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Abstract

The Mexican Enhanced Genetic Algorithm (MEGA) has been used to study the

structural and energetic properties of Pd, Ni and Ni-Pd nanocluster structures with

3-10 atoms. Density functional theory (DFT) calculations have been performed to in-

vestigate the structural behaviour, spin magnetic moments and stability as a function

of cluster size and composition. Various stability criteria (e.g binding energies, second

di�erences in energy and mixing/excess energies) have been used to evaluate the ener-

getics, structures and tendency to segregation in sub-nanometre Ni-Pd clusters. The

ability of the approach in searching for global minima (i.e. the lowest energy isomers)

has been assessed using a systematic homotop search of mono-substituted clusters and

the preferred doping sites.

Introduction

Catalysis is of critical importance in many industrial processes. Recently, there has been

signi�cant interest in catalysis by single metal atoms and small sub-nanometre metal clusters

supported on oxides or carbon surfaces.1�11 One important example is their use in hydro-

gen storage, since hydrogen is an energy carrier and is a promising replacement for fossils

fuels.12�20

Transition metal clusters (TMCs) show special catalytic, optical, magnetic, electronic and

geometric properties, as they do not behave as either atoms or solids. Since cluster properties

evolve with size, designed clusters with tailored properties are promising avenues of current

research. TM nanoparticles and sub-nanometre clusters have been studied for potential use

in many di�erent applications. In addition, there is increasing interest in bimetallic clusters,

also known as �nanoalloys�. This interest is due to the important potential of being able

to manipulate the properties of the clusters by varying their composition, as well as size,

for speci�c technical applications, for example, in the recording industry and in future elec-

tronics. Magnetism is an important property of many clusters. One of the most important
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characteristics related to magnetic properties is the geometrical structure of the material,

since the properties of 3d electrons are sensitive to changes in the position of the atoms within

the system. The properties of nanoalloys can be tuned in three ways: (i) changing their size

and shape; (ii) changing their elemental composition; and (iii) changing their chemical or-

dering (i.e. how the component metals are distributed within the cluster). It is known that

sub-nanometre clusters have properties that are generally di�erent from the bulk and do not

always scale linearly with size, i.e. they are in the size regime where �each atom counts�,

paraphrasing the title of a paper of Heiz.21 Nanoalloys can also show physical and chemical

properties that are distinct from their component metals. In the catalysis �eld, synergis-

tic interactions between metals can give rise to catalysts with greater activity, selectivity

and/or stability, compared to pure metal nanocatalysts.22 Changing the composition and

chemical order of the nanoalloys can enhance these properties,23,24 for example by modifying

activation energy barriers.25 Thus, studying the structures and properties (spin magnetic

moment, optics, activation energies, composition...) of these clusters is a vital step towards

understanding their role in catalysis.26�41 Recent developments in computational methods

and computer hardware enables the prediction of novel candidates for nanocatalysts for a

variety of chemical processes.

The fact that catalysts are widely used in industry has motivated experiments on new

nanoscale materials. This is in part driven by economic considerations. For example, it is

known that gold, platinum and platinum-based nanoparticles exhibit exceptional catalytic

properties,42,43 but applications are generally limited due to the high cost of these elements.

This has motivated researchers to look for alternative, cheaper metals or alloys to replace Pt

and other precious metals, lowering costs while maintaining (or even improving) the catalytic

performance.44�50 The greater abundance of Pd has made this element a good substitute for

Pt45 and several applications (in diverse technological �elds) have been investigated using

Pd, due to its interesting magnetic, electronic and catalytic properties.17,25,42,51�54 However,

further cost savings are possible by alloying Pd with lower cost metals such as Co, Cu and
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Ni.

The improvement of material properties and the possible discovery of new properties

is an important driving force for the design of novel nanomaterials and nanoalloys. The

Ni-Pd bimetallic system, for example, shows enhanced electrocatalytic properties for the

oxygen reduction reaction (ORR)27,28,55 and this bimetallic system is widely used as cathode

electrocatalysts for alkaline fuel cells.56,57 Nieves-Torres et al. have compared Ni-Pd with

pure Pd nanoparticles and the bimetallic clusters showed improved catalytic activity and/or

selectivity.58 Son et al. found that these nanoparticles can be reused several times without

losing catalytic activity.30,59�61

Gas-phase sub-nanometre clusters are simpli�ed models that can be used to test the

suitability of these systems for speci�c catalytic applications using computational studies,

in a reasonable amount of computer time, before dealing with more complex, larger sys-

tems. Theoretical studies have shown that depositing pure Ni and Pd clusters on di�erent

surfaces14,62,63 or adsorbing molecules onto the pure clusters can induce structural changes,

changes in the magnetic and electronic properties and/or changes in the stereochemical

properties.26,64�68

The DFT-based Birmingham Parallel Genetic Algorithm (BPGA) and Mexican Enhanced

Genetic Algorithm (MEGA) have been successfully applied to search for the lowest energy

isomers for a variety of mono- and bimetallic nanoclusters.69�72

The aim of this work is to study the structural properties (size, order/placement of the

atoms in the nanoalloy, energetics, spin magnetic moments) of binary Ni-Pd nanoalloys,

including a comparison with pure clusters. Employing the MEGA-DFT code, the global

minima for Ni , Pd and Ni-Pd clusters with 3-10 atoms have been calculated (including all

compositions for the nanoalloys). The localized behaviour of un�lled 3d electrons of nickel

clusters results in enormous complexity and dominate most of their properties.

