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First-principles theoretical investigations on the oxidation of Pdn �n=1–7, 10� clusters deposited on
alumina/NiAl�110� have been carried out using a gradient-corrected density-functional approach. Our studies
indicate that the free Pdn clusters are compact and maintain their compact structures when deposited on the
surface, undergoing only small relaxations of the Pd-Pd distance. The clusters bind to the surface via a pair of
Pd atoms and with a binding energy of around 1.0 eV. Studies of oxidation through an O2 molecule show that
O2 occupies sites closer to the surface for Pd1, Pd4, Pd5, and Pd6 while, in other cases, the binding is highest
to Pd atoms farther from the surface. An analysis of the charge gained by the O2 molecule upon absorption
shows that, while O2 always gains charge, the amount of charge contributed by the Pdn cluster or the surface
can vary significantly. In particular, in the case of Pd4, only a small charge is donated by the cluster, thus
accounting for the recently observed lack of shift in the x-ray photoelectron spectroscopy levels.

DOI: 10.1103/PhysRevB.82.085428 PACS number�s�: 73.22.�f

I. INTRODUCTION

Palladium clusters/nanoparticles supported on metal ox-
ides represent an important class of catalyst used in a variety
of industrially relevant processes.1,2 For example, palladium
catalysts are the most promising catalyst for methane com-
bustion as they lower the combustion temperature reducing
production of pollutants such as CO and NOx, while provid-
ing a high turnover rate.3 Palladium nanoparticles are also
important catalysts for CO oxidation and are widely used in
catalytic converters. In practice, the clusters are supported
and one of the supports that has drawn considerable attention
is a thin layer of alumina on a NiAl�110� surface.4 The thin
layer allows conduction through it, thus preventing excessive
charging of the oxide surface while providing a corrosion
resistant support. Experimental and theoretical studies indi-
cate that the composition of the Al2O3 layer is closer to
Al10O13.

5 One could thus regard the oxide layer as consider-
ably reduced. A realistic model of atomic positions in the
reduced oxide incorporating the atomic structure based on
the scanning tunneling microscope �STM� data has been pro-
posed by Kresse et al.5

In a recent work, Wu et al.6 investigated the size depen-
dence of the oxidation of Pdn �n�13� clusters on alumina/
NiAl�110� using x-ray photoelectron spectroscopy �XPS�.
The size selected clusters were deposited on the oxide layer
and they measured the shift in the XPS levels as the depos-
ited clusters were exposed to O2 at 100 K. Since the XPS
lines in PdO are shifted from those in pure Pd, the shift in the
spectra was taken as indicative of the oxidation of clusters.
The experiments focused on Pdn clusters containing 1, 4, 7,
10, and 13 atoms and the results indicated that, while a Pd
atom and clusters containing 7, 10, and 13 atoms showed
appreciable shift, no shift was observed for Pd4. The peculiar
behavior of Pd4 suggested that, unlike other sizes, the depos-
ited cluster is inert toward oxidation. More interestingly,
when the temperature was raised to 300 K and the clusters
exposed to O2 at the elevated temperature, none of the clus-
ters oxidized, implying that the O2 was probably bound to
the cluster surface. These observations raise some puzzling

questions. First, why is Pd4 inert to oxidation while other
clusters are oxidized at low temperatures? The ground state
of an O2 molecule is a spin triplet and recent studies in our
group indicate that the strength of the O2 binding can depend
on the spin multiplicity of the cluster.7 Since the small Pdn

clusters as well as Pd monolayers are known to have finite
spin magnetic moments,8 one may wonder if the special be-
havior is related to its magnetic character. Numerous studies
on free clusters have shown that the catalytic properties can
change significantly with cluster size. For example, the reac-
tivity of free Fen clusters is known to change by orders of
magnitude, just by the addition of a single atom.9 This raises
the question if the observed progression is related to intrinsic
behavior in free Pdn clusters. As, there can be charge transfer
between the deposited clusters and the substrate, are the de-
posited clusters closer to charged or free clusters and does
the charge transfer modify the structure or the electronic be-
havior? What happens as the temperature is raised to 300 K
since none of the clusters exhibits oxidation? Underlying
these observations is the general question about the structure
of Pdn clusters deposited on different surfaces. For example,
recent studies on size-selected Pd clusters on TiO2 surfaces
suggest that clusters containing up to ten Pd atoms form a
single layer, pointing that the geometries of the clusters are
considerably modified from those in free clusters.10 These
studies also reported a strong size dependence of the oxida-
tion of CO with size. Do the Pdn clusters on alumina/
NiAl�110� have the same structure as on TiO2 and, if so, can
the inertness of Pd4 on alumina/NiAl�110� be related to its
special geometrical form?

