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The effects of adsorbate coverage on catalytic surface reactions are not well understood. Here, we

contrast the rates of O2 and NO2 dissociations, two competing reactions in NO oxidation catalysis, versus

oxygen coverage at a Pt(111) surface. In situ x-ray photoelectron spectroscopy experiments show that the

NO2 dissociation rate is less sensitive to O coverage than is O2. Density-functional theory simulations

reveal an NO2 reaction pathway that is more adaptable to an increasingly crowded surface than is O2

dissociation. While the rates are comparable at low coverage, NO2 dissociation is many orders of

magnitude faster at O coverages typical of NO oxidation catalysis.
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Catalytic oxidations with O2 are common in exhaust gas
aftertreatment, in chemical processing, and even in extrac-
tion of energy from fuel. The late transition metals are
common catalysts, and the intrinsic activities of these
materials are often observed to depend sensitively on re-
action conditions [1–3]. This sensitivity is now recognized
to arise from changes in surface adsorbate coverage and
near-surface composition [4–7], that appear under catalytic
conditions.

CO oxidation to CO2 over Pt offers one illustration of
coverage-dependent reactivity [4]:

CO ðgÞ þ 1

2
O2ðgÞ ! CO2ðgÞ: (1)

The reaction is well described by a Langmuir-
Hinshelwood model [4,8]:

CO ðgÞ þ � Ð CO� (2)

O 2ðgÞ þ 2� Ð 2O� (3)

CO � þO� ! CO2ðgÞ þ 2� (4)

and observed reaction rates and orders depend on whether
the metal surface is O or CO covered [1,3].
Isostoichiomtric NO oxidation is also Pt catalyzed [9,10],

NO ðgÞ þ 1

2
O2ðgÞ Ð NO2ðgÞ (5)

and might be expected to exhibit similar behavior.
However, (5) is much less exothermic than (1) (�57 vs
�283 kJmol�1) and must be catalyzed at high PO2

(�0:1 atm) and modest T to drive the equilibrium towards
products. Further, unlike CO2, NO2 is an effective O atom
donor to Pt [11].

NO 2ðgÞ þ � Ð NOðgÞ þ O � : (6)

Oxygen is thus expected to dominate the Pt catalyst sur-
face, and high O coverages have been proposed and ob-
served to account for NO oxidation activity [9,10,12,13].
Chemisorbed O interacts repulsively at Pt surfaces [14–
16], and the weakening of the Pt–O bond with increasing
O coverage drives the formation of NO2. A successful
model of NO oxidation thus must capture both realistic
surface O coverage and its effects on the energetics and
kinetics of surface reactions.
In this Letter, we report in situ x-ray photoelectron

spectroscopy (XPS) experiments and density-functional-
theory (DFT) calculations to establish the O coverage, �O,
and to contrast the rates of O2 and NO2 dissociations at
realistic NO oxidation conditions over Pt. We demonstrate
that: (1) �O can exceed 0.6 monolayer (1 ML ) O=Pt ¼
1); (2) under thermodynamically identical conditions, NO2

dissociates more readily than does O2; and (3) the kinetic
advantages of NO2 at increasing coverage reflect a disso-
ciation pathway that is more adaptable to an increasingly
crowded Pt surface. Surface coverage has been shown to
differently affect NO and O2 dissociation rates on Ni(100)
at ultrahigh vacuum conditions [17]; the results here pro-
vide direct evidence for different O atom addition rates at
near-ambient pressures relevant to catalysis.
Initial flow reactor experiments were performed to de-

termine the NO oxidation activity of Pt particles supported
on alumina [9,10]. A positive correlation between turn-
over rate (TOR) and particle size strongly implicates the
close-packed Pt surface as the locus of highest activity.
Experiments with a Pt(111) single crystal confirm the high
TOR on this crystal face [13], and we focus further work on
this surface.
In situ XPS experiments were performed at Beamline

