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Thin oxide films grown on metal single crystal substrates have been 
successfully used as suitable supports to model disperse metal 
catalysts.[1-9] This is even true for ultrathin films (2 - 5 oxide layers), 
depending on the specific system. However, in those cases the 
supporting metal may, in favorable cases, determine the properties 
of adsorbates and hence its reactivity.[10, 11] Basically, similar ideas 
have been around since the late 40-s of the last century, when 
Cabrera and Mott explained the growth of passivation (oxide) layers 
on Cu by assuming the formation of peroxo species responsible for 
the growth of the oxide layer.[12] Vol’kenshtein in Russia[13]  
developed ideas along similar lines for catalysis based on the then 
´en vogue´ concept of Schottky barriers. According to those 
concepts semiconductor films on metals could be utilized to control 
electron transfer to surface bound species rendering them 
catalytically active. A citation from Vol’kenshtein’s review paper in 
1966 underlines this: “The semiconductor film arises as a result of 
oxidation of a metal, and its thickness can often be controlled to 
some extend … By varying the thickness … it is possible to control 
the adsorption capacity, the catalytic activity, and the selectivity … 
It would be interesting to study the adsorption and catalytic 
properties of a semiconducting film on a metal, and their changes, 
during growth of the film.” This citation speaks for itself! In the 60-
s, when Vol’kenshtein mentioned this in his review,[13] the 
experimental tools were not available to study this question properly, 
as characterization of ultrathin-film systems was not possible at the 
atomic level. The ideas faded away and researchers did not pay 
attention. Also, in the late 70-s, when the so called “Strong Metal 
Support Interaction (SMSI)”[14-16] was introduced, thin oxide films, 
migrating from a reducible oxide onto metal particles supported 
there upon, were shown to suppress the reactivity of the system, 
instead of increasing its reactivity. There have been attempts to 
study t he influence of the thickness of thin metal film catalysts.[17, 18] 
Only recently it was experimentally observed that thin oxide films 

on metals, indeed, may exhibit greatly enhanced catalytic activity[19], 
i.e. higher than the metal substrate underneath under the same 
conditions. The example studied was CO oxidation on a FeO(111) 
film grown on a Pt(111) single crystal at a temperature when Pt is 
inactive. It was suggested that under reaction conditions at oxygen 
partial pressure in the mbar range, the bi-layer FeO film restructures 
leading to a tri-layer OFeO film which exhibits the observed 
reactivity. In this paper we present both, experimental evidences for 
the structure/morphology of the active film, and theoretical 
modeling that reveals the mechanism of its formation and the 
observed CO oxidation on its surface. We will discuss the results in 
light of the Mott-Cabrera- Vol’kenshtein work as well as the 
recently observed charging of adsorbed species - metal atoms, 
clusters, and molecules - on metal-supported ultrathin oxide films.[20, 

21] 
The atomic structure of FeO(111) film on Pt(111) has been 

explored in details (e.g., see[8, 22-24]). The film consists of two close-  

 

Figure 1. (Top) Cross and top views of a FeO(111) film on Pt(111). 
Not all O atoms are shown in the top view, for clarity. Unit cells of 
FeO and Moiré superstructure are also indicated in the high-
resolution STM image, (size 6 nm x 6 nm). (Bottom) Thermal 
desorption spectra of a pristine FeO(111) film (dashed line) and an O-
rich film (solid line) produced by exposure to 20 mbar of O2 at 450 K 
(32 amu (O2) signal is shown). The inset shows a LEED pattern of an 
O-rich film with floreted diffraction spots c haracteristic of the Moiré 
superstructure.  
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surface exhibits the Moiré  superstructure with a ~26 Å periodicity 
which is clearly observed in high-resolution scanning tunneling 
microscopy (STM) images.  

At low pressures up to 10-3 mbar (at 300 K) the film is  
essentially inert towards CO and O2. The film restructures upon 
increasing O2 pressure: It becomes enriched in oxygen and 
approaches the formal stoichiometry FeOx (x ~ 1.8 – 1.9) upon 
exposure to 20 mbar O2 at 450 K as measured by Auger electron 
spectroscopy (AES). The oxygen enrichment in these films 
(thereafter referred to as O-rich) is further evidenced by thermal 
desorption spectroscopy (TDS). Pristine FeO films show a single O2  
desorption peak at ~1170 K as a result of the film decomposition 
(see Fig. 1). In addition, O-rich films exhibit desorption at 840 K, 
clearly showing that the O-rich film possesses two energetically 
different O species. The integral intensity of the low-temperature 
peak is 80-90 % of the high-temperature peak, on average, which is 
in turn almost equal in intensity to that measured on pristine films. 
This finding is in full agreement with ~90 % enrichment observed 
by AES 

The O-rich film maintains long-range ordering since the 
corresponding low energy electron diffraction (LEED) pattern is 
almost identical to that of the FeO(111)/Pt(111) surface (Fig. 1). The 
superstructure is clearly seen in STM images of the film exposed to 
20 mbar of O2 at 450 K for 10 min (Fig. 2a). The profile line 
presented in Fig. 2c reveals height modulation about 0.6 Å in 
amplitude (independent of the bias polarity), i.e., much higher than 
~0.1 Å observed on the pristine FeO films under the same tunneling 
conditions. 

