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Size and shape effects on chemical ordering
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The atomic structure and chemical ordering of Ni—Pt nanoalloys of different sizes and shapes are stu-
died by numerical simulations using Monte Carlo methods and a realistic interatomic potential. The bulk
Ni—Pt ordering tendency remains in fcc nanoparticles but we show some chemical ordering frustrations
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linked to surface reconstructions depending on the cluster size and shape. A reversed temperature
dependence of Pt surface segregation is also established. In the particular case of fivefold symmetry as
in icosahedra, ordering is observed in the core and on the facets at low temperatures with segregation
of the smaller element (Ni) in the core because of atomic strain. We show that the icosahedral shape
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1 Introduction

Pt-based nanoparticles (NPs) are very promising as electrocata-
lysts for fuel cells' notably the ones used in automotive
applications® because the addition of a second metal reduces
commercialization costs and at the same time improves selec-
tivity and durability.>* The catalytic activity depends on the
atomic structure and the chemical arrangement of the two
metals on the surface, and is also influenced by the shape
and morphology of the catalysts. Depending on the nanostruc-
tures (solid, hollow, ‘“sea sponge” or core-shell NiPt systems)
the electrocatalytic activities for the oxygen reduction reaction
(ORR) have been characterized showing up to 10-fold enhance-
ment in comparison to pure Pt catalysts attributed to
microstrain.” Another study of Pt;Ni nanoframes with 3D
electrocatalytic surfaces®” showed an amazing enhancement
of the ORR activity (factor of 36), after having demonstrated
that the Pt;Ni(111) surface itself is 10-fold more active than the
corresponding Pt(111) one.? Finally, Pt;Ni icosahedral nano-
particles have been synthesised in liquid solution with an
extraordinary ORR specific activity,” 50% higher than that of
the equivalent Pt;Ni octahedral catalysts, both displaying
essentially {111} facets. The authors explained the difference
with the elastic strain which is more pronounced in the
icosahedral nanoparticles than in the octahedral ones. Surface
strain is crucial in the ORR catalytic activity, as observed in
core-shell nanoparticles’® and theoretically demonstrated,"
as well as platinum surface segregation, as revealed on
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favors Pt surface segregation in comparison with octahedral and truncated octahedral structures.

octahedral and cubo-octahedral nanoparticles by Monte Carlo
simulations."

On the other hand, theoretical works using density func-
tional theory (DFT) calculations on infinite Pt-Ni(111) alloy
surfaces have studied the selectivity towards water production
as compared to hydrogen peroxide; the last one being respon-
sible for degradation of the membrane or the electrode in the
fuel cell.”® This study showed the impact of the nature and
structure of the Pt;Ni(111) surface. A DFT study of MgO-
supported PtNi nanoparticles of 1.5 nm also showed a quanti-
tative improvement of the ORR activity by alloying."*

However, no specific study of the chemical configuration of
octahedral, truncated octahedral or icosahedral nanoparticles
has been carried out so far, while the growth process to
elaborate the alloy nanoparticles could have been decisive for
the obtained chemical configurations, either core/shell or inter-
mixed. The chemical configuration could impact any catalytic
activity, knowing also that nanoparticles in experiments usually
have out-of-equilibrium configurations.

This interplay between the chemical configuration, equili-
brium state and catalysis has been observed experimentally in
another context, on monodispersed Ni,Pt;;_, nanoalloy parti-
cles obtained by colloidal synthesis,'® where the solid solution
structure (intermixing between the two elements) is observed
by cross-linking imaging and chemical analysis using transmis-
sion electron microscopy and X-ray diffraction techniques.
Such alloyed nanoparticles, over the whole range of chemical
compositions, present interesting modulations in the catalytic
synthesis of single-wall carbon nanotubes (SWCNTs). However,
the limited temperature in the elaboration process does not
ensure that a complete equilibrium configuration has been
achieved, as we would have expected if nanoalloys were heated
at sufficiently high temperature to allow for atomic diffusion
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and possible chemical ordering. This has been achieved in a
recent study performed on FePt, CoPt and NiPt nanoalloys
used as electrocatalysts employing in situ high temperature
X-ray diffraction and atomic scale dark field scanning trans-
mission electron microscopy characterization on annealed
nanoparticles.'®

In the present work, we will study the chemical arrangement
of the different species in Ni-Pt nanoalloys at thermodynamic
equilibrium using equilibrium Monte Carlo simulations, and
sufficiently realistic interatomic potentials that we fitted mostly
on ab initio density functional theory data. This system is in
principle comparable to Co-Pt nanoalloys that have been
extensively studied,'” either by X-ray diffraction,'®'® transmis-
sion electron microscopy>”*" or theoretically,>* in particular to
characterize the ordered L1, structure also appearing in the
bulk phase diagram and having pronounced magnetic
anisotropy.>>** Special attention is paid here to the NiPt;
composition, as its good ORR specific activity has been identi-
fied by a set of experimental works.®™®

After the first section devoted to the description of the
development of the theoretical model (interatomic potential)
and simulation methods (Monte Carlo algorithm and chosen
statistical ensembles), the results of optimized chemical con-
figurations at finite temperature on various relevant Ni-Pt
nanoparticle shapes (truncated octahedra (TOh), octahedra
(Oh) and icosahedra (Ih)) will be presented and discussed,
showing a variety of possible core and surface ordered states.
In addition, an inversed temperature dependence of Pt surface
segregation is identified, which is driven by ordering effects
and shows an interesting shape dependency. We finally con-
clude and give worthwhile prospects of our work on the
catalytic and mechanical properties of Ni-Pt nanoalloys.

2 Theoretical model and simulation
details

The computation of the equilibrium properties of nanoalloys
requires a sampling technique coupled with an efficient classi-
cal interaction model, since the energy of a very large number
of atomic configurations must be evaluated.?® In this section,
we first describe the chosen interatomic potential and the
procedure used to identify its parameters for finite size Ni-Pt
systems. Then we detail the chosen off-lattice Monte Carlo
techniques to sample the atomic configurations, and finally
we show the validation of the potential on several bulk and
nanoparticle alloy properties.

