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Introduction

The catalytic oxidation of CO on metals is one of the most

widely studied reactions in heterogeneous catalysis. To unravel
the reaction mechanisms within the “surface science” ap-

proach, an enormous number of studies have been performed
on model systems, primarily employing metal single crystal

surfaces under ultrahigh vacuum (UHV) conditions. Recently, it

has been recognized that ultrathin oxide films of transition
metals grown on a metal support or those, natively formed on

the noble metal surfaces under realistic pressure conditions,
may show high activity, in particular at low temperatures,

whereas “conventional” metal catalysts are, in essence, inert.[1]

In attempts to find key factors which govern the reaction on
such oxide films, a comparative study of CO oxidation over Fe,

Mn, Zn, and Ru oxide ultrathin films at near-atmospheric pres-

sures has been performed in our laboratories.[2] The results
showed that oxygen binding energy in the oxide films, as mea-

sured by temperature-programmed desorption (TPD), plays the
decisive role for the reaction: The more weakly bound surface

oxygen species, the higher the reaction rate. Therefore, the

oxygen-binding energy may serve as a good descriptor for oxi-
dation reactions over thin films. It turned out, however, that

the CO oxidation rate on ZnO monolayer films on Pt(111),
which showed the least activity among the closed films, in-

creases considerably at submonolayer (sub-ML) oxide cover-
age.[3] On the other hand, such a rate enhancement was not
observed for the ZnO films supported on Ag(111).[4] The differ-

ence has been assigned to a much stronger CO adsorption on
Pt(111) than on Ag(111) that increases the residence time for
adsorbed CO and hence the probability to react with an
oxygen supplied by ZnO.

The reactivity of ultrathin transition-metal oxide (TMO) films
is closely related to so-called “strong metal–support interac-

tion” (SMSI),[5] which is mostly discussed in terms of a full or

partial encapsulation of metal particles by a thin oxide layer
stemming from a support. In particular, our own studies of Pt

nanoparticles deposited onto well-defined iron oxide surfaces
showed the SMSI effect through encapsulation of the Pt sur-

face by an iron oxide layer identified as FeO(111) monolayer
film that readily grows on Pt(111) single crystal.[6, 7] However,

the FeO(111) film, initially stacked as an O–Fe bilayer, trans-

forms at elevated oxygen pressures to an O-rich, FeO2¢x film
with a trilayer (O–Fe–O) structural motif.[8] Although the film

stoichiometry implies Fe cations in the formal oxidation state
4 + , which is unusual for iron compounds, density functional

theory (DFT) results showed that Fe ions in the trilayer struc-
ture are in the oxidation state 3 + owing to a substantial elec-

We studied CO oxidation on FeO(111) films on Pt(111) at sub-
monolayer oxide coverages at ultrahigh vacuum and near-at-

mospheric pressure conditions. The FeO(111) bilayer islands
are inert towards CO2 formation. In contrast, the FeO2¢x trilayer
structure shows substantial CO2 production that reaches a max-

imum at �40 % coverage at both pressure conditions. The re-
sults provide compelling evidence that the FeO2¢x/Pt(111) in-

terface is the most active in CO oxidation. Although FeO2¢x

boundaries possesses weakly bound oxygen species, strong
binding of CO to Pt favors the reaction at the FeO2¢x/Pt inter-

face as compared to the FeO2¢x/FeO one, thus giving a ration-
ale to the reactivity enhancement observed in systems expos-
ing metal/oxide boundaries. In addition, oxygen diffusion from

the interior of an FeO2¢x island to the active edge sites may be
effective for the oxygen replenishment in the CO oxidation cat-

alytic cycle.
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tron transfer from the Pt(111) substrate. However, for brevity,
we will use FeO and FeO2 for the bilayer and trilayer structures,

respectively.
The reaction mechanism of CO oxidation, addressed by DFT

calculations using the model of a continuous FeO2 film, sug-
gested CO reacting with the weakly bound, topmost oxygen

atom in the O–Fe–O trilayer, thus forming CO2 that desorbs
leaving an oxygen vacancy behind.[8a] The vacancy must be re-
plenished by the reaction with molecular oxygen to end the

catalytic cycle.
Recently, Bao and co-workers have addressed the reactivity

of FeO(111) and other TMO(111) monolayer structures on
Pt(111)[9] exposing the oxide/metal boundary. On the basis of

DFT calculations,[9b, c] a Pt–cation ensemble was proposed,
where coordinatively unsaturated TMO cations at the edges of

