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Recent breakthroughs in the field of high-entropy alloy nanoparticles (HEA NPs) have significantly
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expanded their potential applications (such as catalysis or energy storage) making them promising

candidates for use over a wide temperature range. However, their thermal stabilities are not yet fully
understood which is crucial to their future development. To better understand these phenomena and
the underlying mechanisms, we performed molecular dynamic simulations by adopting an incremental
approach to investigate the structural and thermal stability of CoNiPtCuAu HEA NP as well as their
ternary and quaternary sub-alloys. More precisely, CoNiPt ternary system is first considered and then

Cu and Au atoms are progressively introduced with the aim to analyse and quantify the thermal

stability of HEA NPs in terms of their melting temperature and segregation mechanisms. Through

our atomic-scale simulations, we demonstrate the negative impact of Au and Cu atoms on thermal

stabilisation, whose presence at the surface tends to favour melting of the NPs because of their low
melting point. These detailed analyses provide a robust and relevant research approach for identifying
the key parameters influencing the thermal stability of HEA NPs, which is essential for obtaining
such nano-objects with optimised structural and thermal properties.

1 Introduction

High-entropy alloy (HEA) materials are characterized by compo-
sitional complexities (increasing number and diversity of mixing
elements) resulting in distinctive features that are attracting in-
terest from various research and application fields. In particular,
HEAs have received growing attention and have become one of
the most investigated materials, for their mechanical proper-
tiesT3, While considerable research efforts have been devoted
to bulk HEAs, recent advances in the synthesis of single-phase
HEA nanoparticles (NPs) have broadened their applications in
catalysis and energy-related applications®®. At the nanoscale,
several challenges have to be addressed starting with mastering
the synthesis process. The latter has been achieved through
various approaches including high-temperature methods@11
(carbothermal shock, plasma arc discharge and pulsed laser
ablation syntheses) with varying degrees of efficiency as well
as soft synthesis conditions derived from wet-chemistry ap-
proaches®213 Furthermore, a crucial point for their applications
is fundamental knowledge of their thermal stability, given that in
the case of catalytic applications or as thermoelectric materials,
the required temperature conditions are between 400 and 1400
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K415 Regarding bulk HEAs, the understanding of their phase
stabilities as a function of composition and temperature is scarce.
This is equally true at the nanoscale where the properties of
NPs differ significantly from their bulk counterparts due to their
high surface-area-to-volume ratio. At the nanoscale, particle size
effects should also be considered as the increased surface area
provides additional degrees of freedom that significantly impact
the stability of these nano-objects.

Such a high level of complexity calls for extensive studies of
the phase diagram of this new class of materials where segrega-
tion effects have been shown experimentally to be activated as a
function of both composition[ﬁ] and temperature. For instance,
pronounced structural and chemical evolutions in CoNiPtCuAu
NPs have been revealed by combining in situ scanning transmis-
sion electron microscopy (STEM) heating and atomistic simula-
tions. More precisely, the segregation of gold and copper, fol-
lowed by their evaporation, has been observed at the surface of
CoNiPtCuAu NPs annealed in vacuum at high temperature, ques-
tioning the high thermal stability generally attributed to HEA ma-
terials. The present work aims to go beyond by providing atomic-
scale insight into such phenomena through the exploration of
CoNiPtCuAu HEA NPs as well as their ternary and quaternary sub-
alloys. This is essentially a model system whose various elements
have sufficiently distinct physical properties to enable identifica-
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tion of the driving forces controlling the stability of the HEA NPs
selected. Previous work based on Molecular Dynamics (MD) cal-
culations has solely investigated the thermal stability of the HEA
NPs, while, in some cases, highlighting segregation effects1ZH19
Herein, we adopt an incremental approach to explore the struc-
tural properties and thermal stability of CoNiPtCuAu HEA NPs.
We first consider the CoNiPt ternary system at finite temperature
and then progressively introduce, one by one, the segregating el-
ements of the quinary alloy (i.e. Cu and Au) in order to assess
their impact on thermal stability. Such a progressive approach,
which can be generalized to other HEA nanosystems, provides a
consistent research framework towards the identification of the
key parameters influencing their thermal stability. This knowl-
edge is of paramount importance for enabling the engineering of
HEA NPs with optimized structural and thermal properties.

