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Abstract

We have quantitatively studied the interaction between oxygen and an Fe3O4-supported Pd model catalyst by molecular beam (MB)
methods, time resolved IR reflection absorption spectroscopy (TR-IRAS) and photoelectron spectroscopy (PES) using synchrotron radi-
ation. The well-shaped Pd particles were prepared in situ by metal evaporation and growth under ultrahigh vacuum (UHV) conditions on
a well-ordered Fe3O4 film on Pt(111).

It is found that for oxidation temperatures up to 450 K oxygen predominantly chemisorbs on metallic Pd whereas at 500 K and above
(�10�6 mbar effective oxygen pressure) large amounts of Pd oxide are formed. These Pd oxide species preferentially form a thin layer at
the particle/support interface, stabilized by the iron-oxide support. Their formation and reduction is fully reversible. Upon decomposi-
tion, oxygen is released which migrates back onto the metallic part of the Pd surface. In consequence, the Pd interface oxide layer acts as
an oxygen reservoir, the capacity of which by far exceeds the amount of chemisorbed oxygen on the metallic surface.

Additionally, Pd surface oxides can also be formed at temperatures above 500 K. The extent of surface oxide formation critically
depends on the oxidation temperature. This effect is addressed to different onset temperatures for oxidation of the particle facets and
sites. It is shown that the presence of Pd surface oxides sensitively modifies the adsorption and reaction properties of the model catalyst,
i.e. by lowering the CO adsorption energy and CO oxidation probability. Still, a complete reduction of the Pd surface oxides can be
obtained by extended CO exposure, fully reestablishing the metallic Pd surface.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In heterogeneous catalysis, oxide-supported metal nano-
particles are commonly used as catalysts for a variety of
reactions [1,2]. Often, it is found that activity and selectiv-
ity of such supported catalysts are critically controlled by
the surface structure and morphology of the active metal
particles as well as by interactions between metal particles
and oxide support. Consequently, structural changes of the
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catalyst at the microscopic level may sensitively modify its
activity. In particular on transition metal surfaces in envi-
ronments containing oxygen, major structural changes
may occur, connected to the formation of different oxide
species, e.g. chemisorbed oxygen, surface oxides or bulk
metal oxides [3–17]. It has been shown that the formation
of such surface oxides is associated with significant changes
in the activity of single crystal surfaces [18–20]. In most
cases, the mechanism of oxidation and the role of the
various species in catalytic reactions are only poorly
understood. The situation becomes further intricate for
supported metal particles considering, e.g. the simulta-
neous presence of different sites, such as defects, edges, cor-
ners, different facets, modified lattice and electronic
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Fig. 1. (a) Schematic representation of the molecular beam setup and
STM image of the model catalyst used in this study (STM of Pd/Fe3O4 by
Starr and Shaikhutdinov [31]). (b) Illustration of the pulse and temper-
ature sequence of the remote-controlled molecular beam experiments.
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properties and metal/support interactions. It is important
to point out that many features of dispersed nanoparticle
systems cannot be modeled on the basis of single crystal
surfaces. Therefore, corresponding studies require the use
of complex nanoparticle-based model surfaces [21,22].

In this contribution we present a comprehensive study
on the interactions between oxygen and iron-oxide sup-
ported Pd nanoparticles. It is found that different oxygen
species, i.e. chemisorbed oxygen, surface oxides and inter-
face oxides, can be formed depending on the oxidation
temperature. Their formation kinetics and their catalytic
activity towards CO oxidation is studied at a detailed level
combining several experimental factors:

First we use well-ordered oxide-film-supported model
catalysts, which provide clean and well-defined surfaces
and a strongly reduced level of complexity as compared
to real catalysts (see e.g. [22–26] for recent reviews on mod-
el catalysts). These systems are compatible with various
standard surface science techniques and can be character-
ized at the atomic level. Secondly, we have employed mul-
ti-molecular beam methods (MB), time resolved IR
reflection absorption spectroscopy (TR-IRAS) and high-
resolution photoelectron spectroscopy (PES) using syn-
chrotron radiation in order to probe the formation of the
different oxygen species (see e.g. [22]). This approach en-
ables us to quantitatively study the oxygen uptake and re-
lease of the model catalyst and to characterize the oxygen
species formed under well-defined conditions. Simulta-
neously, the Pd surface is characterized by TR-IRAS
experiments using CO as a surface sensitive probe
molecule.

Recently, we have shown for a Pd/Fe3O4 model catalyst
that initial oxidation of the Pd particles occurs by forma-
tion of a thin Pd oxide layer at the particle/support inter-
face [27]. This oxide layer, which can be reversibly
accumulated and depleted, acts as an oxygen reservoir pro-
viding oxygen for surface reactions. In this contribution we
quantitatively study the formation of different oxygen spe-
cies in detail and over a broad range of temperatures.
While mostly oxygen chemisorption on metallic Pd was
found upon oxygen exposure below 450 K, large amounts
of Pd oxide at the particle/support interface are formed
at 500 K. For oxidation temperatures beyond 500 K, Pd
surface oxides have also been observed, which drastically
modify the adsorption properties of the catalyst. However,
their formation sensitively depends on the oxidation tem-
perature as a result of kinetic hindrances. Both Pd surface
oxides and interface oxides can be reduced by extended CO
exposure resulting in the formation of CO2.

2. Experimental

All MB and IRAS experiments were performed in a
UHV apparatus at the Fritz-Haber-Institut (Berlin), which
has recently been described in the literature [28]. The sys-
tem offers the experimental possibility of crossing up to
three beams on the sample surface. A schematic representa-
tion of the setup is shown in Fig. 1. The effusive beams
were generated by doubly differentially pumped sources
based on multi-channel arrays and modulated using re-
mote-controlled shutters. Typical beam intensities were be-
tween 2.1 · 1014 and 1.1 · 1015 molecules cm�2 s�1. Both
sources were operated at room temperature. The beam
diameter of the effusive sources was chosen such that it ex-
ceeds the sample surface. The supersonic beam was gener-
ated by a triply differentially pumped source from
a supersonic expansion and modulated by a solenoid valve
and a remote-controlled shutter. The beam intensity was
4.6 · 1014 molecules cm�2 s�1 in all cases. The beam dia-
meter was chosen smaller than the sample for MB titration
experiments whereas a beam diameter matching the size of
sample and exceeding it was chosen for pulsed oxygen
adsorption and IRAS experiments, respectively. All exper-
iments have been performed using 18O2 (Campro Scientific,
95% 18O, 99.7% purity), 16O2 (Linde, 99.999% ) and C16O
(Linde, 99.997% further purified by a gas filter (Mykrolis)).
For gas-phase detection an automated QMS system (ABB
Extrel) was employed. IR spectra were acquired by a



2530 T. Schalow et al. / Surface Science 600 (2006) 2528–2542
vacuum FT-IR spectrometer (Bruker IFS 66v/S) with a
spectral resolution of 2 cm�1, using an MIR polarizer to se-
lect the p-component of the IR light only.