TMO islands are highly active for O2 adsorption and dissocia-

tion. Dissociated oxygen binds to Pt at the TMO/Pt interface
and is responsible for the facile CO oxidation. The calculations

employed a simplified model, using a TMO ribbon, which does
not account for the experimentally observed epitaxial relation-

ships of oxide and Pt and related lattice mismatches. Indeed,
a very recent high-resolution scanning tunneling microscopy

(STM) study[10] revealed several (up to five) types of edge struc-

tures of FeO(111) islands. To repeat this, the oxide phase was
modeled by the bilayer, that is, O–TM–Pt(111), structure, which

is not the structure relevant for technological CO oxidation re-
action conditions, neither for FeO(111) nor for ZnO(0 0 0 1)

films on Pt(111).[3, 8a] Following these studies, the highest reac-
tivity on FeO(111)/Pt(111) must be obtained on the FeO1¢x is-

lands, which are oxygen deficient at the rim and expose the

unsaturated Fe cations. As a proof, in this[9c] and following-up
publications,[9a, 11] the authors provided a linear relationship ob-

tained between the CO oxidation activity and the perimeter
length only measured on the 0.25 ML FeO(111)/Pt(111) sample

that underwent gradual oxide sintering upon stepwise anneal-
ing. The reaction rate was measured by monitoring the CO/Pt

related signal in ultraviolet photoelectron spectra upon dosing

of 5 Õ 10¢8 mbar O2 to the CO presaturated surface at room
temperature. Although Bao’s group confirmed the formation
of FeO2 trilayer islands upon oxi-
dation of the “as grown” films at

sub-monolayer coverages, they
claim that these O-rich islands

are inert.[11] The latter statement
is at variance with our results,
which clearly showed enhanced

reactivity of the closed FeO2

films. The discrepancy could, in

principle, be linked to the differ-
ences in oxide preparation.[12]

Indeed, Bao and co-workers

found that UHV annealing at
573 K is sufficient to reduce FeO2

back to FeO,[11] whereas the re-
duction only occurs at tempera-

tures as high as 850 K in our
films.[8a] On the other hand, the

apparent controversy may be related to the reaction condi-
tions and methods by which the reactivity was measured.
While we monitor CO2 production at near atmospheric pres-
sures using a conventional batch reactor and gas chromatogra-

phy, Bao’s group used consumption of CO preadsorbed on
Pt(111) by the molecular oxygen beam.

Recently, Huang and co-workers[13] have also studied the re-
activity of FeO(111)/Pt(111) surfaces in the water gas shift re-
action and preferential oxidation of CO in excess of H2 using

primarily TPD technique. It appears that the oxide structure is
strongly affected by the reaction with water and hydrogen. A
very recent DFT study,[14] performed on a more realistic model
of FeOx/Pt(111), showed that, beyond terraces of the oxygen-

rich FeO2¢x phase, considered for a close film,[8a] also FeO2/FeO
and FeO2/Pt boundaries may be involved in reactions. Finally,

the metal–oxide synergy effect may also result from oxygen

spillover from the oxide to the metal support.
In this work, we studied reactivity of FeO(111)/Pt(111) films

at submonolayer coverage both in near atmospheric and UHV-
compatible pressures to bridge the “pressure gap” that may

cause some controversy in results obtained by different
groups. Here we show that a much higher reactivity is, indeed,

achieved by exposing an interface between the Pt support and

the oxygen-rich FeO2¢x phase. Two synergetic effects concur:
a low oxygen extraction energy at the FeO2/Pt interface and

a strong adsorption of CO on Pt(111) in its direct vicinity. Weak
adsorption of CO on oxide surfaces levels out the (negligible)

role of CO adsorption characteristics in the reaction over the
closed oxide films, thus rendering the oxygen binding energy

as the decisive parameter for reactivity of ultrathin oxide

films.[2]

Results and Discussion

Experimental results

In Figure 1 a, the kinetic curves obtained for CO oxidation over

FeO(111)/Pt(111) films at 450 K in the reaction mixture of
10 mbar CO and 50 mbar O2 (balanced by He to 1 bar) are

Figure 1. a) Kinetics of CO2 production by CO oxidation over FeO(111) films grown on Pt(111) at the coverage as
indicated. b) Reaction rate as a function of the FeO coverage. Reaction conditions: 10 mbar CO and 50 mbar O2,
balanced by He to 1 bar; 450 K.
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shown for different oxide coverages. The integral amounts of
CO2 produced in reaction almost linearly grow in time indicat-

ing that the model catalysts do not suffer much from deactiva-
tion. CO titration of the open Pt sites in the spent catalysts by

