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ABSTRACT: Large-scale nanoalloys of Co−Pt from 3 to 7 nm are
modeled using realistic atomistic potentials and Monte Carlo simulations,
sweeping the entire concentration range. They display a clear tendency to
reproduce bulk-ordered phases in their core- and surface-ordered
superstructures on their facets. Most of the ordered facets are simply
the termination of the core-ordered phase but one of them, namely, (√3
× √3)R30°(111), is not compatible with the core structure, inducing
disorder underneath (111) facets. At equiconcentration, the L10 phase,
within the truncated octahedral shape, displays (100) facets leading to
both pure and mixed variants with no surface rearrangements. However,
we predict mixed composition on all (100) facets, as for the infinite (100)
surfaces, indicating a chemical ordering frustration in nanoalloys. For 5-
fold symmetric structures like decahedra and icosahedra, the core
ordering remains inside the multiply twinned tetrahedra forming the decahedral or icosahedral structure.

■ INTRODUCTION

Nanoalloys1 combine finite size effects and alloy effects,
significantly extending the range of nanomaterial properties.2−4

A crucial step for the control of these properties is to
characterize structural and chemical arrangements and link
these with functional and mechanical properties. Experiments
have made impressive progress to synthesize5 and characterize
nanoalloys of controlled size, morphology, and composition. It
is now possible to determine by aberration-corrected high-
resolution microscopy techniques, the nature of the segregated
element at the surface of the cluster.6−8 However, the precise
chemical arrangement at the surface is still challenging to
observe, meaning experiments, such as in situ grazing incidence
X-ray diffusion9,10 or scanning transmission electron micros-
copy7,8 with high-angle annular dark-field imaging, often need
simulations to refine their interpretations. Co−Pt nanoalloys
have been extensively studied for more than 15 years because
of their potential applications in catalysis and ultrahigh density
magnetic storage, giving rise to a review devoted to that
subject.11 In fuel-cell applications, Co−Pt nanoalloys present
two advantages. The first is to reduce the amount of Pt and,
therefore, reduce the cost, which is essential for the
commercialization of zero-emission vehicles.12 The second is
that it presents higher activity in the electrochemical oxygen
reduction reaction as compared to pure Pt. In particular, the
L10 ordered phase of the CoPt alloys has been measured to be
seven times more active than the disordered phase.13 Chemical
ordering of the bimetallic nanoparticles is also crucial in
magnetic applications to maintain the magnetic moment
orientation of one nanoparticle corresponding to one macro-

spin.14 Indeed, the L10 ordered phase constituted by an
alternance of pure Pt/pure Co atomic layers sensibly increases
the magnetic anisotropy in bulk alloys, which is also expected
for nanoalloys.15−17 There is, thus, detailed knowledge of how
precise chemical ordering in the core and on the surface of the
bimetallic nanoparticles is crucial to control their properties.
However, it was not evident that small nanoparticles (of

diameter 2−3 nm) can be ordered with the L10 phase like the
bulk alloy.18 Indeed, it has first been shown experimentally that
nanoparticles had to be heated during or after their synthesis to
reach the equilibrium phase, which was indeed L10 in the face-
centered cubic (fcc) structure.9,10,19−27 This does not exclude
the presence of other structures such as decahedra or
icosahedra at small sizes, but even in the case of decahedra,
some locally nano-L10 phases have been observed.26

Theoretical studies28−33 have been undertaken, sometimes in
collaboration with experiments,10,22 to better understand and
identify the chemical ordering, with possible competition from
surface segregation, which experimental observations could not
always characterize. More recently, using X-ray photoelectron
spectroscopy and a theoretical model based on electronic
structure calculations, it has been possible to identify Pt surface
segregation with specific surface site preferences and Co

