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Abstract

Several issues concerning the activity of the magicapAciuster are addressed with the help of Density Functional Theory (DFT)
simulations. First, the cluster is found to be extremely robust against distortions when supported at an oxide (MgO) surface, keeping its
tetrahedral shape. Second, the activity toward CO oxidation is studied as a function of the cluster charge state. Whereas the neutral cluster is
found to be only moderately active, the anion becomes extremely active, because of the presence of a weakly bound unpaired electron. The
attempt to induce cluster charging upon attachment to a charged sutfagenfer was unsuccessful, with a cluster only slightly more active
than the unsupported, neutral one. Finally, some initial steps towards the rational design of active catalysts were taken by the study of the
effect of having different impurities. Promising results are obtained by the addition of an extra Na atom, which preferentially adsorbs inside
the tetrahedron. Two competing isomers with an endohedral Na atom withiagcAge are found, and both of them are very active.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction lar O,. One particular example is Ay which was recently
identified as highly active for the C@ O, reaction[9].
Small Au nanoparticles supported at metal oxides are cur- Another interesting case is the gyicluster. Very recently,
rently receiving a lot of attention because of their surprising this cluster was identified as particularly stable, with a large
catalytic propertie$1—3]. Moreover, in order to clarify the  HOMO-LUMO gap of 1.77 eV due to both a magic num-
origin of that activity (and the reaction mechanisms), much ber of valence electrons (20, corresponding to one of the
research has been devoted to the catalytic activity of smallshell closings of the jellium model) and a very compact,
Au clusters containing fews{1-20) Au atoms, where some close-packed tetrahedral shgp8]. These facts suggest that
important parameters such as size and charge state can beinding of & to the Au,, anion will be strong, possibly
controlled. Both soft-landing of size-selected clus{érs7] rendering the cluster very reactive. Further interest in this
and either experimentf8-11]or theoretica[12-18]studies  cluster has arisen very recently because of its solution syn-
of gas-phase clusters have been used to obtain some unthesis (protected by PRHigands), achieved by Zhang and
derstanding of the catalysts’ features at the molecular level, co-workers[20].
focusing on the low temperature CO oxidation reaction. However, despite the interest in these results for free
In the ongoing discussion, there is ample evidence that charged clusters, other important considerations must be
free neutral clusters with high HOMO-LUMO gaps are very taken into account for a discussion of the activity of cata-
act_|ve as anions, because of their small electronic affinity, lysts to be used in practical applications, which are generally
which favors electron transfer to a strongly bound molecu- pairal and supported. When supported, clusters are likely to
distort and possibly undergo fundamental structural changes.
~* Corresponding author. Fax: +34 983 423013, Furthermore, the cluster—support interaction can also change
E-mail address: Imolina@fta.uva.e¢..M. Molina). the electronic structure of the cluster, altering its reactiv-
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ity [21-23] Experiments involving soft-landing of small Au  ate an F-center. We simulated the-Eenter by replacing the
clusters on an MgO surface suggest an important role of substrate Mg cation just below the vacancy with a Na cation,
electron-rich surface defects (F-centers), which can enhancewhich effectively reduced the amount of charge concentrated
the cluster’s reactivity by transferring charge to thghb]. in the vacancy from two electrons to one. In all cases, be-
In this paper we deal with several issues related to the reac-cause of the large unit cells used, only dnpoint (') was
tivity of the “magical” Auyg tetrahedral cluster toward CO  used for thec-point sampling, because it provides a reason-
oxidation and to its possible use in practical applications.  ably good convergence. Test calculations for smaller clusters
First, we studied the stability of the tetrahedral shape for show that neither relaxation of the substrate nor the use of
the supported cluster. Choosing MgO(100) as a support, wethicker slabs significantly modified the energetics. TheAu
compared the stabilities of several Ausomers supported  and NaAuyg clusters and any adsorbates on them were fully
at both perfect and defective {Fcenter) MgO and found  relaxed.
in both cases the tetrahedral shape to be fairly robust and
likely to survive upon soft-landing. Second, we studied the
binding of CO and @to unsupported (both neutral and neg- 3. Results
atively charged) App and to the cluster supported at either
perfect or defective MgO(100). The free neutral cluster was  In Fig. 1we show the relaxed structures (at the stoichio-
found to be only moderately active, with nearly unchanged metric surface) of several supported sgusomers, includ-
activity for the cluster supported at perfect MgO(100). As ing the tetrahedron. The isomers were constructed based
should be expected, the cluster is very active as a free anion©n reasonable arguments related to close-packing and max-
but attaching the neutral cluster to ah-Eenter (composed imization of cluster—support interaction. Moreover, a planar
of an electron residing in the surroundings of a missifg O  isomer (h) was included in the comparison, since planar iso-
anion) only weakly enhances reactivity over that of the neu- Mers, because of relativistic effe¢29], are found to com-
tral free cluster. Our results indicate that this extra electron Pete with 3D structures up to quite large sizesl2 atoms)
is strongly pinned by the Madelung potential of the oxide. [30]. The presence of an*Fcenter results in a downward
Third, since binding of the cluster to an electron-rich defect distortion of the Au atom placed on top of the vacancy,
does not seem to significantly activate the cluster, we ex- Without a severe overall cluster distortion (compéig. 1al
plored the possibility of enhancing the reactivity by adding with 1a9. The relative stabilities are listed ifable 1 The
adopant to it. It was shown recently that Sr addition to small tetrahedral shape is more stable (by 2-3 eV) than any other
Au clusters results in much larger activitig. This is due ~ Shape for the unsupported cluster, and even if some isomers
to a facile electron transfer from the dopant to adsorbing ©  Show stronger adhesion to the support, this is never able to
Choosing various alkali atoms as dopants (with the purposecompensate for the energetic cost of distorting the tetrahe-
of donating one extra electron, thus attaining an electronic dral structure. This happens for both perfect and defective
configuration similar to the one of A}), we found sodium surfaces, although in the latter case the effect is more pro-
to be particularly promising; a single Na atom was prefer-
entially incorporated inside the tetrahedral “cage,” with a
large activity enhancement. Finally, another competing iso-
mer of NaAuyg was found, also based on Na located inside
a Au cage, being exceptionally active for CO oxidation as
well.