In this paper, we have carried out a comprehensive study
of the free Pdn clusters, Pdn clusters deposited on alumina/
NiAl�110� �n=1–7, 10�, and the oxidation of the deposited
clusters to answer some of these questions. All the studies
are first principles and are carried out within a gradient-
corrected density-functional framework. Section II is de-
voted to a discussion of the method while Sec. III presents
and discusses our results. Section IV summarizes the main
conclusions.
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II. THEORETICAL METHOD

First-principles electronic-structure calculations within a
density-functional framework were carried out using the pro-
jector augmented wave method11 as implemented in the Vi-
enna ab initio simulation package �VASP�.12,13 The exchange
and correlation contributions were included using the gener-
alized gradient approximation proposed by Perdew et al.14

To determine the electronic structure, the wave functions
were expanded using a plane-wave basis set using a cutoff
energy of 250 eV. The Brillouin zone was sampled at the
Gamma point. This simulation package, capable of studying
infinite solids, surfaces, and clusters deposited on surfaces,
uses a periodic cell with a unit cell determined by the
surface/solid. For free clusters, the same methodology can be
used by choosing a larger unit cell to avoid any interaction
between the repeating motifs. In the present work, the calcu-
lations on free clusters were carried out using a cubic unit
cell with a lattice constant of 20 Å and placing the cluster at
the center. For the calculations on supported clusters, the
alumina/NiAl�110� support was modeled via a supercell con-
taining 316 atoms. As mentioned before, the alumina/
NiAl�110� surface has been a subject of several earlier inves-
tigations and an atomic structure based on the experimental
STM data has been proposed by Kresse et al.5 In this work,
we were guided by this structural study and have used a
model which corresponds to two layers of alumina on the
NiAl�110� modeled by 66 unit cells. The NiAl lattice con-
stant was theoretically calculated to be 4.094 Å. The same
model has been successfully used previously to study the
properties of Au chains on the same surface.15 For deposited
clusters, each cluster was placed at several possible positions
and the most stable state was determined by calculating the
forces at the cluster sites and the neighboring surface atoms
in the vicinity of the deposited cluster. These atoms were
allowed to relax along the path of steepest descent till the
forces dropped below a threshold value of 0.02 eV /Å. Since
free Pdn clusters have finite spin moments, different initial
spin moments were tried to find the ground state. Any charge
transfers between the cluster and the surface were deter-
mined through a Bader charge analysis.16

III. RESULTS AND DISCUSSION

A. Free Pdn clusters

Figure 1 shows the ground-state structures of Pdn clusters
containing 2–7, 10 atoms. Also shown are some next higher
isomers which are close in energy. Note that the ground-state
structures are all compact geometries. The Pd-Pd bond
length varies from 2.48 Å in a dimer to 2.76 Å in larger
clusters. For the case of Pd5, while the ground state has a
compact triangular bipyramid structure, a square pyramid is
only 0.03 eV above the ground state. Pd10 also possesses two
isomers separated by less than 0.02 eV. Within the accuracy
of the calculations, these differences in energy are too small
and hence the structures could coexist in free clusters. A
rather interesting result is the finite spin magnetic moments.
Note that bulk Pd is paramagnetic. However, it has been
observed that the introduction of transition-metal impurities

in bulk can induce large host polarization on Pd sites that
extends up to fourth-nearest neighbors.17–20 For pure Pdn
clusters, previous studies and present findings indicate that
they are magnetic.21–24 What is more interesting is that Pdn
clusters containing 2–7 atoms all have a spin magnetic mo-
ment of 2 �B. Pd10, on the other hand, has two isomers with
moments of 6 �B and 4 �B, respectively. While all small
clusters have compact geometrical shapes, there are signifi-
cant variations in the binding energy. Using the total energy
of the clusters, we calculated the atomization energy, Eb,
defined as

Eb = nE�Pd� − E�Pdn� ,

where E�Pdn� is the total energy of a cluster with n atoms.
Upper panel of Fig. 2 shows the binding energy per atom.
Significant variations with size can be observed. In particu-
lar, there is a significant jump in the binding energy in going
from Pd3 to Pd4. Note that the variations in energy can be
indicative of stability. For example, cluster sizes where there
is a large gain in energy in forming the cluster from the
preceding size and a lower gain in energy in growing to the
next size can be a signature of local stability. To this end, we
also plot in the lower panel of Fig. 2, the gain in energy �E
in forming the cluster from the preceding size, namely,

�En = E�Pdn−1� + E�Pd� − E�Pdn� .

