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Abstract. To contribute to the discussion of the high activity and reactivity of Au—Pd system, we have
adopted the BPGA-DFT approach to study the structural and energetic properties of medium-sized Au—
Pd sub-nanometre clusters with 11-18 atoms. We have examined the structural behaviour and stability
as a function of cluster size and composition. The study suggests 2D—-3D crossover points for pure Au
clusters at 14 and 16 atoms, whereas pure Pd clusters are all found to be 3D. For Au-Pd nanoalloys, the
role of cluster size and the influence of doping were found to be extensive and non-monotonic in altering
cluster structures. Various stability criteria (e.g. binding energies, second differences in energy, and mixing
energies) are used to evaluate the energetics, structures, and tendency of segregation in sub-nanometre
Au-Pd clusters. HOMO-LUMO gaps were calculated to give additional information on cluster stability
and a systematic homotop search was used to evaluate the energies of the generated global minima of mono-
substituted clusters and the preferred doping sites, as well as confirming the validity of the BPGA-DFT

approach.

1 Introduction

Due to the environmental and energy challenges facing
the world, research in catalysis is particularly impor-
tant. Nanometallic catalysts, in particular, often show
superior performance compared to their bulk counter-
parts [1,2]. These catalysts, which are widely used in the
chemical industry, have motivated experiments on new
materials on the nanoscale with high catalytic activity
and /or selectivity [3-5] and have inspired the development
of computational methods for predicting new catalyst
candidates and optimizing their efficiency [6,7].

Although extensive research indicates that platinum
and platinum-based nanostructures exhibit exceptional
electrocatalytic activity, for example in direct alcohol fuel
cells [8,9] their applications are somewhat limited due to
the rarity of Pt in the earth’s crust and its consequent
high cost. This has motivated researchers to look for alter-
native metals (or alloy systems) to replace Pt, ideally
keeping the high performance but at lower cost [10-12].
The much higher natural abundance of Pd relative to Pt
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has led to researchers fabricating nanostructures based on
Pd [7,11]. Pd-based bimetallic nanostructures have also
been used extensively, not only in the application to the
direct alcohol fuel cells (as the cathodic catalyst) [11] but
also in many high-tech fields, due to their interesting mag-
netic and electronic properties, as well as their catalytic
properties [2,8,13,14].

Changing the chemical order and composition of the
bimetallic nanostructures can enhance and enable tuning
of their catalytic properties [15,16]. The chemical order
effect can lead to control of the catalytic properties (e.g.
modifying relevant activation energy barriers) by tuning
the energy and spatial distribution of electrons at the sur-
face of the clusters [2]. There are also economic reasons
for mixing two metals, such as adding low cost metals
(e.g. Co, Cu, and Ni) to balance the high cost of noble
metals. The enhancement of catalytic performance and
possible discovery of unique properties is still the main
force driving the designing of novel nano-catalysts and
sub-nanometre cluster catalysts. The Pd—-Au bimetallic
system, for example, exhibits high durability and catalytic
activity for many interesting chemical reactions, such as
the electro-oxidation of ethanol [17,18], the Suzuki cou-
pling reaction [19], and the oxygen reduction reaction
[20].

The catalytic activity and selectivity of sub-nanometre-
and nano-clusters are also strongly affected by the size
of the cluster and its electronic distribution. The origin
of size effects are still ambiguous [21], however, they are
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usually attributed to the changing surface-area-to-volume
ratio and the number and nature of exposed facets/surface
sites [22-24].

Gas-phase sub-nanometre clusters are simplified models
that can test a system’s suitability for specific applica-
tions, at a reasonably high level of theory, before dealing
with more complex systems. However, even the optimisa-
tion of gas-phase structures is not a trivial task. There is
usually little energy separation between many competitive
isomers of metallic clusters [25], which may explain the
challenges that face experimentalists in determining the
preferred isomer [26,27]. In addition, charge-neutral clus-
ters are more difficult to investigate experimentally com-
pared with anions and cations, as most characterizations
rely on mass spectrometry measurements, which creates a
clear difficulty in separating and probing different size of
neutral clusters [28,29].

In spite of the early investigations of neutral Aus [30]
and Aug [31]. It is well known that experimental investiga-
tions of medium sized neutral Au clusters are limited for
the reasons given above. Hence, a combination of experi-
mental techniques with theoretical calculations has been
used effectively: for example, Fielicke and co-workers [28]
reported the gas-phase structures of neutral Auy, Aujg,
and Augg clusters tagged with Kr atoms. The case of
Pd is similar as, unlike the smaller Pd clusters, stud-
ies of medium sized clusters are relatively few and are
the object of some controversy in terms of identifying
the structural characteristics [32]. Turning our atten-
tion to medium-sized Au—Pd nanoalloys, a comprehensive
study of structural motifs for all compositions have, to
our knowledge, not been investigated before. However,
Au-doped Pd clusters [33], (1:1) compositions [34], and
nuclearities lower than 14 atoms [35] have previously been
studied theoretically.