TPD showed essentially the same film coverage as in the “as-
prepared” samples (not shown here). However, the corre-

sponding oxygen desorption signal showed a strong peak at
approximately 820 K (see details below), which is characteristic

for the trilayer structure.[8a] These two findings suggest that in

the course of reaction the initially grown FeO(111) islands
transform into the FeO2¢x islands, which do not dewet under
the O-rich reaction conditions, in agreement with STM results
by Fu et al.[11]

The reaction rate versus film coverage plot (Figure 1 b) clear-
ly shows rate enhancement at sub-ML coverages reaching

a maximum at approximately 0.4 ML. (We measured the rate at

zero conversion to neglect any deactivation effects). The rate is
substantially (by a factor of 3.5) higher than obtained for

a closed, monolayer film, which is, in turn, more active than
the pristine Pt(111) surface, in full agreement with our previ-

ous studies.[15] Clearly, the oxide/metal interface provides reac-
tion sites more active than those on the (interior) surface of

FeO2 islands.

As oxygen binding energy was proposed as a good descrip-
tor for reactivity of the closed ultrathin oxide films,[2] we first

analyzed the observed rate enhancement in terms of weakly
bonded oxygen which may be present at the rim of oxide is-

lands. As previously, we used O2 desorption temperature in
TPD spectra as a measure of the oxygen binding strength. In

Figure 2, the desorption traces of O2 (32 amu) measured on

the partially covered FeO(111)/Pt(111) films (in this case,
�0.6 ML) exposed to 20 mbar of O2 at 450 K are shown. The

results for bare Pt(111) and a closed (i.e. , 1 ML) film are shown,
for comparison. Apparently, the sub-ML film exhibits desorp-

tion features of both, the Pt(111) support and the FeO2 trilayer,
although the spectrum cannot be presented as a superposition

of individual signals from the two surfaces. A sharp signal at
�800 K can straightforwardly be assigned to desorption from

the FeO2 phase, although the peak is at considerably lower
temperature than observed for the closed film (�850 K).

Whether oxygen at the FeO/Pt interface exhibits characteristics
different from bulk desorption is difficult to judge here be-

cause of its overlapping with oxygen desorption from uncov-
ered Pt(111).

Nonetheless, solely on the basis of these O2 TPD spectra one

could suggest that the sub-ML oxide films are more active just
because they provide more weakly bound oxygen species
manifested itself by O2 desorption at lower temperature than
the closed film. On the other hand, following the same line of

arguments, one should expect to see bare Pt(111) even more
active because the oxygen desorbs from Pt(111) at lower tem-

peratures. That is definitely not the case under the reaction

conditions applied here (Figure 1). Basically, low activity of
Pt(111) stems from the fact that strongly bonded CO blocks O2

dissociation in the course of Langmuir–Hinshelwood mecha-
nism. On the oxide surfaces, CO is thought to bind only

weakly, thus leveling the role of CO in the reaction and making
the oxygen bonding as a decisive parameter for reactivity of

the closed oxide films.

To shed more light on the reaction mechanism for
FeO(111)/Pt(111) films at sub-ML coverages, we conducted CO

adsorption studies as a function of FeO coverage, exposure,
and preparation conditions. The experiments were performed

as follows. The FeO(111)/Pt(111) sample was exposed to
20 mbar O2 at 450 K in the reactor and cooled to approximate-

ly 300 K before oxygen was pumped out to a pressure as low

as 10¢6 mbar. Then the sample was evacuated into UHV cham-
ber and immediately cooled down to approximately 220 K

prior to CO was adsorbed (typical exposure �1 L, 1 Lang-
muir = 1 Õ 10¢6 Torr s), and TPD spectra were recorded by heat-

ing to 550 K. After the first TPD run, the sample was again
cooled down and exposed to 1 L CO at 220 K, and the second

TPD spectrum was measured. These adsorption/desorption

cycles were repeated several times to monitor CO2 production.
We first address the TPD results for bare Pt(111) (Figure 3 a).

The first CO exposure only resulted in the CO2 signal (at
�305 K) indicating that all adsorbed CO molecules reacted
with oxygen to form CO2. The CO2 production was the highest
in the second TPD run. Clearly, the reduced O coverage owing

to the reaction with CO in the previous run allows more CO to
adsorb and react. In the next runs, the CO2 formation attenu-
ates because of the lack of O atoms, and the CO signal con-

verged to the one obtained on the clean Pt(111) surface.
Oxygen consumption by the reaction with CO was monitored

by recording 32 amu (O2) signal (see Figure S1 a in the Sup-
porting Information), which on the bare surface exhibited

a broad signal peaked at approximately 650 K and a prominent

shoulder at approximately 560 K. The latter is associated either
with ultrathin PtOx overlayer or subsurface oxygen species,

both formed only at high O2 chemical potentials.[16] Regardless
of its precise origin, this oxygen is found to be consumed first.