Note that Pd4 has the highest peak, followed by Pd6. These
findings are in general agreement with previous studies on
pure Pdn clusters.21–24 Are these stabilities and compact ge-
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FIG. 1. �Color online� Ground-state structures, total spin mo-
ment MT, and some bond lengths �in Å, marked beside the bond� of
Pdn clusters. In some cases, a close higher energy isomer is also
shown together with the increment of energy with respect to the
ground state �E.
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ometries maintained as the clusters are deposited on alu-
mina?

B. Pdn clusters supported on alumina/NiAl(110)

As we mentioned before, the thin alumina layer is a re-
duced aluminum oxide and the first issue is the strength of
the binding of the clusters to the surface and how it modifies
the structure of the free clusters. We carried out a thorough
investigation where a Pd atom and clusters containing 2–7,
10 atoms were deposited on the surface. To find the optimum
absorption site, each cluster was initially placed in several
locations on the surface and the atoms in the cluster as well
surface atoms in the vicinity of the cluster were allowed to
relax to find the optimum position. Our optimization in-
cluded trying different initial spin moments. Figure 3 shows
the ground-state structure of the deposited clusters. The red
and blue spheres represent, respectively, O and Al atoms in
the alumina layers while the Pd atoms are marked by yellow
spheres. Also shown in square insets are the structures of the
corresponding free clusters. While there were small relax-
ations of the Pd-Pd bonds, in all cases the clusters main-
tained their free cluster geometry. In most cases only two
lower atoms of the cluster bond to the surface. Note that this
is different from the case of clusters supported on TiO2,
where recent studies point to a two-dimensional growth up to
sizes containing ten atoms.10

To further analyze the effect of the support, we calculated
the binding energy, Eb,surf, of the various clusters to the sup-
port and the atomization energy per atom, Eat,surf /at, for the
deposited clusters using the equations

Eb,surf = E�Pdn� + E�surf� − E�Pdn/surf�

and

Eat,surf/at = �nE�Pd� + E�surf� − E�Pdn/surf��/n ,

where E�Pdn�, E�surf�, and E�Pdn /surf� are the total energies
of the free Pdn cluster, the free surface, and the total energy

after the deposition of the Pdn cluster on the surface. Figure
4 shows the variations in Eb,surf and Eat,surf /at while Table I
presents the numerical values. First, note that the binding
energy of the clusters to the surface first increases from Pd
atom to Pd2 to a value of around 1.1 eV and then remains
almost constant around a value of 1.0 eV. This is expected, as
the clusters maintain their compact structures and only two
atoms in every cluster bond to the surface sites. As to
Eat,surf /at, one notices a rapid increase up until Pd4 and then
only a gradual increase with size. A larger increase in
Eat,surf /at in going from Pd3 to Pd4 and then a smaller in-
crease in going from Pd4 to Pd5 again indicate the special
stability of Pd4 among deposited clusters �this can also be
easily seen through second derivative of the energy that ex-
hibits a maximum�. Another important quantity characteriz-
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FIG. 2. Binding energy per atom Eb /at �upper panel� and gain in
energy in forming the cluster from the preceding size �E �lower
panel, as defined in the text� of Pdn clusters.
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FIG. 3. �Color online� Most stable structures of the deposited
Pdn clusters. Red �dark, big� spheres represent O atoms, blue �dark,
small� ones represent Al atoms, and Pd atoms are marked by yellow
�light� spheres. Also shown in square insets are the structures of the
clusters already presented in Fig. 1, but oriented as in the deposited
case.
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FIG. 4. Eb,surf and Eat,surf /at �as defined in the text� for the sup-
ported Pdn clusters. The lines are just guides for the eyes.
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ing small free clusters is their magnetic moment. Table I lists
the spin magnetic moment of the deposited clusters. Note
that while the spin moment of a Pd atom, Pd2, and Pd3 is
quenched or very small, all other clusters have a spin mag-
netic moment of 2.0 �B. These spin moments are almost
completely localized around the Pd atoms. While we are here
primarily concerned with the oxidation of Pdn clusters, the
finite spin moment indicates that it may be possible to ob-
serve these moments in carefully planned superconducting
quantum interference device or magnetic force microscopy
experiments. Another interesting point is the charge transfer
�N between clusters and surface. In Table I we also include
�N as calculated from a Bader analysis.16 A positive number
indicates a gain of electrons, i.e., clusters charging nega-
tively. For the Pd clusters the charge transfer is, in most
cases, less than 0.1e−, indicating that the supported clusters
are not charged. This is in contrast with the situation for gold
clusters on the same surface, which get negatively charged.15