(al)

2. Theoretical basis

The simulations were performed with the DACAPO code
[24], which uses a plane-wave basis[&&] (expanded up to
25 Ry), ultra-soft pseudopotentid®5] (a scalar-relativistic
one, in the case of Au), and the gradient-corrected PW91
functional[27] for exchange-correlation effects. Spin—orbit
coupling is not included, since it has recently been shown
that it does not alter the relative stability between isomers
and has only a small effect on HOMO-LUMO g4dg8]. For
the simulations involving unsupported clusters, a large unit
cell was used, separating the clusters in neighboring cells
by at least 8 A. For supported clusters, a frozen 2-layer-
thick slab in ap(5 x 5) surface unit cell was used, from  Fig. 1. Structure of several Ay isomers supported at the perfect MgO(100)
which a neutral surface oxygen atom was removed to cre- surface (an ¥-center, for (a2)).
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Table 1 ‘ Au,,
Energy differences (relative to the most stable tetrahedral isomer) for clus- @)

ters both unsupported\(Euns) and supportedA Esyp) at either a perfect :

MgO(100) surface or at an'Fcenter. On either case, also adhesion ener- i A
gies Eagh are provided. The labels for the different isomers correspond to ' H

the various panels dfig. 1 All quantities in eV ; Au.]0

Isomer

- f -

a b c d e f g h k
Perfect MgO support \ :

AEus 00 270 290 176 166 333 289 208 'WV | Au, /MeO(perfect)
AEsyp 00 116 240 201 210 237 165 147 207
Eqgn 197 351 248 171 153 293 321 257

F*-center
AEsyp 0.0 0.20 179 171 148 146 087 106
Eagn 3.44 594 454 348 362 531 546 446

Table 2

Binding energies (in eV) of CO andJo (a) free neutral App, (b) free
Auyg, (€) Aupo/MgO(perfect), (d) Ayg/Ft-center, (e) Agg/F-center and
(f) free neutral NaAuog