In the Au—Pd system, doping an atom of one metal
into a pure cluster of the other metal often yields clus-
ters with non-identical structures and properties [35-37].
This can increase the difficulty in finding global min-
ima, in addition to the permutational isomers (homotops)
effect [38]. There is additional complexity introduced by
multi-directional bonding, unrestrained bond orders, and
fluxional behaviour as a result of electron delocalization.
In addition, alloying Pd with Au modifies the lattice dis-
tance between host atoms and the low dimensionality of
Au could influence the spatial arrangement of Pd atoms
[39,40].

The DFT-based Birmingham Parallel Genetic Algo-
rithm (BPGA-DFT) computational approach has been
successfully applied to search for low-lying isomers for var-
ious sub-nanometre cluster systems. Applications include:
pure clusters Irig—Iryy [41], Rhy—Rhg [42], Aug—Auio,
Pd4*Pd10 [37]7 RU3*RU12 and Ptg*Ptlo [43], and bimetal-
lic clusters (AuRh)s—¢ [42]. (AuPd)s—10 [37], (Aulr)s—s
[44], and (RuPt)s g [43] as well as surface-supported
[37,44] clusters.

In this context, we present here a computational study
of the structural properties of binary sub-nanometre Au—
Pd clusters, including a comparison to the pure clusters.
Using the BPGA-DFT approach, the lowest energy struc-
tures in the size range 11-18 atoms were calculated for all
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compositions. This work also sheds some light on the ener-
getics of these clusters and the underlying mechanisms of
mixing in binary metallic systems on the sub-nanometre
and nanoscale. Our findings for the Au—Pd system should
provide valuable information for Au-Pd catalysts and for
further theoretical and experimental investigations.

2 Methodology

The Birmingham Parallel Genetic Algorithm (BPGA-
DFT) approach [41,45] was applied to investigate (at
the DFT level) the lowest energy structures of Au-Pd
sub-nanometre clusters with total number of atoms N =
11-18, as well as pure Auy and Pdy clusters. BPGA-
DFT is an open-source genetic algorithm [45], which is
a parallel extension of the Birmingham Cluster Genetic
Algorithm (BCGA), a genetic algorithm for locating the
global minima of small metal clusters directly at the DFT
level [46].

Instead of generations, BPGA-DFT employs a pool
methodology to evaluate structures in parallel. In each
run, multiple BPGA instances are implemented, and in
each instance, a set of processes are run in parallel and
independently [47,48]. Initially, the pool population is
formed by generating a number of random isomers [41].
The ten generated structures forming the initial pool are
geometrically relaxed by local DFT energy minimization
[47]. Once minimized structures are generated, the genetic
algorithm crossover and mutation operations are applied
to members of the population.

The clusters are selected for either crossover or muta-
tion. The crossover operation involves selecting a pair of
clusters from the pool, using the tournament selection
method, based on a fitness criterion, where the fittest
isomers (those with the lowest DFT energies) are more
likely to be selected for crossover. Offspring clusters are
then generated using the cut-and-splice method intro-
duced by Deaven and Ho [49]. There are two mutation
operations, in which a single cluster is randomly selected
and either randomly chosen atoms are displaced or (for
bimetallic clusters) the positions of a randomly chosen
pair of non-identical atoms are swapped. After crossover
and mutation, the structures are locally energy-minimized
at the DFT level. The newly generated structures are
then compared energetically with existing structures in
the pool and the highest energy isomers are replaced by
any lower energy isomers among the set of offspring and
mutants.

All the local energy minimizations mentioned above
were conducted with gamma-point DFT calculations
employing the Vienna ab initio Simulation Package
(VASP) code [50]. Projected-augmented wave (PAW)
pseudopotentials were used, with the (GGA) Perdew—
Burke-Ernzerhof (PBE) exchange correlation functional
[51,52]. A plane-wave basis set was implemented includ-
ing spin polarization. The plane wave cut-off energy was
truncated at 400 eV. Methfessel-Paxton smearing, with
a sigma value of 0.01 eV, was implemented to improve
convergence [53].
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For pure Au and Pd and mixed Au-Pd clusters, the
stability of each cluster, relative to neighbouring sizes, is
indicated by the second difference in energy (AsFE) which
is given by:

AoE = B(Ans1) + E(Ay_1) — 2B(Ay) (1)

where F(Ay) corresponds to the energy of the N-atom
cluster and F(Any1) and E(Ayn_1) are the neighbour-
ing clusters, with one atom more and one atom less,
respectively.

