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Abstract An ultra-thin FeO(111) film grown on Pt(111)
is found to exhibit a much higher rate of CO oxidation at
stoichiometric CO:O, ratios than the clean Pt(111) surface.
This unexpected result is rationalized on the basis of
reaction induced dewetting of the oxide film, ultimately
resulting in highly dispersed FeO, nanoparticles on
Pt(111). The effect may have a strong impact on the cat-
alytic properties of the noble metal particles encapsulated
by the reducible oxide support as a result of strong metal-
support interaction.
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1 Introduction

Metals supported on reducible oxides often exhibit strong
metal-support interaction (SMSI) [1, 2] which in many
cases manifests itself by encapsulation (decoration) of the
metal particles by a thin oxide film. Formation of a TiO,
(x ~ 1) layer on Pt and Pd particles supported on TiO,
upon heating to high temperatures (>773 K) in a reducing
atmosphere is a well-known example in the literature [3—7].
Although generalizations are not straightforward for the
SMSI effects, it is rather obvious that decoration will
suppress catalytic activity and be particularly detrimental
for the metal surface structure sensitive reactions in

Y.-N. Sun - Z.-H. Qin - M. Lewandowski - S. Kaya -

S. Shaikhutdinov (<) - H.-J. Freund

Department of Chemical Physics, Fritz-Haber-Institute der
Max-Plank-Gesellschaft, Faradayweg 4-6,

14195 Berlin, Germany

e-mail: shamil @thi-berlin.mpg.de

contrast to the structure insensitive ones [2, 8-10]. Cer-
tainly, this conclusion implies that the encapsulated layer is
inert in the reaction and remains unchanged. On the other
hand, the partial reversal of the SMSI state has been sug-
gested to occur during the CO hydrogenation reaction on
Pt/TiO, [11, 12], thus indicating that the SMSI effects are
not responsible for the enhanced activity as originally
proposed [13]. This finding in turn raises the question, how
could one envision such a reversal and how could this lead
to a higher activity in the absence of SMSI?

In this letter, we demonstrate that a thin film of transi-
tion metal oxide fully covering a noble metal surface upon
preparation exhibits a strong promoting effect on the oxi-
dation reaction. More specifically, we have found that a
FeO(111) film grown on Pt(111) shows a much higher
reaction rate in CO oxidation under oxygen lean conditions
than clean Pt(111). This unexpected result is rationalized in
terms of reaction induced dewetting of the oxide film,
ultimately resulting in the formation of iron oxide nano-
particles dispersed on the Pt(111) surface, whereby the
reaction takes place at the oxide/metal interface. Since the
same FeO layer is formed on the Pt particles supported on
iron oxide as a result of SMSI upon high temperature
annealing [14], we are effectively forming a structure,
referred to as “inverted model catalyst” [15] to differen-
tiate it from systems where metal particles are supported on
oxide surface.

CO oxidation on Pt is one of the most studied reactions
in catalysis on metals (see reviews [16—18]) that proceed
via the Langmuir-Hinshelwood mechanism whereby CO,
is formed through the associative reaction of chemisorbed
CO with the oxygen surface atoms produced by dissocia-
tion of molecular oxygen. The reaction has two distinct
branches in the kinetic phase diagram, which are deter-
mined by the CO:O, ratio, reflecting the competition for
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adsorption sites between O, and CO. Under oxygen rich
conditions (CO:0, < 0.2), the metal surface is covered by
oxygen, which does not affect adsorption of the CO that
readily reacts with oxygen. In contrast, the reaction
exhibits low activity in excess of CO which suppresses
oxygen dissociation due to site blocking. In addition, spa-
tio-temporal oscillations were found on Pt, in particular on
the more open Pt(100) and Pt(110) surfaces exhibiting
surface reconstructions [19-24]. On the Pt(111) surface no
such oscillations were observed at the low pressures
commonly used in surface science experiments. Meanwhile
the CO + O surface phase diagram shows a bistability
region between high and low reactivity states, which is
accompanied by a hysteresis in the reaction rate [24-27].
However, the oscillatory kinetics of the CO oxidation rate
on Pt(111) were found at elevated pressures (10731 mbar
0,) and interpreted in terms of oxidation reduction cycles
of the Pt surface [27].

