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Abstract

We have studied adsorption of CO on Pd deposited on a thin FeO(111) film grown on a Pt(111) substrate using
temperature programmed desorption, infrared reflection absorption spectroscopy and molecular beam techniques.
At sub-monolayer Pd coverage, where formation of Pd(11 1) single layer islands upon heating is suggested on the basis
of scanning tunneling microscopy studies, the CO desorption temperature is 70—-100 K lower than on a Pd(111) single
crystal, which agrees well with the results of ab initio calculations. However, annealing to 600 K results in strong reduc-
tion of the CO adsorption capacity, which is rationalized in terms of significant Pd migration through the film as
revealed by angular resolved photoelectron spectroscopy measurements using synchrotron radiation. The results dem-
onstrate the complexity of Pd interaction with the thin FeO(111) film at elevated temperatures.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Metal particles deposited on thin oxide films
have been shown to be suitable model systems
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for studying structure-reactivity relationships of
oxide supported metal catalysts [1-3]. In order to
study reactivity of these systems at elevated tem-
peratures, a detailed understanding of their ther-
mal stability is a crucial prerequisite. Typically,
annealing causes sintering of the particles and
restructuring of their surfaces. Also, it can induce
strong interactions with the support such as encap-
sulation and metal migration into the support
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([4-6], and references therein). The thermal stabil-
ity, of course, depends on the nature of the oxide
film and of the deposited metal.

Recently, on the basis of atomically resolved
STM studies, we have reported that Pd particles
deposited on an FeO(111) thin film on Pt(111)
wet the oxide surface upon heating and form
extended single layer islands [7,8]. Theoretical
calculations have suggested that the wetting phe-
nomena is induced by a strong interaction between
Pd and the underlying support which arises in
order to reduce the polar instability of the (111)
surface of oxides with rocksalt crystal structure
[8-10]. Inspired by this observation, we have
suggested using this system for studying the effect
of dimensionality on the adsorption proper-
ties of the metal deposits, i.e. two-dimensional
islands vs. three-dimensional particles and single
crystals.

In this paper, we studied the adsorption of CO
on the Pd/FeO(111)/Pt(111) system using infrared
reflection absorption spectroscopy (IRAS), tem-
perature programmed desorption (TPD) and
molecular beam (MB) techniques. Photoelectron
spectroscopy (PES) with synchrotron radiation
excitation was used for analysis of the surface
composition in addition to scanning tunneling
microscopy (STM) for structural analysis. Density
functional theory (DFT) calculations were
employed to aid in an understanding of the
adsorption behavior observed.

2. Experimental

The studies were performed in three different
UHV chambers: “STM + TPD” [7], “IR-
AS + MB” [11], and “PES” at BESSY II (Berlin).
All chambers (base pressure below 3 x 10~'° mbar)
were equipped with facilities for sample cleaning
and heating, as well as with Auger electron spec-
troscopy/low energy electron diffraction optics
(AES/LEED). Identical preparation conditions in
each chamber were used to combine the results
obtained in different chambers.

Fe and Pd were vapor deposited with commer-
cial evaporators (Focus EFM3), which were cali-
brated with a quartz microbalance.

For the FeO film preparation, about one mono-
layer (ML) of Fe (99.99%, Goodfellow) was evap-
orated onto a clean Pt(111) substrate and
subsequently oxidized in ca. 10 °mbar O, at
1000 K for 2 min [12]. The absence of holes in
the FeO film was checked by observation of char-
acteristic LEED pattern and by the absence of CO
adsorption signals in TPD or IR absorption
spectra.

Palladium (99.99%, Goodfellow) was deposited
on the oxide film at 90-100 K with a deposition
rate of ca. 0.5 A min~'. The Pd coverage was mea-
sured in nominal thickness (2.3 A corresponds to
1 ML). For each sample, a new film was grown.

TPD spectra were taken with a linear heating
rate 5 K s~! using a feedback control system.

IR AS spectra were taken with a Bruker IFS66v/S
spectrometer with a resolution of 2 cm™'. The spec-
tra were referenced to spectra taken on the clean
samples before CO dosage.

