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Abstract. The lowest-energy structures of binary (Aulr),, (Aulrs)s, and (Auslr)s clusters, with n = 2—20,
and s = 5, modeled by the many-body Gupta potential, were obtained by using a genetic-symbiotic
algorithm. These structures were further relaxed within the density functional theory to obtain the most
stable structures for each composition. Segregation is observed in all the Aulr clusters, where the Ir
atoms occupy the cluster core and the Au atoms are situated on the cluster surface. On the other hand,
there is experimental evidence that the (Aulr), nanoalloys could have an enhanced catalytic activity for
CO oxidation. In order to study this phenomenon, we also performed first-principles density functional
calculations of the CO and Oz adsorption on these bimetallic nanoclusters, considering three different

compositions and a fixed cluster size of 20 atoms.

1 Introduction

It is known that the physical and chemical properties of
bimetallic clusters or nanoalloys, composed of two metal
elements, may be tuned by varying not only their size and
geometries, but also their composition [1,2] and, in many
cases, they have enhanced catalytic properties as com-
pared with the corresponding monometallic clusters [3].
On the other hand, the CO oxidation on supported nano-
gold catalysts has been a subject of intensive study during
the last years. In particular, it has been found that the cat-
alytic activity of Au nanoparticles supported on reducible
oxides (such as TiOy and FeyOj) is at least one order
of magnitude greater than that of Au supported on inert
substrates (e.g., MgO, SiO2) under similar conditions [4].
However, these gold catalysts are not stable because their
catalytic activity decreases with time due to either the
sintering of gold nanoparticles or to the adsorption of car-
bonates on catalytic active sites [5]. Okumura et al. [6]
found that adding Ir to Au/TiO2 catalysts enhance their
catalytic activity for oxidative reactions at high temper-
atures such as the decomposition of dyoxin. Moreover,
codepositing Au and Ir on rutile (TiO2) single crystal,
can produce Au particles (5-10 nm) which epitaxially cap
IrO- pillars dispersed on the TiOy [7]. Density functional
studies of the latter system show that the presence of IrO5
produces an active Au/IrO; interface while preserving the
resistance to sintering of the gold particles [8]. More recent
studies also show that the addition of iridium to Au/TiO2
catalysts, stabilize them against sintering and improves
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their catalytic activity for CO oxidation [9]. Furthermore,
it has been found that Ir-Au/rutile catalysts have small
iridium particles containing gold and having dimensions of
the order of 1 nm and, probably, these nanoparticles are
responsible for the enhancement of the activity of these
catalysts for the CO oxidation [10]. Since there is exper-
imental evidence that supported Aulr nanoparticles can
be formed, in this work we present a density functional
study of the structural and electronic properties of the
gas phase (Aulr),, (Auslr), and (Aulrs), (n = 2-20,
s = 5) atomic clusters, within the generalized gradient
approximation (GGA). In order to have some insight on
the possible catalytic activity of these nanoalloys for the
CO oxidation, we also address the molecular CO and O,
adsorption on gas-phase Au,,Ir, clusters with m +n = 20,
and m = 3n, m =n and n = 3m.

2 Theoretical methodology

In the initial stage of our study, a distribution of the
lowest-energy isomers of the Aulr bimetallic clusters (with
a given size and composition) is obtained by performing
global optimizations using the Gupta many-body poten-
tial [11] and a generalized version of the genetic-symbiotic
algorithm by Michaelian et al. [12,13]. The Gupta pa-
rameters were taken from reference [11] for the Au-Au
and Ir-Ir interactions. In the case of Au-Ir interactions,
a geometrical average of the Au-Au and Ir-Ir interac-
tions was taken for the A and { parameters of the Gupta
potential, whereas an arithmetic average was used for
the p, ¢, and r¢ parameters. In the second stage, some
of the more relevant isomers of this distribution (typi-
cally ten) were used as initial configurations in a fur-
ther local structural reoptimization with an unconstrained
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conjugate gradient (CG) procedure, using the forces ob-
tained from a DFT-GGA calculation within the PBE
parametrization [14]. This approach has been used in pre-
vious studies of monometallic [15] and bimetallic clus-
ters [16-19] showing an evident effectiveness. We used the
DFT code SIESTA [20] with standard norm-conserving
pseudopotentials [21] in their fully nonlocal form [22].
These pseudopotentials were generated with the atomic
valence-electron configurations d'%s! (Au), d”s? (Ir), s?p?
(C) and s%p* (O). The core radii (in atomic units) are
as follows: s (2.32), p (2.32), d (2.32) for Au; s (2.60),
p (2.77), d (2.60) for Ir; s (1.14), p (1.14), d (1.14) for O;
and s (1.25), p (1.25), d (1.25) for C. We used double-
( s, d-basis and single p polarization orbitals, whereas,
for C and O we used a double-( s, p-basis and single d
orbitals. We also used an energy cutoff of 150 Ry to de-
fine the real space grid for numerical integrations. All the
calculations included spin polarization. The clusters were
let free to relax until the Hellmann-Feynman forces were
less than 20 meV/ A. Likewise, the lowest-energy configu-
rations of the Au,,Ir,CO, Au,,Ir,O and Au,,Ir,O5CO
complexes were also found by performing CG structural
relaxations using the DFT forces, starting with the lowest-
energy isomers of the Au,, Ir,, clusters previously obtained,
and testing several different initial positions (typically 20)
for the adsorbed CO and O3 molecules on the bimetallic
cluster. For the metal dimers the following bond distances
and binding energies were obtained: (2.526 A, 2.778 eV)
for Aup and (2.349 A, 4.483 eV) for Iry. The suitabil-
ity of the double zeta polarized (DZP) basis set has been
tested by comparing the calculated bond lengths of the
Au and Ir dimers with those obtained with the GPAW
package [23,24], which uses an uniform real-space grid rep-
resentation of the electronic wave functions. These values
are 2.557 A and 2.264 A for Au, and Irs, respectively,
and they are in good agreement with the DZP ones. The
experimental values for neutral dimers are [25]: (2.47 A,
2.29 + 0.02 eV) for Auy and (2.27 A, 3.7 & 0.7 eV) for
Ire. It is well known the relatively high error of current
xc-approximations in the calculated values of binding en-
ergies with respect to experiments.