2 Segregation effects in quinary CoNiPtCuAu alloy
NPs

First, we consider the thermal stability of CoNiPtCuAu HEA
NPs, whose complete study is presented in Referencel®. In the
following, we briefly recall the main results and conclusions that
are relevant to the present work, i.e. the case a NP adopting an
icosahedral CoNiPtCuAu structure since TEM structural analysis
confirmed the presence of these morphologiesi®. To investigate
their structural and chemical evolution with temperature, MD
simulations were performed using the open source large-scale
Atomic/Molecular Massively Parallel Simulators (LAMMPS)
package?d. In particular, the Embedded Atom Method (EAM)
potential derived by Zhou et al.2! was employed to describe the
interaction between different atomic pairs present in case of the
Co-Ni-Pt-Cu-Au systems. MD calculations were based on the
Verlet algorithm for integration of the equations of motion (with
a time step of 1 fs including a temperature damping parameter
equal to 100 time steps) coupled to the Nose-Hover thermostat
in the canonical NVT ensemble. To avoid any artefacts arising
from the interaction generated by periodic boundary conditions,
the supercell size was made sufficiently large in all directions
(100 nm).

Figure [1p depicts a typical case of the structural evolution of
a 3-nm quinary Co-Ni-Pt-Cu-Au NP containing 923 atoms and
with equiatomic composition as a function of temperature. The
starting structure is a solid solution in which the five elements are
homogeneously distributed. At low T (< 600 K), no significant
structural change is observed in the NP. Above a threshold
temperature (600 K), segregation phenomena are thermally
activated, leading to an enrichment of Cu and Au at the surface
with the NP maintaining a solid state. As the temperature is
further increased, the particle melts at 1100 K, with its surface
completely made up of Cu and Au atoms. From these MD
calculations, it can be concluded that the thermal stability of
HEA NPs is strongly controlled or even reduced by surface effects
that greatly reinforce the segregation of specific elements. Note
our calculations have revealed similar findings for other NP sizes
(ranging from 2.1 to 5.2 nm).
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It is worth critically assessing the quality and, above all, the
reliability of the potential employed in the MD simulations, es-
pecially for characterizing the temperature-dependent structure
of NP where numerous atomic interactions are involved. In the
present work, we have selected an EAM potential developed by
Zhou et al.?!l which is particularly used in the HEA community
but has been never tested in the case of HEA NPs. For the
validation of potential, we carried out comparisons with another
EAM-type potential, i.e. Foiles et al.?2 which has been extensively
employed and validated in case of the Cu-Au-Ni-Pt quaternary
sub-systems, though for bulk systems. Figures|[1p and c display
the surface concentration for each element at different temper-
atures from MD simulations based on both potentials. In both
cases, Au and Cu segregation increasing with the temperature,
as discussed above, are numerically reproduced. Although the
general trend is the same for both potentials, it can be noted
that surface concentrations differ quantitatively at a given
temperature. However, a simple temperature shift reveals exactly
the same behavior, as shown by the evolution of Au concentration
at the surface in Figure [Ik. Therefore, this comparative analysis
reveals that the segregation effects observed is robust and that
the potential developed by Zhou et al. is a convincing choice for
the temperature study of NP HEA.

In summary, atomic-scale simulations have shown that up
to a threshold temperature, NP always adopts an HEA-type
configuration with atoms in solid solution. Beyond, the presence
of surfaces destabilizes the system, leading to segregation
phenomena and melting of the NP. As a step further towards a
better understanding and control of the phase stability and trans-
formations of CoNiPtCuAu HEA NPs, it is essential to identify the
key parameters and mechanisms driving their thermal stability.

