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Abstract The low-energy structures of Pt,Sn, (n = 1-10) and Pt3,Sn,,
(m = 1-5) clusters have been determined using genetic algorithm incorporated with
density functional theory. Platinum and tin atoms tend to mix with each other due to
the energetically favorable Pt—Sn bonds. However, due to the larger atomic radius of
Sn atoms, we find segregation of Sn atoms on the surface of Pt,Sn, clusters. This
leaves one or two Pt atoms available for reaction and for larger clusters segregation
of Sn could block the Pt sites. For Pt3,,Sn,, clusters, Sn atoms are well separated in
the cluster structures and prefer to form sharp vertices leaving triangular faces of
three Pt atoms available for reactivity. The electronic properties such as highest
occupied molecular orbital-lowest unoccupied molecular orbital gap, distribution of
frontier orbitals, Mayer bond order, Miilliken atomic charge, and the density of
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states are discussed. Significant hybridization between the d orbitals of Pt and the
p orbitals of Sn is revealed. These theoretical results provide the general trends for
the structural and bonding characteristics of the Pt—Sn alloy clusters and help
understand their catalytic behavior.

Keywords Low-energy structures - Genetic algorithm - Density functional theory

Introduction

Platinum is an important catalyst for a variety of reactions, such as dehydrogenation
of paraffin [1], oxidation reaction or oxygen reduction reaction and electro-
oxidation [2]. In realistic applications such as CO oxygenation, Pt catalysts can be
easily poisoned due to blocking of active sites by carbon and the activity is thus
degraded quickly, which is an urgent issue to be solved.

Compared to the elementary transition metals, binary alloys have an advantage as
catalysts because the geometries and electronic properties of their clusters and
nanoparticles can be manipulated additionally by changing composition. Platinum
based binary alloys such as Pt—Co, [3, 4] Pt-Ni, [3] Pt—Pd, [5] Pt—Ru, [6-9] and Pt—
Sn [8, 10-18] have been widely investigated experimentally. Among them, Pt—Sn
alloys are particularly attractive owing to their excellent performance as catalyst.
Recently, Antolini and Gonzalez [15] summarized the electronic catalytic activity of
Pt—Sn catalysts for methanol and ethanol oxidation. They concluded that for
methanol oxidation, non-alloyed Pt—SnO, or partially alloyed Pt—Sn catalysts can be
used while for ethanol oxidation the usage of fully alloyed Pt;Sn catalysts is
preferred. Also the dehydrogenation reaction of alkanes on Pt clusters showed
higher activity with the addition of Sn. The effect of Sn addition on the structural
and electronic properties of Pt has been explored by various groups. It has been
shown that incorporation of Sn can strongly enhance electro-catalytic activity of Pt
[10] and lower the poisoning of the catalyst [11, 13]. Zhou et al. [12]. have found
that Sn can enhance ethanol electro-oxidation activity of Pt mostly in the form of
Pt;Sn,/C, better than Pt;Ru;/C and also lengthen the Pt—Pt bonds.

In bulk, platinum tend to alloy with tin to form face-centered-cubic (fcc) phase of
Pt3Sn or hexagonal-closed-packed (hcp) phase of PtSn [19, 20]. Jeyabharathi et al.
[21] synthesized carbon-supported Pt—Sn catalyst by simple polyol reduction
process. The as-prepared Pt—Sn bimetallic nanoparticles exhibited a single fcc phase
of Pt and heat-treatment led to fcc phase of Pt;Sn and hcp phase of PtSn [19, 21].
Boucher et al. studied the structural and electrochemical properties of Pt—Sn
nanoparticle catalysts supported onto carbon with relatively narrow size distribution
of 2.4 £ 0.9 nm, while the Pt/Sn ratio was found to be 3:1 at room temperature
[22]. With the carbonyl route, they found that the nanoparticles have a certain
degree of surface disorder, thus enhancing the electrocatalytic activity for hydrogen
adsorption. It was also found that the unique phase of Pt;Sn alloy can be obtained
spontaneously regardless of the amount of tin added [23]. However, Pt—Sn
nanoparticles and bulk alloys are known to have segregation of Sn on the surface
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and it is important to have Pt rich nanoparticles for good catalytic activity [24, 25].
As we shall show, surface segregation of Sn in nanoparticles of Pt;Sn leaves patches
of Pt atoms exposed to surface and that could lead to higher activity.

Earlier theoretical studies on adsorption or reaction mechanism of Pt—Sn solid
surfaces or nanoparticles have been mainly carried out using slab models. For
instance, the adsorption of simple alkenes on Pt(111) and surfaces of Pt—Sn alloys
[26], hydrogenation of 2-butenyl on Pt(111), and hydrogenation of butadiene on
Pt,Sn/Pt(111) [27] have been studied. Alloying Pt with Sn results in a charge
transfer toward Pt and this could further facilitate charge transfer to reactants and
their dissociation in a reaction [27].