There have been several �rst-principles calculations for pure Ni clusters73�75 and for

bimetallic Ni-clusters,76,77 but there have been only few for Ni-Pd nanoalloys.78,79 In this
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context, we present here a comprehensive theoretical study of the physico-chemical properties

of Ni-Pd clusters, including a comparison to their pure clusters, investigating the e�ect of

their alloying on the structures, stabilities and spin magnetic moments. In Section 2, we

describe the computational method adopted. In Section 3, we present and discuss our results

and our conclusions are presented in Section 4.

Computational Details

Calculations were performed with the Mexican Enhanced Genetic Algorithm (MEGA)72,80

using an interface to the Vienna Ab-initio Simulation Package (VASP)81�84 for the global

optimization of Ni-Pd nanoalloys and the pure clusters. MEGA is a genetic algorithm for

the structural characterization of nanoparticles and is written in object-oriented Python.

It is based on the Birmingham Parallel Genetic Algorithm (BPGA)41,85 and includes many

new features to improve its functionality and performance, like an error-proof corrector for

short distances between atoms, more mutations types and the inclusion of structural (as well

as energetic) comparisons to help maintain population diversity. Both BPGA and MEGA,

are capable of carrying out independent and parallel relaxations synchronized with a global

database or pool, which stores the atomic coordinates and energies of the current most stable

cluster con�gurations for a given nuclearity and elemental composition.

In MEGA the initial pool population is formed by generating a number (in our case

10) of random isomers. These random structures are then geometrically relaxed by local

DFT energy minimization, which is performed in parallel on multiple processors.72 The

genetic algorithm crossover and mutation operators are applied to members of the pool in

order to generate new structures. For crossover, a pair of clusters are chosen from the pool

using a weighted roulette-wheel selection41 and they undergo crossover using a variant of

Deaven and Ho phenotypic cut-and-splice method to generate a single o�spring.86 Di�erent

mutation operations, including �move�, �rotate�, �twist� and �atom inversion�, are used in
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MEGA and the relative probability of each type of mutation can be prede�ned. �Move�

mutation displaces 25% of total number of atoms of cluster shifting their coordinates by a

certain value, x, (−ra ≤ x ≤ +ra), where ra is the atomic radius. �Rotate� mutation rotates

25% of the cluster atoms rigidly around an axis passing through the centre of mass and

directed randomly. Similar to �rotate� mutation, �twist� mutation also rotates the cluster

atoms rigidly but 50% of the atoms are rotated through a random angle relative to the other

half of the cluster, retaining the same geometry within each half. �Atom inversion� mutation

inverts one atom through the cluster centre of mass from one side to the other. This operation

can be simply achieved by changing the signs of the coordinates of the relevant atom. The

new structures generated by crossover and mutation are subsequently energy minimized at

the DFT level and compared energetically with the existing members of the pool, such that

the highest energy isomers are replaced with lower energy o�spring and mutants. In our case

the mutation rate was 30% of the pool size (3 out of 10 pool structures mutated) and the

mating rate was 70% (7 pairs undergo crossover).

Accordingly, 400 structures are locally minimized in each run. The convergence is

achieved when energy of the lowest-energy isomers in two successive runs is within 10−4

eV. Therefore, the isomers that compete energetically to form the �nal pool (lowest-energy

10 isomers) is more than 1000 structures in total for each composition of a given size.

Energy calculations and local minimizations are performed with the VASP package,81�84

using the generalized gradient approximation (GGA) Perdew-Burke-Erzenhof (PBE) ex-

change and correlation functional87 and Projected Augmented Wave (PAW) pseudopoten-

tials.88 The energy cut-o� for the plane waves is 400 eV. Gamma-point DFT calculations are

performed with spin polarization so the multiplicities of the clusters can be obtained.

To elucidate the multiplicity of all the MEGA-DFT global minima obtained with VASP,

spin-polarized reoptimizations are carried out with GAUSSIAN09,89 using the ωB97XD

exchange-correlation functional90,91 and def2TZVPP92,93 basis set for all the reminimisa-

tions and single-point energy calculations. The ωB97XD/def2TZVPP approach has been
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employed to �nd out the optimal spin state for their compromising between accuracy and

computational resources, as evident by Raju et al.94 for such metallic systems.

Ionization energies (I ) and electron a�nities (A) are calculated for all nanoalloys, using

Koopman's approximation:95

I = −EHOMO (1)

A = −ELUMO (2)

I and A are used to calculate the conceptual DFT-based descriptors: electronegativity (χ),

global hardness (η), and electrophilicity index (ω), which are given by:

χ = −µ =
I + A

2
(3)

where µ represents the chemical potential of the system.

η = I−A
2

(4)

ω = µ2

2η
(5)

We have studied the stability of the nanoclusters. For pure Ni and Pd clusters, the stability

of each cluster, relative to its neighbours, is indicated by the second di�erence in energy (6):

∆2E = E(AN+1) + E(AN−1) − 2E(AN ) (6)

where A is Ni or Pd, E(AN ) corresponds to the total energy of the N -atom cluster and E(AN+1)

and E(AN−1) are the energies of the neighbouring clusters, with one more and one less atom,

respectively.
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The average binding energy per atom Eb is given by (7):

Eb =
−1

N
[E(NimPdn) −mE(Ni) − nE(Pd)] (7)

where m, n, E(Ni) and E(Pd) are the number of Ni and Pd atoms and the energies of a single

Ni or Pd atom, respectively, and N is the total number of atoms (N = m+ n).

The e�ect of mixing Pd with Ni atoms in nanoalloys can be evaluated by calculating the

mixing (or excess) energy ∆, given by (8):

∆ = E(NimPdn) −m
E(NiN )

N
− n

E(PdN )

N
(8)

where E(NimPdn) is the total energy of the nanoalloy and E(NiN ) and E(PdN ) are the energies

of the pure Ni and Pd clusters with the same total number of atoms as NimPdn.