Configuration (a) (b) (c) (d) (e) ®

CO-apex B4 121 083 092 079 105 :
CO-edge G4 056 054 049 060 045 Na@AuQO/MgO(F
CO-facet 038 036 038 016 020 065
Oz-apex 015 114 022 036 026 053 o) (2)
Op-edge-edgé 0.0 0.78 00 0.05 004 001 A & ,Jl\ A J

O,-facet-edge 0.0 0.34 00 0.0 0.0 0.36 3
2 0,-edge—edge and f&Xacet—edge represent configurations whege O [E E (eV)
bridges two Au atoms.

Fig. 2. Densities of states (DOS) around the Fermi level fopgAand

A - Naj Auyg on several different environments. Labels indicate degeneracies
nounced and the overall stabilities are more similar. There- of electronic levels. To the right, isosurface plots of the real part of one of

fore, the results suggest that the tetrahedral isomer is fairly the HOMO levels of AGy, Augo supported at an MgOFcenter, and free
robust and is likely to survive when it is soft-landed on MgO. and F-center supported Nauzg-Tg.

Next, we focus on the activity of Aig toward CO oxida-
tion. Table 2summarizes the binding energy of the reactants neutral cluster. This is no surprise, since the electronic struc-
(CO and Q) to tetrahedral App in various situations: free  tures of the free and supported clusters are very similar; in
Auyo (either neutral or anion) and supportedAueither Fig. 2it can be seen that the 1.78 eV HOMO-LUMO gap
stoichiometric MgO, F and Fcenters). Three binding con-  of the free cluster is only weakly modified by the cluster—
figurations were considered in each case, and the three insupport interaction. Overall, the cluster is found to be only
equivalent sites of Agp, apex, edge, and facet atoms were moderately active; the main contribution comes from the up-
explored. In agreement with the closed-shell character of per corner site, which binds CO effectively. Placing the clus-
neutral Ao, binding of G is not feasible unless the cluster ter at either an F or an'Fcenter has very little effect on the
becomes negatively charged. In such a case, the cluster be©, binding energy, despite the charged nature of the defect.
comes very active, as one would expect, given the low elec- This is due to some fundamental differences with respect to
tron affinity of the neutral cluster (2.15 eV). The preferred the free anion; for Ag, the extra electron occupies one of
binding sites are clearly the corner atoms; this is mainly due the three degenerated HOMO levels of neutrapddwhich
to the fact that the electron populating the HOMO of,pu  are strongly localized at the apex atoms. Localization in that
(i.e., the LUMO of Awp) is strongly localized at those sites  region and at an orbital energetically much above the rest of
(seeFig. 2). Strong activity changes are found as well for CO Au valence electrons makes its transfer to one of thé 2
binding, with the binding energy correlating with the coor- orbitals of Q very easy. Consequently,,(inds strongly
dination of the binding sit¢31,32] It is worth noting that to the apex atoms. In contrast, for Ausupported at the
charging of Agg enhances CO binding as well. F*-center, that electron is mostly localized around the Au

For the supported cluster, in the case of a perfect MgO atom on top of the defect (s€ég. 2 fourth panel) in a state
(100) surface, because of the relatively weak character of shifted down in energy toward the valence band. Such elec-
the cluster—oxide interaction, the binding of both CO and tron trapping at the defect, where the electron is “pinned” by
O, closely resembles the result obtained for the unsupportedthe Madelung potential of the oxide, makes charge transfer
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tion [33].1 The presence of Na results in a sizable outward
distortion of the “facet” Au atoms, by around 1 A. For H
and Li, the larger covalence of alkali-Au bonding makes ex-
terior sites the preferred location, whereas for K the dopant
is too large to fit inside the tetrahedron (for Cs, the endohe-
dral location is not even metastable). Of course, in addition
to a study of the preferred location of the dopant around the
Auyg tetrahedron (isomers a—c), the possibility of Na doping
altering the tetrahedral shape of the cluster must be checked.
Relaxing a number of different close-packed isomers, we
find that only the structure shown Fig. 3d competes with
the endohedrally doped tetrahedron (labeled from now on