PES experiments have been performed in a separate
chamber at BESSY II, beamline UE52-PGM1. The cham-
ber was equipped with standard sample cleaning/prepara-
tion facilities. PES spectra were taken using a 200 mm
hemispherical energy analyzer (Scienta SES200). The
energy resolution was �100 meV at hm = 465 eV and
�160 meV at hm = 840 eV.

The thin (�100 Å) Fe3O4 film was grown on Pt(11 1) by
repeated cycles of Fe (>99.99%, Goodfellow) deposition
and subsequent oxidation (see [29,30] for details). Cleanli-
ness and quality of the oxide film were checked by IRAS
of adsorbed CO (for MB experiments), PES (for PES
experiments) and LEED. Pd particles (>99.9%, Goodfel-
low) were grown by physical vapor deposition (Pd cover-
age: 2.7 · 1015 atoms cm�2, sample temperature: 115 K)
using a commercial evaporator (Focus, EFM 3, flux cali-
brated by a quartz microbalance). Directly after Pd depo-
sition, the sample was annealed at 600 K and stabilized
by 5 cycles of oxygen exposure (8 · 10�7 mbar for 1000 s)
and subsequent CO exposure (8 · 10�7 mbar for 3000 s)
at 500 K to form well-shaped crystalline Pd particles unless
otherwise stated. An STM image of the model surface is
shown in Fig. 1.

3. Results and discussion

3.1. Experimental setup and model system

The experimental approach applied in this study to
probe the interactions between oxygen and Pd nanoparti-
cles under well-controlled reaction conditions is summa-
rized in Fig. 1a: Employing molecular beam methods,
TR-IRAS and PES the formation and catalytic activity
of different oxygen species on supported Pd model catalysts
is comprehensively investigated.

Specifically, we have studied Pd particles prepared
in situ under ultrahigh vacuum conditions (UHV) on a thin
(�100 Å), well-ordered Fe3O4 film as a support. Prior to
the experiments, the sample has been repeatedly oxidized
and reduced to obtain a stable surface under the conditions
of all experiments presented in this study [31]. Structure
and adsorption properties of the oxide support and Pd par-
ticles have been investigated in detail previously [30,31].
Briefly, the well-shaped Pd crystallites, which have an aver-
age diameter of about 7 nm and contain approximately
3000 atoms, cover the support uniformly with an island
density of about 8.3 · 1011 islands cm�2 (Pd coverage:
2.7 · 1015 atoms cm�2). They grow in (111) orientation
with respect to the support and predominately expose
(111) facets (�80%) but also a smaller fraction of (10 0)
facets (�20%). An STM image of the model catalyst is
shown in Fig. 1a.

In order to quantitatively probe the interactions between
oxygen and the model catalyst, a variety of fully auto-
mated, remote-controlled pulsed MB experiments has been
performed. This versatile technique enables us to exactly
quantify even small amounts of oxide species formed on
the catalysts surface in a very reproducible fashion. A typ-
ical pulse and temperature sequence of such an experiment
is shown in Fig. 1b: First the sample is exposed to an oxy-
gen pulse at a defined temperature to form certain oxygen
species on the catalyst surface. After an adjustable delay
time, in which the sample temperature can be changed,
CO pulses are applied to probe the formation of different
oxygen species by means of CO oxidation to CO2. CO2 des-
orbs instantaneously and can be detected in the gas-phase
by a QMS. Such pulsed MB CO titration experiments
allow an accurate quantification of the CO2 yield even
for very low reaction probabilities. The CO flux, pulse
duration and delay time between the pulses can be individ-
ually controlled for each pulse to gain detailed insights into
the reaction kinetics of the different oxygen species. Simul-
taneously, TR-IRAS spectra of adsorbed CO are acquired
to characterize the catalyst surface in situ during the reduc-
tion. Due to the variety of parameters, which can be indi-
vidually controlled, their versatility and reproducibility,
these automated MB experiments allow us to study differ-
ent aspects of the oxide formation and reduction on sup-
ported Pd nanoparticles and to elucidate the reaction
mechanisms involved.

3.2. Oxide formation and quantification

As a first step to study the interactions between the sur-
face of the model catalyst and oxygen, pulsed MB titration
experiments have been performed at different surface tem-
peratures. The pulse and temperature sequence of such an
experiment is shown in Fig. 2a: First the sample is exposed
to a pulse of oxygen (1.7 · 10�6 mbar for 100 s: 130 L (1 L
oxygen corresponds to 3.6 · 1014 molecules cm�2)). After a
short delay time (10 s), pulses of CO (5 s on-time, 5 s off-
time, 8 · 10�7 mbar: 3 L per pulse) were applied to probe
the oxygen release by CO oxidation to CO2, which desorbs
immediately and can be detected in the gas-phase. All MB
titration experiments have been performed using a super-
sonic 18O2 beam. In Fig. 2b, the CO2 formation rate of a
pulsed MB titration experiment at 500 K is shown. Here,
the CO2 formation rate shows a bimodal behavior: The
reaction rate is high for the very first CO pulse while it is
noticeably slower but still finite for up to 100 following
pulses. By integrating the CO2 formation over all CO
pulses applied, the total amount of oxygen withdrawn
out of the sample can easily be estimated from this exper-
iment. The integral oxygen release for pulsed MB titration
experiments at different surface temperatures is shown in
Fig. 2c. Interestingly, the total oxygen storage capacity of
the model catalyst at 500 K is nearly four times and at
600 K nearly five times higher compared to the amount
of oxygen stored at 400 K. From the steeper slope of the
oxygen release (see Fig. 2c) during the first few CO pulses
at 500 K compared to 600 K, it can be derived that the rate



Fig. 2. (a) Pulse and temperature sequence of the CO titration experiments: First the sample is exposed to an oxygen pulse (1.7 · 10�6 mbar, 100 s, 130 L).
Subsequently 240 CO pulses (5 s on-time (8 · 10�7 mbar, 3 L), 5 s off-time) are applied to withdraw oxygen stored in the catalyst in form of CO2; (b) CO2

formation rate for a surface temperature of 500 K and (c) integral oxygen release for different surface temperatures.
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of CO oxidation is drastically slower at 600 K even though
the total amount of oxygen stored is significantly higher.