For the PES studies, we used the synchrotron
facilities at BESSY II (beamline UES52-PGM]1).
The spectra were taken with a Scienta SES200 ana-
lyzer. In order to increase surface sensitivity, the
Pd 3d, O 1s and Fe 2p regions were measured at
photon energies such that the kinetic energy of
the emitted electrons for each element was around
100 eV (with a total resolution around 0.1 eV). In
addition, the photoelectrons were collected at
two angles, 0° and 70° with respect to the surface
normal. The energy was calibrated via the binding
energy of the 4f levels of a clean Au foil.

MB experiments were performed in a molecular
beam apparatus described previously [11], using a
supersonic beam source and a non-line of sight
quadrupole mass spectrometer (Extrel).

DFT calculations utilized a commercial version
of the CASTEP program available as a module of
Cerius” [13]. The FeO/Pt(111) film was simulated
by a slab model containing 4 layers of Pt and
one layer of Fe and O stacking as O-Fe-Pt(4) in
(1 x1) unit cell (three atoms per layer), using the
PBE exchange-correlation functional [14] and
ultrasoft non-local pseudopotentials [15]. A plane
wave cutoff of E., =400 eV turns out to be suffi-
ciently accurate. The surface Brillouin zone was
sampled by eight special k-points. The Pd atoms
were set directly above oxygen of the FeO layer
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as previously found [8]. CO adsorption was calcu-
lated for 0.33 ML coverage. To calculate CO
adsorption on bulk Pd, a four layer slab of
Pd(111) was used.

3. Results and discussion
3.1. Temperature programmed desorption

Fig. 1 shows the CO TPD spectra observed for
Pd as deposited on the FeO(111) film at 90 K (a)
and those measured in the second TPD experiment
(b) over the same sample as a function of Pd cov-
erage. (Note, that no further changes were
detected in the consecutive spectra and the clean
FeO films are stable in vacuum up to 900 K, at
least.) The results clearly show that CO adsorption
is strongly affected by the first heating, and the
effect is greater for the smaller Pd coverage as
shown in Fig. lc. This implies that the morphology
of the Pd deposits changes on heating to 600 K,
which is consistent with our previously published
STM results [7].

TPD and IRAS studies on CO adsorption on
Pd crystal surfaces showed that weakly bound lin-
ear (or atop) CO species desorb first, resulting in a
broad TPD signal at 100-300 K [16]. As the CO
coverage decreases on heating, the remaining mol-
ecules occupy the more favorable bridge and three-
fold hollow sites from which they desorb at a
higher temperature with a well-resolved maximum
at ~470 K for Pd(111).

The shape of the spectrum observed for the
annealed Pd/FeO sample at 5 A coverage (~2 ML)
is indeed similar to that for a Pd(111) single crystal.
However, at sub-monolayer coverage, the desorp-
tion maximum gradually shifts to temperatures as
low as 360 K, with concomitant loss of intensity.

Such a behavior is very different from that
observed for Pd deposited on the 5-10 nm thick
Fe304(111) films, where annealing affects only
the low temperature (100-300 K) part of the
TPD spectra, keeping the high temperature part
(400-500 K) practically unchanged [17]. The
results for Pd/Fe;O4 can be explained by sintering
of small and hence rough particles, formed at low
deposition temperature, and/or smoothening of
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Fig. 1. First (a) and second (b) CO TPD spectra for Pd
deposited on FeO(111)/Pt(111) at 90 K as a function of Pd
coverage (in A). For each spectrum, the exposure was 1 L of
CO at 90 K. The ratios of integral CO TPD signals (first/
second) are shown in (c).

the Pd surface on heating. Both effects favor CO
adsorption in the most strongly binding hollow
sites present on the particle facets.

In contrast to the Pd/Fe;04(111) system, where
the Pd deposits always exhibited a three-dimen-
sional morphology, high resolution STM studies
of the annealed Pd/FeO(111) surface showed for-
mation of two-dimensional, single layer islands,
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which were previously assigned to Pd(111) mono-
layer structures [7,8]. Therefore, a difference
between two systems in CO adsorption could in
principle be attributed to the different morphology
of the Pd deposits on these iron oxide supports.
This would imply that Pd(111) monolayer islands
adsorb CO weaker than the Pd(111) crystal and
Pd particles (T shifts to the lower temperatures),
thus indicating an effect of dimensionality on the
adsorption properties of Pd.