Despite intensive experimental studies on Pt—Sn nanoclusters [21, 22, 28-34],
little is known about the binary Pt—Sn alloy clusters from the theoretical point of
view. To date, only the lowest-energy structures and electronic properties of
elementary platinum [35-47] and tin clusters [48-55] have been explored using
first-principles approaches. To gain insight into Pt-Sn nanoalloys, here we
determine the lowest-energy structures of Pt,Sn, (n = 1-10) and Pt3,,Sn,,
(m = 1-5) clusters and discuss the effects of cluster size and composition on the
atomic structures and electronic properties. It is found that Pt and Sn atoms tend to
mix together, forming nanoscale alloys with bulk-like structural units. In the
equilibrium cluster isomers, Pt atoms usually stay inside and form an interior core,
while Sn atoms distribute dispersedly on the exterior surface. This may account for
the enhanced catalytic behavior of Pt—Sn binary clusters. Due to the limitation of
computational resource for an ab initio global search, we focus here on the
understanding of the properties of small clusters of Pt,Sn, (n = 1-10) and Pt3,,Sn,,,
(m = 1-5) and we believe that some of the conclusions arrived here would be
relevant to larger nanoparticles.

Computational Methods

The low-energy isomers of Pt,Sn, (n = 1-10) and Pt;,,Sn,,, (m = 1-5) clusters were
globally searched using genetic algorithm (GA) combined with the first principles
DMol® program. As one of the most widely adopted global optimization algorithms [56],
GA and its variations have been intensively used in cluster science. Our group has
recently combined GA with DFT calculations and this GA-DFT scheme has been
successfully applied to Ga [57], Na [58], Na-Si [59], (WO3), [60], and Au-Ag [61]
clusters. Previously, empirical GA search has also been employed to determine the
global minimum structures of Pt, (n = 15-24) clusters by Wang and Tian [46].

In the present work, the GA search [62] was started with an initial population with
24 structures, which were randomly generated by choosing a set of initial coordinates
for each of them. With 50 % probability, two individuals in the population were
chosen as parents to produce a new offspring, (namely “child”) via a “cut and spice”
mating operation. With another 50 % probability, mutation operation was applied to a
randomly selected individual with two types of operations: (1) giving each atom of
the cluster a small random displacement with amplitude up to 0.2 A, and (2)
exchanging the atom type within a pair of different atoms (i.e., Pt—Sn pair here). At
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each GA iteration, the child cluster was relaxed by DFT optimization. In order to keep
the diversity of the populations, the locally stable child was selected to replace one of
the individuals if they share the same value of inertia / (the tolerance for the inertia
difference is less than 0.04 x atomic number), otherwise the new structure having an
inertia different from all the existing isomers, replaced the highest energy isomer by
the new one. Here the inertia is defined [59] as [ = Em,-r,»z, where r; is the distance of
the ith atom from the cluster center of mass and m; is the mass of the ith atom. For
each cluster size, we performed more than 1,000 GA iterations to ensure that the
global minimum on the potential energy surface is obtained. The specific number of
GA iterations generally increases with the cluster size, and relies on the specific
chemical composition of the cluster.

DFT calculations were performed using the DMol® program with the double
numerical basis including d-polarization function (DND) and the Perdew—Wang 91
(PWO91) functional within generalized gradient approximation (GGA). The conver-
gence criterion for the self-consistent field calculations was 10~° Ha. Orbital cutoff
was chosen as 6.5 A. All the cluster geometries were fully optimized without any
symmetry constraint with the convergence criteria of 0.002 Ha/A on force and
0.005 A on displacement. Vibrational analysis on the low-energy isomers of these
clusters was carried out to ensure that there are no imaginary frequencies
corresponding to the saddle points on the potential energy surface. We have
examined possible high-spin states for the low-lying isomers after the structural
isomers are determined. All Pt—Sn clusters considered here are non-magnetic.

The above theoretical setting was tested by calculating the dimers of platinum
and tin, respectively. In Table 1 we have compared the experimental and theoretical

Table 1 Comparison of the
calculated results obtained by
using PW91 functional in GGA

PWO91/DND Experiment

and DND basis set with the Pt; dimer
available experimental data for E, (eV/atom) 1.918 1.63
Pt and Sn dimers and solids Frequency (cmfl) 235.5 215 £ 15 [63]
Bond length (A) 2.350 2.33 [64]
Electron affinity (eV) 2.122 1.898 + 0.008 [63]
Pt solid
a (A) 3914 3.9233 [65]
Cohesive energy (eV) 6.160 5.84
Sn, dimer
E, (eV/atom) 1.269 0.964
Frequency (cm™") 182.1 186 + 15 [66]
Bond length (A) 2.820 2.746 [66]
Electron affinity (eV) 1.629 1.962 4+ 0.010 [66]
Sn solid
a (A) 6.006 5.8316 [65]
b (A) 3.198 3.1815 [65]
Cohesive energy (eV) 3.077 3.14
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results of the binding energy (E,), vibrational frequency, bond length, and electron
affinity. Although E, is systematically overestimated, the overall agreement
between PW91/DND results and experimental data is satisfactory and shows the
validity of the present computational method.

For a Pt,Sn, cluster, we define E,, as:

Ey = [(XEpt + YEsn) — Epysn |/ (X +Y), (1)

where Ep; (Eg,) is the total energy of a platinum (tin) atom. Ep,sy,is the total energy
of the Pt,Sn, cluster while x and y represent the number of Pt and Sn atoms,
respectively. Furthermore, the thermodynamic stability of Pt,Sn, and Pt3,,Sn,,
clusters can be characterized by the formation energy (E,,,,), which is defined by:

Eform = (EPtnSnn _EPtSn X n)/n, (2)

for Pt,Sn, clusters and

Ef()rm = (EPtg,nSnm _EPt3Sn X m)/m, (3)

for Pt;,,,Sn,, clusters. Here Ep sy, and Epy,, sn, are the total energies per formula for
the Pt,Sn, and Pt5,,Sny, clusters, Eps, and Epg,s, are the total energies per formula
for the PtSn and Pt;Sn solids while m and n represent the number of Sn atoms in the
two types of clusters, respectively.

