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Green hydrogen, generated through the electrolysis of water, is a viable alternative to fossil fuels,
although its adoption is hindered by the high costs associated with the catalysts. Among a wide variety
of potential materials, binary nickel-palladium (NiPd) systems have garnered significant attention,
particularly at the nanoscale, for their efficacious roles in catalyzing hydrogen and oxygen evolution
reactions. However, our atom-level understanding of the descriptors that drive their energetic stability at
the nanoscale remains largely incomplete. Here, we investigate by density functional theory calculations
the descriptors that drives the stability of the Ni,,Pd,_,, clusters for different sizes (n = 13, 27, 41) and
compositions. To achieve our goals, a large number of trial configurations were generated and selected
using data mining algorithms (k-means, t-SNE) and genetic algorithms, while the most important
physical-chemical descriptors were identified using Spearman correlation analysis. We have found that
core-shell formation, with the smaller Ni atoms lying in the center of the particle, plays a major role in
the stabilization of the nanoalloys, and this effect causes the alloys to assume a icosahedral-fragment
configuration (as the unary nickel cluster) instead of a fcc fragment (as the unary palladium cluster).
However, the core—shell formation in this alloy is unique in that Pd poor compositions exhibit scattered
Pd atoms on the surface. As the palladium content increases, this gives rise to the complete Pd shell.
This stabilization mechanism is quantitatively supported by the different correlations observed in the
number of Ni—=Ni and Pd—Pd bonds with energy, in which the latter tends to decrease alloy stability.
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Furthermore, a notable trend is the correlation between the coordination number of Ni atoms with alloy
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the large-scale production of H,."” A potential resolution to this
challenge may involve the employment of particles with about one

1 Introduction

The escalating concerns regarding environmental pollution
driven by the consumption of fossil fuels, in conjunction with
energy security issues, have catalyzed an increased interest in
alternative energy sources, notably the generation of molecular
hydrogen (H,) through the electrolysis of water using renewable
energy sources (e.g. photovoltaics, wind)." To date, the feasi-
bility of this process has been constrained to the use of
costly catalysts such as Pt and Ru/Ir oxides,’™ which hinder
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nanometer (cluster) composed of noble elements in conjunction
with economically viable and abundantly available metals."?
Nanoparticles are known to have physical-chemical proper-
ties very different in comparison to their bulk counterparts, and
hence their properties can be investigated for a wide range of
applications. For instance, it has been demonstrated that a low
activation barrier for H, production from water is obtained
using the unary Al,, (with n =12 and n = 17) cluster as a catalyst.*
Small Ni, and Pd, clusters have been assessed for oxygen
evolution reaction (OER), presenting considerable catalytic
activity. It is well known that the properties of such particles
can be modulated by changes of their size, charge state, etc.>*>”
In fact, it has been experimentally shown that water oxidation
in alkaline conditions does not occur on Pd,, while Pds and
Pd,, are active,® that is, a strong dependence on the cluster size.
In addition to size, the physical-chemical properties of
metallic nanoparticles can also be tuned by composition.**””
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For example, the hydrogen evolution reaction (HER) and OER
are viable on surfaces of Cr-doped FeNi nanoparticles encapsu-
lated into N-doped carbon nanotubes and NiCo,Te,.”*° The
mixture of different metals may help overcome difficulties of
water electrolysis, such as the low pH range currently required
for this procedure and the stability of materials used for large-
scale production.>® Furthermore, these materials may have
poisoning tolerance when in a harsh acid environment, which
improves the electrolytic process."*

Given that water shows significant dissociation on Ni
surfaces,'”> nanoalloys combining this earth-abundant material
with Pd, a noble transition metal used to obtain H, by water
splitting, could have potential applications for H, production.®
In bulk phase, the Ni and Pd species are miscible for a wide
range of compositions;'*'* however, for nanoparticles the
solubility varies considerably with the size,'® and hence, affects
its properties.

Segregated core-shell NiPd nanoparticles have in fact been
synthesized>*® with sizes below 5 nm. It has been shown'* that
NiPd nanoalloys with a Pd-rich shell showed much improved
catalytic activity than Pd nanoparticles of similar sizes, for
Sonogashira coupling reactions.’® Furthermore, the catalytic
activities of such nanoalloys for the oxidation of CO are similar
to the case of pure Pd clusters, thus showcasing the possibility
of a cost reduction by the introduction of the more accessible
metal (Ni).'®

From a computational standpoint, the investigation of these
nanoalloys presents significant challenges because of the vast
array of potential geometric configurations and number of
isomers generated by permutations among the species. For
example, even small unary clusters, namely Ni,'”'® and
Pd,,'®'® can display several geometrical arrangements. Among
these, certain nickel clusters, such as Ni,, Ni3, and Ni,o, have
demonstrated improved energetic stability.”*>* Furthermore,
Pd;; and the tetrahedral cationic Pd," clusters are also remark-
ably stable.>**® For larger cluster sizes, it has been shown?® that
surface reconstruction can have important effects on the NiPd
nanoalloy properties, which was exemplified for its hydrogen
adsorption capabilities.