3.2. Infrared reflection—absorption spectroscopy
and molecular beam study

In order to determine CO adsorption sites, we
have employed IRAS. A large database exists on
the stretching frequencies of differently coordi-
nated CO (see e.g. [16,18-21] and references there-
in). For example, CO on the Pd(111) crystal
surface preferentially adsorbs at threefold hollow
sites resulting in the IRAS signals between 1820
and 1920 cm™! with a continuous shift toward
higher frequencies as the CO coverage increases.
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Accordingly, a peak at ~1960 cm ™' is assigned to
bridge-bonded CO, which emerges at intermediate
coverage. Finally, at saturation coverage reached
at low temperatures (around 100 K), atop species
are populated giving rise to a signal at ~2110 cm ™.

Fig. 2a shows IRAS spectra of the sample
exposed at 100 K to CO (1 A of Pd deposited on
the FeO film at 100 K in this case), which exhibits
an intense peak at 2115cm™' and a relatively
broad signal centered at 1960 cm™'. The peak at
2115cm™" can be assigned to CO linearly
adsorbed on Pd clusters. The abundance of atop
species for “as deposited” sample is consistent
with TPD results where CO mostly desorbs at
100-300 K associated with weakly bonded linear
CO. The signal around 1960 cm ™' was in a similar
case assigned to bridge bonded CO mainly
adsorbed at defect sites such as particle edges [21].

After annealing to 600 K, both signals are
strongly attenuated (by factor of ~4). This obser-
vation is in line with the TPD results showing that
the CO adsorption capacity strongly decreases (see
Fig. 1c). The atop peak from the as deposited sam-
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Fig. 2. (a) IRAS spectra of CO adsorbed at 100 K on 1 APd deposited on FeO at 100 K and annealed to 600 K. Sticking coefficient (b)
and integral CO adsorption (c) for the same samples as in (a) measured in molecular beam experiments.



178 R. Meyer et al. | Surface Science 586 (2005) 174-182

ple is slightly red-shifted and can be deconvoluted
into two features centered at 2104 cm™' and
2090 cm~'. The shift can be explained by the
reduction of CO saturation coverage on Pd [20].
The 2090 cm ™' peak coincides with that observed
for CO adsorbed on small Pt “holes” on the clean
FeO film (if they were present), but it may also be
due to atop CO species at special Pd sites.

These findings are corroborated by molecular
beam experiments. On the as deposited Pd
particles, the sticking coefficient shows a typical
precursor-type behavior (see Fig. 2b). The sticking
probability remains high and nearly constant until
it drops rapidly when reaching the saturation cov-
erage. Note that the absolute value of the sticking
coefficient may be overestimated due to the so-
called “capture zone” effect, i.e. trapping on the
oxide support and subsequent surface diffusion
of the adsorbate to the Pd particles ([22,23] and
references therein). The amount of CO adsorbed
can be quantified via integration of the sticking
probability at a known beam flux as shown in
Fig. 2c. Integration yields a CO density of
0.55 x 10" molecules/cm?, which at a nominal Pd
coverage of 0.67 x 10" molecules/cm? (equivalent
to 1 A Pd coverage) corresponds to a CO/Pd ratio
around 0.8. This value is consistent with the max-
imum coverage of 0.75 observed on Pd(111) [19],
taking into account that on very small particles
the CO adsorption capacity may be enhanced
due to the high density of low coordinated sites
such as edges and corners.

After annealing to 600 K, the adsorption capac-
ity drops to ~25% of its original value. Assuming
that all Pd atoms form monolayer islands upon
annealing, this gives the CO saturation coverage
on Pd around 0.22. This finding is consistent with
the IRAS results discussed above. Note that the
relatively high initial sticking coefficient of ~0.4
(see Fig. 2b) does not imply a high density of
adsorption sites, but may be consequence of the
“capture zone” effect.

3.3. Density functional theory
In order to aid in an understanding of CO

adsorption on monolayer islands, we have per-
formed DFT calculations.

As a starting point, the CO adsorption energy
on a four-layer Pd slab with a lattice constant of
2.76 A was calculated as a confirmation that our
method accurately predicted bulk behavior. The
results show that CO prefers to adsorb in threefold
hollow sites in agreement with experiments. An
adsorption energy of 2.25 eV also agrees well with
earlier calculations [24].