The effect of mixing Au with Pd atoms in nanoal-
loys can be evaluated by calculating the mixing or excess
energy (A) which is given by:

Eaun) Erpay)
— 2

A = Eau,,pPd,) — M

where m and n are the numbers of Au and Pd atoms,
respectively, E(ay,,pd,) is the total energy of the nanoal-
loy Au,,Pd, whereas E(a,,) and E(pq,) are the energy
of pure metal clusters of Au and Pd, respectively, of the
same size (N =m + n).

The average binding energy per atom (FE}) is given by:

1
Ey = —=I[E(Au,, Pd,) — ME(au) — NE(pag)] (3)

N
where E(4,) and E(pg) are the electronic energies of single
Au and Pd atoms, respectively.
The homotops (inequivalent permutational isomers)
[38] are evaluated using:

AE = Ehom — Fam (4)
where AFE is the relative energy of the proposed homo-
top and Fpom and Egpy are the electronic energies of a
particular homotop and the lowest energy isomer (global
minimum) of the cluster, respectively.

Ignoring the symmetry, the number of homotops is
given by:

N! N!
N
Paw pd = - 5
AwPd = ) m!(N —m)! (5)

where N is the total number of atoms, m is the number
of Au atoms, and n is the number of Pd atoms.

3 Results and discussions

3.1 Structures

3.1.1 Au clusters

The putative global minima for pure Au clusters 11 <
N < 18, are shown in Figure 1 and their energies, coor-
dinates, and point groups are listed in Table S1 (see the
Supporting Information).

The lowest energy structures obtained for N = 11—
13 and 15 Au clusters have planar (2D) configurations.
The clusters deviate from planar to 3D structures at
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N = 14 and for 16-18 atoms. The exact 2D-3D transi-
tion point for neutral Au clusters is disputed theoretically
and experimental evidence is scarce. Theoretical predic-
tions of the 2D—3D crossover point have previously ranged
from N = 7-14 atoms [54-57]. This range is consistence
with the evolution of structure-symmetry for Au clusters
reported here. The smallest 3D ground-state structure was
predicted previously to be Aujg by David and co-workers
[58], using the second-order Mgller—Plesset perturbation
theory (MP2) method. Employing hybrid DFT, Zanti and
Peeters [35] arrived at the same conclusion showing a 3D
structure for N = 10. This, however, disagreed with the
2D Auy structure recently obtained by us [37] and previ-
ously by different research groups using semi-local density
functional theory (DFT) [59] and coupled cluster singles
doubles and perturbative triples [CCSD(T)] calculations
[60,61]. Recently, Johansson et al., using a genetic algo-
rithm and meta-GGA DFT, assigned a 3D structure as
the GM structure at N = 12. However, they also suggested
two isoenergetic structures (2D and 3D) for N = 11 atoms
[62].

Three generic structure types can be identified for Au
clusters (see Fig. 2): (i) a 2D close packed planar layer
(analogous to the (111) face of fcc bulk gold) for N = 11—
13 and 15; (ii) a condensed flattened cage structure for
N = 14 and 16 clusters; (iii) a pseudo-spherical hollow
cage structure for N = 17-18. To explain the difference
between the flattened and hollow cage structures, we can
compare the predicted structures of Auig and Auy7, which
are shown in Figure 3. For Aujs (flattened cage), the
dimensions of the shortest two internal axes are 0.3 nm
and 0.7 nm. This cage could accommodate a small atom
(e.g. H, He, Ne, O or F). However, for Auj; (hollow
cage), the dimensions are both 0.6 nm and the cage could
accommodate larger atoms, even an extra Au atom.

The planar structures obtained for the global minima of
Auy (N =11-13 and 15) clusters agree with the findings
of Fa et al. [63] concerning Auy; and Aujs. However, a
difference is observed for Au;s and Auys, which are pre-
dicted to be 3D by Fa. The nearest low-lying isomer to
our 2D Au;3 global minimum is predicted to be 3D, with
an energy 0.5 eV higher than the GM. The lowest-energy
structures of Auy, shows flattened cage structures, as pre-
viously reported [63,64]. The competitive isomer for the
3D GM of Auyy (Cay) is also 3D (Cay), with a relative
energy of only 9 meV. The lowest-energy structure of Auys
is a 2D close packed layer, with Coy symmetry. The sec-
ond most stable isomer is 3D (Cav), with relative energy
0.19 eV. Having a flattened cage structure and Coy sym-
metry, Auyg is similar to the case of Auyy, as previously
reported [64]. In contrast, anionic Au;g has been reported
to adopt a hollow cage structure [65].