Received: June 28, 2021
Published: July 16, 2021

Articlepubs.acs.org/JPCC

© 2021 American Chemical Society
16358

https://doi.org/10.1021/acs.jpcc.1c05701
J. Phys. Chem. C 2021, 125, 16358−16365

D
ow

nl
oa

de
d 

vi
a 

ch
ri

st
in

e 
M

ot
te

t o
n 

Ju
ly

 2
9,

 2
02

1 
at

 1
2:

23
:3

7 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexis+Front"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christine+Mottet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c05701&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05701?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05701?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05701?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05701?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/125/29?ref=pdf
https://pubs.acs.org/toc/jpccck/125/29?ref=pdf
https://pubs.acs.org/toc/jpccck/125/29?ref=pdf
https://pubs.acs.org/toc/jpccck/125/29?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c05701?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


subsurface segregation,34 without the occurrence of the L10
ordered phase in the core, which is in contradiction with
previous studies. As a result, important uncertainties remain
concerning the chemical ordering and surface segregation
effects in Co−Pt nanoalloys. We propose, here, a new
theoretical study, based on a realistic interatomic potential35

able to reproduce all of the ordered phases of the bulk phase
diagram and the surface segregation of the semi-infinite alloyed
surfaces. Using Monte Carlo simulations in the appropriate
thermodynamical ensemble, we present a study on the whole
range of concentration for large simulated system sizes of 3−7
nm and different morphologies, which have never been
performed up to now.
We predict the presence of chemical ordered configurations

with a truncated octahedral (TOh) morphology with a face-
centered cubic structure, a decahedral (Dh) structure
composed of twinned tetrahedra sharing a common 5-fold
symmetry axis, and icosahedral (Ih) structures made of 20
twinned tetrahedra, all pointing toward the center of the
cluster.
These three motifs are the most competitive, usually

stabilized with Ih at small sizes, Dh at intermediate sizes,
and finally TOh at large sizes.36 As the energy difference
between one motif to the other is very small, a finite system
and sample size fluctuations can prevent the precise character-
ization of size transitions, with all motifs observed in a range of
sizes between 3 and 5 nm.26 In the following, we just illustrate
chemical ordering effects for all of these most probable shapes.
We performed semigrand canonical Monte Carlo simulations
with a freely variable concentration, which is equilibrated
within the Monte Carlo algorithm to find the proper chemical
phase at equilibrium with fixed mixed chemical potential.
To analyze finite size effects, we developed a multisite

approach where we compare the cluster core chemical ordering
to the bulk phases of Co−Pt alloys and possible surface
segregation and/or reconstruction of the cluster facets to the
equivalent alloy surfaces.

■ THEORETICAL MODEL AND NUMERICAL
SIMULATIONS

To model the Co−Pt nanoalloys, we use a semiempirical
potential derived from the tight-binding framework within the
approximation of the density-of-states to its second moment.37

Such potentials have been tested for alloy surfaces and
nanoalloys, in general, for systems with ordering tendency38 as
for systems with demixion tendency.39,40 Here, we use a
parametrization for the Co−Pt system,35 which is able to
reproduce a bulk phase diagram and surface segregation,
notably the segregation reversal between (111) and (110)
surfaces.41,42 These are important conditions for the
interatomic potential to predict chemical configurations of
nanoalloys. The equilibrium configurations of Co1−cPtc nano-
particles are determined by Monte Carlo simulations in the
semigrand canonical ensemble, where c is the Pt concentration.
Many-Body Potential for the Co−Pt System. The

energetic model is a semiempirical many-body potential
derived from the density-of-states of the d-band metals
(transition metals) approximated to its second moment
(width of the d-band) in the tight-binding framework.37 It
leads to an attractive term with a square root dependence on
the coordination number
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for the band term at site i, where a, b = (A, B) is the nature of
the metal atom, rij is the distance between the atom at site i
and one neighbor at site j, rab

c is the cutoff distance, and rab
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the first-neighbor distance depending on the nature of the
atoms. A repulsive term of the Born−Mayer type is added to
simulate the core repulsion
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The homoatomic parameters pab, qab, Aab, ξab with a = b are
fitted to the cohesive energies, lattice parameters, and elastic
constants. The heteroatomic parameters (a ≠ b) are fitted to
the mixing energies calculated using the density functional
theory and to experimental data such as the order/disorder
critical temperatures43,44 of the bulk alloys and the surface
segregation of alloy surfaces. The details are given in ref 35 and
the parameters are reported in Table 1.

