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Abstract

Several issues concerning the activity of the magical Au20 cluster are addressed with the help of Density Functional Theory (D
simulations. First, the cluster is found to be extremely robust against distortions when supported at an oxide (MgO) surface, k
tetrahedral shape. Second, the activity toward CO oxidation is studied as a function of the cluster charge state. Whereas the neutr
found to be only moderately active, the anion becomes extremely active, because of the presence of a weakly bound unpaired el
attempt to induce cluster charging upon attachment to a charged surface F+-center was unsuccessful, with a cluster only slightly more ac
than the unsupported, neutral one. Finally, some initial steps towards the rational design of active catalysts were taken by the s
effect of having different impurities. Promising results are obtained by the addition of an extra Na atom, which preferentially adsor
the tetrahedron. Two competing isomers with an endohedral Na atom within a Au20 cage are found, and both of them are very active.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Small Au nanoparticles supported at metal oxides are
rently receiving a lot of attention because of their surpris
catalytic properties[1–3]. Moreover, in order to clarify the
origin of that activity (and the reaction mechanisms), mu
research has been devoted to the catalytic activity of s
Au clusters containing few (≈1–20) Au atoms, where som
important parameters such as size and charge state c
controlled. Both soft-landing of size-selected clusters[4–7]
and either experimental[8–11]or theoretical[12–18]studies
of gas-phase clusters have been used to obtain som
derstanding of the catalysts’ features at the molecular le
focusing on the low temperature CO oxidation reaction.

In the ongoing discussion, there is ample evidence
free neutral clusters with high HOMO-LUMO gaps are ve
active as anions, because of their small electronic affin
which favors electron transfer to a strongly bound mole
* Corresponding author. Fax: +34 983 423013.
E-mail address: lmolina@fta.uva.es(L.M. Molina).
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lar O2. One particular example is Au−
6 , which was recently

identified as highly active for the CO+ O2 reaction[9].
Another interesting case is the Au20 cluster. Very recently
this cluster was identified as particularly stable, with a la
HOMO-LUMO gap of 1.77 eV due to both a magic num
ber of valence electrons (20, corresponding to one of
shell closings of the jellium model) and a very compa
close-packed tetrahedral shape[19]. These facts suggest th
binding of O2 to the Au−20 anion will be strong, possibly
rendering the cluster very reactive. Further interest in
cluster has arisen very recently because of its solution
thesis (protected by PPh3 ligands), achieved by Zhang an
co-workers[20].

However, despite the interest in these results for
charged clusters, other important considerations mus
taken into account for a discussion of the activity of ca
lysts to be used in practical applications, which are gener
neutral and supported. When supported, clusters are like

distort and possibly undergo fundamental structural changes.
Furthermore, the cluster–support interaction can also change
the electronic structure of the cluster, altering its reactiv-

http://www.elsevier.com/locate/jcat
mailto:lmolina@fta.uva.es
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ity [21–23]. Experiments involving soft-landing of small A
clusters on an MgO surface suggest an important rol
electron-rich surface defects (F-centers), which can enh
the cluster’s reactivity by transferring charge to them[4,5].
In this paper we deal with several issues related to the r
tivity of the “magical” Au20 tetrahedral cluster toward C
oxidation and to its possible use in practical applications

First, we studied the stability of the tetrahedral shape
the supported cluster. Choosing MgO(100) as a support
compared the stabilities of several Au20 isomers supporte
at both perfect and defective (F+-center) MgO and found
in both cases the tetrahedral shape to be fairly robust
likely to survive upon soft-landing. Second, we studied
binding of CO and O2 to unsupported (both neutral and ne
atively charged) Au20 and to the cluster supported at eith
perfect or defective MgO(100). The free neutral cluster w
found to be only moderately active, with nearly unchan
activity for the cluster supported at perfect MgO(100).
should be expected, the cluster is very active as a free a
but attaching the neutral cluster to an F+-center (compose
of an electron residing in the surroundings of a missing O2−
anion) only weakly enhances reactivity over that of the n
tral free cluster. Our results indicate that this extra elec
is strongly pinned by the Madelung potential of the oxi
Third, since binding of the cluster to an electron-rich def
does not seem to significantly activate the cluster, we
plored the possibility of enhancing the reactivity by add
a dopant to it. It was shown recently that Sr addition to sm
Au clusters results in much larger activities[5]. This is due
to a facile electron transfer from the dopant to adsorbing2.
Choosing various alkali atoms as dopants (with the purp
of donating one extra electron, thus attaining an electr
configuration similar to the one of Au−