For small NiPd clusters, previous computational results
indicate the tendency of Ni to concentrate toward the center
of the cluster, while most of Pd occupy surface positions.”*”"*8
This is possibly due to the fact that Pd has a slightly larger
radius, while Ni possesses a higher surface energy,”*** which
explains this spatial distribution of atoms. However, our funda-
mental understanding of the mechanisms underlying the
stabilization of such nanoparticles and their operational
dynamics remains significantly limited.

Given their potential as catalysts for HER and OER, in this
work, we perform density functional theory (DFT) calculations
for several binary Ni,,Pd,,_,, clusters in order to understand the
key features (physical-chemical properties) that drive their
stabilization. To analyze how the properties and stabilities vary
with different particle sizes, we have considered clusters with
n = 13, 27 and 41 atoms. To map both Ni-rich and Pd-rich
clusters and achieve a homogeneous range of compositions, we
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have chosen m to yield a percentage of Ni atoms of 12.5%,
25.0%, 37.5%, 50.0%, 62.5%, 75.0%, and 87.5%. Thus, using
DFT calculations combined with data mining techniques and
correlation analyzes, we have revealed that the unique segrega-
tion of the core and shell NiPd is driven by the preferences of
the two elements for different coordination environments and
the number of homogeneous bonds.

2 Theoretical approach and
computational details
2.1 Total energy calculations

Our calculations were based on the DFT**?° framework, within
the semilocal Perdew-Burke-Ernzerhof formulation for the
exchange-correlation energy functional (PBE),*® as implemen-
ted in the Vienna ab initio simulation package (VASP),*” which
uses the projected augmented wave (PAW) method.*®*° All
calculations are spin-polarized and, as default in VASP, the
initial on-site magnetic moment for each atom is set to 1.0ug,
which is then allowed to relax along the electron density self-
consistence. The contribution of each Ni atom to the magnetic
moment is close to one, and thus this is a reasonable
starting point.

The search for local minimum structures requires a sub-
stantial quantity of DFT-PBE computations for various trial
structures, leading to an escalation in computational cost
proportional to the growth in the number of structures. There-
fore, to reduce computational cost, we separated our calcula-
tions into two stages: (i) screening DFT-PBE calculations using
lower computational parameters and (ii) final optimization
using accurate computational parameters. For example, in the
screening stage, we used a plane wave cutoff energy of 340.939 eV,
which is 12.5% lower than the recommended maximum value of
the selected PAW projectors (ENMAX,,,,,). For the final geometric
optimizations and property calculations, we used a 12.5 higher
cutoff energy than ENMAX ., (i.e. 438.351 eV).

We smeared the partial occupancy with a smearing width of
0.100 eV and 0.010 eV for the screening and final calculations,
respectively. Geometry optimizations were performed until the
forces fell below 0.250 eV A" for all atoms in the screening
calculations and 0.050 eV A™* for the final calculations. Finally,
to avoid the interaction between the cluster and its periodic
images, we scaled the unit cell to maintain the 10 A vacuum
(distance between the surface of the cluster and the surface of
the periodic images) for the screening calculations and 15 A of
the vacuum for the final ones, that is, we used different cubic
box sizes for clusters with different numbers of atoms. Given
the large cell size, no dispersion occurs in the electronic states
within the Brillouin zone (BZ), and hence we used only
the I'-point for the BZ integration.

2.2 Structure generation

The generation of the trial configurations was divided into two
subsections, which combine different strategies.

This journal is © the Owner Societies 2024
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2.2.1 Unary structures. Unary transition-metal (TM)
clusters with 13 atoms have been well studied and documented
in the literature,'®'%*°™*3 and we employ these previously
predicted structures in this work as starting geometries, to
search for the lowestlying configuration. However, we
also tackle clusters with 27 and 41 atoms, whose global mini-
mum structures have not yet been fully characterized in the
literature for the selected systems. Therefore, to find the lowest
energy geometries for unary clusters with 27 and 41 atoms, we
have employed a genetic algorithm (GA). For these sizes, we
first generate a large number of potential structures
employing a modified GA with standard evolutionary proce-
dures augmented by the history and annihilator operators.****
These operators are useful not only for searching for the
global minimum but also for providing non-identical low-
energy structures within each subsequent execution of the GA
(which is allowed by the use of the history operator). No DFT
calculations are performed up to this point, because the GA is
coupled to the Gupta empirical potential (see the ESIt for
details).

The empirical potential coupled to the GA was employed
simply to generate a large number of reasonable trial
structures for the unary clusters, which must be further re-
optimized using our DFT-PBE calculations in order to propose
a putative global minimum configuration (pGMC). For
unary clusters with n atoms, we have selected the 2n lowest
energy structure from the empirical potential to screen the
DFT-PBE calculations and after that the n structures for the
final optimizations. The lowest-energy configuration is
assumed to be pGMC for the unary clusters. Note that the
above procedure is used to generate geometries for the unary
clusters only. The alloy structure generation (described in the
next section) is not based on the Gupta potential and does not
use the GA.