2.1 Development of the energetic model

The selected interatomic potential is a many-body potential
based on a tight-binding framework within the second moment
approximation (TB-SMA) of the density of states of the d-band,
well suited for transition and noble metals.”® It is composed
of a site-energy attractive band term with a non-additive
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Table 1 TB-SMA interatomic potential parameters for the binary Ni—Pt
fcc alloy. See egn (1) and (2) and the main text for notations

o Pop qup A Eup T ;/i g

Ni-Ni 10.3447 2.1000 0.1122 1.6389 4.3111 4.9780
Pt-Pt 10.7960 3.1976 0.1993 2.2318 4.8745 5.6286
Ni-Pt 10.5703 2.6488 0.2260 2.3300 4.8745 4.9780

square-root dependence of the neighboring environment:
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and an empirically repulsive term of the Born-Mayer type:
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where (o,f) is the nature of the metal atom. In these expres-
sions, r; is the distance between the atom at site i and its
neighbor at site j, and rys is the first nearest neighbor distance
that depends on the chemical nature of the atoms. The rule
rop = 1/2(r, + rjp) is applied for hetero-atomic bonds (« # f). rap
is a starting cutoff distance - chosen when o = f§ as the 3rd
nearest neighbor distance - where the TB-SMA potential is
connected to a polynomial function that smoothly links the
energy to zero at the distance ry; — chosen as the 4th nearest
neighbor distance. The parameter values obtained for the Ni-Pt
system as a result of the fitting procedure are given in Table 1.
The homo-atomic (¢ = f) parameters are entirely fitted to
density functional theory (DFT) calculations. For the hetero-
atomic interactions (« # f), the parameters p,s and gq,; are
taken as the average of the pure metal ones. A,; and &,; are
fitted to reference alloy data essentially derived from our DFT
calculations and, where necessary, experimental data are
checked. The fitting strategy will be further detailed below,
after commenting on our DFT results.

DFT calculations have been performed with the Vasp
package,”’>° using the generalized gradient approximation
(GGA)*® with the Perdew-Burke-Ernzerhof exchange-correla-
tion functional® and projector augmented-wave (PAW)
pseudopotentials.®*** The plane-wave basis set has an energy
cutoff of 600 eV. Unrestricted spin-polarized calculations have
been considered systematically due to the magnetic nature of
the Ni-Pt system, considering s and d electrons for each metal.
The Brillouin zone is integrated within the Monkhorst-Pack
method,*® using a regular k-mesh of 18 x 18 x 18 in the
conventional fcc cell (and an equivalent density for supercells).

The lattice parameters, cohesive energies, elastic constants
and surface energies of the pure fcc metals, together with
mixing enthalpies of perfectly ordered and solution energies
of dilute alloys, have been calculated using DFT and compared
to experimental values (see Tables 2 and 3). In Table 2, we can
see for Pt that the lattice parameter is overestimated whereas
the cohesive energy is underestimated by the DFT calculations
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Table 2 Lattice parameter a (in A), cohesive energy E.on (in eV per atom),
elastic constants B, C44 and C' = 1/2(Cy; — Cyp) (in GPa), and surface
energies 71°? and Y (in mJ m~?), for fcc Ni and Pt, from DFT-GGA and
TB-SMA calculations (this work), and from experiments: Kittel*® for lattice
parameters and cohesive energies, De Boer et al.*® for surface energies,
and Simmons and Wang® for elastic constants

Ni Pt

Exp. DFT SMA Exp. DFT SMA
a 3.52 3.52 3.52 3.92 3.98 3.98
Eeon —4.44  -505 -4.81  -584  —553  —553
B 188 189 233 288 245 204
Cus 132 135 120 77 — 105
ol 55 64 40 52 — 37
9100 5400 2800 1964 2500 1850 1344
e A — 2590 1838 — 1480 1190

which is a usual result when using the GGA functional. What is
less usual is that the lattice parameter of Ni is the same as the
experimental one and the cohesive energy is strongly over-
estimated. Our spin-polarized calculations for Ni account for
magnetism, but they are not accurate enough to properly treat
the correlations in Ni. Experimental bulk moduli are well
reproduced by our DFT calculations for both Ni and Pt and
shear moduli for Ni. Anisotropic surface energies of pure Ni
and pure Pt follow the order y**V) < 7(1°) a5 ysually observed
for fcc metals and compare reasonably to the experimental
estimates,®” though they are overestimated for Ni and under-
estimated for Pt. Concerning alloy properties, given in Table 3,
the DFT solution energies of Ni (resp. Pt) in the Pt (resp. Ni)
matrix and mixing enthalpies of the stoichiometric Ni; Pt, NiPt
and NiPt; ordered alloys (see structural details on top of Fig. 6)
are in good agreement with experimental values.*®

The fitting strategy we adopted is the following. The p,,, Gy,
A,, and ¢, parameters for the pure elements have been fitted to
the DFT values of the fcc lattice parameter, cohesive energies
and bulk modulus, checking afterwards that the values of

Table 3 Dissolution energies of one substitutional impurity of Pt in fcc Ni,
Ni(Pt), and of Ni in fcc Pt, Pt(Ni), mixing enthalpies AH,, of the ordered L1,
and L1y phases, and their lattice constants a and ¢ at O K. Experimental data
of mixing enthalpies (at 300 K),® lattice parameters®>4° at 673 K (of NiPt at
300 K*) and critical order/disorder temperatures T4~

Ni (Pt) NizPt (L1,) NiPt (L1,) NiPt; (L1,) Pt (Ni)

AH,, (meV per atom)

Exp. —280 —70 —96 —64 —330
DFT —142 —-58 —-96 —63 —133
X SMA —1004 —207 —325 —235 —1144
a(A)
Exp. 3.52  3.646 3.815 3.837 3.92
SMA 3.52 3.72 3.90 3.925 3.98
c(d)
Exp. 3.589
SMA 3.75
cla
Exp. 0.94
SMA 0.96
Te (K)
Exp. 815 930 790
SMA 650 720 650
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surface energy and other elastic constants are well reproduced
(see Table 2). Taking into account the fact that the DFT Ni
cohesive energy is largely overestimated whereas the Pt one is
underestimated, we decided to target an intermediate value for
the Ni cohesive energy. As a result, the Pt surface energy is
slightly lower than the Ni one within the SMA potential, which
ensures the surface segregation of Pt, as expected from the
experimental observation on semi-infinite crystals.**** Also
note in Table 2 that the gap between the Ni and Pt SMA surface
energies is reduced compared to the DFT one, and this corre-
sponds better to the experimental surface energies of both
elements which are nearly equal. The computed bulk modulus
and shear elastic constants are rather well reproduced for Ni,
and less accurate for Pt, but are still acceptable.

