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Abstract

Monometallic platinum and nickel nanoparticles, and platinum-nickel nanoalloys
are examined in the range 13-976 atoms from density functional theory calculations.
A large set of competitive symmetries and morphologies are considered including the
usual Mackay icosahedral, Marks-decahedral and truncated octahedral forms. A com-
parative analysis of relative stability order is addressed on the basis of four stability
descriptors all predicted at the ab initio level from spin-polarized calculations including
van der Waals interactions. For platinum nanoparticles, they unanimously conclude
on the preference of truncated octahedral morphology in the range 147-201 atoms. For
nickel and platinum-nickel nanoclusters, three descriptors (cohesion energy, nanopar-
ticle surface energy and vibrational band center) also support such octahedral sym-
metry (with a skin-heart chemical ordering for nanoalloys), whereas the excess energy
rather favors the icosahedral morphology (with multishell and core-shell arrangement).
Such discrepancies feed the debate related to the impact of the normalization on the
predictive power of these descriptors and recall the high importance of validating the-
oretical models from a quantitative standpoint. This work invites the experimentalists
to synthesize, characterize and measure surface energetics of PtNi nanolloys in highly

controlled operating conditions.

Introduction

PtNi catalysts were proposed in the literature twenty years ago as efficient electrocatalysts
for the oxygen reduction reaction (ORR) in the context of polymer electrolyte membrane
fuel cells (PEMFCs) and applications in the automotive industry. The role of the second
metal nickel is to ensure good catalytic properties for the corresponding alloy with respect
to the reference pure platinum catalyst, while decreasing the whole amount of Pt. This
helps reducing the cost, which hinders the commercialization of these catalysts.? There

exist several platinum-based heterogeneous electrocatalyst approaches.® In the first stud-



ies, polycrystalline Pt3Ni alloy was investigated by low energy ion scattering spectroscopy
(LEISS) to establish the surface compositions. These measurements showed the generation
of a "Pt-skin” at the surface of the electrocatalyst corresponding to a pure platinum termi-
nation. Such a platinum segregation at the surface makes these Ni-rich systems particularly
stable and resistant to leaching in the electrolyte (responsible for deactivation).? Apart from
the reduction of the catalyst cost, the presence of Ni as a second metal also improves the
catalytic performance, by a factor 4 according to first experimental studies, thus making
PtNi catalysts cost-efficient for ORR.? Moreover, the tailored PtgNi(111) surface is 10 times
more active for the ORR than the corresponding Pt(111) surface and 90 times more efficient
than the current state-of-the-art Pt/C catalysts for PEMFCs.?

Thanks to the remarkable performance observed for extended surfaces of PtgNi(111),
many experimental studies have been devoted to the synthesis and catalytic tests of PtNi/C
electro-nanocatalysts for ORR. To mimic the high specific activity of Pt3Ni(111) extended
surfaces, PtgNi octahedral nanoparticles have been synthesized and have also exhibited a
larger performance than reference Pt and Pt3Ni nanocubes.® Regarding chemical composi-
tion, the highest specific activity is observed for the 1:1 PtNi stoichiometry, while PtgNi and
PtNig exhibit lower but similar performances. Although octahedral PtNi/C nanocatalysts
are interesting from the standpoint of their activity toward ORR, their surface structures are
of ”Pt-skeleton” type, i.e., with many surface defects and deep cavities (often resulting from
Ni leaching). This means that those nanoparticles do not present a similar high stability
as the one of Pt-skin terminated extended PtgNi(111) surfaces. In addition, Pt-skeleton
terminated catalysts have been found to be less active than Pt-skin terminated ones.”

Although PtgNi(111) surfaces exhibit a much larger catalytic performance toward ORR
than other pure Pt reference catalysts, their high cost due the high precious metal content
prevents their use in the mass production of fuel cells. A promising approach aiming to
drastically decrease the precious metal content in the catalyst, while keeping enough active

sites, is the synthesis of hollow and porous bimetallic nanoparticles which offer a signif-



icantly enhanced area-to-volume ratio.® In this context, Chen et al. have synthesized a
highly active and durable class of Pt-Ni electrocatalysts by exploiting the structural evolu-
tion of these bimetallic nanocrystals.® The generated catalytic systems of diameter 15 nm are
called PtgNi nanoframes and they achieved a factor of 36 enhancement in mass activity and
a factor of 22 enhancement in specific activity toward the ORR, compared to state-of-the-art
Pt/C reference catalysts, during prolonged exposure to reaction conditions. The elegance
of this synthesis stems from the relatively simple procedure and the precise thermal con-
trol over the resulting material, making this process amenable to scaling up for production.
These cost-efficient PtgNi hollow nanoframes contain 85% less precious metal with respect
to equivalent size nanoalloys, while maintaining remarkable durability over 10000 electro-
catalytic cycles. Thanks to an open architecture and the successful formation of a Pt-skin
surface, these catalytic bimetallic materials provide an easy access of the reactants to the ac-
tive sites and maximize the specific activity. 2 According to these studies and for chemical
compositions in the range PtgyNigy-PtggNij9, the presence of defects such as excavation of
the facets of the nanocatalysts (concave facets) is an important property for providing good
catalytic performance toward ORR.!1!314 However, only the surface segregation of plat-
inum leading to the so-called Pt-skin termination allows optimal catalytic performance.!%!!
Dendrite-embedded Pt-Ni multiframes have also been synthesized and have shown a higher
performance toward ORR by comparison with state-of-the-art Pt/C catalyst.'® Such perfor-
mance has been attributed to the porous nanostructure and numerous active sites exposed
on surface grain boundaries and high-indexed facets.

Conventional polyhedrons (e.g., cubes, octahedrons, and tetrahedrons) and their over-
grown structures (e.g., multipods) have all been obtained in reasonably high yields, as well as
some unconventional shapes (e.g., tetrahexahedrons). Compared to commercially available
Pt catalysts, these well-defined nanocrystals exhibit greatly enhanced activity and selectivity
for a range of reactions.'® For instance, the exploration of the synthesis and the catalytic

performance of PtNi nanocrystals have been reported in the literature. PtNi nanocrystals



smaller than 10 nm and composed of an octahedral structure with a Pt core and a Pt-Ni
outer-shell have exhibited a particular stability over ORR cycling.!” A similar interesting
performance has been registered for much larger Pt-Ni core-shell nanoparticles.'®!? Among
other morphologies, PtNi nanowires have also been synthesized and tested for the ORR,
showing lower performance and durability with respect to other working principles.2??! Be-
fore these studies, PtNi alloy nanowires transformed into jagged Pt nanowires via subsequent
thermal annealing process and electrochemical dealloying had yielded an interesting mass
activity.?? PtNi hexapods have been synthesized and compared to other polyhedrons and
nanoparticles regarding their catalytic performance toward ORR and they have shown a su-
perior mass activity.?* More recently, PtNi nanoparticles and single (Pt, Ni) atom catalysts
supported on nitrogen-doped carbon and graphene have also been synthesized and compared
with reference systems with promising perspectives.?* 26