In Pd single crystal studies it has previously been shown
that oxygen mainly adsorbs dissociatively up to 400 K
forming an ordered overlayer of chemisorbed oxygen
[3,32]. For oxidation temperatures beyond 500 K, however,
the formation of surface oxides has been recently reported
for various Pd single crystal surface (see e.g. [13,14] and ref-
erences therein). These surface oxides involve major recon-
structions of the Pd surface and their oxygen density
(h � 1, see e.g. [12,13]) by far exceeds the density of chem-
isorbed oxygen overlayers.

Accordingly, we explain the large oxygen uptake above
500 K by the formation of Pd oxide species while the
amount of oxygen stored at 400 K is assigned to chemi-
sorbed oxygen only. In order to estimate the oxygen stor-
age capacity of the model catalyst from the pulsed CO
titration experiment, we proceed as follows: The amount
of Pd surface atoms can be determined by CO sticking
coefficient measurements at 300 K. Under these conditions
CO adsorbs on Pd particles with a coverage h � 0.50
(Pd(111), Pd(10 0): h = 0.50 [33]) and the CO adsorption
was found to be 3.0 · 1014 molecules cm�2. Consequently,
we assume the number of Pd surface atoms to be
6.0 · 1014 cm�2, which is twice the CO density at 300 K.
This value is consistent with the number of Pd surface
atoms estimated on the basis of STM data. For oxygen
chemisorption on Pd particles an average coverage of
h � 0.30 (80% Pd(11 1): h = 0.25 [3]; 20% Pd(100):
h = 0.50 [32]) is expected. Therefore we assume the amount
of chemisorbed oxygen that can be adsorbed on the Pd par-
ticles to be 2 · 1014 atoms cm�2. As discussed above, oxy-
gen exposure at 400 K results mainly in the formation of
a chemisorbed oxygen overlayer. Hence the oxygen release
at 400 K should amount to 2 · 1014 atoms cm�2. At 600 K,
an oxygen storage capacity of 9.8 · 1014 atoms cm�2 is
found. This value even exceeds the oxygen density which
would be expected on the basis of the formation of a sur-
face oxide [13,14]. Therefore, it is reasonable to assume
that, in addition to the formation of surface oxides, addi-
tional parts of the nanoparticles must be oxidized. Consid-
ering the high density of irregular sites, e.g. corner, steps or
defects, and, as we will show later, the presence of a metal–
support interface, it is reasonable to assume a higher sus-
ceptibility to oxidation of Pd particles, as compared to a
regular single crystal surface.

It is noteworthy to point out that the kinetics of oxygen
release during the first few CO pulses at 600 K is signifi-
cantly slower than at 400 K, even though larger total
amounts of oxygen are accumulated at 600 K. In view of
the bimodal behavior of the CO2 formation rate at
500 K, it can be concluded that there are two different oxy-
gen species present, which facilitate the CO oxidation:

The first oxygen species shows a high reaction probabil-
ity and, therefore, a fast CO oxidation kinetics. It is rapidly
depleted, governing the CO2 formation rate at 400 K and
during the first CO pulse at 500 K. Since at 400 K, nearly
all oxygen is present in form of chemisorbed oxygen, we
attribute this contribution to chemisorbed atomic oxygen
on metallic Pd surface areas. This assignment is in good
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agreement with previous studies where a high reaction
probability and fast depletion of chemisorbed oxygen for
CO oxidation was found [34,35]. Hence, the CO2 yield of
the first CO pulse can be interpreted as the amount of
chemisorbed oxygen available on the metallic Pd surface.
At 600 K the amount of chemisorbed oxygen is �85% low-
er than at 400 K suggesting an almost complete coverage of
the Pd surface by surface oxides (see Fig. 2c) whereas at
500 K the amount of chemisorbed oxygen is only slightly
reduced as compared to 400 K. Therefore we assume the
surface to be primarily metallic at 500 K.

The second oxygen species exhibiting a lower reaction
probability for CO oxidation, which controls the kinetics
at 600 K, must, therefore, be attributed to the Pd oxide spe-
cies. Comparing the kinetics of CO oxidation involving Pd
oxide for a mainly metallic Pd surface (500 K) and for a
largely oxidized Pd surface (600 K), it is found that the
oxygen release is slower if more Pd surface oxide is formed.
This finding indicates that the reaction probability for CO
with the Pd oxide species is low. Instead, we suggest that
CO oxidation mainly proceeds via slow decomposition of
the oxide, releasing oxygen onto metallic Pd areas, where
it rapidly reacts with CO. This mechanism is in agreement
with transient molecular beam experiments, in which the
activity of Pd oxide species and chemisorbed oxygen was
probed individually [36]. A second surprising observation
is related to the amount of oxygen released from the Pd
Fig. 3. (a) Pulse and temperature sequence of the CO titration experiments: F
1.3 L/s). Subsequently 360 CO pulses (5 s on-time (8 · 10�7 mbar, 3 L), 5 s o
different oxygen exposures and (c) total oxygen storage capacity as a function
oxide at 500 K. In spite of the fact that most of the surface
remains metallic under these conditions, the total oxygen
yield from the oxide exceeds the amount of chemisorbed
oxygen by a factor of three, at least. This observation indi-
cates that oxidation does not primarily occur at the outer
surface of the Pd particles. In fact, we will show below that
initial oxidation preferentially occurs at the Pd/support
interface, allowing large amounts of oxygen to be stored
without substantially affecting the metallic character of
the outer particle surface.

In the next step we have studied the kinetics of oxide for-
mation on the model catalyst. Here, the oxygen exposure
during the pulsed MB CO titration experiments is varied
at constant surface temperature of 500 K. The pulse and
temperature sequence of theses experiments is shown in
Fig. 3a: Again, the sample is first exposed to an oxygen
pulse of variable duration (1.7 · 10�6 mbar, 1.3 L/s; 1–
1000 s) and subsequently titrated by 360 CO pulses (5 s
on-time, 5 s off-time, 8 · 10�7 mbar: 3 L per pulse). The
average CO2 yield of the last 60 pulses, which is assumed
to be dominated by background contributions, is sub-
tracted for each pulse as a background correction. In
Fig. 3b the oxygen release is shown for different oxidation
times at 500 K. The total oxygen release (corresponding to
the amount of oxide reversibly formed on the particles) as a
function of oxidation time is depicted in Fig. 3c. While in
the beginning a steep increase is observed, the oxide forma-
irst the sample is exposed to an oxygen pulse (1.7 · 10�6 mbar, 1–1000 s,
ff-time) are applied to withdraw oxygen; (b) integral oxygen release for
of oxygen exposure.
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tion becomes significantly slower after an oxygen exposure
of about 250 s and finally reaches its saturation at a nom-
inal oxygen density of about 1.5 · 1015 O atoms cm�2.
Note that for other particle sizes a similar saturation
behavior has been observed.