9.3.2.1 at the Advanced Light Source, LBL to determine
the amount and chemical identity of Pt-bound O arising
from exposure to reactive gases. This system allows
XP spectra to be taken at temperatures and pressures up
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to 775 K and 5 Torr [18], allowing us to probe Pt-bound
species near reaction conditions. This technique uniquely
gives direct, quantitative, surface sensitive chemical infor-
mation at reaction conditions relevant to NO oxidation.
Prior to each experiment, the Pt(111) single crystal was
sputter cleaned and annealed at 975 K for 10 minutes. This
procedure yielded a clear (111) LEED pattern in separate
experiments. No impurities were detected after annealing
and during the experiments except for a trace amount of
iodine, maximum coverage estimated to be <0:05 ML,
present during experiments with NO due to reaction with
contaminated walls of the vacuum chamber. The incident
photon energy was set to 825 eV for the Pt4p3=2

=O1s region

to maximize surface sensitivity while avoiding significant
spectrometer inefficiencies at low kinetic energies. The
binding energy scale was calibrated to the Pt4f7=2 transition

at 70.9 eV, which was measured each time the incident
photon energy or conditions were adjusted.

Two conditions were used to build a linear O coverage
calibration between 0–3=4 ML. First, the Pt(111) single
crystal was saturated using 10�5 Torr O2 at 380 K, con-
ditions that are well known to produce the 1=4 ML pð2�
2Þ-O pattern [16]. The second calibration point was satu-
ration NO2 exposure at 10

�6 Torr and 450 K, which yields
3=4 ML O and no adsorbed NO [11]. The Pt4p3=2

=O1s

intensity ratios were determined at each condition. Five
spectra were taken over a period of 90 minutes for each
calibration point to verify that a steady surface coverage
had been obtained and for statistics.

To determine the maximum coverage �O from O2 dos-
ing, the Pt(111) sample was exposed to 0.1 Torr O2, the
temperature incrementally increased from 353 to 663 K,
and spectra collected at various intermediate points
(Table I). Each T change took 10–15 minutes and was
followed by 30–45 minutes of spectra collection. The
data at 518 K were taken independently and started with
a clean Pt surface. The error bar represents the standard
deviation from five measurements of the Pt4p3=2

=O1s re-

gion. No significant change in O coverage was observed
during the 1 h of spectra collection at each condition.
Previous UHVexperiments have only been able to achieve
�O greater than 1=4 ML with extraordinary methods. The
higher pressure of 0.1 Torr used here generated �O up to
0:54� 0:04 ML. This coverage is seemingly the maxi-
mum kinetically accessible by O2 dissociation at this mod-
erate pressure, similar to that found over Ru(0001) [19].

Low-pressure (�10�6 Torr) NO2 dosing at 450 K is
documented to produce 3=4 ML O [11] on Pt(111). Our
in situ XPS experiments show that increasing PNO2

to

0.2 Torr at 450 K as well as a subsequent increase in
temperature to 520 K have no significant effect on the
measured value �O. No high binding energy shoulder on
the Pt4f doublet or a second O1s peak due to PtOx forma-

tion was observed. No N1s transition peak was found,
indicating negligible amounts of surface-bound NO and
N and implying that O was the most prevalent surface
species.
Similar pressures of O2 and NO2 thus generate signifi-

cant yet different O coverages on Pt(111), a result that
could be attributable to the differing thermodynamics and/
or kinetics of O deposition by these two oxidants. To test
this question, we compared measured �O resulting from O2

and NO2 dosing under conditions at which each would
produce identical coverages if equilibrium between gas-
phase and surface oxygen is attainted [15]. We assume that
NO2 and O2 add O to Pt(111) according to reactions (6)
and (3), respectively, and select dosing conditions corre-
sponding to equilibrium between gas-phase NO, O2, and
NO2, that is, conditions at which 1=2�O2