3 Physical properties of the pure elements and NPs

In simple alloy systems such as binary alloys (surfaces or NPs),
many studies have established that their structural properties are
controlled by different driving forces23, Regarding segregation
effects, three main features are commonly highlighted which are
the cohesion, alloy and size effects24729, In other words, the seg-
regating element within an alloy is favoured by the lowest surface
energy to minimize the free energy of the system and the largest
atomic radius as the surface relaxes stresses favorably. In addi-
tion, segregation is reinforced by the tendency of the alloy to form
homoatomic bonds at the expense of heteroatomic ones. Knowing
the relevance of such factors, Table |1|shows the physical proper-
ties, calculated with the EAM potential used here, of each element
of the quinary Cu-Au-Co-Ni-Pt alloy. The computed lattice param-
eters and the cohesive energies are in very good agreement with
experimental or ab initio data. Regarding the surface energies
(7), EAM potentials lead to their underestimations, around 40 %
in average. Nevertheless, these deviations do not compromise the
qualitative description of the structural properties of the targeted
HEA NPs and their sub-systems. Typically, the hierarchy between
the surface energies of (100) and (110) surfaces, i.e. ¥111 < Y01,
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Fig. 1 (a) MD simulations investigating the thermal behaviour of a 3-nm CoNiPtCuAu NP containing 923 atoms in an icosahedral structure. 3D
perspective views of the icosahedron shell showing enrichment in Au and Cu at 500, 1000 and 1100 K. (b) Evolution of the surface concentration of
all elements in case of an icosahedral HENA containing 3871 atoms at 800 K using the Foiles et al. and Zhou et al. potentials. (c) Evolution of
the Au surface concentration in case of an icosahedral PtNiAuCu NP containing 3871 atoms. Comparison between the two interatomic potentials for
different temperatures. From left to right: both potentials at 600 K, both potentials at 800 K, and Foiles potential at 600 K compared with Zhou

potential at 800 K.

is well reproduced for all elements, as well as their ratio when
compared to DFT calculations. More importantly, the hierarchy
among the surface energies of the five elements is perfectly re-
produced (Ya, < Yeu < Wi < Yeo < Yp:) Which is crucial to accu-
rately capture the competition between the different elements for
segregation.

Furthermore, the study of the thermal stability of NPs also in-
volves knowledge of their solid-liquid transition, which can sig-
nificantly modify their field of applications and operating condi-
tions. The melting temperature (7,,) is determined by simulated
annealing, where the typical trend in total energy as a func-
tion of temperature is presented in Figure [2p for different sizes
of Au NPs. Assuming a crystalline structure, these heat curves
exhibit a rapid initial increase in energy as a function of temper-
ature. At the melting point, a sharp jump is observe. This energy
jump is indicative of a phase change associated with NP melting.
It is followed by a steady rise in energy with temperature as the
NP completely liquefies. Using this approach, we determined the
melting temperatures 7, of pure metal clusters as a function of
particle size (from 309 to 3871 atoms). As shown in Figure ,
T,, displays a linear decrease as a function of the inverse of par-
ticle radius R in agreement with previous works®L. The radius is
obtained by approximating the volume of the icosahedron to the
volume of a sphere, using the formula:

V= <5(3+\6)>l3 and R=1¢ v

12 47

with [ is the length of the edge. From linear extrapolation, a
melting temperature of 1143 K is predicted for Au bulk system,

in very good agreement with the experimental values of 1337
K. For the other elements, the results of similar analyses are
presented in Table [T}

With all the relevant physical parameters of the elements
that drive the temperature-driven structural stability of Co-Ni-
Pt-Cu-Au systems known, we subsequently assess the driving
parameters for the Au and Cu segregation. For this, we first
address the thermal stability of the ternary host NPs CoNiPt.

4 CoNiPt NPs

We investigate the structural and chemical evolution of an icosa-
hedral 2057-atom CoNiPt NP (diameter around 4.2 nm) with an
equiatomic composition by performing MD calculations over the
temperature range from 400 K to 2000 K. Figure presents the
final configurations of the particle at different temperatures af-
ter numerical convergence is reached. At low temperature (<
900 K), the particle presents a solid crystalline structure, with
clearly visible facets and a homogeneous distribution of atoms
within the NP and on its surface. Aside from a few atomic re-
arrangements, the NP structure can be considered stable. When
increasing the temperature, the particle maintained its solid state,
though a strong enrichment of the surface in Ni can be observed.
This is consistent with the surface energy of Ni which is the low-
est of the three elements as given in Table Moreover, the cross-
sectional view also reveals the presence of Pt atoms in the sub-
layer, indicating that the segregation of Ni atoms is accompanied
by a depletion of the surface Pt content, which diffuses within
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E.,, (eV/atom)

a (A)

y (100) (J/m?)

T 10 . LU9 T DT DUOT IO

y (111) (J/m?)