A ) as NaAupp-Tq4), because it is even more stable than the
e . '7’.}:-;7“‘1 NajAuog-Tg4 isomer for the cationic cluster. This structure
l/""g\(. »z’é.\"\ '149;’\‘\’4_"&\ consists of a roughly spherical Asicage with a Na atom at

the center; (Johansson et al. have also reported highly sta-
ble cage-like structures for Au cluste34]). The interest

in the properties of the cation arises from the possibility of
synthesizing the cluster through mass selection (maybe with
posterior soft-landing upon a suitable substrate as MgO),

=y

1’9&\"/ \ *\‘?‘\- S

)
/5‘4/4'4 el

AT

Fig. 3. Low energy isomers for the NAuyg cluster. a procedure that involves charged clusters. If we take into
account the fact that a positively chargedNayg contains
Table 3 the magical number of 20 electrons, and its highly symmetri-
Relative energies (in eV) of various isomers of the alkalpdualuster; in cal and compact shape, a high abundance in the cluster beam

the case of Na, also the stabilities of the cation are reported. The labels should be expected.
represent the different isomersfg. 3 The addition of endohedral Na dramatically improves the

Dopant (@ (b) () (d) reactivity of the neutral App cluster. For the NgAuyo-Tqg

H 0.0 042 085 - isomer, both CO and £binding energies are systematically
Li 0.08 00 041 - enhanced (seBable ). The electronic structure of this clus-
Na %0 049 a0 052 ter (seeFig. 2) closely resembles that of Ay there are,

Na (cation) - %3 059 00 . . .

K _ 0.0 139 098 however, some important differences, related to the distribu-

tion of the HOMO level, which is now shared between apex
and facet sites. The latter become very active, even more
to O, more difficult, as the relatively weak binding of,© than the edge sites. The other competing isomerANgy-
reduced bond length (1.27 A), and high magnetic moment cage, is also very active, with CO binding energies of 0.91,
(1.5ug) further show. 0.62, and 0.57 eV at each of its three inequivalent sites, and

We now study the addition of monovalent atoms tofu O, binding energies of 0.59 and 0.52 eV at the two most fa-
and try to find a stable neutral cluster with an electronic vorable binding configurations.
structure analogous to the one of the very reactivg,Au To further check on this activity enhancement, we have
Here it must be noted that the special Jeometry of Aug compared the activity of Agp, NagAuoo-Tg and NaAuzo-
makes it worthwhile to consider structures with an endo- cage, modeling the reaction between coadsorbed CO and
hedral dopant, since Ay lacks a core atom (Al can be O,. Before we comment on the results, showrFig. 4, it
viewed as the largest closed-packed metal cluster with everymust be noted that the real environment where the reaction
atom on the surface), and there is a small, empty space at thevill take place should involve a relatively high concentra-
center of mass, separated by 1.7 A from the closest atomstion of adsorbed CO molecules. For free anions, Wallace and
(facet atoms). From the point of view of catalyst design, this Whetten[35] have found multiply bonded CO with large
would lead to a substantial advantage, because of a largesaturation coverages, and Zhai and Wang have recently re-
resistance to degradation of the endohedral catalyst: a relaported that the amount of adsorbed CO correlates with the
tively weakly bound dopant at an exohedral location is much number of available low-coordination sitf86]. Therefore,
more likely to be evaporated by the heat release of the reac-we first checked how high the CO concentration can be and
tion (in the case of CO oxidation, around 3 eV for eachpCO the possibility of CO bonding at sites other than the most
molecule formed). reactive ones.

The structures for the most relevant isomers (in the case
_Of Na) are ShOV\(ﬂ "h_'lg' 3 and the relative _energle_s are listed Thepreference of sodium for an endohedral location agree with the
in Table 3 Na is found to be the most interesting dopant, resuits obtained for Na doping of large Au nanoparticles, where a clear
since it clearly prefers to be located an at endohedral posi-tendency for Na atoms to sink into a Au particle is found.
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Table 4

Total CO binding energieBp(tot) and the corresponding estimations of the
sum of binding energie§_ Ey, assuming independent CO adsorption, for
multiple CO adsorption at Aiy and Ng Auog-Tg. The labels indicate how
many sites are occupied by CO, and their charactet épex, f= facet).