However, the total amounts of CO2 produced in repeated CO
TPD spectra linearly correlate with the O2 uptake (Figure S1 b),

Figure 2. TPD spectra showing O2 (32 amu) desorption signal upon heating
the surfaces, as indicated, exposed to 20 mbar of O2 at 450 K. Heating rate
3 K s¢1.
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that is, independently on the nature of oxygen species. It,
therefore, appears that the reaction first occurs between ad-

sorbed CO and those surface O adatoms, which are more
weakly bound because of its proximity to “oxidic” and/or sub-

surface oxygen species. The latter continuously replenishes the
O atoms on the surface, which then react with CO in further

TPD runs.

Before we address CO oxidation on the FeO(111) covered
Pt(111) surface, we note that CO adsorption on the “as-grown”

FeO(111) films did not result in any CO2 production at any
oxide coverage. If only the sub-ML films, following the film

preparation at 1000 K (see Experimental Section), were cooled
down to 300 K in 10¢6 mbar of O2, then CO2 desorbing at ap-

proximately 300 K was observed in TPD spectra. However, the
amounts of CO2 reversely scaled with the FeO coverage (not
shown), indicating that CO oxidation on the FeO(111)/Pt(111)

surfaces only occurs on the oxide uncovered Pt(111) areas.
For comparison, Figure 3 b shows the TPD results for an

0.6 ML FeO(111)/Pt(111) film first treated with O2 at high pres-
sures at the same conditions as used for bare Pt(111) present-

ed in Figure 3 a. Note that TPD spectra from a closed, that is,

1 ML, film did not detect any desorption signals, implying that
CO does not adsorb on the FeO2 terraces at these pressures

(typically �10¢6 mbar). On the sub-ML samples, no CO desorp-
tion other than obtained on Pt(111) is observed, thus suggest-

ing that edges of the FeO2 islands do not provide additional
adsorption sites to CO. Moreover, after several CO adsorption/

desorption cycles, the CO signal
converged to the one observed
on the same film prior to the
high pressure O2 treatment (see

28 amu spectra 4 and 5 in Fig-
ure 3 b). In contrast to CO, CO2 is
produced in two well separated
temperature regimes. The first
one at low temperatures (LT),

that is, approximately 300 K, is
virtually identical to that ob-
tained for Pt(111) (Figure 3 a),
and as such it is straightforward-
ly assigned to the reaction on
open areas of Pt(111). CO2 pro-

duction at high temperatures

(HT), that is, between 340 and
520 K, obviously missing on the

bare Pt(111) surface, must be as-
signed to reactions on FeO2/

Pt(111) interface, as the closed
film does not produce CO2 at

these conditions. The HT signal

is the most intense in the first
two TPD runs. Then it attenuates

substantially, although one may
recognize features at �360 K in

the third and �340 K in the
fourth runs. Interestingly, anneal-

ing to 1000 K during the fifth

run did not reveal O2 desorption at �800 K, which was initially
present in the sample before CO adsorption (see Figure 2) and

which is characteristic for the FeO2 trilayer structure. Therefore,
all weakly bonded oxygen species associated with the FeO2

phase were ultimately consumed by the reaction with CO in
these experiments.

The same experiments were then conducted for various

oxide coverages. In Figure 4, the total amounts of CO2 mea-
sured in five consecutive CO TPD spectra in the LT and HT re-
gions, respectively, are plotted as a function of FeO(111) cover-
age in as-grown films. It is clear that the LT signal, in essence,

reversely scales with the oxide coverage and as such it is as-
signed to reaction on uncovered areas of Pt(111). The ob-

served linear relationship suggests no oxygen spillover from

FeO2 islands onto the Pt(111) surface. In contrast, CO2 produc-
tion in the HT state goes through the maximum in the same

manner as observed for the CO oxidation rate at near atmos-
pheric pressures (Figure 1 b), both suggesting the reaction to

occur on the interface between Pt(111) and FeO2 trilayer.
In addition, we measured the amount of weakly bonded

oxygen remained after CO adsorption experiments. The results

also revealed the coverage effect : All samples at FeO coverag-
es below 0.6 ML showed no more weakly bonded oxygen in

the 32 amu (O2) signal after the fifth CO TPD run, whereas the
0.85 ML sample revealed that only approximately 20 % was

consumed by the reaction with CO. To recall, the closed film
did not manifest reaction with CO under these conditions. All