The Co−Pt bulk phase diagram presents three ordered
phases around the compositions Co3Pt, CoPt, and CoPt3, with
lower stability of the Co-rich phase than the Pt-rich one. The
surfaces present chemical-ordered superstructures, some of
them being the termination of bulk-ordered phases, while
others being original and exclusively suited to the surface. As in
the experimental observations (see ref 35), the Co−Pt alloy
surfaces display Pt surface segregation on the (111) and (100)
orientations and Co surface segregation on the (110) surface.

Monte Carlo Simulations. Monte Carlo simulations are
performed in the semigrand canonical ensemble using the
Metropolis algorithm, which means that the total number of
atoms in the binary system, the temperature, and the pressure
are fixed, whereas the number of atoms per species can change.
As a consequence, the concentration at equilibrium is a result
of the Monte Carlo process. In the Metropolis algorithm,
starting with the system in the “i” state, with energy E(i), one
performs one atomic trial, which can be either moving an atom
or permuting the chemical nature of an atom, we calculate the
new energy E(j). If E(j) is lower than E(i), the new
configuration is accepted and the simulation goes on starting
from it, else, the “j” state is accepted according to the following
probability
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where dn is the permutation sign equal to 1 if we permute an
atom of type A into an atom of type B or −1 if we permute an
atom of type B into an atom of type A. mA and mB are the
atomic masses of the elements A and B.

Table 1. Parameters of the Tight-Binding Many-Body
Potential

a−b pab qab Aab ξab

Co−Co 8.6420 2.3000 0.1582 1.8443
Pt−Pt 10.7960 3.1976 0.1993 2.2318
Co−Pt 9.7190 2.7488 0.2750 2.4880
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In a standard Monte Carlo simulation with N atoms, we run
5−10 000 macrosteps after leaving the system being equili-
brated during 2−5000 steps. One macrostep consists of
randomly proposing either displacements of atoms or
permutations of chemical species, N-times. We usually start
with a Co-pure or Pt-pure system and increase or decrease the
chemical potential difference μB − μA to scan all of the
concentration ranges, and we start the new Monte Carlo run
for each chemical potential from the last configuration.

■ RESULTS AND DISCUSSION
Truncated Octahedra (TOh).We performed Monte Carlo

simulations in the whole concentration range for Co−Pt
clusters of three different sizes: 1289 atoms (3.3 nm), 2951
atoms (4.4 nm), and 9879 atoms (6.8 nm), as illustrated in
Figure 1. First, we investigated chemical ordering in the core of

the nanoalloys as compared to the bulk-ordered phase. The
Co−Pt bulk phase diagram displays three ordered phases with
the L10 type at 50%, an alternance of pure atomic layers in the
(001) direction, and the L12 type at 25/75%, an alternance of
pure and mixed atomic layers in the same direction (see the
lattice mesh in Figure 1). To characterize these chemical
ordered phases, we plotted the occupation of the four fcc
sublattices in the bulk and in the clusters. Starting with the
bulk (bottom graph in Figure 1), we notice well-separated
domains depending on the concentration, and some miscibility
gaps where there is no stable phase but a coexistence of the
two adjacent phases. At a low Pt concentration, the four
sublattices are equally occupied, this means that the phase is a
disordered Co-rich solid solution. Then, by increasing the Pt
concentration, we see that one over four is fully occupied by
Pt, the other three by Co; this corresponds to the L12 phase at
25% Pt corresponding to the Co3Pt compounds. The domain

