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Multiscale approach for studying melting transitions 
in CuPt nanoparticles 

Luca Pavana, Francesca Balettoa and Rada Novakovicb  

A multiscale approach, based on the combination of CALPHAD and molecular dynamics (MD) 
simulation, is applied in order to understand the melting transition taking place in CuPt 
nanoalloys. We found that in systems containing up to 1000 atoms, the morphology adopted by 
the nanoparticles causes the icosahedral CuPt to melt at temperatures 100 K below that of the 
other morphologies, if the chemical composition contains less than 30% of Pt. We show that 
the solid-to-liquid transition in CuPt nanoparticles of a radius equal to or greater than 3 nm 
could be studied using classical tools. 	  
	  

	  

1 Introduction 

There has been increasing interest in multi-metallic systems, 
due to their peculiar physical and chemical properties that could 
be used in a wide range of applications, such as magnetism, 
plasmonics, electrochemistry and environmental engineering, 
and biomedicine.1-2 Breaking the bulk translation symmetry of 
a metallic system may lead to the presence of new physical 
properties, with respect to their bulk counterpart. For this 
reason, the combination of two metals offers an almost endless 
flexibility in terms of property tuneable as a function of system 
size, chemical composition, and chemical ordering compared 
with their elemental counterparts. In general, bimetallic 
nanoalloys form a core–shell, fully segregated Janus, random or 
ordered alloyed patterns, and evaluating their phase diagrams is 
a very active field of research.3-9 Nonetheless, there is always 
an interest in understanding the stability/instability of a 
chemical pattern, and/or of a specific structural motif adopted. 
In specific, the dependence of the melting/freezing transition on 
the size and shape of the nanoalloys is still an unsolved 
puzzle.10,11 
 
The limited amount of Pt, together with its high cost, requires 
the development of new alloys with comparable catalytic 
activity and a reduced Pt-content.12,13 The bulk Cu-Pt system 
has been investigated as an alternative to pure Pt and Pt-group 
catalysts or as a subsystem of Cu-Pt-Zr, Cu-rich glassy alloys 
containing a small amount of Pt, used for highly active 
methanol steam reforming catalysts.14 It has been shown that 
the unique properties of nanosized metals and alloys can offer 
solutions to engineering problems that are not possible using 
conventional alloyed metals.  

Pt-based nanoparticles are found to show a higher reactivity than 
those consisting of pure platinum, especially for the conversion of 
CO2, and as electrocatalysts in fuel cells for oxygen reduction.15-18 It 
is important to mention that coalescence has a detrimental 
effect on catalysis, due to a reduction in the electrochemically 
active surface area that reduces cell performance. However, in 
some applications, such as the fabrication of thick film 
conductors, the ability to enhance coalescence and the sintering 
processes is beneficial in order to produce high conductivity 
lines at low temperatures, and allow the development of many 
novel devices.19 Accordingly, knowledge of the favourable 
operative conditions for the coalescence of metallic 
nanoparticles at a multi-scale level are a necessary prerequisite 
for many applications. Very recently, several experimental groups 
have worked on the synthesis of CuPt. This compound exhibits a 
wide range of chemical patterns, i.e. core–shell, onion-like and 
alloyed, within various morphologies, such as cubes and spheres.20-23 
CuPt nanoparticles can be exploited as nanocatalysts thanks to their 
excellent catalytic activities, for CO and ethanol oxidation, as well as 
for the oxygen reduction.24 Although the importance and potential 
use of CuPt nanoparticles have been examined, few studies 
addressed their stability with regards external factors, such as 

The large surface area in nanosized systems results in temperature. 
high reactivity and many interactions between intermixed materials, 
leading to specific properties, such as melting temperature 
depression.25 

Here we study the melting/freezing transition of large, 3-6 nm 
radius, CuPt nanoparticles using a multiscale approach. A “top-
bottom” methodology, based on thermodynamic models, is 
used to study the melting  depression as a function 
of nanoparticle radius. At the same time, an atomistic “bottom-
up” approach based on molecular dynamics simulations is 
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applied, in order to address the issue of whether the shape and 
the chemical ordering has any effect on the system. 
The manuscript is divided as follows: we describe both 
numerical approaches, then we show our predictions within the 
framework of classical theory, and then we discuss our 
atomistic simulation results. 
 