In summary, over the last two decades, many experimental efforts have been devoted to
the exploration of the catalytic performance of PtNi electrocatalysts toward ORR. Inter-
estingly, a binary experimental descriptor capturing the strain and the Pt transition metal
coupling contributions through X-ray absorption spectroscopy has been introduced recently
to validate experimentally a Sabatier plot aiming to predict catalytic activity and stability
for a wide range of Pt-alloy ORR catalysts. Such an approach has led to the design of highly
active and stable slow-dealloyed PtNiCo materials.?” However little is known regarding the
origin of the measured performance and especially about the nature of the active sites. An
interesting alternative approach to determine at the atomic scale the catalytic properties of
these nanoparticles is the theoretical modeling. For single crystal surfaces and the predic-
tion of corresponding catalytic measurements, Density Functional Theory (DFT) models of
Pt3Ni(111) surfaces have successfully explained the kinetic origin of the superior activity for
Pt-skin alloy termination compared to Pt-skeleton, bulk truncated alloy terminations and
Pt(111) reference toward ORR.?%?% Over the last 30 years, several theoretical approaches

have been developed to explore the morphology and related stability of monometallic Pt and



Ni, and alloy PtNi nanoclusters. Depending on the size of these clusters, the accuracy level
regarding the energetics of these approaches has varied from classical force fields and semi-
empirical or effective potentials to ab initio methods including Wavefunction Theory (WFT)
and DFT. Small monometallic Pt and Ni clusters (1-147 atoms) have been studied by a wide
range of theoretical tools, including global optimization methods and Monte-Carlo simu-
lations.34% The competition between classical symmetries such as octahedral, decahedral
and icosahedral is often explored in these studies, as well as non-symmetric and amorphous
clusters. For pure Pt clusters at the size 1.7 nm, the face-centered-cubic (F'CC') packing and
truncated octahedral structure have been proposed as the most stable form from Embedded
Atom Model (EAM) and DFT calculations by comparison with X-ray diffraction measure-
ments.3” For much larger pure Pt clusters (up to 40000 atoms), the decahedral shape is
preferential in the range 100-6500 atoms, while the truncated octahedral structure is favored
above 6500 atoms, according to EAM or Rosato, Guillopé and Legrand (RGL) effective po-
tentials and global optimization methods.*"*? These results are in partial agreement with
another Equivalent Crystal Theory, a Quantum Approximate Method, (ECT/QAM) study,
showing a crossover between D5h and Oh forms at 3300 atoms.?3%* According to a re-
cent study based on symmetry-constrained genetic algorithm and neural network potential
(SCGA-NNP) trained by DFT calculations with the revised PBE functional, other conclu-
sions have been drawn in favor of the truncated octahedra which appear as the most stable
Pt clusters over the explored range of sizes (1.5-5 nm).%° For usual magic numbers of pure Ni
clusters up to 5083 atoms, the Mackay icosahedral structure is found to be more stable than
the cuboctahedral shape from EAM-based simulations.®! These results agree with a very
early study also concluding on a preference of the icosahedral shape up to 2300 atoms.*’
Another more recent study based on EAM and RGL potentials has reported on partially
different conclusions.*? According to these works, the icosahedral form is the most stable
one in the range 1-1200 atoms, whereas the decahedral shape becomes preferential in the

range 1200-60000 atoms (the truncated octahedral clusters being the most stable ones above



60000 atoms). Another ECT/QAM study has also shown the predominance of decahedral
clusters but in a different range 2300-30000 atoms (icosahedra being more stable below 2300
atoms and octahedra above 30000 atoms).** A recent SCGA-NNP study also concludes on
a very early crossing between icosahedral and truncated octahedral Ni clusters; the latter
becoming more stable above 1.75 nm. 4

Regarding the theoretical models of PtNi nanoparticles, a few studies have reported on

44652 while a more complete SCGA-NNP investiga-

specific morphologies and composition,
tion has been addressed recently in the range 140-4033 atoms (1.5-5 nm).%° In the small size
range (38-55 atoms), heuristic approaches based on a spin-polarized DFT methodology*°
were developed as well as global optimization methods based on Gupta potential.®? At the
size of 55 atoms, DF'T calculations have predicted a preference for a core-shell icosahedral
structure with a core of Ni and an outer-shell of Pt with strong magnetic properties evolving
with the chemical composition (the ferromagnetism being increased in the nanoparticle with
respect to the corresponding bulk system).*? From Gupta potential and global optimization
methods, a F'CC structure is found more stable for the PtogNig- cluster over the icosahedral
symmetry.5? This example shows the reported discrepancies regarding the conclusions for
a particular PtNi cluster of 55 atoms. At the size of 38 atoms for PtogNiyg, sixfold pan-
cake polyicosahedra have been found this time to be more stable than truncated octahedra
according to the same authors.®? For larger PtNi nanoparticles (201-923 atoms), only the
octahedral symmetry has been examined by effective potentials (such as Modified EAM or
second-moment approximation of the tight-binding potential) or force fields (ReaxFF) and
basin hopping-based global optimization methods, Grand Canonical Monte Carlo and classi-
cal Molecular Dynamics simulations. #46:48:50:51 For nanoclusters of respectively 586 atoms 4651
and 670 atoms? and a chemical composition of Pt-:Nigs, a multishell arrangement is ob-
tained in both studies thanks to a segregation of Pt from the second layer to the surface

layer leading to an almost complete Pt-skin outer-shell. Such a strong Pt surface segregation

accompanied by a Ni segregation to the subsurface has also been registered systematically



from a SCGA-NNP recent work.%? Icosahedral PtNi nanoclusters are found predominant
at 1:1 composition for almost all considered sizes with the formation of flower-like ordering
pattern. Truncated octahedral PtNi nanoparticles become more competitive in the Pt-rich
and Ni-rich composition domains, with the presence of PtNi ordered phases in their interiors.
These results are also confirmed by the theoretical study of PtNi nanowires.*” For the trun-
cated octahedral cluster of 586 atoms, a Ni-enrichment in the second layer has been seen in
agreement with measurements on the PtgNi(111) surface.?% In the case of the FCC' clusters
of 670 atoms, the octahedral shape has been found to be preferential over the tetrahedral
form.# Cuboctahedral structures have also been examined at the sizes 561 and 923 atoms
with the same classical approaches. They have exhibited two ordered phases of L1, (PtNig)
and L1y (PtNi) consistently with the experimental phase diagram of the PtNi bulk alloy.*®
Surface reconstructions in pyritohedral forms have also been reported on Ni@QPt core@shell
(Pt-skin) clusters of regular truncated octahedral (201 and 586 atoms) and on non-regular
truncated octahedral (260, 405 and 459 atoms) shapes, showing again the morphological
versatility of such complex nanoalloys. "

At the theoretical level, another source of difficulty comes from the choice of the theoret-
ical descriptor capturing the stability of the clusters and related competitive morphologies.
From the historical point of view, Miedema’s model®*** based on energetic measurements
of solid metals and further developments related to collision-induced dissociation of Ni clus-
ters® had introduced the cohesion energy of monometallics normalized to the total number
of atoms (N) as an interesting descriptor to capture linear trends against N-1/3. A DFT
investigation of small Ni clusters could have reproduced such a linear trend at the qualitative
level without predicting the cohesion energy accurately compared to measurements. 30:31:33:55
An alternative interesting descriptor named the excess energy (referenced to the bulk sys-
tem instead of the isolated atom) has been introduced in the nineties,*® with a different
normalization corresponding to N?/3_ introduced as an approximation of the number of sur-

face atoms. ! *3 Unfortunately, such a descriptor, which is not an observable, could not have



been validated quantitatively with a direct comparison with measurements. Among the
alternatives, the nanoparticle surface energy defined as an excess energy referenced to the
nanoparticle surface area has also been widely studied in the theoretical literature from var-
ious approaches based on thermodynamics considerations and DFT calculations.?® %2 This

63,64 and a recent experimental study has shown

descriptor can be measured for nanoparticles
its relevance for capturing the nanoparticle stability of liquid Au, Cu and AuCu nanoalloys. 5*

In summary, the theoretical predictions of energetic, composition and structural proper-
ties of monometallic Pt and Ni nanoparticles, and PtNi nanoalloys in vacuum is a timely
challenge. Although significant efforts have been conceded over the years to explore the
morphological competition for pure nanoclusters and restricted families of PtNi nanoalloys,
only a few theoretical studies have been based on DFT calculations at the generalized gra-
dient approximation (GGA) level and only for small cluster size, up to date. A systematic
comparison of several alternative stability descriptors for a complete set of large size high
symmetry Pt, Ni and PtNi clusters based on spin-polarized DFT calculations, with the con-
sideration of long-range van der Waals interactions, is not available yet.