Ty (K)

Au -3.93 (-3.81) 4.08 (4.20)
Cu -3.54 (-3.49) 3.61 (3.66)
Co -4.40 (-4.39) 3.56 (3.51)
Ni -4.45 (-4.44) 3.53 (3.58)
Pt -5.77 (-5.84) 3.92 (4.02)

1.10 (1.63)
1.32 (2.17)
1.73 (2.48)
1.51 (2.43)
2.18 (2.73)

0.98 (1.28)
1.26 (1.95)
1.59 (2.04)
1.43 (2.01)
2.07 (2.30)

1143 (1337)
1144 (1358)
1675 (1768)
1486 (1728)
1443 (2041)

Table 1 Calculated equilibrium lattice constant (a), cohesion energy (E.,;), surface energy (y) and melting temperature (7,) for face-centered cubic

metals obtained with Zhou et al. potential. The experimental and numerical data (quoted in parentheses) used for comparison were obtained from
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Fig. 2 (a) Total Energy of Au icosahedral nanoparticles of different size
as a function of temperature. (b) Evolution of the melting temperature
of Au NPs as a function of inverse of the radius (7!).

the NP. Such a mechanism is not surprising since platinum has
the highest cohesive energy and therefore tends to maximize the
number of bonds by occupying subsurface sites (see Table[I)). At
higher temperatures (> 1300 K) when the particle is fully in lig-
uid state, its surface presents a much higher Ni concentration and
a complete depletion of Pt. As discussed in the case of the quinary
system, three temperature regimes are thus also identified.

To go beyond, the quantitative analysis of the surface con-
centration of all elements at different temperatures is compared
in Figure . As annealing is initiated, atomic rearrangement
at surface is activated leading to a slight Ni enrichment at the
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Fig. 3 MD simulations investigating the thermal behavior of a CoNiPt
NP in an icosahedral structure containing 2057 atoms a) Equilibrium
configurations at different temperatures. The left column presents the
shell views and the right one the cross-section views perpendicular to the
five-fold axis of the icosahedra. b) Evolution of the surface concentration
as a function of the temperature.

expense of Pt. As for Co, its surface concentration remains
constant at the nominal composition. From a given segregation
temperature (marked 7y and here equal to 900 K), a significant
change in slope takes place, with a very sharp increase in Ni
surface to reach a maximum of around 60 % at 1300 K, together
with the complete depletion of Pt. At this temperature, the NP
is in liquid state. The surface is predominantly populated by Ni
atoms accompanied with slight concentration of Co atoms. Note
that the higher presence of Ni on the surface compared to Co is
in agreement with theoretical studies on Ni segregation in CoNi
particles®2 where the authors specify that the main driving force
is the lower surface energy of Ni. As the temperature is further
increased, a slight decrease in Ni concentration is predicted,
while the concentration of Co and Pt increases very slightly.
From MD calculations, it can be concluded that the thermal
stability of ternary CoNiPt NPs is affected by the segregation
of one element, here Ni, which has the lowest surface energy.
Moreover, this phenomenon is thermally activated, since up
to a threshold temperature, the surface composition does not
vary. At low temperatures, it could be however argued, since
diffusion mechanisms are kinetically blocked, that the system
is not at thermodynamic equilibrium but is instead trapped in
kinetic minimum. To overcome and assess the limitations of MD
calculations at low temperature, Monte Carlo (MC) simulations
have been also carried out under similar conditions. With the MC
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approach, displacement trials coupled with swaps between atoms
are more suitable for characterizing the thermodynamic proper-
ties of NPs, particularly at low temperatures. Figure |4] presents

(b)
5°0K 1.0
3 o Co
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S ! oo °
1400K go2) e
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Fig. 4 MC simulations investigating the thermal behavior of a CoNiPt
NP in an icosahedral structure containing 2057 atoms. (a) Equilibrium
configurations at different temperatures. The left column presents the
shell views and the right one the cross-section views perpendicular to the
five-fold axis of the icosahedra. (b) Evolution of the surface concentration
as a function of the temperature.