For a given cluster size (N) and composition (m, n), the relative energies of a homotop hi

(inequivalent permutational isomer39,96) of the lowest energy structure (the global minimum,

GM) are de�ned as:

∆E(hi) = E(hi)− E(GM) (9)

Results and discussion

Structures

To check the validity of the computational method for the study of the bimetallic Ni-Pd

nanoalloys, the binding energies (BEs) of Pd and Ni dimers were calculated as 0.67 and 1.47

eV per atom, respectively. The bond length of the Pd dimer is 2.47 Å and for the Ni dimer

it is 2.08 Å. The obtained results for the Pd dimer are in agreement with experimental97

and theoretical results,52 as listed in Table 1. However, the binding energies obtained for

the Ni dimer present a little discrepancy with experimental ones,98,99 as listed in Table 2.

The BE of the Ni-Pd dimer (1.13 eV per atom) lies between those of Pd2 and Ni2 and the
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bond length is 2.23 Å. Thus, NimPdn nanolloy properties are expected to lie between those

of pure palladium and nickel clusters.

Table 1: Comparison of DFT computational results for Pd2 cluster with experi-
mental and theoretical data

Authors Binding Energies (BE) eV/atom Distance Å
Huber et al.97 (experimental) 0.698 2.48
Mu et al.52 (theoretical) 0.603 2.486
Ours 0.67 2.47

Table 2: Comparison of DFT computational results for Ni2 cluster with experi-
mental and theoretical data

Authors Binding Energies (BE) eV/atom Distance Å
Morse et al.98 (experimental) 1.034 2.155
Chen et al.100 (theoretical) 1.43 2.12
Castro et al.101 (theoretical) 1.74 2.1
Ours 1.47 2.08

Pd clusters

The putative global minima for pure Pd clusters, 3 ≤ N ≤ 10, are shown in Fig. 1 and their

binding energies per atom, structures, point groups and spin magnetic moments (SMM) are

listed in Table 3.

As reported previously, Pd clusters have 3D motifs for sizes 4 ≤ N ≤ 10 showing compact

structures as lowest-energy con�gurations.52,102,103 The ground state structure of the Pd

trimer is a C2v isosceles triangle with a spin magnetic moment of 2 µB which is consistent

with DFT results reported by other researchers.104

For N = 4− 10 clusters, the geometries and spin magnetic moments for the ground state

are in full agreement with the gas-phase Pd clusters previously reported by Zanti et al.103

and Aguilera-Granja et al.105 However, for N = 9, we have found the spin magnetic moment

to be almost degenerate in energy, with an energy di�erence of only 5 meV between the

triplet and the quintet (more stable states).
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Pd3 Pd4 Pd5 Pd6 

Pd7 Pd8 Pd9 Pd10 

Figure 1: Putative global minimum structures for PdN clusters, N = 3− 10.
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Table 3: Structures, point groups and Pd-Pd average distances (AD) for PdN
clusters, N = 3− 10

Composition Structure Point Group Pd-Pd AD / Å
Pd3 Isosceles triangle C2v 2.49
Pd4 Tetrahedron Td 2.59
Pd5 Trigonal bipyramid D3h 2.63
Pd6 Octahedron Oh 2.64
Pd7 Capped octahedron C3v 2.68
Pd8 Dodecahedron D2d 2.67
Pd9 Face-sharing bioctahedron D3h 2.63
Pd10 Icosahedral fragment C3v 2.64

Ni clusters

The lowest energy structures obtained from global optimization for pure NiN clusters (3 ≤

N ≤ 10) are shown in Fig. 2 and their binding energies per atom, structures, point groups

and spin magnetic moments are collected in Table 4. The structures in this size range show

3D con�gurations, as previously reported.63,106�109 The spin magnetic moments of the Ni

clusters are larger than the bulk value 0.6 µB. The magnitude of spin magnetic moments

�uctuates for clusters smaller than N = 8107 as shown in Fig. 3. From N = 8 a linear de-

crease has been reported on the basis of theoretical and experimental results.107,110 However,

some di�erences have been observed for the Ni7 and Ni8 in ref.106 and the Ni7 and Ni10 in

ref.63 Nevertheless, the Ni7 structure is the same as reported by Aguilera-Granja et al.108

but the spin magnetic moment is di�erent. The discrepancy in the spin magnetic moment

may be due to di�erent methods of calculation or to the di�erent initial structures.

The most stable isomer of Ni3 is identi�ed as a C2v isosceles triangle with a spin magnetic

moment of 4 µB. The structures for 4 ≤ N ≤ 10 have 3D geometries. Ni4 is tetrahedron (Td)
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Ni3 Ni4 Ni5 Ni6 

Ni7 Ni8 Ni9 Ni10 

Figure 2: Putative global minimum structures for NiN clusters, N = 3− 10.