To further verify the GA-DFT scheme, we selected PtsSns cluster as a
representative to search the ground state structure in an alternative way, i.e., by
performing simulated annealing (SA) with first-principles molecular dynamic
(FPMD) as implemented in the Vienna Ab initio Simulation Package (VASP) [67]
with plane wave basis (200 eV cutoff) and ultrasoft pseudopotentials. The initial
cluster structure was generated in a random way and the system was annealed from
2,000 to 300 K stepwise by decreasing the temperature in steps of 100 K. At each
temperature, FPMD simulation in the NVT ensemble lasted for 10 ps with a time
step of 1 fs. Thus, the total simulation time reaches 180 ps. The final geometry for
PtsSns cluster from SA-FPMD search is identical to that from GA-DFT search,
assessing the reliability of our global search approach.

Results and Discussion

Low-Energy Structures

The ground state geometries of Pt,Sn, (n = 1-10) and Pt3,,Sn,,, (m = 1-5) clusters
are globally searched by GA combined with DFT optimization. The lowest-energy
structures and some low-lying isomers are displayed in Figs. 1, 2 and 3 and these

are discussed in details below. The coordinates and some properties are given in
supporting information.

@ Springer



394 X. Huang et al.

— <> &1 1

PtSn Pt,Sn; (Do) Pt3Sn;-a (Cs) Pt3Sns-b (Cy)
2.327eV 3.204 eV 3.547 eV 3.450 eV
Pt,Sng-a (Ta) PtySns-b (Csy) PtsSns-a (Cav) PtsSns-b (C)
3.726 eV 3.680 eV 3.860 eV 3.850 eV

Pt(,Snﬁ-a (Cs) Pt68n6-b (Cz) Pt7Sn7-a (Cs) Pt7Sn7-b (C3V)
3.962 eV 3916 eV 4.051 eV 4.039 eV

Pt7Sn7-c (Cl) Pt7Sn7-d (C]) Pt7Sn7-e (Cs) Pt7Sn7-f(C3,,)
4.036 eV 4.024 eV 4.020 eV 4.011 eV

Fig. 1 Low-lying structures of Pt,Sn, clusters with n = 1-7. The isomers of Pt,Sn, are listed in the
sequence of decreasing binding energy and are marked as a, b,.... The binding energy per atom (E,) is
given below the name of the cluster and the symmetry is given in the brackets. Red (green) balls represent
platinum (tin) atoms (Color figure online)

Pt,Sn, (n = 1-10) Clusters

From our DFT optimization at PW91/DND level, the equilibrium bond length of
diatomic PtSn cluster is 2.399 A, which is slightly longer than the Pt—Pt bond
(2.35 10\) and smaller than the Sn—Sn bond (2.82 A). This can be easily understood
because the atomic radius of tin atom is larger (1.58 A) compared with that of a
platinum atom (1.39 A) [68]. The binding energy of a PtSn dimer is 2.327 eV/atom,
which is higher than the values for Pt, (1.918 eV/atom) and Sn, (1.269 eV/atom).
The energy gained by forming a Pt—Sn bond can be evaluated from:
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XX

—

PtgSng-a (Cy) PtgSng-b (Cy) PtgSng-c (Cy) PtgSng-d (Cay)
4.110 eV 4.100 eV 4.081 eV 4.078 eV

PtoSny-b (Cs) PtoSno-c (Cay) PtoSny-d (Cs)
4.193 eV 4.177 eV 4.169 eV 4.155eV

P
/NI I\ g
S0

N\
oAV

PtioSnjo-a (Cay) PtioSnyo-b (Cy) PtioSnyo-¢ (Cy) Pt;oSnyo-d (Cy)
4.235eV 4218 eV 4213 eV 4.204 eV

Fig. 2 Low-lying isomers of Pt,Sn, clusters with n = 8-10. Other details are the same as in Fig. 1
(Color figure online)

Ebond =2x Ept,sn— ESnz_ Ept2 =2 x2.327-1.269—1.918 = 1.467 eV. (4)

One can clearly see that the formation of Pt—Sn bonds is energetically preferred
over the formation of individual Pt—Pt and Sn—Sn bonds, implying that the alloying
of Pt and Sn atoms is favorable in binary Pt—Sn clusters, as we will further show in
the following discussion.

Figure 1 shows the lowest-energy structures of Pt,Sn, clusters with n = 1-7,
along with some low lying structural isomers. The most stable structure of Pt,Sn,
has D,y symmetry, in which the two Pt atoms are connected to two Sn atoms in the
middle, forming a rhombus structure with Pt—Sn bond length of 2.574 A. The
distance between the two tin atoms is 3.475 A. The Sn—Pt-Sn and Pt—Sn—Pt bond
angles are 84.903° and 95.097°, respectively.