In this work, we expose Density Functional Theory calculations for a large set of struc-
tures of monometallic Pt, Ni and bimetallic PtNi nanoparticles in the range 13-976 atoms.
Spin polarization is systematically included in the predictions of Ni-containing nanoclus-
ters, whereas van der Waals interactions are considered for all systems. The usual high
symmetries and convex morphologies in competition have been compared including Mackay
icosahedral form and defective structures presenting concavities such as Marks-decahedral
shapes. For bimetallic PtNi nanoparticles, the chemical ordering (composition and arrange-
ment) has been explored by a Heuristic approach with a finite set including crystalline and
regular alloyed clusters and non-crystalline core-shell, multishell and skin-heart structures.
Several stability descriptors usually considered in the literature have been computed and
analyzed comparatively with a new one named vibrational band center which is introduced

in this study.



Methodology

Dispersion-corrected DFT calculations have been performed by using the VASP code (ver-
sion 5.4.4 and 6.2)%% together with the density-dependent energy correction dDsC%%7
combined with PBE functional ”* which has been chosen as a reasonable compromise to pre-
dict simultaneously bulk structural properties (for Pt, Ni, PtgNi and PtNig FCC bulks),
cohesion energies, surface energies and magnetic properties with weak van der Waals forces
(see Tables S1-S3 of the Supporting Information for the justification of this choice). The
interactions between electrons and ion cores have been described by potentials generated by
the Projector Augmented-Wave method (10 valence electrons per Pt and Ni atom).™ Va-
lence electrons have been described with plane wave basis sets in standard conditions (with
a kinetic energy cutoff of 270 eV). A large simulation box (50x50x50 A?) has been used in
order to ensure a minimum vacuum space of 1.8 nm between periodically equivalent nanopar-
ticles. For the nanoparticle (NP) models, the Brillouin zone sampling in reciprocal space
corresponds to the I' point. For dealing with the partial occupancies, a Methfessel-Paxton
smearing was used with a default value of 0.2 eV. The geometry of all the nanoalloys has
been completely relaxed, with a tight convergence criterion of 1076 eV for the total electronic
energy, until all residual forces on nuclei are lower than +0.01 eV.A~!. For the pure Pt and
Ni bulk references, the grid of the Brillouin zone used for determining the total electronic
energy was 43x43x43 k-points for the primitive rhombohedral cell containing one metallic
atom (useful for GGA PBE, PBE-D3(0D) and optB86b-vdW functionals) and 31x31x31 k-
points for the equivalent smallest centered cubic supercell composed of 4 atoms (required for
PBE+dDsC functional). For the alloyed PtNi bulk references, the used mesh is 31x31x31
k-points for all the primitive centered cubic supercells for all the considered functionals.
Spin polarization has been systematically considered for the nanoparticles containing Ni
(monometallic Ni clusters and PtNi nanoalloys). According to our DFT results, a global
trend in favor of a ferromagnetic state ordering has been predicted with the spin held by Ni

atoms, in agreement with measurements for Ni bulk (0.6 pp, see Table S1) and for Ni and
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PtNi NPs, which are ferromagnetic.?*4%™ The total spin polarizations have been reported
either in Table 1 for pure Ni and PtNi NPs in the range 147-201 atoms or in Tables S4-S8 of
the SI for all the other nanoclusters. Note in passing that the convergence of total electronic
energy and spin polarization is not straightforward from standard computational conditions,
for large size pure Ni and bimetallic PtNi nanoparticles (especially in the range 561-976
atoms). This comes from the magneto-structural correlation which requires a particular care
for the initial structural guesses of the geometry optimizations. The calculation of harmonic
vibrations of the nanoclusters has been performed by the finite difference approach on the ba-
sis of small variations of forces around the equilibrium structures. All the degrees of freedom
of Pt and Ni atoms have been included in the calculations. The harmonic frequencies and
related normal modes have been evaluated by diagonalizing the Hessian matrix determined
with an atomic displacement of 0.03 A and similar computational conditions as geometry
optimizations. Spin polarization has been considered in all the vibration calculations.
Concerning the stability of the nanoparticles, several descriptors have been selected and
compared. The first descriptor is the excess energy of the nanocluster (Fe..(Nxi, Npy)) com-
puted as the difference between the total cohesion energy in the nanocluster (EXF(Nxi, Npy))
composed of Np; Pt atoms and Ny; Ni atoms, and the total cohesion energy of the Pt bulk
(EPukPt) and of the Ni bulk (EPuEN)  This excess energy is normalized by (Nyi + Npy)3,
defined as an approximation of the total number of surface atoms of the nanoparticle, and
this corresponds to a historical descriptor to evaluate the stability order of nanoparticles in

global optimization methods.*!42

ENP N i7N — N . bulk Ni __ N, bulk Pt
EeIC<NNiv NPt) = — ( - Pt)(N I\—If-lj\]fw )% L (1)
Ni Pt

In the previous equation, ENP(Ny;, Np) = ENF(Nxi, Npy) — Nxi B8 — Npy B2 where

coh
Ef (i € Pt,Ni) are the energies of isolated atoms and EXNF(Ny;, Np) is the total energy of

the nanoparticle. pR¥*N and p2k Pt correspond to the chemical potentials of Ni and Pt

elements in their respective bulks. For monometallic systems, the chemical potential and

11



the cohesion energy are identical, for a similar sign convention.

The total cohesion energy (EX(Nyi, Npy)) can also be normalized by the total number of

atoms leading to a second descriptor of stability where isolated atoms are used as references:

ENE(Nni, Npy) — Nni B¢ — Npy ER
Nni + Npy

ENP(NNi7 NPt) =

coh

(2)

A third interesting descriptor is the nanoparticle surface energy which can be measured

61,6364 Tn our study we define

experimentally for pure metallic nanoparticles and nanoalloys.
this nanoparticle surface energy (v(Nyj, Np¢)) as the difference between the total cohesion
energy of the nanocluster (EXT(Ny;, Npy)) and the chemical potentials of Pt (up;) and Ni
(i) elements in the various Pt,Ni;_, alloy bulks (L1s Pt3Ni, L1g PtNi, L1, PtNiz) and
also in the pure Ni and Pt bulks (for x = 0 and = = 1, respectively), by using the Gibbs
phase rule (see™ for more details). This excess energy is normalized to the nanoparticle
surface area A which is also determined approximately (see the Supporting Information for
more details and Ref.%!):
ENP(Nyi, Np) — Nag M;?lk PtoNiiw _ - #k];:lk PtoNii—p

v(Nxi, Np) = = Yl (3)

Note that the strain due to the change of structure in the core of the cluster with respect
to that of the FIC'C bulk or to the metallic coordination change at the surface is included in
the calculation of the excess energy.™

A fourth and new descriptor of stability, named vibrational band center (VBC), is intro-
duced in this work for the exploration of the pure Pt, Ni and alloyed PtNi nanoparticles.
This descriptor uses harmonic vibrations of the nanocluster, of which the number of degrees
of freedom is exact and known. The vibrations v; are related to the chemical bondings
and the chosen normalization (number of degrees of freedom, DOF) is defined without any

approximation, in contrast with two of the previous descriptors (excess energy and surface

energy).
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E.DOF
VBC = —

v

DOF @)

where DOF = 3(Np;+ Ny;) —6. This fourth descriptor is of different nature than that of
the three other ones, since no total electronic energy is used in its formula. This captures the
average depth of the corresponding minimum of the potential energy surface by considering
its curvature from second derivatives and corresponds to the average bonding strength of all
the metal-metal chemical bonds in the nanoparticle.

