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Abstract The question whether Au can alloy with Pt at the
nano-scale size is still controversial. By performing density
functional theory calculations for several small Au/Pt
bimetallic clusters Au,,Pt, (m+n=4-6, 13), we find that,
in all the most stable geometries, Pt atoms prefer to
assemble together to form the core while Au atoms like to
surround the Pt atoms to form the shell, and that evenly
mixed clusters are structurally unstable. The unique
geometric characteristics can be explained by analyzing
the different electronic properties of Pt—Pt, Au—Pt and Au—
Au bonds, and is expected also to apply to larger Au/Pt
bimetallic clusters.

Keywords Density functional theory - Au/Pt bimetallic
clusters - Core-shell-like structure - Bonding nature

Introduction

Au/Pt bimetallic nanoparticles (NPs) have attracted consid-
erable attention in recent years [1, 2] due to their enhanced
catalytic activity and durability in many important reac-
tions, such as methanol and formic acid oxidations [3, 4]
and oxygen reduction reactions [5], where Au/Pt bimetallic
NPs act as the anode and cathode materials, respectively.
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Au/Pt bimetallic NPs also show great promise in the field
of fuel cell technology. To date, several Au/Pt bimetallic
NPs with different composition, size, structure and mor-
phology have been prepared successfully.

It is well known that a miscibility gap exists in bulk Au/Pt
bimetallic systems over a wide Pt composition range (15—
98%), with Au preferring to separate from the surface owing
to its lower surface energy [6]. Regarding the miscibility of
nano-scaled Au/Pt bimetallic particles, different reports show
distinct results. Some groups have reported that Au/Pt NPs
exhibit alloy properties [7, 8], while the others found that Au
tends to migrate to the surface, covering active Pt sites [9,
10]. Such contrasting results indicate that the atomic
ordering in nano-scaled Au/Pt bimetallic particles, which
greatly influences the catalytic activity of NPs [I1], is a
complex issue that is still not well understood. Therefore, it
is worthwhile to ascertain the stable atomic ordering of Au/
Pt NPs theoretically.

In the present work, our attention focused on several small
possible Au/Pt bimetallic clusters, Au,,Pt, (m+n=4-6, 13).
By performing density functional theory (DFT) calculations,
we studied their geometric and electronic structures to
explore the stable atomic ordering of Au/Pt NPs at the
small atomic sizes. It should be noted that the similar DFT
calculations by Song et al. [12] and Tian et al. [13], as
well as classical molecular dynamics (MD) simulations by
Liu et al. [2, 14] have been published previously. However,
the issues about atomic ordering was not discussed clearly.
Our present calculations aim to provide insight into the
geometric and electronic structures of Au/Pt bimetallic
clusters at the atomic level. Based on the calculated results,
we expect to gain a better understanding for the structures of
Au/Pt bimetallic clusters.
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Computational details

The Gaussian 03 program package [15] was employed for
all calculations in this study. The Perdew-Wang 91
exchange and correlation functional (commonly referred
to as PWO91) [16] was chosen based on its excellent
performance in describing Au clusters [17]. Considering
the strong relativistic effect of Au and Pt, the Los Alamos
LANL2DZ effective core pseudopotentials (ECP) and
valence double zeta basis sets were used for Au and Pt
atoms [18]. No symmetric constraints were imposed during
geometrical optimizations. Energy minima were identified
by subsequent frequency calculations, which also provided
zero-point vibrational energy (ZPE) corrections. Natural
bond orbital (NBO) analysis was performed to reveal the
nature of Au-Pt, Au—Au and Pt-Pt bonds.

To ascertain the accuracy of the chosen functional and
ECP, we performed benchmark calculations of electron
affinities (EAs) and ionization energies (IEs) for Au,, (m=
4-6) and Pt, (n=3-4) clusters. As shown in Table 1, the
theoretical EA and IE values are in fairly good agreement
with the corresponding experimental results [19-21]. In
addition, the calculated bond dissociation energy of Au,
(2.19 eV) is also consistent with known experimental
findings (2.29 eV). These facts indicate the acceptable
accuracy and reliability of the PW91/LANL2DZ method
for describing small bimetallic Au—Pt clusters.

Results and discussion
Geometries of Au,Pt, (m+n=4-6) clusters
For comparison, we first calculated the ground state

structures of pure Au, and Pt, (m, n=4-6). As can be
seen in Fig. 1, the energetically most favorable structures

Table 1 Calculated and experimental electron affinities (EAs) and
ionization energies (IEs) of Auy, (m=4-6) and Pt, (n=3-4); energies
are in eV

Species Calculated Experimental
EA IE EA 1IE
Auy 2.84 8.26 2.60£0.1° 8.59°
Aus 3.26 7.58 2.93+0.1° 7.61£0.02¢
Aug 2.31 8.41 2.051+0.002%
Pt; 2.11 8.12 1.87+£0.02%
Pty 2.10 6.89
[19]
°[20]

‘21
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Fig. 1 Optimized geometries of pure Au,, (m=4-6) and Pt, (n=4-6)
clusters. The gold and blue balls denote Au and Pt atoms, respectively.
The values in square brackets are electronic states of the clusters

for all three pure gold clusters have a two-dimensional (2D)
characteristic, and this geometrical characteristic is also true
for Pts. However, for Pty and Pts, our calculations show that
three-dimensional (3D) structures are more favorable in
energy than planar configurations. The tetrahedral Pt, and
trigonal bipyramidal Pts are calculated to be 0.30 and
0.18 eV more stable than the most stable 2D structures,
respectively.