typical final configurations from MC calculations as well as the
evolution of the surface concentration at different temperatures.
Clearly, the conclusions differ significantly from MD simulations,
particularly for low-temperature regime. Indeed, Ni segregation
is significantly enhanced, up to 80% at 400 K. As displayed in
Figure [, the particle is in the solid state with a surface consist-
ing mainly of Ni atoms. As the temperature increases, the surface
Ni concentration decreases in agreement with thermodynamics
considerations where superficial segregation can be characterized
by segregation isotherms relying the Ni surface concentration to
the Ni bulk (or NP core) concentration. Indeed, the main feature
of these isotherms is that they are driven by the segregation
free enthalpy where the surface concentration of an element is
proportional to exp(—AGe/kpT)**3% and then decreases with
increasing temperature. Interestingly, slice views of the atomic
models in Figure [4h reveals a Ni core, showing that complete Ni
segregation of the surface is combined with equilibrium within
the NP. This type of steady-state configuration is very difficult (or
even impossible) to capture in MD simulations, where chemical
redistribution in the core of the particle is very limited. The
equilibrium conditions obtained by MD simulations mainly result
from a local equilibrium that takes place via the surface, where
atomic diffusion is widely favored. Thus, the analysis using MC
simulations enable to show that the results obtained by MD for
low temperatures reflect kinetically trapped phenomena, in line
with the recent in situ TEM measurements on the CoNiPtCuAu
HEA NPs.

The thermal stability of NPs not only concerns segregation phe-
nomena, but also their solid-liquid transition which can signif-
icantly impact their conditions of use. As in the case of pure
systems, the melting temperature of CoNiPt NPs was therefore
determined from calorimetry curves for different particle sizes as
shown in Figure |5| Here again, three distinct temperature win-
dows are identified. The first is characterized by a steady increase
in total energy with temperature consistent with NPs in the solid
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Fig. 5 Total energy (eV/at) as a function of temperature of a CoNiPt
NP in an icosahedral structure containing 923 atoms and 2057 atoms.

state. Then, a slope variation is noted up to a characteristic jump
corresponding to the melting temperature, around 1260 K and
1340 K for the NP containing 923 and 2057 atoms, respectively.
Finally, the NP is liquid and a gradual increase in total energy is
again observed. The analysis of density profiles along the NP ra-
dius shown in Figure [f] gives a more quantitative confirmation of
these observations and enables further investigation of the solid-
liquid transition at the atomic scale. At low temperature (900 K),
the radial distribution of elements within the solid NP containing
2057 atoms is characterized by an alternating patterns of peaks,
with the three elements fairly homogeneously distributed within
the NP.

When the temperature rises to 1200 K, we clearly observe the
depletion of Pt at the particle surface, as a result of the migration
of Pt atoms to the subsurface layer. At 1330 K, this migration is
reinforced with the surface no longer containing any Pt atoms.
Moreover, this atomic rearrangement is accompanied by an
enrichment of the particle surface with Ni and Co atoms coming
from the sub-surface layer. Interestingly, we notice that the peaks
associated to the particle surface, as well as those of the second
layer, disappear and/or broaden, whereas they remain fairly
narrow in the core. Such behavior is indicative of a reduced
crystallinity at the surface, the first step towards a transition to
the liquid state. Finally, a complete melting of the NP is reached
(at T>Tm) where the atomic density distributions show no peak
in the particle core, but with high concentrations of Ni and Co
at the surface. From this analysis, the solid-liquid transition in
case of CoNiPt NP goes through a premelted phase of the surface
containing Co and Ni which then propagates along the NP. More
precisely, the jump in the calorimetry curve is very abrupt (see
Figure Eb, corresponding to a first-order transition>=¢, As for
the transformation to the liquid state, it involves melting on
one or two layers before propagating directly along the NP,
suggesting a partial wetting-type mechanism=Z. Furthermore, it
is then tempting to think that such behaviour is driven by the
segregated elements. This is confirmed by calculation of the
melting temperature of the Co-Ni alloy formed at the particle
surface according to Vegard’s law of melting points, i.e. taking
into account the proportion of elements present on the surface

Journal Name, [year], [vol.], 1 |5
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Fig. 7 MD simulations investigating the thermal behavior of a CoNiPt NP
in an icosahedral structure containing 309, 923, 2057 and 3871 atoms.
Evolution of the surface concentration as a function of the temperature.
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and their melting temperatures. As a result, the predicted T,
is about 1368 K in good agreement with the value of 1350 K
measured from the calorimetry curve displayed in Figure