2 Thermodynamic models and atomistic approaches 

Our methodology is a combination of “top-down” 
(thermodynamic and CALPHAD method) and “bottom-up” 
(atomistic molecular dynamics) approaches. Phenomenological 
considerations led Thompson26 and Pawlow27 to develop 
independently quantitative relationships between the melting 
temperature of a small particle and its size, showing that the 
melting temperature depression increases with a decrease in 
particle size. Based on their idea, many different theoretical 
models have been developed in order to predict the depression 
of the melting point with respect to the bulk value, as a function 
of the radius of the nanoparticle, which is assumed to be 
spherical. The thermodynamic models, recently reviewed by 
Barybin and Shapovalov in Ref. [28] describing the melting 
behaviour of nanosized particles have been experimentally 
verified on pure metals, confirming that the melting 
temperature and particle size are inversely proportional, at least 
in a size range above several nm. In the following, the melting 
behaviour of Cu and Pt nanoparticles has been predicted within 
the liquid layer model (LLM) model,29 as this exhibits the best 
agreement with the experimental data on Cu,30 while in the case 
of Pt,31 a scatter observed was significantly lower in 
comparison to the results obtained by the other models listed 
in.28 In the LLM, the melting temperature depression is given 
by 

∆𝐓𝐦 𝐫
𝐓𝐦𝐛𝐮𝐥𝐤 =   

𝐯𝐬∙𝟐𝛔𝐬𝐥
∆𝐇𝐦∙𝐫

𝟏 + 𝐫
𝐫!𝐥

𝛔𝐥
𝛔𝐬𝐥

𝟏 − 𝐯𝐥
𝐯𝐬

   (1) 

where ∆𝐇𝐦
𝐛𝐮𝐥𝐤    𝐚𝐧𝐝  𝐓𝐛𝐮𝐥𝐤𝐦    are the molar heat of fusion and 

melting temperature of the bulk; 𝐯𝐬 and 𝐯𝐥 are the molar volume of 
the solid and liquid, respectively. 𝛔𝐬,  𝛔𝐥 and  𝛔𝐬𝐥 are the interfacial 
energies of the solid-gas, liquid-gas and solid-liquid, respectively, 
while 𝒓 and 𝒍 are the nanoparticle radius and critical thickness of the 
liquid layer.  

The phase diagram and hence the melting behaviour of bimetallic 
nanoalloys can be calculated by the Calphad ( “Calculation of Phase 
Diagrams”) method,32 that has been widely used for the study of 
phase equilibria of binary, ternary and multicomponent systems as 
well as for the calculations of their of phase diagrams. In order to 
calculate the phase diagrams of nano-sized alloys, Tanaka and Hara 
extended the Calphad method taking into account the effect of 
surface energy on the thermodynamic properties of small systems,33 
where a minimization of the total Gibbs free energy of a small 
system gives its phase diagram as a function of particle size. The 
molar Gibbs energy of the entire system is given by the sum of the 
molar Gibbs energies of the phases present in the system. The 

surface energy term containing the surface tension, molar volume, 
correction factor and particle radius is added to the Gibbs free 
energy of each phase of the system. The surface tension of a binary 
liquid alloy phase can be calculated from the Butler equation where 
the partial surface excess Gibbs energy is related to the bulk one 
throughout a parameter corresponding to the ratio of the 
coordination numbers in the surface phase to that in the bulk, as we 
discussed in our previous work.34 It has been shown that the Calphad 
method is appropriate for simple binary nanosized systems, 
characterised by lens type phase diagrams, such as AuAg35 and 
CuNi,38 or eutectic, as AgCu,36 and peritectic alloy systems,33 while 
for compounds forming nanosized systems due to complex phase 
equilibria, its application requires some simplifications.39 The lower 
size limit used when applying the Calphad method for nanosized 
binary alloy systems and subsequently their phase diagram is system 
dependent, but generally the smallest particle radius is estimated to 
be 4-5 nm.28,37  
 
Our “bottom-up” approach consists in the modelling of the 
melting/freezing phase transition over a wide cluster size range, 
using a classical molecular dynamics (cMD) tool.40 A velocity-
Verlet algorithm is applied in order to integrate Newton’s 
equations of motion with a time step of 5 fs. The temperature of 
the whole system is varied at a constant rate, referred to as the 
melting/freezing rate. An Andersen thermostat, with a 
frequency set in such a way that the diffusion properties of the 
system are not affected, controls the temperature between two 
subsequent increments. In our previous work,41 we have shown 
that this approach can be successfully applied to nanoalloys 
showing that few impurities could change dramatically the 
melting temperature of in the sub-nanometre regime. 
Furthermore, we have performed few growth simulations in 
order to understand the preferential chemical ordering in CuPt. 
The growth model is the one described in our previous 
works,3,42 where atoms were deposited one-by-one over an 
existing core, between two subsequent depositions, all the 
atoms of the clusters are free to move, and the temperature was 
kept constant throughout an Andersen thermostat. Our growth 
simulation results are summarised in Section 3.3. In any event, 
the inter-particle potential assumes the analytic form proposed 
by Rosato-Guillope-Legrand (RGL), a second-moment 
approximation of the tight binding method, in which the total 
energy is given by 
 

𝐸!"! = 𝐸!!! +𝐸!!       (2) 
 
where the sum is calculated over each atom i. The repulsive 
term is a Born-Mayer term,  

     
 (3) 

 
while the attractive term is, 
 
 

    (4) 
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Janus-like system results in well-defined core/shell structures
with few defects, depending on the growth condition, whereas
the addition of silver over a perfect core/shell leads to the
formation of a Janus-like motif. These findings corroborate the
hypothesis that the chemical composition is the driving factor
behind specific chemical orderings for AgCo nanoalloys.