Table 4: Structures, point groups and Ni-Ni average distances (AD) for NiN
clusters, N = 3− 10

Composition Structure Point Group Ni-Ni AD / Å
Ni3 Isosceles triangle C2v 2.17
Ni4 Tetrahedron Td 2.30
Ni5 Trigonal bipyramid D3h 2.31
Ni6 Octahedron Oh 2.31
Ni7 Capped octahedron C3v 2.32
Ni8 Dodecahedron D2d 2.35
Ni9 Tricapped trigonal prism D3h 2.31
Ni10 Tetra-capped-octahedron Td 2.33
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Figure 3: Spin magnetic moments (SMM) per atom of NiN (blue), PdN (red), Ni1PdN−1

(green) and NiN−1Pd1 (mauve) clusters as a function of the cluster size for N = 3− 10.
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with a spin magnetic moment of 2 µB.109 These �ndings agree with those reported by Xie

et al.111 For the Ni pentamer, a trigonal bipyramid (D3h) has been found as the GM energy

structure, with a spin magnetic moment of 4 µB. The structure and magnetic moment are

the same as reported by Xie et al.109

Ni6 is found to be an octahedron (with full Oh symmetry), which is entirely consistent

with previous theoretical calculations,63,109 and a spin magnetic moment of 4 µB. Ni7 has an

additional Ni atom capping a face of the octahedron (C3v symmetry) as reported by Aguilera-

Granja et al.,108 and a spin magnetic moment of 6 µB. Xie et al. and Nayak et al.73 suggested

that the capped octahedron and the pentagonal bipyramid (with D5h symmetry) are nearly

degenerate isomers. We found the pentagonal bipyramid to lie approximately 0.16 eV higher

in energy than the capped octahedron. This is the reason why some researchers have reported

the pentagonal bipyramid63,109 as the GM and others the capped octahedron.108

The lowest energy structure for Ni8 is found to be a dodecahedron (D2d) and the Ni9

cluster "has a tricapped trigonal prism structure (D3h symmetry), in agreement with Xie et

al.109 and similar to the results reported by Wang et al.111 for Ni8Mn. We have obtained 8

µB for both Ni8 and Ni9, in agreement with results obtained by Xie et al.109

Finally, we have studied Ni10, which is found to be a tetra-capped octahedron (Td sym-

metry) with a spin magnetic moment of 8 µB, in agreement with the results of Xie et al.109

Nickel-Palladium clusters

The global minima for all compositions of NimPdn in the gas-phase, 3 ≤ N ≤ 10, are shown

in Figs. 4, 5 and 6 and their binding energies per atom, structures, point groups and spin

magnetic moments are collected in Table 5. In nanoalloys, there is an increase in di�culty

of identifying the global minimum structure, due to the presence of �homotops� (isomers

di�ering only in the distribution of the component metal atoms).96

First, we have studied all the lowest structures of Ni1Pdn n = 2 − 9. For n = 2 − 9.

Doping one Ni atom into the pure Pd clusters yields geometries which are similar to the
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pure Pd clusters. The Ni atom occupies a high-connectivity vertex, maximizing the number

of Ni-Pd bonds, which are stronger than Pd-Pd bonds, as shown above for the dimers.

The Ni structures, described in Ni clusters section, remain the GM when they are doped

with a single Pd atom except for Ni5Pd1, which adopts the structure of an incomplete

pentagonal bipyramid (iPB), which is equivalent to a bicapped tetrahedron. The Pd atoms

are located in low-connectivity sites, maximizing the number of the stronger Ni-Ni bonds

and thereby increasing the cluster stability.

We have subsequently investigated all possible nanoalloy compositions for all the sizes

4 ≤ N ≤ 10. Ni3Pd1, Ni2Pd2 and Ni1Pd3 are all tetrahedra, with spin magnetic moments of

2 µB. The gas-phase global minima for Ni1Pd4, Ni2Pd3, Ni3Pd2 and Ni4Pd1 are all trigonal

bipyramids, with spin magnetic moments of 2 µB.

The lowest energy structure for Ni1Pd5 is an octahedron and the other clusters with

N = 6 (Ni2Pd4, Ni3Pd3, Ni4Pd2 and Ni5Pd1) are bicapped tetrahedra (incomplete pentagonal

bipyramids, iPB). The spin magnetic moments for these clusters are 2 µB, except for Ni4Pd2

(4 µB).

For N = 7, the capped octahedron is the GM for Ni1Pd6, Ni3Pd4 and Ni6Pd1. For

Ni4Pd3 and Ni5Pd2 the GM is a pentagonal bipyramid and for Ni2Pd5 the GM consists of

two fused trigonal bipyramids and is only 5 meV lower than the capped octahedron for the

same composition (see Fig. 7). The spin magnetic moments are 2 µB for all the structures

except for Ni3Pd4 and Ni6Pd1, which have values of 4 and 6 µB, respectively.

For N = 8, all the clusters have the same dodecahedral structure, except for Ni3Pd5,

which is a fused octahedron with a square pyramid, and Ni5Pd3 and Ni6Pd2, which both

have bicapped octahedral structures (with the caps in the �meta-� position). The spin

magnetic moments for N = 8 increase with increasing Ni content. For Ni1Pd7, Ni2Pd6 and

Ni3Pd5 the spin magnetic moments are 2 µB, while Ni4Pd4 and Ni5Pd3 have 4 µB and the

spin magnetic moments for Ni6Pd2 and Ni7Pd1 are 6 µB.

Global minima for Ni1Pd8 − Ni3Pd6 are face-sharing bioctahedral structures, while Ni5Pd4
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−Ni8Pd1 are tricapped trigonal prisms. Ni4Pd5 has a structure composed of two fused trig-

onal prisms, capped on one of the square faces. The spin magnetic moments are 2 µB for

all the structures except Ni8Pd1, Ni2Pd7 and Ni7Pd2 which have values of 4, 4 and 6 µB

respectively.

Finally, we have investigated the nanoalloys with N = 10. The GM for Ni9Pd1 − Ni6Pd4

are tetracapped octahedral structures, while Ni5Pd5 − Ni2Pd8 are complex polytetrahedral

structures. Ni1Pd9 is a fragment of a 13-atom centred icosahedron. Most of the structures

have spin magnetic moments of 4 µB, except Ni8Pd2 and Ni1Pd9 (2 µB). Ni3Pd7 (6 µB) and

Ni6Pd4 (8 µB).