of the existence of this phase is extended up to around 40% Pt.
Then, between 40 and 60% Pt, two over the four sublattices
are occupied by Pt, the other two by Co, corresponding to the
L10 phase at equiconcentration. Then, going further in the Pt
concentration, we observe the same L12 phase but Pt-rich
corresponding to the CoPt3 compounds, which is stable in a
domain between 60 and 80% Pt. Finally, the four sublattices
are equally occupied, corresponding to the Pt-rich solid
solution. Now, what does happen in the core of the
nanoparticles? We notice in Figure 1 that sublattice
occupations in the core of the different clusters follow quite
well the ones of the bulk; for example, we clearly see L10 CoPt
around equiconcentration and L12 CoPt3 in the Pt-rich side,
but this is less comparable in the Co-rich side. In that case, the
large miscibility gap in the bulk is not reproduced in the
clusters. Even by increasing the size from 3 to 7 nm, the L12
phase becomes more clearly ordered but there is still no
miscibility gap. This is a clear sign of the finite size effect where
the phase coexistence is not allowed as in the infinite bulk
system. The loss of chemical ordering observed on nanoalloys
as compared to bulk alloys results from surface reconstruction
and, therefore, chemical frustration in the core at the vicinity of
the surface, which will be discussed in detail in the following.
A central challenge when passing from periodic lattice

supercells to finite size clusters is that the cluster shape can
influence the overall structure. It can change the structure from
an fcc octahedron to 5-fold symmetry structures like an
icosahedron or a decahedron but it can also influence the
chemical ordering even if the bulk symmetry is conserved like
on the fcc octahedron. In such cases, the system has to
accommodate the finite size with a given morphology, notably
the coexistence of (100) and (111) facets, and eventual surface
superstructures, which do not exist in bulk. Not only the
cluster surface can be affected but because of the surface, the
chemical ordering in the core is also affected. So the
explanation of cluster core disordering can have its origin
from the surface shell of the nanoparticles. We will consider
now the different facets of the TOh clusters.
From the outputs of the semigrand canonical Monte Carlo

simulations performed at 300 K, we extract the (100) facets
concentration in Pt for the two cluster sizes and compare them
to the surface concentration of the (100) infinite surface.35 In
Figure 2, we see that the (100) infinite surface displays a
plateau over a large concentration range from 25% Pt to 75%
Pt, which corresponds to the c(2 × 2) surface reconstruction35

(see the scheme in Figure 2). In this surface-ordered structure,
each square sublattice is occupied by the same type of atom.
We plotted the sublattice occupations for the two cluster sizes
in Figure 2, and we noticed that this c(2 × 2) structure is also
well characterized on the clusters, on approximately the same
concentration range as the infinite surface. So, we can conclude
that c(2 × 2) appears on clusters with variable sizes, as we can
notice on the snapshots of TOh1289 in Figure 2. The agreement
between the concentration on cluster facets compared to the
infinite surface is almost perfect for the larger size (TOh2951).
In the case of the smaller cluster, the (100) facet concentration
has two plateaus, whereas on increasing cluster size, the facet
behavior tends to the surface behavior. It is worth noticing that
the (100) facet of TOh1289 is a square of 3 × 3 atoms, whereas
the (100) facet of TOh2951 has 4 × 4 atoms (see Figure 1). In
the case of facets with an odd number of atoms (as for the
TOh1289), the number of Co and Pt atoms can not be equal,
resulting in a transition at 35% Pt between c(2 × 2) Pt-rich (a)