The A, and &,; hetero-atomic parameters for the mixed
interactions were initially fitted on 7'= 0 K solution and mixing
enthalpies, but the constraints on these quantities have been
partially released in order to better fit the experimental order/
disorder critical temperatures using Monte Carlo simulations
(see the next section for simulation details). Indeed, as the
model is meant to simulate finite temperature phenomena, we
noticed that a good fitting of the mixing enthalpies at 7= 0 K
does not allow us to reproduce the ordering/disordering transi-
tions as in the experiments. The mixing enthalpies of our final
TB-SMA model for Ni-Pt alloys are then much higher than the
ones calculated by DFT, or even the ones given by the experi-
mental thermodynamic data.’® However, and this is much
more important for our purpose, the critical order/disorder
temperatures obtained by Monte Carlo simulations using our
SMA potential for the Ni-Pt bulk ordered alloys (NizPt, NiPt and
NiPt;) are in quite good agreement with the experimental
ones.”’ Finally, the lattice parameters of the different com-
pounds are close to experimental values.

In conclusion, the new SMA potential with parameters in
Table 1 shows reasonable interpolation capabilities for the
specifications we set, i.e. good bulk and surface properties for
pure elements and correct critical order-disorder transition
temperatures for the stoichiometric Ni-Pt alloys.

2.2 Monte Carlo simulations

To compute the equilibrium properties of Ni-Pt systems, Monte
Carlo (MC) simulations based on the Metropolis algorithm®*®
are carried out in the isothermal-isobaric (N,PT) and semi-
grand isothermal-isobaric (NAwPT) ensembles. In the NPT
simulations, the number of atoms of each element is con-
served, together with the temperature and the pressure which
means that the volume is allowed to change in order to
maintain a constant pressure®” (equal to zero here). We apply
three types of MC moves: random atomic displacements, ran-
dom exchange between atoms of different species and volume
changes. Each MC trial that modifies the energy of the system is
accepted with a probability equal to:

min {1, exp (—]i—b;)} : (3)

This journal is © the Owner Societies 2024
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V/
AE:E’—E+P(V’—V)—NkBTln(V)v (@)

where E and E’ are the initial and final energies, Vand V' are the
initial and final volumes, P is the pressure, N is the total
number of atoms, kg is the Boltzmann constant and T is the
temperature.

In the NAuPT simulations, the total number of atoms is
conserved, together with temperature and pressure, but the
number of atoms of each species can change, keeping constant
the difference of the chemical potentials of the two species,
Au = pig — ua, which leads to the following probability:

mpg

min {Lexp(—kBLT(AE + ANa(ug — ta) +%kBT1n (E)))}
)

where AN, is the increase (or decrease) of a number of A atoms,
equal to 1 if we transmute an atom of type B into an atom of
type A, or —1 in the opposite way. m, and mg are the atomic
masses of the elements A and B.

For a system with N atoms we typically run 3000 macrosteps,
where the first 1000 macrosteps are used to equilibrate the
system, and the last 2000 are used to calculate the ensemble
averages. In each macrostep, we randomly propose atom dis-
placements, atom exchanges/transmutations (exchanges in the
isothermal-isobaric ensemble and transmutations in the semi-
grand isothermal-isobaric ensemble), and variations of the
total volume in the case of periodic conditions (ie. bulk
systems). The number of trials of each type is a parameter of
the Monte Carlo simulation. Typically, we chose 10N displace-
ments and 300 volume trials for N atomic exchanges/transmu-
tations. The number of macrosteps depends therefore on the
total number of atoms in the system, N. In bulk systems, N
varies between 256 and 4000, and the number of macrosteps
varies between 5 and 60 million. In clusters, N varies between
405 and 8217, and the number of macrosteps varies between 6
and 130 million. In all cases, at least 5500 steps per atom are
used to equilibrate the system, and then at least 11 000 steps
per atom are used to calculate averages (see Appendix A for
convergence details).

In the NPT simulations of order/disorder transitions, the
composition and temperature are fixed, and we run successive
simulations with an increasing or decreasing temperature
ramp. We initialize the system to an L1, or an L1, ordered
structure when heating and to a randomly distributed configu-
ration when cooling. In NAu,PT simulations, the total number
of atoms and chemical potential differences are fixed, and we
run successive simulations with a Ax ramp, with an initial
configuration of pure Ni when increasing Ap and of pure Pt
when decreasing it. Such Au ramps allow us to span the whole
binary alloy concentration range during one isothermal simu-
lation run. In both types of simulations, each Monte Carlo run
starts from the configuration stabilized in the precedent run.

The detection of the L1, order/disorder transition in simula-
tions is made through the computation of a long-range order

This journal is © the Owner Societies 2024
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200 400 600 800 1000 1200
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Fig. 1 Long-range order parameter associated with the L1y phase as a
function of temperature, when increasing (heating) and decreasing (cool-
ing) the temperature, and in the case of a NiPt simulation box containing
4000 atoms. LRO = 1 in the perfectly ordered L1y phase and O in the
disordered phase. The vertical dotted line represents the critical tempera-
ture T, taken as the average value of the inflection points of the heating
and cooling curves (roughly corresponding to LRO = 0.5).

(LRO) parameter. In order to take into account the possible
coexistence of different L1, orientation variants, the LRO para-
meter of the L1, phase is calculated as the maximum value in
the three directions:

LRO = max (p; —pj), (6)
1:{_,\‘,};\2}
J#i

where p; is the probability that a Pt atom occupies the two
sublattices in the i direction. With this definition, the LRO is
equal to 1 in the case of an L1, ordering and to 0 in the case of a
solid solution. The critical temperature T, corresponds to the
position of the inflection point when plotting the LRO para-
meter as a function of temperature (see Fig. 1 for the case
of NiPt).

2.3 Bulk compound properties with the SMA potential

To further confirm the ability of our semi-empirical potential in
reproducing some bulk alloy properties, we first evaluate in
Fig. 2 (left panels) the convergence with respect to the simula-
tion box size of the lattice parameters (at 300 K) and order/
disorder critical temperatures for the three Niz;Pt, NiPt and
NiPt; compounds. The left side of Fig. 2 shows that conver-
gence is reached for box sizes larger than 2000 atoms for both
quantities.