2.2.2 Binary NiPd structures. Starting with the lowest
energy structures for Ni, and Pd, (hereafter referred as parent
structures), the binary Ni,Pd, ,, clusters were generated by
replacing m Ni atoms in the rigid parent Pd,, structure, or n — m
Pd atoms on the Ni, one. The number of possible configura-
tions (NC) that can arise from these permutations,

n!
NC= (n—m)mV’ (1)

is extremely large and it would be impossible to perform any
type of DFT calculations for all of them. However, here we
employ an interesting approach that has recently been
developed*®>® and is summarized in Fig. 1. In this approach,
a very large number of structures is automatically generated
completely at random and also based on design principles
(such as core-shell, onion-like, and segregated alloys), which
are later selected using data mining techniques. For example, at
the cluster size n = 41, we have generated 300000 random
permutations and 200 000 design-based permutations for each
parent, totaling 1 million structures for each Ni,Pd4;_,, stoi-
chiometry. If NC is smaller than 3000 (applicable to all clusters
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Fig. 1 Flowchart describing the generation and selection of structures for
the binary clusters. For compositions in which the number of possible
permutations is less than 3000 (all 13 atoms, NizPd,4 and Niyx4Pds), all of
them are generated. For all the others, we create a set of random and
design-based permutations separately.

v

Half selected >
via k-means

of 13 atoms and to NizPd,, and Ni,,Pd;), all possible permuta-
tions are included.

The most representative structures within this very large set
are then selected based on a protocol that is, briefly, based on
the following steps: (i) representation of each structure as the
eigenvalues of its Coulomb matrix,>* (ii) dimensionality
reduction of the problem using the t-SNE algorithm, (iii)
selection of the x most representative structures by using the
k-means approach, (iv) geometry optimization at the screening
DFT level in all x selected structures, (v) selection of x/2
structures from this set for a re-optimization at the final DFT
level. A more in-depth description of the protocol, together with
a flow diagram of its procedures, is provided in the ESI{ and in
the original work.>®

The number of structures selected for the DFT calcula-
tions (x) depends on the size of the cluster, and were chosen
as x = 30, 40 and 50 for the cluster sizes of n = 13, 27 and 41,
respectively. Given that this procedure is repeated for each
of the seven compositions selected for each size of the cluster,
the number of DFT optimizations only in the screening part
is 840.

2.3 Physical-chemical properties

To improve our understanding of the stability of those unary
and binary clusters, we calculated several physical-chemical
properties, which will be used as descriptors for our correlation
Spearman analysis.

2.3.1 Electronic properties. To quantify the stability of a
bimetallic NiPd cluster with respect to its unary counterparts of
the same number of atoms, we calculated the excess energy. Its
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value, normalized by the number of atoms, is given by the
following equation,

ENinPdyy _ M pNi, 1T ppd,
tot n tot n tot
Eexe = n . (2)

In this equation, EnP%- is the total energy of the binary
cluster, EN" and EF3" are the total energy of the unary clusters,
while n and m were defined at the end of the introduction.
Negative values indicate that the alloy is energetically favored,
whereas positive values indicate that the two species tend not to
mix at the specific particle size.

The binding energy per atom (E},) is also a relevant para-
meter that measures how much energy is necessary to break the
particle into its isolated atoms. It is also normalized by the total
number of atoms, and calculated as

o BT — N — (n— )RS
b= . ) (3)

where EN. and EYY are the total energies of the free atoms
calculated using orthorhombic boxes with average size 20.3 A.

To further characterize the Ni,Pd,_,, system, we also ana-
lyze the total magnetic moment () to understand how its
magnetism behaves when size and compositions are changed.
Another relevant property to evaluate is the system’s energy
HOMO-LUMO gap, since clusters with a small gap tend to
present higher chemical reactivity. The HOMO-LUMO gap is
given as

Elgap = Erumo — E;—IOM07 (4)

where Ebomo is the energy of the highest occupied molecular
orbital and Ei o is the energy of the lowest occupied mole-
cular orbital. The index ¢ indicates whether the results were
obtained considering only the majority-spin or the minority-
spin, or either ‘“global” (referring to the general HOMO-
LUMO gap).

2.3.2 Structural properties

Volume and density. In order to obtain the cluster’s density
and volume, we applied the methodology described in ref. 56,
in which the volume of the cluster is estimated using a Monte
Carlo integration within the surface of the particle.”® In this
work, we employed the van der Waals radius of nickel and
palladium atoms provided by Batsanov.>’

Root mean square deviation. In order to measure the defor-
mation from the parent structure caused by the atom permuta-
tions that generate the alloys, we calculate the root mean
square deviation (RMSD) of the atomic positions, which is

defined as
RMSD = |3 [Iry — || 5)
i=1

where 74 and 7% give the Cartesian coordinates of atoms i in
structures A and B, and || is the Euclidean norm. This is
calculated using a superimposing algorithm.””
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Effective coordination number. For each structure, we also
calculate the effective coordination number (ECN) and the
average weighted bond length (d,,) to provide information on
the chemical environment around each atom. The ECN of the
atom i is calculated using the following equation.>>>%>°

