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CO+NO versus CO+O2 Reaction on Monolayer FeO(111) Films on Pt(111)
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Thin oxide films grown on metal single crystals are used in
many “surface science” research groups in attempts to understand the surface chemistry of metal oxides. In addition, these
films are employed as suitable supports for modeling highly
dispersed metal catalysts (for reviews, see Refs. [1]–[4]). However, in the case of ultrathin films that are only a few angstroms
in thickness, the metal substrate underneath the film often affects the properties of metal clusters by charge transfer
through the film.[5–8] These observations can, in principle, be
traced back to the so-called “electronic theory of catalysis”[9–11]
developed in the 1950s and 1960s, and are primarily based on
a Schottky barrier model, which predicts, in particular, that by
varying the thickness of oxide films, the reactivity of heterogeneous catalysts can be controlled.[11] However, these ideas
faded away, primarily because of a lack of successful examples
of the promotional effects of thin oxide films on catalytic activity and/or selectivity.
Recently, it has been demonstrated that a thin oxide film
grown on a metal may exhibit higher catalytic activity than the
metal substrate under the same reaction conditions.[12] Indeed,
a thin FeO(111) film grown on Pt(111) is active for CO oxidation
at 450 K, a temperature far below that at which Pt(111) itself is
active. Furthermore, the rate enhancement was observed on
Fe3O4-supported Pt nanoparticles,[13] which underwent encapsulation by an FeO(111) film as a result of the strong metal–
support interaction.[14]
It has been suggested that, in the millibar pressure range
(1 mbar = 100 Pa) of O2, the bilayer Fe–O film on Pt(111) transforms into a trilayer O–Fe–O film that catalyzes CO oxidation
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ty functional theory (DFT) study corroborated this scenario.[15]
The DFT results showed that, by overcoming a small energy
barrier of about 0.3 eV, O2 is chemisorbed on the Fe atom,
which is pulled out of the pristine FeO film. In the chemisorbed state, electrons are transferred from the oxide/metal interface to oxygen, resulting in a O22 species, which then dissociates, thus forming a local O–Fe–O trilayer structure. Further
DFT studies[16] revealed that the reaction is site-specific within
the large Moir unit cell formed due to an approximately 10 %
mismatch between the FeO(111) and Pt(111) lattices. This mismatch explains scanning tunneling microscopy (STM) results
that showed the formation of close-packed O–Fe–O islands
rather than a continuous FeO2 film.[15]
Theoretical modeling showed that CO reacts with the topmost O layer of the O-rich films according to the Eley–Rideal
mechanism to form CO2, which leaves behind an oxygen vacancy upon desorption (this mechanism differs from that predicted for thin MgO(100) films grown on Ag(100)[17]). The activation barrier for CO2 formation (ca. 0.2 eV) is considerably
lower than the computed barrier for the CO oxidation reaction
on Pt(111), on the order of 1 eV.[17] Indeed, this finding explains
the higher reactivity of the FeO film as compared to Pt at the
relatively low temperatures studied here (ca. 450 K). To end the
catalytic cycle, the oxygen vacancies must be replenished
through reaction with O2 in the gas phase to restore the FeO2
film. In principle, this reaction may occur in the same manner
as described above for the formation of the FeO2x film. However, this reaction step has not yet been explicitly studied.
In an attempt to rationalize the unusual reactivity of
FeO(111)/Pt(111) in CO oxidation, we focus herein on the
CO+NO reaction and compare it with the CO+O2 reaction,
which was studied previously. The comparison revealed interesting behavior that may aid our understanding of the reactivity of ultrathin oxide films.
We first examined the interaction of pure NO with the FeO
films. Figure 1 shows the 30 amu (i.e., NO) temperature-programmed desorption (TPD) signal for saturated NO exposure
at 100 K. No other products, such as N2, N2O, or NO2, were detected. The NO-TPD spectrum for the clean Pt(111) substrate is
also shown for comparison. The latter reproduces well the
spectra reported elsewhere,[18] where the peaks at 200 K, 324 K
and 373 K were assigned to NO bonded to the threefold
hollow hcp sites, on top, and threefold hollow fcc sites, respectively. The TPD spectra show that the FeO surface is essentially
inert towards NO under these conditions. The integral amounts
of NO adsorbed on FeO at 100 K, as calibrated against NO/
Pt(111), correspond to a small coverage of approximately
0.07 ML. Therefore, we tentatively assigned the TPD features at
150–230 K to NO adsorption on defects, as the experiments
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chiometry measured by TPD. Again, no N was detected by
AES. Finally, low-energy electron diffraction (LEED) showed that
reaction with NO maintains the long-range ordering of the
films in the same way as previously found for O2.
Figure 3 shows STM results obtained on the FeO film exposed to elevated pressures of NO. The images are very similar
to those observed for O2-treated samples. On the large-scale
STM image (Figure 3 a), wide smooth terraces, separated by
monoatomic steps of the Pt(111) substrate, exhibit a superstructure with a periodicity of ca. 2.5 nm like in FeO(111)/
Pt(111). The surface is less well ordered than that of the pris-

