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Density functional theory (DFT) calculations are performed to investigate CO and O, adsorption as well as
CO oxidation on the Au,,Pd, (m + n = 2-6) bimetallic clusters. It is found that the adsorption energies of
both CO and O, on Au,,Pd, (m + n = 2-6) are greater than those on the pure gold clusters of corresponding
sizes, and unexpectedly greater than those on Pd clusters in some cases. At the same time, the calculated
reaction barrier of CO oxidation on Au,Pd is lower than those on Aus and Pds, indicating that Au/Pd bime-
tallic cluster could potentially have a better catalytic activity for CO oxidation potentially.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Gold(Au) is a noble metal and was considered to be catalytically
inactive historically [1]. However, it has been changed since the
report of gold nanoparticles on reducible oxide substrates exhib-
ited great catalytic activity for CO oxidation even at very low tem-
perature in 1987 [2]. It has also stimulated gold catalysis in a wide
range of applications, such as hydrogenation of unsaturated hydro-
carbons [3,4], CO oxidation [5-7], propylene epoxidation [8],
water-gas shift [9-11] and selective oxidation [12], etc. The oxida-
tion of CO is an important process for the environmental protection
and safety concerning. Great efforts have been devoted to develop-
ing highly efficient catalysts to remove the poisonous CO gas from
car exhaust [13,14] and hydrogen gases used for fuel cells in the
last three decades [15]. Although the traditional transition metal
catalysts, such as Pt, Pd, Rh, have been studied and used for a long
time [16,17], there are still two challenging issues: one is the effi-
ciency for CO oxidation at low temperature; and the other is the
affordable cost for wide applications. Gold is regarded to be one
of the promising catalysts to meet these challenges (The possibility
of a relative low price for Au can not excluded though the price of
gold soared up in the past years) [18].

Compared with the pure gold catalyst, bimetallic catalysts often
exhibit enhanced catalytic stabilities, activities, or selectivities
[19]. In recent years, Au/Pd bimetallic alloy catalysts have attracted
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special interest due to their unique activity and selectivity toward
CO oxidation at low temperature [20-24]. Experiments have
shown that the addition of a second metal into the pure Pd matrix
can improve the activity of catalyst owing to the ligand effect [25]
and ensemble effect [26,27]. The ligand effect refers to electronic
modifications resulting from the additional metal, while the
ensemble effect refers to the fact that the additional metal may
block certain sites, reducing or eliminating the formation of an
inhibiting species or an important intermediate. With the develop-
ment of nanotechnology, many methods have been employed to
obtain economical and efficient Au/Pd catalysts, including vapor
and electrochemical deposition, and other techniques [28,29].
Compared with monometallic Au nanoparticles, Au/Pd bimetallic
systems are often more attractive via the bi-functional mechanism
[30]. Experimentally, Pd and Au are completely miscible as a solid
solution because there is only about 4% lattice mismatch between
Pd and Au. Goodman and co-workers [31] used physical vapor
deposition on an Mo (110) substrate to obtain Pd, Au, Au/Pd mix-
tures and found that Au/Pd can highly promote acetoxylation of
ethylene to vinyl acetate (VA) due to the ensemble effect [27].
Wau et al. [32] revealed that the activated barrier of CO oxidation
on the AuPd (111) decreased compared with that on the pure Pd
(111) due to the ligand effect through DFT calculations. For Au/
Pd clusters, odd-even oscillations for the gaps between the highest
occupied and the lowest unoccupied molecular-orbitals and the
electron affinities have been observed in Au,Pd (n=1-4) clusters
[33]. Guczi et al. pointed out that both the size of Au/Pd clusters
and substrates have great effect on CO oxidation on the AuPd/
TiO, clusters [34]. However, the details of how the crucial factors
of the Au/Pd catalysts, such as the structure, composition, and size,
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affect the activity of catalyst is still an open question. In particular,
theoretical studies on the Au/Pd clusters are relative rare, in com-
parison to intensive studies on the Au/Pd surfaces.

In the present work, oxygen and carbon monoxide molecule
adsorption on the Au,,Pd, (m+n=2-6) clusters are studied in
comparison with those on the corresponding pure Au and Pd clus-
ters. The possible reaction pathways of CO oxidation on Au,Pd are
also studied and compared with those on the Ausz and Pd; clusters.