For reactivity studies at low pressures we employed
temperature programmed desorption and reaction (TPD,
TPR) techniques in an ultra-high vacuum (UHV) chamber.
The experiments, at elevated pressures of up to 1 bar with
gas chromatography (GC) analysis of products, were car-
ried out on the same sample in the so-called “high-pressure
cell” used as a circulating flow reactor, which is sealed
from the main UHV chamber by a Viton O-ring (see Sect. 2).
The preparation and the atomic structure of the ultra-thin
FeO(111) film on Pt(111) is well documented in the liter-
ature [28]. The film consists of close-packed layers of iron
and oxygen stacked as O-Fe-Pt(111).

Figure 1 shows the CO, production measured over the
Pt(111) and FeO/Pt(111) samples at 450 K in 40 mbar
CO + 20 mbar O, balanced by He to 1 bar. It is not sur-
prising that in excess of CO the Pt(111) surface exhibits
low activity due to the site blocking effect mentioned
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Fig. 1 Production of CO, over Pt(111) and FeO(111)/Pt(111)

samples at 450 K in the mixture of 40 mbar CO and 20 mbar O,

balanced by He. Time zero corresponds to the start of the sample
heating, which takes ~3 min to reach the reaction temperature
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above. What is unexpected is that the FeO covered surface
oxidizes CO with a much higher rate than clean Pt. Quite
the contrary, one would have expected that the FeO film
further suppresses the reaction on Pt. Indeed, the TPD and
TPR studies revealed no CO, formation on the FeO(111)
film since neither CO nor O, chemisorbs on this surface. In
addition, no structural changes were observed after long-
time exposure to 10~¢ mbar CO or O, at 450 K.

In order to shed light on the structure of the FeO/Pt
model catalysts during the reaction at elevated pressures,
we have performed post-characterization of the samples in
UHYV using low energy electron diffraction (LEED), Auger
electron spectroscopy (AES) and TPD. For this, the crystal
is rapidly cooled down to room temperature, and the
reactor is pumped out down to ~ 107> mbar before
exposing it to the UHV chamber.

Figure 2a shows LEED patterns of the FeO/Pt(111) sur-
face as prepared and after 120 min in the reaction. The
flower-like diffraction spots obtained on the original FeO
film is characteristic for the Moire superstructure due to the
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Fig. 2 (a) LEED patterns (E = 60 eV) of the FeO(111)/Pt(111)
surface before and after CO oxidation reaction for 120 min. After the
reaction the pattern is assigned to the Pt(111)-c(4 x 2)CO structure.
The unit cells of FeO(111) (left) and Pt(111) (right) are indicated. The
rectangular c(4 x 2) unit cell is shown only for one domain. (b) TPD
spectra of CO adsorbed at 300 K on the clean Pt(111) (dotted line)
and FeO(111)/Pt(111) (dashed line) surfaces. The solid line represents
the spectrum of CO desorbing upon heating of the FeO/Pt sample
taken after 120 min on stream



Reaction Induced Dewetting of Encapsulated Oxide Layer

33

~10% lattice mismatch between FeO(111) and Pt(111)
[28]. Meanwhile, the surface of the used sample does not
show the Moire structure, but rather the sharp Pt(111)-
(1 x 1) spots with additional weak spots, which can be
assigned to a Pt(111)-c(4 x 2)CO structure, well estab-
lished for the adsorption of CO on clean Pt(111) [29-31] and
confirmed in our own experiments. The observation of the
ordered structure by LEED points out that the surface of the
used samples exposes a significant fraction of Pt(111).

Only CO and CO, were found as desorbing species upon
heating of the used samples to 800 K. The amount of CO
adsorbed on these samples turned out to be 30—40% lower
than that measured by CO adsorption on the clean Pt(111),
and the desorption profile looks very similar to CO on
Pt(111) (see Fig. 2b), which is consistent with the above
LEED results. Interestingly, subsequent UHV annealing at
T > 800 K essentially restores the LEED pattern of the
original FeO film and makes the samples again inert
towards CO. This means that the iron oxide is not con-
sumed during the reaction through the formation of any
volatile compounds.