Starting from Pt3Sns, the Pt—Sn binary clusters prefer to adopt three-dimensional
structures. The ground state structures of Pt3Sn; has Cg symmetry, in which two Pt
atoms and two Sn atoms form a tetrahedron and a Pt—Sn dimer is capped on a face.
In this structure, there is only one Pt—Pt bond of 2.681 A and a rather long Sn—Sn
bond of length 3.398 A, whereas the average length of the eight Pt—Sn bonds is
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X

Pt;Sn; (Csy) PtgSny-a (Con) PtgSny-b (Cy) PtgSny-c (Cp)
3.148 eV 3.825eV 3.822eV 3.786 eV
PtySns-a (Czy) PtySns-b (Cy) PtySns-c (C1) PtoSns-d (Cy)
4122eV 41226V 4116 eV 4100 eV

Pt};Sns-a (Cy) Pt15Sns-b (Cy) Pt12Sng-c (Cy) Pt12Sny-d (C)
4.280 eV 4279 eV 4.269 eV 4.268 eV

Pt;2Sny-¢ (C) Pt;5Sns-a (C) Pt;5Sns-b (Cy) Pt;5Sns-c (Cy)
4.267 eV 4418 eV 4416 eV 4.401 eV

Fig. 3 Low-lying isomers of Pt;,,Sn,, clusters with m = 1-5. Other details are the same as in Fig. 1
(Color figure online)

2.662 A. The latter is shorter than the Pt—Pt bond length and shows the formation of
strong Pt—Sn bonds. In addition, we found a metastable C; isomer (Pt3Sns-b in
Fig. 1) that is higher in energy by 0.582 eV. It is made up of two space
quadrilaterals and contains two Pt—Pt bonds (length: 2.736 A) and seven Pt-Sn
bonds (average length: 2.615 A). Note that Pt3Sns-a has ten bonds while Pt;Sns-b
has nine bonds. The larger number of Pt—Sn bonds (eight in isomer a compared with
seven in isomer b) may account for the higher stability of the former.

The ground state of Pt,Sn, adopts a cube-like motif with T4 symmetry, in which
Pt and Sn atoms arrange alternately with identical Pt—Sn bond length of 2.670 A.
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Low-Energy Structures of Binary Pt—Sn Clusters 397

The equilibrium structures slightly deviates from a perfect cube with the Pt—Sn—-Pt
and Sn—Pt-Sn bond angles of 93.690° and 86.187°, respectively. Note that similar
quadrilateral structural units also exist in the bulk phase of PtSn solid [20] with Pt—
Sn bond length of 2.732 /f\, Pt—Sn—Pt bond angle of 97.395°, and Sn—Pt—Sn bond
angle of 82.605°. The metastable Pt;Sns-b isomer shown in Fig. 1 has Cs,
symmetry and it lies higher on the potential energy surface by 0.368 eV. This
structure can be viewed as a flattened cube with the average Pt—Sn bond length of
2717 A.

The lowest-energy structure of PtsSns is a hollow cage with C,4, symmetry. One Pt
atom and one Sn atom are four-coordinated and occupy two ends of the cage, while the
remaining four Pt and four Sn atoms are three-coordinated and stay in the waist of the
cage. Again, this structure consists of eight quadrilateral structural units with Pt—Sn—Pt
bond angle of 95.108° or 96.682°, and Sn—Pt—Sn bond angle of 77.624° or 76.682°.
The bond length between the top Pt (Sn) and the waist Sn (Pt) atoms is 2.686 A
(2.683 A) and the Pt—Sn bond length in the middle part of the cluster is 2.599 A. From
our GA-DFT search, a C, isomer (PtsSns-b in Fig. 1) is found to be close in energy
with AE = 0.1 eV only. This can be viewed as an eight-atom C cage of PtsSnz capped
with one Sn atom on the face and one Sn atom on the edge.

The lowest-energy structure of PtsSng (Cy symmetry) can be constructed from a
ten-atom Cs, cage of PtgSn, capped with one Sn atom on the face and one Sn atom
on the edge, similar to PtsSns-b. Platinum atoms form five Pt-Pt bonds with an
average bond length of 2.691 A and there is no Sn-Sn bond. The average bond
length of the nineteen Pt—Sn bonds is 2.712 A which is slightly longer than that of
Pt—Pt bond. This is due to the fact that the mean coordination of Sn atoms is higher
in this isomer as compared to the smaller size clusters. The metastable PtgSng-b
isomer with C, symmetry (AE = 0.552 eV) follows the cube-like motif and can be
achieved by fusing two distorted Pt4;Sn, cubes via sharing a Pt,Sn, quadrilateral.

Six isomers of Pt;Sn; cluster are presented in Fig. 1. The most stable one, i.e.,
Pt;Sn;-a can be seen to have an open core—shell structure. Seven Pt atoms form a
tricapped tetrahedron with C;, symmetry as the core, whereas three Sn atoms are
capped on the Pt triangular faces and the remaining four Sn atoms are capped on the
spatial quadrilateral of four Pt atoms in such a way that the seven Sn atoms are
separated with the minimum Sn—Sn distance of 3.256 A. Pt;Sn;-b also has the same
C;y core of Pt atoms with seven Sn atoms dispersedly capped on the spatial
quadrilaterals of Pt; core in such a way that the entire cluster retains C;, symmetry.
Pt;Sn;-c has a three-layered structure with four, five, and five atoms on each layer.
Pt;Sn;-d isomer can be regarded as two fused cages (PtsSn; and Pt4Sns) via sharing a
Pt,Sn triangular face. Pt;Sn-e has a basket-like structure with C; symmetry, in which
two identical eight-atom cages of Pt,Sny with D,4 symmetry are fused together via
sharing a PtSn, triangle and adding a Sn atom on the top. Pt;Sn;-f structure also has
high symmetry (C;,) and can be viewed as a sphere-like cage with alternate
arrangement of Pt and Sn atoms except that one Pt atom sinks into the cage interior.