2. Computational details

In this work, the density functional theory calculations were
performed by the spin-polarized Kohn-Sham method with the
DMOL2 software package [35,36]. The generalized gradient approx-
imation (GGA) with PW91 [37] formalism is employed for the
exchange-correlation functional. We employed the double-
numerical basis set with polarization functions (DNP) and a relativ-
istic semi-core pseudopotential (DSPP) in the calculations.[35] All
the calculations were based on Pulay’s direct inversion of iterative
subspace (DIIS) technique to accelerate SCF convergence. Fermi
smearing was set to 0.005 Hartree during the electronic structure
relaxation. Structure convergence was set to 1 x 107> a.u. for ener-
gies. As a test, the calculated distance of AuPd is 2.550 A, in line
with earlier theoretical value (2.560 A) [38] and the experimental
result (2.500 A) [39] in literatures. The bond lengths of CO, O, in
gas phase are calculated to be 1.141, 1.225 A respectively, also in
agreement with the available experimental data [39]. In addition,
the calculated ionization potentials (IP) and electron affinities
(EA) of the Au, Au,, and Aus are also confirmed to be consistent
with the experimental data (c.f. Table 1) [40-43].

The adsorption energy of CO and O, molecule are defined as:

E.q(X) = E(Au/Pd) 4 E(X) — E(Au/Pd — X), 1)

where the E(Au/Pd) is the energy of Au/Pd cluster, E(X) is the energy
of adsorbate X in gas phase (X is CO or O;), E(Au/Pd-X) is the total
energy of X adsorbed Au/Pd cluster. Vibration frequency calcula-
tions are performed for all the optimized geometries, and those
with one or more imaginary frequencies are discarded. The struc-
ture with the lowest energy is chosen as the ground-state geometry.
The complete synchronous transit and quadratic synchronous tran-
sit (LST/QST) method is employed [44] to search the transition state
and determine the activation barriers, and only the state with one
imaginary frequency is considered as the transition state.

Table 1

Comparison of our calculated results and experimental data for CO, O, and Au, (n=1-
3) clusters, d is bond length in A, f is vibration frequencies in cm~', VEA is vertical
electron affinities, AIP is adiabatic ionization potentials. All energies are in eV.

Cal. Exp.

de-o 1.141 1.130°
feoo 21284 2143.0°
do-o 1.225 1.210°
fo-o 1541.8 1580.0°
Au/VEA 1.90 2.25¢
Au/AIP 9.65 9.23P
Auy/VEA 1.61 2.01°
Auy/AIP 9.32 9.16
Aus/VEA 2.03 3.77¢
Aus/AIP 7.27 7.27¢
2 Ref. [39].

b Ref. [42].

© Ref. [43].

d Ref. [40].

e Ref. [41].

3. Results and discussion
3.1. The structure of Aup,Pd, (m +n=2-6)

Fig. 1 depicts the lowest energy structure of the clusters of Au,
(n=2-6), Pd,, (n=2-6) and Au,,Pd,, (m + n=2-6). The optimized
structures of the Au, (n =3-6) are coplanar (generally ascribed to
the relativistic effect [45]), in good agreement with the reported
results in literatures [46,47], while the favorable structures of
Pd, (n = 4-6) are demonstrated to be three-dimensional. The struc-
tures of Au,,,Pd,, (m + n = 2-6) are optimized from a large number of
trial structures. The lowest energy structures obtained in this work
are similar to those reported in Ref. [48] (except for AusPd;), in
which the functional of B3LYP was employed. We also optimized
AusPd, with a trial structure as that in Ref. [48], and it was found
to be converged to a high symmetry structure as shown in Fig. 1
with the total energy lowered by 0.3 eV. This discrepancy is
expected to be ascribed to the different functionals adopted in
the calculations. Meanwhile, we find that Au,Pd, (m+n=2-6)
clusters are stabilized in three-dimensional structures when
n > Zm, while the other studied cases (m+n=4-6) remain in
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Fig. 1. The most stable structures of Au, Pd and Pd/Au clusters as well as their most
stable CO and O, adsorption configurations. The yellow, blue, red and gray balls
represent Au, Pd, O and C atoms, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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two-dimensional structures. Interestingly, our results also indicate
that Pd atoms are preferred to connecting with each other to keep a
maximum number of Pd-Pd bonds (c.f. Fig. 1) when Pd and Au
form bimetallic clusters.

