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ABSTRACT: Bimetallic nanoparticles (NPs) can be tailored by varying
the concentration of their constituent elements, resulting in novel structures
and/or configurations, leading to interesting electronic, mechanical, and
chemical properties. In this paper, by means of molecular dynamics
calculations, we study the morphology of bimetallic FeCu NPs as a function &
of the Cu concentration. Our results evidence a core—shell (CS) structure b&
for low Cu concentrations and a Janus (JN)-like morphology for high Cu $’
&
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content. Structural and energy characterizations were performed to
determine the atomic-scale behavior of the NPs. Using a continuous
model to describe immiscible components, we obtain a stability transition
curve between CS and JN-like structures for several NP sizes and ' : :
concentrations. Results from both methods are compared with o 10 20
experimental data obtained for NPs with low and high Cu content,
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evidencing a good agreement among the three approaches.

1. INTRODUCTION

Bimetallic nanoparticles (NPs) are novel materials of great
scientific and technological relevance because of their unique
properties related to the synergistic behavior of both metals.
Studies of their properties have been extensively reported, both
experimental and theoretically,”> because their mechanical,
magnetic, and chemical properties are modified, with respect to
the monometallic NPs. Their applications can be addressed in
groundwater and soil remediation,>* catalysis,5 electrochemis-
try,6 biomedicine,” and optics,1 among others. In particular, the
study of transition-metal clusters and metallic alloys has also
been developed both theoretically and experimentally, with
great interest in the applications for the removal of
contaminants.”®” One of these transition metals is Fe, which
is extensively used in catalysis processes and removal of
contaminants.' The interaction between a corrosive metal such
as Fe and a noble metal such as Au, Cu, Ag, or Pd, establishes a
synergic system,” '~ for example, in the FeCu system, where
Fe contributes as a precursor material with a negative redox
potential, while Cu contributes as a catalyst with a positive
redox potential.

In this context, there are some studies focused on the
application of FeCu bimetallic NPs into the removal process of
heavy metals such as Cr and metalloids.” Here, Cu plays an
important role to delay the oxidation processes of the corrosive
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metals,'® and therefore, it is important to know how the

inclusion of Cu modifies the structural configuration. Addi-
tionally, this mixing can be accompanied with a modification of
their catalytic properties.”'* The combination of Fe and Cu
elements has been experimentally studied as an alloyed
system.”” In particular, there are some reports arguing the
immiscibility of Fe and Cu in bulk,'® while melting point
transitions in small atomic FeCu clusters have also been
theoretically investigated.'” In a similar way, the melting of
Janus (JN) and core—shell (CS) Ni—Co NPs was recently
explored, for radii smaller than 1.6 nm.'® Besides this, Erhart et
al. studied theoretically the precipitation of Cu in an Fe matrix
to find a polymorphic phase diagram of Cu clusters."” Although
these studies are oriented to consider the mixing effect in other
bimetallic systems,”’ insufficient research has been done to
evaluate the morphology at different Cu concentrations and
particle sizes at the nanoscale that can be related to
experimental results.

In this work, we study the stability of FeCu NPs as a function
of the Cu concentration and diameter size, with an optimization
process, leading to stable atomic configurations. By means of
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structural characterization, we study the preferred morpholo-
gies at different Fe and Cu concentrations and the appearance
of possible defects in the stabilized NPs, as well as the energy
contributions to the bimetallic systems. Additionally, a
continuous model is proposed to explain the effect of different
energy contributions to the resulting morphology. These
approaches can help to the design of novel materials with
tailored properties for technological applications.”’ Finally,
some experimental evidence on the morphology of bimetallic
NPs is shown to compare to our results.

2. METHODOLOGY

We study in this work FeCu bimetallic nanoclusters with
different sizes and concentrations. The sizes are separated in
three categories, depending on the number of Fe atoms
contained in each particle. The first category contains 6183 Fe
atoms (~5 nm diameter) and is called the “small” category. The
second one contains 15473 Fe atoms (~7 nm diameter),
receiving the name “medium”. The last one contains 32 743 Fe
atoms (~9 nm diameter) and is named the “big” category. For
these sizes, concentrations of around 10, 20, 30, 40, 50, and
70% were considered by adding different amounts of Cu atoms
to the Fe NP. For example, at small sizes, we used 791, 1710,
2490, 4178, 6092, and 14 579 Cu atoms, respectively, while at
medium sizes we considered 1832, 3788, 6794, 10 526, 15 448,
and 36 096 Cu atoms, and finally for big sizes, we used 3780,
8780, 14054, 21968, 32530, and 76 542 Cu atoms,
respectively.

