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Abstract: Nanoclusters open fascinating opportunities for quantum engineering because quantum-size effects
become dominant in determining catalytic,1-3 optical,4 electronic,5 and magnetic6 properties. We succeeded in
the controlled production of low-energy and high-flux monodispersed cluster beams, which allow for a systematic
study of their reactivity after deposition onto a chemically inert substrate. We investigatedthecatalytic reaction
that is the oxidation of CO on platinum and observed a distinct atom by atom size dependency for monodispersed
platinum clusters on thin MgO(100) films. These results clearly show that the efficiency of a heterogeneous
catalytic reaction can be tuned by the judicious choice of particle size.

1. Introduction

One of the aims in heterogeneous catalysis is the understand-
ing of the observed catalytic behavior of supported metal
particles on a molecular level to optimize the efficiency and
selectivity of industrial catalysts. Since the early days of cluster
science it has been speculated that a strong size-dependent
catalytic activity of metal clusters just a few or few tens of atoms
in size exists. This would allow tuning the catalyst’s reactivity
and selectivity by simply changing the cluster’s size. In this
way the electronic levels, steric effects, and symmetry of the
cluster can be adjusted to obtain the desired resonances between
the electronic levels of the catalyst and the molecules involved
in the catalytic reaction. However, there still exists no direct
experimental proof that model catalysts made of such small
clusters indeed reveal such variations in the catalytic activity
when cluster size is changed just by single atoms. Promising
results pointing toward such an ability have been obtained using
gas-phase clusters where size-dependent adsorption of small
molecules has been observed.2,7-10 In a recent study, Shi et al.
even investigated a whole catalytic cycle and reported on the
size-dependent catalytic oxidation of CO on free Ptn (n ) 3-6)
clusters in a molecular beam experiment.11 For supported
clusters, Fayet et al.1 and later Leisner et al.12 showed that the

latent-image generation in the photographic process requires
silver clusters of a critical size. Xu et al. observed a size-
dependent catalytic activity of supported metal clusters for the
hydrogenation of toluene by using organometallic precursors.3

In a recent work we showed that the dissociation of CO on
size-selected supported nickel clusters is strongly dependent on
the exact cluster size,13 as previously shown in thegas phase
by Vajda et al.14 In the size domain, where the particles consist
of several hundreds of atoms, the catalytic activity was
investigated on size-distributed metal particles.15,16An unusual
catalytic activity for the oxidation of CO can be observed for
nanometer-size gold particles,17 and it was shown that the onset
of the catalytic activity occurs when one dimension of the
particle becomes smaller than three atomic spacings.18

In this work we went a step further and studied one of the
most important catalytic reactions, the oxidation of poisonous
CO on model catalysts consisting of monodispersed size-selected
platinum clusters deposited on carefully prepared oxide films.
The conversion of CO and O2 into CO2 in the gas phase has a
free enthalpy of-280 kJ/mol and is therefore thermodynami-
cally allowed. However, to initiate this reaction, the activation
energy for the dissociation of O2 has to be overcome, and it is
the task of the catalyst to reduce this energy. Studies on single
crystals, on supported particles as well as on real catalysts,
revealed many details about this catalytic process. On highly
coordinated Pt atoms, like on a Pt(111) single crystal, carbon
monoxide can be oxidized at low temperature (160 K).19-21 In
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this case, oxygen atoms that are produced during the dissociation
process of O2 on the surface oxidize carbon monoxide. In such
a mechanism oxygen atoms react with CO before they reach
the energy minimum of the oxygen-surface interaction poten-
tial, and therefore no additional activation for the actual oxi-
dation step is needed.19 A second reaction channel on Pt(111)
involves chemisorbed oxygen atoms, which oxidize adsorbed
CO at temperatures higher than 200 K. This mechanism can
also be observed on low-coordinated platinum sites, e.g., the
ones on a Pt(355) surface,22,23and the oxidation temperature of
this mechanism is sensitively dependent on the character of the
reactive site.22 In addition to this rather detailed picture of the
energetics of the process, a complex spatial and temporal pattern
of this seemingly simple reaction was discovered.24 Studies on
Pt(100) and Pt(110) surfaces revealed a complicated modifica-
tion of the overall CO oxidation caused by an adsorption-
induced change in the surface structure, which leads to
oscillations during the reaction.25 Real catalysts for the oxidation
of CO consist of highly dispersed metal particles on refractory
metal oxides.26-28 Besides changes in the reactivity due to the
existence of different crystalline facets on Pt particles29,30a few
nanometers in size, the very small clusters investigated in this
work consisting only of a few atoms show pronounced size
effects in their catalytic behavior. This is caused by the changing
coordination number in different geometric structures and/or
the changing electronic structures as a function of cluster size.
The observed overall size-dependent reactivity can be rational-
ized with changes in the cluster’s morphology and within simple
frontier orbital considerations, which suggest that the changing
energy match between theπg* antibonding orbital of the oxygen
molecule and the cluster electronic states is decisive for this
catalytic reaction.

