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Nanometer-sized metal particles on oxide surfaces have
numerous technological applications, particularly in the field
of heterogencous catalysis."? Many catalysts applied in the
chemical industry for emission control or in energy technol-
ogy are based on finely dispersed noble-metal aggregates on
oxides. But is the surface of these metal aggregates truly
metallic under reaction conditions? This seemingly elemen-
tary question turns out to be very difficult to answer. The
reason is that the influence of the reactant atmosphere on the
surface structure, morphology, and composition may be
rather complex. Especially in the case of oxygen-containing
environments, the situation turns out to be particularly
intricate. Many different oxygen species may be present
even on simple single-crystal surfaces, including various types
of chemisorbed oxygen (i.e. oxygen adsorbed above the first
atomic layer of the metal), subsurface oxygen (i.e. oxygen
incorporated into the first layers of metal atoms), thin surface
oxides (i.e. very thin structures consisting of oxygen and
metal-ion layers), and bulk oxides.* ' The puzzling role of
these multiple species in reaction kinetics is a major challenge
for microscopic studies in catalysis, and the related questions
are currently the subject of intensive discussion (see e.g.["-1).

For small particles on support materials, the situation is
even more complex. These particles expose multiple sites,
including different facets, edges, corners, and defects: they
may show modified lattice constants and electronic struc-
tures; and they may show substantial interactions with the
support. All of these effects may have an influence on the
thermodynamic and kinetic aspects of the formation of the
different oxide species and their reactivity.
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In a recent communication™ we reported on a new

oxidation and oxygen-storage mechanism for supported metal
nanoparticle systems. For Pd crystallites on Fe;0,, initial
oxidation of the metal was found to be largely dominated by
the formation of a thin Pd oxide layer at the particle/support
interface, which is substantially stabilized by the support. The
formation and depletion of this interface oxide layer is
reversible, providing the system with the ability to store and
release large amounts of oxygen without major modifications
of the remaining surface of the metal particle.

Here we show that this oxidation mechanism gives rise to
pronounced particle-size effects: For small particles, full
oxidation of the Pd particles occurs easily, but the total
oxygen-storage capacity is limited by the small number of Pd
atoms per unit of support surface area. For large particles, on
the other hand, the Pd loading may be large, but strong kinetic
hindrance inhibits Pd oxidation and, therefore, the oxygen-
storage process. As a result, the supported Pd system shows a
pronounced maximum of the oxygen-storage capacity at
intermediate particles sizes. This size-dependent oxidation
behavior and oxygen-storage functionality may be an impor-
tant contribution to a microscopic-level understanding of the
reaction kinetics on nanoparticle systems.

The experimental approach providing these insights is
summarized in Figure 1. Briefly, we employed well-defined
supported model catalysts, which were characterized in detail
at the atomic level using surface-science techniques.” ! As a
first step, particle size, morphology, and structure of these
model surfaces were studied by scanning tunneling micro-
scopy (STM). Subsequently, their reaction kinetics were
probed quantitatively in a fully remote-controlled multimo-
lecular beam (MB) experiment.”*l With this combination of
STM and MB techniques we could obtain detailed informa-
tion on the reaction kinetics as a function of the particle size
and structure.