Although the magnetism occurs due to the presence of unpaired spins, the bonding

states of small and bulk atomic clusters are unlike. The small clusters generally show much

higher spin states than their bulk states.112,113 The bonding states for the bulk systems

can be explained depending on the number of unpaired electron in the d orbital. However,

the magnetism of small atomic clusters can be easily a�ected by the size of the cluster

and compositions.114 Looking at the trends of the magnetic properties as a function of the

interatomic distance and geometries of Ni-Pd clusters, the number of unpaired spins are

shown to be preserved by having large interatomic distances and thus results in a high

magnetic moment, as seen for Ni7 (6 µB), N = 8 − 10 NiN clusters (8 µB), Ni6Pd1 (6 µB),

Ni6Pd2 (6 µB), Ni7Pd1 (6 µB), Ni7Pd2 (6 µB), Ni3Pd7 (6 µB), and Ni6Pd4 (8 µB). This

explains why the magnetic moment is relatively higher for the larger Ni-Pd clusters. For

clusters of the same size, the di�erence of structures and interatomic distances play a crucial

role in changing their magnetism. For instance, Pd (a closed 4d shell metal) doping can

clearly distort the symmetry or alter the structure of pure Ni clusters and then results in

changing of the magnetic moment, as seen for all our mono-Pd doped Ni clusters except

for size N = 7. Such observation was previously proven for nickel clusters by Reddy and

co-workers74 where large magnetic moment is resulted by the low coordination and large

interatomic distance. In conclusion, magnetism of such systems can decrease when the
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overlap between neighbour atoms are higher (i.e. increase the overlap of electron pairing).

Table 5: Structures, point groups, Ni-Ni, Pd-Pd and Ni-Pd average distances
(AD) for all compositions of NimPdn clusters, N = m+ n = 3− 9

Composition Structure Point Group Ni-Ni AD / Å Ni-Pd AD / Å Pd-Pd AD / Å
Ni1Pd2 Isosceles triangle C2v 2.32 2.60
Ni2Pd1 Isosceles triangle C2v 2.16 2.38
Ni1Pd3 Tetrahedron C3v 2.37 2.67
Ni2Pd2 Tetrahedron C2v 2.25 2.42 2.74
Ni3Pd1 Tetrahedron C3v 2.27 2.46
Ni1Pd4 Trigonal bipyramid C2v 2.42 2.65
Ni2Pd3 Trigonal bipyramid D3h 2.27 2.44 2.67
Ni3Pd2 Trigonal bipyramid C2v 2.46 2.27
Ni4Pd1 Trigonal bipyramid C2v 2.29 2.47
Ni1Pd5 Octahedron C4v 2.44 2.69
Ni2Pd4 Bicapped tetrahedron C2v 2.27 2.47 2.66
Ni3Pd3 Bicapped tetrahedron Cs 2.30 2.48 2.64
Ni4Pd2 Bicapped tetrahedron C2v 2.32 2.47
Ni5Pd1 Bicapped tetrahedron Cs 2.33 2.47
Ni1Pd6 Capped octahedron Cs 2.44 2.68
Ni2Pd5 Face-sharing trigonal bipyramid C1 2.30 2.50 2.66
Ni3Pd4 Capped octahedron C3v 2.26 2.50 2.65
Ni4Pd3 Pentagonal bipyramid C2v 2.32 2.51 2.75
Ni5Pd2 Pentagonal bipyramid C2v 2.29 2.53
Ni6Pd1 Capped octahedron C3v 2.33 2.46
Ni1Pd7 Dodecahedron Cs 2.44 2.69
Ni2Pd6 Dodecahedron Cs 2.30 2.47 2.73
Ni3Pd5 Fused octahedron with square pyramid Cs 2.28 2.48 2.63
Ni4Pd4 Dodecahedron S4 2.25 2.52 2.67
Ni5Pd3 Meta-bicapped octahedron C2v 2.36 2.47
Ni6Pd2 Meta-bicapped octahedron C2v 2.35 2.46
Ni7Pd1 Dodecahedron Cs 2.33 2.53
Ni1Pd8 Face-sharing octahedra C2v 2.47 2.67
Ni2Pd7 Face-sharing octahedra Cs 2.31 2.49 2.67
Ni3Pd6 Face-sharing octahedra D3h 2.29 2.51 2.66
Ni4Pd5 Two fused trigonal prisms capped on one square face C1 2.32 2.48 2.64
Ni5Pd4 Tricapped trigonal prism C1 2.32 2.48 2.87
Ni6Pd3 Tricapped trigonal prism D3h 2.30 2.51
Ni7Pd2 Tricapped trigonal prism C2v 2.32 2.51
Ni8Pd1 Tricapped trigonal prism C2v 2.33 2.53
Ni1Pd9 Incomplete centred icosahedron C3v 2.59 2.67
Ni2Pd8 Polytetrahedral structure Cs 2.35 2.48 2.66
Ni3Pd7 Polytetrahedral structure Cs 2.34 2.47 2.68
Ni4Pd6 Polytetrahedral structure C1 2.33 2.50 2.68
Ni5Pd5 Polytetrahedral structure Cs 2.31 2.52 2.64
Ni6Pd4 Tetracapped octahedron Td 2.45 2.41
Ni7Pd3 Tetracapped octahedron C3v 2.39 2.41
Ni8Pd2 Tetracapped octahedron C2v 2.34 2.41
Ni9Pd1 Tetracapped octahedron C3v 2.38 2.42
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Ni2Pd1 Ni1Pd2 