Through this detailed study, the thermal stability of a CoNiPt
NP containing 2057 atoms was characterized by its melting and
segregation temperature. However, these two quantities should
vary with size, as usual at the nanoscale where meaningful de-
viations from bulk properties have been demonstrated for phys-
ical quantities such as the melting temperature'1
energy=®. To highlight size effect, NPs containing 309 to 3871
atoms were also considered corresponding to sizes of 2.1 to 5.2
nm, respectively. As displayed in Figure |7| the thermal stability
increases with the size of the NP. Moreover, both segregation ef-
fects and the transition to the liquid state is significantly modified
from 600-1000 K to 1000-1400 K when increasing particle size
from 309 atoms to 3871 atoms.

or the surface

5 From ternary to quaternary alloy NPs

We now focus on quaternary alloys where Cu and Au atoms are
added to the CoNiPt system. In both cases, the effects on segre-
gation phenomena are striking.

TS T"L

= . Co
08 i
o —— Pt
O
% 0.6 —— Cu \
=
T 0.4
=
“0.2
4 ._._.‘N\‘\
S
=
C/g) 0.0
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Fig. 8 MD simulations investigating the thermal behavior of a CoNiPtCu
NP in an icosahedral structure containing 2057 atoms. Evolution of the
surface concentration as a function of the temperature.

To illustrate a typical behaviour of CoNiPtCu NPs, Figure
presents the evolution of the surface concentration as a function
of the temperature for a NP containing 2057 atoms. The three
temperature regimes identified for the ternary and quinary
nanoalloys are again observed, though accompanied by a rather
singular segregation process. Up to 900 K, an equilibrium
situation is established whereby the particle surface is populated
with near-equivalent concentrations of Co, Ni and Cu (27 %)
which are slightly higher than that of Pt (17 %). The surface
then becomes enriched with Cu at the expense of Pt, while
Co and Ni concentrations remain stable. When the surface Pt
concentration is equal to zero, Cu segregation is reinforced,
while Ni and Co diffuse within the NP core. The preferential
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segregation of Cu at the surface is Cohsistent with the fact that
it is the element having both the lowest surface energy and the
largest atomic radius. These distinctive physical characteristics
leads to a segregation process that occurs more rapidly than in
the case of CoNiPt. The same is true for the melting temperature,
as Cu is the element with the lowest melting temperature, about
400 K lower compared to Ni and Co.

Hence, the presence of an element such as Cu combining small
surface energy, large atomic radius and low melting temperature,
is likely to lower the thermal stability of CoNiPtCu NPs. As gold
has even more pronounced physical properties in this respect (see
Table [I), CoNiPtAu NPs are then expected to exhibit even lower
thermal stability as clearly illustrated in the case of a small NP
containing 923 atoms. As shown in Figure[9p, segregation mecha-
nisms in this case are activated at very low temperatures (as from
400 K) leading to a surface gold concentration of around 76%. For
larger NPs of 2057 atoms, the same phenomenon occurs, with an
extremely high surface concentration of gold of the order of 89%
(see Figure [Op). Clearly, the presence of gold segregating at the
surface with a low melting point is not an ideal condition for sus-
taining a solid state NP with a homogeneous solid solution. With
regard to the solid-liquid transition, it is interesting to note that
the calorimetry curve seems to indicate a second-order transition
(see Figure[OL).

Analysis of the radial density profiles within the CoNiPtAu NP
containing 2057 atoms provides further insight into this physical
process (see Figure [10). The initial configuration reveals quite
sharp peaks as expected for a crystalline structure with a homoge-
neous distribution of the elements. As the temperature rises, the
surface becomes enriched in Au, at the expense of Pt, which occu-
pies the sub-layer. On the other hand, the distribution associated
with Co and Ni does not vary significantly. Above 10 A, the atomic
density profiles display broad peaks indicative of the initiation of
a solid-liquid transition. We clearly establish that, while Co and
Ni are also present, the surface is strongly enriched in Au and en-
tirely depleted in Pt. As for the two immediate two sub-layers,
they consist mainly of Pt and a homogeneous mixture of Ni and
Co, with Au being nearly absent. When the solid-liquid transition
is reached, at 1100 K, all peaks disappear from the atomic den-
sity profiles revealing strong presence of Au atoms at the surface.
In contrast to CoNiPt NPs, the solid-liquid transition is smoother,
with a complete melting starting at the surface and extending
throughout the NP characterized by the continuous evolution of
the calorimetry curve typical of a second-order transition (Figure
[Ob). Finally, based on these findings, the enhanced thermal in-
stability of CoNiPtAu NPs is obvious, as compared to CoNiPtCu
NPs. Since gold is the element with the lowest surface energy
and the largest atomic radius, it is characterized by two driving
forces that greatly favor its segregation at the surface. In addition,
when NPs with different gold concentrations are investigated, it
appears that the segregation effect is enhanced for gold-enriched
NPs demonstrating that varying the atomic composition of each
element can impact the segregation behavior. Lastly, Au is the
element with the lowest melting point, and so, the solid-liquid
transition occurs at relatively low temperature, deviating from
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the ideal solid solution structure of HEA NPs with high melting
temperature targeted for various applications.