The right panels of Fig. 2 display the converged values of
lattice constants a and T, for the three compounds. It is seen
that, even though our model underestimates the critical tem-
peratures and overestimates the lattice parameters, it repro-
duces their trends with alloy composition with a very good
qualitative agreement with experiments*®™** (also reported in
Table 3). Values in Table 3 further indicate that the L1,
tetragonality ratio c/a = 0.98 at 300 K is close to the experi-
mental one. Lattice constants of ordered phases were not
adjusted quantities, so the correct SMA trend with composition
confirms that the SMA potential is rather robust for alloy
simulations of the Ni-Pt system.

Phys. Chem. Chem. Phys., 2024, 26, 15192-15204 | 15195
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Fig. 2 Bulk lattice parameters at 300 K (top left with circles for a and
triangles for c lattice constants) and critical order/disorder transition
temperatures (bottom left) of the NisPt, NiPt and NiPtz ordered alloys, as
a function of the number of atoms in the simulation box. The right panels
compare their converged values to the experimental ones. 404

3 Results and discussion

It has been shown in other similar binary systems like Co-Pt
that the core of nanoparticles (NPs) tends to have the same
ordering as the bulk alloys, and that the facets tend to have the
same ordering as the infinite alloy surfaces.*® However, this is
not always the case due to shape, size and surface effects that
can lead to core frustrations. We thus perform NAy;PT (cover-
ing the whole concentration range) and NPT (in the tempera-
ture range between 250 K and 950 K) simulations of
nanoparticles with truncated octahedral (TOh), octahedral
(Oh) and icosahedral (Ih) shapes, and of sizes ranging between
2 and 6-7 nm, in order to study how temperature, composition,
shape and size influence the detailed equilibrium morphology
of Ni-Pt NPs. These choices of Ni-Pt particle size range and
shape are relevant to those obtained experimentally by
chemical synthesis,”® yet being tractable for off-lattice Monte
Carlo simulations.

Fig. 3 shows the 3D views of the three chosen NP shapes
with the fec structure: TOh with 5010 atoms (TOhs,0), Oh with
5340 atoms (Ohs3z4), and Ih with 5083 atoms (IThs.g3) having a
five-fold symmetry and a near-fcc structure with 12 first neigh-
bours. Oh and Th shapes present only {111} facets whereas TOh,
as indicated by its name, presents also {100} facets, which come

TOhSOlO

0h5340 I}15083

Fig. 3 Snapshots of the different NP shapes studied in the present work:
truncated octahedron (TOh), octahedron (Oh) and icosahedron (Ih). Par-
ticles of similar sizes are displayed, but a wide range of sizes is covered.
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from the truncation of the corners of an Oh polyhedron. In the
following, we first focus on the TOh shape to investigate NP size
effects, low-temperature chemical ordering vs. composition,
and segregation behavior versus temperature for NiPt;. We
examine shape effects in the last part of this section.

3.1 Decrease of the order/disorder transition temperature
with NP size in NiPt TOh

It has long been known that the melting temperature of
metallic NPs decreases with NP size.*>*° With the same idea,
several works have shown that the critical order/disorder tran-
sition temperature T, decreases as the NP gets smaller.”® To
investigate the influence of NP size on T, in the Ni-Pt system,
we use N;PT simulations with increasing and decreasing tem-
perature ramps, performed on equiatomic NiPt TOh particles of
sizes ranging from 405 to 7573 atoms. We calculate the LRO
parameter (eqn (6)) in the core of the NPs - defined by
removing the three outermost particle layers - and compare
the resulting LRO vs. temperature curves to the bulk.

We report the results in Fig. 4, which shows that, below a
certain temperature and regardless of NP size, the core of the
NP exhibits an L1, ordering, just like in the bulk (LRO = 1).
There is an apparent exception for the biggest particle TOh;s;3,
where the cooling curve reaches a low-temperature plateau
LRO =~ 0.85. The inset in Fig. 4 shows the atomic configuration
of the TOh,555 core at 400 K. Two L1, translation variants are
clearly identified, so an L1, order is actually seen in this
particle, but is not fully captured by our definition of LRO in
eqn (6). It should also be noted that there is a hysteresis
between the heating and cooling curves (well-known metast-
ability effect). The width of this hysteresis decreases between
bulk and large nanoparticles and also with nanoparticle size,
reaching almost zero in TOh;,g9 NP. As an aside, we observe
rather noisy LRO curves for the smallest nanoparticle, TOh,s,

LRO

400 500 600 700 800 900
T (K)

Fig. 4 L1, long-range order parameters versus temperature for different
TOh nanoparticle sizes at NiPt alloy composition, and compared to the
bulk, when heating (solid lines) and cooling (dashed lines). LRO = 1 in the
fully ordered L1y phase and O in the fully disordered phase. A reduction of
T when decreasing NP size is evidenced. The inset shows two Llg
translation variants in TOhs73 at 400 K after cooling (dashed blue line),
which explains why LRO < 1 when the NP is ordered.
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Fig. 5 Snapshots of TOh;,gg after thermal equilibration at different compositions showing, from top to bottom, the chemical ordering on the NPs whole
surface, core, {111} and {100} facets. Green atoms represent Ni and beige atoms represent Pt. The ordering observed in NizPt, NiPt, and NiPts is,
respectively, in the core: L1,, L1, L1,; on {111} facets: (\/5 X \/§)R3O for 25 to 33%, p(2 x 1) at 50% and p(2 x 2) for 67 to 75% of Pt; on {100} facets: Pt-rich
c(2 x 2) up to 67% of Pt, then 2 Pt-rich c(2 x 2) and 4 Pt-pure for 75% of Pt. See Fig. 8 for the structure of the various surface ordered phases, and main

text for details.

which can be ascribed to the very small number of atoms in the
NP core (only 19) after removing the 3 outermost layers. This
perhaps shows the limitations of our fixed definition of the
core zone regardless of the NP size, but in any case highlights
the need for larger sampling for a low core atom number
(6000 macrosteps were performed to obtain the TOh,5 curves,
i.e. twice our default value, and it is clearly not enough).

More importantly, our results show that the smaller the
particle, the greater the decrease in T, with respect to the bulk
value, with a small decrease of the order of 50 K for the biggest
particle (TOh5s5,3) and a notable decrease of the order of 150 K
for the smallest particle (TOhyys). This is consistent with
experiments reporting 7. in 5 nm NiPt nanoalloys that is
around 30 K lower than the experimentally reported bulk
value.'® This good agreement further supports the use of our
SMA potential for equilibrium properties of nano-alloys. The
important size effect we have evidenced must be taken into
account if one wishes to order NPs via experimental annealing,
which must be carried out at a temperature high enough for the
atomic diffusion to lead to ordering and low enough to stay
below the size-dependent T..