Ni3Pd1 

Ni2Pd2 Ni1Pd3 

Ni1Pd4 Ni2Pd3 Ni3Pd2 

Ni4Pd1 Ni1Pd5 
Ni2Pd4 Ni3Pd3 

Ni4Pd2 Ni5Pd1 Ni1Pd6 Ni2Pd5 

Ni3Pd4 Ni4Pd3 Ni5Pd2 Ni6Pd1 

Figure 4: Putative global minimum structures for all compositions of Ni-Pd nanoalloys with
sizes N = 3 − 7, Pd and Ni are shown (here, and in subsequent �gures) in blue and red,
respectively. 18
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Ni6Pd2 Ni7Pd1 Ni1Pd8 Ni2Pd7 Ni3Pd6 

Ni4Pd5 Ni5Pd4 Ni6Pd3 Ni7Pd2 Ni8Pd1 

Figure 5: Putative global minimum structures for all compositions of Ni-Pd nanoalloys with
sizes N = 8− 9.
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Figure 6: Putative global minimum structures for all compositions of Ni-Pd nanoalloys of
size N = 10.

GM  Isomer 2 (ΔE = 5 meV) 

Figure 7: Quasi-degenerate Ni2Pd5 isomers.
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Energetic analysis

To evaluate the stability of Ni-Pd clusters, we have to calculate the excess energy ∆, the

second di�erence in energy ∆2E, and the binding energy per atom Eb, which are de�ned in

Eqs. (6), (7) and (8). These energies are listed in Tables S1 (N = 3 − 8 atoms) and S2

(N = 9− 10 atoms).

Considering the bulk elemental properties of Ni and Pd (Table 6), such as surface energy

(Esurf ), cohesive energy (Ecoh), atomic radius (ra) and electronegativity (χ), we can predict

the elemental segregation in Ni-Pd nanoalloys.

Table 6: Some elemental properties of Ni and Pd.39

Ecoh / eV atm−1 Esur / meV Å
−2

ra/Å χ
Pd -3.89 131 1.38 2.2
Ni -4.44 149 1.25 1.8

The higher cohesive energy of Ni and the lower surface energy of Pd explains the tendency

of Pd to segregate towards the surface in bulk Ni-Pd alloys.115�118 These properties together

with the smaller atomic radius of Ni compared with Pd, favour the formation of Ni-Pd

bimetallic clusters with Ni in the core and Pd on the shell. This Pd-segregation lowers the

surface energy of the alloy.119 In addition, empirical and ab initio results agree that Ni-Pd

hybridization enhances the magnetic moments of Ni atoms.39

We have studied the e�ect of mixing in a cluster by calculating the excess energy (or

mixing energy, ∆) as a function of the number of Ni atoms. Excess energy plots for NimPdn

clusters with 4 ≤ N ≤ 10 are shown in Figs. 8 and 9. Negative values of excess energies

represent favourable mixing, whereas de-mixing is indicated by positive values of ∆.

All (m+ n = 3), (m+ n = 4) and (m+ n = 5) clusters favour mixing and the strongest

mixing (most negative ∆) are found for Ni1Pd2, Ni1Pd3 and Ni3Pd2, respectively. For

(m + n = 6) clusters, Ni5Pd1 shows a strong de-mixing tendency, whereas Ni2Pd4 exhibits
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Figure 8: Plot of excess/mixing energy (∆) against the number of Ni atoms (n) for Ni-Pd
clusters with N = 3− 10.
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the best mixing. All of the other sizes, (m + n =7, 8, 9 and 10) favour mixing, with the

most favourable mixing being for Ni3Pd4, Ni4Pd4, Ni3Pd6 and Ni6Pd4, respectively. In fact,

we have found that the optimum values of ∆ become more negative for larger clusters from

around -0.4 eV for N = 3 − 6 to -1.6 eV for N = 10. This indicates that N = 10 has the

strongest mixing tendency.

-1.8 
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-1.4 

-1.2 

-1.0 

-0.8 

-0.6 

-0.4 

-0.2 

0.0 

2 3 4 5 6 7 8 9 10 11 

Δ 
 / 

eV
 

Total number of atoms (N) 

Figure 9: Ni-Pd isomers with lowest excess energies (∆), indicating most favourable mixing,
for N = 3− 10 atoms.

The mixing energy values for clusters with the same size show that variations in compo-

sition plays a more important role than geometric e�ects in determining cluster stabilities.

The relative stabilities of pure Ni and Pd clusters with di�erent nuclearities can be

compared by calculating the second di�erence in energy ∆2E, which indicates the stability

of an N -atom cluster with respect to neighbouring sizes. Fig. 10 shows a plot of the second
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di�erence in energy for Ni and Pd clusters as a function of cluster size. The most relatively

stable clusters are indicated by signi�cant positive peaks in ∆2E.

Compared to their neighbours, Pd4, Pd6 and Pd9 clusters exhibit high relative stability,

while Pd5, Pd3, Pd7 and Pd8 are relatively unstable. The most stable cluster is Pd4. The

octahedral Ni6 cluster is signi�cantly more stable than its neighbours, suggesting it is �magic"

size in the considered sub-nanometre regime.

For size N = 6, the �ndings show that free Ni6 (3D) and Pd6 (3D) clusters have a high

relative stability compared to their neighbours. Accordingly, N = 6 represents a magic

size for both 3D Ni and 3D Pd structures (in agreement with refs102,120,121 which already

suggested that Pd6 is a magic size or most stable Pd isomer). The magic size N = 6 for

both free Ni and Pd clusters explains the positive or low negative values of mixing energy of

nanoalloys compared to monometallic clusters at this size, as it is energetically di�cult to

induce the underlying mechanisms of mixing in binary metallic systems to leave their high

stable composition to the less one, resulting high tendency of de-mixing at this size.