2. Experimental Section

The Pt clusters are generated with a high-frequency laser evaporation
source, producing high currents of singly positively charged clusters.
In this setup the output (355 nm) of a Nd:Yag laser is focused on a
rotating Pt target disk. A helium pulse thermalizes the produced metal
plasma, and the clusters are grown by nucleation when the helium-
metal vapor undergoes supersonic expansion. Subsequently they are
size-selected by a quadrupole mass filter and deposited onto a
magnesium oxide thin film.31 The total energy of the deposition process
is composed of the kinetic energy of the cluster (Ekin < 0.2 eV/atom31),
the involved chemical binding energy between the cluster and the MgO
surface (∼1.4 eV per interacting atom32), and a negligible Coulomb
interaction of the incoming cluster ion and its induced polarization
charge on the oxide film surface. Consequently, as the kinetic energies
of the impinging clusters correspond to soft-landing conditions (Ekin

e 1 eV) 33,34 and as the total energy gained upon the deposition is at
least a factor of 2 smaller than the binding energy of the investigated
Pt clusters ranging from 2.5 to 5 eV,35,36 fragmentation of the clusters

is excluded.37 Upon impact the cluster ions are neutralized either on
defect sites (F, F+ centers) or by charge tunneling through the thin
MgO films. We deposited only 0.14-0.22% of a monolayer (ML) of
Pt clusters (1 ML) 2.2 × 1015 clusters/cm2) at 90 K to land them
isolated on the surface and to prevent agglomeration on the MgO
films.38 The support is prepared in situ for each experiment by
epitaxially growing thin films on a Mo(100) surface by evaporating
magnesium in a16O2 background.39 To obtain identical conditions for
the study of the catalytic reactivity of the different Pt clusters, we first
exposed the prepared model catalysts by a calibrated molecular beam
doser at 90 K to an average of 2018O2 molecules per Pt atom. This
results in saturation coverages on the clusters, as evidenced experi-
mentally.40 Subsequently, we exposed the system to the same amount
of 12C16O. This is crucial, as it is well-known from single-crystal studies
that the initial amount of oxygen and CO on the surface and the ratio
of these molecules during oxidation may influence the reactivity.19,22,23,41

Isotopically labeled18O2 molecules were used to disentangle the CO2

production on the cluster surface from an eventual catalytic oxidation
of CO involving MgO substrate oxygen atoms. In a temperature-
programmed reaction (TPR) experiment we then detected the differently
labeled CO2 molecules, which are catalytically produced on the surface
of the clusters. The catalytic action is determined by integrating the
TPR signal of the CO2 molecule and normalizing to the number of
deposited clusters. For this procedure the mass spectrometer has been
calibrated using the known amount of desorbing CO from a Mo(100)
single crystal42 and taking into account its different sensibilities for
CO and CO2. The number of deposited clusters was obtained by
integrating the measured ion current on the substrate over the deposition
time. In addition, for selected Pt cluster sizes Fourier transform infrared
(FTIR) studies have been performed to detect catalytically active sites
on the cluster surface via CO vibrational frequencies. Finally we note
that the prepared MgO(100) films do not catalyze the oxidation of CO.