3.2 Low-temperature chemical ordering in TOh NPs

In order to identify ordered equilibrium structures in Ni-Pt
NPs, we study both core and surface ordering in TOh Ni-Pt over
the whole composition range at low temperature. We run
NAw,PT simulations at 300 K, which is a temperature below
T. for all our studied NPs, and we analyze the Pt occupation in
the core and facets as a function of composition. We do this for
two different NP sizes, one relatively small (1289 atoms) and
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one relatively big (5010 atoms), so as to analyze any relevant
size effects. Fig. 5 shows the equilibrium structures of TOh; g9
at different compositions, by distinguishing the global 3D
shape, then the core and the different facets.

First, we focus on studying the core chemical ordering. We
plot in Fig. 6 the Pt core occupations on the four different
sublattices of the conventional fcc cell to compare the two TOh
NP sizes with the Ni-Pt bulk. The bulk Pt occupation curves
clearly indicate the existence of three well identified ordered
phases: NizPt and NiPt; with L1, ordering (one over the four
sublattices is occupied by one species, the other three by the
other species) and NiPt with L1, ordering (two by two occupa-
tions) as depicted on top of Fig. 6, and of a Ni-rich and a Pt-rich
A, disordered phase (all the sublattices are equally occupied).
Globally, sublattice occupations are almost the same in the
bulk and in the core of the NPs, with few notable differences.
Both NPs show the presence of the three ordered phases in the
core — just like in the bulk - and as displayed in Fig. 5 in the
core views for different Pt compositions of TOh;,g9 nano-
particles. Non-stoichiometric L1, phases are also visible in
the cores, e.g. at 33% and 67% Pt content, as shown in Fig. 5,
illustrating the existence of a wide range of compositions for
which ordered phases are stable, as in the bulk (see Fig. 6). One
of the main differences is the absence in the NPs of the two
miscibility gaps present in the bulk, in the Pt concentration
ranges of 10-20% Pt and 80-83% Pt. This is a consequence of
the finite size of the NPs which prevents the coexistence of
different phases in it. This absence of miscibility gap between
Al and L1, phases was already observed in Co-Pt NPs.**
Transitions between the different ordered phases are smoother
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Fig. 6 Pt occupation on the different fcc sublattice sites (Chy, with i = a
(black), B (red), y (green) and J (blue)) as a function of the average
composition, in the core of TOhyg9 and TOhsg1p, and as compared to
the bulk case, at 300 K. Vertical dashed lines correspond to the limits of the
ordered phase domain (NizPt, NiPt and NiPtz) and of the miscibility gaps in
the bulk alloy. On top, the different sublattice chemical occupations of the
fcc structure are schematically represented for the various relevant
ordered (L1,, L1p) and disordered phases (grey circles), with full circles
when sites are occupied by one species and empty circles when sites are
occupied by the other.

in NPs and more abrupt into the bulk; this is a usual result
for NPs.

We also notice in Fig. 6 that the sublattice occupancies are
partial in the larger NP size TOhs;, — see labels (a) and (b) in
Fig. 6 — which is not intuitive since one would expect that
increasing the size leads to a behaviour closer to the bulk. What
happens here is that when the NP size is large enough (here
5010 atoms, which is even larger than the 4000 atoms simula-
tion box for the bulk), there can be a coexistence of different
variants of the ordered phase. This is in particular true for the
L1, phases, as shown in Fig. 7a and b where we represent slices
of the cores of the TOhsg;o NPs with NizPt and NiPt; composi-
tions. For both Ni;Pt and NiPt;, three different translation
variants of the L1, phases are identified within the NP cores,
which are separated by anti-phase boundaries (APB). Note that
two different translation variants of one orientation of the L1,
NiPt phase were also present in the core of TOh;sg; (Fig. 4),
again separated by some APBs (of a different kind). APBs
usually have an energy cost and should disappear for longer
runs. This situation should not be confused with the
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B A

Fig. 7 Snapshots of slices from the core of (a) NisPt and (b) NiPts TOhsg10
nanoparticles at 300 K. Same labels (a) and (b) are reported in Fig. 6 for
clarity. The three arrows point towards three different L1, translation
variants which coexist in the cores of the NPs for this rather large NP size.
The associated chemical occupation is given in the tetrahedron schemes,
following the same conventions as in Fig. 6.

coexistence of differently ordered phase orientation variants
geometrically imposed by the very strong segregation of a
chemical species on the surface, like in Pt-Ag nanoalloys.> In
our case, two phase nuclei have emerged rather independently
in the NPs and are shifted by a translation or rotation that
creates an APB when they come into contact. The antiphase
boundary positions are not imposed by geometric constraints
and can be eliminated in longer simulation runs. This type of
plane defects could nevertheless exist experimentally in large
NPs, since even after annealing the NPs are not always in their
full equilibrium configuration. This means that large NPs can
display a microstructure, in the same way as commonly
observed in bulk metallic alloys.>

Second, we consider the surface composition and in parti-
cular the surface arrangement in the different facets of the NPs.
In Fig. 8, we plot the Pt concentration per site on the {100}
facets, on the {111} facets and on the total NP surface for the
two NP sizes at 300 K, and we compare them to the site
occupation on infinite (100) and (111) surface slabs, respec-
tively. Both nanoparticles exhibit the same qualitative beha-
viour as the infinite theoretical surfaces, with the facets of the
bigger NP size being closer to the infinite surfaces. In general,
there is slightly more Pt on the facets than on the infinite
surfaces, especially on the {111} facets. The {100} facets present
a plateau corresponding to a ¢(2 x 2) ordered surface (see
schemes in Fig. 8), which extends from approximately 25% Pt to
73% Pt. Above 75% Pt, there is a strong segregation on the {100}
facets which quickly become Pt-pure. The {111} facets, on the
other hand, present three different ordered structures around
33% Pt, 50% Pt and 75% Pt. Overall, when considering the total
NP surface which includes edges and vertices, we found that
there is Pt surface segregation and Ni sub-surface segregation
(not shown) over the whole composition range except in NiPt
and NiPt;, when the L1, and L1, core ordered phases are
dominant.