The structural transition from flattened cage to hol-
low cage configurations occurs at N = 17. The lowest
energy structure we have obtained for Au;7 is similar to
what has been reported for neutral [64] and anionic [65]
Auy7, showing a pseudo-spherical hollow cage structure
with Cay symmetry. The nearest competitive isomer to
the GM is also another hollow-cage structure, with a rela-
tive energy of 0.08 eV and C; symmetry. The hollow cage
structure (D,q) observed for Auyg is different from the
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Auis Auig

Auis

Fig. 1. Putative global minimum structures for Auy clusters,
N =11-18.

hollow cage structure reported by Bulusu and Zeng [64],
though the latter agrees with the energetically compet-
itive isomer that we have found, which is only 0.08 eV
higher in energy than the GM with Cg symmetry.

3.1.2 Pd clusters

Figure 4 shows the putative global minima for Pd clusters:
their energies, coordinates and point groups are listed in
Table S1 (see the Supporting Information).

Similar to small Pd clusters [37], the lowest energy
structures obtained here for medium-sized Pd clusters are
all 3D. As for pure Au clusters, the structural motifs
adopted by Pd clusters are size-dependent; for medium-
sized Pd clusters, a structural transition occurs at N = 15
atoms from bilayer structures to filled cage structures.

Global minima for the gas phase Pdy1, Pdi3 and Pdyy
clusters are found to be distorted hexagonal bilayer (HBL)
structures with Co symmetry whereas Pd;3 is found to be
icosahedral fragment (Cs). These resemble the ground-
state structures of the same sizes investigated previously
[14,66]. The predicted Pd;; structure is energetically pre-
ferred over the next lowest-lying structure by only 2 meV.
The competitive isomer for Pdi4 also has a distorted
hexagonal bilayer (HBL) structure, but with lower sym-
metry (C1) and a relative energy of 0.09 eV. The global
minimum of Pdy3 reported here is found to be different
from the compact icosahedron structure predicted as the
GM in references [67-69).

The GM for Pdis has a (Cq) buckled mono-planar
(BMP) structure, which is similar to that observed
recently by Xing and co-workers [32]. The GM of Pd;5
is a buckled biplanar (BBP) structure. In the case of Pdy
clusters, N = 1618 atom, the global minima are found to
be pseudo-spherical filled cage structures and agree with
the fce-like growth pathway observed previously for 16-20
atoms [14,32,70].

3.1.3 Au-Pd clusters

The global minima for all compositions of Au,,Pd,, clus-
ters, 11 < m +n < 18, are shown in Figures 5-8. Tables
S2-S5 list the energies, coordinates and point groups (see
the Supporting Information).

Eur. Phys. J. B (2018) 91: 34

Hollow cage

Flattened cage

Planar

4 56 7 8 91011121314151617 18
N

Fig. 2. Evolution of structural motifs for Au clusters. The
structural properties for sizes N = 4-10 are taken from
reference [37].

Au17

Aum

Fig. 3. The shortest-axis lengths of the predicted hollow cage
structure of Au;7 and flattened cage structure of Aue.

Pdi, Pdi2 Pdi3 Pdis
Pdis Pdis Pdi7 Pdis

Fig. 4. Putative global minimum structures for Pdy clusters,
N =11-18.

As shown in Figure 5, all the predicted structures of
mono-gold-doped Pd clusters (Au;Pd,,, n =N —1 =10~
17) are 3D. For N = 11, 12 and 18, replacement of a single
Pd atom in Pdy by an Au atom yields geometries which
are significantly distorted from the pure clusters. For sizes
N =13, 15 and 16, the Au-doped Pd clusters are similar
to their pure Pd species whereas for N = 14 and 17 atoms,
the Au-doped structures are quite different from the pure
Pd clusters.