To calculate the total energy and simulate the structural
optimization of these bimetallic clusters, we have performed
classical molecular dynamics simulations because of their good
agreement with experimental observations and because they
provide a good representation of crystalline phases and cluster
structures.” Calculations were performed using the LAMMPS
software,”” with analysis carried out using OVITO.>

2.1. Computational Methods. The classical molecular
simulations were performed under the NVT canonical
ensemble, using the Nosé—Hoover thermostat to control the
temperature of the system. The interactions between the Fe
and Cu atoms were modeled using an embedded atom method
potential,”* whose parameters are taken from the work of
Bonny et al.”® This potential shows a good description of elastic
properties, diffusion dynamics, and thermal transport coef-
ficients.”®

To obtain stable atomic configurations, a structural
optimization routine consisting of several cycles of thermal
annealing and minimization was adopted. The annealing
processes are made of a S ps heating ramp going from 20 K
to an equilibrium temperature (T,), a thermal equilibration run
during 3 ns at T, and finally a $ ps cooling ramp from T, to 0.1
K. The energy minimization process, applied after the annealing
routine, involves a conjugate gradient and FIRE*” minimization
algorithms, which were used iteratively in succession until a
relative energy difference threshold of 0.0001% is reached for
the system energy. At the end of each cycle, the structure and
its energy are stored for further analysis.

These cycles are repeated until the deviation of the last 10
configuration energies gets below 0.5% of the mean value of
these energies. Then, final cooling is performed, starting after
the thermal equilibration of the cycle with the lowest energy
configuration. This final cooling process is performed slower
than the previous ones, at a rate of 0.25 K/ps, and it is followed
by a thermal equilibration run at 300 K during 3.1 ns and

ending with the same minimization process previously applied
to obtain a relaxed final structure.

For our simulations, T, is selected to be lower than the
expected melting temperature for NPs, which is about 10—20%
lower than the bulk melting temperature, such as for Ni,*®
Fe,””*" and face-centered cubic (fcc) NPs,*"** because of the
radii considered here. Our annealing temperature is intended to
keep the NPs solid at all times by the use of a T, lower than the
lowest expected melting temperature because a T, above the
melting point will produce a quenching effect over NPs after
the cooling process, carrying the system away from the global
minimum.

2.2. Setting Up Initial Structures. The bimetallic systems
involved in these simulations have different mobilities for each
element; therefore, a high T, suitable for Fe will cost a
quenching effect on Cu, while a suitable T, for Cu will be
insufficient to move Fe atoms during the simulation time.
Because of this, the initial structures are built from previously
optimized monoatomic structures of Fe and Cu at T, of 1300
and 950 K, respectively. The monoatomic optimized clusters
were used to build CS and JN as initial structures. These CS
and JN structures were chosen as initial structures because of
their energetically favorable morphology for the FeCu system
(see Figure 1). The CS structures were designed, wrapping an
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Figure 1. Initial configurations of bimetallic NPs with Fe (orange) and
Cu (green): (a) CS structure with a Fe core and Cu shell and (b) JN-
like structure.

Janus

optimized Fe core with an fcc Cu shell, and the JN structures
were built, setting a Fe and a Cu optimized cluster next to each
other. These initial structures were then optimized with a T, of
950 K during enough cycles to ensure energy convergence.
Finally, the most stable systems at each size and Cu
concentration were selected for further analysis.

2.3. Energy Calculation for Initial Structures. The
analysis performed in this work requires the calculation of the
energy associated with the initial JN and CS structures. This
calculation is obtained by means of a short molecular dynamics
simulation, which is made of 5 ps of heating from 20 to 300 K,
followed by a constant temperature simulation of 0.2 ns and the
same energy minimization process applied in the optimization
routine. These simulations give us an initial nonoptimized
comparison point (Ef* and EJ") for later energy analysis to the
different configurations obtained from the optimization
routines.