ECN, = Zexp [1 - (jﬂ’)é] , (6)

where d;; is the distance between atom i and j, and di, is

obtained as follows:*®
6
> djexp|l — (ﬁ>
;T dyy

& = e o)
Sexp|l— (%)
J dav
A self-consistent method can be used to obtain the final values
of d’,.>** We also calculate the average values of all atoms as

1
ECNy = Z ECN; (8

and

1 i
doy = E Z dav' (9)

Average radial distance and cluster radius. The average radial
distance D,, is the average of the atomic distances from each
atom to the geometric center of the cluster. Another variable
related to cluster size is the average radius (R,,), which is given
by the following equation,

1
Ry = E(RGRAV + Resp)’ (10)

where Rgray is the largest distance between an atom and the
cluster’s center of gravity and Rcp, is half of the largest distance
between any two atoms in the cluster.

Under coordination number. The under coordination number
for an element A (UC,), is the ratio between the number of
atoms of this element on the surface of the particle and the
total number of atoms of this element in the structure.’®®° This
property indicates the tendency of a given element to occupy
the surface of the structure: if UC, is close to 1, it tends to
occupy the surface, while if closer to zero the majority of these
atoms are in core positions.>?

Chemical order parameter. The chemical order parameter (o)
provides information on how the different atoms are bonded in
an alloy. It is calculated as,>*®*

N[I)\Ti—Ni + N}]}’d—Pd _ N}I)\Ti—Pd
~ A Ni—Ni Pd—Pd Ni+Pd’
Ny + Ny + Ny

(11)

where Ny ™ and N9 are the number of homogeneous nickel
and palladium bonds in the structure, NNi=Pd i5 the number of
heterogeneous bonds, and Ny ™ + NpdP4 + NYP4 is the total
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number of bonds in the cluster. If the values of ¢ are close to 1,
it indicates a tendency to segregate the two elements, while if
o = —1 indicates a homogeneous distribution.

2.4 Spearman’s rank correlation

Upon completion of the geometry optimization for each desig-
nated isomer of the specified Ni,,Pd,,_,, cluster, the properties
defined in the preceding section are evaluated and character-
ized to ascertain potential correlations between the property in
question and the excess energy, which defines the cluster
energetic stability in comparison with separated species. The
objective is to discern electronic and structural properties that
exhibit a correlation with a reduction in excess energy, implying
that augmentation of such properties enhances the stability of
the alloy. Consequently, this analysis was performed by com-
puting the Spearman rank correlation coefficient (ps).

Starting with two vectors containing the values of the two
properties (x and y), these are first rank transformed to values
between 1 and M, with M being the number of elements in the
sample.®® The strength of the association of these variables can
be measured by pg, which is defined from the ratio between the
covariance of x and y and the product of their standard
deviations (o,0y) as,*>*

_ cov(x,y)

S 12
"=, (12)

The results range from —1.00 and 1.00, with extreme values
indicating perfect inverse correlation or perfect direct correla-
tion. Weak correlations below <0.25 are considered too low
and are not reported.

3 Results and discussion

All screening calculations using lower computational para-
meters are reported within the ESI,{ while the results obtained

(}BQ 4
B 4

Pdis NiPd.»

]

NisoPds;

Pd41 Ni5Pd36 NilSPdZG

NizoPda:
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by larger computational parameters (final) for all calculated
configurations will be reported and discussed in the following.
To reach our goals, this section is separated into few subsec-
tions, namely (i) discussion of the structural features of the
PGMC unary clusters, which is expected to drive several
features of the alloys; (ii) discussion of the size-dependent
structural preferences in binary NiPd clusters, which will help
to understand and explain the descriptors that drive the
stability of those binary clusters; (iii) stability analysis via
electronic properties of the binary clusters; (iv) discussion of
the structural descriptors that drives the stability of those
binary systems; (v) finally, the discussion of Spearman correla-
tion analysis.

3.1 Structure features of putative global minima unary
clusters

As mentioned above, several DFT optimizations were per-
formed, which yields the lowest energy configurations for the
unary cluster. The molecular configurations are shown in
Fig. 2. Furthermore, the group symmetry and number of atoms
in the core region are summarized in Table 1. The Ni,;; and Pd;;
clusters do not show icosahedral symmetry, which is in agree-
ment with previous studies.'””'® We found a truncated trian-
gular bipyramid for Ni, 3, whereas Pd;; shows a less symmetric
configuration that can be described as two pentagonal bipyr-
amids that share Pd atoms on the side. Neither of these
structures has a central atom that would constitute a core (as
in the perfect icosahedron structure with 13 atoms).

For unary clusters of 27 atoms, we obtained structures
approaching more spherical-like shapes without symmetry
elements for both Pd,, and Ni,,, with a more prolate structure
achieved by Pd,;. At this intermediate cluster size, we already
have atoms in the core, which will be interesting for the study
of the core-shell segregation of the alloys as a function of size.