Au;Pd,, n = 10-13 show icosahedral (Ih) derivatives; as
for Au,Pdqg, AuiPdyq, and Au;Pds clusters, the most
stable structure is an Ih fragment, while Au;Pd;3 is an Th
fragment which can be considered as an incomplete Mg
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AuiPdio AuiPdi AuiPdi2 AurPdis
AuiPdi4 AuiPdis AuiPdis AuiPdi7
AVAVA 4\ A3 P/
' / /) ~ ! "\\‘ ‘:—%g\ﬂ
KA | | o | KR
AuioPdi AupPd; AurPd; AuisPdi
A 2 AAR A
e v ~‘/§:§7"\ j\’,&'\;? }g;ﬂ
xRy | W W
AuisPd AuisPdi AuiePdi Aui7Pd;

Fig. 5. Putative global minimum structures for mono-doped
clusters, N = 11-18. Au and Pd atoms are shown (here, and
in subsequent figures) in yellow and blue, respectively.

double icosahedron. Au;Pdi4 is found to be similar to its
pure Pd counterpart (Pd;5) by showing a buckled biplanar
(BBP) structure. GM of Au;Pd;5 is found to be pseudo-
spherical filled cage structure and can be considered as a
bicapped truncated decahedron (tDh). For Au;Pd;g, the
GM is a hep-based structure. GM of AuiPdy7 is a filled
cage-like structure. In all cases of Au-doped Pd clusters,
the unique Au is located in a low-connectivity surface site,
in particular in capping sites on the Pd polyhedral cluster.

Figure 5 shows that all GM of Au,,Pd; m = 10-17
clusters are 3D, except for planar AuygPd;. Substitution
of one Au atom by Pd in pure Au clusters is responsi-
ble for the shift of the 2D-3D transition point from 14-
and 16-atom clusters to 12 atoms (Auj;Pdy). This is in
disagreement with the 2D-3D transition point suggested
by Zanti and Peeters at size N = 8 [35]. However, in
continuation with the planar structural pattern observed
for N = 4-10 Pd-doped Au clusters previously [37], the
gas-phase AujgPd; global minimum is also planar. A non-
compact 3D structure is the GM for Auy;Pd;. The other
mono-substituted clusters, AujsPdi;—Au;7Pd; have flat-
tened cage structures. Au;7Pdy, for example, shows more
condensed cage compared with a pseudo-spherical hollow
cage structure of pure Aujg. The Pd atoms are located in
or close to the centre of the clusters in high-coordination
sites. The deviation from planarity generally occurs near
this Pd centre, as previously reported for N < 14 clusters
[35].

The putative GM for greater degrees of substitution are
shown in Figures 6 (N = 11-14), 7 (N = 15-17) and 8
(N =18).

For N = 11, doping two Au atoms into Pdy; clusters
yields bilayer-structure, with the Au atoms in capping
positions. All GM from AuzPdg to AusPdg clusters have
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3-layer hexagonal close-packed (hcp) structures, while
AugPds—AugPds have symmetrical or distorted Ih frag-
ment structures which are similar to the GM found for
AuPdyg. In contrast, AugPds is found to be similar in
shape to pure Pdi;, showing a hexagonal bilayer (HBL)
fragment.

For N = 12, doping up to ten Au atoms changes the
structure of gas-phase Au;Pdi; and AuyPdpg from an Th
fragment to fcc-like motifs. They are 3-layer structures
up to AuryPds, but they are incomplete for AugPds—
Auy¢Pds. The structural configurations observed here for
AuzPdg—Au,Pds agree with the clusters reported previ-
ously by Zanti and Peeters [35], although their homotopic
distributions are different.

For N = 13, the icosahedral fragment observed for
Pdi3 is the global minimum for Au;Pdio—AuzPd;g clus-
ters. AuyPdg has a 3-layer hcp structure. The interac-
tions between Au and Pd atoms favours fcc-like motifs
for AuyPdg—AugPd; and AugPds—Au;1Pds clusters, hav-
ing octahedral-based configurations. These fcc-like motifs
were observed previously [35] for AusPdg, AugPd; and
AugPds—Au,oPds clusters, but with different homotopic
distributions, apart from AugPds.

For N = 14, the gas-phase structure of Au;Pdis,
AusPdi1, AusPdg and Au;Pd; are all Ih-based fragments,
whereas a distorted hexagonal bilayer (HBL) structure is
the GM for AusPd;s. For AuyPd;g, AugPdg and AuigPdy
clusters, the gas-phase global minima are fcc-fragments,
and AugPdg and AugPds show a continuation of the fcc
structural growth, having complete octahedron motifs.
These motifs have been reported previously [35] with
different homotopic distributions. A clear structural tran-
sition from fcc-like structure to complex condensed cage
structures occurs for AujPds—Aui3Pd; clusters.