Figure 1. TPD spectra of 7.5 L of NO (30 amu) adsorbed on Pt(111) and
FeO(111) at 100 K. The heating rate was 3 K s1.

with CO on the same samples did not reveal any CO adsorption, which would be indicative of the presence of “holes” in
the film.
The films were then exposed to 2 kPa NO in the high-pressure (HP) cell at different temperatures. In contrast to the experiments in ultrahigh vacuum (UHV), at elevated pressures
the films became enriched in oxygen in the same manner as
previously observed with O2. Figure 2 shows TPD data from
the samples treated in pure NO and pure O2 at 300 and 450 K.
In all cases, two desorption states for O2 at around 850 K and
1190 K are detected. The high-temperature peak is characteristic for decomposition of FeO films, whereas the peak at 850 K
is associated with the topmost O layer in the O–Fe–O films.[15]
Only O2 was detected as a desorbing species in these TPD experiments, indicating that nitrogen is not incorporated into
the NO-treated films and implying that, in the course of oxidation at elevated pressures, nitrogen desorbs from the surface,
for instance, as N2. Unfortunately, this process is impossible to
monitor in the HP cell with the current setup as the amounts
of desorbed molecules during the FeO!FeO2 transformation
(ca. 1015 molecules) are far below the detection limit.
Oxygen enrichment is also monitored by Auger electron
spectroscopy (AES) where the O and Fe peak ratio increases
upon oxidation by NO and O2, and matches well the film stoi-