Interestingly, the Pd,; clusters can be described as a frag-
ment of a face-centered cubic (fcc) structure, as also occurs for

NissPds Niaz

Nizepdls

Ni31Pd10

Fig. 2 Putative global minima configurations for all compositions and sizes assessed. From top to bottom, clusters and alloys of 13, 27 and 41 atoms. The

nickel content increases from left to right.
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Table 1 Space group symmetry and number of atoms in the core (core
size) for the unary clusters in the lowest energy configurations

Cluster Symmetry Core size
Ni;3 Csy 0
Ni, Cy 3
Niyq Cs 7
Pd,; C, 0
Pd,, Cy 2
Pdyy Csy 7

the Pdss cluster.*” This fragment has 4 layers in the shortest
dimension and 5 layers in the largest. The top layer in the
largest dimenstion has only 3 atoms, and these can also be
though as the three atoms capping a truncated octahedron of
size 38. The fragment of the 41-atom cluster belongs to the C;,
point group and has 7 atoms at its core.

On the other hand, Ni,; maintains a more spherical shape
as observed in Ni,,. This structure is a fragment of the perfect
icosahedral of the Niss cluster. Coincidentally, this structure
also shows a core composed of 7 atoms. This core is composed
of a pentagonal bipyramid, and the atoms on the surface form a
second bipyramid around the core, with extra atoms capping
the whole structure. This configuration belongs to the Cs point
group, which agrees with ref. 23. It is interesting to note that at
the 41 atoms size we already have fragments of both the
icosahedral (Niy;) and fcc (Pdy) structures, which are very
common arrangements for larger nanoparticles.®*®

3.2 Size-dependent structural preferences in binary NiPd
clusters

In this section, we focus on the discussion of the obtained
geometries only for the lowest energy configuration of the
alloys, while leaving the properties of all other calculated
structures to the next sections. We must emphasize at this
point that we did not consider binary cluster structures that did
not originate from the unary parents. However, the presence of
a different atom may alter the energetic order, and the real
global minimum may not follow the unary preferred structure.
However, we emphasize that the focus of this work is on
sampling a diverse set of structures for Ni,Pd,_,, clusters to
understand and extract correlations between their characteris-
tics and stability. However, analyzing the pGMCs obtained here
can aid in the subsequent discussions.

As seen in Fig. 2, the Ni,Pd;;_,, clusters can be seen to
follow the structure of the parent Pd,3; at m =1, 3, 7 and 10, and
thus even on nickel rich compositions. A pattern of Ni atoms
bonded to each other with homogeneous bonds can be
observed even in compositions with a low Ni content, whereas
palladium atoms tend to be more spread around all parts of the
cluster, favoring heterogeneous bonds. This may be explained
by bond energies following the Ni-Ni > Ni-Pd > Pd-Pd
order. The results of a previous computational investigation
of 13 atom NiPd clusters®” focused only on icosahedral config-
urations also showed this tendency. In this work, Chutia et al.
rationalize the stability of these clusters from the interaction
between the orbitals Ni (4s,3p) and Pd (4s,4p).>”
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On the other hand, the pGMCs for all compositions of the
27-atom alloys were obtained from the parent structure Ni,.
The three atomic positions in the core are always occupied by
Ni atoms, except for the case NizPd,,. In addition to finding Pd
atoms on the surface, we can see that they tend not to be
grouped in the same regions of the shell, giving rise to more
heterogeneous bonds (as in the case of 13 atoms). This is in
contrast to the behavior of Ni, which tends to be clumped
together. This effect has been discussed for 26-atom NiPd
clusters,?® where the authors describe it as the formation of
“islands” on the surface, which occurs for all compositions
until the number of Pd atoms on the surface is so large that it
leads to a core-shell configuration.

Observing the pGMCs of the structures with 41 atoms, we
again see a clear preference for the unary parent structure of
nickel (icosahedral fragment), with the exception of the com-
position Ni,oPd,;, which shows the fec fragment structure of
the parent Pd. The fce-to-icosahedron transformation in bime-
tallic alloys has been extensively discussed by Nelli et al.,*® and
the driving-force is believed to be the relaxation of local stress
in the icosahedron, after the inclusion of an element with
different radius.

This cluster size continues the trend of Pd atoms spreading
over the surface and favoring heterogeneous bonds, while Ni
atoms are grouped together in the center of the particle when-
ever possible. It is important to note here that core-shell NiPd
nanoparticles have in fact been synthesized.

As core-shell segregation has been shown to be a preferen-
tial organization motif in minimum energy structures (which
also extends to the 55-atom alloys’), we would like to highlight
that this phenomenon has received considerable attention in
the literature. In particular, it has been noticed that Ni atoms
tend to segregate to the surface in the NiFe, NiRu and Nilr
alloys,®”*® while tending to internal sites in systems such as
NiCu, NiAg, NiAu and NiPt, and showing mixed arrangements
in NiCo the nanoalloys.®”"®® All such results can be expected
from the fact that elements tend to occupy the surface if they
have lower surface energy and larger atomic radius than the
other metal.”” It has also been argued that if there is a large
difference in the electronegativity between the two metals,
further stabilization may occur from a charge transfer mecha-
nism leading to a cationic core and anionic surface, increasing
the strain on the core and further favoring segregation of large
species to the surface region.>® Specifically for the binary NiPd
clusters studied in this work, we note that palladium has a
larger radius than Ni,?*" and a lower surface energy,”® which
explains the segregation presented in Fig. 2.