Figure 3. TPD spectra, showing CO2 (44 amu) and CO (28 amu) signals, from a) the Pt(111) and b) the 0.6 ML FeO/
Pt(111) samples, both pretreated in 20 mbar O2 at 450 K for 10 min. The spectra were repeatedly measured
n times, as indicated, and each time 1 L CO was adsorbed at �220 K. The heating rate was 3 K s¢1.
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these findings indicate that oxygen reacting at the interface
may be repopulated by oxygen from the interior parts of the

FeO2 islands during heating to 550 K and/or cooling down for
the next CO adsorption. This may also explain the relatively

broad HT signal and also some featuring (see, for example,

peaks at �350 K for the 0.6 ML sample, see Figure 3 b), which
may be caused by the simultaneous oxygen migration to the

oxide rim on heating. Certainly, at high oxide coverages and
large island sizes, oxygen consumption by CO reacting at

oxide/metal interface is less pronounced than in the case of
small islands.

Therefore, the combined experimental results provide com-

pelling evidence that the enhanced reactivity observed for FeO
partly covering the Pt(111) surface at realistic conditions is at-

tributed to the reaction occurring at the rim of the FeO2 is-
lands formed at high oxygen pressures. Moreover, any reac-

tions on the top of FeO2 islands would be proportional to the
oxide coverage, which is not the case. Whether the islands
edges provide the most weakly bound oxygen and therefore

become more readily reacting with an incoming CO molecule
could not be judged solely by TPD. However, it seems more
plausible that the oxide/metal interface is the most active
simply because the CO molecules, involved in the reaction,

adsorb on Pt sites in the proximity to the oxide. To end the
catalytic cycle after CO2 desorption, oxygen must be replenish-

ed. Bao and co-workers considering only the FeO bilayer
model have previously suggested[9b] the replenishment to
occur through O2 dissociation at the coordinatively unsaturat-

ed Fe sites at the oxide edges. Although the FeO bilayer is cer-
tainly not the adequate one for reactions under realistic pres-

sure conditions, we cannot exclude this scenario for the trilayer
structure. However, our TPD results revealed that oxygen diffu-

sion from the island interior to the edge sites may be operative

as well.

Theoretical calculations

To shed more light on the reactivity of the FeO/Pt surfaces, we
have performed DFT calculations to estimate the thermody-

namic stability of oxygen at a variety of alternative terrace and

boundary sites, characteristic of Pt-supported FeOx film in sub-

ML coverage. The computational model depicted in Figure 5
represents an oxide coverage of 0.6 ML, with an equal propor-

tion of FeO and FeO2, accounting for the case of large FeOx is-
lands on the Pt(111) surface. It consists of embedded FeO2 is-

lands, with trilayer O–Fe–O structure, located primarily in the
region of the so-called “hcp” lattice registry (O ions on top of

surface Pt atoms, Fe ions in the hollow sites), in which the

oxygen-rich film forms the most easily.[8b] Conversely, bare
FeO(111) is most stable in regions of “fcc” registry (both O and

Fe ions in three-fold hollow sites of a Pt(111) substrate). The
large unit cell contains also the region of a bare Pt(111) sur-

face created by removing the oxide from regions of “top” reg-
istry (O ions in the hollow sites, Fe ions on top of a surface Pt),

in which the stability of a FeOx film is the lowest.[8b, 17]

In the following, we focus on three different types of boun-
dary sites, labeled E (edge): the oxide/oxide boundary (E-FeO2/
FeO) at the edge of the embedded FeO2 islands, and oxide/
metal boundaries at either FeO/Pt (E-FeO/Pt) or FeO2/Pt (E-

FeO2/Pt) edge sites. Oxygen sites at FeO and FeO2 terraces (T-
FeO and T-FeO2, respectively) and O adsorbed at Pt(111) will

be used as a benchmark. In the case of FeO2, oxygens in con-

tact with vacuum, labeled S (surface), or in contact with Pt, la-
beled I (interface), will be systematically differentiated.

The calculated oxygen stability characteristics at the eight
considered sites are summarized in Table 1. The vacancy forma-

tion energy DE shows a strong site dependence and ranges
from nearly 3 eV for FeO terrace down to 1.3 eV for FeO2/FeO

boundary. We note that in this latter case DE is close to the

calculated oxygen adsorption/desorption energy at the bare
Pt(111) surface, which we find equal to 1.32 eV (obtained with

one O in a (2 Õ 2) surface cell). While for each of the two oxide
phases oxygen at boundary sites (E) is always less stable than

at terraces (T), that is, consistent with the lower coordination
of edge ions, oxygen extraction from FeO2 requires less energy

Figure 4. Total CO2 production measured in LT and HT regions in five consec-
utive CO TPD runs (see Figure 3 for the 0.6 ML sample) as a function of FeO
coverage.