The AES study of the used catalysts revealed only small
amounts of carbon beyond the elements, which belong to
the original surfaces. In particular, no nickel (via Ni car-
bonyls) has been detected which may contaminate CO gas
in stainless steel high-pressure containers. The carbon
observed in the AES spectra on both the Pt(111) and FeO/
Pt(111) samples most probably originates from the CO
dissociation on the Pt low coordination sites such as step
edges. Using the O:Fe signal ratio in the original FeO films
as a reference, we found that the iron oxide phase in the
used samples exhibits a FeO, ;3 stoichiometry, i.e., close to
Fe;0,4. Again, annealing to 800 K in UHV restores the
O:Fe ratio in the Auger spectra, i.e., consistent with the
above LEED data.

Surface morphology of the model catalysts was studied
by scanning tunneling microscopy (STM). The experi-
ments were carried out in another UHV chamber connected
via gate valve to a gold-plated high-pressure cell, here used
as a batch reactor at the same reaction conditions as in the
previous experiments. Figure 3 shows that the original
FeO(111) film with atomically flat, wide terraces

Fig. 3 Room temperature STM
images (size 200 x 200 nm?) of
clean FeO(111)/Pt(111) surface
(a), FeO(111)/Pt(111) (b), and
Pt(111) (c) surfaces after

120 min in the CO oxidation
reaction at 450 K. Tunneling
parameters are: bias 0.2 V,
current 1 nA (a); 0.8 V, 0.5 nA
(b); 0.5 V, 0.3 nA (¢)

transforms into the system represented by small particles
randomly distributed on the substrate (cf. Fig. 3a, b). The
particles show a narrow size distribution of 8 £ 1 nm in
diameter and 1.8 £ 0.1 nm in height. Based on the above
LEED and AES results, these nanoparticles can straight-
forwardly be assigned to the iron oxide particles.
Meanwhile, the Pt(111) surface essentially maintains the
crystal morphology after 120 min in the reaction (see
Fig. 3c). Only small, irregularly shaped particles, presum-
ably of carbon (as judged by AES), and primarily at the
steps are observed by STM.

Thus, combined LEED, AES, TPD and STM studies
clearly show that the working catalyst does not expose the
FeO(111) film but Pt(111) covered by FeO, nanoparticles.
Additional experiments with pure oxygen and CO at the
same partial pressures did not reveal such a transformation.
Therefore, the results suggest that a massive surface
reconstruction occurs during the CO oxidation reaction at
elevated pressures. Apparently, the reaction induces dew-
etting of the original thin FeO film into the more oxygen
rich iron oxide particles, which may again wet the Pt sur-
face by heating in a reducing (vacuum) atmosphere.

These wetting/dewetting phenomena observed are ther-
modynamically driven. The formation of the FeO(111) thin
film wetting the Pt(111) substrate in vacuum is a result of
decreasing surface energy since oxides usually exhibit the
lower surface energy than metals [32]. However, the situ-
ation changes under reaction conditions, since it includes
also chemical potentials of the gas phase, which in turn
depends on partial pressure and temperature. In addition,
kinetics of the transformations, which are intimately linked
to the (oxidation) reaction, may also influence the wetting/
dewetting processes observed. In principle, the most stable
surface structure can be predicted on the basis of the so-
called stability plot calculated by density functional theory
(e.g., see Ref. [33]). However, this information is not
available for the present system.

Although the experimental results presented here do not
allow us to determine the details of the reaction mecha-
nism, it is clear that the reaction does not occur on the Pt
surface, which becomes accessible upon dewetting of the
FeO film. At the stoichiometric CO:0O, ratio used, the
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reaction on Pt(111) is self-poisoned by CO and therefore
exhibits low activity (see Fig. 1). In principle, the iron
oxide particles covering the Pt substrate in fact reduce the
average size of the Pt domains between the particles, which
in turn might shift the transition between the high and the
low reaction rate branches to the higher CO:0O, ratio as
recently found for alumina supported Pd particles [34].
However, this effect can hardly be responsible for the
enhanced reactivity in our case since this transition and
reaction bistability on Pt(111), even in the mbar pressure
range, occurs at much lower CO:O, ratios and temperatures
(e.g., ~0.01 at 410 K [27]) than used in our study.

On the other hand, we did not observe any substantial
activity on the nm-thick, well-ordered Fe;O4(111) films grown
on Pt(111). In addition, the used samples, which were pre-
flashed to 500 K to desorb any species re-adsorbed while
cooling and pumping out the reactor, showed CO TPD spectra
very similar to CO on Pt(111), albeit of lower intensity (not
shown here). In other words, iron oxide particles formed
during the reaction (see Fig. 3) practically do not adsorb CO at
the reaction temperature (450 K). Therefore, the results indi-
cate that the reaction does not occur on the iron oxide particles
either. Thus we conclude that the CO oxidation reaction takes
place at the perimeter of the iron oxide particles, which pro-
vide oxygen to CO adsorbing on the Pt surface.