Table I also includes some deformation and interaction
energies to quantify the interaction of clusters and substrate.
These quantities are defined as follows:

Edef�surf� = E�surf� − E��surf� ,

Edef�clus� = E�Pdn� − E��Pdn� ,

and

Eint = E��Pdn� + E��surf� − E�Pdn/surf� ,

where E��surf� and E��Pdn� are the energies of surface and
cluster calculated at the relaxed geometry of the whole sys-
tem, i.e., the cluster supported on the surface. Edef�surf� and
Edef�clus� give a measure of the deformation energies asso-
ciated with surface and cluster, respectively, after the cluster
deposition. Eint gives the interaction energy between cluster
and surface. Edef�clus� is very small for the deposited clusters
�less than 0.1 eV�, which is consistent with the lack of de-
formation visually observed in Fig. 3. The deformation ener-
gies for the surface are bigger, but still modest. Thus we can
conclude that the nature of the interaction between clusters
and surface is mainly electronic with the geometric part play-
ing a minor role.

In Fig. 5 we show the local density of states �LDOS� of
the Pd atom and the Al and O atoms in the surface alumina
layer. All the Pd states lie in the alumina gap, close to the
Fermi energy. There is some hybridization between Pd and
the alumina layer, mainly with O atoms. The first unoccupied
Pd states have mainly s character with some d component.
This is in agreement with the previous suggestion of Nilius
et al.25 For the other clusters the situation is similar with
most of the states lying in the alumina gap and close to the
Fermi energy.

C. O2 absorption on Pdn clusters supported on alumina/
NiAl(110)

The main objective of the current work is to understand
the behavior of the Pd clusters upon oxidation of the surface.
To this end, we examined the binding of an O2 molecule to
the deposited clusters. In each case, an O2 molecule was
allowed to approach the surface from various directions and
the geometry was optimized to find the most stable configu-
ration. In Fig. 6 we show the ground-state geometry after the
absorption of the O2 molecule. While the O-O bond was
found to stretch after the absorption, there was a barrier to
the dissociation of the molecule, and hence the O-O bond

TABLE I. Total magnetic spin moments MT �in �B�, charge transfers �N �in e−�, and several energies �in
eV� of supported Pdn clusters. For explanation of each quantity see the text.

n MT �N Eb,surf Eat,surf /at Edef�surf� Edef�clus� Eint

1 0.00 0.05 0.905 0.905 −0.160 1.065

2 0.00 0.08 1.115 1.198 −0.590 −0.067 1.772

3 0.13 0.20 1.073 1.612 −0.324 −0.023 1.420

4 2.00 0.07 0.999 1.916 −0.311 −0.027 1.337

5 2.01 0.07 0.985 1.996 −0.277 −0.030 1.293

6 2.05 0.07 1.032 2.117 −0.327 −0.021 1.380

7 2.11 0.03 1.039 2.130 −0.264 −0.049 1.352

10 2.23 −0.02 1.048 2.290 −0.226 −0.084 1.358
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FIG. 5. �Color online� LDOS for the supported Pd atom on the
alumina surface. The orbital decomposed LDOS for Pd is presented
together with the LDOS for the surface Al and O atoms. A small
Gaussian broadening of �=0.03 has been applied.
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remained intact. More interesting is the nature of binding of
O2. While the molecule binds to the cluster sites away from
the surface for the case of Pd2, Pd3, Pd7, and Pd10 clusters, it
binds to sites closer to the surface for other clusters. We also
calculated the binding energy of O2 to the supported cluster
and to the free surface, Eb�O2�, defined as

Eb�O2� = Eb,surf + E�O2� − E�O2/Pdn/surf� ,

where E �O2� is the energy of a O2 molecule in the gas phase
and E�O2 /Pdn /surf� is the total energy of the system after the
O2 absorption. The results are given in Table II. The O2
molecule is bound to a free surface with a binding energy of
2.14 eV, and it is interesting to note that the binding energy
varies between 1.78 and 3.01 eV for binding to deposited
clusters. For Pd4, the binding energy is 2.71 eV, that is larger
than that for many other clusters. Table II also lists the mag-
netic moment of the cluster after the deposition of O2 and
one observes a variation between 0.38 and 2.40 �B. Neither

the strength of the binding nor the observed spin multiplicity
point to any special behavior for Pd4.