Among the four considered descriptors, three of them are positive values and are ex-
pressed in the following units: FEeu.(Nxi, Npe) in eV /at?3, v(Nyi, Np¢) in Jm™2, VBC in
meV /DOF. For the excess and surface energies, the lower the positive value, the more stable
the nanoparticle, whereas, for the vibrational band center, the meaning is opposite. For the
excess and surface energies, the stability ordering can cover the complete range of chemical
composition in the nanoalloys. On the contrary, for the vibrational band center, a strict com-
parison of stability can be carried out only for nanoclusters of identical chemical composition
but different morphology or arrangement (due to the mass dependence of the vibrations).
The fourth descriptor ENF(Nyi, Np;) is expressed in eV/at and is essentially negative: the

stronger the total binding energy between atoms, the larger the stabilization of the cluster.

Results and discussion

The exploration of monometallic Pt, Ni nanoparticles and PtNi nanoalloys has been com-
prehensive in the range 146-201 atoms, where 8 different morphologies have been considered
as depicted in Figure 1 for optimized Pt nanoparticles (see Figures S3, S5-S19 of the SI,
for optimized structures of monometallic Ni and bimetallic PtNi nanoparticles in the same
range of sizes). In our selection, high symmetry clusters either convex (pristine) or concave
(defective) have been considered on the basis of the three classical symmetries: Mackay icosa-

hedral Ih, decahedral D5h, octahedral Oh. In the icosahedral (ico) family, one magic number
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147ico can be found in the range 146-201 atoms (see Figure 1(a)). Concerning the octahe-
dral family, three different magic numbers and related morphologies are included in our set:
147cubo, 147sito and 201rto, which are illustrative of cuboctahedral (cubo), strongly irreg-
ular truncated octahedral (sito) and regular truncated octahedral (rto) clusters (see Figure
1(b), (c) and (d), respectively). Regarding the decahedral family, four different magic num-
bers have been chosen in our set : 181deca, 147ino, 146marks, 192marks, which illustrate
the classical convex decahedral (deca), the convex ino-decahedral (ino) and the defective
Marks-decahedral (marks) clusters (see Figure 1(e), (f), (g) and (h), respectively). Regard-
ing the chemical composition and ordering of PtNi nanoalloy models, we have decided to
generate families of clusters on the basis of the well-known PtgNi and PtNig L1, bulk al-
loys. For the octahedral family and specifically for 147cubo and 201rto clusters, it has been
then possible to generate 8 crystalline particles, in the range of composition x=0.18-0.82
(x being the Pt content in the nanoalloy), as illustrated in Figure 2(a) for one example of
a crystalline 201rto cluster and in Figures S5-S6, S8-S9 of the Supporting Information for
all the other optimized structures. For the third cluster of the octahedral family (147sito),
crystalline clusters have not been considered. The second and largest family explored in this
study concerns the non-crystalline clusters; those which do not respect the L1y structure of
the PtNi bulks. In this second family composed of 89 nanoclusters in the ranges 146-201
atoms and 0.07-0.93 for chemical composition, we have generated non-crystalline octahedral
147cubo, 147sito and 201rto clusters with four different subsets depending on the chemical
ordering: core-shell (cf. Figure 2 (b-c) as examples), multishell (cf. Figure 2 (e-f) as exam-
ples), skin-heart (cf. Figure 2(d)) or any chemical arrangements (see Figures S5-S9 for all
the optimized structures). In our heuristic approach, core-shell nanoclusters are composed
of one external monolayer of pure metal A and several layers in the core of pure metal B (the
role of Pt and Ni can be reversed as shown in Figures 2(b-c)). Multishell nanoclusters are
composed of an alternate sequence of monometallic layers of metal A or B, from the core to

the outer shell, thus meaning that two layers of equivalent metal are never in contact (the
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role of Pt and Ni can be reversed as shown in Figures 2(e-f)). Skin-heart nanoclusters are
introduced in this study as a generalization of core-shell clusters with a core of several layers
that can be composed of various alloys (ABs, A;B, AB3, A3B, AB,, A4B) and an external
monolayer which is pure of metal A or B. Other non-crystalline nanoclusters belonging to
none of the three previous subsets are called any nanoclusters and are composed of a core of
several layers that can be composed of various alloys (AB3 or A3B) and a monolayer outer
shell that can be composed of various alloys also (ABy, AB3, ABy, A3B, A4B, AgB, AgB). In
the family of non-crystalline nanoclusters, we have generated as expected a large number of
icosahedral 147ico, ino-decahedral 147ino, decahedral 181deca, Marks-decahedral 146marks
and 192marks, by exploring the four subsets of chemical arrangements presented before (see
Figures S10-S19 for all the optimized structures). Note in passing that amorphous nan-
oclusters have not been considered as starting morphologies in our geometry optimizations.
However, for nanoclusters rich in Ni in the outer shell, and at the opposite rich in Pt in the
core, the DF'T calculations show that the optimal structures lose their high initial symme-
try corresponding to Oh, Ih and D5h. In the optimized structures, the outer shell can be
amorphous, melt or dislocated, while the core can stay either rather symmetric or partially
amorphous (see Figures S5-S19 of the SI for examples).

Beyond the range of size 146-201 atoms, where we have explored more than one hundred
nanoclusters, the set has been extended to larger nanoparticles in the range 309-976 atoms,
with three typical sizes around the magic numbers 309, 561 and 923 atoms (see Figure 3 for
optimized Ni nanoparticles and Figure S4 of the SI for equivalent optimized Pt nanoclus-
ters). For these larger clusters, both monometallic and nanoalloys have been optimized by
DFT calculations with the following list of classical symmetries. For the icosahedral fam-
ily, the magic numbers 309ico, 561ico and 923ico have been selected as depicted in Figure
3(a-c). For the octahedral family, the chosen numbers have been 314ito, 586rto and 976ito,
thus including regular and irregular truncated octahedra as shown in Figure 3(d-f). For the

Marks-decahedral family, the three retained magic numbers have been 318marks, 585marks,
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967marks (cf. Figure 3(g-i)). Those symmetries and families of magic numbers have been
retained in this selection due to their competitiveness at smaller size in the range 146-201
atoms, as it will be discussed later on. For the large nanoalloy clusters, only a selection
of two specific chemical arrangements (core-shell and multishell presenting Pt-skin termina-
tions in the surface) for the icosahedral family has been considered, as illustrated in Figure
4. The justification of this choice will come later on when energetics will be analyzed com-
paratively between all the classical symmetries. In Figure 4, the optimized structures of the
PtNi nanoalloys 147ico, 309ico, 561ico and 923ico have been reported, for (a,c,e,g) core-shell
Pt-skin and (b,d,f,h) multishell Pt-skin, respectively (see also complementary Figures S20-
S22 for all the optimized structures of 309ico, 314ito and 318marks families).