The paper is organized into the following sections: section
II reports the computational approach, with results presented
in section III, and a discussion along with conclusions in section
IV.

Computational Method

The interparticle interactions are modeled using a semiem-
pirical many-body potential derived within the second moment
approximation to the tight-binding model,27 where the total
energy Etot is expressed in terms of the sum over all the atoms
i of two terms

where the repulsive Born-Mayer Ei
r part is

and the band energy term, Ei
b, could be written as

In the above equations, the distance between the atomic sites i
and j is rij, while the nearest-neighbor distance is labeled with
rR, !

0 , where R ) A, B and ! ) A, B have been introduced to
distinguish between the two chemical species A and B for the
atom i and j, respectively. For the homoatomic pair, rAA

0 or rBB
0

coincides with the pure metal nearest-neighbor distance, while
for a heteroatomic pair, it is given by the average of the values
in the pure metals:

Table 1 reports the potential parameters used in our simulations.
They are fitted to several bulk experimental values, such as the
cohesive energy εcoh, the lattice parameter, and the elastic
constants as the bulk modulus, C44, and C’. The heteroatomic
interactions are fitted to the solubility energy of an impurity A
into B bulk and vice versa. Agreement with higher accuracy
level methods, such as density functional calculations, and with
experiments has been proved elsewhere.8,16

Two growth modes were investigated: constant temperature
with varying size and constant size with temperature variation.
The first mode refers to the atom-by-atom growth over an initial
seed.28,29 After the thermalization of the initial seed for several
picoseconds, atoms are deposited one-by-one with a certain
deposition rate, τG. The incoming adatom moves with a constant
velocity toward the cluster from a randomly allocated site around
the center of mass of the seed itself. In between two subsequent
depositions, constituent atoms of the cluster are free to move
according to Newton’s equations of motion, and the overall
cluster is thermalized at a temperature T via an Andersen
thermostat,30 where the velocities of randomly chosen atoms
are extracted from the Boltzmann distribution at the desired
temperature. It has been shown that this stochastic thermostat
can describe realistically both the growth in inert gas aggregation
sources,28 where the nanoparticles are thermalized through
collisions with inert gas atoms, and the freezing of nanopar-
ticles.31 The robustness is ensured by a suitable thermostat
frequency, which does not affect the diffusion properties of the
system.24,28,29

Here, we have considered the deposition of cobalt atoms over
crystallographic (a regular truncated octahedron, TO201) and
noncrystallographic (decahedra, Dh75, 146 and icosahedra,
Ih55, 147, 309) silver cores in the temperature range of 450-650
K. Two different τG deposition rates were used: one medium,
τM

G , corresponding to one atom each 2 ns, and one slow, τS
G,

equal to one atom each 5 ns. In the instance of growth over
very small seeds, a slower rate of 1 atom each 49 ns has been
considered. Because the results are not qualitatively different,
they are not reported in this paper. Our results are averaged
over at least four simulations, done for each possible choice of
initial morphology, temperature, and deposition rate. In the case
of high temperatures, where the nanoalloy has enough kinetic
energy to undergo major structural transformations, we have
performed 12 simulations at τS

G per each initial silver morphol-
ogy. No qualitative change appears, notwithstanding consider-
ation of additional statistics.

The second formation mode considered, simulation of freez-
ing of a liquid droplet of a given size and chemical composi-
tion,32 mimics cluster growth as a liquid droplet up to a given
size, followed by solidification. The clusters to be frozen were
chosen among growth snapshots obtained by the inverse
deposition method, described previously. The temperature is
decreased with a given freezing rate τF. Two freezing rates were
used: one slow τS

F ) 1 K/ns and one medium τM
F ) 10 K/ns.

The results are averaged over at least five simulations.
Our analysis is based on both energetic and geometrical

considerations. The energetic features are examined by monitor-
ing the energy in excess, versus the number of deposited cobalt
atoms, ∆ ) ∆(Ndep

Co ). Letting Ntot ) Nseed
Ag + Ndep

Co be the total
number of atoms in the cluster, the quantity ∆ is defined as

where Etot is the total energy of the cluster and Ebulk is the bulk
energy given by NAgεAg

coh + NCoεCo
coh, with obvious meaning of

the symbols. Values for the cohesive energies of silver and
cobalt are reported in Table 1. Local minima in the excess
energy suggest a particularly favorable structural motif. On the
other hand, because this quantity is very sensitive to structural
defects, frequent during a growth process, even small variations
in ∆ were investigated.