Figure 1. Core sublattice Pt concentration cPt
i (with i nominating the

four sublattices α, β, γ, and δ) of truncated octahedra (TOh) of 1289
atoms (3.3 nm), 2951 atoms (4.4 nm), and 9879 atoms (6.8 nm) as
compared to the bulk ones (bottom graph) at 300 K. L10 and L12
ordered phases are characterized by their lattice mesh with four colors
corresponding to the four sublattices of the fcc structure. In the lattice
mesh, full circles correspond to sites occupied by one species and
empty ones by the other species.
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and a c(2 × 2) Co-rich (b). At the end of the plateau, cPt
increases continuously to obtain (100) pure Pt facets.
To conclude, the (100) facets present the c(2 × 2)

superstructure, which is a simple prolongation of one (100)
mixed layer of the L12 bulk-ordered phase. So, in that case,
there is no surface segregation or the reconstruction effect as
compared to core ordering. However, at the equiconcentration,
c(2 × 2) on each facet is not compatible with the L10 core
ordering because in the direction of the alternance of the pure
atomic layers, the facets should be pure. This represents a
chemical frustration of the core ordering induced by the facet
reconstruction. This means that all of the (100) facets are
mixed, which can have important consequences for catalytic
properties.
The (111) facets present a lot of superstructures, which are

illustrated in Figure 3a−d. p(2 × 1) at equiconcentration
(Figure 3b) and p(2 × 2) at 75% Pt (Figure 3d) are well
characterized by the four surface sublattices. At equiconcentra-
tion, the four sublattices are occupied two by two, leading to
c(2 × 1), which corresponds to a typical (111) layer of the
bulk-ordered L10 phase. At 75% Pt, three of them are occupied
by Pt, the other one by Co, leading to p(2 × 2), corresponding
to a typical (111) layer of the L12 bulk-ordered phase. For
these concentrations, the cores of the clusters are well ordered,
as shown in Figure 1 around 50 and 75% Pt. There is no
ordering frustration by the facets since they adopt exactly the

same ordering as any atomic plane in the same orientation,
which leads to a perfectly ordered cluster in the CoPt3
composition. At equiconcentration, the cluster is almost
perfectly ordered as if we extract TOh from the L10 bulk
phase. The only deviation from this perfect ordering takes
place on the (100) facets, which are all mixed up to 75% Pt
and become all pure just above 75% Pt. Above 80% Pt, the
clusters are disordered on the surface and in the core. At
around 30 and 60% Pt, the four surface sublattices are equally
occupied but display a plateau. This does not mean that the
(111) facets are disordered but there is another ordering with a
larger mesh that can not be characterized by only four
sublattices. Indeed, we have seen in a previous study on the
infinite Co−Pt surfaces35 that the (111) infinite surface
presents the (√3 × √3)R30° superstructure, which can be
characterized by nine sublattices. We did not determine the
occupation of the surface sublattices for the clusters but we see
easily in Figure 3a,c that the (111) facets adopt the same
superstructure as the (√3 × √3)R30° on the infinite surface.
However, this superstructure does not fit with the chemical
ordering of the L12 phase in the core. This leads to a core
disordering at least at the vicinity of the (111) facets, but the
result is a dispersion in the core sublattice occupations in the
L12 domain for the 1289 atom cluster (see Figure 1). When
the size increases from 1289 to 2951 atoms, the core is
sufficiently large to be relatively ordered and the subsurface
contribution is less important. This behavior is exactly a
chemical ordering frustration in the cluster because of the finite
size effect.
To our knowledge, there is one experimental observation of

Pt surface segregation on CoPt3 nanoparticles by Chi et al.
7 in

Vojislav R. Stamenkovic’s group where they observed a surface

Figure 2. (100) facet Pt concentration of TOh1289 (left) and TOh2951
(right) at 300 K. The graphs in the top row represent the global Pt
concentration on the (100) facets (blue dots) and on the (100)
infinite surface (black crosses) as a function of the core Pt
concentration cPt. The graphs in the bottom row represent the
sublattice Pt concentration of the (100) facets where two sublattices
(α and β) are enough to characterize chemical surface ordering. All
along the plateau of the c(100) concentration, each sublattice is fully
occupied by one type of atom; the corresponding superstructure is
c(2 × 2), which is illustrated by snapshots of the infinite (100) surface
of the different ordered alloys Co3Pt, CoPt, and CoPt3 and snapshots
for TOh1289 with (a), (b), and (d) corresponding to specific
concentrations. The blue square points to the (100) facet. Co
atoms are in red and Pt atoms in blue.