The first energetic analysis based on the calculation of excess energy normalized to N?/3 is
exposed in Figure 5(a) for monometallic Pt and Ni nanoparticles in the range 13-976 atoms.
Below 146 atoms, six additional magic numbers have been considered in the list of clusters
(icosahedral 13ico, regular truncated octahedral 38rto, Marks-decahedral 49marks, icosahe-
dral 55ico, Marks-decahedral 7bmarks, irregular truncated octahedral 79ito, as illustrated
in Figures S1-S2 of the Supporting Information). For pure Pt and Ni nanoclusters, the six
families (FCC Pt, ico Pt, Marks Pt, FCC Ni, ico Ni and Marks Ni) follow an expected trend
against the approximate number of surface atoms (N?/?), with a local minimum in the range
146-314 atoms for Pt and 147-201 atoms for Ni (see Table 1 for complementary results, espe-
cially at size 147 atoms with cuboctahedral and ino-decahedral morphologies, but also Table
S4 for all the results in the range 13-976 atoms). Regarding pure Pt nanoclusters, the FCC
and Marks-decahedral forms are competitive in stability below 79 atoms, then the Marks-
decahedral form becomes the most stable one for 146 atoms, and finally F'C'C' nanoparticles
are the mot stable clusters in the range 201-976 atoms. Note in passing that the icosahedral
forms are never competitive for pure Pt clusters (Pt13ico being not represented in Figure
5(a) due to its high excess energy of 5.08 eV, see Table S4 of the SI). Concerning pure Ni

nanoclusters, the icosahedral morphology is the most stable one in the range 13-561 atoms,
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with a competition with FCC and Marks clusters at small size (below 49 atoms). There is
an inversion of stability between icosahedral and FCC' clusters in the range 561-923 atoms,
since Ni976ito cluster is more stable than Ni923ico (Ni967marks being the least stable form
at this size).

This first analysis related to pure Pt and Ni nanoclusters in the range 13-976 atoms is
globally consistent with previous conclusions based on quenched molecular dynamics simula-
tions, using two different semiempirical many-body potentials (RGL and EAM parametrized
by Voter), of Pt and Ni nanoclusters up to sizes N = 40000 atoms.*'*> Our DFT results
are also compatible with those obtained by a very recent SCGA-NNP study for Pt nanopar-
ticles below 3 nm.*° From a qualitative standpoint, the crossover between icosahedral and
octahedral forms for Ni nanoparticles is predicted similarly from both approaches, DFT and
semiempirical potentials. For Pt nanoparticles, the icosahedral shape is never competitive
whatever the method, whereas both decahedral and octahedral forms are the most stable
ones. However, from a quantitative standpoint, the crossover sizes change significantly be-
tween ab initio and semi-empirical approaches. According to our analysis, the crossover
between forms occurs at lower sizes, especially for the DFT modeling of Ni nanoparti-
cles. Our DFT results are thus in better agreement with other theoretical studies based on
ECT/QAM approaches and alternative effective potential.***5 For Ni nanoparticles, only
one study based on a SCGA-NNP approach has reported on a crossing between isosahedral
and truncated octahedral forms at an even lower size of 1.75 nm.*° For the icosahedral clus-
ters, the Rosette-like surface reconstruction is stabilizing for Pt55ico, Pt147ico and Pt309ico,
and largely unfavorable for Nil47ico and Ni309ico, as illustrated in the literature. ™" How-
ever the corresponding energy gain of about -1.5 meV.at~! in the case of Pt will not change
the global picture regarding the non-competitiveness of the icosahedral symmetry. Another
option aiming to increase the stability of the icosahedral Pt and Ni nanoparticles is the
presence of a single central metallic vacancy, as suggested in the literature for Cu, Ag and

Au."™ A systematic comparison of defective Pt and Ni icosahedral nanoclusters exhibiting
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such a central vacancy with plain corresponding systems has been addressed in Table S9
and Figure S26 of the Supporting Information. According to our predictions, defective Pt
icosahedral nanoclusters are systematically more stable than their equivalent plain nanopar-
ticles whatever the chosen stability descriptor. However, the corresponding energetic gain is
not enough to change the global picture, which remains in favor of the truncated octahedral
morphology, by far more competitive than the icosahedral symmetry. In contrast, for the
Ni nanoparticles, the presence of a central vacancy does not improve the stability of the
icosahedral morphology.

The stability of PtNi nanoalloys expressed by the nanoparticle excess energy normalized
to the approximate number of surface atoms (see Eq. 1) has been explored intensively in the
range 146-201 atoms as exposed in Figure 6, by considering the following magic numbers and
related symmetries: 146marks, 147cubo, 147ino, 147ico, 181deca, 192marks and 201rto (See
Tables S5-S7 of the SI for more details). Regarding the chemical composition, crystalline
and non-crystalline nanoalloys have been modeled, as illustrated in Figure 2, by focusing the
search in the range of composition x=0.6-0.75. From a general standpoint, the convex hull
of the most stable PtNi nanoclusters along the chemical composition resembles a catenary
mathematical function, indicative of an exothermic mixing energy, classically observed for
miscible metals such as Pt and Ni (see Figure 6(a) and (b)). Due to the large miscibility of
these two metals, a minimum value of the convex hull is observed at the composition x=0.5
(maximal mixing energy for L1y PtNi). However, due to the small sizes of the considered
nanoclusters in the range 146-201 atoms and to our choice of exploring more precisely com-
positions in the range 0.6-0.75, the minimum is shifted toward richer compositions in Pt. In
the range 146-201 atoms, the most stable systems are icosahedral Pt{,Niyg (x=0.707) and
PtgoNigr (x=0.626) nanoclusters belonging to the family of 147ico magic number, according
to this stability descriptor (see the two marked red hollow circles in Figure 6(a)). Regarding
chemical ordering, both nanoalloys correspond to multishell and core-shell arrangement with

a Pt-skin, respectively (see Figures S10-S11 of the Supporting Information). Two additional
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nanoclusters belonging to the FFCC and Marks-decahedral families (201rto and 192marks,
respectively) are found to be metastable just above the two icosahedral most competitive
nanoparticles: Ptq,oNigy for 201rto (x=0.697) and Pt{3,Nirg for 192marks (x=0.698) (as
marked in Figure 6(a)) with a dark blue hollow square for 201rto, and a dark green full
triangle for 192marks). The corresponding chemical ordering is a multishell arrangement
with a Pt-skin for both nanoclusters (see Figures S8-S9 and S18-S19).

From a more general standpoint, the envelope of the most stable nanoalloys over the
complete range of compositions shows a narrow competition between icosahedral (147ico),
Marks-decahedral (192marks), truncated octahedral (201rto and 147sito), regular decahe-
dral and ino-decahedral (181deca and 147ino) forms, with a clear preference for two magic
numbers and symmetries: 147ico and 201rto (cf. Figure 6(a)). Regarding the chemical or-
dering along the envelope of the most competitive nanoparticles (see Figure 6(b)), no clear
preference is registered. Concerning now the less competitive symmetries, 147cubo nanoal-
loys provide less stable clusters in the F'C'C' family, as well as 146marks, 147ino and 181deca
forms in the decahedral family. Regarding the chemical ordering, it should be noted that
the Ni-skin nanoclusters appearing in the composition range 0.25-0.40 in Figure 6(b) are not
favorable from a stability point of view, with an excess energy above 4.5 eV. This suggests
that a more specific global optimization study would help to demonstrate the benefit of
segregating a fraction of Pt atoms toward the surface of these nanoalloys to improve their
stability.