3. RESULTS

To establish the most energetically stable structure for
bimetallic NPs, we have to consider different possible atomic
arrangements, allowing the exploration of a larger configuration
space by means of simulated annealing processes. Additionally,
we have evaluated the minimization of alloyed (mixed
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interatomic elements) NPs as well as isolated Fe and Cu
clusters, being consistently less stable than the two chosen
morphologies. Because the Cu concentration has been
experimentally associated to different properties of the
bimetallic NPs, we have considered the study of Fe,_,Cu,
systems, with x going approximately from 0.1 to 0.7. The NP
size effect has also been studied, considering three Fe cores: 5
(small), 7 (medium), and 9 (big) nm of diameter, along with
their respective Cu concentrations.

3.1. Relative Energies. From the two different initial
structures, we have performed a comparison of the potential
energy, at each Cu concentration, between CS and JN
structures, after the searching and minimization processes
were applied. The energy difference between the most stable
configuration obtained Ep and the respective less stable
configuration (CS or JN) is shown in Figure 2, as a function
of size and Cu content (where 0 and 100% of Cu corresponds
to monoatomic systems).

/'.- """"" .
e T
E I~ —
g - Big
(0] L
E 20F e __
| SR - Y Sbe. S it P
2 o “Twmgm-- i
S 20r L Medium
g f g
B oo B St
o Of: o
e S . Small
0 20 40 60 80 100

Cu [atomic %]

Figure 2. Energy differences between the most stable structures and
the least stable structures considered, as a function of the Cu
concentration and three different sizes. Negative values correspond to
CS structures while positive values are associated to JN-like systems.

The relative energy is then obtained as

. Ep — EN, ifE, = ES®
| ES - By, ifE, = BN
1 p L F (1)

where E]N and Ef* are the energies of the initial J]N and CS
structures. The negative values (black squares) are then
associated to a CS-like final structure as the most stable result,
while positive values (red circles) represent values where a JN-
like final structure was found to be more stable than CS. Here,
we can see that at low Cu percentages, CS structures are
energetically preferred until a Cu concentration threshold,
where JN-like structures become more stable than CS
structures.

Additionally, we can see that the mentioned Cu concen-
tration threshold is shifted to the left as the NP size is increased
from small to medium (going from 46 to 38% of Cu
approximately) and then slightly shifted from medium to big.
This result suggests that we can expect both phases as the
cluster is enlarged, while a CS structure is preferred as the NP
size is diminished.

If we consider the behavior of the energy interactions in
FeCu particles (see Table S1 in the Supporting Information), as
a function of the Cu percentage, the Fe—Fe contribution to the
total energy is nearly the same for a given size. The Cu—Cu

contribution becomes more important as the Cu percentage is
increased. Finally, the Fe—Cu interaction shows a non-
monotonic behavior, starting with a large contribution at low
Cu % and then diminishing until it reaches a small energy value
of around 30—40%. After this Cu percentage, the energy
contribution is slightly increased, and finally, the Fe—Cu
interaction drops slowly until a 70% of Cu is reached, a
behavior that will be correlated with the morphology.

3.2. Structural Configuration of FeCu NPs. A summary
of the structural configurations found for energetically
optimized FeCu NPs is shown in Figure 3a, with a cross-

B Core-Shell
® Janus-like

(a)s

Med/'(/m 8/;0

S’"a//

20 30 40 50

Cu [atomic %]

Figure 3. (a) Cluster structure as a function of size and Cu
concentration. The pink line depicts the CS to JN-like stability
transition from the continuous model. Cases I, II, and III are shown
below. Cross-sectional views of FeCu particles encircled at (a),
showing elemental composition (b), and structural defects (c). In (b),
colors follow Figure 1, and in (c), atoms associated with the hcp phase
(twins and stacking faults) are shown in red, whereas particles without
any associated phase are shown in light gray.

sectional view of the atomic structures, as a function of the size
and Cu percentage (Figure 3b), where we have identified three
characteristic Cu percentages (I: 10%, II: 40%, and I1I: 70%).
At the low Cu percentage (10%), we can see that Fe atoms
(brown spheres) are mainly arranged as a compact particle,
whereas Cu atoms (green spheres) are distributed around the
Fe core. At 70% of Cu, the structure is basically segregated,
with two joined monoatomic clusters. Finally, at 40% Cu, we
observe a CS morphology for small particles, while a JN-like
structure is obtained for medium and big NPs. From our
results, a CS to JN-like stability transition is observed as Cu is
increased, this transition being slightly shifted to the left for big
particles. This transition can be associated with the energy of
Fe—Cu interactions that increases after a minimum value is
reached (e.g, 30% Cu at big particles, see Table S1), which
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means that a segregated structure becomes preferred over CS
morphologies as the Cu content gets higher.