The finite oxygen storage capacity shown in Fig. 3c fits
well to the limited amount of Pd available for oxidation on
the catalyst surface. However, the saturation oxygen stor-
age capacity at 500 K corresponds to a O/Pd stoichiometry
of approximately 0.55. Apparently, a complete oxidation
of the Pd particles under the conditions applied is not pos-
sible. This is in accordance with the finding that after oxi-
dation at 500 K most of the Pd surface still remains
metallic. We suggest that specific parts of the Pd particles,
i.e. specifically the particle/support interface as shown
later, are more susceptible to oxidation whereas oxidation
of the well-ordered facets is kinetically inhibited. The
decreasing rate of oxide formation with increasing oxygen
exposure (see Fig. 3c) can be attributed to kinetic limita-
tions successively hindering the oxidation.

The CO titration experiments can only provide infor-
mation on the oxygen release. In order to directly quantify
the oxygen uptake, we would have to perform oxygen
sticking coefficient measurements at different surface tem-
peratures. Here we are facing an experimental difficulty:
The initial oxygen sticking probability on the metallic Pd
is high, but decreases to a very low value as the chemi-
sorbed oxygen layer approaches saturation. Oxide forma-
tion itself is slow and occurs from the nearly saturated
chemisorbed layer, which itself is replenished by chemi-
sorption. The result is a very low sticking probability,
which cannot be precisely determined via a conventional
King and Wells experiment [37,38]. Instead we perform a
pulsed oxygen adsorption experiment in order to quantify
the oxygen uptake. Here, it is taken advantage of the fact
that in a pulsed experiment exposure and reaction time are
decoupled at constant flux. The pulse and temperature se-
quence of such an experiment is shown in Fig. 4a: Short
but intense pulses of oxygen (16O2, 1100 pulses, 1 s on-
time, 4 s off-time, 1.7 · 10�6 mbar, 1.3 L) modulated by a
computerized beam shutter are applied at open and closed
shutter in an alternating sequence. The signal at closed
shutter provides a reference for the chamber response to
the gas pulse. If oxygen adsorbs on the surface the uptake
can be determined from the QMS difference signal between
sample and reference (see Fig. 4b, note that the scattering
geometry and, therefore, the oxygen signal is slightly dif-
ferent for oxygen pulses applied onto the sample and onto
the shutter). On Pd particles a dynamic equilibrium be-
tween chemisorbed oxygen and Pd oxide is established,
strongly favoring the latter [36]. Thus, a fraction of the
chemisorbed oxygen is converted to Pd oxide during the
wait time in between the pulses. The converted oxygen is
rapidly replenished during the next pulse, leading to a
higher sticking probability as compared to a continuous
beam experiment. Still, the total oxygen uptake accounts
for less than 1% of the total oxygen dose, requiring to
accumulate several runs in an automated experiment in
order to obtain a reasonable signal-to-noise ratio. In order
to calculate the oxygen adsorption per pulse as precisely as
possible, each pulse impinging on the sample is first nor-
malized with respect to the adjacent oxygen pulses imping-
ing on the shutter. This procedure allows us to correct for
small variations in beam intensity. In a second step, the
oxygen uptake of the Pd/Fe3O4 model surface is deter-
mined by subtracting the reference from a clean Fe3O4

sample without Pd (see Fig. 4b). The integral oxygen up-
take for different surface temperatures is shown in
Fig. 4c. It is found that the oxygen uptake at 500 K ex-
ceeds the oxygen adsorption for the lower surface temper-
atures by a factor of about six.

At 300 K, the oxygen adsorption capacity, experimen-
tally determined by the pulsed sticking coefficient measure-
ment fits well to the amount of chemisorbed oxygen
estimated on the basis of a conventional King and Wells
type experiment [37,38] with CO (2 · 1014 atoms cm�2).
The slightly larger oxygen uptake at 400 K may be ad-
dressed to the formation of oxide species formed at sites
more susceptible to oxidation, e.g. defects and (100) facets.
Still, the oxygen uptake at 400 K is mainly due to dissocia-
tive chemisorption of oxygen. In analogy to the pulsed CO
titration experiments, a large increase in oxygen storage
capacity is observed upon increasing the surface tempera-
ture to 500 K. The absolute value derived from the adsorp-
tion experiments (1.7 · 1015 atoms cm�2) agrees well with
the oxygen release during the CO titration experiments
for saturated Pd particles (1000 s O2 exposure). These re-
sults show that oxidation of the Pd particles by O2 and
reduction by CO are fully reversible. PES spectra of the
Pd3d region also demonstrate that the Pd particles can
be fully reduced after oxidation at 500 K by extended CO
exposure. The O/Pd stoichiometry of �0.6 estimated from
the adsorption and titration experiments, on the other
hand, indicates that there is no complete oxidation of the
Pd particles under the conditions applied.

3.3. Oxide characterization

In the previous paragraph we have shown that at tem-
peratures above 500 K significant amounts of Pd oxide
can be formed on supported Pd nanoparticles. However,
a complete oxidation of the entire Pd particle is not possi-
ble even after extended oxygen exposure at 500 K. We have
therefore suggested that under these conditions only spe-
cific parts of the Pd particles become oxidized whereas oth-
ers still remain metallic. The question arises which parts of
the particles are initially oxidized and thus mainly facilitate
the oxygen storage mechanism.

