edges.

Indeed, DFT simulations performed by Pedersen et al.
suggest that the active oxygen sites within a-PtO, films are
located at the (1010)-oriented boundaries of a-PtO,(0001)
domains: whereas on defect-free a-PtO,(0001) the barrier to
CO adsorption is predicted to be prohibitively high [E,(ads) ~
1.8 eV], on the more open (1010) facet both adsorption
[E,(ads) ~ 0.1 eV] and CO,,4 oxidation (E, ~ 0.3 eV) are
weakly activated.”> Moreover, the same authors predict that the
Eley—Rideal (ER) reaction of CO over a-PtO,(0001) is
disfavored by ~1 eV with respect to the LH reaction of CO,q
over a-Pt0,(1010). We therefore speculate that CO, formation
on the 2.8 ML oxide film occurs exclusively at coordinately
unsaturated Pt sites, viz., the edges of and defects within a-
PtO,(0001) islands. Similar reaction pathway holds true for
PtO, islands coexisting with Pt sites available for CO
adsorption (LH mechanism). The reactivity however depends
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on the availability of the Pt sites at the boundaries of the a-
PtO, islands. Obviously these are much less reactive than the
0,4 or 40 phases.

4.3. Comparison with Prior Studies of CO Oxidation
on Pt Surfaces. For vicinal Pt surfaces, e.g, Pt(332), it has
been reported that 1-D step-edge oxides analogous to the PtO-
like striped phase could be more active for CO oxidation than
are chemisorbed oxygen atoms on the terraces.'* Our
experiments indicate that this is unlikely for the oxide that
form on Pt(111). It has also been suggested based on oxidation
experiments performed in mbar scale by Farkas et al. that the
surface of Pt(111) might be covered with chemisorbed and
oxide species.”” In contrast to Farkas et al, we find that find
chemisorbed oxygen phases are clearly the most active for CO
oxidation; we emphasize, however, that our measurements were
undertaken in a different pressure regime. The reactivity order
we show with structural precision here is also consistent with
the finding reported by the Weaver roup,11 which has also
been stressed by the Goodman group.”® Since the rate of loss of
0,4 upon exposure to CO is greater than that of the 40 phase,
our observations do not support the reaction scheme proposed
for Pt(110) surface in similar environments.'> Our results also
indicate that the reaction takes place at the boundaries between
different phases,”* 40 and @-PtO, mixtures are consumed by
CO reacting with under-coordinated oxygen atoms located near

periphery.

5. CONCLUSIONS

Using XPS and polarization-resolved O K-edge XAS, we have
investigated the reactivity toward CO of Pt(111) surfaces
precovered with up to 2.8 ML of oxygen [©(O) < 2.8 ML].
Our results indicate that the reactivity of the O/Pt(111) system
decreases monotonically as the extent of surface oxidation
increases: of the three surface oxygen phases that can be
generated on Pt(111) by dosing O, above 300 K, viz,
chemisorbed oxygen (O,), a PtO-like surface oxide, and a-
PtO, trilayers, O,4 exhibits the highest reactivity toward CO,
whereas a-PtO, trilayers exhibit the lowest. Significantly, we
find that Pt(111) surfaces fully terminated by a-PtO, trilayers
[G(0) > 1.6 ML] are not active at all to CO oxidation when T
< 300 K and P(CO) <1 X 1075 Torr.

The order of activity identified in the present study, O,4 >
40 > a-PtO, can be reconciled with prior in situ studies that
report that incipient oxide growth coincides with increased
CO, production, because in all such studies the onset of
oxidation corresponds to a phase transition between a
poisoned, CO,4-saturated metallic surface and a more active,
partially oxidized surface. Our results show that this active,
partially oxidized surface must comprise regions of bare metallic
Pt that coexist with O, or 40O-covered regions. The
dramatically lower intrinsic reactivity of the a-PtO,-like surface
oxide strongly suggests that the active phase for CO oxidation
at high pressures is likely to be either chemisorbed atomic
oxygen or the PtO-like surface oxide.
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