In light of the two most competitive nanoclusters obtained in the composition range
0.6-0.75 targeted in this study (147ico with Pt-skin core-shell and multishell chemical ar-
rangements, see Figure 6), the relative stability ordering has been explored at larger size,
in the range 309-923 atoms for PtNi icosahedral nanoparticles, as depicted in Figure 4 for
the optimized structures, Figures 5(b) and (c) for the corresponding excess energies and
Figures 6(a) and (b) for the comparison with other nanoclusters (see also Table S8 for more

details and Figures S20-S21 for optimized structures of PtNi nanoalloys in the range 309-318
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atoms). According to our DFT study, when the size of the PtNi icosahedral nanocluster
increases from 147 to 923 atoms, the corresponding excess energy diminishes from 3.28 to
2.87 eV for multishell chemical ordering, whereas it ranges from 3.31 to 3.21 eV for core-
shell ordering with a local minimum at 3.21 eV corresponding to the PtysoNiggq cluster
(x = 0.449). Whatever the size of the icosahedral PtNi nanoparticle and its composition,
the multishell ordering is systematically favored compared to core-shell arrangement. The
most stable nanoparticle is the icosahedral Ptss-Nigse (2 = 0.614) system with a multishell
ordering which ends up at the surface with a Pt-skin and a corresponding excess energy of
2.87 eV.

In summary, for PtNi bimetallic nanoparticles, our DFT results based on excess energy
calculations thus conclude on the preference of icosahedral structures for nanoclusters in the
range 146-201 atoms with very competitive metastable octahedral forms. The multishell
and core-shell orderings are clearly favored with a slight preference for multishell nanoclus-
ters at the size of 147 atoms. By increasing the size of the cluster from 147 to 923 atoms,
the multishell ordering becomes much more stable than the core-shell one. Regarding the
morphological competition between symmetries, our results can be directly compared to
those exposed recently in a SCGA-NNP investigation in the range 140-4033 atoms.* Most
of their results predicted below 3 nm are compatible with those provided by our DFT study,
when the analysis is restricted to the stability order predicted by the excess energy normal-
ized to N?/3. Below 3 nm, we also observe a preference for Ih symmetry over the range of
composition 0.5-0.7, whereas for chemical composition over 0.7, the truncated octahedral
clusters (Oh) are found more stable. Regarding now the chemical ordering, our DFT results
showing a preference for multishell arrangement with Pt-skin agree with all the previous
classical approaches based on effective potentials and global optimization methods, which
had concluded also on a multishell arrangement with an almost complete Pt-skin outer-shell
and a Ni-enrichment in the first subsurface layer of octahedral nanoclusters.*465! Recent

SCGA-NNP results showing a preferential Pt-skin chemical ordering at the surface and a
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favored multishell ordering with Ni in the first sub-layer for icosahedral PtNi nanoparti-
cles® are thus consistent with our DFT analysis. This agreement on the chemical ordering
is also extended to the truncated octahedral nanoclusters (Oh), for which a more stable
skin-heart chemical ordering, presenting a regular alloy in the core of the NP is observed. A
fair agreement between our DFT analysis and the previous SCGA-NNP approach concerns
the mixing energy of PtNi nanoalloys, of which the definition is recalled in Eq. S1 of the
Supporting Information. As presented in Figures S24 and S25 in the Supporting Informa-
tion, the largest exothermic gain is observed for an icoashedral PtNi cluster of 147 atoms
with a mixing energy of -0.200 eV.at™! for a chemical composition of 0.707. Such value is
larger than the one predicted for the PtgNi bulk (-0.057 eV.at~" or -1.307 kcal.mol~".at "),
which is in good agreement with measurements (-0.064 eV.at™! or -1.46 kcal.mol~t.at™1!), as
recalled in Table S2 of the Supporting Information. When the size of the icosahedral cluster
increases from 147 ato 923 atoms, the mixing energy tends to decrease in absolute value for
reaching -0.157 eV.at™!. Our predictions with the PBE dDsC functional are consistent with
previous SCGA-NNP results at a quantitative standpoint.+°

An alternative interesting analysis concerns the calculations of the nanoparticle surface
energy plotted against the chemical composition. In fact, recent measurements of nanoparti-
cle surface energy for liquid Au, Cu and AuCu nanoalloys have introduced a Vegard’s rulelike
dependence close to linearity.% By applying Eq. 3 to evaluate the nanoparticle surface en-
ergy for all the optimized monometallic Pt, Ni and bimetallic PtNi nanoclusters in the range
147-201 atoms, a similar graphic has been plotted and exposed in Figure 7. In this figure, for
each particular magic number and related morphology (147ico, 147cubo, 147ino, 181deca,
192marks and 201rto), the predicted nanoparticle surface energies have been plotted against
chemical composition . For PtNi nanoalloys, only the structures presenting the lowest val-
ues of surface energy for a given value of x have been reported on the graphic, thus meaning
that only the most stable chemical orderings have been presented in the figure (see Figure

S23 of the SI for a more complete graphic exposing all the computed values). Concerning the
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predicted values of surface energies for the considered nanoclusters, a direct comparison with
measurements is not possible to date due to the lack of available measurements. However,
DFT calculations of surface energies related to extended Pt and Ni surfaces can be compared
to available measurements and previous theoretical predictions as detailed in Table S3 of the
SI. For Pt nanoparticles in the range 146-318 atoms, our average predicted value over all
the competitive morphologies and symmetries is 1.55 J.m™2, whereas for Ni nanoclusters

2

our average value is 2.02 J.m™* in an equivalent size range, at the PBE-dDsC level. These

computed average values are smaller than our predicted values for extended surfaces or other

5758 and than experimental measurements for polycrystalline

corresponding theoretical works
solids (2.20-2.49 J.m~2 for Pt™®! and 2.08-2.45 J.m~2 for Ni™3!) probably due to the small
size of the considered nanoclusters. Regarding now the evolution of nanoparticle surface en-
ergy as a function of the chemical composition, the computed values are oscillating around
an average linear trend for each magic number and associated morphology, as depicted in
Figure 7. The slopes and offsets of these linear correlations differ significantly from one sym-
metry to another one, although all the predicted slopes are negative in the range -0.45/-0.84
J.m~2, while the offsets are varying in the range 1.56-2.48 J.m~2. According to the stability
ordering, the truncated octahedral family 201rto is the most stable one over the whole range
of composition. Then comes the Marks-decahedral family 192marks of PtNi nanoclusters.
Moreover, when one compares the three competitive families 147cubo, 147ino and 147ico,
for which the number of metallic atoms is the same, the cuboctahedral and ino-decahedral
sets of PtNi clusters dominate at the level of stability over the icosahedral clusters, in the
whole range of composition. Hence these latter conclusions differ in average with those re-
sulting from predictions of excess energies in favor of PtNi icosahedral nanoclusters, except
for compositions close to 0.7. These discrepancies concerning the morphological competition
of PtNi nanoparticles on the basis of two different descriptors, excess energy and surface

energy, which differ only from the normalization, question the relevance of the choice of such