In the work presented here, we focused on Pd nano-
particles prepared in situ under ultrahigh-vacuum (UHYV)
conditions on an ordered Fe;O, film.F” Structure and
adsorption properties of the support™! and the Pd par-
ticles™ ¥ were investigated previously. Size and density of
the Pd particles can be varied within a wide range by choosing
the appropriate preparation conditions. In this study, we
varied the particle size between approximately 2 nm and
100 nm (corresponding to aggregates containing approxi-
mately 10° to 10° Pd atoms per particle) by changing the Pd
loading (amount of Pd metal deposited per unit of support
surface area). STM images of some representative samples
are shown in Figure 2. Apart from the variations in particle
size, it can be seen that in general the particles display a well-
defined crystalline morphology. They grow in (111) orienta-
tion on the support and are terminated mainly by (111) facets
as well as by a minor fraction (around 20%) of (100) side
facets. Typically, the aspect ratio (height/diameter) is about
1:4 (for more details on the growth and particle morphology
see Ref. [33]). The systems investigated were stabilized by
thermal annealing followed by oxidation and reduction cycles
prior to the experiments (see the Supporting Information).
This procedure provided to a perfectly stable surface under
the conditions of all kinetic experiments presented below.
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Figure 1. a) Schematic representation of the molecular beam experi-
ment and the model catalyst surface used in this study; b) pulsed CO
titration experiment on 7-nm Pd particles on Fe,0, at 500 K. First, the
sample was exposed to an oxygen pulse (100's, 22130 L). After a short
delay time (10's), 360 CO pulses (5 s on-time (=3 L), 5 s off-time)
were applied to withdraw the oxygen stored in the model catalyst in
the form of CO,. The CO, formation rate (ro) was recorded in the
gas phase and integrated over the pulses (Ngo,: integral CO, yield,
inset) to determine the oxygen-storage capacity.

To probe the total oxygen-storage capacity of the Pd
particles (oxygen chemisorption on metallic Pd and Pd oxide
formation), a remote-controlled MB titration experiment was
performed using modulated O, and CO beams (see Figure 1).
Initially, the model surface was exposed to a pulse of oxygen.
After a short delay time, the surface oxygen was titrated by
pulses of CO. Reaction of CO, consuming oxygen from the
chemisorption and oxide phases, led to formation of CO,,
which instantaneously desorbed from the surface and was
detected in the gas phase via quadrupole mass spectrometry
(QMS; see e.g. Refs. [34,35]).

The pulsed MB titration experiment was described
previously.™ It allows an exact quantification of the oxygen
release and provides detailed insights into the related

Figure 2. STM images and schematic representations of the model
catalyst surface for different metal loadings after stabilization by
oxidation and reduction cycles; nominal Pd thickness: a) 0.3 A (aver-
age particle size 3 nm); b) 4.0 A Pd (particle size 7 nm); c) 15 A Pd
(particle size =265 nm).

reduction kinetics. A typical example of a pulsed MB titration
is shown in Figure 1b. The most important point to note is
that the CO, signal reveals the presence of two reaction
channels. During the first CO pulse, very fast CO, formation
is observed. This fast reaction channel was previously
attributed to the reaction of chemisorbed atomic oxygen on
metallic Pd with CO. After a single CO pulse, however, the
reservoir of chemisorbed O is depleted, and the following
slower CO, formation involves oxygen that originates from
Pd oxide. In a previous study® it was shown that this Pd oxide
is formed preferentially at the Pd/Fe;0, interface and not at
the outer surface of the Pd particles. As a result, a large
fraction of the outer particle surface remains metallic for
particles of intermediate size (4-10 nm). Reduction of the Pd
oxide phase proceeds by means of slow decomposition and
release of oxygen onto the metallic part of the surface,
followed by rapid reaction with adsorbed CO. Decomposition
of the interface oxide is, in general, the rate-controlling step
under the present experimental conditions. It limits the rate of
oxygen release and CO, formation which is typically spread
over up to 100 CO pulses. It should be pointed out that the
oxidation and reduction process is fully reversible and can be
repeated many times without significant decrease in the
oxygen uptake.

The total amount of oxygen released from the system can
be determined easily by integrating the CO, formation over
all CO pulses. The corresponding result for 7-nm particles is
shown in the inset in Figure 1. We found that the amount of
oxygen stored in the Pd interface oxide layer by far exceeds
the amount of oxygen that could be chemisorbed on a purely
metallic Pd particle. For the 7-nm particles, for instance, the
oxygen release is approximately four times greater than
expected for pure chemisorption. These quantitative meas-
urements of oxygen release by means of MB titration
experiments were confirmed by measurements of the
oxygen uptake by pulsed sticking coefficient measure-
ments.™ In the same study, it was shown by isotopic exchange
experiments that oxidation and reduction of the Fe;0;
support does not contribute significantly to the oxygen
uptake and release. Also, it was shown by photoelectron



spectroscopy (PES) that the particles are fully reduced by
extended CO exposure.