20), we found sodium
to be particularly promising; a single Na atom was pre
entially incorporated inside the tetrahedral “cage,” with
large activity enhancement. Finally, another competing
mer of Na1Au20 was found, also based on Na located ins
a Au cage, being exceptionally active for CO oxidation
well.

2. Theoretical basis

The simulations were performed with the DACAPO co
[24], which uses a plane-wave basis set[25] (expanded up to
25 Ry), ultra-soft pseudopotentials[26] (a scalar-relativistic
one, in the case of Au), and the gradient-corrected PW
functional[27] for exchange-correlation effects. Spin–or
coupling is not included, since it has recently been sho
that it does not alter the relative stability between isom
and has only a small effect on HOMO–LUMO gaps[28]. For
the simulations involving unsupported clusters, a large
cell was used, separating the clusters in neighboring

by at least 8 Å. For supported clusters, a frozen 2-layer-
thick slab in ap(5 × 5) surface unit cell was used, from
which a neutral surface oxygen atom was removed to cre-
Catalysis 233 (2005) 399–404
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ate an F-center. We simulated the F+-center by replacing th
substrate Mg cation just below the vacancy with a Na cat
which effectively reduced the amount of charge concentr
in the vacancy from two electrons to one. In all cases,
cause of the large unit cells used, only onek-point (�) was
used for thek-point sampling, because it provides a reas
ably good convergence. Test calculations for smaller clus
show that neither relaxation of the substrate nor the us
thicker slabs significantly modified the energetics. The A20
and Na1Au20 clusters and any adsorbates on them were f
relaxed.

3. Results

In Fig. 1 we show the relaxed structures (at the stoich
metric surface) of several supported Au20 isomers, includ-
ing the tetrahedron. The isomers were constructed b
on reasonable arguments related to close-packing and
imization of cluster–support interaction. Moreover, a pla
isomer (h) was included in the comparison, since planar
mers, because of relativistic effects[29], are found to com-
pete with 3D structures up to quite large sizes (≈12 atoms)
[30]. The presence of an F+-center results in a downwar
distortion of the Au atom placed on top of the vacan
without a severe overall cluster distortion (compareFig. 1a1
with 1a2). The relative stabilities are listed inTable 1. The
tetrahedral shape is more stable (by 2–3 eV) than any o
shape for the unsupported cluster, and even if some iso
show stronger adhesion to the support, this is never ab
compensate for the energetic cost of distorting the tetr
dral structure. This happens for both perfect and defec
surfaces, although in the latter case the effect is more
Fig. 1. Structure of several Au20 isomers supported at the perfect MgO(100)
surface (an F+-center, for (a2)).
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Table 1
Energy differences (relative to the most stable tetrahedral isomer) for
ters both unsupported (�Euns) and supported (�Esup) at either a perfec
MgO(100) surface or at an F+-center. On either case, also adhesion en
giesEadh are provided. The labels for the different isomers correspon
the various panels ofFig. 1. All quantities in eV

Isomer

a b c d e f g h

Perfect MgO support
�Euns 0.0 2.70 2.90 1.76 1.66 3.33 2.89 2.08
�Esup 0.0 1.16 2.40 2.01 2.10 2.37 1.65 1.47
Eadh 1.97 3.51 2.48 1.71 1.53 2.93 3.21 2.57

F+-center
�Esup 0.0 0.20 1.79 1.71 1.48 1.46 0.87 1.06
Eadh 3.44 5.94 4.54 3.48 3.62 5.31 5.46 4.46

Table 2
Binding energies (in eV) of CO and O2 to (a) free neutral Au20, (b) free
Au−

20, (c) Au20/MgO(perfect), (d) Au20/F+-center, (e) Au20/F-center and
(f) free neutral Na1Au20