For N = 15, the buckled biplanar (BBP) structure of
Pd;5 remains the GM when doped with up to two Au
atoms. GM of AuzPd;5 is found to be hep structure. Dis-
torted hexagonal bilayer (HBL) structures are the lowest
energy isomers when doping eight and nine atoms of Au
whereas distorted fcc-like structures are found on doping
4-6 and 10-12 atoms of Au. Fused cage structures are the
favoured structures for Au;Pdg, Aui3Pds and Au4Pd;.

For N = 16, although a bicapped truncated decahe-
dron (tDh) is the favoured structure for Pdig (and also
AuyPdy5), doping up to five atoms of Au results in
putative GM with hcp structures. AugPdig, AusPdg and
AugPd7;—Au;; Pds clusters show compact capped pentago-
nal prism and icosahedral structures, whereas AujoPdy is
a hcp-based fragment. A pseudo-spherical-like cage struc-
ture is the global minimum for both AugPdg and Au;3Pd3
while Auj4Pds has a bicapped 13-atom close packed layer
and Au;5Pd; a flattened cage structure.

For N = 17, doping two or three Au atoms retains
the cage structure of Pdj7, though the mono-doped Pd
cluster has a different (hcp), structure. AuyPdys is an
icosahedral fragment, which is related to the structure of
AuygPd;. Moving to AugPd;;, the GM is a capped hcp
structure, whereas AusPdis has structure intermediate
between those of the AusPdi3 and AugPd;; clusters. The
predicted structure for Au;Pd;( is a mixture of icosahe-
dral and octahedral structures, while the GM for AugPdg


https://epjb.epj.org/

Page 6 of 12

is a fused icosahedral structure. The GM for AugPdg has
an fcc structure, while hcp-based structures are found for
Auq1Pdg—Auy3Pd4. Doping up to three Pd atoms into the
Auy7 cluster gives complex cage structures, though, unlike
Auy7, they are not hollow.

For N = 18, as for Pd;g, the predicted GM for AusPdg
is filled pseudo-spherical cage, whereas AuzPd;s and
AuyPd;, are based on icosahedral fragments. The struc-
tures of AusPd;3—Au;Pdy; can be described as polytetra-
hedral, composed of mainly fused pentagonal bipyramids
with (in some cases) hexagonal bipyramids. Fused tri-
capped buckled biplanar (BBP) structure is the favoured
structure for Au;gPdg. Filled pseudo-spherical structures
are the putative GM for AugPdg, AugPdg and AuigPds
clusters. Fusing of hexagonal bipyramid structures gener-
ates a shell-like structure for the Au;1Pdy; cluster. A filled
spherical-like structure is also the global minima for the
Auq2Pdg and Auq3Pds clusters which are formed by fusing
of hexagonal bipyramid, pentagonal bipyramid and icosa-
hedral structures. Fusing of icosahedral fragments makes
a spherical-like cage structure for the Aui4Pdy cluster,
whereas fusing of hexagonal bipyramids and pentagonal
bipyramids yields the crown-like structure for Au;sPds.
Finally, a capped flattened cage structure is the global
minima for Au;7Pd;, although the pure Au;g cluster is a
hollow cage.

3.2 Stability

Generally, the observed preference of Au atoms for low
coordination surface positions (especially capping sites)
and Pd atoms for high coordination core and central sites
can be explained with reference to bulk cohesive and sur-
face energies which are higher for Pd: average low-index
surface energies (Fg,.) and cohesive energy (FE.o,) are
96.8 meV A=2 and 3.81 eV atm™!, respectively, for Au
and 131 meV A~2 and 3.89 ¢V atm ™, respectively, for Pd.
The stronger Pd—Pd bonds and lower Au surface energy
favours Pd-rich cores and Au-rich outer shells (though
this depends on the cluster size and composition). This
preference is reinforced by the sizes of the atoms, as the
atomic radius of Pd is smaller than for Au by 0.06 A,
so the larger Au atoms are more easily accommodated in
low coordination sites. The small difference in electroneg-
ativity values of Pd(2.2) and Au(2.4) can lead to weak
(Pd to Au) s electron transfer [34,38] (favouring mixing
in larger clusters), but favouring surface Au in smaller
clusters, as the more electronegative Au atom can bet-
ter stabilise the negative charge that tends to build up
on the cluster surface [71]. However, it should be noted
that for larger clusters reverse (Au to Pd) d-band electron
donation can also occur [72,73].

The stabilities of the clusters, and their structural pref-
erences, can be investigated by calculating the excess
energy A, binding energy FEj, and second difference in
energy AoFE, which are defined in equations (1)—(3).
Tables S6-S9 list the values of these energies for all
clusters studied here (see the Supporting Information).