Once we have determined the preferred morphology of the
bimetallic particles at different Cu concentrations, the
crystalline phases of the selected cases are reported. These
phases are obtained from the common neighbor analysis
(CNA) performed by the scientific visualization tool OVITO.*
Figure 3c depicts the presence of mainly two crystalline phases:
body-centered cubic (bcc, blue) and fcc (green) lattices, with
light gray particles related to the atoms at the surface or defects.
At 10% Cu, CNA shows only the bcc phase for all sizes. At 70%
Cu, there are two phases: bcc phase for Fe and fcc for Cu.
Finally, at 40% Cu, we can see that the NP shows mainly a bcc
phase for Fe, while Cu is mainly ordered as an fcc lattice.
Additionally, we can observe atoms associated with hexagonal
closed-packed (hcp) structures (red) because of twins (single
red planes) and stacking faults (SFs, double red planes)
nucleated at the Fe—Cu interface.

To consider the coordination analysis of the optimized NPs,
the radial distribution function (RDF), g(r), is calculated and
shown in Figure 4, for stable systems at 10, 40, and 70% Cu.
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Figure 4. Total and partial RDF of FeCu particles as a function of the
Cu concentration and size. Segmented and dotted lines correspond to
three first peaks of the crystalline bee and fcc lattices, respectively.

Here, we can see the coordination per element (brown and
green lines for Fe and Cu, respectively) as well as the total RDF
(red line) at different sizes. At the low Cu percentage, both Fe—
Fe and the total RDF give the expected peaks of the bcc lattice
(crystalline bec peaks are depicted as segmented black lines),
and even Cu—Cu shows a similar distribution of peaks. In
contrast, at 70% Cu, the total g(r) reflects the contribution of
both bcc and fcc lattices associated with Fe—Fe and Cu—Cu,
respectively (crystalline fcc peaks are depicted as dotted black
lines). At 40% Cu, we have mixed results, where smaller NPs
show mainly bcc lattice peaks, whereas medium and big NPs
have the formation of both bec and fec phases. These results
can be directly related to experimental diffraction results and
lead us to expect a bee phase of Fe at low Cu concentrations,
while bcc and fcc phases are expected at high Cu
concentrations.

3.3. Stress and Surface Energy. Figure 3c shows that
minimized NPs exhibit structural defects in Cu. Because Cu has
alow SF energy,26 surface nucleation of SFs might be expected,
as it has been reported for solid NPs*® and nanowires.”* Also,
the accumulation of SFs leads to nanotwins.”” These low-
energy planar defects are not expected to contribute

significantly to global structural transitions. A twin boundary
is a sigma-type grain boundary, and Suzuki and Mishin have
shown that interstitial diffusion across and along Sigma-type
grain boundaries has lower activation energy than bulk
diffusion.*

Figure 5 shows the final relaxed configuration, with
dislocations and the surfaces of the Cu and Fe NPs, for the

Figure 5. Defects for the small (5 nm Fe core) FeCu particle at 50%
Cu after relaxation. SFs (double planes) and twin boundaries (single
plane) are depicted with brown spheres. Cu envelops the red Fe
cluster, leaving only a relatively small portion of uncovered Fe.

small case, and 50% Cu. There is one twin boundary, seen as a
single plane of defective atoms, and two SFs, seen as double
layers of atoms. Additionally, from Figure 5, it can be seen that
the Cu atoms wrap around the outer surface of the roughly
spherical Fe NP, leaving out only about half of the Fe surface
and generating a Cu surface significantly larger than the initial
Cu surface, and resulting in an enhanced Fe—Cu interaction.
Additional information is given in Figure S1, showing the
energy optimization and depicting some frames until the final
configuration (F case in Figure Sla), while the mean square
displacement shows a higher diffusion of Cu atoms. A similar
behavior occurs for other cluster diameters and concentrations
above the stability transition of CS and JN.

There are no important defects observed in Fe. This is as
expected, given that the nucleation stress for dislocations is
roughly proportional to the shear modulus of a given
material,>’ and in Fe, the value is 116 GPa,*® which is
significantly larger than that in Cu (76 GPa).”® For Fe
nanowires, twins have been observed only for stress above 20
GPa,*” which is much larger than that in the annealing process.