Configuration (a) (b) (c) (d) (e) (f)

CO-apex 0.84 1.21 0.83 0.92 0.79 1.05
CO-edge 0.54 0.56 0.54 0.49 0.60 0.45
CO-facet 0.38 0.36 0.38 0.16 0.20 0.65

O2-apex 0.15 1.14 0.22 0.36 0.26 0.53
O2-edge–edgea 0.0 0.78 0.0 0.05 0.04 0.01
O2-facet–edgea 0.0 0.34 0.0 0.0 0.0 0.36

a O2-edge–edge and O2-facet–edge represent configurations where2
bridges two Au atoms.

nounced and the overall stabilities are more similar. Th
fore, the results suggest that the tetrahedral isomer is f
robust and is likely to survive when it is soft-landed on Mg

Next, we focus on the activity of Au20 toward CO oxida-
tion. Table 2summarizes the binding energy of the reacta
(CO and O2) to tetrahedral Au20 in various situations: free
Au20 (either neutral or anion) and supported Au20 (either
stoichiometric MgO, F and F+-centers). Three binding con
figurations were considered in each case, and the thre
equivalent sites of Au20, apex, edge, and facet atoms we
explored. In agreement with the closed-shell characte
neutral Au20, binding of O2 is not feasible unless the clust
becomes negatively charged. In such a case, the cluste
comes very active, as one would expect, given the low e
tron affinity of the neutral cluster (2.15 eV). The preferr
binding sites are clearly the corner atoms; this is mainly
to the fact that the electron populating the HOMO of Au−

20
(i.e., the LUMO of Au20) is strongly localized at those site
(seeFig. 2). Strong activity changes are found as well for C
binding, with the binding energy correlating with the co
dination of the binding site[31,32]. It is worth noting that
charging of Au20 enhances CO binding as well.

For the supported cluster, in the case of a perfect M

(100) surface, because of the relatively weak character of
the cluster–oxide interaction, the binding of both CO and
O2 closely resembles the result obtained for the unsupported
Catalysis 233 (2005) 399–404 401
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Fig. 2. Densities of states (DOS) around the Fermi level for Au20 and
Na1Au20 on several different environments. Labels indicate degenera
of electronic levels. To the right, isosurface plots of the real part of on
the HOMO levels of Au−20, Au20 supported at an MgO F+-center, and free
and F-center supported Na1Au20-Td.

neutral cluster. This is no surprise, since the electronic st
tures of the free and supported clusters are very simila
Fig. 2 it can be seen that the 1.78 eV HOMO-LUMO g
of the free cluster is only weakly modified by the cluste
support interaction. Overall, the cluster is found to be o
moderately active; the main contribution comes from the
per corner site, which binds CO effectively. Placing the cl
ter at either an F or an F+-center has very little effect on th
O2 binding energy, despite the charged nature of the de
This is due to some fundamental differences with respe
the free anion; for Au−20 the extra electron occupies one
the three degenerated HOMO levels of neutral Au20, which
are strongly localized at the apex atoms. Localization in
region and at an orbital energetically much above the re
Au valence electrons makes its transfer to one of theπ∗
orbitals of O2 very easy. Consequently, O2 binds strongly
to the apex atoms. In contrast, for Au20 supported at the
F+-center, that electron is mostly localized around the
atom on top of the defect (seeFig. 2, fourth panel) in a state

shifted down in energy toward the valence band. Such elec-
tron trapping at the defect, where the electron is “pinned” by
the Madelung potential of the oxide, makes charge transfer
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Fig. 3. Low energy isomers for the Na1Au20 cluster.

Table 3
Relative energies (in eV) of various isomers of the alkali-Au20 cluster; in
the case of Na, also the stabilities of the cation are reported. The l
represent the different isomers inFig. 3

Dopant (a) (b) (c) (d)

H 0.0 0.42 0.85 –
Li 0.08 0.0 0.41 –
Na 0.90 0.49 0.0 0.52
Na (cation) – 0.63 0.59 0.0
K – 0.0 1.39 0.98

to O2 more difficult, as the relatively weak binding of O2,
reduced bond length (1.27 Å), and high magnetic mom
(1.5µB) further show.