Then we considered a model consisting of a
relaxed Pd-O-Fe-Pt(4) slab with interlayer dis-
tances equal to 2. 3 A for Pd-O and 0.65A for
O-Fe, and the Pd atoms occupying the atop sites
with respect to the O layer [8]. Note that, in order
to reduce the numerical effort of the calculations,
the lattice constant of the Pt(111) substrate was
extended from 2.77 A to 3.09 A in order to match
the FeO(111) layer, which is similar to the
assumptions made in [25].

Within this approach, the calculations predict
that CO adsorbing in the threefold hollow site is
energetically favorable, and the binding energy of
CO in this site is calculated to be 2.03 ¢V, a differ-
ence of 0.22eV as compared to the slab of
Pd(111). This result is in agreement with TPD
data, which revealed lowering of the desorption
temperature to ~400 K for 1 ML Pd coverage
(see Fig. 1b).

We then examined CO adsorption on a free-
standing monolayer of Pd (with the lattice con-
stant 2.76 A as in Pd(111)) to determine if the
reduction in binding energy was merely related
to an effect of reduced dimensionality. However,
we found an increase in the binding strength to
3.35eV. The lattice expansion (from 2.76 A to
3.09 A as in Pd/FeO(111)) is found to increase
threefold hollow site CO adsorption energy
by ~0.6 eV. Both results contradict the experimen-
tal data, thereby indicating that the support is
indeed quite important for the bonding in this
system.

Within this calculation we have examined
whether a charge transfer occurs between Pd and
oxide. Our calculations did not reflect a charge
transfer such as that found for Pd/MgO(111)
where a significant positive charge on Pd
(+0.26¢7) was observed [10]. However, important
differences between the two systems exist. Namely,
we have layers of Pt(111) underneath FeO(111),
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which provides a large reservoir by which the
polarity of the FeO surface can be quenched.
Meanwhile, a bulk MgO(111) crystal has been
considered in [9,10] and therefore any charge
quenching must come from the Pd monolayer. In-
deed, when we have performed calculations for Pd
on a FeO(111) crystal as opposed to a thin film,
we also observed a positive charge on Pd of
+0.14e™. Therefore, based on our results for the
thin film, the concept of a charge transfer cannot
be used to explain the adsorption behavior of the
Pd monolayer on FeO(111).

In summary, the DFT calculations predict that,
for the system consisting of a Pd monolayer on top
of FeO(111)/Pt(111), CO molecules should effi-
ciently adsorb on hollow sites, but with a lower
adsorption energy, which agrees well with the
desorption temperature measured by TPD. The
effect can be assigned to redistribution of electron
density within Pd layer. However, the calculations

cannot explain the experimental observation of
strong reduction of CO saturation coverage on
the annealed Pd/FeO surface.

3.4. Photoelectron spectroscopy

The results presented above lead us to the situ-
ation where either the model of Pd(111) single
layer islands has to be reconsidered or, in contrast
to the theoretical predictions, the charge transfer
really occurs, which could in principle explain
weak CO adsorption (metal oxides are known to
adsorb CO much weaker than metals). In order
to study both the electronic structure and surface
composition of Pd/FeO we employed photoelec-
tron spectroscopy with synchrotron radiation.

Fig. 3 shows spectra observed for 1 A coverage
of Pd deposited at 90 K. The Pd 3d region
recorded immediately after deposition shows a
3ds, peak centered at binding energy (BE)
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Fig. 3. Photoelectron spectra observed for 1 APd deposited on FeO at ~90 K (black lines) and then annealed to 600 K (gray). The Fe
and O signals for the clean FeO film (dotted lines) are shown for comparison. The spectra for Pd 3d region are measured at two angles

(0° and 70°) with respect to the surface normal.
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335.7 eV, i.e. about 0.5 eV higher than for Pd bulk
systems. The BE shifts can be assigned to the par-
ticle size effects well documented for oxide sup-
ported metal particles [3]. The relatively broad
peak (a half-width is ~1.6 eV) reflects the size dis-
tribution of the Pd particles.

After heating to 600 K, the signal became much
narrower (a half-width is reduced to ~0.6 ¢V) and
shifted to 335.2 eV, i.e. typical for the Pd bulk.
When measured at normal angle, the integrated
signal is decreased by 30% as compared to the as
deposited sample. However, for the grazing angle
measurements, the signal area is reduced by factor
of ~2.5. This means that the amount of Pd on the
surface strongly decreases upon heating. Mean-
while, the Fe and O signals for the annealed sam-
ple increased by factor of 2.4 and 2.1, respectively,
and almost recover to the intensities of the clean
FeO surface before Pd deposition. These results
can only be rationalized by assuming that Pd
migrates through the FeO film. If the Pd particles
only wet the oxide film, one would expect decrease
rather than increase of the signal from the oxide
support, in contrast to the experimental results.
Also the observation of the BE value typical for
the Pd bulk systems indicates that Pd may be in di-
rect contact with the metal (Pt) substrate.