3.2. CO adsorption on Au, Pd, and Au/Pd clusters

The most stable configurations of CO adsorbed clusters are also
shown in Fig. 1, and the detailed structural parameters, adsorption
energies, and Mulliken net atomic charges are listed in Table 2. On
the Au clusters, top sites are preferred with C atom directly con-
nected to one of the Au atoms. The adsorption energies of CO are
similar with each other on Au,, Aus, Au, (about 37 kcal/mol), and
are reduced by ~10 kcal/mol on Aus and Aug, though still clearly
greater than that on pure Au (111), which is about 4.4 kcal/mol
[49]. On the pure Pd clusters, CO prefers to adsorb at the bridge site
of Pd, and hollow sites of Pds, Pd4 and Pds, while top sites are the
most stable ones on Pdg. This is in line with the previous DFT stud-
ies [50,51]. Of note, CO prefers the bridge sites of (100) and three-
fold hollow sites of (111) on Pd surfaces [52], while it prefers top
sites of (100) and top sites of (111) on Au surfaces [49]. The
adsorption energies of CO on Au/Pd bimetal clusters are greater
than those on the Au clusters by about 1.8-28.1 kcal/mol. The pref-
erence of CO on Pd sites of Pd/Au clusters can be understood by the
spatial distribution of the frontier molecular orbitals of bimetallic
Au/Pd clusters, as shown in Fig. 2. Both the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the bimetallic clusters are located on the Pd
atoms, indicating the active centers.

The adsorption energies of CO on the Au, Au/Pd and Pd clusters
are also illustrated in Fig. 3 for a clear comparison. It is understand-
able that the CO adsorption energies follow the sequence of
Au < Au/Pd < Pd on clusters Au,,Pd,, when m + n < 4. Unexpectedly,
the CO adsorption energy on AuPd, is greater than that on Pd4 and
Pds, and the adsorption energy on Au,Pd, is also greater than that
on Pdg. In fact, the local adsorption configurations for CO on Pd,,
Pds, and AuPd, are similar to each other, with CO normal to a plane
of three Pd atoms above the center (c.f. Fig. 1). The unexpected

ole b oto
-4 )

AuPd,-HOMO Au,Pd-HOMO AuPd,0,-HOMO
% S P
AuPd,-LUMO Au,Pd-LUMO AuPd,0,-LUMO

Fig. 2. The HOMO and LUMO isosurfaces for AuPd,, AusPd, and AuPd,0,.

stronger adsorption energy of CO on AuPd, is not easy to be ex-
plained by charge transfer and C-0 bond length, since both values
of AuPd, case are greater than those of Pd4, but smaller that those
of Pds (c.f. Table 2).

The charges transferred from CO to cluster, g(CO), calculated by
Mulliken analysis, are listed in Table 2. In many cases, stronger
bindings between CO and clusters are corresponding to less
q(CO). It is expected due to the well known charge donation and
back donation mechanism in CO adsorption [53]. Compared with
the free gas CO, the bond length of CO increased by 0.006-
0.053 A on all the studied clusters and the frequencies of CO de-
creased correspondingly.

3.3. 0, adsorption on Au, Pd, and Au/Pd clusters

Subsequently, we take account of O, adsorption on the pure Au,
pure Pd and Au/Pd clusters. The optimized structures of O,
adsorbed clusters in their ground states are shown in Fig. 1. On
the Au,, Auy, Aug clusters, top sites are the most favorable for O,,

Table 2
The adsorption energies, bond lengths, frequencies, and Mulliken net atomic charges of CO and O, adsorbed on the Au, Pd and Au/Pd bimetallic clusters.