We now study the addition of monovalent atoms to Au20,
and try to find a stable neutral cluster with an electro
structure analogous to the one of the very reactive A−

20.
Here it must be noted that the special Td geometry of Au20
makes it worthwhile to consider structures with an en
hedral dopant, since Au20 lacks a core atom (Au20 can be
viewed as the largest closed-packed metal cluster with e
atom on the surface), and there is a small, empty space a
center of mass, separated by 1.7 Å from the closest a
(facet atoms). From the point of view of catalyst design,
would lead to a substantial advantage, because of a la
resistance to degradation of the endohedral catalyst: a
tively weakly bound dopant at an exohedral location is m
more likely to be evaporated by the heat release of the r
tion (in the case of CO oxidation, around 3 eV for each C2
molecule formed).

The structures for the most relevant isomers (in the c

of Na) are shown inFig. 3, and the relative energies are listed
in Table 3. Na is found to be the most interesting dopant,
since it clearly prefers to be located an at endohedral posi-
Catalysis 233 (2005) 399–404
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tion [33].1 The presence of Na results in a sizable outw
distortion of the “facet” Au atoms, by around 1 Å. For
and Li, the larger covalence of alkali-Au bonding makes
terior sites the preferred location, whereas for K the dop
is too large to fit inside the tetrahedron (for Cs, the endo
dral location is not even metastable). Of course, in addi
to a study of the preferred location of the dopant around
Au20 tetrahedron (isomers a–c), the possibility of Na dop
altering the tetrahedral shape of the cluster must be chec
Relaxing a number of different close-packed isomers,
find that only the structure shown inFig. 3d competes with
the endohedrally doped tetrahedron (labeled from now
as Na1Au20-Td), because it is even more stable than
Na1Au20-Td isomer for the cationic cluster. This structu
consists of a roughly spherical Au20 cage with a Na atom a
the center; (Johansson et al. have also reported highly
ble cage-like structures for Au clusters[34]). The interest
in the properties of the cation arises from the possibility
synthesizing the cluster through mass selection (maybe
posterior soft-landing upon a suitable substrate as Mg
a procedure that involves charged clusters. If we take
account the fact that a positively charged Na1Au20 contains
the magical number of 20 electrons, and its highly symme
cal and compact shape, a high abundance in the cluster
should be expected.

The addition of endohedral Na dramatically improves
reactivity of the neutral Au20 cluster. For the Na1Au20-Td
isomer, both CO and O2 binding energies are systematica
enhanced (seeTable 2). The electronic structure of this clu
ter (seeFig. 2) closely resembles that of Au−

20; there are,
however, some important differences, related to the distr
tion of the HOMO level, which is now shared between ap
and facet sites. The latter become very active, even m
than the edge sites. The other competing isomer, Na1Au20-
cage, is also very active, with CO binding energies of 0
0.62, and 0.57 eV at each of its three inequivalent sites,
O2 binding energies of 0.59 and 0.52 eV at the two most
vorable binding configurations.

To further check on this activity enhancement, we h
compared the activity of Au20, Na1Au20-Td and Na1Au20-
cage, modeling the reaction between coadsorbed CO
O2. Before we comment on the results, shown inFig. 4, it
must be noted that the real environment where the reac
will take place should involve a relatively high concent
tion of adsorbed CO molecules. For free anions, Wallace
Whetten[35] have found multiply bonded CO with larg
saturation coverages, and Zhai and Wang have recentl
ported that the amount of adsorbed CO correlates with
number of available low-coordination sites[36]. Therefore,
we first checked how high the CO concentration can be
the possibility of CO bonding at sites other than the m
reactive ones.
1 The preference of sodium for an endohedral location agree with the
results obtained for Na doping of large Au nanoparticles, where a clear
tendency for Na atoms to sink into a Au particle is found.
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Fig. 4. Potential energy diagrams for the CO+ O2 reaction at neutra
Au20 (upper panel), Na1Au20-Td (middle panel) and Na1Au20-cage (lower
panel). Several possible paths are shown in each case. All quantities
The energy zero is set at cluster+ CO(gas)+ O2(gas) on each case.