3.5. Scanning tunneling microscopy (revisited)

Pd migration through the film to the FeO/
Pt(111) interface, revealed by PES, implies that
the monolayer islands imaged by STM on the
annealed surfaces may be FeO in nature, with
encapsulated Pd islands underneath. Since the
clean FeO film does not adsorb CO above 90 K,
this surface would be expected to be inert towards
CO, which could explain the strong reduction of
CO adsorption capacity.

Therefore, we have performed additional STM
studies on this system. Basically, the results are
very similar to those we have previously reported
[7]. However, two interesting features have been
observed on the annealed surfaces, which are men-
tioned below.

First, we have found that, in addition to the
monolayer islands, there are ill-defined structures
with apparent height of ~1 A with respect to the

Fig. 4. STM images of ~1 A Pd deposited at 130 K on the
FeO(111) film and flashed to 600 K. Islands of 0.25 nm in
height are atomically resolved. The arrows show ill-defined
structures of ~0.1 nm in height. “Worm”-like structures, which
are a single atom wide, are observed in (b). The inset shows
their presence on top of islands as well. The images are
presented with differentiated contrast. Size and image param-
eters: (a) 16x11.5nm, V;=-20mV, I=29nA and (b)
37.5%25.5nm, Vy=-200mV, =19 nA.

FeO layer, as shown in Fig. 4a, which were not
seen on the clean film and the Pd covered surface
before annealing. In principle, these features could
be the result of Pd migration into the film, fol-
lowed by growth of Pd islands in the subsurface
region. This interpretation would be in line with
the PES results.

Second, we have observed a number of times
single layer islands, which exhibit atomic
“worm”’-like structures, as shown in Fig. 4b. It
appears that this image has captured the processes
occurring upon heating. It seems unreasonable
that Pd particles diffuse intact through the FeO
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film. This suggests that any diffusion must occur
on atom by atom basis. Therefore, STM observa-
tion of the large and well shaped single islands (see
Fig. 4a) implies relatively fast diffusion of the Pd
atoms on the Pt(111) substrate underneath the
FeO layer. On the other hand, such a process
would have to be accompanied by strong deforma-
tions of oxide surface and therefore characterized
by large activation barriers, which may result in
kinetically limited, metastable structures such as
imaged in Fig. 4b. Interestingly, that similar fea-
tures are observed on the top of islands as well
(see the inset).

The STM images, presented in Fig. 4, show that
different processes may occur simultaneously on
heating to elevated temperatures.

4. Concluding remarks

The present study, employing various experi-
mental techniques, shows that Pd particles depos-
ited on an ultra-thin FeO(111) film grown on a
Pt(111) substrate possess limited thermal stability.
After deposition small Pd particles exist on the
FeO(111) surface, which exhibit typical CO
adsorption properties for small Pd particles. After
annealing to 600 K, the Pd/FeO system shows
unusual CO adsorption behavior, which is the con-
sequence of a complex interplay between several
simultaneous processes. Therefore, the resulting
surface may critically depend on the final temper-
ature, heating and cooling rates, annealing time,
etc.

The mechanism of the Pd migration and its
driving force are unclear. Although the surface
energy of the FeO/Pd/Pt system is expected to be
lower than of Pd/FeO/Pt, theoretical calculations
are necessary in order to obtain an estimate of
the energy differences and the corresponding acti-
vation barriers.

The metal migration could in principle be dri-
ven by the high mutual affinity of Pt and Pd, shar-
ing the same crystal structure and having almost
identical lattice constants, which makes possible
their alloying without immiscibility gap [26]. On
the other hand, Au also readily forms alloys with
Pt [26], but grows three-dimensionally on the

FeO film above 0.2 A coverage and does not form
monolayer islands on heating [27].

The present study demonstrates the complexity
of the processes involving strong Pd interaction
with the thin FeO(111) films at elevated tempera-
tures.
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