SF nucleation can occur from surface imperfections”’ but in
our simulations is generally triggered from the Fe—Cu interface,
where the stress concentration can occur during annealing.
Nucleation leads to stress relaxation, and the interface is nearly
stress-free, unlike what happens for semi-infinite planar
interfaces."'

Planar defects can strengthen the NPs.** However, planar
defects observed in our simulations are not stable and do not
survive from one high temperature annealing cycle to another.
SF recovery has been observed in nanocrystalline metals,** and
detwinning can occur when surfaces are present.** Under
room-temperature conditions, defects might survive and change
mechanical and optical properties of the NPs."

Miscibility can be modified by defects, as in ball milling of
FeCu,'* and this leads to a few Fe atoms going into the Cu
cluster. These atoms migrate to the Cu surface or to the Fe—Cu
interface.

3.4. Modeling the Energetic Stability of the FeCu
Morphology. To study the structural stability of the FeCu
NPs, we have developed a model based on the different energy
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atomic interactions for the two different cases: CS and JN-like
structures, showing a structural map between these morphol-
ogies.

This model is based on the assumed immiscibility between
Fe and Cu, a result also obtained from the optimization
process, where an alloyed structure (mixed atoms) was found
to be less energetically stable than our two main morphologies.
This model considers a continuous representation for the NPs
and assumes a spherical representation of the Fe cluster (see
Figure 6), with Cu atoms then redistributed to produce a CS or

Figure 6. Schematic representation of the JN-like structure and the
specific regions defined in the continuous model. Both Fe and Cu
contributions are divided with (A,D) depicting bulk regions, (B,E)
corresponding to free surfaces, and (CJF) related to interaction
regions.

segregated JN morphology, a condition based on the higher
melting point of Fe compared to Cu, preserving the relevant
features of the theoretical and experimental clusters.

The total energy (per atom) is then determined by the
contributions of the six regions in Figure 6; (A) iron bulk Efdy,

(B) iron surface Efcy (C) iron interaction ELg, (D) copper bulk

ESY, (E) copper surface ESY; and (F) copper interaction ESY
and defined as

Cu
surf

E = X,Efo, + XgEEee + XCEF + X ESY + X.E

int

+ X ES" )

int

where X; corresponds to the number of atomic sites within each
region, which depends on the NP volume and density. A more
detailed explanation of each term of the continuous model is
given in the Supporting Information. Figure 3a shows the
structural map as a function of Cu % and particle size, finding
both CS (light blue) and JN-like (green) regions as the most

stable morphologies. The CS structure is found to be more

stable at low Cu percentages and up to a condition associated
with the formation of two Cu monolayers. At high Cu content,
the energy of the bulk region becomes more important than Cu
interaction energies, and therefore, a JN structure is preferred.

This model is parameterized by the energy contributions
Efe, = —4.12 eV/atom, EES; = —3.55 eV/atom, ELS = —3.94
eV/atom, EY, = —3.53 eV/atom, ES% = —3.06 eV/atom, and
El(;’l‘f = —3.51 eV/atom, which are obtained from the molecular
dynamics simulations and are in agreement with the reported
values for the cohesive energies.”*

Additionally, Table 1 summarizes the total energy values of
FeCu particles at different Cu percentages from the model, as
well as the comparison with molecular dynamics simulations,
finding a good agreement with a relative difference (Ar) less
than 2%. The relative energy differences show that at high Cu
percentages, where bulk Cu becomes more important, the
model slightly underestimates the energy, with respect to the
molecular dynamics simulations. At low Cu %, the model shows
a small overestimation of the energy, where the Cu surface is
one of the main contributions.

3.5. Experimental Evidence of FeCu Bimetallic NPs
Morphology. To compare our simulations and model with
experimental results, a synthesis of FeCu bimetallic NPs with
two different proportions of Cu in the structure (10% Cu and
50% Cu) was performed using the simultaneous reduction
chemical method and the experimental procedure reported by
Wang and Zhang47 and Xiao et al,*® obtaining a black material
corresponding to bimetallic NPs. Figure 7 shows the scanning
transmission electron microscopy (STEM) analysis and energy-
dispersive X-ray spectroscopy (EDS) line profile of the particles
in both nanomaterials. The profile for 10% Cu (Figure 7a)
displays the presence of mainly Fe particles with low quantities
of Cu around Fe, associated with the formation of oxide and CS
structures. In contrast, for the case of 50% Cu, Figure 7b,c,
displays two types of NPs, corresponding to separate Cu and Fe
NPs, respectively. These results are consistent with the
theoretical and modeling studies, finding that a low Cu
proportion promotes a CS structure, while the increase of the
“noble metal” concentration in bimetallic structures generates
an evolution of the morphology of these particles, with the
preference of segregated structures (JN-like) at 50% Cu,
suggesting that there would be a critical number of Cu atoms
before the stability transition from CS to other structures
begins. This segregation has already been reported by Xiao et
al, finding a separation of Fe and Cu after the synthesis of
bimetallic NPs.*’