TABLE 1: Parameters of the Energetic Model for
Heteroatomic Interactions for AgCo Systems, Taken from
ref 24

alloy A (eV) $ (eV) pR! qR! rR!
0 (Å) εcoh (eV)

Co-Co 0.1757 1.8430 9.21 2.795 2.500 4.45
Ag-Ag 0.1043 1.1940 10.79 3.190 2.890 2.95
Co-Ag 0.1444 1.4776 10.01 3.085 2.695

Etot ) ∑
i

Ei
b + Ei

r (1)

Ei
r ) ∑

j

AR!e-pR!( rij

rR!
0
-1) (2)

Ei
b ) -∑

j
!$R!

2 e-2qR!( rij

rR!
0
-1) (3)

rAB
0 )

rAA
0 + rBB

0

2
(4)

∆ )
Etot - Ebulk

Ntot
3/2

(5)
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In this article, the influence of different facets and edges in
the oxygen adsorption on platinum and PtNi nanoalloys has
been investigated by means of DFT calculations. The choice of
platinum–nickel is due to the fact that little has been said
about its structural and chemical order26 despite the fact its
catalytic activity is very high.27 In addition, Zhang et al. have
demonstrated that PtNi nanooctahedra are more active than
nanocubes, thanks delimited by (111) facets.28

It has to be said that, frequently, theoretical predictions are
performed using periodic first-principles simulations of a
surface system (stepped, compressed) without taking explicitly
into account the shape, the finite facets and the chemical
ordering of the nanoparticle itself. This could explain a
discrepancy between theoretical predictions and the experi-
mental results of the ORR activity plotted as a function of the
strain. While in the density-functional calculations, the ORR
activity peaks around a compression of 2%, experimental
strains larger than 4–5% are still improving it. A combination
of empirical (Gupta) potential and density-functional theory
has been successfully used to provide a complete characterization
of the adsorption of the CO molecule on nanoalloys, in order
to detect CO-reactivity versus the size, structure and chemical
order of the nanoparticle itself.29

Following the same procedure, the chemisorption of oxygen
on PtNi nanoparticles, a first step for detecting the catalytic
reactivity of the system, has been studied as a function of the
composition and size of the cluster and it has been compared
to the case of pure Pt-nanoparticles. A pool of putative global
minima have been predicted using a parallel excitable-walkers
basin hopping method,30,31 where the atomic interaction is
modelled through an empirical potential. Both alloyed and
de-alloyed systems have been considered. It has been found
that, in a Pt-rich composition, a core–shell motif is preferen-
tially formed with platinum at the surface while Ni starts to
appear at vertices when its concentration is increased. On
small nanoalloys (diameter of 1 nm and below) the predomi-
nant effect on the ORR is geometrical while the ligand effect
appears to be negligible, in agreement with the experimental
data.24 In fact, on small pure Pt clusters the relaxation of the
edges is massive and induces major structural changes allowing
a positive strain (elongation) of the Pt–Pt bridge where oxygen
is adsorbed allowing a significant increase of the O2-binding
energy. On the other hand, thanks to their mismatch, a Ni-core
favours the contraction of the Pt–Pt bond, leading to a similar
adsorption energy of clean Pt(111) at sizes as small as
55 atoms.

2. Computational methods

The structure and the chemical ordering of PtnNim, with N =
n + m in the range 13 to 55 and for composition and n Z m,
have been investigated by global optimization methods,
where the interaction is modelled via empirical potential
(EP). The choice of the chemical composition is in order to
have core–shell motifs while when n = m we can observe the
effect of Ni atoms at the surface. The alloyed clusters are
compared with the pure Pt cluster of the same size. The
transition metal interaction is modelled by a many-body
potential derived from the second-moment approximation

of tight binding.32 The total energy per atom i, Ei
tot is given

by the sum of two terms:

Ei
tot ¼ Er

i þ Eb
i ð1Þ

where the repulsion is written as a Born–Mayer term

Er
i ¼

X

j

Aabe
%pab

rij
r0ab

%1

! "

; ð2Þ

and the attractive part is a many-body term

Eb
i ¼ %

X

j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2abe
%2qab

rij
r0ab

%1

! "vuut
; ð3Þ

where rij is the distance between the atoms at sites i and j. The
labels a and b have been introduced to distinguish between
the homoatomic and the heteroatomic interactions, a being
the chemical species of atom i, and b of the jth atom. r0ab is
the nearest neighbour distance: for a homoatomic pair, it
coincides with the pure metal nearest-neighbour distance,
while for a hetero-atomic pair it is given by their average

distance r0AB ¼ r0
AA

þr0BB
2 .