Figure 3. (111) facet Pt concentration of TOh1289 (left) and TOh2951
(right) as compared to the one of the infinite (111) surface of the
Co−Pt alloy (in black) at 300 K. Same graphs as Figure 2 except there
are four sublattices on the (111) surface. Structures (a−d) represent
TOh1289 for different concentrations and their corresponding motifs
for the (111) facet. (a), (b), and (d) correspond to the same
composition, as shown in Figure 2.
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platinum-skin-layer formation on CoPt3 nanoparticles of about
8 nm during in situ annealing using a scanning transmission
electron microscope at 620 K, but they can not estimate
precisely the skin-layer concentration in Pt. It seems that our
prediction of a certain Pt surface segregation could be fully in
agreement with their observation, even if in our model, at 75%
Pt in the core, the cluster surface is not pure in Pt since the
(111) facets display the p(2 × 2) surface structure.
Decahedra (Dh). In the decahedral (Dh) structure, the

nanoparticles lose their translation symmetry as compared to
TOh. They display one 5-fold symmetry axis, which can be
seen in Figure 4. The Dh morphology displays (111) facets

and truncations parallel to the 5-fold axis, leading to (100)
facets and narrow (110) facets to avoid angular edges. In the
following, we will essentially consider the (111) facets and the
core of the Dh nanoparticles of 1−3000 atoms.
As before, we compared the chemical ordering in the core

and on (111) facets of the decahedra of 1309 and 2802 atoms,
respectively, to those of the bulk and the (111) surface of Co−
Pt alloys. The results are illustrated in Figure 5 for the core and
in Figure 6 for the (111) facets. As for the TOh structure, the
core sublattices in Figure 5 of the Dh clusters reproduce quite
well the different ordered phases of the bulk alloy. This
demonstrates that although the atomic structure is no longer
periodic, instead composed of five tetrahedra sharing one edge
along the 5-fold axis, the chemical ordering follows the same as
in the infinite alloy. This L10 ordering in each tetrahedron has
been observed on FePt and CoPt nanoparticles with the
decahedral symmetry by Tournus et al.26 by high-resolution
transmission electron microscopy, in very good agreement with
the present model.
In the same fashion, the Pt concentration on (111) facets

can be compared to the (111) surface concentration of semi-
infinite alloys, as shown in Figure 6. We see an almost perfect
overlap of the two curves, except on the Co-rich side where Pt
segregation is slightly stronger on (111) facets, but the

difference decreases as the cluster size increases. Here, again,
the Dh clusters display the same chemical ordering on their
(111) facets as one of the (111) infinite Co−Pt alloy surfaces
and also the same as one of the TOh clusters. The (111) facets
of the Dh can be seen in Figure 4 where each snapshot
corresponds to a plateau of Figure 6 and can be compared to
each facet superstructure of the TOh clusters shown in Figure
3.
The difference between Dh and TOh is the most

pronounced around the composition of 0.66 where the Dh
core is still disordered, as can be seen in Figure 4c in the
bottom line and in Figure 5 as compared to Figure 1 looking at
the core sublattices. Indeed, it seems that the (√3 ×√3)R30°
superstructure affects the core ordering more in the Dh than in
the TOh structure because the (111) facets are more expanded
in the TOh.