a normalization.
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In order to go further in the comparative analysis of the predictions offered by each sta-
bility descriptor, a complete set of computed values is reported on Table 1 for monometallic
Pt, Ni and bimetallic PtNi nanoparticles in the range 147-201 atoms. All the key high
symmetries are represented and for PtNi nanoalloys, only a set of clusters exhibiting very
similar compositions close to 0.7 has been selected to ease the comparison. Indeed, since the
chemical composition does not very significantly around 0.7, the computed vibrational band
centers can be compared between nanoalloys. The four descriptors defined in Egs.1-4 have
been calculated at the same level of accuracy and exchange-correlation functional. For Pt
nanoparticles, the picture is clear-cut. The four descriptors strictly agree, first on the most
stable nanoparticle (truncated octahedral Pt201rto) in the corresponding range of sizes, and
second on the most stable nanocluster at the specific size of 147 atoms (strongly irregular
truncated octahedral Pt147sito), where four morphologies are competing (147ico, 147ino,
147cubo and 147sito). In the case of Ni nanoclusters, the comparison is less conclusive since
the descriptors offer different predictions. Concerning the most stable nanoparticle in the
whole range of size, three descriptors (cohesion energy, surface energy and vibrational band
center) predict that the truncated octahedral Ni201rto is the most stable cluster, whereas the
excess energy supports a clear preference for the icosahedral Nil47ico system. At the specific
size of 147 atoms, two descriptors of different nature (surface energy and vibrational band
center) are in favor of the strongly irregular truncated octahedral Nil47sito. In contrast,
the two other descriptors (cohesion energy and excess energy) predict that the icosahedral
Nil47ico nanocluster is the most stable one. Such discrepancies are also seen for the com-
parative analysis of the PtNi nanoalloys in the range 147-201 atoms. As in the case of
monometallic Ni nanoclusters, three descriptors (cohesion energy, surface energy and vibra-
tional band center) agree on the most stable nanoparticle in the whole range of sizes (trun-
cated octahedral Pty 41Ni60rto); the excess energy alternatively predicting a more favored
icosahedral Pt;,Niggico nanocluster. At the size of 147 atoms, two descriptors (cohesion

energy and excess energy) agree on the preferential stability of an icosahedral Pty Niggico
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nanoparticle, whereas the two other ones (surface energy and vibrational band center) are
in favor of octahedral nanoclusters (strongly irregular truncated octahedral Pt5Niygsito
and cuboctahedral Pt;y,Nijgcubo, respectively). As a final remark, our theoretical study
based on DF'T calculations performed in accurate computational conditions demonstrate the
high difficulty to be conclusive about the absolute stability of Ni and PtNi nanoparticles in
a narrow range of sizes and chemical compositions when no experimental reference can be
directly used to quantitatively validate the theoretical predictions. This work illustrates
the high importance of convincing experimentalists to investigate nanoparticle energetics,
in particular surface energy as previously proposed for other metals such as Ag, Au, Cu

nanoparticles and AuCu nanoalloys. 9364

Conclusion

In the present study, the structural, energetic, chemical ordering and magnetic properties
of a large set of sizes and morphologies have been explored for monometallic Pt, Ni and
bimetallic PtNi nanoparticles, on the basis of accurate density functional theory calculations
considering spin polarization and van der Waals interactions. Several stability descriptors
have been considered in idealistic conditions of temperature and pressure, from historical de-
scriptors based on computed DF'T total electronic energy to a new descriptor which uses the
second derivatives of the potential energy surface (vibrations or chemical bonding strength).
A detailed and comparative analysis of the theoretical predictions has been proposed in the
range 147-201 atoms for the pure Pt, Ni nanoparticles and PtNi nanoalloys. While for Pt
nanoclusters, the four stability descriptors unanimously predict a preference for the truncated
octahedral morphology, they disagree regarding the most stable morphology of Ni and PtNi
nanoparticles. The excess energy normalized to the approximate number of surface atoms
would support the Mackay icosahedral structure for Ni and for PtNi nanoclusters, with core-

shell and multishell chemical ordering, whereas the three other descriptors rather conclude
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on a preferential truncated octahedral form with a skin-heart arrangement for PtNi nanoal-
loys. The observed discrepancies set the question of the impact of the normalization in the
predictive power of those stability descriptors, especially in the case of a narrow range of sizes
and a small change in the number of atoms. While excess energy and nanoparticle surface
energy systematically suffer from an approximate normalization (number of surface atoms
and nanoparticle surface area, respectively), the cohesion energy normalized by the total
number of atoms is also approximate in its normalization when nanoalloys are at stake (dif-
ferent metals being considered equivalently in the average). The fourth and new descriptor
proposed in this study, named vibrational band center, does not suffer from this issue, since
its normalization is always exact (number of degrees of freedom). However, for nanoalloys
its applicability is restricted to narrow ranges of chemical compositions, due to the different
masses of metals. In summary, this investigation demonstrates the importance of validating
these theoretical descriptors from a quantitative standpoint with measurements. On that
level, nanoparticle surface energy and vibrational band center, which are observables, open
such a possibility, and invite experimentalists to examine the corresponding properties for

Pt, Ni and PtNi nanoparticles.
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Figure S7. Optimized structures of strongly irregular truncated octahedral (sito)
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Figure S12-S13. Optimized structures of ino-decahedral (ino) Pt,Ni, (z +y = 147

atoms) nanoalloys at the PBE-dDsC level.

Figure S14-S15. Optimized structures of regular decahedral (deca) Pt,Ni, (z+y = 181

atoms) nanoalloys at the PBE-dDsC level.

Figure S16-S17. Optimized structures of Marks-decahedral (marks) Pt,Ni, (z+y = 146

atoms) nanoalloys at the PBE-dDsC level.

Figure S18-S19. Optimized structures of Marks-decahedral (marks) Pt,Ni, (z+y = 192

atoms) nanoalloys at the PBE-dDsC level.

Figure S20. Optimized structures of Mackay icosahedral (ico) Pt,Ni, (z +y = 309

atoms) nanoalloys at the PBE-dDsC level.

Figure S21. Optimized structures of irregular truncated octahedral (ito) Pt,Ni, (z +

y = 314 atoms) nanoalloys at the PBE-dDsC level.

Figure 522. Optimized structures of Marks-decahedral (marks) Pt,Ni, (z +y = 318

atoms) nanoalloys at the PBE-dDsC level.

Figure S23. Nanoparticle surface energy v against the chemical composition for monometal-

lic Pt and Ni and bimetallic PtNi nanoparticles, in the range 146-923 atoms.

Figures 524-S25. Convex hulls of mixing energy against the chemical composition for

bimetallic PtNi nanoparticles, in the range 146-923 atoms.

Figure S26. Optimized structures of monometallic defective icosahedral Pt and Ni

nanoparticles in the range 54-308 atoms.

Equation S1. Definition of the mixing energy in binary nanoalloys normalized to the

total number of metallic atoms.