The ground state structure of PtgSng with Cg symmetry is obtained by capping
three Sn atoms on a core structure formed by welding a bicapped pentagonal
bipyramid of PtsSn; and a spatial quadrilateral of Pt;Sn,. The PtgSng-b structure
consists of two cages sharing a Pt; triangle, i.e., a capped square anti-prism of
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PtsSny and a ten-atom polyhedron of PtgSny. In the PtgSng-d structure with C,,
symmetry, six Pt and eight Sn atoms constitute a symmetric Dy, hollow cage (with
twelve spatial quadrilaterals of Pt,Sn,), whereas one Pt atom sits in the cage center
and the last Pt atom is capped on the surface. Similarly, the PtgSng-c structure is
based on a fourteen-atom irregular cage of Pt;Sn; with one interior Pt atom inside
the cage and one Sn atom capped outside.

The ground state structure of PtoSng has a high symmetry of Cy,. It can be
regarded as a bicapped square antiprism formed by nine platinum atoms and one tin
atom, with eight additional Sn atoms capped on each of the triangular facets of Pt
core. Similarly, the PtoSno-c isomer also with C4, symmetry is constituted by two
fused square anti-prisms (one Ptg and one Pt4Sn, via sharing a Pt, square) capped
with one top Pt atom, one bottom Sn atom, and four Sn atoms on the waist of the
lower anti-prism. In the PtgSng-b structure, eight Pt atoms constitute a core of
bicapped trigonal prism, with one Pt and nine Sn atoms dispersedly distributed
around the Ptg core, forming a rather open structure. The PtoSno-d isomer is a three-
layered structure (Cy symmetry). The top layer contains two Pt and two Sn atoms,
forming a rthombus; the middle layer is a Pt, square edge capped with three Sn
atoms; the bottom layer consists of three Pt and four Sn atoms and can be viewed as
a buckled Pt-centered hexagon.

Pt;oSn;p-a can be viewed as a core—shell structure with C,, symmetry, in which
ten Pt atoms constitute a tetracapped trigonal prism as the core and ten Sn atoms
distribute separately as the outer shell. Pt;oSn;o-b can also be regarded as a core—
shell structure, where the Pt;q core is an octahedron with the addition of four Pt
atoms. The geometry of Pt;(Snio-c is formed by a flat core of Pt;oSnz with two
layers of atoms capped with three Sn atoms on one side and four Sn atoms on the
other side. Pt;(Sn;o-d is a stuffed cage with one Sn atom inside and the outer
irregular cage is mainly composed of Pt,Sn, thombuses as basic structural units.

To briefly summarize the structural trend, we find three dimensional (3D) cluster
structures that emerge when the number of atoms exceeds four. Pt,Sn, quadrilat-
erals as basic structural units of PtSn solid are seen in many cluster isomers. Pt and
Sn atoms prefer to mix with each other. However, due to the larger size of tin atoms,
they tend to segregate and are usually located on the exterior of the cluster and are
well separated, while platinum atoms tend to form interior core with Pt—Pt bonds.
This is also expected because the cohesive energy of bulk Pt (5.852 eV/atom) is
much larger (nearly 1.6x) than the value for bulk Sn (3.12 eV/atom). In clusters E,,
increases with size and approaches the value for bulk. Accordingly with increasing
size of PtSn clusters, E, could be higher if more Pt atoms interact together in the
core region. Also according to simple theories of surface segregation in alloys the
element with lower surface energy (larger atomic size) tends to segregate at the
surface in order to minimize the surface free energy. This segregation is less in
ordering systems such as in Pt—Sn because segregation of Sn atoms on the surface
also has the tendency to pull Pt atoms along with it. Hence, in nanoscale binary PtSn
catalysts, Sn can protect Pt sites from being poisoned. Also we can say that Sn
blocks some Pt sites such that in general the low lying atomic structures of PtSn
clusters have predominantly single or pairs of Pt atoms exposed on the surface. This
can enhance those reactions that can take place on a single or pair of Pt atoms,
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thereby increasing the reactivity and selectivity. Furthermore, in larger Pt-Sn
clusters segregation of Sn may make the catalyst inactive by blocking most of the
(active) Pt sites. Therefore for high reactivity control of both the size and
composition of the catalyst is important.