Figure 5. Computational model of a submonolayer FeOx film on the Pt(111)
surface. The nonequivalent oxygen sites are labeled 1–7: T-FeO (1), TI-FeO2

(2), TS-FeO2 (3), E-FeO/Pt (4), EI-FeO2/Pt (5), ES-FeO2/Pt (6), E-FeO2/FeO (7). Pt,
O, and Fe atoms are represented by gray, red, and blue spheres,
respectively.

ChemCatChem 2015, 7, 2620 – 2627 www.chemcatchem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2624

Full Papers

http://www.chemcatchem.org


as compared to FeO. This is directly linked to the specificity of

the FeO2/Pt nanooxide, stabilized by a substantial electron

transfer from the Pt(111) substrate, which enables anions to
be fully reduced (formally O2¢) and cations to keep the Fe3 +

oxidation state.[8, 18] The lowest DE values are found at bounda-
ries of embedded FeO2 islands, either the oxide/metal (FeO2/

Pt) or the oxide/oxide (FeO2/FeO) ones. Since upon oxygen ex-
traction the electrons are back-transferred from FeO2 to the Pt

substrate and the tri-layer tends to (locally) recover the quasi-

planar FeO-like structure, such recovery is, indeed, more easy
at boundaries of the FeO2 islands, where there are little or no

structural constraints from neighboring atoms.[14]

Comparison with our previous results[8a, 14] for the case of

high oxide coverage reveals the sensitivity of oxygen extrac-
tion characteristics to the oxide coverage and to the local

structure of the FeOx/Pt interface. As expected, compared to

Ref. [14] , DE at T-FeO and TI-FeO2 are practically identical,
showing a small effect of coverage for these terrace sites. Simi-

larly, the present extraction energies at E-FeO/Pt and E-FeO2/
FeO sites differ by 5 % only from those obtained for higher

oxide coverage, and the difference is attributed to a somewhat
different position of the oxide edges with respect to the

Pt(111) lattice. In contrast, results obtained for TS-FeO2 and E-

FeO2/Pt sites are substantially different, with systematically
larger oxygen extraction energies in the present 0.6 ML case.
We note that such strong sensitivity to oxide coverage con-
cerns uniquely oxygen of the oxygen-rich FeO2¢x phase. Basi-
cally, the electron exchange with the metal substrate and the
resulting charging of the Pt(111) surface required for stabiliza-

tion of the FeO2 tri-layer makes the oxygen stability sensitive
to the oxide coverage.

Calculated oxygen extraction energies can be linked to the

experimental TPD data shown in Figure 2 with the help of Red-
head analysis,[19] which links activation energy (Edes) and the

temperature for desorption maximum (Tmax): Edes/RT2
max = A/

b exp(¢Edes/RTmax), where R is the gas constant and b is the

heating rate. Table 1 presents the computed values of Tmax for

the various oxygen sites, obtained with rate b= 3 K s¢1 and the
pre-exponential factor A�1013 s¢1, commonly used for desorp-

tion of atoms and small molecules. We have assumed a linear
relationship between desorption activation energy Edes and ex-

traction energies DE : Edes = aDE + b, a = 0.93 and b = 0.55 eV,
adjusted so to reproduce the experimental desorption temper-

atures from a complete FeO(111)/Pt film (1190 K) and from
a bare Pt(111) surface (650 K). The results prove that oxygen
extracted from the embedded FeO2 islands alone can be re-
sponsible for the main features of the observed oxygen de-

sorption spectra in Figure 2. On the one hand, we find that de-
sorption from FeO2 terraces (T-FeO2) occurs slightly below
800 K (DE = 1.67 eV) that is, at a lower temperature than ob-
tained for a monolayer coverage (�850 K[8a]), for which the cal-
culated oxygen extraction energy DE is found to be 1.70 eV.[14]

On the other hand, desorption from FeO2/Pt boundaries may
account for the feature observed at about 700 K as a shoulder
to the main peak. We note also that the sensitivity of DE(FeO2/
Pt) to the oxide coverage discussed above is consistent with

the relatively large width of the TPD feature. Finally, due to
their close values for DE, contribution from FeO2/FeO bounda-

ries overlaps with the signal coming from oxygen on the bare

Pt(111) surface.
While the oxygen extraction thermodynamics clearly identi-

fies edge (E-FeO2/Pt and E-FeO2/FeO) sites as the most plausi-
ble candidates for CO oxidation (with a small preference for

the latter), we complement the picture by an analysis of CO
adsorption characteristics at these two boundaries.