Cluster co 0,

Eaq (kcal/mol) deo (A) feo(em™) qco (€) Eaq (kcal/mol) do-o (A) fo-o (cm™) qoz (€)
Auy 374 1.148 2082.6 0.285 10.2 1.255 1328.0 —0.093
AuPd 39.2 1.154 2056.1 0.267 26.3 1.290 1208.7 -0.184
Pd, 72.0 1.180 1861.1 0.183 43.8 1.370 899.0 —0.440
Aus 37.8 1.152 2052.2 0.259 17.3 1.280 1220.0 —-0.236
Au,Pd 429 1.156 2034.0 0.228 22.4 1.301 1172.3 —0.247
AuPd, 46.6 1.179 1852.3 0.189 36.9 1.324 1042.5 —-0.296
Pds; 62.7 1.200 1680.2 0.121 314 1.278 1237.3 -0.238
Auy 37.6 1.149 2078.9 0.289 10.6 1.262 1290.8 —0.130
AusPd 40.6 1.155 2030.7 0.257 26.8 1.300 1167.9 -0.323
Au,Pd, 41.3 1.175 1881.2 0.157 15.7 1.319 1047.2 —-0.321
AuPd; 46.8 1.197 1732.7 0.107 134 1.303 1125.8 —0.340
Pd4 47.8 1.198 1692.5 0.103 24.0 1.217 1007.1 -0.310
Aus 26.8 1.149 2077.5 0.271 20.8 1.348 993.3 -0.367
AuyPd 46.8 1.153 2060.7 0.307 28.6 1.341 996.8 —-0.318
AusPd, 40.7 1.156 2011.3 0.240 27.7 1.317 1048.4 -0.270
Au,Pd; 339 1.179 1844.7 0.256 249 1.289 1170.5 -0.276
AuPd, 53.3 1.200 1717.2 0.134 34.8 1.360 992.7 —-0.385
Pds 46.4 1.203 1705.7 0.146 34.4 1.350 994.8 —0.350
Aug 22.4 1.145 2095.3 0.265 53 1.252 1343.9 —-0.101
AusPd 374 1.153 2042.6 0.286 6.9 1.260 13403 -0.124
AuyPd, 22.8 1.152 2051.1 0.305 348 1.350 997.2 —0.386
AusPds 25.1 1.157 2018.1 0.249 415 1.360 992.5 —0.401
AuyPdy 50.5 1.200 17214 0.156 344 1.330 998.7 —-0.341
AuPds 44.7 1.190 1750.5 0.160 37.1 1.350 998.0 —-0.350
Pdg 404 1.160 2027.2 0.254 35.7 1.300 999.1 —-0.349




S.-L. Peng et al./ Computational and Theoretical Chemistry 977 (2011) 62-68 65

80 -
70

60

Emi of CO (kcal/mol)
IS
o
!

30

20 —

10 +

0
QG A, Y 1, T 1 B 9, T, & T A A A b, A, T, 7,
& v ¢ ¢ T, kAN o Yo Yo, Ve Ty o T Yo, e, T T Ty &
2 "660, b4 3 e&o,@:»?,i ¥ ’5&0, ,,,eé,*%,, ¥ rw‘oo'\??‘s%ﬁg" g M?y?‘,%;,og&??f

Fig. 3. A comparison of adsorption energies of CO on the Au, Au/Pd and Pd clusters. Black, red, and blue bars are corresponding to Au, Au/Pd, and Pd, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

while on the Aus and Aus, O, prefers at the bridge sties. The
adsorption energies of O, on the Au, (n=2-6) are 10.2, 17.3,
10.6, 20.8, 5.3 kcal/mol, displaying a clear odd-even oscillation
with a stronger bonding on the odd number clusters. This is
ascribed to the unpaired electron in the Au clusters with odd num-
bers [53]. The adsorption energies of O, on the pure Au clusters are
in good agreement with the earlier calculations [54,55]. Yet on the
Pd clusters, bridge sites are the most stable sites for O, adsorption,
with two oxygen atoms directly bonded to Pd atoms. The adsorp-
tion of O, on the Pd, (n=2-6) are clearly stronger than the Au
clusters.

On the Au/Pd bimetallic clusters, O,, prefers top sites on the
AuPd, Au,Pd, AusPd, AusPd and AuyPd; clusters, while it prefers
bridge sites on the rest of Au/Pd clusters (c.f. Fig. 1). Again, Pd
atoms are the most active sites according to the earlier HOMO/
LUMO analysis (c.f. Fig. 2). The O, adsorption energies on the Au/
Pd clusters are listed in Table 2. In order to compare its bonding
strength on the Au, Au/Pd and Pd clusters, the adsorption energies
of O, are also illustrated in Fig. 4. We can see that for a given size of
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clusters with m +n=3-6, the greatest adsorption energy of O,
exists in Au/Pd clusters, not in pure Au or Pd clusters. For instance,
the O, adsorption energies on the AuPd, is 34.8 kcal/mol, which is
the largest among the Au,,Pd, of size m+n=5. When the O, is
bonded on the AuPd4, the O-O bond length is elongated to
1.360 A from the initial 1.225 A and the corresponding O, vibration
frequency shifts from 1541.8 cm™' of free O, to 992.7 cm™'.