The parameters (Aab, xab, qab, pab) are fitted to the bulk
experimental values of cohesive energy, lattice parameter and
elastic constants for the pure elements; while the hetero-atomic
interaction PtNi considers the geometrical average for Aab and
xab and the average for pab and qab of the homoatomic values
respectively. A similar parametrization has been adopted in a
previous work on PtNi clusters.26

It has been intensively demonstrated that the above EP
approach can predict the stability of structural motifs both for
pure clusters33 and for nanoalloys.26,29,34 Our EP results have
been checked by first-principles calculations, using the Quantum
ESPRESSO package (QE),35 a plane-wave code based on
density-functional theory.36,37

In our DFT simulations, the exchange–correlation energy and
potential is described self-consistently within the generalized
gradient approximation (GGA) throughout the Perdew–
Burke–Ernzerhof (PBE)38 functional. The Rabe–Rappe–
Kaxiras–Joannopoulos ultrasoft pseudo-potential (USPP)
has been used to model valence electron–nuclei interactions
in the metals, while a Vanderbilt USPP is considered for the
oxygen case. The plane-wave basis set included plane waves
with a energy cut-off of 45 Ry and a charge density cut-off was
set at 360 Ry. The electronic configuration considered is 5d96s1

for Pt atoms, 3d94s1 for Ni atoms and 2s22p4 for oxygen. A
non-linear core correction has been included. Due to the
magnetic nature of the chemical species considered, spin
polarised calculations have been performed. Periodic boundary
conditions were applied and a sufficiently large box of at least
35 Bohr has been considered to avoid spurious effects between
periodic images. Electronic eigenstates have been calculated
at the G point only. To improve convergence, a Marzari–
Vanderbilt smearing with 0.04 Ry as a degauss value has been
introduced for the calculation of the electronic density of
states.39 In a few cases, a structural optimisation, with
no symmetry constraints, has been performed within the
Broyden–Fletcher–GoldfarbShann (BFGS) procedure, until
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In Eq.(3) and Eq.(4), rij is the interatomic distance between each 
pair, while the nearest-neighbour distance is labelled with r0

αβ. 
The label “αβ” refers to the different chemical species. For a 
homo-atomic pair, r0

αα and r0
ββ coincide with their bulk nearest-

neighbour distances, while for hetero-type pairs this is given by 
the arithmetical average of the two homo-atomic values. The 
four parameters appearing in Eqs 3-4 are determined in order to 
reproduce the experimental values of cohesive energy, lattice 
and elastic constants (such as bulk modulus) in the case of 
homo-atomic interactions are taken from43. The mixed 
parameters are obtained by averaging the pure ones. ξαβ stands 
for the cohesive energy and the pq product determines the 
wideness of the potential well. This appears to reproduce the 
general trend of having a Cu-shell, and even an onion-shell 
ordering, as predicted recently using grand-canonical Monte-
Carlo with an ad-hoc embedded-atom model.23 
 
3 Results  

First of all, we would like to discuss our cluster size range 
choice. It has been recently shown that the thermodynamics 
arguments are valid for particles with a radius between 2-4 nm. 
At smaller sizes, the phonon diffusion length is of the same 
order of the maximum pair distance and it is a challenge to 
define the cluster temperature.44 There are studies that have 
shown that a thermodynamic theory is valid for PdPt 
nanoparticles of 4 nm.11 The same authors have also addressed 
the shape effect for metallic particles, including gold, silver, 
nickel and few data for platinum.10 From those studies, it 
appears that the shape factor is quite significant comparing 
cube, tetrahedron, sphere and icosahedra, but less important if 
one compares icosahedron, truncated octahedron respecting the 
Wulff construction.45 Saying that, we are expecting that the 
shape factor clearly plays a role for systems containing up to 
1000 atoms, but it is likely to be less and less important at 
larger sizes. In addition, our growth simulations in the sub-nano 
regime, show that the main geometrical motifs for CuPt are the 
decahedron (Dh) and FCC shapes, reminiscent of a Wulff 
truncated octahedron (TO) or of a cubo-octahedron (Co) with 
several stacking faults. The Co is still a truncated-octahedron 

family delimited by triangular (111) facets alternating square 
(100) facets, while the Wulff-To shows regular hexagonal (111) 
and square (100) faces. 
 
3.1 Thermodynamic prediction of the melting transition of 
nanosized systems 
 
The calculation of the phase diagram of Cu-Pt nanoalloys has been 
done taking into account the descriptions of new phases using the 
Gibbs free energy data46 and the surface energy terms expressed 
by the surface tension of the liquid47,48 or solid phases49 
together with the molar volumes of the liquid50 or solid 
phases.51 For the sake of clarity, the values used are 
summarized in Table 1.  

 
After optimization, due to uncertainties in the data of thermo-
physical properties, the results obtained seemed to be correct 
for particle radii greater than 25 nm. Because of that, the results 
obtained by the Calphad method have been compared to the 
“liquidus and solidus curves” calculations, in the simplified 
version for lens type phase diagrams described in Ref. [48]. 
Using that method, we have calculated a difference up to 72 K, 

Fig. 1 Calphad thermodynamic prediction of the melting temperature depression of elemental Cu, Pt and bimetallic CuPt nanoalloys at 1:1 composition, left panel. Red lines refer to 
the bulk limit for pure metals and their alloy. The full symbols correspond to experimental data taken from Ref.[24,25] while the open triangles refer to the calculated points from Eq. 
(1). For CuPt the linear dependence of the melting transition versus 1/r is shown in the right panel.  