Figure 2. O2 (32 amu) signal in TPD spectra of FeO films exposed to 2 kPa of
NO and O2 at 300 K and 450 K for 20 min. The heating rate was 3 K s1.
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Figure 3. STM images of the FeO(111) film exposed to 200 Pa NO at 450 K
for 10 min (a) and 70 Pa NO at 300 K for 1 min (b). The image in the inset,
presented by recording the tunneling current channel, zooms in the
p p
( 3  3) R 308 superstructure. Image size and tunneling parameters were:
a) 200 nm  200 nm, bias = 1.4 V, current = 0.7 nA; b) 50 nm  50 nm, 1.0 V,
0.7 nA; inset) 8 nm  8 nm, 1.0 V, 0.7 nA.
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tine FeO films and is represented by close-packed, irregularly
shaped islands rather than the film with a wave-like height
modulation characteristic of continuous overlayers with a coincident structure to the metal support. As in the case of the O2p p
treated films, the islands exhibit a ( 3  3) R 308 superstructure (Figure 3 b, inset), which has been assigned to relaxation
of the Fe ions between two O layers.[16] Therefore, the STM results complemented by LEED, AES, and TPD results, together
provide compelling evidence that, at elevated pressures, NO
forms an O-rich film, which is virtually identical to that formed
by exposure to O2. This finding is consistent with the thermodynamics of the reaction FeO+NO!FeO2+1=2 N2 , which is
more exothermic than the reaction FeO+1=2 O2 !FeO2 due to
an additional energy gain of approximately 0.9 eV related to
the exothermic reaction NO!1=2 O2+1=2 N2.
Notably, the O/Fe ratio (1.6  0.1) in films treated with 2 kPa
NO is almost independent of the reaction temperature, whereas oxidation by 2 kPa O2 undergoes considerable enhancement
(the ratios are 1.5 and 1.9, at 300 and 450 K, respectively).
Moreover, STM experiments revealed that the films were transformed across the entire surface at 300 K upon exposure to
70 Pa NO just for 1 min, while the O2-treated films still exhibited patches of the unreconstructed surface in 0.2 kPa O2 for
5 h.[15] Therefore, it appears that NO exhibits a lower activation
barrier for the FeO!FeO2 transformation than O2.
In the next step, we examined the CO+NO reaction in the
millibar pressure range. CO2 formation in a mixture of
1 kPa CO and 5 kPa NO balanced by He to 0.1 MPa at 450 K is
negligible compared to that observed in the 1 kPa CO+5 kPa
O2 mixture. The yield remained almost zero when the FeO film
was preconditioned with 2 kPa O2 at 450 K for 10 min before
the reaction in the CO+NO mixture. Meanwhile, the NO pretreated films (2 kPa, 450 K, 10 min) showed the same (high) reactivity in the CO+O2 reaction. The post-characterization of the
spent catalysts showed that after the CO+NO reaction the surface displays a diffuse LEED pattern of Pt(111), whereas a
Moir-like pattern is observed after the CO+O2 reaction.
To rationalize these results, we address the reaction mechanism proposed for CO oxidation by O2 on FeO(111)/Pt(111) and
assume that the same applies to NO as the oxidative
agent:[12, 15]
1. O2 (or NO) transforms the bilayer FeO film into the trilayer
FeO2x film;
2. CO interacts with the outermost O layer, forming CO2 that
desorbs and leaves an oxygen vacancy;
3. O vacancies are replenished by O2 (or NO) to restore the
FeO2x film.
As the combined AES, LEED, TPD, and STM results showed
that the O-rich FeO2x films produced by O2 and NO are virtually identical, the remarkable difference in reactivity in CO+O2
and CO+NO reactions leads to the conclusion that step 3 is
the rate-limiting step. Effectively, after the single event in
step 2, the CO+NO reaction stops or slows down similarly to
the situation in the CO+O2 reaction under O2-lean conditions,
where the film dewets Pt(111).[12, 19] Therefore, disordered and
partially reduced films would ultimately be formed, in full
agreement with the LEED pattern of the spent catalysts showChemCatChem 2011, 3, 671 – 674

ing diffuse spots of Pt(111). The fact that pretreatment with NO
or O2 does not affect the reactivity (Figure 4) also favors this
conclusion as to the identity of the rate-limiting step.

Figure 4. Kinetics of the CO2 production (C in mmol) over the FeO(111)/
Pt(111) film in 1 kPa CO+5 kPa NO and 1 kPa CO+5 kPa O2 at 450 K. Two
samples were pretreated in 2 kPa NO (or O2) at 450 K for 10 min prior to
CO+O2 (or CO+NO) reaction, as indicated. Time zero corresponds to the
start of the sample heating (1 K s1) from 300 K. All mixtures were balanced
to 0.1 MPa by He.