The results are listed inTable 4, which compares the tota
CO binding energies with Au20 and Na1Au20-Td. The table
includes the total binding energies calculated with sev
CO present at the same time and the estimate based oTa-
ble 2 of the total binding energy of the CO’s if they we
noninteracting. On Au20 a small CO attraction at high cov
erages is found, whereas on Na1Au20-Td a small repulsion is

calculated. Overall the binding energies reveal that at around
room temperature, all of the apex sites are expected to be
covered by CO, and, in the case of Na1Au20-Td, CO can fur-
Catalysis 233 (2005) 399–404 403
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Table 4
Total CO binding energiesEb(tot) and the corresponding estimations of t
sum of binding energies

∑
Eb assuming independent CO adsorption,

multiple CO adsorption at Au20 and Na1Au20-Td. The labels indicate how
many sites are occupied by CO, and their character (a= apex, f= facet).
All quantities in eV

Au20 aa af ff aaa aaaa aaaaf aaa

Eb(tot) 1.78 1.27 0.74 2.75 3.75 4.12 4.50∑
Eb 1.69 1.23 0.77 2.53 3.38 3.76 4.15

Eb(tot) 2.04 1.65 1.31 2.98 3.95 4.53 5.14
∑

Eb 2.11 1.71 1.31 3.16 4.21 4.87 5.52

ther adsorb at the active facet sites. This has some intere
implications, with respect to the recent synthesis of liga
protected Au20 by Zhang and co-workers[20]; since these
authors have shown that ligands preferentially attach to
apex sites, thus blocking them, the presence of extra rea
sites becomes very important.

The potential energy diagrams in the upper two pan
of Fig. 4 compare two analogous reaction paths (with
initially bonded to either apex or facet sites) for Au20 and
Na1Au20-Td. These pathways start from CO and O2 coad-
sorbed at two neighboring sites and formation of a CO·O2
intermediate complex, quite labile, which easily dissocia
into CO2 and adsorbed O[32] (we have checked, in the ca
of Na1Au20-Td, that direct O2 dissociation is very unlikely
with high (1.5 eV) activation barriers and a very unstable
nal state). The comparison confirms the beneficial effec
Na doping: not only do the adsorbates bind more stron
to Na1Au20-Td; the activation barriers are also substantia
reduced. Moreover, the energy gained as the final CO·O2
complex is reached increases. The Na1Au20-cage isomer is
even more active than Na1Au20-Td. In this case, new path
ways (a, c) where CO reacts with a strongly bound O2 can be
considered; in both cases, very small (0.13 and 0.14 eV
tivation barriers lead to the formation of a very stable CO·O2
intermediate.

Finally, we have determined that, being supported a
MgO F-center, the Na1Au20-Td cluster2 largely retains its
gas-phase activity. However, the presence of the vacanc
duces some interesting changes: the binding energy o2
at the topmost apex atom is only 0.38 eV (compared w
0.53 eV for the free cluster), whereas at the interfacial a
atoms it is enhanced to 0.66 eV; this asymmetry can be
derstood in terms of the electronic structure of the suppo
cluster, shown inFig. 2. In the same way as for Au20, the va-
cancy electrons are pinned in the level labeled (1), whic
localized mainly at the vacancy (with some small contri
tion at the topmost apex atom). Then, the additional elec
provided by Na is shared among the remaining two A20
LUMO levels, localized (due to symmetry) at the interfac
apex atoms (see the eigenvalue plot inFig. 2).
2 Supported at an MgO F-center, the Td isomer is 0.47 eV more stable
than the cage one (roughly the same energy difference as for the free neutral
clusters).
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4. Conclusions

We can conclude that, for the important charge dona
effect, it seems a more viable path to add to Au20 a dopant
such as Na rather than to rely on the excess charge at
F+ centers to provide the anionic behavior for the suppo
cluster. Moreover, given the tendency of Na to embed in
of Au clusters, the synthesis of these type of doped clus
may be feasible, with isolated Na atoms becoming seeds
in the process of cluster growth, being surrounded by
atoms until they are completely encapsulated. Then, m
clusters such as the two different isomers of Na1Au20 stud-
ied may become, after mass selection and soft-landing,
interesting model catalysts.
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