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We  provide  experimental  evidence  that  the low  temperature  CO  oxidation  reaction  on an  ultrathin
FeO(1  1 1)  film  on Pt(1  1 1)  proceeds  through  the Mars-van  Krevelen  type  mechanism  which  includes
the  following  steps:  the  FeO  film  is oxidized  into  an  FeO2−x film  with  trilayer  O–Fe–O  structure;  CO  reacts
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with  the  weakly  bound,  topmost  oxygen  atoms,  effectively  reducing  the  FeO2−x surface  to  FeO-like;  and
the subsequent  oxidation  by  O2 recovers  the  FeO2−x structure.

© 2011 Elsevier B.V. All rights reserved.
canning tunneling microscopy

. Introduction

The catalytic oxidation of CO over platinum group metals is one
f the most widely studied reactions in heterogeneous catalysis
e.g., see reviews [1–3] and references therein). Due to its tech-
ological importance in automotive catalysts [4] and fuel cells
5,6], detailed studies have been performed on model systems,
rimarily on Pt(1 1 1) single crystals, to unravel the reaction mecha-
isms. It is now well established that the oxidation reaction follows
he Langmuir–Hinshelwood mechanism, in which CO2 is formed
hrough the associative reaction of chemisorbed CO and O atoms
issociatively adsorbed on the surface [1].  Note that the CO oxi-
ation reaction on platinum surfaces may  even show oscillatory
ehavior, which was observed on Pt(1 1 1) only at relatively high
ressures as the reaction proceeds most likely through surface
xidation–reduction cycles [7].

Recently, it has been found that thin oxide films grown on met-
ls can promote this reaction at low temperatures [8,9]. Indeed,

 monolayer film of FeO(1 1 1) grown on Pt(1 1 1) showed activity
or CO oxidation already at 450 K, i.e., at a temperature where bare
t(1 1 1) is almost inactive [8].  The concept of using thin films as
atalysts was further demonstrated on supported systems where
etal nanoparticles were encapsulated by a thin oxide film as a

esult of strong metal-support interaction with a reducible support
Please cite this article in press as: M. Lewandowski, et al., Scanning tunnel
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10–12]. Also, for a three monolayer thick MgO  film on Ag(1 0 0), a
ensity functional theory (DFT) study predicted CO oxidation with a
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much lower activation barrier than on Pt(1 1 1) [9] (experimentally
not proven yet).

The atomic structure of ultrathin FeO(1 1 1) films on Pt(1 1 1) is
well documented in the literature [13]. It consists of close-packed
layers of Fe and O, stacked as O–Fe–Pt, and exhibits a Moiré pattern
due to the lattice mismatch between the FeO(1 1 1) and Pt(1 1 1) lat-
tices. However, it has been found that, at elevated oxygen pressures,
the bilayer O–Fe film transforms into a trilayer O–Fe–O film [8,14].
This reaction is computed to be site specific within the large (ca.
2.6 nm)  Moiré unit cell [15], that may  explain scanning tunneling
microscopy (STM) results showing the formation of close-packed
FeO2 islands rather than a continuous FeO2 film [14]. In addition, it
has been shown that the FeO2 islands exhibit (

√
3 × √

3)R30◦ recon-
struction which has tentatively been assigned to the relaxation of
the Fe layer between the O-layers.

The reaction mechanism of CO oxidation on the O-rich films was
addressed by DFT using the model of a continuous FeO2 film [14,15].
It was  proposed that the reaction follows the Mars-van Krevelen
(M-vK) type mechanism where CO reacts with the weakly bound,
topmost oxygen atom of an FeO2 film and forms CO2 that desorbs
leaving an oxygen vacancy behind. This vacancy must be replen-
ished by the reaction with molecular oxygen to end the catalytic
cycle. A comparative study with NO as an oxidative agent led to
the conclusion that the replenishment of oxygen vacancies is the
rate-limiting step [16].

In principle, the complex structure of the FeO2−x film may  sug-
gest various sites for this reaction, i.e., not only regular sites on
ing microscopy evidence for the Mars-van Krevelen type mechanism
oday (2011), doi:10.1016/j.cattod.2011.08.033

top of the FeO2 islands computed in the DFT studies, but also yet
ill-defined structures between the FeO2 islands as well as other
defects. In addition, in the case of ultrathin films on metals, reaction
mechanisms including activation of adsorbates by electron transfer
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rom the oxide/metal interface cannot be ruled out [17–22],  albeit
he very high work function of FeO/Pt(1 1 1) renders this process
nlikely.