3.3 Stability analysis via electronic properties

We now analyze the most relevant electronic properties (Eexc,
Ey, and Eg,;,) of all optimized structures using the results of our
final DFT calculations. The results are summarized in Fig. 3,
while other electronic properties are also presented in the ESL{

For all cluster sizes, the E.,. minimum deviates from the
50% compositions and tends to favor slightly Ni-poor ones at
around 37.5% in nickel. This shift towards Pd-rich composition
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is in agreement with previous work for NiPd clusters of 26 and
55 atoms.”® The lowest E., is observed for the NisPd, cluster,
which is about —124 meV per atom. Most of the other struc-
tures fall above —115 meV for alloys of 13- and 27-atoms. The
tendency to decrease the magnitude of the excess energy per
atom can be seen as a function of the size of the cluster, with
clusters of 41 atoms showing E... of only —87 meV. We also
note that the formation of binary NiPd clusters is energetically
favorable for the vast majority of generated structures (which
include both random and design-based structures), as shown
by the small number of structures with positive excess energies
in all compositions and sizes.

Fig. 3 also allows us to compare the stability of randomly
generated structures with those generated by the principles of
physical-chemical design for the 27- and 41-atom clusters.
Recall that for all 13-atom clusters and for Ni;Pd,, and Ni,,Pd,
the reduced number of possible permutations allowed us to
generate all configurations and therefore this figure does not
differentiate design and random in these cases. We see that for
systems of 41 atoms, design structures were observed in both
the lowest and the largest excess energy obtained for each
composition. This is related to opposing core-shell designs,
where nickel atoms are in the core (favorable) or in the shell
(unfavorable).

Regarding the binding energies per atom, in Fig. 3, we see
that its magnitude increases as a function of the Ni content.
This is in agreement with the fact that the bulk cohesive energy
of palladium is lower (3.89 eV per atom) than that of nickel

This journal is © the Owner Societies 2024

(4.44 eV per atom).”" For all sizes, E,, shows a fairly linear
behavior as a function of composition. Furthermore, we notice
that the magnitude of E;, tends to increase with increasing
cluster size.”"**7>7?

For the global HOMO-LUMO gap, we see a decrease in the
average of E%L‘;,bal with an increase in size, as also observed in
other nanoalloys with similar numbers of atoms.”* However, a
clear trend of larger gaps for Ni- or Pd-rich compositions
cannot be observed, and the values for the different minima
for all compositions of fixed size show a similar range.

We observe that pGMCs (golden line) appear mainly in
intermediate E&o>' values, suggesting that there is no correla-
tion between the increasing HOMO-LUMO gaps (which gen-
erally indicate lower reactivity) with energetic stability.
Exceptions to this are compositions Ni,Pdg, Ni;,Pd;;, and
Niz¢Pd;s that have pGMCs with the lowest Egi{},bal. We also see
that some design-based structures have higher (or lower) values
for EERY*, especially in 41-atom alloys, again showing the
influence of surface segregation on electronic properties.

3.4 Structural descriptors of NiPd alloys: clues to energetic
stability

A better understanding of the alloy structures obtained can be
achieved by analyzing structural descriptors such as those
presented in Fig. 4 (for other properties not included here,
see the ESIT). Starting with the volume, we observe a linear
decrease as a function of Ni content, as expected from its lower
atomic radius (Zen’s law’”). At this scale, only moderate

Phys. Chem. Chem. Phys., 2024, 26,15877-15890 | 15883


https://doi.org/10.1039/d4cp00672k

Published on 20 maggio 2024. Downloaded on 06/02/2026 19:04:48.

Paper

variability in volumes can be observed in each composition
(caused by different geometrical arrangements of the cluster).

To measure the deformations of the parent structure caused
by the replacement of a dopant atom at different sites in the
unary cluster, we calculate RMSD. Here, we focus on the
deviation of each structure from the unary nickel parent,
RMSD™. The deviations from the palladium unary cluster are
given in the ESIt and provide analogous information. Note
that, as the points in Fig. 4 are colored according to which of
the two parent structures they were obtained from, a clear
separation is seen, with alloys originating from the parent Pd
naturally showing larger RMSD™'. We can see a tendency of the
PGMCs to be correlated to a smaller geometrical deviation from
the unary cluster, meaning that large distortions from the
initial structures lead to unfavorable energies.

An outlier can be seen in Ni;,Pd,,, where the higher RMSDM
is caused by a significant change in geometry caused by the

View Article Online
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dopant atoms, leading the system to escape the basin of
geometry of the Ni,, parent cluster. This figure also allows an
easy visualization of the fact that all pGMCs of the n =27 and 41
clusters originate from the parent structure of nickel, with the
exception of NiyoPd,;.