¼ �NO2
��NO

[15].
We carried out experiments at 518 K and used a mixture

of 0.1, 0.05, and 0.05 Torr of O2, NO, and NO2, respec-
tively, that is at chemical equilibrium at this temperature
(Table II). Exposure to 0.05 Torr NO and 0.05 Torr NO2

yields �O ¼ 0:63� 0:04 ML, 0.1 ML greater than the
coverage achieved with O2. Addition of 0.1 Torr O2 to
this NOx mixture changes �O negligibly, to 0:62�
0:03 ML. Based on the 95% confidence limits from a
one-sided t-test assuming unequal variances, �O from the
NO2=NO mixture was greater than that from 0.1 Torr O2

alone despite the equal chemical potentials of the two O
sources. Thus, the higher coverages from NO2 exposure
reflects an advantage in the kinetics of NO2 dissociation
overO2. These gas concentrations are representative of NO
oxidation catalysis at high conversion. The results indicate
that over Pt(111) [13], the O coverage is 0:63� 0:04 ML,
that this coverage arises from the favorable kinetics ofNO2

dissociation relative to O2, and support the proposal that
the NO2=NO reaction controls O coverage during NO
oxidation over Pt.
To understand this difference in dissociation rates, we

used supercell DFT calculations to contrast the O2 and
NO2 dissociations on Pt(111) as a function of O coverage.
Based on previous DFT determination of the coverage
dependence of O binding energies [15] and consistent
with experimental characterization of chemisorbed oxygen

TABLE I. Oxygen coverages on Pt(111) measured by in situ
XPS from exposure to 0.1 Torr O2 (g) at various T. The
measurement error is �0:05 ML unless indicated.

T (K) 353 433 488 518 593 663

� (ML) 0.48 0.49 0.52 0:54� 0:04 0.40 0.39

TABLE II. Observed O coverage on Pt(111) at 518 K from
different gas mixtures at identical O chemical potentials.
Pressures in Torr.

pO2
0.1 0 0.1 0

pNO2
0 0.05 0.05 10�6

pNO 0 0.05 0.05 0

� (ML) 0:54� 0:04 0:63� 0:04 0:62� 0:03 0.75
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structures up to 1=2 ML O [20], we chose 4-layer thick,
4� 4 supercells of clean Pt(111), 1=4 ML pð2� 2Þ-O,
and 1=2 ML pð2� 1Þ-O as O coverage models [15,20].
The minimum energy paths [21] for O2 and NO2 dissocia-
tion were determined in each model (Figs. 1 and 2).

O2 adsorbed in a bridge site on clean Pt(111) (Fig. 1, R)
dissociates along a path in which the molecule stretches
and slides sideways into neighbor fcc sites [24]. O2 span
bridge and top sites and are separated by 1.88 Å at the
transition state (TS) (Fig. 1, S). The low-coverage TS is
calculated to be 0.24 eV below the energy of separated
Pt(111) and O2 (g), about 0.2 eV less than molecular beam
and TPD experiments [16]. At higher O coverage, re-
pulsive adsorbate-adsorbate interactions distort the initial
and transition states. We compute the energy penalty for O

and O2 to share a surface Pt atom to be 0.36 eV (dO–O2
�

2:9 �A), or about twice the penalty for two O to be nearest
neighbors [15]. To reduce these interactions, adsorbed O2

adopts a ‘‘near top-bridge-near top’’ twisted geometry
(Fig. 1, M). In the pð2� 2Þ-O and pð2� 1Þ-O models,
adsorbed O2 suffers one and three of these nearest-
neighbor interactions, respectively, enough to make ad-
sorption approximately thermoneutral in the former case
and endothermic in the latter. At these higher coverages,

O2 dissociation occurs by rotation about a surface normal
and stretching of the O–O bond until the O occupy adjacent
fcc sites. The O–O distances at the transition states in-
crease to 1.60 and 1.76 Å on pð2� 2Þ-O and pð2� 1Þ-O,
respectively. The TS interacts with two and six neighbor O
(Fig. 1, P), increasing the energy barriers to 1.0 and 2.3 eV
above O2 (g).
These results are consistent with a dramatic decrease in