Pt3,,5n,,, (m = 1-5) Clusters

The structures of Pt3,,Sn,, (m = 1-5) clusters are given in Fig. 3. The ground state
structure of Pt3Sn is a typical trigonal pyramid (Cs,) with Sn atom capping a Pt;
triangle, Pt—Sn and Pt—Pt bond lengths being 2.661 A and 2.556 A, respectively.
The lowest-energy structure of PtgSn, (PtgSny-a in Fig. 3) with Cy;, symmetry is
obtained by joining two square pyramids (Sn atom on top and four Pt atoms on the
basal plane) in opposite directions via sharing one Pt—Pt bond. The PtsSn,-b isomer
with Cg symmetry, lying only 0.024 eV higher than the most stable one, can be
regarded as a tricapped trigonal bipyramid in which the two Sn atoms sit on the two
vertices of the trigonal bipyramid. Two Pt—Pt bonds in the triangular base are
broken (elongated). This structure can also be regarded as capping of a triangular
isomer of Pt¢ (the central triangle) on both the faces by Sn atoms. Note that a planar
triangular isomer of Pt has the lowest energy and the isomer with two fused squares
is a low lying isomer. PtsSn,-c structure (C, symmetry) is a capped pentagonal
bipyramid with one broken Pt—Sn side and one capped Pt atom, where the two Sn
atoms are located in the pentagonal rim. Note that in all these cases the Sn atoms
tend to be far from each other. This means that Pt sites remain available for reaction.

The lowest-energy structure for PtoSn; has C,, symmetry and can be constructed by
symmetrically face-capping two Pt atoms on the waist of a bicapped square anti-prism.
The PtoSns-c isomer can be also obtained by face-capping the same bicapped square
anti-prism with two Pt atoms but in a different manner (one Pt on the waist and one Pt
on the bottom). The structure of the isoenergetic PtoSns-b isomer (AE = 0.01 eV) is
formed by an eleven-atom D5y, cage with a Sn atom capping on a platinum triangular
face of the cage. Similarly, the PtoSns-d isomer can be constructed by capping a Sn
atom on an eleven-atom C, cage consisting of nine Pt atoms and two Sn atoms.

In the case of Pt;,Sn, binary cluster, the most stable structure is rather
complicated and can be described as an anomalous hollow cage on which the four
Sn atoms are well separated by Pt atoms. A characteristic of the structure in this size
range is the formation of face (s) with a centered hexagon (with or without capping)
as one finds in the Frank—Kaspar polyhedral structures. There are distortions due to
large size mismatch between Pt and Sn atoms. Similar hollow cage with C;
symmetry and dispersed Sn distribution is found as the Pt;,Sny-e isomer, whereas a
fourteen-atom flat cage capped with one Pt and one Sn atoms on the top and bottom
is obtained as the Pt;,Sny-d isomer. The Pt;,Sn,-b structure can be obtained from a
capped square antiprism by adding a five-atom layer on the bottom and then capping
two Pt atoms on the waist. Pt;,Sny-c is a four-layered structure with Cg; symmetry,
with one Pt atom, three Pt atoms and one Sn atom, six Pt atoms and one Sn atom,
and two Pt atoms and two Sn atoms, on successive layer.

Pty5Sns-a is a core—shell structure, which consists of a spherical eighteen-atom
cage (fourteen Pt atoms and four Sn atoms), one Pt atom stuffed inside the cage and
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one Sn atom capped on a triangle facet of Pt atoms. In this structure there is Pt
centered hexagon with four Pt atoms and two Sn atoms. This is capped by another Pt
centered hexagon of Pt in an anti-prism structure. The remaining six atoms (three Pt
and three Sn) are distributed in such a way that a Pt,Sn, quadlateral caps the Pt;
centered hexagon. Finally one Pt and one Sn atoms cap this whole unit in opposite
directions. Both Pt;5Sns-b and Pt;5Sns-c isomers have three-layered structures and
have similarity with Pt;5Sns-a isomer. The difference is in the way the remaining six
atoms are distributed, the two centered hexagons being the same. In isomer Pt;sSns-
b, three Sn atoms cap a Pt; triangle to form a triangular structure that caps the Pt;
centered hexagon. Thus within each layer, Sn atoms are separated by Pt atoms. Note
that there is resemblance with the structural motif of Pt;Sn bulk solid. The Pt;sSns-b
is less stable than Pt;5Sns-a by only 0.04 eV and Pt;5Sns-a can also be viewed as a
three-layered structure with a capped atom and some distortion. Hence, the bulk-like
structure already emerges at the size of Pt;5Sns.

Similar to the cases of Pt,Sn, clusters, the Pt and Sn atoms prefer to mix together
in Pt3,,Sn,, (m = 1-5) clusters also. With more number of Pt atoms, the Sn atoms
are well separated without forming any Sn-Sn bond. The tendency to form Pt
triangular faces is easily seen and this would accelerate reactions in which
interaction with up to three Pt atoms is required. As the cluster grows larger, there is
a clear tendency of layered structures consisting of Pt—Sn alternative triangular
lattices, which resemble the Pt3Sn solid.