Table 1  The parameters used for the calculations of the melting temperature of Cu, Pt and 
CuPt nanoparticles 

______________________________________________________________________ 
    

  Cu    Pt     CuPt 
______________________________________________________________________ 

)(KTm          1356.1550         2047.1550    ≈ 1844 46 
 

)(KTb          2903.1550         4077.1550     
 

)( 1−Nmlσ  1.36747          1.80048       1500calc.  
 

)( 1−Nmsσ  1.59249          2.48249        
 

)( 1−Nmlsσ  0.23428          0.271calc. 
 

)( 13 −molcmvs  7.580 '610−⋅
28         9.020 '610−⋅

47 
 

)( 13 −molcmvl  8.000 '610−⋅
28         10.310 '610−⋅

50 
 

)(nml   1.000estim.         1.000estim. 

 
)( 1

;
−

− molJGxs phasesPtCu               Optimized data sets46 
______________________________________________________________________ 
___________________________________ 
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while in the bulk phase diagram it is 60 K, between the liquidus 
and solidus temperatures. Combining the LLM in Calphad and 
the corrections provided by the calculus of liquidus and solidus 
curve, we have calculated the melting temperature of CuPt 
nanoparticles with a radius varying between 3 and 40 nm. Our 
results for the pure metals and the 1:1 chemical composition are 
shown in Fig. 1a. The melting temperature of a 3 nm cluster has 
been estimated in order to have a direct comparison with the 
atomistic approach discussed later. In the left panel of Fig. 1, 
the bulk reference values have been added. Furthermore, we 
have analysed our thermodynamic prediction fitting the 
relationship 1−∝Δ rTm , as shown in Fig. 1b. As expected since 
the works of Thompson and Pawlow,26,27 a linear dependence 
of the melting temperature, and hence of the melting depression 
has been verified, as in the case of BiPb nanoparticles.37 The 
fitted line is for the melting temperature is Tm = -1482.3*(1/r) 
+ 1859.2, where r is the radius of the nanoparticle. 
 
 
3.2 Melting and Freezing throughout atomistic simulations  
 
We are interested in estimating the point at which a 
thermodynamic approach could be safely applied for predicting 
the melting transition of a nanoparticle. We have considered 
three nanoparticle sizes of 309, 923 and 6266 atoms, 
corresponding to a diameter of 1.8 nm, 3.3 nm and 6 nm, 
respectively. The melting/freezing rate has been chosen to be 
50 K/ns, and the cluster temperature, T, was varied between 
800 and 1600 K for 309 and 923 atom systems, while 6266 
atom clusters were heated at faster rates of 100 and 500K/ns 
between 1000 and 1600 K and then cooled at a rate of 40 K/ns. 
Our results have been averaged over at least five separate 
simulations. The melting temperature has been defined as the 
average between the temperatures at which a phase transition 
happens during a melting and a freezing. This corresponds to 
the peak in the specific heat. 

 
At 309 atoms, we have considered a cubo-octahedron (Co) and 
an icosahedron (Ih) for a 1:1 chemical composition with a Cu-
shell@Pt-core, or a randomly alloyed chemical order. Although 
a mixing is expected in the bulk limit, our growth simulations 
show that a Cu-rich uppermost shell is likely to form. Our 
results are summarised in Fig. 2 where the caloric curves are 
plotted. The caloric curve is the potential energy rescaled with 
respect to the value of the corresponding shape at 0 Kelvin, as a 
function of the averaged temperature. The melting occurs at 
1050 +/- 50 K independently on the chemical ordering chosen 

at the beginning. Thus, we show our analysis for the core-shell 
case. 
 
Our structural ‘on-the-fly’ analysis involves the monitoring the 
number of homo and hetero bonds and the mapping of the 
chemical ordering throughout a radial chemical distribution 
function (RCDF), reported in Fig. 3. The RCDF is defined as 
the molar ratio of Pt in the volume delimited by two spherical 
surfaces centred on the centre of the whole nanoparticle and 
having radii r and r+ε, for r that takes all the values integer 
multiples of ε from zero to the maximum pair distance of the 
cluster. The thickness, ε, is kept fixed at 0.3 Angstrom. The 
colour of each dot signifies the chemical composition, from rich 
(blue) to poor (red) in Pt. The number of homo- and mixed 
bonds reveals a chemical rearrangement in which Cu is 
diffusing towards the centre of the clusters and a mixed 
interlayer is formed. This migration is more evident in the case 
of Ih than in the case of Co. In any event, before the melting, 
the formation of an onion-like structure with a Cu-shell, a 
mixed sub-shell and a Pt-core is observed. After the melting, 
the liquid shell is still rich in copper, but its thickness is 

reduced and many copper atoms diffuse towards the centre. 
 