We now analyze more specifically the interplay between
surface and core chemical ordering in TOh NPs at different
compositions, referring to Fig. 5, 6 and 8. At very low Pt
concentrations (below 10% Pt), there is a strong Pt surface
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Fig. 8 Pt concentration per site at T = 300 K on {100} (top) and {111}
(middle) facets, as a function of the average concentration for TOhjogg
(green) and TOhsgo (orange) NPs, and compared to that of an infinite
surface (black) at 300 K. The total NP surface concentration versus average
concentration is given in the bottom, with the same color code. The
dashed diagonal lines correspond to a facet concentration equal to the
average composition, while the vertical dashed lines indicate the compo-
sitions of the three stoichiometrically ordered phases.

segregation on the facets, as in the infinite surfaces, and the
core is almost fully occupied by Ni atoms. This leads to a core-
shell like structure with pure Ni in the core and a Ni-Pt solid
solution in the outer layers. At higher compositions, around
25% Pt, both the core and the facets start to exhibit ordering
tendency. In NizPt NPs, the core shows a L1, ordering tendency.
The surface is enriched in Pt, and the {100} facets have ¢(2 x 2)
ordering while the {111} facets present the (V3 x v/3)R30
ordering. The ¢(2 x 2) ordering extends from approximately
25% Pt to 73% Pt and is either Ni-rich or Pt-rich depending on
the composition (and only in TOh;,g¢ due to the odd number of
atoms on this facet). Note that the (V3 x v/3) R30 ordering on
the {111} facets has been previously observed in CoPt
nanoalloys®* at low Pt concentration. This surface ordering is
stable and observed at higher concentrations like 33% Pt. The
ordering on both types of facets is not compatible with an L1,
phase in the core and creates frustration, mainly in the sub-
surface, but also in the core.

Around 50% Pt, the core of the NP exhibits an L1, ordering,
just like in the bulk. In both bulk and NPs, the transition
between the Ni-rich L1, and the L1, phase happens by
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progressively filling with Pt one of the Ni occupied sublattices
(between approximately 37 and 41% Pt). Similar to CoPt NPs,*®
the NiPt NP ends with mixed c¢(2 x 2) {100} facets in all
directions, instead of having four mixed and two Ni pure to
fit perfectly the L1, phase across the whole NP (see column 4 in
Fig. 5). This leads to small frustrations in the sub-surfaces.

Amongst the expected ordered phases, NiPt; nanoparticles
are the only ones which show perfect ordering (L1,) that
spreads along the whole NP (see Fig. 5). Two of the {100} facets
have ¢(2 x 2) ordering while the remaining four are Pt pure and
the {111} facets are p(2 x 2) ordered. The surface as a whole is
therefore the natural prolongation of the L1, phase in the core.
This is probably due to the fact that, on one hand, Pt has a
tendency to segregate on the surface, and on the other hand,
the core ordering in this case requires a Pt-rich surface, which
favors Pt surface segregation. We do not see the same beha-
viour in the L1, Ni;Pt composition since in that case, Pt surface
segregation leads rather to only ¢(2 x 2) mixed {100} ones (see
Fig. 5 second row) and the {111} facets present the
(V3 x V3) R30 ordering which is not compatible with the L1,
ordered phase in the core. On the one hand, the (v/3 x v/3) R30
structure contains slightly more Pt than the corresponding
p(2 x 2), which satisfies Pt surface segregation, but on the
other hand, it destabilizes the core, as can be seen in column 3
of Fig. 5 and also on Fig. 6 at 33% Pt. In the Pt-rich side, we
notice that the core ordering domain around L1, NiPt; extends
over a slightly larger composition range than in the bulk (see
columns 5 and 6 of Fig. 5). This is due to the Pt surface
enrichment allowing the core to remain ordered in a larger
composition domain, putting the excess of Pt on the surface. In
this composition range, it is the p(2 x 2) {111} facets that are
stabilized instead of the (v/3 x v/3)R30 ones because the last
one contains slightly less Pt than the corresponding Pt-rich
p(2 x 2). This is in contrast with Co-Pt TOh NPs*® for the same
Pt compositions, where the reappearance of the (\/§ X \/§)R30
is observed: this is one important qualitative difference
between these two binary systems that is due to the stronger
Pt segregation tendency in Ni-Pt. Finally, at very high Pt
concentrations (above 85% Pt), the surface is fully occupied
by Pt atoms with a Pt-rich solid solution in the core (see the last
column in Fig. 5).

3.3 Pt surface segregation enhancement with temperature in
TOh NiPt;

The important ORR activity measured in various NPs, surfaces
and/or other nanoframes at the specific NiPt; composition®°
motivates a dedicated study of Pt segregation, as the quantity of
available Pt at the surface could be an important parameter for
this reaction. The usual expectation is a pronounced Pt surface
segregation at equilibrium, which is stronger at lower tempera-
tures and in the Pt-rich domain. However, our previous results
have shown that this is not the case at 300 K in the case of NiPt;
NPs, where perfect L1, ordering is observed along the whole NP
(see Fig. 5). We thus investigate the segregation behavior more
closely by studying the temperature effect on the Pt surface,
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Fig. 9 NiPts surface, sub-surface and core Pt concentration per atomic
site as a function of temperature in TOhj,g9 (solid lines) and TOhsg1g
(dashed lines) nanoparticles. Horizontal black lines represent the average
Pt concentration while vertical grey lines represent the order/disorder
transition temperatures of both NP sizes.

subsurface and core concentration of NiPt; nanoparticles (see
Fig. 9).