In order to characterize the oxidation state of the Pd
surface and study the formation of Pd surface oxides,
IRAS experiments using CO as a surface sensitive probe
molecule have been performed. In Fig. 5a the pulse and
temperature sequences of theses experiments are displayed:
First the reduced sample was exposed to an oxygen pulse of



Fig. 4. (a) Pulse and temperature sequence of the pulsed oxygen adsorption experiments: 1100 oxygen pulses (1 s on-time (1.7 · 10�6 mbar, 1.3 L), 4 s off-
time) are applied alternating on the sample and on a shutter covering the sample at different temperatures; (b) first oxygen pulses applied on a Pd/Fe3O4

and an Fe3O4 sample at 500 K and (c) integral oxygen uptake for different surface temperatures.
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variable duration (8 · 10�7 mbar, 0.6 L/s, 1–10 000 s) at
500 K to form Pd oxide. Subsequently, the sample is cooled
to 250 K in O2 in order to form a saturated chemisorbed
oxygen layer on the remaining metallic Pd surface. After
further cooling to 125 K in UHV, the sample was satu-
rated with CO and IRAS spectra of the CO/O co-adsorp-
tion layer were acquired. For CO/O co-adsorption on
Pd(111) a well-ordered p(2 · 2)O+CO structure was recently
reported [39]. In Fig. 5b IRAS spectra of the CO stretching
frequency region are displayed for different oxidation times
at 500 K, consisting of a sharp peak at 2133 cm�1 and a
broad feature at about 1960 cm�1 (see e.g. [40] for CO/O
co-adsorption on Pd particles). With increasing oxygen
exposure the intensity of these two features decreases while
no additional features in the spectra and no shifts of the
existing peaks can be observed. The integral IR intensities
of both CO features after different oxygen exposures at
500 K are shown in Fig. 5c (normalized to the spectrum
taken after oxygen exposure at 300 K, i.e. under conditions
where no formation of surface oxides occurs). A pro-
nounced decrease in intensity is observed for short oxy-
gen exposures. With longer oxidation times the decrease



Fig. 5. (a) Pulse and temperature sequence of the IRAS experiments: First the sample is exposed to an O2 pulse (8 · 10�7 mbar, 1–10 000 s, 0.6 L/s) and
subsequently cooled in O2 to 250 K. After further cooling in UHV to 125 K, the sample is exposed to CO (8 · 10�7 mbar, 30 s, 18 L) and IR spectra are
taken; (b) IRAS spectra of the CO stretching frequency region for CO/O co-adsorption on Pd/Fe3O4 at 125 K for different oxygen exposures at 500 K and
(c) integral IRAS intensity normalized on the reduced surface as a function of oxygen exposure.
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becomes slower and finally settles at about 75% of the
IRAS intensity obtained for the reduced surface.

From these experiments two main conclusions can be
drawn: First, we assign the decreasing IRAS intensity to
the formation of Pd surface oxides making the surface par-
tially inert with respect to CO adsorption. This is in agree-
ment with single crystal data reporting the formation of Pd
surface oxides under similar conditions. Interestingly, no
additional features, which could be associated with CO
adsorption on Pd surface oxides, were observed upon oxi-
dation. Therefore we conclude that CO does not adsorb on
surface oxides under the conditions (T = 125 K, pCO �
10�6 mbar) applied in these experiments. Secondly, the
CO adsorption cannot be completely quenched by oxida-
tion of the Pd particles at 500 K. Instead, a remaining
IRAS intensity for CO adsorption of �75% was found
even after extended oxygen exposure at �10�6 mbar. This
observation indicates that the particles are still mainly ter-
minated by a metallic surface. In contrast, oxidation at
600 K results in a nearly complete disappearance of all
IR features for CO adsorption as will be shown later. Obvi-
ously, only a minor fraction, e.g. specific sites more suscep-
tible to oxidation, but not the entire Pd particles surface is
oxidized at 500 K (�10�6 mbar). This effect can be attrib-
uted to kinetic hindrances inhibiting the formation of sur-
face oxides on part of the Pd particles (compare [15]). As a
result, partially oxidized Pd nanoparticles, on which metal-
lic surface areas and surface oxides co-exist, are formed
upon oxygen exposure at 500 K. Note that despite the
low degree of surface oxidation, large amounts of oxygen
can be stored in the Pd particles at 500 K. Consequently,
the oxygen storage functionality of the model catalyst can-
not be linked to the formation of Pd surface oxides alone.

To characterize the different oxygen species in more de-
tail we have performed high-resolution PES experiments
using synchrotron radiation. The surface sensitivity of the
PES spectra can be controlled by varying the photon en-
ergy. For increasing photon energies hm the kinetic energy
of the emitted photoelectrons increases and so does the
electron escape depth k (hm = 465 eV, k � 4 Å; hm = 840 eV,
k � 9 Å [41]). As a result, bulk features become more pro-
nounced for higher photon energies while surface features
contribute more relative intensity for lower photon
energies.

In Fig. 6, PES spectra of the Pd3d5/2 region of the model
catalyst after different preparation steps are shown. In
these experiments the sample has not been stabilized by re-
peated oxidation/reduction cycles but it has been annealed
at 600 K prior to the experiments. The upper spectra
(Fig. 6a) have been taken directly after preparation of the
model catalyst. Here, the Pd3d5/2 region can be decom-
posed into one component at a binding energy (BE) of
335.0 eV and another component at a BE of 335.2 eV.
The lower BE feature is more pronounced at lower PE
(photon energy, hm = 465 eV) and the higher BE feature
at higher PE (hm = 840 eV).



Fig. 6. High-resolution photoelectron spectra of Pd3d5/2 region at
different photon energies: (a) immediately after Pd deposition and
annealing in UHV to 600 K; (b) after oxygen exposure at 300 K (oxygen
dose: 8 · 1015 molecules cm�2) and (c) after oxygen exposure at 600
(oxygen dose: 3 · 1017 molecules cm�2).
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According to the literature, we assign the higher BE fea-
ture (�335.2 eV) to metallic bulk Pd and the lower BE fea-
ture (�335.0 eV) to Pd surface atoms [42]. A more accurate
assignment of the features to individual Pd species is not
reasonable because of the high complexity of the model
catalyst and the abundance of different sites compared to
single crystals. However, the surface core-level shift (SCLS)
of �0.2 eV compared to the bulk is in good agreement with
single crystal studies on Pd(111) [42]. As expected the sur-
face-derived component is more prominent for lower PE
whereas the bulk component becomes more dominant at
higher PE.

In Fig. 6b PES spectra taken after oxygen exposure at
300 K (1 · 10�7 mbar, 200 s, 15 L) are shown. The result-
ing spectra consists of a lower BE feature at 335.1 eV
and an additional peak at a BE of 335.6 eV. Here, the low-
er BE feature contributes more intensity at a higher PE and
the higher BE feature at a lower PE.

At 300 K oxygen chemisorbs dissociatively on Pd parti-
cles forming an order overlayer of atomic oxygen
(Pd(111): p(2 · 2), h = 0.25 [3]; Pd(100): c(2 · 2), h = 0.50
[32]). Therefore, the higher BE component (�335.6 eV)
can be assigned to Pd surface atoms coordinated to adsorbed
oxygen and the lower BE component (335.1 eV) to metallic
bulk Pd. A shift of 0.5 eV in BE for Pd atoms coordinated
to adsorbed oxygen with respect to bulk Pd is in agreement
with Pd single crystal studies for oxygen adsorption
[14,43]. Comparing the PES spectra for the different PEs, it
can clearly be seen that the lower BE component, which
we have previously assigned to metallic Pd, is more pro-
nounced for the higher PE. This agrees well with what is ex-
pected for the formation of a chemisorbed oxygen layer on
the surface of the Pd particles.