Icosahedra (Ih). Contrary to TOh and Dh shapes, Ih has
only (111) facets and a core, which is much more distorted
than Dh; in place, one 5-fold axis and five tetrahedra, Ih has
instead six 5-fold axis and 20 tetrahedra sharing the same
corner, the central atom of the Ih. Different Ih compositions

Figure 4. Snapshots of ordered structures (a−d) of Dh1308 at 300 K,
as reported in Figures 5 and 6. The first and second rows represent
shell views, and the third row shows cutting views of the first line with
the 5-fold symmetry axis perpendicular to the figure. The red square
and the red hexagon point, respectively, to the (100) facet and the
(111) facet. Co atoms are in red and Pt atoms in blue.

Figure 5. Core sublattice Pt concentration of Dh1308 (top), Dh2802
(middle), and the bulk (bottom) at 300 K. The structures
corresponding to the compositions pointed by (a−d) are represented
in Figure 4 for Dh1308.

Figure 6. (111) facet Pt concentration of Dh1308 (left) and of Dh2802
(right) as compared to the one of the infinite (111) surface of the
Co−Pt alloy (in black) at 300 K. Same graphs as Figure 3. Structures
(a−d) are represented in Figure 4.
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are displayed in Figure 7. If the core sublattice comparison
with bulk sublattices is less significant because of the

multitwinned structure of Ih, the surface sublattice occupations
display interesting features, as shown in Figure 8. Even if the

global Pt concentration at the Ih surface presents some
discrepancies as compared to the one of the infinite (111)
surface of Co−Pt alloys, the sublattices are quite similar to
those of (111) facets of TOh or Dh (Figures 3 and 6). In
particular, we can observe the (√3 × √3)R30° two-
dimensional (2D) phase in Figure 7a,c, and the typical
ordered (111) surface structures as p(2 × 1) (Figure 7b) and
p(2 × 2) (Figure 7d).
The surface ordering spreads in the core to give a certain

core ordering, as can be seen in Figure 7b, with an alternance
of pure planes along the [100] direction like the L10 ordered
phase, and in Figure 7d, like the L12 ordered phase. The
ordering starts from the surface and extends to the center of
the core, where there is a local disorder due to the junction of
different twinned tetrahedra.
The Ih nanoparticles display a localized ordering on each of

the 20 tetrahedra, which is quite difficult to analyze both
experimentally and theoretically. To our knowledge, there is no
evidence of such ordering in the literature. From a theoretical
point of view, multiply twinned morphologies of FePt and
CoPt nanoparticles have been studied using large-scale density
function theory calculations28 but the “ordered” icosahedron
or the one with alternative concentric Co/Pt shells are

different from what we show here. Compared to another
theoretical study on Pd−Au nanoalloys36 where a similar core
ordering is obtained on the TOh and Dh structures, the Ih
ones do not reveal any core ordering and rather a Pd
segregation in the center of the nanoparticle with a solid
solution near the surface. This is a consequence of the strong
chemical ordering tendency of the Co−Pt alloy as compared to
the Pd−Au one, which presents unexpected characteristics
with ordering tendency but also a miscibility gap in the Pd-rich
composition.45

■ CONCLUSIONS

We presented a theoretical study of large-scale Co−Pt
nanoalloys from 3 to 7 nm using a many-body interatomic
potential and Monte Carlo simulations, sweeping the entire
concentration at room temperature. By comparing the TOh,
Dh, and Ih nanoalloys to the bulk and to the surface alloys, we
pointed out finite size effects and specific surface ordering.
On the Co-rich side of the TOh shape, the L12 phase in the