We observe almost the same behaviors for both TOh,,g9 and
TOhs010 over the whole temperature range, and trends are
robust against MC sampling, see Appendix A. The differences
between the two particles are mainly due to the parity of the
number of atoms on the facets, allowing them to be either
enriched in Pt with respect to the average composition
(TOh;249), or not (TOhsg;)-

At low temperatures (around 300 K), both NPs show a perfect
L1, which extends from the core to the surface. As discussed
previously, there is no segregation at these temperatures: this is
completely true for TOhso;0 and almost correct for TOh;,g9, if
we consider the precision on the concentration scale. When the
temperature is increased while keeping T < T, the Pt concen-
tration at the surface increases rapidly while it decreases in the
subsurface at almost the same rate. The Pt surface segregation
occurs at the expense of the subsurface which becomes
depleted in Pt as compared to the average nanoalloy composi-
tion. The difference in composition between the surface and
subsurface is more important in TOh;,g9 because the facets
have an odd number of atoms, and the deviation in composi-
tion is more than 10% Pt for both sizes. In the core, the Pt
concentration decreases but by less than 2% Pt. At tempera-
tures higher than T, all compositions reach a plateau and the
system forms a solid solution in the core with around 73% Pt,
surrounded by solid solution shells which are either depleted
(the subsurface) or enriched (the surface) in Pt. At very high
temperatures, the Pt surface composition decreases at a very
slow rate, tending to homogenize the system to form a single
phase Pt-rich solid solution. However, the coexistence of the
solid solution core with solid solution shells is still very stable
at 1100 K and the system will likely melt before forming a single
solid solution. Consequently, experimentally prepared NiPt;
NPs will be stable with this multi core-shell solid solution
structure, even when annealed.
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The Pt composition profile thus forms a sandwich with
alternating shells of different Pt concentrations: a surface
significantly enriched in Pt as compared to the average concen-
tration, a subsurface highly depleted in Pt compared with the
average concentration, a second subsurface enriched in Pt, and
a core slightly depleted. This is in qualitative agreement with
previous experimental and theoretical works done on {100} and
{111} infinite surfaces of disordered NiPt;, and which show an
oscillating Pt profile near the surface with a strong Pt surface
segregation.**"?

To summarize, at low temperatures, the L1, core ordering
dominates and prevents Pt surface segregation. At higher
temperatures, as the core becomes disordered, Pt atoms segre-
gate at the surface at the expense of the subsurface, while the
core forms a solid solution slightly depleted in Pt. NP annealing
is therefore a tool to control/enhance Pt surface segregation,
the consequence of which on the NP catalytic activity would be
worth investigating.

3.4 Shape effect on chemical ordering and segregation in Ih
NiPt,

As highlighted in the experimental works cited in the introduc-
tion, the shape of a nanoalloy can have a great impact on its
catalytic properties, possibly related to a change in chemical
ordering with the particle geometry and/or internal stress
effects. We thus compare in the following the equilibrium
chemical ordering obtained in the other two NP shapes, Oh
and Th, with the one studied so far, TOh. TOh and Oh have
almost the same geometry, with the {100} facets missing in the
latter. We found that similar NP sizes of TOh and Oh present
the same ordering on {111} facets and in the core, over the
whole range of composition and temperature (the results for
Oh are thus not repeated here). Ih NPs however are structurally
quite different, and this leads to more complex ordering, both
in the core and on the surface, which we now detail.

Fig. 10 shows the chemical ordering on an Thseg; surface and
in its core for different compositions at 300 K. The main
difference with the TOh of the equivalent size (TOhs,) is that,
in NizPt and NiPt, there is a tendency for local ordering in each
Th tetrahedron along L1, and L1,, accompanied by a local
disorder in the core center of the Ih NP, where sites are
occupied by Ni atoms. Ni atoms are smaller than Pt atoms
and the core of Th is known to be compressed®* leading to the
segregation of the smaller atoms in the core center to release
the stress in the center of the NP as in Pd-Au Th.”® The observed
ordering is highly frustrated at 50% Pt - multiple portions of
alternating pure Pt and pure Ni planes are visible - and
frustrations lead to relatively disordered surfaces, in contrast
to TOh NiPt. On the other hand, NiPt; nanoalloys show clear
ordering in each of the tetrahedra, with Ni junctions in the
core. This ordering spreads to the {111} facets ordered along
p(2 x 2) to form an NP with rotational variants of perfectly
ordered L1, tetrahedra. Just like the TOh case, {111} facets have

a (V3 x V3)R30 ordering in the Ni-rich region, and a p(2 x 2)
ordering in the Ptrich region compatible with the core L1,
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Fig. 10 Snapshots of Ihspgs NPs at different compositions and after
thermal equilibration at 300 K, showing the chemical ordering from a
shell view (left column) and a cutting view (right column). Green atoms
represent Ni and beige atoms represent Pt.

ordering. Again, this asymmetry in behavior is due to Pt surface
segregation which favors the formation of concentrated Pt
facets.

The shape of NPs could also have an impact on Pt surface
segregation, as the chemical ordering changes from one type of
facet to the other and depends on how different facets are
intertwined. TOh, Oh and Ih all present {111} facets but have
different overall surfaces. In order to investigate how this
affects surface segregation for the specific NiPt; composition
of interest, we extend the previous study of temperature effect
on surface segregation to the different NP shapes. Fig. 11
displays the TOhs10, Ohs340 and Ihsgg; equilibrium configura-
tions for the NiPt; composition at 300 K, and Fig. 12 shows the
NP whole surface, {111} facets, subsurface and core Pt equili-
brium compositions vs. temperature curves.

Over the whole range of temperatures (Fig. 12), Oh and
TOh behave almost identically, i.e. the surface, subsurface and
core Pt concentration vs. T curves are very close. This is not
surprising since they have almost the same core and surface
structures, except for the missing {100} facets in Oh. Ih
NPs, however, behave differently both qualitatively and
quantitatively.

At low temperatures, the Pt composition on {111} facets of
Thsog; is almost equal to the average Pt composition, and
regardless of the shape, we observe a p(2 x 2) ordering on the
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Fig. 11 Equilibrium chemical ordering states at 300 K in NiPts NPs on the
{111} facets (top) and on the edges and vertices (bottom), for different NP
shapes of similar size (TOhsg10, Ohsz40 and Ihspgs). Ni atoms are colored in
green, and Pt in beige. For all NP shapes, a p(2 x 2) {111} surface ordering
compatible with the L1, core ordering is observed.