Discussion

Our detailed atomistic study revealed that the presence of Cu and
Au atoms have a negative impact on the thermal stabilization of
the NPs considered here. To illustrate this point, Figures and
b show melting temperatures and temperature segregation ranges
for different NP sizes from ternary to quinary alloys. This last in-
formation corresponds to the temperature range where significant
changes in surface concentration were observed during our sim-
ulations. Focusing on the melting temperature, we observe that
CoNiPt NPs have the highest melting points at a given NP size.
This characteristics results from the low melting temperature of
the atoms segregating at the surface, i.e. Co and particularly, Ni
atoms. This is confirmed by the estimated T,, derived from Veg-
ard’s law, which agree rather well with the values derived from
MD calculations. It is clear that for quaternary nanoalloys, the
incorporation of Cu and Au reduces the solid-liquid transition as
expected, since these two elements which segregate at the surface
have the lowest melting points. In the case of the quinary nanoal-
loys, the evolution of T,, is intermediate between those of the
quaternary nanoalloys considered, confirming once again that the
presence of both elements at the surface drives the mechanisms of
the solid-liquid transition. Regarding the temperature ranges in
which segregation occurs, CoNiPt exhibits the highest initial seg-
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regation temperature and the narrowest segregation range, all

of which stabilize rapidly with increasing particle size (see Fig-
ure[11p). In the case of quaternary nanoalloys, the most unfavor-
able situation is found in the presence of Au atoms, which seg-
regate at the surface at very low temperatures. The temperature
range is quite wide, and increases significantly with NP size. Such
characteristics are clearly damaging to the stability of HEA NPs. If
we consider CoNiPtCuAu NPs, we find an intermediate behaviour
with the two quaternary systems considered here, demonstrating
once again the importance and crucial role of Au and Cu elements
in the properties of these nano-objects.

Conclusion

In the present work, the thermal stability of the HEA NPs is anal-
ysed and quantified in terms of melting temperature, as well as
segregation mechanisms. On the basis of our work, we can state
that to obtain the most stable HEA NP possible, it is preferable to
consider systems where the element that will tend to segregate
(lowest surface energy and/or largest lattice parameter) has the
lowest melting temperature. As discussed in2®, for more simple
bimetallic system, it is possible to analyse the contribution and
impact of the three effects (the cohesion , the size and the alloy-
ing, i.e. the tendency of the alloy to form homo- or hetero-atomic
bounds) on segregation phenomena. Therefore, in the case of
Cu-Au, which is a system with a strong tendency to order 22, we
cannot ignore the fact that the segregation of the two elements
within the HEA NP is driven by the high tendency of the system to
form Au-Cu bonds. In addition, realistic atmospheric conditions
can introduce more complex factors since the surface chemistry
can be strongly modified by the interaction of each element with
the gaseous molecules. A typical example is the case of Cu-Au
binary NPs, where segregation of Au at the surface is observed
in vacuum conditions*? while the atmospheric environment re-
veals Cu segregation®l, Such studies imply a detailed analysis
of the driving forces, where MC-type simulations coupled to ma-
chine learning potentials can be more appropriated. This will be
a further step forward to provide a better understanding of the
phase stability and transformations of HEA NPs to identify the re-
spective influences of the different driving forces. This in-depth
analysis is incredibly complex, as each system is unique, but it is
essential to pave the way for rational optimization and design of
the phase structures of HEA NPs for application in various fields,
particularly at high temperatures.
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