The coordination around each chemical species is quanti-
fied (on average) using ECN,,, as shown in Fig. 4. We can see
that, for the 13-atom clusters, the unary Pd structure is more
coordinated than the unary Ni structure, and the alloys gener-
ated from the former also tend to have higher coordination. In
the cases where the pPGMCs were obtained from the parent Ni, 3,
it is possible to observe a tendency for the lowest energy
structure to present a high ECN,,. For n = 27, we see an inverted
situation in which Ni,; has greater coordination than Pd,,,
which is also reflected in the values ECN,, presented by the
alloys of each parent. The pGMCs tend to follow more coordi-
nated structures. For n = 41, both parent structures have similar
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Fig. 4 Structural properties for the binary Ni,,Pd,_,, clusters. Each column represents a different cluster size. Circles correspond to the structures
randomly generated while diamonds correspond to the design principles generated ones. Blue stands for structures from the parent Pd and red for the Ni

one.
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ECN,,, and a clear separation between alloys obtained from
different parents cannot be observed. In general, it seems that
the alloys will follow the trend of the unary parents and that, in
the cases where the pGMC originates from the parent Ni,,
structure, it seems that larger ECN,, values are energetically
favored. A clearer picture of the dependence of energy on
coordination will be presented in the next section using Spear-
man’s rank correlation.

To quantitatively assess the occupation of Ni atoms in the
center of the clusters, we now discuss the average radial
distance DY (how far on average the Ni atoms are from the
geometric center of the cluster) and the undercoordination
number UCN (ratio between the number of Ni atoms in the
surface and the total number of Ni atoms). Both variables
clearly indicate that the lowest energy structures occur when
Ni atoms are located closer to the center, even if the structure
does not possess a core region (13-atoms case).

For compositions with a lower nickel content, we obtain very
low DY and UCM, which naturally tend to increase with
increasing Ni percentages. Here we again see the importance
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of including design-based structures in the analysis, as much
lower DY and UC™ values can be obtained from them, com-
pared to the random ones. The graphs for DX and UC™ are
given in the ESI{ and reveal similar conclusions.

Concerning the chemical order parameter ¢, the parabolic
shape observed in Fig. 4 is typical in nanoalloys,”®**"* and the
fact that the NiPd alloys do not reach substantially negative
values is due to the fact that the number of heterogeneous
bonds is generally lower than or equal to the number of
homogeneous ones. It can be seen that pGMCs do not consis-
tently correspond to higher or lower values of ¢. The reason why
o does not capture the lowest energy structures is that it
accounts for both Ny ™ and N5 on an equal footing, while
what we observed in Section 3.2 is that Ny ™ and Np9 "9 have
different tendencies: nickel tends to clump together (favoring
homogeneous bonds), while the palladium atoms tend to
spread around the surface far from each other until the
previously described ‘“islands”?® are formed (not favoring
homogeneous bonds). For this reason, homogeneous and
heterogeneous bonds must be considered separately to explain
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the energetic stability. This is performed in the following
section.

3.5 Spearman’s correlation analysis unveils key trends

The Spearman correlation coefficient pg evaluates how well one
arbitrary monotonic function can describe the relationship
between two variables and, therefore, is not restricted to linear
correlations.®*®* Following previous works,’*™* we establish
the correlation of several physical-chemical parameters with
excess energy to search for properties that can influence alloy
stabilization. All such parameters are plotted against the excess
energies to show an overall picture, which can be seen in the
ESI.f Here, we focus only on the values of the correlation
coefficient, which is shown in Fig. 5. Positive correlations
(red) indicate that the excess energy increases with the property
(unfavorable), and negative correlations (blue) indicate that the
excess energy decreases with the property increment (the
property is correlated with energy stabilization). Weak correla-
tions below <0.25 are not shown.

Firstly, we can see that the electronic properties (E;alp and
Mmyor) are only weakly correlated to energy stabilization. On the
other hand, an intimate relationship is observed between the
coordination numbers and excess energy. For all compositions
and sizes, high values of ECNY make the energy more negative
(thereby stabilizing the alloy), while ECN& increase the energy.
This is consistent with the tendency of nickel atoms to occupy
central positions (more coordinated) even when a core is not
available (13-atom clusters) and Pd atoms to occupy positions
in the vertices of the polyhedron formed by the atoms, thus
being more isolated (even from each other), leading to the
formation of Pd “islands” and eventually Pd shells, when the
palladium content is high enough.

Although the bond distances are necessary to calculate the
number of nearest neighbors (and thus provide the coordina-
tion number), we can see that their magnitude itself, given by
the weighted bond lengths d,,, presents only small correlations
with energy. This correlation is not consistent among different
compositions and sizes, and thus d,, is not an important
descriptor of stability in alloys NiPd.

The particular pattern in which the bonds are arranged in
the cluster is revealed by the correlation analysis to be a crucial
factor and strongly influences the energy. Although the total
number of bonds (Np) and the number of heterogeneous bonds
(N§) do not show consistent patterns through different
cluster sizes and compositions, the number of homogeneous
bonds is strongly correlated with energy stabilization, as shown
in Fig. 5. It can be clearly seen that increasing the number of
Ni-Ni bonds leads to a decrease in energy (increasing stabili-
zation), while those of Pd-Pd lead to destabilization.