Bond Length and Bond Strength

Figure 4 presents the average Pt—Sn and Pt—Pt bond lengths for the lowest energy
isomers of Pt,Sn, (n = 1-10) and Pt;,,Sn,,, (m = 1-5) clusters. Generally, both Pt—
Sn and Pt—Pt bond lengths increase with the increasing number of atoms for both the
types of binary clusters as the coordination number also increases. However, for the
Pt,Sn,, clusters, the rising trend of Pt—Sn bond length is much more pronounced than
that of the Pt—Pt one. When the total number of atoms reaches 12 (i.e., n > 6), the
average bond lengths of Pt—Sn and Pt—Pt approximately approach their bulk values
in the case of PtSn alloy. The variation in bond lengths is in accordance with the
analysis of Mayer bond order (MBO) [69], i.e., a shorter bond corresponds to a
higher bond order. For example, the average MBO of Pt—Sn bonds in the Pt,Sn,
cluster is 1.203, and it reduces to 0.876 for Pt;Sn;, 0.832 for Pt;Sny, 0.658 for
PtsSng, and 0.534 for Pt;oSn;o. Meanwhile, the MBO values of Pt—Pt bonds are
0.719 for Pt3Sns, 0.471 for PtgSng, and 0.355 for Pt;(Sn;o. For a given Pt,Sn,
cluster, the MBO parameter for Pt—Sn bonds is larger than that of Pt—Pt bonds by
about 0.2, suggesting stronger Pt—Sn bonds compared with Pt—Pt ones.

In the case of the Pt3,,Sn,, clusters, the Pt—Sn and Pt-Pt bond lengths increase
slowly with little oscillation as the cluster size increases. However, even for the largest
cluster (Pt;5Sns) we explored, they are still significantly smaller than the bulk values
by 0.08 A for Pt-Sn bond and 0.2 A for Pt—Pt. For the same total number of atoms, the
Pt—Sn bonds in Pt3,,,Sn,,, clusters are generally longer than those in Pt,Sn,, clusters, and
the corresponding MBO are smaller. For instance, the Pt—Sn MBO parameters are
0.819 for Pt3Sny, 0.586 for PtgSn,, 0.514 for PtoSn3, 0.525 for Pt;5Sns. On the contrary,
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the lengths of Pt—Pt bonds in Pt3,,,Sn,, clusters are generally shorter than those in
Pt,Sn, clusters and the MBO values for Pt—Pt bonds are larger (0.852 for Pt3Sn;, 0.65
for PtoSn3, 0.539 for Pt;5Sns). For a given Pt;,,Sn,,, cluster, the bond strengths of Pt—Sn
and Pt—Pt bonds as characterized by the MBO are comparable. As a consequence, Pt
and Sn atoms are able to form close-packed structures composed of triangular layers.
Note that in bulk Pt3Sn solid, the Pt—Pt and Pt—Sn distances are identical with Pt and Sn
atoms situated on a fcc lattice alternately.

Relative Stability and Electronic Properties

The formation energy and E, of Pt,Sn,, (n = 1-10) and Pt3,,Sn,, (n = 1-5) clusters
are plotted as a function of the total number of atoms in Fig. 5. It can be seen that
the bigger the cluster size is, the more stable it is, as evidenced by the lower
formation energy and higher E, with the growing cluster size. Moreover, the rising
trend of E, becomes slower as the number of atoms exceeds ten. According to the
computed formation energies, a Pt,Sn,, cluster is energetically more favorable than a
Pt3,,Sn,,, cluster with the same total number of atoms.
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The electronic properties of the binary Pt,Sn,, and Pt3,,Sn,, clusters are discussed
in terms of the highest occupied molecular orbital-lowest unoccupied molecular
orbital (HOMO-LUMO) gaps, density of states (DOS), Miilliken charge, and
molecular orbitals. From the curve of the HOMO-LUMO gap (Fig. 6), one can see
distinct even—odd oscillation for Pt,Sn, clusters with n > 3. Moreover, Pt,Sn, and
Pt,Sn, clusters possess relatively large energy gaps of more than 1 eV. The HOMO-
LUMO gaps for Pt,Sn, clusters are usually larger than the values for Pt3,,Sn,,
clusters. This is due to larger number of Pt atoms and therefore more electronic states
in Pt3,Sn,, clusters compared with Pt,Sn,, clusters with the same number of atoms. As
we shall show, some of the d states remain unoccupied particularly for Pt;;,,Sn,,
clusters. For clusters with up to twenty atoms, the HOMO-LUMO gaps for both
Pt;oSn;o and Pt;5Sn5 clusters become small, i.e., about 0.2-0.3 eV, approaching the
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bulk limit of zero gap for metallic PtSn and Pt;Sn alloys. These values should,
however, be considered as underestimation due to the use of GGA.

The total DOS of Pt,Sn, (n = 1-10) and Pt3,,Sn,, (m = 1-5) clusters for
selected sizes such that the total number of atoms is the same in the two types of
clusters, are presented in Fig. 7, and these are compared with those of the bulk PtSn
and Pt;Sn solids. One can see that the small clusters such as Pt,Sn,, Pt;Sn;, and
Pt,Sn, exhibit molecular-like discrete electronic states. As the cluster size grows
(with more than 12 atoms), the discrete states become densely distributed and the
features of the DOS start resembling those for the bulk. Starting from PtgSng and
Pt;,Sn,, the main peaks in the total DOS shift towards higher binding energy with
increasing size, and gradually approach the bulk behavior. However, there are
noticeable differences in the vicinity of the HOMO and this is likely to have
important effect on the reactivity of the clusters.