The ground state geometries of Au,Pt, (m+n=4-6)
bimetallic clusters are presented in Fig. 2. As can be seen,
most of the clusters are planar (AusPt, AuyPt, and AuPts)
or quasi-planar, except AuPt; and AuPt,. For the four-atom
bimetallic clusters, there are three possible composition
combinations, i.e., AusPt, Au,Pt,, and AuPt;. Similarly,
there are four and five possible composition combinations
for the five- and six-atom clusters, respectively. We next
analyzed the geometrical characteristics of these clusters
one by one.

When an atom of Auy is replaced by Pt, the Pt atom
prefers to substitute the Au atom with the highest
coordination numbers, i.e., 1-site Au or 4-site Au to form
Au;Pt shown in Fig. 2. For Au,Pt,, the geometry with two
Pt atoms located at the 1-site and 4-site is the most stable,
where two Au atoms stay away from each other to form
Au—Pt bonds as many as possible. This configuration is
energetically 0.49 eV more stable than the most stable 3D
structure, which has a tetrahedral shape (see Au,Pt, in Fig.
S1 in the electronic supplementary material). In the case of
AuPt;, three Pt atoms form a “core”, and the Au atom
coordinates to this core to give a tetrahedral structure.

For the five-atom bimetallic clusters, possible composi-
tion combinations are AuyuPt, AusPt,, Au,Pt;, AusPt,, and
AusPt. In the most stable geometry of AuyPt, the Pt
possesses a larger coordination number compared with Au
atoms. This geometrical characteristic is consistent with that
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Fig. 2 Optimized geometries of Au,Pt, (m+n=4-6) bimetallic
clusters. The gold and blue balls denote Au and Pt atoms, respectively.
The values in square brackets are electronic states of the clusters

of AusPt. It is worth noting that the trigonal bipyramidal
AuyPt, with the Pt atom located at the shared surface (see
AuyPt-1 in Fig. S1) is comparable in energy with the
ground state structure. In the ground state geometry of
AusPt,, two Pt atoms abut each other, and three Au atoms
are located next to the two sides of the Pt atoms. Similarly, in
Au,Pt; and AuPty, Pt atoms prefer to form the cores and Au
atoms tend to distribute around the core. For the AuPt,
cluster, we also located another low-energy geometry with
the Au atom localized adjacent to the tetrahedron wall (see
AuPt,—2 in Fig. S1), which is calculated to be less stable by
0.26 eV than the ground state structure.

The observed geometrical characteristic described above
also applied to six-atom bimetallic clusters, that is, Pt atoms
tend to form a core and Au atoms prefer to locate in sites with
low coordination numbers and to surround the Pt atoms to
form a shell. This characteristic is clear from the geometries
shown in Fig. 2. Additionally, it is found that all the
geometries for six-atom bimetallic clusters are planar or
quasi-planar. Note that the configuration of Au,Pt; is not
simply an extension of that of AuPt,, indicating composi-
tions of the Au-Pt clusters determinately effect their
geometries. We have also calculated the most stable 3D
configuration for Au,Pt, (see Au,Pty—1 in Fig. S1). It is less
stable by 0.24 eV in energy than its ground planar geometry.

In addition, the geometries of Au/Pt bimetallic clusters
were found to match the low-lying energy geometries of
monometallic clusters, that is, the geometries of the binary
clusters resemble those of the pure metal clusters, the
composition of which is larger in binary clusters. For
example, AuPt; presents a tetrahedral geometry, which is
similar to that of Pt,, due to the fact that Pt in the cluster is
larger than Au. A similar trend was also found by Lee et al.
[22] for Au/Ag binary clusters.

To sum up, in the small Au,,Pt, (m+n=4-6) bimetallic
clusters, Pt atoms tend to hold the sites with the highest
coordination numbers and aggregate together to form the
center of Au/Pt bimetallic clusters, while Au atoms prefer
to locate in sites with lower coordination numbers, and to
spread around the Pt atoms.