3 Physical properties of Aulr clusters

The lowest-energy isomers obtained for (Aulr),, with
n = 2—20, are shown in Figure 1. Observe that for n = 2
and n = 3, nearly planar structures are found with the
Ir atoms at the center and the Au atoms at the extremes.
Almost all the structures are amorphous and many of
them present decahedral motifs except for n = 17, 18
and 19, where fcc-like structures are found. In particu-
lar, for n = 19, the structure of the most stable isomer
is a distorted cube-octahedron. It is worth mentioning
that the same geometry is found for the (PtPd);9 and
(PtNi);9 lowest-energy isomers [16,19]. The general trend
observed in the (Aulr),, lowest-energy isomers is that their
structures are characterized by a segregation phenomenon,
where the Ir atoms form the cluster core whereas the
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Fig. 1. Geometric structures and binding energies per
atom (A) in eV for the most stable isomers of (Aulr),, with
n = 2—20. The blue spheres represent the Ir atoms.

Au atoms are situated on the cluster surface. This phe-
nomenon is due to the higher binding energy of Ir atoms
in comparison to that of Au atoms, and it can be observed
by inspection of the corresponding structures or by calcu-
lating the interatomic mean distance given by:

Nz

D D ) 1)

T i<y

where x; denotes i-atom of species & (Au,Ir) and N, is the
number of atoms of species . In Figure 2, (r)au—au (solid
triangles), (r)r—1; (solid squares), and (r) (solid circles)
are shown as a function of n for (Aulr),, clusters. Here, (r)
denotes the atomic mean distance without distinguishing
between species.

Notice that (r)i_1, is always smaller than (r)ay—au
for all the values of n considered, indicating that, for a
given cluster, the Ir atoms form a more compact struc-
ture than that of the Au atoms. In particular, (r)au—au(n)
shows a peak for n = 3 since the corresponding structure
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Table 1. Geometric structures, binding energies per atom (in eV) and interatomic mean distances (in A) for the most stable
isomers of Augo, Auislrs, Auiglrio, Auslris, and Irgg. Yellow and blue spheres represent Au and Ir atoms, respectively.
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Fig. 2. Interatomic mean distances versus n for the lowest-
energy (Aulr), (n = 2-20) isomers.

is an equilateral triangle with the Au atoms occupying
the three distant corners. On the other hand, it should be
mentioned the existence of cluster sizes with special sta-
bility with respect to smaller or larger sizes. This kind of
“magic number” cluster sizes can be identified by calculat-
ing a second difference (Asz) in the cluster energy between
size-neighboring clusters for a given composition. For the
case of (Aulr),, bimetallic clusters, we calculated

As(n) =E(n+1)+ E(n—1) — 2E(n). (2)

This quantity is shown in Figure 3 for (Aulr), clusters
where the peaks at n = 7, 19, 10 and 4 indicate a higher
stability of these cluster sizes with respect to other ones.