As far as the FeO2/Pt boundary is concerned (Figure 6 a), our

calculations in generalized gradient approximation (GGA) pre-
dict preferential CO adsorption at the neighboring hollow site

of the Pt(111) surface, with a large adsorption energy
Eads(FeO2/Pt) = 2.05 eV. These adsorption characteristics are

clearly reminiscent of those of a CO molecule on a bare
Pt(111) surface, for which our present simulation predicts
a somewhat stronger adsorption Eads(Pt) = 2.19 eV (obtained

with one CO molecule on a (2 Õ 2) surface cell). As a conse-
quence, thermodynamics of both CO and O at the FeO2/Pt

boundary bears close similarity to their adsorption/desorption
characteristics at the bare Pt(111) surface. However, the small

reduction of CO–Pt bonding strength found in the direct vicini-

ty of the FeO2/Pt edge is expected to reduce the barrier for
the CO + O!CO2 reaction. Not surprisingly, it also suggests

a sensitivity of reaction thermodynamics and kinetics to the
oxide coverage and precise metal-oxide registry, in line with

the sensitivity of the oxygen extraction energies discussed
above.

Table 1. Calculated stability of oxygen at various sites of oxide submono-
layer FeOx/Pt as depicted in Figure 5. Oxygen extraction (vacancy forma-
tion) energy DE = E(FeOx with an O vacancy) + 1=2 E(O2)¢E(FeOx) and corre-
sponding desorption temperatures Tmax (see text for details).

Site DE [eV] Tmax [K]

T-FeO 2.93 1175
TI-FeO2 1.67 765
TS-FeO2 2.15 920
E-FeO/Pt 2.13 915
EI-FeO2/Pt 1.58 735
ES-FeO2/Pt 1.53 720
E-FeO2/FeO 1.31 645

Figure 6. Most stable CO adsorption configurations at a) the FeO2/Pt and
b) FeO2/FeO boundaries depicted in Figure 5. Pt, O, C, and Fe atoms are rep-
resented by gray, red, black, and blue spheres, respectively.
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Conversely, CO adsorption at the FeO2/FeO boundary (Fig-
ure 6 b) is very weak, with an adsorption energy Eads(FeO2/

FeO) = 0.05 eV. This value is only little higher than those ob-
tained for FeO and FeO2 terraces (0.03 eV and 0.01 eV, respec-

tively, obtained for a single CO molecule on a (2 Õ 2) surface
cell). It is noteworthy that, although van der Waals interactions

(optB88-vdW[20]) increase the CO adsorption energy at terraces
by about 0.1 eV, the effect is small, and it does not bring to
a qualitative change to the stability of these weakly bound

configurations. In any case, such small adsorption energies do
not result in CO chemisorption to the oxide surface under the

experimental conditions.
Whereas the strength of oxygen bonding at the FeO2/Pt and

FeO2/FeO boundaries differs only little (1.5 eV vs. 1.3 eV), the
very different characteristics of CO adsorption (2.05 eV vs.

0.05 eV) clearly indicates that these two sites have a different

efficiency for CO oxidation. Indeed, since CO binds only weakly
to the FeO2/FeO boundary, the Eley–Rideal reaction mechanism

is anticipated on these sites. Conversely, strong CO binding in
the direct vicinity of the FeO2/Pt boundaries makes the Lang-

muir–Hinshelwood mechanism operative. Although in the
latter case CO and O binding characteristics are close to those

obtained on the bare Pt(111) surface, the FeO2 oxide phase

provides O atoms which do not suffer from the CO blocking
effect which, otherwise, poisons the CO oxidation reaction on

the bare Pt surface.

Conclusions

The experimental results demonstrated much higher reactivity

of FeO(111) films partly covering the Pt(111) surface than the
closed films. Temperature-programmed desorption results

showed that the “as-grown” FeO(111) bilayer islands are inert
towards CO2 formation. Only the FeO2¢x trilayer structures,

which are formed at high oxygen pressures, showed substan-

tial CO2 production that reaches a maximum at approximately
40 % coverage, that is, nearly the same as observed for the CO

oxidation rate measured at near-atmospheric pressures. Corro-
borated by DFT calculations, the rate enhancement at submo-

nolayer oxide coverages is assigned to the reaction at the
oxide/metal boundary, between CO adsorbed on Pt(111) and

oxygen at the edge sites of the FeO2 trilayer islands. DFT-com-
puted oxygen extraction characteristics clearly identify the

boundaries of the FeO2 phase as the preferential source of
weakly bound oxygen. Although oxygen atoms are bound
even more weakly at the FeO2/FeO boundaries than to the