3.4. CO oxidation on Au, Au/Pd and Pd clusters

In order to compare CO oxidation on Au, Pd and Au/Pd bimetal-
lic clusters, we have investigated possible reaction paths on proto-
type clusters of Aus, Pds, and Au,Pd. Two different pathways for CO
oxidation are considered here in analogy to the pathways dis-
cussed in earlier literature [56]. One involves CO attacking the
initial complexes of Au3-O, Pds;-0, and Au,Pd-0O, (denoted as
path-1), while the other is that the production of CO, followed
by the interaction of free CO with the O, and CO adsorbed Aus,
Pds and Au,Pd (denoted as path-2).
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Fig. 4. A comparison of adsorption energies of O, on the Au, Au/Pd and Pd clusters. Black, red, and blue bars are corresponding to Au, Au/Pd, and Pd, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.4.1. CO oxidation on Aus

The calculated potential energy surface of path-1 is shown in
Fig. 5. Along path-1, CO is assumed to bind to the O, pre-adsorbed
Aus to form an intermediate state, denoted as IM1 in Fig. 5. This
structure is energetically favored by 20.6 kcal/mol than that of
the non-interacted reactants, free CO and Aus-0,. The transition
state of path-1, denoted as TS-1, is 17.0 kcal/mol higher than
IM1. The 0-0 bond length in TS-1 is elongated to 1.370 A from
1.280 A in the initial Au3-O, state and 1.283 A in IM1 state. While
the O-0 bond breaks, a new C-0 bond is formed. TS-1 has only
one imaginary frequency, which is —518.9 cm™!. Then, the prod-
uct-like intermediate state IM2 is formed following TS-1. The
relative high barrier in Path1 implies that CO oxidation is hardly
following this pathway in reality. Our calculated results are in
agreement with the earlier theoretic calculations [55].

As for path-2, the free gas CO is assumed to approach the O, in
the O, and CO pre-adsorbed Aus cluster. The reaction starts with
the formation of IM3, an intermediate state of free CO coupled with
Au3-CO-0, complex, which is energetically favored by 58.3 kcal/
mol than the free reactants, CO and Aus. The reaction involves
the transition state TS-2, where the O-0O bond length is changed
to 1.347 A from 1.283 A in IM3. In TS-2, C atom of the free CO is just
1.670 A away from an O atom of O, molecule, indicating that a new
C-0 bond forms. The only imaginary frequency in the TS-2 is
—515.0cm™!. The barrier along this pathway is 13.4 kcal/mol,
which is lower than that of the path-1, demonstrating that the
pre-adsorption CO can prompt CO oxidation. The promotion may
result from the charge transfers from CO to the cluster. On the
CO adsorbed Aus, there are 0.259 e charges donated from CO to
Aus, possibly leading more charges transferred from cluster to
the anti-bonding ©* orbital of O, to activate O,.

3.4.2. CO oxidation on Pd3

In order to further compare the activity of Au/Pd bimetallic cat-
alyst with Pd cluster for CO oxidation, CO oxidation on Pds is also
investigated. The reaction is also studied along two paths,
Pds-path-1 and Pds-path-2.

Along the Pds-path-1, O, is adsorbed on the Pds cluster, denoted
as IM5 in Fig. 6. Then, CO reacts with the pre-adsorbed O,. IM5 is
energetically favored by 30.3 kcal/mol than the separated

AN
=0
o0

Path-1

Path-2

reactants, free CO and Pd3-0,. In the reaction of IM5 to its transi-
tion state, TS-3 (the imaginary frequency is —329.2 cm™!), the 0-0
bond length increases from 1.335A to 2.111A. In IM6, a new
C-0 bond is formed as the O-O bond is broken. The calculated
reaction barrier of this reaction path is 40.4 kcal/mol. The high bar-
rier is mainly due to the strong bonding of O, on the bridge site of
two Pd atoms in IM5, where the O-Pd bond is difficult to break.

On the second pathway, the reaction starts with the formation
of IM7, which is more stable than the separated reactants by
47.2 kcal/mol. The transition state is denoted as TS-4 (the imagi-
nary frequency is —410.4 cm™!) in Fig. 6. In TS-4, the 0-O bond
length increases by 0.23 A, from 1.279 A in IM7. In IM8, the 0-0O
bond is broken and new C-0 bond is formed. Compared with the
reaction barrier of Pds-path-1, the reaction barrier of Pds-path-2
is also lowered by 2.4 kcal/mol.