 

Figure 2. STM images and profile lines of the FeO films exposed to 
20 mbar O2 at 450 K for 10 min (a, c) and 2 mbar O2 at 300 K for 5 
hours (b, d). The insets show close-ups of the corresponding surfaces. 
The Moiré superstructure of the pristine FeO film is seen in the inset 
(b). Image sizes are 100 nm x 100 nm (a) and 50 nm x 50 nm (b); 
tunneling bias and current are 1 V, 0.7 nA (a) and 0.25 V, 0.3 nA (b). 

Figure 2b shows the STM image of a FeO film exposed to 2 
mbar O2 at 300 K. This treatment resulted in partial surface 
restructuring such that pristine and reconstructed surfaces coexist, 
indicating that the phase diagram of the FeO film indeed strongly 
depends on the oxygen chemical potential. The presence of both 
structures allowed us to measure the height difference between them, 
i.e., ~0.65 Å, which basically coincides with a Fe-O interlayer 
distance on FeO(111)/Pt(111).[22] This finding is fully consistent 

with the formation of additional O-layer upon film restructuring as 
schematically shown in Fig. 2d. 

Figure 2b also revealed that reconstructed areas, at least under 
mild conditions (2 mbar O2, 300 K), exhibit irregularly shaped, flat 
islands apparently decorating the Moiré “template” of FeO. Based 
on the profile line shown in Fig. 2d the surface between the islands 
exposes unreconstructed, bi-layer FeO(111). Such morphology can 
be rationalized in terms of different reactivity of domains within the 
Moiré cell towards oxygen as previously observed for interaction of 
ad-species with FeO(111)/Pt(111).[25, 26] Apparently, increasing 
temperature and pressure renders reconstruction more facile and 
homogeneous as shown in Fig. 2a, where the protrusions appear 
hemispherical and uniform across the whole surface. However, the 
corrugation amplitude (i.e., ~0.6 Å as shown in Fig. 2c) is close to 
the height of “isolated“ islands in Fig. 2b. Therefore, one cannot 
exclude the presence of regular defects in the ideal tri-layer film, 
arising, for example, upon lateral growth of reconstructed islands. 
Another explanation for the observed morphology involves much 
stronger rumpling of the O- and Fe-layers within the tri-layer 
structure as compared to the bi-layer structure, which could result in 
high surface corrugation as observed in STM. 

From a modeling point of view we first investigated on the DFT 
level the possibilities to describe the transformation of the FeO bi-
layer under exposure to oxygen into a FeO2 tri-layer. We have found 
that the energetics of this transformation is strongly dependent on 
the registry between the oxide and the metal, as suggested above by 
STM, and is the most favorable in the O-top region of the Moiré 
structure. Thus, in the following we focus on the results obtained for 
this registry, using both, a pseudomorphic and a non-pseudomorphic, 
models[27] (see Experimental Section). 

Figure 3 shows the calculated enthalpy profile for interaction of 
O2 with the FeO/Pt(111) film. By overcoming a small energy barrier 
(0.3 eV) O2 chemisorbs molecularly with adsorption energy of 0.7 
eV on the Fe atom, which is pulled out from the pristine film. The 
presence of a small barrier to reach the chemisorbed state implies 
that an oxygen pressure is necessary, since thermal activation would 
result in O2 desorption. In the chemisorbed state electrons are 
transferred from the oxide/metal substrate, and adsorbed O2  
becomes negatively charged. The O-O bond length expands to 1.46 
Å, and the magnetic moment is fully quenched, indicating the 
formation of O2

2- peroxo species. Such an electron transfer is 
enabled mainly by a local inversion of the rumpling in the oxide 
film which lowers locally the work function of the support (?F ~ -
1.5 eV), similar to transition metal ad-atoms on metal-supported 
oxide films.[20] 

The activated O2 is a precursor of a dissociative path: a second 
activation barrier of about 0.4 eV separates it from the final product 
of the reaction, corresponding to two O ad-atoms (Fig. 3a). This 
shows that O2 dissociation on FeO/Pt is a relatively easy process 
which can occur under O2 pressure at mild temperatures. At high O2  
coverage, the interaction results in the formation of a O-Fe-O tri-
layer structure with FeO2 stoichiometry, with a total energy gain of 3 
eV. 

Having found that a FeO2 tri-layer may be formed relatively 
easily under oxygen pressure, it is near at hand that a direct reaction 
of CO with the surface oxygen should be feasible. This step has thus 
been investigated by computing the enthalpy profile of the reaction 
CO + FeO2/Pt(111) → CO2 + FeO2-x/Pt(111), Figure 3(b). The 
reaction involves the extraction of an oxygen atom from the oxide 
film with formation of a CO2 molecule leaving behind an oxygen 
vacancy.  
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Figure 3. (top) Energy profile for the oxidation of the FeO/Pt(111) film 
upon exposure to O2 at high oxygen coverage. (bottom) Energy 
profile for CO oxidation on FeO2/Pt(111) film at low CO coverage. 
Blue (Fe), red (O), yellow (C), gray (Pt). 