28



Figure 1: Selected morphologies of monometallic Pt, Ni and bimetallic PtNi nanoparticles in
the range 146-201 atoms: illustrations with optimized structures of (a) Mackay icosahedron
Pt147ico (Ih symmetry, @ = 1.55 nm), (b) cuboctahedron Pt147cubo (Oh symmetry, & =
1.61 nm), (c¢) strongly irregular truncated octahedron Pt147sito (C'1 symmetry, @ = 1.63
nm), (d) regular truncated octahedron Pt201rto (Oh symmetry, @ = 1.69 nm), (e) regular
decahedron Pt181deca (D5h symmetry, @ = 1.71 nm), (f) regular ino-decahedron Pt147ino
(D5h symmetry, @ = 1.61 nm), (g) Marks-decahedron Pt146marks (D5h symmetry, & =
1.42 nm) and (h) Marks-decahedron Pt192marks (D5h symmetry, @ = 1.57 nm). Pt atoms
are depicted in gray, vertices with balls, the chemical bonds belonging to edges and facets
with joint sticks, core atoms with solid representation.
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Figure 2: Families of chemical ordering in PtNi nanoalloys in the case of 201rto nanoclusters:
(a) crystalline Ptg-Nij , (1 example) versus (b-f) non-crystalline nanoalloys (5 examples);
(b-c) core-shell Pt;99Nizg and Pt-gNij99 (Pt-skin and Ni-skin, respectively), (d) skin-heart
Ptq4qNigy (1 example); (e-f) multishell Ptq,oNig; and Pt Nij g (Pt-skin and Ni-skin,
respectively). Pt atoms are depicted in gray, Ni in blue. To show the chemical ordering inside
the clusters, a slice has been systematically canceled laterally. Surface and interior atoms
(visible after being stripped) are drawn with balls while core atoms with solid representation.
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Table 1: Comparative analysis of relative stability order for monometallic Pt,
Ni and bimetallic PtNi nanoparticles, in the range 147-201 atoms. Key mor-
phologies and symmetries are considered (Mackay icosahedral 147ico, Ih, FCC
cuboctahedral 147cubo, strongly irregular truncated octahedral 147sito, regular
truncated octahedral 201rto, Oh, and ino-decahedral 147ino, Marks-decahedral
192marks, D5h). For PtNi nanoalloys, the chemical ordering is indicated in each
case as well as the chemical composition z. The total spin polarization M (ug) is
addressed for all the nanoclusters. Cohesion energy normalized to total number
of metallic atoms F.,, (eV/at), excess energy F.,. normalized to approximate
number of surface atoms N?/3 (eV/at?*?), nanoparticle surface energy v (J.m™?)
and vibrational band center (meV /DOF) are indicated for all the nanoparticles.

Cluster Structure Ordering x M E.on FEepe v VBC
Ni147 Mackay ico - 0 96.6 -4.401 4.206 2.204 11.75
Ni147 ino-deca - 0 97.5 -4.357 4.441 2.252 11.70
Ni192 Marks-deca - 0 1375 -4.460 4.259 1978 11.97
Nil147 cubo - 0 98.1 -4.350 4.475 2.261 11.83
Nil47 sito - 0 100.7 -4.376 4.338 1.723 12.02
Ni201 rto - 0 138.1 -4.476 4.232 1.649 12.09
Pt141Ni60 rto skin-heart 0.701 78.7 -5.068 3.439 1.148 8.59
Pt135Ni57 Marks-deca skin-heart 0.703 689 -5.044 3.531 1.408 8.45
Pt104Ni43 Mackay ico multishell 0.707 66.2 -5.038 3.280 1.540  8.38
Pt104Ni43 ino-deca multishell 0.707 61.2 -4.983 3.570 1.548  8.48
Pt104Ni43 cubo multishell 0.707 56.7 -4.963 3.672 1.568 8.51
Pt104Ni43 cubo skin-heart 0.707 54.0 -4.950 3.746 1.598  8.53
Pt105Ni42 Mackay ico skin-heart 0.714 58.2 -4.997 3.516 1.642 8.34
Pt105Ni42 ino-deca skin-heart 0.714 45.1 -4.933 3.853 1.662 8.35
Pt105Ni42 sito multishell 0.714 54.6 -4.958 3.586 1.202  8.37
Pt147 Mackay ico - 1 0 -5.017  4.393 1.819 6.71
Pt147 ino-deca - 1 0 -5.011 4.428 1.782 6.86
Pt192 Marks-deca - 1 0 -5.129  4.157  1.542 6.94
Pt147 cubo - 1 0 -5.003 4.471 1.787 6.84
Pt147 sito - 1 0 -5.048  4.231 1.341 6.98
Pt201 rto - 1 0 -5.152 4.085 1.273 7.03
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Figure 3: Optimized structures of large Ni nanoparticles in the range 309-976 atoms: (a)
Mackay icosahedron Ni309ico (Ih symmetry, @ = 1.86 nm), (b) Mackay icosahedron Ni561ico
(Ih symmetry, @ = 2.33 nm), (c) Mackay icosahedron Ni923ico (/h symmetry, & = 2.81
nm), (d) irregular truncated octahedron Ni314ito (Oh symmetry, @ = 1.84 nm), (e) regular
truncated octahedron Ni586rto (Oh symmetry, @ = 2.29 nm), (f) irregular truncated oc-
tahedron Ni976ito (Oh symmetry, & = 2.77 nm), (g) Marks decahedron Ni318marks (D5h
symmetry, & = 1.74 nm), (h) Marks decahedron Ni585marks (D5h symmetry, & = 2.19 nm),
(i) Marks decahedron Ni967marks (D5h symmetry, @ = 2.63 nm). Ni atoms are depicted in
blue, vertices with balls, the chemical bonds belonging to edges and facets with joint sticks,

core atoms with solid representation.

(a. | (C).
(d). (e) (f).
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Figure 4: Optimized structures of PtNi Mackay icosahedral nanoparticles (/h symmetry)
in the range 147-923 atoms and with Pt-skin terminations: (a) core-shell PtgoNiss (& =
1.49 nm), (b) multishell Pt;y4Nigg (@ = 1.51 nm), (c) core-shell Pt{zoNijy 7 (9 = 2.0
nm), (d) multishell PtoysNijgy (@ = 2.02 nm), (e) core-shell Ptys9Niggg (& = 2.50 nm),
(f) multishell PtgseNigys (& = 2.54 nm), (g) core-shell PtgsoNizsq (@ = 3.00 nm), (h)
multishell Ptye-Nigzs (= 3.05 nm). Pt atoms are depicted in gray, Ni in blue. To show
the chemical ordering inside the clusters, a slice has been systematically canceled laterally.
Surface and interior atoms (visible after being stripped) are drawn with balls while core
atoms with solid representation.
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Figure 5: Excess energy E.,. (eV/at*?) normalized to approximate number of surface atoms
N2/3 (a) against the number of atoms for monometallic Pt (blue) and Ni (red) nanoparticles
in the range 13-976 atoms (three families in competition: Marks-decahedral, FCC' and
Mackay icosahedral nanoclusters; F'C'C' set being composed of regular and irregular truncated
octahedral clusters, and one strongly irregular truncated octahedral 147sito nanoparticle);
(b) against the total number of Pt and Ni atoms for PtNi nanoalloys in the range 147-923
atoms, only for Mackay icosahedral shape and Pt-skin termination (core-shell, in orange,
versus multishell, in green, chemical orderings); (c) against the chemical composition for the
same family of clusters of (b). (see Figures S1-S2 in the Supporting Information for the
optimized monometallic Pt and Ni clusters in the range 13-79 atoms, Figure 1 and Figure
S3 for optimized Pt and Ni clusters in the range 146-201 atoms, respectively, Figure 3 and
Figure S4 for optimized Ni and Pt clusters in the range 309-976 atoms, respectively. See also
Table S4 for all the energetic data).
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Figure 6: Convex hull of excess energy E.,. (eV/at?/?) normalized to approximate number
of surface atoms N?/3 against the chemical composition for monometallic Pt and Ni and
bimetallic PtNi nanoparticles, in the range 146-923 atoms. The markers and related colors
define in (a) the different sets of magic numbers and related morphologies and in (b) the
different chemical orderings and crystallinities. The most competitive nanoclusters are indi-
cated in both graphics.
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Figure 7: Nanoparticle surface energy v (J.m™2) against the chemical composition for
monometallic Pt and Ni and bimetallic PtNi nanoparticles, in the range 147-201 atoms.
The markers and related colors define the different sets of magic numbers and related mor-
phologies. Only most competitive nanoalloys for a given composition are reported on the
graphic. For each magic number and associated morphology, the parameters of linear regres-
sions are presented with slopes A+, offsets 7y (both in J.m™?) and regression coefficients R?.
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