The stabilities of nanoclusters relative to their constituent ground state atoms is deter-

mined by calculating the binding energy per atom, Eb. A plot of the binding energies is

shown in Fig. 11. According to the plot, the binding energy shows an increasing trend with

cluster size. It can also be seen that the binding energy increases with increasing Ni compo-

sition (re�ecting the stronger Ni-Ni and Ni-Pd bonds compared to Pd-Pd). For clusters of

the same size, the binding energies decreases with the substitution of one Ni atom by one Pd

atom. This is in agreement with the fact that the binding energies of Pd clusters are lower

than those of the Ni clusters. Our calculations for the binding energy show good agreement

with previous theoretical calculations.107,110

Chemical stabilities of the clusters are investigated by analysing their HOMO-LUMO

energy gaps (∆HL), with large ∆HL indicating high stability of the system since ∆HL indicates

the ability of electron to hop from HOMO to LUMO. Figure 12 shows plots of ∆HL as a

function of the total number of atoms (N) for pure and mono-substituted clusters. Ni4
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(0.56 eV) has the highest ∆HL among the pure and mono-substituted species studied in this

work. Thus, one can expect high chemical stability for this cluster. Ni and Pd pure clusters

are expected to have high chemical activity except for Ni4, Ni10 (0.30 eV) and Pd2 (0.37

eV) which have large ∆HL. However, mono-substituted clusters behave di�erent from pure

clusters. NiN−1Pd1 plot shows marked odd-even alternations, with larger ∆HL values for

odd-atom clusters and smaller values for even-atom clusters. Doping a single Pd atom into

the Ni clusters (Figure 12a) leads to an increase in ∆HL for N=3, 5, 7 and 9, while there is

almost no di�erence for N=6 and 8 and a decrease in ∆HL for N=2, 4 and 10. When doping

a single Ni atom into the Pd clusters (Figure 12b) leads to an increase in ∆HL for N=3-6

and 9, with the exception of N=2 and 8 where there is a considerable decrease. There is no

signi�cant di�erence for N=7 and 10.
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Figure 10: Second di�erence in energy ∆2E for pure Pd (blue) and Ni clusters (red).
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Figure 11: Plot of binding energies Eb of NinPdm clusters for sizes N = 3 − 10 against the
number of Ni atoms (n).
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Figure 12: HOMO-LUMO energy gaps plotted against the total number of atoms, N , for
free pure and mono-doped clusters (N=2-10).

As mentioned above, clusters with high HOMO-LUMO gaps are expected to show reduced

reactivity. Hardness (η, Eqn. 4)122�126 is an important descriptor for the stability and

reactivity of a given system and can be interpreted as the system's resistance to changing

its electronic distribution of its electronegativity. It is well known that electrons should �ow

from lower electronegativity (χ) atoms to those of higher electronegativity (i.e. to lower

the chemical potential). Our χ values (Eqn. 3) for most of the compositions reported in

Figure 13 and Tables S3 and S4 in the Supporting Information, show that for N=3, 4 and

10, Pd and Pd-rich clusters (with higher χ) hold their electrons more than Ni and Ni-rich

clusters. For N=5, 7 and 9, clusters with around 50:50 composition present higher χ than

pure, Ni-rich and Pd-rich clusters. Systems with N=6 and 8 show several oscillations and

Ni and Ni-rich clusters hold their electrons more than Pd and Pd-rich clusters.

Electrophilicity of a system is the measure of its reactivity towards attracting electrons

from a nucleophile so that they form a bond. Our results show that in the majority of

cases pure, Ni-rich and Pd-rich clusters present higher ω than clusters with around 50:50

composition (Tables S3 and S4).
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Figure 13: Electronegativity (χ) plotted against the number of Ni atoms, n.
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Ni-Pd interactions can be strengthened by the Ni-Pd charge transfer. Bader charge

analysis127 (see Supporting Information, Tables S5-S12) shows that there is a 0.07 e− charge

transfer from Pd to Ni in the Ni-Pd dimer. For Ni-Pd clusters, the charge is found to

be transferred from Ni to Pd. The calculated Ni-Pd charge transfers are between 0.23

and 0.41 e− for Ni1Pdn, while for NimPd1 clusters there is lower charge transfer (between

0.18 and 0.33 e−). The �ndings show when the composition get closer to 50:50 for Ni-Pd

nanoalloys, the charge transfer decreases. This con�rms that the suggested stability of the

cluster isomers may also be enhanced by the charge transfers with Ni atoms occupying core

positions, surrounded by Pd.

Systematic homotop search

The possible permutations of two di�erent metals (Ni and Pd) in the system can be in-

vestigated by systematic homotop searches. The number of homotops grows exponentially

with the size of the cluster.39 The global minima of Ni-Pd nanoalloys have many symmetry

inequivalent homotops which may have been missed by the MEGA-DFT search. Based on

the global minima obtained clusters, we have studied the structural energy for symmetry

inequivalent homotops of mono-substituted clusters by DFT local minimisation using the

VASP code. Figs. 14 and 15 show plots of the relative energy ∆E(hi) against symmetry

inequivalent homotop structures for these clusters. The homotops are shown in Tables 7 and

8.