In the next step we considered the size dependence of the
Pd particle oxidation. For an interface-controlled oxidation
mechanism, we would expect a strong size dependence,
because the accessibility of the particle/support interface is
expected to decrease with increasing size. In order to
experimentally verify this hypothesis, we systematically
measured the oxygen release by means of pulsed MB titration
experiments over a broad range of particle sizes from about 2
to 100 nm. The corresponding structural and morphological
properties were extracted from STM (see Figure 2 and the
Supporting Information).

To identify the role of particle-size-dependent Pd oxida-
tion in the oxygen uptake and release process, we first
estimated the amount of oxygen release that would be
expected if there was no Pd oxide formation at all, but pure
oxygen chemisorption on metallic Pd only. For this purpose,
we determined the Pd surface area available for chemisorp-
tion per unit area of the Fe;O, support by means of CO
sticking coefficient measurements. The CO adsorption was
converted into a hypothetical O uptake assuming O chem-
isorption only (for details see the Supporting Information).
The result is shown in Figure 3a (blue curve): We found that
initially the Pd surface area increases monotonically with
increasing Pd loading or particle size, whereas for high Pd
loadings or large particle sizes the Pd surface area is nearly
constant. The reason is that for low loading (small particles)
the island density changes only weakly, whereas the particle
size increases with metal loading. At high loading (large
particles), however, the particle density decreases rapidly due
to coalescence. Increasing particle size and decreasing
particle density nearly compensate, resulting in an almost
constant Pd surface area. It should be noted that the
measurements of the Pd surface area by means of the CO
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Figure 3. Oxygen storage on a Pd/Fe,0, model catalyst after 100 s
(=130 L) oxygen exposure at 500 K as a function of Pd particle size:
a) Hypothetical oxygen release assuming regular chemisorption on
metallic Pd particles only and no oxidation (blue curve) and exper-
imentally determined oxygen release on partially oxidized Pd particles
(red curve); b) mean stoichiometry of the Pd particles after oxygen
treatment.

sticking coefficient are in full accordance with estimates
derived from STM data.

In a second step, the actual oxygen-storage capacity was
quantified by pulsed MB titration experiments (see Figure 3,
red curve). We found that the experimentally determined
oxygen release is completely different from that expected
assuming chemisorption only: First, the release was signifi-
cantly larger than expected for pure chemisorption. Secondly,
a pronounced maximum of the total oxygen release was found
for particle sizes around 7 nm.

The differences between the experimental oxygen release
on the one hand and the hypothetical oxygen-chemisorption
capacity on the other are attributed to the partial oxidation of
the Pd particles. It is apparent that the contribution due to Pd
oxide formation shows a pronounced size dependence. To
obtain some additional information on the oxidation process,
we calculated the total stoichiometry of the particles after
oxygen treatment (see Figure 3b, calculated by dividing the
total oxygen release by the total Pd loading). The result shows
that the average Pd oxidation state monotonically decreases
with increasing particle size: Whereas in the limit of small
particles (<3 nm) the stoichiometry corresponds to almost
PdO, the oxygen/Pd ratio decreases to approximately PdO, s
at sizes around 7 nm and, finally, to PdO_y¢s for the largest
particles investigated. (Note that these values represent an
average over metallic parts of the three-dimensional particles
with chemisorbed oxygen and oxidized parts).