Table 1 shows the lowest-energy isomers of 20-atom
Auyolrig, Auslris and AuysIrs nanoalloys, as well as those
of Irgg and Ausg monoatomic clusters as reference. It is
worth mentioning that our calculations also confirm that
the most stable Augy isomer in gas phase is the tetrahe-
dral structure discovered by Li et al. [26]. For the three
compositions of the 20-atom Aulr nanoalloys considered,
the Ir atoms also tend to occupy the cluster core whereas

n

Fig. 3. Second difference in the energy [Az(n)] versus cluster
size for (Aulr), most stable isomers.

the Au atoms tend to occupy the cluster surface since
(rYAu—Au > (r) > (r)r_1- Notice also that the 20-atom
cluster binding energy increases monotonically when the
Ir content augments from zero to 20, as expected. Besides,
(r) indicates that the Irgo cluster has the most compact
structure of the most stable 20-atom Au,,Ir, clusters,
whereas the Augy cluster is the less compact one. Fur-
thermore, the mean distance between Ir atoms increases
monotonically when their number augments for a fixed
Au,,Ir, cluster size, while the mean distance between Au
atoms shows a non-monotonic behavior. Due to this, the
overall interatomic mean distance (r) of the 20-atom Aulr
clusters also show a non-monotonic behavior as a function
of the Ir content.

4 Adsorption of CO and O; on Aulr clusters

Tables 2 and 3, respectively, show the most stable con-
figurations of molecular CO and Og adsorbed on the
lowest-energy Au,,Ir, (m+n =20, m,n =0,5,10,15,20)
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Table 2. Lowest-energy configurations of molecular CO adsorbed on the most stable Au,,Ir, clusters together with CO
adsorption energies, charge transfers and C-O bond distances. The corresponding data for AuzgCO and IraoCO are also included.
Yellow, blue, red and grey spheres represent Au, Ir, O and C atoms, respectively.

Auz0CO AuisIrs CO

Baas [eV] 1.298 2.441
Aq -0.026 0.122
do—o [A] 1.176 1.196

AulOII'lO CO

Au51r1500

II‘Q() CO

2.441 2.698 2.849
0.133 0.159 0.184
1.197 1.200 1.203

Table 3. Lowest-energy configurations of molecular Oz adsorbed on the most stable Au,,Ir,, clusters together with O2 adsorption
energies, charge transfers and O-O bond distances. The corresponding data for AuzoO2 and IrgpO2 are also included. Yellow,

blue and red spheres represent Au, Ir and O atoms, respectively.

AuiolrioO2

Au2002 Au15Ir502

AU5II'1502

Ir2002

Faas [eV] 0.430 1.287
Aq 0.068 0.266
do-o [A] 1.259 1.336

clusters, as well as the corresponding CO (O3) adsorp-
tion energies (Faqs), excess electronic charges (Agq) on the
molecular CO (O3), and the C-O (O-O) bond distances.
F,qs is calculated from:

E.qs = E(Auy,Ir,) + E(Y) — E(Au,Ir,Y), (3)

where E(X) is the total energy of system X, and Y denotes
the CO or O3 molecule. The excess electronic charges Agq
are obtained from a Mulliken population analysis. No-
tice that the CO always binds through the C atom to
an Ir atom of the Au,,Ir, nanoalloys in a top configura-
tion. The same configuration is found for the CO adsorbed
onto the Augg and Irgg clusters. The greatest CO adsorp-
tion energy is found for Iryy and it decreases when the
Au content increases, being nearly the same for m = 15,
n = 5 and m = n = 10, until it reaches its minimum
value for m = 20, n = 0. For the latter case, the CO ad-
sorption energy is nearly half of the values found for the
studied 20-atom Aulr nanoalloys. In the three 20-atom
Aulr nanoalloys analyzed together with the Irgg cluster,
electronic charge is transferred from the bimetallic clus-
ter to the CO, being greater when the CO adsorbs on the
pure Ir cluster. This charge excess on the CO molecule
decreases when the Au content in the cluster augments
until that, for the case of Augg, a slight charge transfer
from the CO to the cluster is found. As expected, the C-O
bond distance increases with respect to the one calculated

1.862 2.438 2.449
0.323 0.410 0.418
1.364 1.404 1.396

for the free CO molecule (1.17 A) when Aqg grows. On the
other hand, the greatest Oy adsorption energy is found
for Irpg, and it decreases when the Au concentration in-
creases for a fixed 20-atom cluster size, being almost the
same for m = 0, n = 20 and m = 5, n = 15, until it
reaches a value of 0.43 eV for Ausg, where the Oy binds
to a corner of the gold tetrahedron in a top configuration.
Except for the case of Augg, the most stable Oy adsorbed
configurations onto Au,,Ir, clusters correspond to the two
O atoms bound to two Ir atoms in a staple-like configura-
tion (m = 10,n = 10; m = 5,n = 15; m = 0,n = 20), or
bound to one Ir atom and one Au atom also in a staple-
like geometry (m = 15,n = 5). For the three 20-atom
Aulr nanoalloys studied together with the Irog and Ausg
clusters, there is charge transfer from the cluster to the
O3 adsorbed molecule, being greater for the pure Ir clus-
ter and lesser for the pure Au cluster. The charge transfer
from the cluster to the O molecule weakens the O-O bond
and its length grows with Agq, being larger than the cal-
culated value for the free O5 molecule (1.24 A). Moreover,
Aq also grows when the corresponding adsorption energy
increases and its values are much larger than those corre-
sponding to the CO molecule and to that calculated for
the AugpOs complex.