In continuation of our previous work, here we  report exper-
mental results showing that the reaction proceeds through the

ars-van Krevelen mechanism on the FeO2−x films, i.e., cycles of
urface reduction by CO and oxidation of the reduced surface with
2.

. Experimental

The experiments were performed in an ultra-high vacuum
UHV) chamber equipped with Auger electron spectroscopy (AES),
ow energy electron diffraction (LEED), a quadrupole mass spec-
rometer, and STM. In addition, a high-pressure (HP) cell is
onnected to the main UHV chamber through a gate valve. The
t(1 1 1) sample is mounted to a Pt sample holder to prevent con-
amination by any volatile species formed at high pressures. The
emperature is measured using a chromel-alumel thermocouple
pot welded to the edge of the crystal. In the UHV chamber, the
ample can be heated by electron bombardment from the backside
sing a tungsten filament. In the HP cell, the crystal is heated from
he backside using a halogen lamp.

The Pt(1 1 1) crystal was cleaned using repeated cycles of Ar+

ombardment, followed by oxidation in 3 × 10−6 mbar O2 at 1000 K
nd subsequent annealing in UHV at 1200 K. Morphology and clean-
iness of the crystal were checked by LEED, STM and AES prior
o each preparation of the FeO(1 1 1) film that includes the vapor
eposition of one monolayer of Fe (Goodfellow, 99.95%) onto the
Please cite this article in press as: M. Lewandowski, et al., Scanning tunnel
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lean Pt(1 1 1) surface at room temperature, and subsequent oxi-
ation in 1 × 10−6 mbar O2 at 1000 K for 2 min.

For the HP treatments, CO (99.995%) and O2 (99.999%) were
ntroduced into the cell through a cold trap kept at ∼150 K. After

ig. 1. STM images (top panel) and LEED patterns (bottom panel) of an FeO(1 1 1)/Pt(1 1 1
50  K for 10 min (b), and again to 50 mbar O2 at 450 K for 10 min (c). Images are obtained
.0  V (a and b) and 1.4 V (c), tunneling current 0.7 nA.
 PRESS
 Today xxx (2011) xxx– xxx

each treatment, the sample was cooled down to room tempera-
ture while the cell was  pumped out down to ∼10−6 mbar before
it was  transferred back to the main UHV chamber for surface
characterization.

3. Results and discussion

The previous results showed that the first step in making the
FeO(1 1 1)/Pt(1 1 1) film active is its transformation into the O-rich,
FeO2−x film that occurs only in the mbar range of oxygen pressure.
In contrast, exposure to CO does not chemically reduce or consid-
erably modify the FeO(1 1 1) film surface at the same pressure and
temperature. If the CO oxidation reaction in the mixture of CO and
O2 proceeds primarily through the activation of adsorbed species at
the surface, then the FeO2−x film would maintain its surface struc-
ture upon exposure to CO, as the oxygen atoms in the film (i.e.,
lattice oxygen) are not involved in the reaction. In contrast, fol-
lowing the M-vK mechanism the oxide surface will effectively be
reduced in the CO-rich ambient. In this case, the active sites for the
reaction could be titrated by CO and (if so) be imaged, for example,
by STM. Following this idea, we  performed structural characteriza-
tion of the FeO films sequentially treated with pure O2 and CO.

Fig. 1a shows an STM image of an FeO/Pt(1 1 1) film exposed to
50 mbar O2 at 450 K for 10 min. In full agreement with our previous
work, the FeO(1 1 1) film is completely transformed into the O-rich
film of compositional stoichiometry FeO2−x (x ∼ 0.1), as measured
by AES (Fig. 2). The film exhibits long-range ordering similar to the
Moiré structure of the original FeO(1 1 1) film as judged by the LEED
pattern shown below the image in Fig. 1a. The periodic ∼3 nm wide
ing microscopy evidence for the Mars-van Krevelen type mechanism
oday (2011), doi:10.1016/j.cattod.2011.08.033

protrusions in this image correspond to the FeO2 islands of similar
size as the Moiré unit cell. The close-packed domains of FeO2 islands
within the same terrace are often slightly rotated with respect to
each other [15].