In order to characterize the Pd oxide, PES spectra have
also been taken after oxidation of the Pd particles at 600 K
(1 · 10�6 mbar, 1000 s, 750 L, see Fig. 6c). Here the spectra
consist of mainly three different features: A lower BE fea-
ture at 335.1 eV, an intermediate BE region at about
335.7 eV and a higher BE shoulder at about 336.6 eV.
The lower BE component is much more pronounced in
the more surface sensitive spectrum taken at low PE
whereas the shoulder at higher BE is contributing more
intensity in the bulk sensitive spectrum at high PE.

The pulsed CO titration experiments discussed in the
previous paragraph have shown that after oxidation at
600 K large amounts of Pd oxide species are formed. Con-
sequently we assign the intermediate BE component at
�335.7 eV to metallic Pd coordinated to adsorbed oxygen
and to specific Pd atoms in a thin Pd oxide and the higher
BE shoulder at �336.6 eV to Pd oxide exclusively. This
assignment is in agreement with BEs which have recently
been reported for Pd oxide in single crystal studies
[13,14]. As discussed above, the low BE feature at
�335.1 eV is assigned to metallic Pd. Note that a more de-
tailed assignment of the different components is precluded
due to the large number of nonequivalent sites.

Two important conclusions can be drawn from these
spectra: First the BE of the metallic Pd peak is not shifted
with respect to the reduced system upon oxidation indicat-
ing that the nature of the particle core still remains metal-
lic. Therefore, it appears unlikely that massive oxygen
dissolution in the Pd lattice is responsible for the oxygen
storage mechanism. This result is in agreement with recent
theoretical studies [16]. The most striking observation,
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however, is the reduced intensity of the metallic Pd feature
for the more bulk sensitive spectrum at higher PE. (In
order to verify that these intensity changes are not due to
photoelectron diffraction effects, PES measurements have
also been performed at other photon energies. It should
be noted that, in comparison to single crystal surfaces, dif-
fraction effects are typically less pronounced on supported
particle systems due to a lower degree of ordering.) Appar-
ently, most of the Pd oxide is not formed at the outer par-
ticle surface (this would result in an increased intensity of
the metallic signal for higher PE). Therefore, we suggest
that the formation of Pd oxide species preferentially occurs
at the particle/support interface and not on the particle sur-
face, i.e. the particle/vacuum interface. As a driving force
we suggest that there is a stabilization of the Pd oxide layer
at the particle/support interface due to strong electrostatic
interaction with the Fe3O4 support.

The stabilization of the interface oxide is further sub-
stantiated by transient molecular beam experiments show-
ing that the formation of the Pd interface oxide layer is, in
contrast to Pd surface oxides on single crystals, thermo-
dynamically favorable in comparison to surface chemi-
sorption [36]. Recently we have also shown that the
formation of Pd oxide species is connected to a ripening
Fig. 7. (a) Pulse and temperature sequence of a CO titration experiment on an i
pulse (1.7 · 10�6 mbar, 100 s, 130 L). Subsequently 360 CO pulses (5 s on-time
yield per CO pulse for C 18O 16O (scaled by 20.5) and C 16O 16O and (c) overall i
MB titration experiments.
of the particles, involving not only a reshaping of the par-
ticles but also a decrease in particle density and an increase
in particle size [31]. This process we assume to be facilitated
by mobile Pd oxide species also indicating strong interac-
tions between Pd oxide species and the oxide support. Fi-
nally, the formation of a Pd interface oxide layer is also
in agreement with the previously discussed CO titration
and IRAS experiments, showing substantial oxide forma-
tion without a large effect on the metallic Pd surface. As
discussed previously, the oxygen storage mechanism at
the particle/support interface facilitates reversible storage
and release of oxygen during surface reactions on the
remaining metallic Pd surface [27].

Apart from Pd oxide formation, a second oxygen stor-
age channel may be taken into account based on oxygen
migration from the particles onto and into the support
(oxygen spillover). This channel could give rise to further
oxidation and reduction of the support. Such a process
may appear particularly likely taking into account that
Fe3O4 is a mixed valency oxide. In order to study the oxy-
gen exchange between oxygen species on the Pd particles
and the support, pulsed CO titration experiments were
performed on an isotopically labeled Fe3

18O4 support
(see Fig. 7a). For this purpose the sample was first
sotopically labeled Fe3
18O4 support: First the sample is exposed to an 16O2

(8 · 10�7 mbar, 3 L), 5 s off-time) are applied to withdraw oxygen; (b) CO2

sotopic ratio C 18O 16O/C 16O 16O as a function of consecutively performed
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exposed to a 16O2 pulse (1.7 · 10�6 mbar, 130 L; 100 s)
and subsequently titrated by 360 C 16O pulses (5 s on-
time, 5 s off-time, 8 · 10�7 mbar, 3 L per pulse). Note that
these experiments were performed on a sample, which had
not been stabilized by repeated oxidation/reduction cycles
before, but which had been annealed to 600 K prior to the
experiments. The CO2 formation rate for C 16O 16O and
C 16O 18O was detected individually by QMS. If large
amounts of 16O2� ions could be stored in the Fe3

18O4

support lattice, scrambling with lattice 18O2� ions would
be expected leading to formation of C 16O 18O as the prod-
uct, whereas reversible oxidation and reduction of Pd by
16O2 should not necessarily lead to isotopic scrambling.
Therefore, it is anticipated that the degree of isotopic
scrambling may provide some information on the relative
importance of both storage mechanisms. The experi-
mental result is shown in Fig. 7b: The CO2 yield per pulse
for C 16O 18O amounts to approximately 5% of the
C 16O 16O yield throughout the entire experiment. In order
to estimate the total quantity of oxygen withdrawn from
the support, repeated pulsed CO titration experiments
have consecutively been performed. The overall
C 16O 18O to C 16O 16O ratio of these experiments is de-
picted in Fig. 7c. For the first experiments a steady de-
crease in C 16O 18O formation is found whereas after
about 10 titration experiments hardly any C 16O 18O for-
mation is observed anymore. (Note that 0.21% is the nat-
ural abundance of 18O.) The total quantity of oxygen
exchanged with the Fe3

18O4 film, which can be estimated
by integrating over all titration experiments, amounts to
the order of 1014 atoms cm�2.