Note that this is not a necessary feature of core-shell
segregation, as the formation of a stable Pd shell could favor
the number of Pd-Pd bonds on the surface. In fact, in our
recent investigation of four different gold nanoalloys,”® in
which gold always preferred surface positions, we found that
the number of homogeneous Au-Au bonds was not correlated
with energy stabilization. In such gold nanoalloys, only the
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number of homogenous bonds of the element in the core
enhanced the stability. In summary, while the core formation
stabilizes the structures in all such examples, the organization
pattern of the shell atoms mattered only in the NiPd case.

The NiPd is a special case of shell formation, in which the Pd
shell on top of Ni begins with isolated “islands” on Pd-poor
compositions that only tend to a proper shell on Pd-rich ones,
as first described for Ni,e_,Pd, by Aguilera-Granja et al.>® In the
same work, the authors studied NiPt alloys, showing that this
presents a different pattern of Pt layer instead of “islands”. Our
analyzes show that this structure organization pattern is not
restricted to 26-atom NiPd alloys and not only to pGMCs, and
further sheds light on the underlying impact on energy.

As argued in the previous section, the chemical order para-
meter takes both types of homogeneous bonds on equal footing
and therefore cannot capture the organization patterns that are
correlated with the stabilization of the alloy NiPd (opposite
trends for Ny N and Ngd_Pd). For this reason, ¢ is not consis-
tently correlated with stabilization. Increasing the radius of the
cluster (as shown by R,,) within a fixed number of atoms and
composition is also not particularly relevant, showing only
small correlations of varying signs.

As for the volume (and consequently the density, with an
identical correlation magnitude but opposite sign), we see a
significant correlation with energy where a smaller volume
tends to be energetically favorable. The correlation is strong
for n = 27 and 41, but small for n = 13 (which does not have a
core). Together, these two observations indicate that stabili-
zation occurs by compressing the inner core sites of the
structure, caused by the presence of the smaller Ni atoms.
Therefore, our correlation analysis for these small clusters is in
agreement with what has been obtained for much larger
clusters.®®

The analysis of RMSD™! was performed considering only the
structures coming from the unary Ni, clusters, and thus uses
fewer data points (this is also is performed for RMSD"). The
reason is that we want to measure how a deformation from the
original parent structure correlates with energy decrease, and
including the RMSD between a structure coming from one
parent to a completely different unary would not allow that.
What we obtain generally is that the structures based on the
parent Ni that show a large deformation tend to be more
destabilized, whereas the structures coming from the parent
Pd tend to deviate from their parent to become more stable.
However, the correlations are not strong and do not occur for
the 13-atom case.

The two final variables analyzed, UC* and D%, can be seen in
Fig. 5 to be strongly correlated with energy. Recall that UC*
gives the fraction of element X that lies on the surface of the
particle, while DY, express (on average) how far the element X is
distributed away from the geometric center. Both variables are
descriptive of core-shell segregation, with large values indicat-
ing that element X occupy the surface, even though DY, is
meaningful even when the particle does not present a core
region, such as n = 13. As can be seen, the numerical values of
the correlation coefficient for both variables are very similar
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(except the n = 13 case where UC* cannot be defined). This
analysis again captures the fact that Ni atoms tend to be in the
center of the particle, while Pd tends to be located in the outer
regions.

In summary, we see that the energy stabilization of arrange-
ments with a core based on Ni is well described by the variables
ECN,,, UC, and D,,. However, core-shell segregation is not the
only motif of stabilization by a structural organization, as there
is also a particular type of Pd atom arrangement on the surface
of the particle, which could only be captured quantitatively by
analyzing the number of homogeneous bonds of each type. By
analyzing a representative set of structures, instead of relying
solely on the pGMC, it is possible to affirm that such properties
can describe driving forces for particle stabilization rather than
being a feature of the pGMC alone.

4 Conclusions

In this work, we have generated a very large number of
structures for several compositions and sizes for the binary
Ni,,Pd,,_,, clusters. Data mining techniques were used to sam-
ple the most representative structures, which were then opti-
mized using DFT calculations. The results of the DFT
optimizations were used to calculate several electronic and
structural properties for all such structures, which were subse-
quently analyzed to check for correlations between alloy stabili-
zation and the properties.

We have shown that NiPd represents a special case of core-
shell formation, in which the Pd shell shows “islands” in Pd-
poor compositions that evolve to a proper shell on Pd-rich ones.
This can be seen by visual inspection of the structures, but it
finds quantitative support with the opposite correlations that
the number of Ni-Ni and Pd-Pd bonds shows with stabilization
(while the number of heterogeneous bonds is not correlated
with stabilization or destabilization). A further indication of
this stabilization pattern is that the coordination number of Ni
atoms is correlated with alloy stabilization, while the coordina-
tion of the Pd ones is inversely correlated.

Our analyses show that, for structures containing a core
region, an important feature is that the presence of the
smaller nickel atoms in the core compresses the overall size
of the particle, which enhances stabilization. The techniques
and protocol employed in this study are shown to yield
both quantitative and qualitative explanations of nanoalloy
stabilization.
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