The relative stabilities of clusters of different nucleari-
ties can be studied by calculating the second difference
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Fig. 6. Putative global minimum structures for all composi-
tions (excluding mono-doping) of AuPd nanoalloys with sizes
N =11-14.

in energy AsFE, which indicates the stability of an N-
atom cluster with respect to neighbouring sizes. Figure 9
shows a plot of AsE for Au and Pd clusters and their
mono-substituted clusters as a function of cluster size.
The relatively stable clusters are indicated by significant
positive peaks.

Compared to their neighbours, even-numbered clusters
Aups (2D), Auyy (3D) and Auge (3D) have high relative
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Fig. 7. Putative global minimum structures for all composi-
tions (excluding mono-doping) of AuPd nanoalloys with sizes
N = 15-17.

stabilities, corresponding to peaks in AsFE, with odd-
numbered clusters being relatively unstable (troughs in
A3 FE). This even-odd behaviour is due to the fact that
the Au atom has an unpaired s electron, and so reflects
the greater stability of Au clusters (either 2D or 3D) with
an even number of electrons, over those with an odd num-
ber [74-77]. The most stable cluster is 2D Aujs, although
its AgFE energy is lower (by 0.67 €V) than the magic
size Aug observed recently [37]. Doping a single Pd atom
into Au clusters shifts the stability from the even-number

Fig. 9. Second difference in energy (AzFE) of pure Au and
Pd-doped Au clusters (top); and pure Pd and Au-doped Pd
clusters (bottom) with respect to the total number of atoms
(N).

(N =12, 14, and 16) clusters to odd-number (N = 11,
13, 15, and 17) clusters. This shift occurs because an odd-
electron Au atom is replaced by an even-electron Pd atom,
so clusters with odd values of N (e.g. AujpoPd;, which
has the highest A3F value) now have an even number
of electrons, and consequently are stable with respect to
neighbouring cluster sizes.

As the Pd atom has an even number of electrons, there
is no enhanced electronic stability for even N. In fact, odd
numbered Pdy clusters are relatively more stable than for
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Fig. 10. Excess energy (A) as a function of the number of Pd
atoms (n) for all compositions of 11 < N < 18 for Au,Pd,
clusters, where N = m + n.

even N, which could be attributed to packing consider-
ations. This behaviour is consistent with the significant
effect of Pd atoms in weakening the odd—even fluctuation
of stability of Ag and Cu clusters reported recently by
Kahnouji et al. [78] Doping a single Au atom into Pdy
clusters generates odd-electron clusters for all values of
N. The shape of the As E plot does not change and there
is no shift in the odd—even pattern. Interestingly, for the
larger sizes (N = 15-17), the extremes in Ay E are greater
for the Au-doped clusters than for the corresponding pure
Pdy clusters. The size N = 17 shows the most relatively
stable structure for both pure Pd and Au-doped Pd clus-
ters, although Pdg has been predicted to have a As E value
0.34 eV higher than the Pd;7 cluster [37].

The effect of mixing Au with Pd in medium-sized
clusters is studied by calculating the excess energy, A.
Excess energies as a function of the number of Pd atoms
are shown in Figures 10 and 11 for all compositions of
11 < m+n <18 for Au,,Pd, clusters. Negative values
of excess energies represent favourable mixing, whereas
de-mixing is indicated by positive values of A.

For (N = m + n = 11) clusters, the best mix-
ing (most negative A) is found at AuyPd;, whereas
AuyPdyp exhibits a weak mixing behaviour. All (m +n =
12) nanoalloys show a strong mixing tendency except
Au;;Pd; and the strongest mixing is for 50% Pd com-
position. For (m + n = 13), AugPd; shows the most
energetically favourable mixing. For (m + n = 14), only
Au;3Pd; shows a strong de-mixing tendency and the most
favourable mixing is for AugPdg. All (m +n = 15) clus-
ters favour mixing, with the strongest mixing for AugPds.
For (m +n = 16, 17 and 18), all Pd-doped Au clusters
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are energetically unfavourable compared to pure Pd and
Au clusters, while the reverse is true for all other mixed
clusters. The strongest mixing tendency at these sizes is
observed for AugPdg, Au;1Pdg and Auy;1Pd7, though the
magnitude of A is much smaller than for m +mn = 15
(AugPdg). In fact, we find that the optimum values of A
for N = 11-15 (approx. —0.075 to —0.085 eV) are quite
similar but have approximately twice the magnitude of
the larger clusters (N = 16-18).