From the above results we conclude that the oxygen
exchange kinetics between chemisorbed oxygen and Pd
oxide on the one side and lattice oxygen from the support
is very slow under the conditions applied in this study.
From the total amount of oxygen exchange with the sup-
port, which is less than a monolayer, we can exclude that
oxygen migration into the oxide support represents a ma-
jor contribution to the storage mechanism. This is in
agreement with PES spectra of the Fe 2p region showing
no significant changes upon oxidation at 500 K. Interest-
ingly, a significant oxygen exchange is only observed for
the very first titration experiments. Recently we have
shown that the model catalyst undergoes major structural
changes during the first oxidation and reduction cycles,
including an oxygen induced ripening of the Pd particles
[31]. The number of oxidation/reduction cycles required
to obtain a stable model surface coincides with the
number of experiments showing an enhanced oxygen ex-
change. Therefore, it might be anticipated that initial
restructuring of the catalyst may be connected to a strong
interaction with the topmost support layer, possibly
involving reaction and exchange of surface oxygen ions.
However, the most important point to note is that in
the stabilized state oxygen storage and release is predom-
inantly facilitated by the formation and decomposition of
Pd oxides.
3.4. Temperature dependence of surface oxidation

In the previous two paragraphs we have shown that for
oxidation temperatures beyond 500 K, large amounts of Pd
oxide can be formed on supported Pd nanoparticles. This
oxide is preferentially formed at the particle/support inter-
face, but generation of surface oxides is also possible. At
500 K oxygen exposure results in the formation of partially
oxidized Pd particles, which mainly expose a metallic sur-
face but also a minor fraction of surface oxides.

In order to study the formation of Pd surface oxides, we
have investigated CO/O co-adsorption on partially oxi-
dized Pd particles by IRAS over a broad temperature
range. The pulse and temperature sequence of the corre-
sponding experiments is illustrated in Fig. 8a: First, the re-
duced model surface is exposed to oxygen at different
temperatures (8 · 10�7 mbar, 600 L, 1000 s), leading to
partial oxidation. Subsequently, the sample is cooled in
oxygen to 250 K to establish a saturated overlayer of chem-
isorbed oxygen on the remaining metallic Pd surface. After
further cooling to 125 K in UHV, the sample is exposed to
CO, leading to formation of a saturated CO/O co-adsorp-
tion layer. Finally, IRAS spectra of the co-adsorption layer
are taken.

The corresponding IRAS spectra are shown in Fig. 8b as
a function of oxidation temperature. As discussed in the
previous paragraph, the spectra in the CO stretching fre-
quency range show of a sharp peak at 2133 cm�1 and a
broad feature at about 1960 cm�1. In Fig. 8c the relative
integral intensity in the CO stretching frequency region is
shown normalized to a spectrum taken after oxygen expo-
sure at 300 K (i.e. oxygen chemisorption only without for-
mation of surface oxides). While no major differences in the
spectra can be observed for oxidation temperatures up to
approximately 475 K, the IR intensity of adsorbed CO de-
creases rapidly at higher oxidation temperatures. Oxidation
at 600 K finally results in an almost complete quenching of
the IR intensity for both CO-derived features. It is note-
worthy that the shifts in the stretching frequencies for
CO on the metallic Pd as a function of oxidation tempera-
ture are very small. Moreover, no additional peaks can be
observed in the spectra which may be assigned to CO
adsorption on the oxidized Pd.

As already addressed in the previous paragraph, the
decreasing IR intensity for higher oxidation temperatures
can be explained by the formation of Pd surface oxides.
As a result the metallic Pd surface area shrinks which is
available for CO adsorption. After oxidation at 600 K the
CO signal from the metallic Pd surface is very small, indi-
cating a nearly complete oxidation of the Pd surface. Nev-
ertheless, no additional oxide-derived peaks appear in the
IR spectra. Therefore, we conclude that CO does not ad-
sorb on Pd surface oxides under the conditions applied in
this study (125 K, �10�6 mbar). For oxidation tempera-
tures below 475 K no major changes of the IR spectra are
found while for higher temperatures the CO signal de-
creases due to the formation of surface oxides. Hence, the



Fig. 8. (a) Pulse and temperature sequence of the IRAS experiments: First the sample is exposed to an O2 pulse (8 · 10�7 mbar, 1000 s, 600 L) at different
temperatures and subsequently cooled in O2 to 250 K. After further cooling in UHV to 125 K, the sample is exposed to CO (8 · 10�7 mbar, 30 s, 18 L) and
IR spectra are taken; (b) IRAS spectra of the CO stretching frequency region for CO/O co-adsorption on Pd/Fe3O4 at 125 K for different oxidation
temperatures and (c) integral IRAS intensity normalized on the reduced surface as a function of oxidation temperature.

T. Schalow et al. / Surface Science 600 (2006) 2528–2542 2539
onset temperature of surface oxidation is found to be
approximately 500 K. This result is in agreement with the
CO titration experiments discussed above. As the IR inten-
sity decreases steadily between 500 and 600 K, we suggest
that in this temperature range metallic and oxidized surface
areas co-exist on the Pd particles. Interestingly, oxidation at
525 K for 1000 s results in a much higher surface oxide cov-
erage than even extended oxidation at 500 K. This effect
may be addressed to different onset temperatures for oxida-
tion of the various nonequivalent Pd surface sites. Briefly,
the most import points to note are the increasing surface
oxide formation for higher oxidation temperature and the
fact that CO interaction with the surface oxide is very weak.

In addition to the formation of Pd surface oxides, we
have also studied their reduction with CO. For this purpose,
we have taken TR-IRAS spectra during reaction with CO
exposure on a pre-oxidized sample. In Fig. 9a theses exper-
iments are briefly summarized: Similar to all previous exper-
iments, the sample is first oxidized by an O2 pulse
(1.7 · 10�6 mbar, 1300 L, 1000 s) at different sample tem-
peratures. Next, that sample is cooled to 500 K in O2. After-
wards, the sample is exposed to a continuous molecular
beam of CO for 5400 s (4 · 10�6 mbar, 3 L/s) while TR-
IRAS spectra of the CO stretching frequency region are
recorded. The TR-IRAS spectra have been acquired by a
remote-controlled routine with a time resolution of 20 s
(128 scans per spectrum, 0.156 s per scan) for the first 10
spectra and 72 s (462 scans per spectrum, 0.156 s per scan)
for the following 72 spectra. The result is displayed in
Fig. 9b. Two bands are observed in the CO stretching fre-
quency region at 1913 cm�1 and 1840 cm�1. In Fig. 9b the
temporal development of the CO signal during the reduc-
tion is depicted for a sample, which has been pre-oxidized
at 600 K. A monotonously increasing intensity of both fea-
tures with CO dosing time is found in the beginning which
finally saturates after �3000 s of CO exposure. The integral
IR intensity of both CO features normalized with respect to
CO adsorption on a reduced sample is shown in Fig. 9c as a
function of CO exposure at different pre-oxidation temper-
atures. The initial IR intensity is found to be lower for high-
er oxidation temperatures. However, after different CO
exposure times the IR intensity recovers to the level corre-
sponding to the reduced surface. Surprisingly, the kinetics
of the recovery of IR intensity is noticeably slower for high-
er oxidation temperatures as it can be derived from the stee-
per initial slope for lower oxidation temperatures in Fig. 9c.