core is disrupted. On the one side, the (√3 × √3)R30°
structure on (111) facets is not compatible with the core
ordering, on the other side, the c(2 × 2) structure on (100)
facets acts like a driving force to maintain the chemical
ordering in the core. Therefore, a buffer layer appears between
the surface and the ordered core, which tends to disappear by
increasing cluster size. Furthermore, at the CoPt and CoPt3
stoichiometries, chemical ordering at the surface is the
termination of the L10 ordered phase in the core. Indeed,
(100) and (111) facets display, respectively, a c(2 × 2) and a
p(2 × 1) structure, compatible with the L10 order, except in
the c-axis direction where the L10 phase should lead to pure
(100) facets. However, our model stabilizes the mixed
composition on all of the (100) facets, pointing to the
chemical frustration induced by the cluster morphology.
Nevertheless, even if this represents a slight deviation from
the pure L10 ordered phase, this is the best structure to get a
magnetocrystalline anisotropy, improving magnetic properties
for ultrahigh data storage, as related in experimental measure-
ments.15,25 There is an experimental confirmation that we can
get these L10 ordered clusters smaller than 4 nm,24 as the ones
illustrated in Figures 2b or 3b. For the L12 Pt-rich core, (100)
facets have a c(2 × 2) structure or are Pt-pure, depending on
the under or over CoPt3 stoichiometry, and (111) facets
display a p(2 × 2) phase. By increasing cluster size to 9879
atoms, facet behavior tends to the surface ones and the core to
the bulk one.
In the case of 5-fold symmetry structures as decahedra, the

behavior of (111) facets and of the core is similar to the ones
of the truncated octahedra morphology because each twinned
tetrahedron behaves like an fcc grain. This has been observed
by high-resolution transmission electron microscopy,26 but, in
this case, the magnetic performances are rather poor. Once
again, by increasing cluster size, facet behavior tends to the
surfaces ones and the core to the bulk one.
Icosahedra display a 5-fold symmetry structure, which

multiplies the twinned tetrahedra from 5 to 20. Nevertheless,
at equiconcentration, we pointed out the L10 phase, multi-
domain, and locally disordered in the center of the core
because of a geometrical frustration due to the junction of
different twinned tetrahedra. On the surface, (111) facets are
characterized by a p(2 × 1) ordered structure with different
orientations delimited by antiphase boundaries. On the Pt-rich

Figure 7. Snapshots of ordered structures (a−d) of Ih2869 at 300 K
corresponding to the compositions pointed in Figure 8. The first row
represents shell views, whereas the second row shows cutting views.
The red triangles point to (111) facets. Co atoms are in red and Pt
atoms in blue.

Figure 8. (111) facet Pt concentration of Ih2869 as compared to the
one of the infinite (111) Co−Pt surface at 300 K. Same graphs as
Figure 3. Structures (a−d) are represented in Figure 7.
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side, the L12 phase is locally stabilized mainly due to the p(2 ×
2) (111) facet structure.
All of these structures with the Pt3Co composition present a

mixed surface composition, which has been shown to be highly
active for the oxygen reduction reaction taking place at
polymer electrolyte membrane fuel-cells cathodes.46 A size-
dependence durability of the nanocatalysts where nanocatalysts
with the intermediate size of around 8 nm present the best
performance has also been reported.47 The structures are
illustrated in Figure 1 (6.8 nm), Figure 2d, and Figures 3, 4,
and 7c,d.
To conclude, we have shown that Co−Pt nanoalloys have all

of the characteristics of chemically ordered structures with
both core and surface ordering. However, the chemical
ordering is not simply that observed in the bulk alloy. The
surface and finite size effects lead to new 2D ordered
superstructures like (√3 × √3)R30°, which do not exist in
the bulk alloys. It induces chemical disordering near facets,
which is increasingly important for small sizes. Our Monte
Carlo simulations evidenced core disordering due to surface
ordering. In the 5-fold structures, twinned tetrahedra are
locally ordered but the quasi-periodicity prevents a long-range
ordered phase. This lack of long-range order is a clear
disadvantage concerning magnetical properties where the L10
ordered phase is required to improve the magnetocrystalline
anisotropy to reduce the superparamagnetism. On the other
hand, catalytic properties depend on the local surface ordering,
which is not altered by such finite size effects. As a result, Co−
Pt nanoalloys remain good candidates for electrocatalytic
applications.
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