All quantities in eV

Auyg aa af ff aaa aaaa  aaaaf  aaaaff

Ep(tot) 178 127 074 275 375 412 450
> Ep 1.69 123 Q77 253 338 376 415

Ep(tot) 2.04 165 131 298 395 453 514
4 > Ep 211 171 131 316 421 487 552

¥.0.04
1.0 ther adsorb at the active facet sites. This has some interesting

implications, with respect to the recent synthesis of ligand-
protected Adg by Zhang and co-worker®0]; since these
authors have shown that ligands preferentially attach to the
apex sites, thus blocking them, the presence of extra reactive
sites becomes very important.

The potential energy diagrams in the upper two panels
of Fig. 4 compare two analogous reaction paths (with CO
initially bonded to either apex or facet sites) for Auand
Na;Auzo-Ty4. These pathways start from CO and Epad-
sorbed at two neighboring sites and formation of a-G
intermediate complex, quite labile, which easily dissociates
into CO; and adsorbed 82] (we have checked, in the case
of NajAupp-Ty, that direct Q dissociation is very unlikely,
with high (1.5 eV) activation barriers and a very unstable fi-
nal state). The comparison confirms the beneficial effect of
Na doping: not only do the adsorbates bind more strongly
to NagAuoo-Tq; the activation barriers are also substantially
reduced. Moreover, the energy gained as the final@O
complex is reached increases. The Nagg-cage isomer is
even more active than MAuyp-Ty. In this case, new path-
ways (a, ¢) where CO reacts with a strongly bound:@n be
considered; in both cases, very small (0.13 and 0.14 eV) ac-
tivation barriers lead to the formation of a very stable-O®
intermediate.

Finally, we have determined that, being supported at an
MgO F-center, the NgAu,o-Tq clustef largely retains its
gas-phase activity. However, the presence of the vacancy in-
duces some interesting changes: the binding energy,of O
Fig. 4. Potential energy diagrams for the GO O, reaction at neutral at the topmost apex atom is only 0.38 eV (compared with
Auzo (upper panel), NgAuzo-Tg (middle panel) and NgAuzo-cage (lower g 53 eV for the free cluster), whereas at the interfacial apex
panel). Several possible paths are shown in each case. All quantities in eV. L el
The energy zero is set at clusteCO(gas)+ Ox(gas) on each case. atoms it is enhanced to 0.66 eV,. this asymmetry can be un-

derstood in terms of the electronic structure of the supported
cluster, shown irrig. 2 In the same way as for Ay, the va-

The results are listed ifable 4 which compares the total ~ cancy electrons are pinned in the level labeled (1), which is
CO hinding energies with Alp and NaAuxo-Ty4. The table localized mainly at the vacancy (with some small contribu-
includes the total binding energies calculated with several tion at the topmost apex atom). Then, the additional electron
CO present at the same time and the estimate bas@d-on provided by Na is shared among the remaining twedu
ble 2 of the total binding energy of the CO’s if they were LUMO levels, localized (due to symmetry) at the interfacial
noninteracting. On Agh a small CO attraction at high cov-  apex atoms (see the eigenvalue ploFig. 2).
erages is found, whereas onfai>o-Ty a small repulsion is
calculated. Overall the binding energies reveal that at aroundTuploorted at an MgO F-center, thg FEomer is 0.47 eV more stable

room temperature, all of the apex sites are expected to bean the cage one (roughly the same energy difference as for the free neutral
covered by CO, and, in the case ofai»o-Tg4, CO can fur- clusters).




404

4. Conclusions

We can conclude that, for the important charge donation
effect, it seems a more viable path to add topfa dopant

such as Na rather than to rely on the excess charge at F or

FT centers to provide the anionic behavior for the supported
cluster. Moreover, given the tendency of Na to embed inside
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