O2 dissociation rate with increasing O coverage. To cir-
cumvent errors in the absolute DFT barriers, we calculate
relative dissociation rates with respect to the clean Pt(111)
surface according to

rð�OÞ
rð�O ¼ 0Þ ¼ Qz

vibð�OÞ
Qz

vibð�O ¼ 0Þ

� exp

�
�Ezð�OÞ � Ezð�O ¼ 0Þ

kBT

�
: (7)

At 518 K and 0.1 Torr O2, the experimental conditions
considered above, theO2 dissociation rates decrease to 3�
10�12 and 6� 10�24 that of the clean surface, respectively.
NO2 can adsorb in several orientations on clean Pt(111)

[12,23]. The �-N,O-nitrito configuration, in which bent
NO2 binds with one bond parallel to the metal surface, is
lowest in energy (Fig. 2, X), and dissociation from this
configuration occurs by migration of O and NO to adjacent
fcc sites [12]. The TS is 0.35 eV below the NO2ðgÞ en-
trance channel, and based on the relative energies and
partition functions at the TS relative to the respective
gases, we estimate the NO2 dissociation rate to be 88 times
that of O2 at 518 K and PO2

=PNO2
¼ 2.

The energy penalty for NO2 to share a surface Pt with
chemisorbed O is 0.38 eV, nearly identical to that for O2.
However, the coordinative flexibility of NO2 allows it to
more easily adapt to higher O coverage, moving from an O,
N-down configuration to one that makes a single bond with
Pt. We construct a minimum energy pathway starting from
an O-down atop Pt configuration (Fig. 2, U) that has zero
and one nearest-neighbor O on pð2� 2Þ-O and pð2�
1Þ-O, respectively. Nudged elastic band calculations iden-
tify a pathway in which O shifts to an adjacent fcc site and
product NO moves atop Pt to decrease interactions with
chemisorbed O. Consistent with atop NO binding [23], the
off-surface O–N bond is shorter in the TS and product than
at low coverage. In the reactant, the on-surface O–N dis-
tance is notably larger, indicating bound NO2 is more
readily dissociable at high coverage. The dissociation bar-
rier with respect to NO2ðgÞ increases with increasing O
coverage, consistent with a decrease in product binding
energies, but the effects are moderated by the changes in
reactant, TS, and product configurations that reduce
adsorbate-O interactions. The calculated NO2 dissociation
rate does decrease with O coverage, to 10�4 and 10�11 that
on clean Pt(111) at pð2� 2Þ-O and pð2� 1Þ-O, respec-
tively, but this decrease is not nearly as drastic as forO2. At
the highest O coverage, we estimate the rate of NO2
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FIG. 1 (color online). Minimum energy paths referenced to
O2ðgÞ and geometries for O2

� ! 2O�. Dotted lines label 1st

nearest-neighbor interactions.
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dissociation to be 1012 times that of O2 at PNO2
=PO2

¼
1=2.

The DFT results demonstrate, consistent with experi-
ment, the kinetic advantages of NO2 over O2 in developing
high O coverages on Pt(111). In principle, the �O can attain
values above those at which surface oxygen is energeti-
cally unstable to associative desorption of O2: as shown in
Fig. 1, O2 desorption remains a highly activated process
even at high O coverages. This metastability likely con-
tributes to the explosive desorption of O2 observed from Pt
surfaces dosed with atomic O [25].

In summary, we report experiments and DFT simula-
tions to characterize a Pt surface at conditions representa-
tive of NO oxidation catalysis. We show that the metal
surface attains coverages greater than 0.6 ML O, and that
while O2 dissociation slows drastically with increasing O
coverage, NO2 dissociation remains facile due to greater
coordinative flexibility in the dissociation pathway. The
results indicate an NO oxidation mechanism quite different

from CO oxidation, in which product NO2 inhibits the
forward rate by driving high surface O coverages, and O2

reactions are rate limiting [9,10,13].
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