3.4.3. CO oxidation on Au,Pd

We select AuyPd as the simplest Au/Pd bimetallic cluster to
explore the CO oxidation on the bimetallic clusters with respect
to CO oxidation on Aus and Pds clusters. The CO oxidation on
Au,Pd is also investigated with the two paths similar to those dis-
cussed in Section 3.4.1. The potential energy surface profiles (PES)
for Au,Pd are shown in Fig. 7.

In the case of Au,Pd-path-1, CO reacts with the pre-adsorbed
0,. The reaction starts from IM9, which is more stable than the
two individual reactants by 13.0 kcal/mol. This intermediate state
is converted to IM10 via the TS-5 with a barrier of 2.7 kcal/mol.
In TS-5 (the imaginary frequency is —247.5 cm™!), the O, molecule
is being activated as the 0-O bond length is elongated to 1.291 A
from 1.275 A in the initial state, and the O-C distance is shortened
to 2.412 A from 3.180 A in IMO9.

In path-2 of Au,Pd, two CO molecules are involved in the CO
oxidation. The reaction proceeds with two steps. The first is that
CO binds on the Au atom with O, pre-adsorbed on the Pd atom, fol-
lowed by a reaction of a free CO with the adsorbed O, molecules.
The second step involves the breaking of O-O bond and the forma-
tion of a new C-0 bond. With the aid of CO molecule, the reactions
from the intermediate IM11 state, to the product-like, IM12, via a
transition state of TS-6. The imaginary frequency of TS-6 is
—110.4 cm~'. Compared to IM4 in Fig. 5, the intermediate IM12

Fig. 5. Potential energy surfaces for CO oxidation on Aus cluster along path-1 (black line) and path-2 (red line). The corresponding intermediates and transition states related
to the two pathways are also presented. The sum of energies of free Aus, O, and CO is set to zero as a reference. All the energies are in kcal/mol. The yellow, gray, and red balls
denote Au, C, and O atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Potential energy surfaces for CO oxidation on Pd3 cluster along path-1 (black line) and path-2 (red line). The corresponding intermediates and transition states related
to the two pathways are also presented. The sum of energies of free Pds, O, and CO is set to zero as a reference. All the energies are in kcal/mol. The blue, gray, and red balls
denote Pd, C and O atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Potential energy surfaces for CO oxidation on Au,Pd cluster along path-1 (black line) and path-2 (red line). The corresponding intermediates and transition states
related to the two pathways are also presented. The sum of energies of free Au,Pd, O, and CO is set to zero as a reference. All the energies are in kcal/mol. The yellow, blue,
gray, and red balls denote Au, Pd C, and O atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

is less stable. This is due to the Aus cluster has an odd number of
electrons, while Au,Pd has an even number of electrons. Conse-
quently, the O adsorption energy on Aus (3.33 eV) is greater than
that on Au,Pd (3.03 eV). The calculated barrier of this reaction is
7.6 kcal/mol. In CO oxidation, the activation of O, is often regarded
as the rate-determining step. The lower calculated barrier energy
of the CO oxidation on Au,Pd indicates that CO could be efficiently
oxidized at low temperature on the Au/Pd clusters.

From the above discussion, it is clear that the reaction barrier on
the Au,Pd is lower than those on the Aus and Pds; clusters,

independent of reaction paths of CO oxidation studied. It is demon-
strated that the reactivity of the Au/Pd bimetallic cluster for CO
oxidation could be higher than that of pure Au and Pd clusters,
indicating the efficiency of Au/Pd alloys at low temperature.

4. Conclusions

In this paper, we have studied the most stable structures of
Au,,Pd,, (m+n=2-6) clusters, as well as O, and CO adsorption
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on these clusters. We find that Au,,Pd, clusters are stabilized in
three-dimensional structures when n > Zm in the studied cases,
while other clusters keep in two-dimensional structures as for
the small Au clusters. Interestingly, CO and O, could be more stable
on Au/Pd clusters than Au and Pd clusters with corresponding size.
At the same time, CO oxidation barrier on Au,Pd is found to be low-
er than that on Aus and Pds, indicating that Au/Pd bimetallic clus-
ters could have higher reactivity for CO oxidation.
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