The results presented above may aid in our understanding
of the catalytic properties of metal particles supported on
reducible oxide like iron oxide. For example, iron oxides
have recently been shown to exhibit a strong promoting
effect on the Pt/Al,0O; catalysts in the selective oxidation of
CO in H, (PROX technology) used in the proton exchange
membrane fuel cells [35-37]. Farrauto and co-workers
suggested that the iron oxide being in intimate contact with
the Pt particles provides oxygen for the CO adsorbed on the
Pt surface [36]. Later, Tanaka and co-workers [37] found
that the activity and selectivity of Pt catalysts in the PROX
reaction can be significantly improved by depositing iron
oxide in amounts ~ 100 times exceeding that of Pt, i.e.,
implying that Pt is totally covered by FeO, phase. The role of
iron oxide in this case is still puzzling [37]. However, our
results suggest that under reaction conditions the iron oxide
covering Pt surface may dewet and thus open the Pt surface.
If so, the reaction could undergo the dual mechanism sug-
gested by Farrauto and co-workers [34].

In summary, we have found that the Pt(111) crystal fully
covered by a thin FeO film exhibits enhanced activity in
CO oxidation under oxygen lean conditions. The effect is
explained by the dewetting of the film that occurs only at
elevated pressures (in the 10 mbar range). Therefore, the
catalytic reaction in fact proceeds over the so-called
“inverted catalyst” where iron oxide nanoparticles are
supported on Pt, i.e., in contrast to the oxide supported Pt
particles. The reaction most likely occurs at the oxide/
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metal interface where iron oxide provides oxygen for CO
adsorbing on Pt. We believe that the reaction induced
dewetting observed here may have a strong impact on the
catalytic properties of the metal particles encapsulated by a
thin oxide layer as a result of SMSI.

1.1 Experimental Section

The experiments were performed in two UHV chambers
(TPD-GC and STM) equipped with LEED, AES and a
quadrupole mass spectrometer (QMS). The TPD-GC
chamber houses a high-pressure reactor (~30 mL, made of
Cu block) connected to gas handling lines and a gas
chromatograph 6890N (from Agilent). The Pt(111) crystal
(~10 mm in diameter, 1.5 mm in thickness, from Mateck)
is spot-welded to two parallel Ta wires which are in turn
welded to two Ta sticks used for resistive heating and also
for cooling by filling a manipulator rod with liquid nitro-
gen. The temperature is measured by a chromel-alumel
thermocouple spot-welded to the backside of the crystal
and controlled using a feedback control system (Schlich-
ting Phys. Instrum.). The manipulator rod inside the
chamber ends with a KF-type flange with a four pin elec-
trical feed through holding Ta and thermocouple sticks.
The reactor is well-sealed with a Viton O-ring placed on
top of the reactor matching the flange on the rod.

In the STM chamber, the Pt(111) crystal is mounted to a
Pt sample holder. The temperature is controlled using a
chromel-alumel thermocouple spot-welded to the edge of
the crystal. The crystal can be heated in the UHV chamber
by electron bombardment from the backside using a
tungsten filament. For treatments at high pressures the
sample is transferred into the gold-plated reactor (~1 1)
housing a heating stage, consisting of only ceramic and
sapphire pieces. The sample is heated radiatively from the
backside using a halogen lamp.

The FeO(111) films are grown by physical vapor
deposition of one monolayer of Fe (99.95%, Goodfellow)
onto clean Pt(111) at 300 K and subsequent annealing in
10° mbar O, at 1,000 K for 2 min [28].

For high-pressure experiments, CO (99.995%, Linde)
and O, (99.999%, AGA GmbH) were additionally cleaned
using a cold trap at ~200 K. The reaction mixture consists
of 40 mbar CO and 20 mbar O, balanced by He to 1 bar.
The gas was circulating through the reactor with a flow of
3 mL/min and analyzed by GC (HP-Plot Q column at 35°,
TCD detector). The CO conversion in these experiments
was below 1% even after 120 min on stream, excluding the
effect of feedstock composition changes on global
reactivity.
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