At 923 atoms, we have considered the three main geometries, 
namely the icosahedron, the Ino-decahedron and the cubo-
octahedron, at five different compositions, corresponding to a 
copper molar concentration of 0, 0.25, 0.50, 0.75, and 1. A 
mixed and random chemical ordered has been chosen. Thanks 
to the analysis of the melting of the three structural motifs we 
should be able to address if there is any shape effect that could 
be added eventually into the classical analysis. The caloric 
curves obtained for the 923-atoms cases are reported in Fig. 4.  

Fig. 2 Caloric curves of Co (blue) and Ih (red) at 309 atoms, for a 1:1 composition 
CuPt. The potential energy, in eV, is rescaled against its value E0 of the structure at 0 
Kelvin. The Ih undergoes to a structural change around 800 K. 
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Fig. 3 RCDF and number of bonds during the melting of a Ih and a Co CuPt clusters 
at 1:1 chemical composition.
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The shape effect is still present, in fact the Ih melts at a lower 
temperature than the Dh and the TO, except for very Cu-rich 
clusters, for which the Ih is still the most energetically 
favourable. In Fig. 5, we have summarised the melting 
transition reporting the estimated melting temperature versus 
the chemical composition per each of the considered 
geometries. A linear behaviour is observed for all structural 
motifs but for the Co and the Tm increases as 5.12 K/Pt-
concentration while only 4.3 K/Pt-concentration for Ih. This 
should be explained as platinum disfavours the icosahedral 
motif in this size range. 
 

Regarding the chemical ordering, there is clear tendency to 
form a Cu-shell, a mixed subsurface layer and then a third 
region Pt-rich, although we were starting from a randomly 

mixed case, as depicted in the RCDF shown in Fig. 6 for the 
1:1 composition and for the three polyhedra. The inner core is 
usually Pt-rich, except for the Dh where potentially a four-
onion shells chemical pattern is found at least up to 50% of Pt, 
where we found mainly Cu in the inner, followed by a Pt-rich 
and then a mixed layer, and the outermost layer is still Cu-rich. 
The melting transition corresponds when the core starts to be 
disordered. We should note that, especially for the cubo-
octahedron, just before the melting there is the formation of a 
Pt-rich layer. Furthermore, even at very high T, as high as 1600 
K, where the cluster is melted independently of its chemical 
composition, we have that Cu atoms still decorate the surface of 
the liquid droplet.  
 
For quantifying the mixing, the number of homo-pair and the 
hetero-pairs has been monitored during the melting simulation. 
It turns out that the number of mixed pair is roughly constant 
for all the chemical composition, with just a small increase or 
decrease close to the melting transition, as reported in Fig. 5. 
The number of Cu-Cu bond (red line in the right panel of Fig. 
4) decreases at the melting point independently of the chemical 
composition chosen. This should be explained in terms of the 
fast diffusion of copper towards the low coordinate sites at the 
surface. On the other hand, Pt atoms still occupy inner position 
and thus the number of pure Pt-Pt pair should eventually 
increase when the melting takes place. For the largest system, 
only a truncated octahedron of 6266 atoms with a randomly 
mixed chemical ordering has been considered. The 

Fig. 5 Melting temperature, in Kelvin, dependence on the molar Pt –concentration. 

Fig. 4 Caloric curves, for the 923 atoms cubo-octahedron (blue), decahedron (black) and 
icosahedron (red). The Pt concentration grows from bottom to upper panel. On the right 
panel, the evolution of the number of homo and hetero bonds (in %) in a Co, is monitored 
as a function of the time and per each molar composition. Similar results have been 
obtained for Ih and Dh. 

Fig. 6 Time evolution of the RCDF for a cubo-octahedron (top), decahedron (bottom), 
icosahedral (middle) at 923 atoms and equi-composition. The colours scheme refers to 
the molar density where blue and red mean high and low % of Pt , respectively. 
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melting/freezing transition of this 6 nm, alloyed nanoparticle is 
depicted in Fig. 7, where the caloric curve is plotted. 
 

First of all, we would like to comment the huge hysteresis that 
takes place –the freezing temperature is about 400 K less than 
the melting point-, where apparently a super cooled liquid 
droplet is formed with a Cu-rich shell, then a strongly mixed 
subshell, a third Pt-rich layer, as depicted in the radial chemical 
function as reported in Fig. 8. However, as the melting rate was 
10-fold faster this huge hysteresis might be an artefact. Let us 
first discussed the freezing.  
One should note that the solidification happens in two stages: 
the first one when the radius of the cluster shrinks and there is 
the formation of few solids small regions (T1 ~ 1400 K) but the 
region around the centre of mass is still not formed, and the 
second stage, when an ordered inner core starts to be formed 

(T2~1025 K). Furthermore, one should note that the droplet 
solidifies in a centred structure –meaning that there is a Pt atom 
very close to the geometrical centre of mass. From the caloric 
curve one can identify the freezing when the ordering of the 
inner shells takes place.  
  