Table 4 shows the most stable configurations of a CO
molecule and a Oy molecule coadsorbed on the lowest-
energy Au,,Ir, (m+n =20, m,n = 0,5,10,15) isomers.
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Table 4. Lowest-energy configurations of CO and Oz coadsorbed on the most stable Auy,Ir, clusters together with CO (O2)
adsorption energies, charge transfers and C-O (O-O) bond distances. The corresponding data for AuzpO2CO and Irz002CO are
also included. Yellow, blue, red and grey spheres represent Au, Ir, O and C atoms, respectively.
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Fig. 4. Adsorption energies (Ea.qs) and excess electronic
charges (Aq) for molecular CO and Oz on the most stable 20-
atom Aulr clusters versus number of Ir atoms.

The adsorption energy ngds of molecule X was calcu-
lated as:

EX. = B(Au,Ir,Y) + E(X) — BE(Au,Ir,XY), (4)

where X and Y are the two coadsorbed molecules (X, Y =
CO, O2). In contrast to the single-molecule adsorption
case, the adsorption energies for the coadsorbed CO show
a non-monotonic behavior as a function of the Ir concen-

tration, where Egdcj on Auys5Ir;Os is slightly larger than

Au15II‘5OQCO Auloh‘loozco AH5II'15OQCO

II‘Q()OQCO

2.278 2.571 2.587
0.114 0.148 0.180
1.191 1.200 1.202
1.699 2.312 2.405
0.306 0.388 0.409
1.360 1.396 1.398

the corresponding energy for CO on AuyglriyOs. However,
in general, the adsorption energies for the coadsorbed CO
and O increase with the Ir content and they are lower
than the corresponding single-molecule adsorption ener-
gies. On the other hand, the charge transfers from the
bimetallic cluster to the two coadsorbed molecules also
increases with the Ir content, being greater for the Os
than for CO. Figure 4 summarizes the results for molecular
adsorption energies and charge transfers, for both single-
molecule adsorption and coadsorption cases, as a function
of the Ir content for the 20-atom Au,,Ir, (m +n = 20,
m,n = 0,5,10,15) most stable clusters. Notice that the
charge transfer from the cluster to the Oy molecule is al-
ways larger than the corresponding charge transfer to the
CO, suggesting that the addition of Ir to Au nanoclusters
could enhance the dissociation of Os.

5 Summary

In this paper, the structural and electronic properties of
gas-phase (Aulr),, (Aulrsg)s, and (Auslr)s nanoclusters,
with n = 2—-20 and s = 5, were investigated within
the DFT-GGA framework. Segregation is found for all
the studied Aulr clusters where the Ir atoms are con-
centrated in the cluster core and the Au atoms are situ-
ated on the cluster surface. This phenomenon is due to
the higher binding energy of the Ir atoms in compari-
son to that of Au atoms. It is worth mentioning that
the truncated cubooctahedral geometry adopted by the
most stable (Aulr);g isomer is also found for the lowest-
energy (PtPd)i9 and (PtNi)jg isomers. Moreover, for a
fixed cluster size of 20 atoms, we also studied the adsorp-
tion and coadsorption of CO and Os on the most stable
Auy,Ir, (m+n = 20, m, n = 0, 5, 10, 15, 20) isomers,
including the cases of Augy and Irgg as reference. Except
for the AuggCO complex, there is always charge trans-
fer from the cluster to the CO and Oz molecules, being
greater for the pure Ir cluster and it decreases when the
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Au content augments. A similar trend is found for the
molecule (CO or Og) adsorption energy, where the great-
est value corresponds to the pure Ir cluster and it dimin-
ishes when the Au content in the cluster increases. Since
a high value of the charge transfer from the cluster to the
O3 molecule enhance its decomposition, but also a high
adsorption energy could hinder its subsequent release, the
results suggest that adding Au atoms to Ir nanoclusters
can diminish their huge Oy adsorption energy and still
conserving a charge transfer to the molecule.

This work was supported by DGAPA-UNAM under Grant
IN102511. Computations were done at supercomputer Kan-
Balam of DGTIC-UNAM. L.M. Jiménez-Diaz acknowledges
CONACYyT scholarship.
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