) film after sequential exposure to 50 mbar O2 at 450 K for 10 min (a), 10 mbar CO at
 at room temperature in vacuum. The scale bar corresponds to 10 nm.  Sample bias

dx.doi.org/10.1016/j.cattod.2011.08.033


ARTICLE ING Model

CATTOD-7603; No. of Pages 4

M. Lewandowski et al. / Catalysis

Fig. 2. Auger spectra of an FeO(1 1 1) film (a) subsequently oxidized in 50 mbar of
O2 at 450 K for 10 min (b); then exposed to 10 mbar CO at 450 K for 10 min  (c); and
finally to 50 mbar of O2 at 450 K for 10 min  (d) (see the corresponding STM images
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n  Fig. 1). Spectrum (e) is obtained after an FeO film was exposed to 10 mbar of O2 at
00 K for 10 min  (see STM image in Fig. 3). The compositional stoichiometry derived
rom the spectra using FeO as the reference are indicated.

Oxidation at higher temperature, i.e., 700 K, does not consider-
bly alter the general morphology and stoichiometry of the film
btained at 450 K, except the formation of protruding worm-like
eatures (see STM results in Fig. 3 and AES spectrum in Fig. 2).
his finding suggests that the formation of FeO2 islands rather
han a continuous FeO2 film is thermodynamically driven. The ran-
omly distributed protruding spots in Fig. 1a (∼3 Å in height), which
pparently aggregate into protruding lines seen in Fig. 2, can be
ssigned to carbon contaminations detected by AES (see Fig. 2).
Please cite this article in press as: M. Lewandowski, et al., Scanning tunnel
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nother option would be ill-defined FeOx clusters formed in the
ourse of the FeO → FeO2 transformation, which is accompanied
y small changes in the lattice parameter [15].

ig. 3. STM image and LEED pattern of an FeO(1 1 1) film oxidized at 10 mbar O2 at
00 K for 10 min. The scale bar corresponds to 10 nm.  Sample bias 1.0 V, tunneling
urrent 0.7 nA.
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In the next step, the film was exposed to 10 mbar CO at 450 K.
The reaction time was limited to 10 min  in order to monitor the
initial stages of structural transformation and also to preclude film
dewetting that always occurs in a CO-rich atmosphere [8,23]. The
long-range ordering of the film maintained during this treatment
as judged by LEED (see the bottom panel in Fig. 1b). However, the
O:Fe ratio has diminished from ∼1.9 to ∼1.2, as measured by AES
(see Fig. 2). This fact alone indicates already that the FeO2−x films
strongly interact with CO at high pressures and undergo substan-
tial chemical reduction via the CO + O(lattice) → CO2 reaction as the
reduction step in the M-vK mechanism.

An STM study of the CO-treated films revealed relatively large
patches where the FeO2 islands are totally missing, as shown in
Fig. 1b. Profile line analysis showed that the patches are ∼0.9 Å
below the top surface of the FeO2 islands, on average. This value
is close to ∼0.7 Å, measured for the height difference between the
bilayer O–Fe and trilayer O–Fe–O films and also for the Fe–O inter-
layer distance in the FeO(1 1 1) films [15]. Although high resolution
on a large scale was  very difficult to achieve on the reduced patches,
they often showed a ∼3 Å periodicity (not shown) as in the original
FeO(1 1 1) films. All these findings suggest that the surface between
the remaining FeO2−x domains is FeO-like in nature. In addition,
the reduced surface also exhibits randomly distributed depressed
areas (black spots) of ∼0.9 Å in depth. Following the same argu-
ment of Fe–O interlayer distances, these spots can be attributed to
Pt and/or Pt–Fe “holes” formed in the oxide film as a result of the
total reduction. The reduced patches cover ca. 65% of the whole
surface, on average. Taking into account also fully reduced spots,
this value is fairly consistent with the AES data showing the FeO1.2
stoichiometry of the CO-treated film. The fact that the Moiré pat-
tern is not observed on the FeO-like patches could be explained by
its slight disordering at the reaction temperature used (450 K), that
is much lower than the temperatures needed for the preparation
of the well-ordered FeO(1 1 1) films (>900 K).

In the final step, the partially reduced film was treated again
with 50 mbar O2 at 450 K for 10 min. The AES spectrum revealed a
film stoichiometry of FeO1.9, i.e., the same as after the first oxidation
treatment. The large-scale STM image, shown in Fig. 1c, is virtually
identical to that shown in Fig. 1a for the oxidized film, and as such
clearly indicates that the FeO2−x surface is fully recovered upon
re-oxidation.

Therefore, the STM results, combined with LEED and AES data,
strongly suggest that CO oxidation on FeO(1 1 1) films proceeds
through the Mars-van Krevelen type mechanism, which includes
surface reduction (by CO) and oxidation (by O2) of the FeO2−x sur-
face.