Geometries of Au,,Pt, (m+n=13, and m=3 or 10) clusters

To verify whether the geometric characteristics of the small
Au/Pt bimetallic clusters also apply to larger clusters, we
investigated the geometries of two larger planar clusters,
Au;oPt; and AusPtyy. To determine global minimums is
extremely difficult, and computational limits usually pre-
clude such claims for medium-sized clusters. Here, we
restricted our calculations to several planar cluster config-
urations for these two larger clusters. Although they may
not be the most stable geometries of Au;oPt; and AusPt;q
clusters, the calculated relative stability of these clusters
provided enough information for our purposes in the
present study. The optimized geometries are shown in
Fig. 3. For Au;(Pt;, among the four chosen configurations,
structure A with three Pt atoms placed at the center is the
most stable, being more stable in energy by 0.40, 1.17, and
2.59 eV than structures B, C, and D, where the three Pt
atoms are partly or completely separated by Au atoms.
Similarly, for AusPt;q, structure E, where Pt atoms
concentrate at the center and Au atoms locate at the
vertexes, was the most stable. This structure is calculated
to be 1.05 and 1.77 eV more stable in energy than
structures F and G, respectively, where three Au rather
than Pt atoms are adjacent to each other. Clearly, the
geometrical characteristic of the most stable Au;¢Pt; and
AusPt;;, among the chosen configurations can also be
described by a so-called Pt-core-Au-shell structure, con-
firming that the geometrical characteristic found for the
smaller Au/Pt bimetallic clusters also applies to these
medium-sized Au/Pt bimetallic clusters.

Electronic properties of Au,,Pt, (m+n=4-6, 13) clusters
Why do Au/Pt bimetallic clusters prefer to form core-shell-

like structures? We have attempted to explain this by their
electronic properties. NBO analysis revealed that Pt—Pt, Pt—
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Fig. 3 Optimized geometries of 9
Au,oPt; and AusPtq clusters. :
The gold and blue balls denote >
Au and Pt atoms, respectively.
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Au, and Au—Au bonds differ intrinsically in nature. As an
example, in Table 2 we show the hybrid orbital composition
of Pt-Pt, Pt-Au, and Au—Au bonds in the AusPt, cluster.
Clearly, the Pt-Pt bond is formed mainly through the
overlap of s-d hybridized orbitals of two Pt atoms, the
Pt—Au bond originates primarily from the overlap of the s-d
hybridized orbital of Pt with the 6s orbital of Au, while for
the Au—Au bond, the overlap of 65 orbitals between the two
Au atoms makes a major contribution. These bonding
characteristics are also true in all other bimetallic clusters
that have been studied. Generally, hybridized orbitals are
beneficial to the maximum overlap between atomic orbitals,
that is, the bonding capability of hybridized atomic orbitals
is much stronger than that of non-hybridized atomic
orbitals. Thus, the bond formed by the overlap of hybrid
orbitals is much more stable than that formed by non-
hybridized atomic orbitals. Therefore the bond strength of
Pt-Pt, Pt—-Au, and Au—Au bonds is expected to follow the
trend: Pt-Pt > Au-Pt > Au—-Au. In order to verify this
conjecture, we have calculated the bond dissociation
energies (Ep) of Pt—Pt, Pt—-Au, and Au—Au bonds for the
three dimers Pt,, AuPt and Au,. The E, value of Pt,

Table 2 Natural bond orbital (NBO) analysis of hybrid orbital
composition for AuzPt, clusters

Bond Hybrid composition

Pt3-Pt5 0.6910(sd>%%)p+0.7229(sd* 2)p,
Pt3-Au2 0.6631(sd%%)p+0.7485(s) Au
Aul-Pt5 0.7686(s)au+0.6397(sd*>")p,
Pt3—Au2 0.5770(s)pi+0.8167(5)au
Aul-Au4 0.7787(5) Aut0.6274(5) Au
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(3.53 eV) was found to be largest, followed by that of AuPt
(2.43 eV), with the E, value of Au, (2.19 eV) smallest. This
result confirms the bond strength order of Pt-Pt > Au—Pt >
Au—Au. The strongest interaction among Pt atoms dictates
the mixture of Pt and Au atoms prior to formation of the
Pt—Pt core, and then Au interacts with this Pt-core to form
the shell. The Pt-core-Au-shell structures so formed are the
most favorable in energy.

From the results above, it is clear that Pt-core-Au-shell-
like structures are the energetically most favorable form for
Au/Pt bimetallic clusters, which is consistent with a recent
report of classical MD simulations for Au—Pt NPs [2]. This
fact implies that the phase-separation in nano-sized Au—Pt
bimetallic structures could represent a spontaneous behav-
ior. In other words, the very considerable miscibility gap in
the bulk Pt—Au phase diagram [23-25] might have a great
influence on the structural characteristics of their NPs.

Conclusions

The geometric and electronic structures of the small Au,,Pt,
(m+n=4-6, 13) bimetallic clusters have been investigated
by performing DFT calculations. It was found that Au and
Pt atoms prefer to form a core-shell-like structure, with Pt
atoms assembling together to form the core and Au atoms
surrounding the Pt atoms forming the shell. Evenly mixed
clusters were found to be structurally unstable; this is
attributed to the distinct nature of Pt—Pt, Pt—Au, and Au—-Au
bonds. The present study provides atomic-level insight into
the geometric and electronic structure of Au/Pt bimetallic
clusters, which can aid our understanding of the micro-
structure of Au/Pt bimetallic nanomaterials.
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