3. Results

Figure 1 shows the TPR spectra for the CO oxidation on
supported Ptn (8 e n e 20) clusters. Since only CO2 molecules
containing one isotopically labeled18O atom are detected,
oxygen is dissociated prior to or during the catalytic oxidation
of CO. Thus, already these small Pt particles are catalytically
active. Remarkably, each cluster size reveals different oxidation
temperatures, labeledR, â1, and â2, and a different catalytic
activity as reflected in the different ion signal intensities. The
main CO2 production, labeledâ1, occurs at temperatures
between 200 and 400 K. For Pt15 to Pt20 the CO2 production is
also detected at temperatures around 150 K, labeledR, while
Pt20 clusters display an additional reaction at 460 K, labeled
â2. The different oxidation temperatures (peaksR, â1, andâ2

in Figure 1) indicate different catalytic processes occurring on
different active sites on the Pt clusters. Results of FTIR
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experiments, displayed in the inset of Figure 1, support this
assumption, showing only one CO absorption frequency (2065
cm-1) for Pt8 but two absorption frequencies (2045 and 1805
cm-1) for Pt20.

Expressing the catalytic activity of the monodispersed Pt
clusters as the number of catalyzed CO2 molecules per cluster
(Figure 2a) and per atom (Figure 2b), we note that the CO2

production increases nonlinearly with cluster size. Up to Pt8

less than one CO2 molecule per cluster is formed (Figure 2a).
The reactivity increases abruptly in going from Pt8 to Pt15, on
which about 6 CO molecules are oxidized. For the oxidation of
CO per atom (Figure 2b) a maximum of 0.4 and minimum of

0.1 are observed for Pt15 and Pt8, respectively. In addition the
reactivity shows a local decrease for Pt13 clusters.

4. Discussion

To rationalize these observations, a comparison with the
catalytic oxidation of CO on Pt single-crystal surfaces is
elucidating. Two main mechanisms have been observed. (I) On
Pt(111) terrace sites the reactionR has been found at 160 K

involving hot oxygen atoms.19,43 On a stepped Pt(355) surface
the reactionsâ at 290, 350, and 200 K have been identified,
respectively.22

Since the oxidation temperatures on size-selected Pt clusters
are in a similar range, we identify the reaction sites accordingly.
The throughout presence of theâ-mechanism indicates dis-
sociation of O2 on all cluster sizes. TheR mechanism is only
observed for larger clusters, Pt15 to Pt20, implying that oxygen
is adsorbed molecularly in an ionic state only on these species.
Thus, the presence of higher coordinated and therefore less
reactive atoms on the cluster (as on single-crystal terraces) is
suggested. This is not unexpected as the average coordination
number of atoms in clusters is increasing with size. If we now
compare these reactivities per atom with the ones obtained from
Pt single-crystal surfaces, we have to consider that the reactivity
converges to zero for the latter case because of their small
surface-to-bulk atom ratio. Nevertheless, on Pt(112) a reactivity
per Pt surface atom of<0.2 has been determined,23 which is
more than a factor of 2 smaller than the one found for Pt15 (see
Figure 2b).

To understand this size-dependent reactivity, the geometric
and electronic structures of each Pt cluster have to be considered.
Local density functional (LDF) calculations (in a non-self-
consistent Harris functional version) showed that free clusters
up to Pt6 are planar,35 and it is likely that they remain planar
on MgO as additional energy is gained by the cluster substrate
interaction for 2-dimensional structures in comparison to
3-dimensional structures. The optimized geometry of Pt10 with
Cs point group symmetry has 10 atoms arranged into three layers
resembling (111) planes, as obtained by using DFT calculation
including relativistic effects.44 Self-consistent LDF45 and em-
bedded atom method (EAM)36 calculations predict three-
dimensional structures for Pt13 clusters with cuboctahedron
symmetry (Oh) and a highly asymmetric, irregular, and defected
structure, respectively. The larger clusters Ptn (n > 13) are
considered to be 3-dimensional.36 The change in the measured
reactivity, expressed in the number of produced CO2 per cluster
(Figure 2a), correlates with the predicted morphological transi-
tion from 2- to 3-dimensional structures for Pt cluster sizes
between Pt6 and Pt10. It is interesting to note that Pt13 shows a
local minimum in the reactivity per atom (Figure 2b), with Pt13

being the first atomic-shell closing of both icosahedral and
cuboctahedral structures. However, in addition to morphological
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Figure 1. Catalytic CO2 formation for different cluster sizes from
temperature-programmed reaction experiments. Cluster coverage is
expressed in percent of a monolayer, where one monolayer corresponds
to 2.2× 1015/cm2. Cluster coverage is scaled with an estimated area
covered by each cluster size. Different CO2 formation mechanisms (R,
â1, â2) are labeled according to single-crystal studies. The inset shows
measured vibrational frequencies of CO adsorbed on clean deposited
Pt20 (above) and Pt8 (below) clusters.