As discussed in the previous paragraphs, no CO adsorp-
tion on Pd surface oxides was observed in this study even at
low sample temperatures. Also, the CO spectra are very
similar to the ones observed in previous in situ TR-IRAS
studies on Pd model catalysts (for a detailed discussion
and assignment see e.g. [22,35,44]). Consequently, we as-
sign the signals in the CO stretching frequency region to
the pseudo-steady-state coverage of CO adsorbed on
metallic Pd under reaction conditions. The decrease in IR
intensity after partial oxidation is due to a decreasing



Fig. 9. (a) Pulse and temperature sequence of the in situ IRAS experiments: First the sample is exposed to an O2 pulse (1.7 · 10�6 mbar, 1000 s, 1300 L) at
different temperatures and cooled in O2 to 500 K. Subsequently the sample is exposed to CO (4 · 10�6 mbar, 5400 s, �15 000 L) and IR spectra are
continuously acquired; (b) time resolved IRAS spectra showing the temporal development of the CO stretching frequency region during CO exposure after
oxidation at 600 K and (c) time resolved integral IRAS intensity normalized on the reduced surface for different pre-oxidation temperatures.
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amount of metallic Pd surface as a result of the formation
of Pd surface oxides. Although IR intensity and CO
adsorption are not directly proportional due to dipole cou-
pling effects (see e.g. [45]), surface oxidation and reduction
can be monitored at least qualitatively via TR-IRAS under
reaction conditions. The decreasing CO signal with increas-
ing oxidation temperature indicates an increasing coverage
by surface oxides, in agreement with the CO/O co-adsorp-
tion experiments discussed above. The recovery of the ini-
tial CO signal after extended CO exposure indicates a
reduction of the surface oxides. Two additional points
are noteworthy here: First, for oxidation temperatures up
to 600 K a complete reduction of Pd surface oxides can
be obtained by extended CO exposure, indicated by the
complete recovery of the CO signal to the level of the re-
duced surface. Hence, the formation of these surface oxides
is a fully reversible process. Secondly, the reduction kinet-
ics of such surface oxides is significantly slower for higher
surface oxide coverages. This result is in agreement with
pulsed CO titration experiments and transient molecular
beam experiments, which show slower reaction kinetics
for higher surface oxide coverages. This finding corrobo-
rates the above mentioned hypothesis that the reaction
probability on the surface oxide is low and the reduction
mainly occurs on the metallic part of the surface via
decomposition of the oxide and reverse-spillover of oxygen
from the oxide phase to the metallic Pd, followed by a
Langmuir–Hinshelwood reaction on the metallic Pd.



Fig. 10. Illustration of the oxygen storage and CO oxidation mechanism on the Pd/Fe3O4 supported model catalyst.
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Detailed transient and pulsed MB experiments on the
mechanism and the elementary kinetics will be presented
in a forthcoming publication [36].

4. Conclusions

In this contribution we have studied in detail the inter-
action between oxygen and Pd nanoparticles (particle size
7 nm) supported on Fe3O4 over a broad temperature range.
Combining fully automated multi-molecular beam experi-
ments, TR-IRAS and PES, the formation of various oxy-
gen species, surface and interface oxides was observed
depending on the oxidation temperature:

1. Chemisorbed oxygen (T < 450 K): Oxygen exposure at
�10�6 mbar up to 450 K results in the formation of a
dense chemisorbed oxygen layer on the metallic Pd sur-
face, which is highly reactive towards CO oxidation. The
density of adsorbed oxygen is limited and corresponds
to the value expected for surface chemisorption on the
basis of single crystal data.

2. Pd interface oxide (T > 500 K): For oxidation tempera-
tures of 500 K and above, initial oxidation of the Pd
particles occurs in form of a thin Pd oxide layer at the
particle/support interface. This oxide layer, which can
be reversibly accumulated and depleted, acts as an oxy-
gen reservoir providing oxygen for surface reactions.
Large amounts of oxygen can be accumulated in the
Pd particles without significant modifications of the
metallic Pd surface. At 500 K, the maximum oxygen
uptake corresponds to a formal stoichiometry of the
particles of about O/Pd = 0.55. Limitations of oxygen
formation can be addressed to strong kinetic hindrances
inhibiting the oxidation process.

3. Pd surface oxide (T > 500 K): In addition to the Pd
interface oxide, the formation of surface oxides was also
observed for temperatures above 500 K. With increasing
oxidation temperatures an increasing fraction of the Pd
surface becomes oxidized. While metallic Pd surface
areas and surface oxides co-exist in the temperature
range between 500 and 550 K, oxidation at 600 K results
in a nearly complete surface oxidation. Formation of Pd
surface oxides sensitively alters the adsorption proper-
ties of the catalyst, i.e. mainly due to very weak CO
adsorption on the oxide phase. The reaction probability
for CO oxidation on the Pd surface oxide is much lower
than for the metallic surface covered by chemisorbed
oxygen. A complete reduction of surface and interface
oxides can be obtained by extended CO exposure.

4. Oxygen storage in support lattice: A slow and limited
oxygen exchange between Pd oxide species and the
Fe3O4 support has been observed. However, the total
amount of oxygen that can be exchanged with the
Fe3O4 lattice is small compared to the amount of Pd
oxide species formed. It is most likely that the oxygen
exchange is connected to a strong interaction with the
topmost support layer connected to morphological
changes of the catalyst surface.

In Fig. 10 a schematic model is depicted illustrating the
different oxygen species observed in this study: For oxida-
tion temperatures up to 450 K, oxygen mainly chemisorbs
dissociatively on Pd particles. At oxidation temperatures of
500 K and above, initial oxidation of the Pd particles oc-
curs by formation of a thin Pd oxide layer at the particle/
support interface whereas with increasing oxidation tem-
peratures the formation of Pd surface oxides has also been
observed.
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