The detailed hybridization between Pt and Sn atoms can be analyzed from the
partial DOS shown in Fig. 8 for Pt4Sn4 and PtsSn, as representatives. Obviously, the
total DOS in the vicinity of the HOMO has the main contribution from the d states
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Fig. 8 Partial densities of states for Pt;Sn, and PtsSn, clusters
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Pt6Sn6 Pt9sn3

Fig. 9 Charge density differences for Pt,Sny, PtsSny, PtgSng and PtoSn; clusters. The gray areas
correspond to electron deficiency, while the yellow ones mean electron accumulation (Color figure online)

of Pt atoms and p states of Sn atoms. For the occupied bonding states, there is clear
correspondence between the Pt-d states and Sn-p states, suggesting strong p-—
d hybridization. However, for the unoccupied anti-bonding states, we observe some
hybridization between the Pt-p orbitals and Sn-p orbitals. The finding of p-
d interaction is supported by the strong Pt—Sn bond energy and larger Mayer bond
order mentioned above. Miilliken charge analysis further demonstrates that each Sn
atom donates about 0.4—0.5 (0.45-0.7) electrons to Pt atoms in the Pt,Sn,, (Pt5,,Sn,,,)
clusters. This is also a reason why Sn atoms tend to be well separated. Further
analysis of charge density differences of selected Pt—Sn clusters (Fig. 9) demon-
strates that the electron-deficiency area is located on the Pt—Sn bonds, while there is
some electron accumulation around the Pt atoms. This can be easily explained by
the electronegativities of these two elements (2.28 for Pt and 1.96 for Sn, according
to Pauling). Previous first-principles calculations also revealed that alloying Pt with
Sn results in a small charge transfer from Sn to Pt [27].

Figure 10 gives the representative frontier orbitals (HOMO—1, HOMO, LUMO,
and LUMO+1) for four selected clusters, i.e., Pt;Sny, PtgSn,, PtgSng, and PtoSns.
Clearly, all these orbitals are rather delocalized and their spatial shapes show typical
d characteristics. Also note that the frontier orbitals are mainly located on the Pt
atoms rather than on the Sn atoms. This can be related to the partial DOS in Fig. 8
(in which the electronic states near the HOMO level mainly originate from the
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Pt,Sn, HOMO-1 Pt,Sn, HOMO Pt,Sny LUMO Pt,Sn, LUMO+1

PteSn, HOMO-1 PteSn, HOMO PtsSn, LUMO PtsSn, LUMO+1

-G

PteSne HOMO-1 PtsSne HOMO

PtsSng LUMO+1

Pt9$n3 HOMO-1 Ptgsn3 HOMO Pthﬂ:, LUMO Pt93n3 LUMO+1

Fig. 10 Isosurfaces for HOMO—1, HOMO, LUMO, and LUMO+1 of Pt4Sny, PtsSn,, Pt¢Sng, and
PtoSnj clusters. Green (red) balls represent tin (platinum) atoms. The blue and white isosurfaces denote
the wave function phases (Color figure online)

d states of Pt atoms). The results of Miilliken charge analysis show that Sn atoms
donate electrons to Pt atoms. Therefore, in the binary Pt—Sn nanocatalysts, the Pt
atoms with enriched electrons would serve as active site, whereas the role of Sn
atoms is to separate and protect the Pt atoms.

Conclusions

To summarize, we have carried out unbiased global search of the Pt,Sn, (n = 1-10)
and Pt;,,Sn,, (m = 1-5) clusters using DFT calculations combined with genetic
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algorithm to investigate their low-lying atomic structures and electronic properties.
Due to strong p—d hybridization, Pt and Sn atoms form strong Pt—Sn bonds in the
binary clusters and tend to mix well. For Pt,Sn, clusters, Pt atoms usually stay
inside the cluster interior while Sn atoms prefer to distribute on the exterior sites. In
the case of Pt3,,Sn,,, we observed bulk-like layered structures with alternate Pt/Sn
distribution on a triangular lattice. Analysis of the bond length and Mayer bond
order show that the Pt—Sn bonds are stronger than Pt—Pt ones in the Pt,Sn, clusters
and the bond strength decreases with increasing cluster size. However, in the
Pt3mSny, clusters, the strength of Pt—Pt and Pt—Sn bonds are comparable and less
sensitive to the cluster size. The electronic states near the HOMO have the main
contribution from the d states of Pt atoms and p states of Sn atoms, while the
HOMO and LUMO are delocalized and show d characteristics. In the Pt—Sn binary
clusters, Pt atoms as active sites are separated and have different distributions in
Pt,Sn, and Pt;,,,Sn,, clusters. Pt,Sn, clusters tend to get coated by the Sn atoms
often leaving single or pairs of Pt atoms for reaction. On the other hand in Pt5,,,Sn,,
clusters more Pt atoms are available for reaction such as triangular faces. In general
Pt atoms accept extra electrons from Sn atoms. This charge transfer is smaller in the
case of Pt3,Sn,, clusters. Both the effects namely charge transfer and isolated Pt
sites seem to act beneficially for improving the catalytic activity of Pt—Sn catalysts.
Our results are likely to be relevant to clusters of other ordering alloys in which the
cohesive energy of one component is significantly higher than the value for the
other.

Supporting Information

The formation energy, gaps, Miilliken charge on Pt and Sn atoms, bond lengths as
well as the number of Pt—-Pt, Pt—Sn, and Sn—Sn bonds for Pt,Sn, (n = 1-10) and
Pt3,Sn,, (m = 1-5) clusters. For the latter there are no Sn—Sn bonds. Cartesian
coordinates of all the clusters are listed in Table S3. This material is available free
of charge via the Internet at http://pubs.acs.org.
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