{111} facets. Despite this, the total surface of the Ih shows
higher Pt surface enrichment due to Pt atoms occupying all the
sites at the edges and corners of the Ih (see Fig. 11). The core of
the Th shows L1, ordering in each twinned tetrahedral core,
forming several rotational variants with Ni atoms in the center
core of the Ih. The geometry of the Ih leads to extra stress at its
center, which forces smaller atoms to occupy the Ih core center
to relax these constraints.>® This favors Ni segregation in the
center despite the local ordering in each tetrahedron and leads
to a more important Ni segregation in the core than the one
observed in TOh and Oh. Interestingly, this structural con-
straint due to the five-fold symmetry results concomitantly in a
strong Pt (large atoms) surface segregation. As in TOh and Oh
shapes, this Pt segregation is increased when increasing T and
reaches a &~ plateau above T., but is stronger in Ih than the one
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Fig. 12 NiPts surface, {111} facets, subsurface and core Pt concentration
per site as a function of temperature for the three NP shapes TOhsgso
(orange), Ohsz4o (purple) and Ihsggs (brown), shown in Fig. 11. Horizontal
lines represent the average Pt concentration. Vertical lines represent the
critical transition temperature, which here is the same regardless of
shapes.
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observed in TOh and Oh NiPt; and for the whole temperature
range. This Pt surface concentration enhancement in Ih as
compared to TOh and Oh, even if by a few percentages only,
could have a positive effect on the catalytic properties of the Ih
NPs, and could be related to the higher ORR measured in Th
NPs with respect to Oh NPs,’ even though both these structures
only have {111} facets.

4 Conclusions and perspectives

In this paper, we studied chemical ordering in the core and
surfaces of TOh, Oh and Ih Ni-Pt nanoparticles, over the whole
range of composition and for temperatures between 300 K and
1100 K. Special attention has been devoted to the NiPt; com-
position, due to its interest in the catalysis of the ORR. We
found that the order/disorder transition temperature decreases
with NP size, as predicted and consistent with the experiments.
In general, the core of Oh and TOh nanoparticles behaves like
the bulk while their facets behave like infinite surfaces. The
ordering on the facets tends to privilege Pt segregation and
hence Ptrich ordered surface phases, which creates chemical
frustrations in some cases, especially in NPs with low Pt
compositions. At low temperatures, the Ni-rich L1, phase and
the L1, phase are observed in the core around 25% Pt and 50%
Pt with some defects caused by the non-compatibility of the
core ordering with the Pt-rich surfaces. The Pt-rich L1, phase is
observed in the core around 75% Pt with no defects and with
perfect compatibility with the surface ordering. Ih NPs are less
ordered due to their complex geometry but still show ordering
in each tetrahedron, especially at high Pt compositions. In
NiPt;, each tetrahedron is perfectly ordered in the core along
the L1, phase which spreads to the surface in the form of the
p(2 x 1) ordered phase. For all NP sizes and shapes, we
observed that Pt surface segregation is enhanced with tempera-
ture, which was not intuitive. Ordering in the core is dominant
at low temperatures and Pt surface segregation only leads to
some core defects. We also found that the Ih shape promotes Pt
surface segregation and Ni core segregation, probably in order
to release strain in the core. At low temperatures, the enhance-
ment is due to Pt occupying all sites of edges and vertices while
at high temperatures Pt is distributed homogeneously on the
surface.

To conclude we have shown in this work how the Ni-Pt
nanoparticles can be chemically ordered at the surface and in
the core in very different ways, which allows us to suggest
additional possible influencing factors for catalytic properties.
The high ORR activity measured on NiPt; icosahedra as com-
pared to Oh in the study by Wu et al.® was attributed to the
particular strain on the pseudo {111} facets of the icosahedral
nanoparticles. Regarding the results obtained here with Monte
Carlo simulations at equilibrium - which is of course not
guaranteed in the cited experiments — we can add that not only
the strain but also the specific chemical ordering (p(2 x 2)
superstructure on the {111} facets) together with the Pt-pure
edges and vertices at low temperature and the amount of Pt
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segregated on the surface by appropriate thermal treatment
could influence the catalytic properties of these objects. Con-
sequently, a more specific work dedicated to understanding the
effects of NP shape, surface ordering and Pt surface segregation
vs. T on ORR specific activity at fixed NiPt; composition would
be of interest.

The detailed information we provided here on the equili-
brium chemical configurations of Ni-Pt nanoparticles as a
function of temperature, composition, and nanoparticle size
and shape will also be beneficial for the community working on
mechanical properties of nano-objects. Indeed, pure metallic
nanoparticles have ultra-high strength approaching the theore-
tical limit, leading to the so-called expression: ‘smaller-is-
stronger’.>® The addition of substitutional elements in solid
solution, instead of increasing the strength as in bulk metallic
materials, can induce a softening of the nanoparticle, attribu-
ted to the assistance of dislocation nucleation by compositional
heterogeneities. This impact of alloying has for instance been
characterized both experimentally and theoretically on Co-Ni
nanoparticles, exhibiting a softer yield strength,?” and in multi-
component nanoparticles®® synthesised in a random state.”®
The variety of core and surface chemical order/disorder that we
have identified here versus T and Ni-Pt alloy composition goes
beyond the ‘simple picture’ of fully random alloy NPs. The way
these NP morphologies affect the NP yield strength and tem-
perature dependence is a topic for future work.

Author contributions

All authors contributed equally.

Conflicts of interest

There are no conflicts to declare.

Appendix
Appendix A Convergence of Monte Carlo simulations

To verify the convergence of our simulations with the number
of macrosteps used to equilibrate the system and the number of
macrosteps used to calculate ensemble averages, we focused on
the case of a TOh;,g9 NiPt; NP. For temperatures ranging from
300 K to 1100 K, the average NP energy was converged by 1 meV
per atom (a bit higher at 7..) when using our standard value of
1000 macrosteps to equilibrate the system, as compared to a
reference calculation using 1800 macrosteps. As for the number
of macrosteps to calculate ensemble averages, the precision on
the average NP energy when using our standard 2000 macro-
steps value is within 2 meV per atom of a reference calculation
with 4000 macrosteps.

Regarding now the effect of the MC sampling on the
segregation behavior, we found that running several indepen-
dent runs leads to the same qualitative trends in each of the
runs, the averaging simply smooths the results. In Fig. 13 we
report the results of the average Pt concentration curves for
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Fig. 13 NiPts surface, sub-surface and core Pt concentration per atomic
site as a function of temperature in the TOhog9 nanoparticle. The
horizontal black line represents the average Pt concentration while vertical
the grey line represents the order/disorder transition temperatures. Error
bars have a width of two standard deviations, calculated over a total of 40
independent runs. The solid line is obtained by averaging over the different
runs.

TOh,,g9 NiPt; in the surface, subsurface and core, after repeat-
ing 20 independent standard runs (each with heating plus
cooling sequence). In addition, comparing the present average
concentration curves to the ones for a single run (as shown in
Fig. 9) indicates that the Cp values are very close for the whole
temperature range. The quality of our sampling of the configu-
ration space is thus satisfying for the characterization of Pt
segregation in the various NPs.
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