The stabilities of nanoclusters relative to their con-
stituent ground state atoms are obtained by calculating
the binding energy per atom, Ej,. According to the plots
of E, shown in Figures 12 and 13, the binding energy
generally increases with increasing cluster size (though
local switches in order along the y-axis correspond to
peaks or troughs in the excess energy plots), as previ-
ously reported [35,37]. It can also be seen that the binding
energy increases with increasing Pd composition (reflect-
ing the stronger Pd-Pd and Pd—Au bonds compared to
Au-Au), although the mono-Pd-doped Au clusters have
lower Ej, values than pure Au clusters for even sizes
(N =12, 14, 16, and 18 atoms). This is consistent with
the shift in excess energies upon mono-doping of Pd into
Au clusters seen in Figure 10. However, this disagrees with
the relative stability observed for mixed clusters compared
with their pure clusters for small sized Au—Pd clusters
N = 4-10 except for N = 6, which is found to be a magic
for pure Au and Pd clusters [37].

HOMO-LUMO gaps could indicate the structural sta-
bilities of the clusters. High stability can be indicated by
high HOMO-LUMO gaps. Figure S1 (see the Supporting
Information) shows HOMO-LUMO gap versus number of
Pd atoms for all clusters. For Au clusters, in line with Ay E/
results, the even-numbered clusters N = 12, 14, 16, and
18 atoms have high stabilities whereas the odd-numbered
clusters are relatively unstable. HOMO-LUMO gaps of
Pd clusters are range between (0.06-0.15 V). For nanoal-
loys, higher HOMO-LUMO gaps correlate well with the
suggested high stability (high mixing energy A) composi-
tions for N = 12, 14, 16, and 17. However, HOMO-LUMO
gaps disagree with the stability found for N = 13 and 18.
For N = 11, the high HOMO-LUMO gaps observed for
Au;Pdy, AugPds and AuigPd; disagree with A results
except AuyPd4 which is found to be stable in both. For
N =15, Au;;Pdy is found to be stable according to A and
HOMO-LUMO gap whereas the results do not match for
AU14Pd1.

The possible permutations of two different metals (Au
and Pd) in the system can be investigated by the sys-
tematic homotop search. The number of homotops grows
exponentially with the size of the cluster [38]. Hence many
symmetry inequivalent homotops may have been missed
by our BPGA-DFT search. In this context, we have stud-
ied the structural energies of proposed homotops of the
mono-substituted clusters which are built based on their
GM and minimized at the DFT level using the VASP
code. Figures S2-S9 (see the Supporting Information)
show the relative energies AFE against symmetry inequiv-
alent homotops for all mono-substituted clusters. For our
system, the BPGA-DFT search for all mono-substituted
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tions of Au(y_n)Pdy clusters, plotted against the total number
of atoms (N).

clusters Au;Pd,, and Au,,Pd; with 11 to 18 atoms, suc-
cessfully found the lowest energy homotop as the global
minimum.

4 Conclusions
We have applied the DFT based-Birmingham Parallel

Genetic Algorithm (BPGA-DFT) to Au-Pd nanoalloys
ranging from 11 to 18 atoms and compared them with
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their pure clusters in the same size range. The BPGA-
DFT approach has successfully found the global minima of
the studied clusters. A GM structures were reinforced by
the systematic homotop search for singly doped clusters.

2D close-packed planar layer, condensed flattened cage,
and pseudo-spherical hollow cage structure are identi-
fied to be the three generic structure types for pure Au
clusters. Although all Pd clusters obtained here are 3D,
their structural motifs are found to be size-dependent;
as a structural transition occurs at N = 15 atoms from
bilayer structures to filled cage structures. The structural
behaviour for nanoalloys is controlled by the composition
and size. Au atoms tend to be located in low-connectivity
surface sites, in particular in capping sites, whereas Pd
atoms generally prefer high-coordination positions in or
close to the centre of the cluster.

The even-numbered Au clusters, Aujs (2D), Auyy (3D)
and Aujg (3D) show high relative stability, corresponding
to peaks in As E. There is no enhanced electronic stability
for even-numbered Pd clusters. A strong tendency of Au—
Pd clusters to alloy was predicted from calculated mixing
energies, with the exception of some mono-Pd-doped Au
clusters. The stabilities of cluster relative to their con-
stituent increase with increasing cluster size and are found
to be higher for Pd and Pd-rich clusters.

Supplementary Material

The Supporting Information includes energies, structures
and point group symmetries (Tables S1-S5); Excess Ener-
gies A, Binding Energies Ej, and the second difference in
energy Ay F (Tables S6-S9); the HOMO-LUMO gaps for
all clusters (Fig. S1); and the relative energies AE for
all symmetry inequivalent homotops of mono-substituted
clusters (Figs. S2-S9).
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