The MEGA-DFT search for all mono-substituted clusters N = 5− 10, successfully found

the lowest energy homotop as the global minimum. There are two important factors that de-

termine the homotop stability. First, Pd atoms preferentially tend to occupy low-connectivity
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Figure 14: Relative energies of symmetry inequivalent homotops for several Ni1-doped Pd
clusters. Homotop 0 is the GM.
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Figure 15: Relative energies of symmetry inequivalent homotops for several Pd1-doped Pd
clusters. Homotop 0 is the GM.

sites, thereby maximizing the number of (stronger) Ni-Ni bonds. Second, Ni atoms tend to

occupy high-connectivity sites, maximizing the number of Ni-Pd bonds, again correlating

with bonds strengths and surface and cohesive energies (Table 6). For N = 5, Ni1Pd4 and

Ni4Pd1 have one symmetry inequivalent homotop, with energies relative to the correspond-

ing GM of 0.39 and 0.33 eV, respectively. The Ni atom in Ni1Pd4 forms four of the stronger

Ni-Pd bonds in the GM, but there are only three Ni-Pd bonds in homotop (h1). For Ni4Pd1,

the homotop with the Pd atom in the low-coordinate site maximises the number of the

strongest Ni-Ni bonds (6).

For N = 6, Ni1Pd5 does not have any symmetry inequivalent homotops, whereas Ni5Pd1

has three symmetry inequivalent homotops which can clearly be seen in Fig. 15(b). The

∆E(hi) are 0.12 eV (h1) and 0.24 eV (h2). Again, the Pd atom is found in the lowest

connectivity site in the GM, while in the next homotop (h1), the Pd atom is located in

a di�erent position forming another Ni-Pd bond, thereby decreasing the number of Ni-Ni
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Table 7: Structures and energy di�erences for low energy homotops of free
monosubstituted clusters, N = m+ n = 5− 7

N Composition GM (E/eV) hi (E/eV)

5 Ni1Pd4

0.00 h1 (0.39)

5 Ni4Pd1

0.00 h1 (0.33)

6 Ni5Pd1

0.00

h1 (0.12)

h2 (0.30)

7 Ni1Pd6

0.00

h1 (0.24)

h2 (0.31)

7 Ni6Pd1

0.00

h1 (0.17)

h2 (0.40)
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Table 8: Structures and and energy di�erences for low energy homotops of free
monosubstituted clusters, N = m+ n = 8− 10

N Composition GM (E/eV) hi (E/eV)

8 Ni1Pd7

0.00 h1 (0.25)

8 Ni7Pd1

0.00 h1 (0.29)

9 Ni1Pd8

0.00 h1 (0.39)

9 Ni8Pd1

0.00 h1 (0.34)

10 Ni1Pd9

0.00

h1 (0.16)

h2 (0.19)

h3 (0.34)

10 Ni9Pd1

0.00 h1 (0.44)
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bonds, and decreasing the homotop stability. Finally, in h2, the Pd atom is found in a

position where it forms �ve Ni-Pd bonds, further the number of Ni-Ni bonds, and making h2

less stable than h1. We have found the same behaviour for all the di�erent mono-substituted

nanoalloys (Ni1Pdn and NimPd1).

For N = 7, Ni1Pd6 and Ni6Pd1 both have two symmetry inequivalent homotops, which

can clearly be seen in Fig. 14(b) and Fig. 15(c), respectively. ∆E(hi) for Ni1Pd6 homotops

are 0.24 eV (h1) and 0.31 eV (h2) and for Ni6Pd1 0.17 eV (h1) and 0.40 eV (h2).

For N = 8, Ni1Pd7 and Ni7Pd1 both have one symmetry inequivalent homotop, with

relative energies (to the corresponding GM) of 0.25 and 0.29 eV, respectively. Fig. 14(d) and

Fig. 15(e) show the relative energies for symmetry inequivalent homotops of Ni1Pd8 (0.39

eV) and Ni8Pd1 (0.34 eV). Finally, for N = 10, Ni1Pd9 has three inequivalent homotops

which can clearly be seen in Fig. 14(e), with relative energies of 0.16 - 0.34 eV, whereas

Ni9Pd1 has just one symmetry inequivalent homotop which is 0.44 eV less stable than the

GM.

We have also studied the putative GM con�guration and its inequivalent homotops for

Ni2Pd3 (Fig. 16). The relative energies for the inequivalent homotops are 0.22 and 2.24

eV. The MEGA-DFT search successfully found the lowest energy homotop as GM of Ni2Pd3

cluster.

Conclusions

We have applied the DFT based-Mexican Enhanced Genetic Algorithm (MEGA-DFT) to

Pd and Ni pure clusters and to Ni-Pd nanoalloys ranging from 3 to 10 atoms to investigate

their properties. MEGA-DFT approach has successfully found the global minima. For single

doped cluster, global minima structures were con�rmed by homotop reminimisation. And,
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a large number of spin con�gurations were considered to obtain the �nal lowest energy

structures and magnetic moments.

All pure clusters (Ni or Pd) are 3D, but their structural motifs are found to be size-

dependent. The structural behaviour for nanoalloys is controlled by the composition and size.

Pd atoms tend to be located in low-connectivity surface sites, whereas Ni atoms generally

prefer high-coordination positions in or close to the centre of the cluster. Spin magnetic

moments for pure Ni clusters show oscillations for small sizes of the clusters.

A strong tendency of Ni-Pd clusters to alloy was predicted from calculated mixing ener-

gies. The second di�erence analysis indicates that Pd4, Pd6 and Pd9 clusters are more stable

than their neighbours. The stabilities of cluster relative to their constituent increase with

increasing cluster size are found to be higher for Ni and Ni-rich clusters.
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Supporting Information

Supporting Information includes energies, spin magnetic moments (SMM), Excess Energies

∆. Binding Energies Eb, and the second di�erence in energy ∆2E (Tables S1 and S2);

HOMO-LUMO gap energies, ionization energies, electron a�nities, electronegativity, global

hardness and electrophilicity index (Tables S3 and S4). Bader charge (Tables S5-S12). This

material is available free of charge via the Internet at http://pubs.acs.org.
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