Figure 2. (a) Total number of catalytically produced CO2 molecules
as a function of cluster size. (b) Total number of produced CO2

molecules per atom as a function of cluster size.

O2
- + 2CO(terrace)w 2CO2 (R)

O(terrace)+ CO(terrace)w CO2 (â1)

O(step)+ CO(step)w CO2 (â2)

O(step)+ CO(terrace)w CO2 (â3)
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changes as a function of cluster size, the different electronic
structure of the Ptn clusters is important in understanding their
catalytic behavior. As shown above, the dissociation of O2 is
the first step in this catalytic reaction and determines the
measured reactivity, which is the number of produced CO2

molecules per cluster or per deposited atom, respectively.
Therefore, we concentrate on this process, and in the absence
of theoretical model calculations even for CO oxidation on small
Pt clusters, we analyze qualitatively the chemical interaction in
terms of the frontier orbitals of the oxygen molecule and the Pt
cluster (see Figure 3).46 Here we simply replace the molecule-
single crystal surface interaction by the molecule-cluster surface
interaction. For the oxygen molecule the electronic states of
interest are the bonding, fully occupiedπu and σg and the
antibonding, half-occupiedπg* orbitals. Providing there exists
a resonance (energetically and symmetrically) between one of
these orbitals and the cluster’s density of state (DOS), adsorption
and dissociation of O2 is possible.46 As shown by density
functional theory (DFT) calculations the d-band position is the
most decisive parameter, when describing molecule-surface
bonding.47 Fragmentation occurs when there is enough back-
donation from the clusters into the antibondingπg* state or a

sufficient donation from theπu or σg orbital into the cluster.48

Both processes reduce the bond order of oxygen. The energies
of the fragment orbitals are-9.23,-8.32, and-6.1 eV forπu,
σg, andπg*, respectively.46 On the other hand, by changing the
cluster size, the energy of the highest occupied orbitals (HOMO)
of the clusters, associated with the energy of the center of the
d-band,44,45can be tuned from-9.0 eV, the ionization potential
(IP) of the atom, to-5.32 eV, the Fermi energy of bulk platinum
(Figure 3).49 Now the increase in the catalytic activity from Pt8

to Pt15 can be correlated with the decrease of the IP and the
change in the position of the center of the d-band with increasing
cluster size and the concomitant enhanced resonance with the
antibondingπg* state of O2. The maximum reactivity for Pt15

suggests that the resulting back-donation is largest for this
cluster. Increasing the cluster size further lowers the cluster’s
HOMO even more and may result in a weaker resonance with
the antibondingπg* state of O2, as the HOMO’s energy passes
the energy of this antibonding state. For the very small particles
this back-donation is small as the energy mismatch of the
cluster’s HOMO andπg* is large (Figure 3).

5. Conclusion

To summarize, we have shown for a single-pass heating cycle
that every single Pt atom composing the supported cluster counts
for the catalytic activity of the oxidation of carbon monoxide.
Surprisingly, simple geometric and molecular orbital arguments
seem to be sufficient to describe the general trend of the
observed catalytic activity with cluster size. The prospect of
tuning catalytic processes as a function of cluster size, a long-
sought goal in heterogeneous catalysis, is a little less remote.
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Figure 3. Energy diagram of the relevant electronic states for the
oxygen dissociation for gas-phase clusters and free oxygen. The clusters’
HOMOs are between the atomic limit (-9.00 eV) and the bulk limit
(-5.32 eV). Included are the calculated positions of the centers of the
d-bands for Pt10 (-7.2 eV)44 and Pt13 (-6.3 eV).45 Dotted line: classical
conductive droplet model50 (the expected fine structure of the ionization
potentials observed for small metal clusters50,51 is not taken into
account). Dissociation is favored if the energy of the cluster’s HOMO
is close to the antibondingπg* state of oxygen.
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