More detailed analysis of the STM images of the CO-treated
films revealed some interesting features, which could shed more
light on the active sites for the CO oxidation reaction. First, the
large-scale images showed that reduction of the FeO2−x film by CO
occurs homogeneously on the macroscopic scale in the range of
hundreds of nanometers (not shown). In particular, the areas close
to the step edges did not show any difference in morphology as
compared to the terraces. However, on the microscopic scale, the
oxide reduction seems to occur non-homogeneously. Certainly, the
film morphology observed by STM ex situ could be kinetically lim-
ited. Nonetheless, the observation of extended areas with almost
unchanged FeO2−x morphology (see Fig. 1b), implies the presence of
active sites where the reduction proceeds faster than on the regular
FeO2 islands, otherwise one would expect uniform disappearance
of the islands. Moreover, if the reaction would take place on top of
an FeO2 island within a single domain, such islands would probably
ing microscopy evidence for the Mars-van Krevelen type mechanism
oday (2011), doi:10.1016/j.cattod.2011.08.033

show circular (torroid-like) morphology. Alternatively, if the reac-
tion starts between the close-packed FeO2 islands, then the islands
would uniformly shrink, resulting in the same domain just with
smaller islands. None of such structures were observed in STM. In

dx.doi.org/10.1016/j.cattod.2011.08.033
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Fig. 4. (a) STM image (22 nm × 22 nm)  of the CO-treated FeO2−x films (see the large-
scale image in Fig. 1b). Depressed (black) spots are assigned to the fully reduced
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act, the STM images revealed a majority of small islands at the
order of the FeO2−x domains, as shown in Fig. 4a. This suggests
hat the film reduction in the pure CO atmosphere occurs consider-
bly faster at the interface between the reduced, FeO-like and the
eO2 structures as schematically depicted in Fig. 4b. It appears that
uch sites, which are present in the oxidized films as defects, ignite
he reduction process in pure CO ambient, which then propagates
cross the surface leaving the FeO-like surface behind. The origin of
he defect sites responsible for the reaction ignition in these experi-

ents is unclear. The oxidized, FeO2−x surface is not so well ordered
s the pristine FeO film and may, in principle, expose a variety of
efects. It is unlikely, however, that the oxidized surface exposes
he Pt (or Fe) metallic atoms since the temperature programmed
esorption experiments did not show any CO adsorption on this
urface at 100 K. Certainly, in situ spectroscopic techniques would
elp in elucidating the nature of the defect sites readily reacting
ith CO.

The complete back transformation of the O–Fe–O into the O–Fe
Please cite this article in press as: M. Lewandowski, et al., Scanning tunnel
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lm implies the Fe atoms migrating underneath the bottom O-layer
pon removing the top O-layer by reaction with CO. However, the
rocess can be (i) relatively slow at 450 K and (ii) affected by the
resence of CO in the ambient, both effects stabilizing the Fe atoms

[
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in the topmost layer. CO adsorbed on these Fe atoms can further
react with oxygen in the film thus opening more Fe sites, or even
leading to full reduction. This may  explain why CO induced film
dewetting, which opens the Pt(1 1 1) substrate, has been observed
for the oxidized FeO2−x films and not for the original, O-terminated
FeO films [23]. Obviously, in the CO + O2 mixture, the probability
for such a scenario increases at the high CO/O2 ratio, at which
film dewetting has been observed [8,23].  Under the O2-rich reac-
tion conditions, oxidation of the Fe sites will prevent substantial
reduction and result in the oxidized film structure.

4. Summary

We  have performed a combined STM, LEED and AES study of
FeO(1 1 1)/Pt(1 1 1) films sequentially exposed to pure O2 and CO
at pressures and temperatures used for the CO oxidation reaction
over these films. Upon O2 exposure the film transforms into the
FeO2−x film consisting of the close-packed FeO2 islands as previ-
ously shown. Oxidation at elevated temperature (i.e., 700 K) does
not considerably alter the general morphology of the film, thus
suggesting that the formation of FeO2 islands rather than a contin-
uous FeO2 film at high O2 pressures is thermodynamically driven.
Subsequent CO exposure effectively reduces the FeO2−x surface to
FeO-like via the CO reaction with the outermost oxygen atoms in
the oxidized film. Re-oxidation by O2 recovers the FeO2−x structure.
The results provide strong evidence that the CO oxidation reaction
proceeds through the Mars-van Krevelen type mechanism.
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