As mentioned before, the experimental investigations
probed the shift in the core levels after the absorption of the
O2 molecule. Since O2 absorbs by gaining charge, we pro-
ceeded to examine the charge on the absorbed O2 molecule
to explore if the variations in charge transfer could account
for the observed effect. To explore this, we calculated the
charge, �N�O2�, gained by the O2 molecule in various cases.
Table II lists the value of �N for these cases. Note that the
charge gained by O2 is much bigger for the cases where O2 is
closer to the surface, including Pd4. This is puzzling since
one observes no core-level shift in the case of Pd4. We then
proceeded to examine whether the charge gained by O2 came
from the cluster or from the surface, since O2 occupied lo-
cations closer to the surface for the cases with bigger charge
transfer. Consequently, we calculated �N�Pdn� and
�N�Pdn� /n, representing the amount of charge on O2 origi-
nating in the Pdn clusters and the charge per atom donated,
on average, by each Pd site in the cluster. Table II lists this
charge for all the cases. Note that �N�Pdn� and �N�Pdn� /n
are minimum for the case of Pd4. While there is always sub-
stantial charge gained by O2, when O2 is far from the surface
a large fraction of this charge is contributed by the cluster.
However, when O2 is close to the surface, only a small
charge percentage is donated by the cluster, and O2 picks up
the remaining charge from the surface. In the case of Pd4
only a small charge is donated by the cluster. Since a charge
transfer from the cluster is needed to generate a shift in the
XPS levels, the observed inert behavior is a result of the O2
receiving almost negligible charge from the cluster. We be-
lieve that this special behavior is rooted in the enhanced
stability of Pd4 as seen in free or deposited clusters. We
would like to add that �N�Pdn� /n is also small for Pd5. How-
ever, there are no experiments available on this cluster size.
We also calculated the relative binding energy of O2 as it
bound to sites close or away from the surface. For Pd4, while
O2 binds with an energy of 2.71 eV at the site closer to the
surface, the binding energy is only 1.34 eV if bound to the
Pd atom farthest from the surface. The same variation was
observed for Pd6, where the binding energy to a site closer to
the surface was 2.24 eV and it reduced to 1.46 eV if O2 was
forced to absorb at the Pd atom farthest from the surface.

TABLE II. O2 binding energies Eb�O2� �in eV�, total spin magnetic moments MT �in �B�, charge gained
by the O2 molecule �N�O2�, or lost by the Pd clusters �N�Pdn� �in e−�.

n Eb�O2� MT �N�O2� �N�Pdn� �N�Pdn� /n

1 2.222 0.38 1.34 −0.22 −0.22

2 3.016 1.94 0.51 −0.49 −0.25

3 1.781 1.80 0.56 −0.31 −0.10

4 2.708 2.31 1.44 −0.09 −0.02

5 2.607 2.20 1.61 −0.11 −0.02

6 2.761 2.40 1.62 −0.23 −0.04

7 2.489 2.00 0.61 −0.51 −0.07

10 2.340 2.07 0.74 −0.61 −0.06

Surface 2.138 0.00 1.64
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FIG. 6. �Color online� Most stable structures of the O2 molecule
adsorbed on the supported Pdn clusters. Red �dark, big� spheres
represent O atoms, blue �dark, small� ones represent Al atoms, and
Pd atoms are marked by yellow �light� spheres.
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As mentioned before, after the absorption the O-O bond
stretches. There is some correlation between the O-O dis-
tance and the charge the O2 molecule gets. In Fig. 7 we have
plotted the O-O distance versus �N�O2�, for the cases in
Table II and some others. In general, the O-O bond gets more
stretched as it gets more charge after the O2 absorption.

The experiments also indicate that the core-level shifts are
not observed or highly reduced at higher temperatures. As
our results show, the binding energy of O2 to the free surface
is, in most cases, only few percent less than in the presence
of clusters. It is then possible that, as the temperature is
increased, the increase in entropy associated with the large

number of unoccupied positions on the surface makes the
free energy for surface absorption lower than for binding to
clusters. This would imply that, as the temperature is in-
creased, the O2 molecules migrate to the free surface.

IV. CONCLUSIONS

To summarize, the present investigations indicate that the
observed variations in the oxidation of Pdn clusters deposited
on alumina are related to the nature of binding of the O2
molecule. While O2 binds with a binding energy exceeding
2.0 eV in all cases, it occupied different sites depending on
the size. For Pd4, O2 occupies a location closer to the surface
and draws most of its charge from it, leaving the cluster
almost neutral and hence without appreciable core shift. Our
studies also indicate that the charge transfer is lower for Pd5.
While there are no experiments at this size, we hope that the
present studies will stimulate experiments at this size to con-
firm the present findings. We would like to add that we have
here considered the absorption of only a single O2 molecule.
In actual experiments, multiple O2 molecules are absorbed at
the surface and one needs to carry out similar studies with
multiple molecules. These attempts are in progress and will
be reported in a forthcoming publication.
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