A CO molecule located near the FeO2/Pt(111) substrate is, at 
most, physisorbed. A reaction occurs by overcoming a barrier of ~ 
0.2 eV (Fig. 3b), which is considerably lower than the computed 
barrier on Pt(111), of the order of 1 eV.[28] The CO molecule binds 
strongly with the C-end to one O ion in the topmost layer, with 
formation of a stable CO2 molecule and an oxygen vacancy. The 
cost for CO2 desorption is 0.3 eV only. Because of the low 
activation energy the reaction may indeed occur at lower 
temperatures than typically used for Pt catalysts as experimentally 
observed.[19] Note that, in our model, only the reaction at the flat 
terraces of the FeO2/Pt(111) film has been considered. It is likely 
that CO interaction at the border of FeO2 islands revealed by STM 
(Fig. 2) can occur with a lower energy cost, making the reaction 
easier. 

The formation of a strong C-O bond in CO2 overcompensates 
the cost of removing an O atom such that the overall reaction is 
highly exothermic, with a computed enthalpy of -1.9 eV. This is due 
to the relatively low formation energy of an oxygen vacancy on the 
FeO2/Pt(111) surface, i.e., 1.3 eV, with respect to ½ O2 , about one 
half of that calculated for the pristine FeO film (2.8 eV). The latter 
finding is in full agreement with TDS results shown in Fig. 1, where 
oxygen desorbs from FeO-rich films at much lower temperature 
than from FeO (840 K vs 1170 K). Therefore, the formation energy 
of an oxygen vacancy is the key factor in the CO oxidation reaction 
over FeO films. 

To end the catalytic cicle via the Mars-van Krevelen type 
mechanism the oxygen vacancies must be replenished through the 
reaction with gas-phase oxygen that restores the original 
stoichiometry of the film. This part of the reaction can occur in 
regions where the oxygen depletion leads locally to areas covered by 
FeO instead of FeO2 films. In this case, the oxygen dissociation 
process basically follows the mechanism described in previous 
section.  

The scenario proposed above should be discussed with respect 
to the recently observed transfer of charge through ultrathin oxide 
films of alumina and magnesia, for which the phenomenon, 
mentioned in the Introduction, has been studied both, theoretically 

and experimentally (see [10] and references therein). It has been 
proposed that O2 molecules adsorbed on 2-3 MgO layers supported 
on Ag(100) transform spontaneously into superoxide anions, O2

−, by 
the tunneling mechanism described above, which promotes low-
temperature CO oxidation.[28] The reason is the relatively low work 
function for this system. Conversely, FeO/Pt(111) films exhibit a 
very high work function, mainly determined by the Pt(111) surface, 
which makes electron transfer from the metal/oxide interface to the 
adsorbate unlikely as previously demonstrated for Au ad-atoms. 
[21,27] However, due to the local restructuring of the film upon 
exposure to oxygen, the work-function is locally lowered, leading to 
the transient formation of a peroxo species. 

Experimental Section 

The experiments were performed in ultra-high vacuum chamber 
equipped with LEED, AES, STM, and a mass spectrometer for TDS 
experiments (see ref. 19 for details). FeO(111) films were prepared by 
deposition of one monolayer of Fe (99.95%) onto clean Pt(111) at 300 
K and annealing in 10-6 mbar O2 at 1000 K for 2 min. For “high-
pressure” treatments performed in the Au-plated reactor, O2 
(99.999%) was additionally cleaned using a cold trap kept at ~ 200 K.  

The calculations are based on the DFT+U approach[29] (UFe – JFe = 
3 eV) using the Perdew -Wang 91 functional,[30] as implemented in the 
VASP code.[31, 32] We used two different interface models [27], a (2x1) 
pseudomorphic structure for each of the high symmetry regions of the 
Moiré cell (Fe-top, -fcc, and -hcp), and a non-pseudomorphic model, 
obtained by superposition of (v7xv7)R19º-FeO(111) and (3x3)-
Pt(111) structures. The two models represent high and low O2 
coverage, respectively. Reaction profiles have been studied by 
means of the climbing image nudged elastic band method.[33] 
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Interplay between structure and CO 
oxidation catalysis on metal supported 
ultrathin oxide films 

Thin oxide films on metals may greatly enhance catalytic activity. The example 
studied is CO oxidation on a FeO(111) film grown on a Pt(111) substrate. Under 
reaction conditions, the bi-layer FeO film restructures leading to a tri-layer OFeO 
film. We present both, experimental evidences for the structure/morphology of the 
active film, and theoretical modeling that reveals the mechanism of its formation 
and the observed CO oxidation on its surface.  

 