Table 1. Total Energy of FeCu Particles as a Function of Cu Percentage from Molecular Dynamics and the Continuous Model

within Their Relative Differences

E (eV/atom) Cu %
structures 10% 20% 30% 40% 50% 70%
big simul -3.99 —-3.92 —3.87 —3.83 -3.76 —3.65
model —4.00 —-391 —3.84 -3.79 -3.73 -3.63
Ar % 0.32 —0.29 —0.80 —1.23 -0.72 —0.61
medium simul —3.96 —-391 —3.85 -3.79 —-3.74 —3.64
model -3.99 -391 -3.82 -3.75 -3.71 —3.61
Ar % 0.67 0.05 —0.66 —1.01 —0.94 —-0.79
small simul —-3.92 —3.87 —3.83 —3.76 —3.72 —3.62
model -3.97 —-3.88 -3.83 -3.73 —3.67 —-3.58
Ar % 1.22 0.30 —-0.09 —-0.99 —1.38 -1.13

DOI: 10.1021/acs.jpcc.7b11556
J. Phys. Chem. C XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b11556/suppl_file/jp7b11556_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b11556

The Journal of Physical Chemistry C

5

o 10(0 150
osition [nm)

Figure 7. Linear mapping of the synthesized bimetallic NPs for (a) 10
and (b,c) 5S0% Cu, respectively. Initial position is defined with the red
circle in the red line. (a) suggests a CS structure, while (b,c) suggest
segregated or JN-like structures.

Additionally, we have added chemical analysis in the
Supporting Information to support our results (see Figures
S3 and S4), showing the scanning electron microscopy—EDS
analysis performed on bimetallic material with 10% Cu (Figure
S3a,b) and 50% Cu (Figure S4a,b), respectively. This
quantitative characterization is consistent with STEM, and
therefore, the presence of Fe and Cu in the bimetallic NPs was
corroborated.

4. SUMMARY AND CONCLUSIONS

We studied the morphology of FeCu NPs by using a multistep
optimization procedure, establishing Cu concentration con-
ditions where CS or JN-like structures are the more
energetically stable morphologies. At low Cu concentrations,
Cu atoms wrap the Fe cluster following the Fe bcc lattice. Once
we increase the Cu concentration, the shell of Cu atoms shows
an fcc lattice until the stability transition point from CS to JN is
reached. A segregated structure is obtained at high Cu content,
with a bec lattice for Fe and an fcc lattice for Cu. The Cu—Cu
energy becomes more important as the Cu percentage is
increased, while the Fe—Cu energy grows quickly until the first
monolayer is built, and from there on forward, it has slow-
paced growth as the Cu content increases. This effect leads to a
stability transition point where it is more energetically
expensive to surround the Fe core than to segregate the Cu
atoms. This transition point is slightly shifted to a lower Cu
concentration as the Fe nucleus size is increased. For large Cu
content, twins and SFs were found, nucleated by the help of the
Fe—Cu interface formed in JN-like structures. Although our
multiple annealing cycles display convergence, the use of
Monte Carlo simulations as in Erhart et al.'” might display
some features which cannot be observed within the relatively
short simulation time scale. Nevertheless, we expect the CS to
JN stability transition behavior to be observed for other
materials and help to design bimetallic NPs at requested
conditions, as a function of the elemental concentration. In this
direction, future work miéght also consider other bimetallic NPs
of technological interest,” as well as consider the incorporation
of iron and copper oxide compounds. Finally, a continuous
model for the immiscible FeCu system is proposed to obtain
the most stable configuration, resulting in a structural map in
agreement with the molecular dynamics simulations and

experimental evidence. This model can be used for other
NPs, provided the characteristic energies are calculated from
atomistic simulations. The tailoring of certain structures for a
given size and composition would also allow the possibility to
engineer desired properties for technological applications.
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