A much lower CO2 yield in the CO+NO reaction is somewhat
surprising since NO is apparently more reactive in step 1 than
O2. To rationalize this effect we performed a DFT analysis of
possible reaction pathways.
First, NO adsorption on the perfect FeO2 surface leads to a
NO2 complex due to an electron transfer to the metal substrate, which has a sizeable work function. The formed species
could, in principle, block CO adsorption at high NO pressures.
However, NO-TPD experiments on the FeO2x films (not shown)
revealed that these species become unstable at around 250 K,
which is far below the reaction temperature (450 K) and as
such hardly contributes to the effect observed.
Previous DFT studies showed that, in a CO+O2 mixture, the
reaction proceeds via the direct interaction of CO with the outermost oxygen of the FeO2 film,[15] resulting in the formation
of an O vacancy after CO2 desorption (Scheme 1 a). An O2 molecule from the gas phase fills the vacancy and is transformed
into a superoxo state (O2). The outermost oxygen atom easily
reacts with CO to form CO2 (Scheme 1 b). The formation of CO2
is highly exothermic (by 4.3 eV) and the reaction proceeds
with a negligible activation barrier.
In the case of the CO+NO mixture, the NO molecule binds
to a vacancy as strongly as O2, preferentially in a N-down ge-

Scheme 1. Reaction pathways on an FeO2/Pt(111) film (see text for details).
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ometry (Scheme 1 c), which is about 0.6 eV more stable than
O-down adsorption. However, the “dangling” oxygen atom
does not easily react with CO, as the reaction must overcome
a high (> 2 eV) barrier, although the CO2 formation remains
exothermic (by 1.2 eV). Similarly, the “exchange reaction” of a
NO molecule with NO adsorbed in the vacancy, resulting in the
formation of N2O and O in the vacancy, is energetically favorable (the gain is about 2.5 eV), but involves an equally high barrier. Therefore, the adsorption of NO at the vacancy kinetically
hinders both CO2 production and the FeO2 regeneration, thus
slowing down the overall reaction as observed experimentally.
Finally, to explain the absence of N in the post-reacted films,
we propose the “self-cleaning” mechanism (Scheme 1 d). The N
atom reacts with ambient NO to form a weakly bound N2O surface complex. The O atom then moves into the cavity while a
N2 molecule desorbs from the surface. The process is accompanied by a large energy gain (ca. 5 eV) and is essentially non-activated, indicating a very favorable channel for the removal of
nitrogen in the film once it has been formed.
In summary, we have shown that NO exposed to FeO(111)/
Pt(111) film at elevated pressures readily forms an O-rich,
FeO2x film, which is virtually identical to that formed with O2.
However, negligible CO2 production in the CO+NO reaction as
compared to CO+O2 is observed, which is rationalized in terms
of the replenishment of oxygen vacancies as the rate-limiting
step that proceeds much faster with O2 than NO.

Experimental Section
The experiments were carried out in the same UHV setups used
previously and described in detail elsewhere.[12, 19] One chamber
was equipped with LEED, AES, and TPD apparatus, and housed a
small (ca. 30 mL) gold-plated reaction cell connected to a gas chromatograph for reactivity studies at elevated pressures (up to
0.1 MPa). The temperature was measured by a chromel–alumel
thermocouple spot-welded to the edge of the double-side polished Pt(111) crystal (10 mm in diameter). CO (99.995 %), NO (99.5 %),
and O2 (99.999 %) were additionally cleaned using a cold trap at
about 150 K. The second chamber was additionally equipped with
STM apparatus and a preparation cell for high-pressure treatments.
The calculations are based on the DFT + U approach (UFeJFe =
3 eV)[20] using the Perdew-Wang 91 functional[21] as implemented
in the VASP code.[22] The FeO2/Pt(111) film was described with a
(2  2) pseudomorphic model, where the interfacial O atoms were
placed on top of Pt, which corresponded to the center of the FeO2
islands observed experimentally.[15, 16] In this model, the residual
(10 %) strain was accommodated in the Pt substrate.[23] As the resulting dilation of the Pt substrate could affect the adsorption
properties of the film, the thermodynamics of the processes described in the text were also computed with a nonpseudomorphic
p p
model obtained by superposition of ( 7  7) R 198 FeO(111) and
(3  3) Pt(111) structures.[23] We verified that the energetics computed for these two models are consistent, and the results shown
here were obtained only with the pseudomorphic model as reported in Ref. [15]. Reaction profiles were studied by means of the
climbing image nudged elastic band method.[24]
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