FeO2/Pt one, the reaction pathway is determined by their CO
adsorption characteristics which differ substantially. CO adsorbs

very weakly at FeO2/FeO boundaries, thus leading to a less effi-
cient Eley–Rideal type mechanism. Conversely, CO adsorption

on Pt(111) in the vicinity to the FeO2 island edges is as strong

as on Pt(111), thus favoring a more efficient Langmuir-Hinshel-
wood mechanism. However, contrary to bare Pt(111), reaction

at the FeO2/Pt boundary is not affected by CO blocking the
oxygen dissociation. In the course of catalytic reaction, the

FeO2 islands provide a reservoir of weakly bonded oxygen,
which is continuously repopulated by oxygen dissociation and

subsequent migration across the FeO2¢x islands to the active
edge sites. As to better quantify the efficiency of the two reac-

tion types, the calculations of the reaction pathway and associ-
ated activation barriers and their dependence on the oxide

coverage and metal-oxide registry are currently in progress.
Certainly, for the rate enhancement to occur CO must

adsorb sufficiently strongly, otherwise it desorbs intact before
reaction with oxygen. Therefore, weakly adsorbing metal surfa-

ces, such as Ag(111), do not show such effect as previously re-

ported for ZnO(0 0 0 1) films.[4] Accordingly, using oxygen bond-
ing energy as a principal descriptor for CO oxidation over ultra-
thin oxide films seems to be valid only for the systems exhibit-
ing relatively weak CO adsorption which does not compete for
oxygen adsorption sites. In the case of systems exposing
a metal/oxide interface, the reactivity may be considerably en-

hanced by metals strongly adsorbing CO like Pt. In such cases,

the model of overlapping states[21] seems to be fairly predic-
tive, suggesting high activity when the desorption profiles for

each individual molecule reacting at the surface overlap.

Experimental Section

Experimental methods

The experiments were performed in an UHV chamber (base

pressure below 2 Õ 10¢10 mbar) equipped with low-energy elec-
tron diffraction (LEED), Auger electron spectroscopy (AES), and

quadrupole mass-spectrometer (QMS, from Hiden) for TPD
measurements. The Pt(111) single crystal was spot-welded to

thin Ta wires for resistive heating. The crystal was cleaned

using repeated cycles of Ar+ bombardment and annealing in
UHV at �1200 K. Residual carbon was removed by oxidation at

�900 K in 10¢6 mbar of O2. Cleanliness of the crystal was
checked by LEED, AES, and CO TPD prior to each preparation

of the FeO(111) films. The films were grown on Pt(111) kept at
300 K by Fe vapor deposition from a Fe rod (99.99 %, from

Goodfellow) using commercial e-beam assisted evaporator

(Focus EMT3), followed by annealing in 10¢6 mbar of O2 at
1000 K for 2 min. The chamber houses a high-pressure reaction
cell for reactivity studies at atmospheric pressures using a gas
chromatograph (from Agilent) for the gas composition analysis.

The reaction mixture (10 mbar CO and 50 mbar O2, balanced
by He to 1 bar) was dosed at room temperature and circulated

with a membrane pump for 20 min to reach constant flow.
Then the sample was heated to the reaction temperature
450 K with a rate 1 K s¢1. After reaction the sample was cooled

down to room temperature while the cell was pumped out
down to �10¢6 mbar before it was evacuated for surface char-

acterization.

Computational methods

All DFT calculations were performed with the Vienna Ab-initio

Simulation Package (VASP),[22] using Projector Augmented
Wave (PAW) method[23] to represent the electron–core interac-

tion, and the Perdew-Wang 91 (PW91)[24] gradient-corrected ex-
change–correlation functional. Following our previous stud-
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ies,[17] iron oxides were treated with the DFT + U approach in
the form proposed by Dudarev,[25] with UFe–JFe = 3 eV. FeOx/

Pt(111) system was represented by a three-layer-thick Pt(111)
slab with the FeOx oxide adsorbed on one side only. The two

bottom Pt layers were hold fixed while the surface Pt layer and
the oxide film were fully relaxed (threshold on forces equal to

0.01 eV æ¢1). The slabs were separated by at least 10 æ of
vacuum and the so-called dipole corrections were applied in
order to eliminate the residual dipoles in the direction perpen-

dicular to the surface. To take into account the effect of lattice
mismatch between the Pt(111) substrate and the FeOx oxide
layer and to mimic the coincidence structures observed experi-
mentally,[26] a (

p
73 Õ
p

73)R5.88–FeO(111)//(
p

91 Õ
p

91)R5.28–

Pt(111) periodic supercell has been used. It contains 415
atoms per unit cell, making G point sufficient to sample the

Brillouin zone. In all calculations, we have used soft oxygen

and carbon pseudopotentials (energy cutoff of 280 eV)[27] and
imposed a row-wise anti-ferromagnetic alignment of Fe

spins.[17]
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