From this observation the following scenario can be
derived: As shown in our previous work, oxidation of the Pd
particles proceeds by initial chemisorption of oxygen on the
metallic Pd particles and successive conversion of this
chemisorbed oxygen to Pd oxide layers, preferentially at the
particle/support interface.™*! For sufficiently small particles,
no stable metal nucleus remains after formation of the
interface oxide, resulting in complete oxidation of the nano-
particle (stoichiometry PdO). It is noteworthy that in a
theoretical study Huber etal. recently showed that the
interaction with the oxide support may lead to a significant
stabilization of very small oxidized Pd clusters.”” For larger
particles (>3 nm), however, oxidation is not complete and a
metallic cap remains on top of the Pd interface oxide. It may
be expected that for particles of this size interface, oxidation
requires ion transport from the particle boundary along the
metal/oxide interface. As shown experimentally, oxide for-
mation and decomposition are rather slow processes, even for
particles of intermediate size (around 7 nm). Thus, we may
anticipate that with increasing particle size, interface trans-
port finally becomes too slow to facilitate complete interface
oxidation. As a result, oxygen storage by oxide formation at
the Pd interface becomes kinetically hindered in the large
particle limit (10-100 nm).

It is noteworthy that the hindrance of Pd oxide formed on
large particles is directly reflected in the MB titration
experiment. In Figure 4 a direct comparison of the CO,
signal during the first few pulses of a MB titration experiment
is shown for two samples corresponding to small (4 nm) and
large (90 nm) particles. The CO, signal during the first CO
pulse, which reflects the amount of chemisorbed oxygen on
the metallic Pd surface, was significantly higher in case of the
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Figure 4. CO, formation rate during the first CO pulses of a CO
titration experiment on preoxidized Pd/Fe,O, model catalysts with
different particles sizes.

large particles. In contrast, the CO, formation rate involving
Pd oxide, which is represented by the following CO pulses,
was less intense for the large particles further substantiating
the strongly decreased oxide formation. (It should be noted
that even on the largest particles a minor amount of oxide
formation is detected. This remaining oxide formation may
originate from particle sites that are more susceptible for
oxidation such as (100) facets, steps, or defects and from
remaining oxide formation at the particle boundaries: see
Refs. [11-14] for a discussion of the interaction of Pd(111) and
Pd(100) with oxygen.)

In summary we have shown that the interface-controlled
oxidation mechanism for Pd nanoparticles supported on an
Fe;0; film gives rise to a pronounced particle-size depend-
ence of the oxidation and reduction behavior: In the limit of
small particles (<3 nm) complete oxidation to PdO occurs
easily, whereas in the range of intermediate particle sizes (4
10 nm) only partial oxidation takes place, primarily at the
metal/support interface. For larger particles (approximately
10-100 nm) the formation of the Pd interface oxide is
kinetically hindered, presumably as a result of slow ion
transport along the particle/support interface.

The formation of the interface oxide is fully reversible and
allows uptake and release of much larger quantities of oxygen
than would be expected for pure chemisorption on Pd metal.
The size-dependent oxidation behavior has major implica-
tions for the oxygen-storage mechanism. In particular, it gives
rise to a pronounced maximum of the oxygen-uptake capacity
per unit of support surface area as a function of the metal
loading. For low metal loading and small particles, oxidation
is highly efficient, but the total oxygen-storage capacity is
limited by the small amount of Pd available per catalyst
surface area. (It should be noted that the oxygen-storage
capacity cannot be increased by increasing the particle density
because of oxygen-induced sintering effects at elevated
temperatures, sce Ref [33]). For high metal loading and

large particles, the amount of Pd available per support surface
area is large, but the formation of Pd oxide becomes
kinetically hindered. The maximum oxygen uptake is
observed at intermediate Pd loading: Here, the particles are
large enough to allow substantial amounts of interface oxide
to be formed but are yet small enough to avoid strong kinetic
hindrance to oxide formation.

The oxygen-storage mechanism and its size dependence
are expected to play an important role in the kinetics of
oxidation reactions on the present model system, especially
under non-steady-state conditions. [t might be anticipated
that similar effects can be observed for other supported
particle systems as well. Thus, it is likely that particle-size-
dependent oxidation and reduction phenomena will have to
be considered in the development of realistic microkinetic
descriptions of catalytic reactions.
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