In the data obtained from the melting simulations, we observed 
a stage in which Cu atoms are quite mobile (T between 1100-
1300 K), and the cluster is slightly expanding. Eventually the 
diffusion is helped by a kind of vacancies, highlighted in Fig 8, 
not corresponding to geometrical shells. In that wide 
temperature range, the structure is still well defined and we 
observed a quite significant increase of copper atoms at the 
surface. At the same time, we can easily notice the formation of 
an alloyed sub-surface layer and a Pt-rich region as third shell. 
As the temperature increases, the RCDF shows a broadening of 
the platinum region shell. 
 
3.3 Growth atomistic simulations  
 
Few growth simulations at 600 K have been carried out starting 
from different cores between 55 and 75 atoms, and then 
depositing Cu or Pt atoms one-by-one to 200 atoms, following. 
The deposition rate was of one atom each ns. The deposition is 
in such a way that Cu or Pt atoms are deposited with the same 
probability and in order to keep roughly a 50% of the chemical 
composition. The starting cores were a copper icosahedron (Ih) 
or cubo-octahedron (Co) of 55 atoms or a decahedron core at 75 
atoms. The structural evolution shows that after few 
depositions, the Ih is not any longer favoured but face-centre-
cubic or decahedral geometry is formed. Often the decahedron 
has its 5-fold axis very close to the surface, in such a way that 
the formation of face-centre-cubic motifs with several stacking 
fault planes is very likely. In terms of the chemical ordering we 
observe that a good intermixing occurs although a Cu-rich 
surface has been formed while Pt seems to prefer to occupy 
core sites. Cu atoms are more mobile than the platinum ones, as 
one should expect as Pt is more cohesive than copper. When the 
decahedron is the initial configuration this is maintained and it 
is likely to have a copper-shell upon a Pt core. The presence of 
Cu at the surface should be due to its favourable surface energy 
with respect to platinum. A platinum core should be also 
explaining why the icosahedral shape is not favoured even at 
such small sizes as Pt usually prefers decahedral motifs already 
at these size ranges.41 
 

4 Discussion and Conclusions 
A combination of thermodynamic and atomistic simulations has 
been applied in order to study the depression of melting points 
in CuPt nanoalloys. We find that for CuPt clusters of a radius 
between 1.5 and 3 nm, melting occurs between 950 and 1500 
K, depending on the Pt concentration, where platinum-richer 
clusters exhibit a higher melting temperature. For clusters with 
a radius up to 1.6-2 nm, there is still a shape effect, as the 
melting transition of decahedra and truncated octahedrons melt 
at slightly higher temperatures than Ih. Nonetheless, this effect 
is small, and this is in agreement with the predictions made for 
similarly shaped PtPd nanoparticles with a radius of 4 nm.8,9,53 
We would like to stress that if a structure is very unfavourable 
for a given chemical composition, it will rearrange toward a 
more stable shape before melting. We have found that the 
thermodynamic approach gives important and useful insights 
into the thermal behaviour of nanoparticles with a radius above 

 

Fig. 7 Caloric curve during the melting/freezing of a truncated octahedron of 6266 
atoms CuPt with mixed chemical pattern.  

Fig. 8 Time evolution of the RCDF for a TO of 6266 atoms for melting (left) and freezing 
(right). Black arrows indicate the two stages during the solid-to-liquid –and vice versa- 
transition. Blue dots refer to a Pt-rich region, while red are for a Cu-rich one.  
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3-4 nm. Below a radius of 3 nm, the shape effect eventually is 
important and classical thermodynamic models appear to 
greatly underestimate the melting temperature, as depicted by 
our linear extrapolation in Fig. 9. Thus, the 3-4 nm size range 
seems to be a promising size range where the classical and the 
atomistic approaches might be combined. To improving the 
agreement between these models and experimental data, other 
physical factors such as interatomic diffusion, and then a 
change of the chemical compositions in each layer, and the 
dependence of the surface tension by the chemical ordering, 

should be explicitly taken into account. Nonetheless, the 
comparison of dynamic and thermodynamic simulations might 
lead to the observation of super-liquid/super-cooled phases. The 
huge melting/freezing hysteresis found for the TO at 6266 
atoms, indeed, together to the fact that Calphad and cMD 
predict similar melting temperatures, should be explained in 
terms of the formation of a super-liquid phase during the 
freezing. This effect should be confirmed by experimental 
evidence and we hope that our work will stimulate further 
research in this direction. At the same time, it would be of great 
importance to develop a thermodynamic model in order to 
predict the solidification curve, independently of the melting, in 
order to verify the existence of huge hysteresis in large 
nanoparticles, as the one found in our molecular dynamics 
simulations. 
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