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Abstract: Molecular dynamics simulations are performed to investigate the changes of packing
structures, and thermodynamic quantities including internal energy, entropy, and free energy are used
to determine temperature regime and transition time of atomic packing structures. The simulation
results show different packing structures as the component composition changes, and there are
different packing patterns during cooling. For these Cu-Ag alloy clusters containing only a small
number of atoms of Cu, they present FCC packing structures in different parts at high temperatures,
and then there are transformations to icosahedral structures. With the increase in content of Cu
atoms, there is a transition mechanism from molten state to icosahedron. When the content of Cu
atoms is appropriate, core-shell structures can be formed at room temperature.

Keywords: nanoalloy; core-shell; molecular dynamic; atomic packing

1. Introduction

During recent decades, bimetallic nanoclusters are of great significance in basic sci-
ence and technological applications, such as magnetism, catalysis, and optics, and have
attracted the attention of researchers [1–7]. The unusual physicochemical, electronic, and
magnetic properties are mainly from differences in the atomic number of the group ele-
ments, elemental segregation effects, etc., and make those bimetallic clusters suitable for
heterogeneous catalysis, sensors, and optoelectronic devices [8]. Therefore, studying of
bimetallic nanoclusters is important for understanding and controlling the alloying at the
nanoscale. Bimetallic nanoalloying particles can form a variety of isomers by combining
atoms into different arrangements, and the mixture of different components also results
in different characteristics [9]. It is found that many bimetallic nanoclusters can form
core-shell structures [10]. When either one metal has a lower surface energy than the other
or there is an atomic radius mismatch, the smaller atoms tend to occupy the cluster core
to release the strain, whereas the larger atoms will move to the shell [11–13]. Compared
with the traditional binary nanoalloys, on one hand, the core-shell structure of bimetallic
nanoparticles can be modified by surface processing, i.e., depositing specific substances on
the surface of the in-core particles, and, thus, giving the particles new functions. On the
other hand, by the interactive modulation of the electronic structure between the core and
shell atoms, it can form new surface structures and electronic structures [14,15]. Therefore,
in the past few decades, nanoalloy particles with core-shell structure have attracted great
interest and attention [16].

Silver nanoparticles present many distinct properties, such as high electrical conductiv-
ity, excellent photoelectricity, and antioxidant and antibacterial activity [17–23]. However,

Molecules 2021, 26, 6242. https://doi.org/10.3390/molecules26206242 https://www.mdpi.com/journal/molecules

https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://doi.org/10.3390/molecules26206242
https://doi.org/10.3390/molecules26206242
https://doi.org/10.3390/molecules26206242
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26206242
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules26206242?type=check_update&version=2


Molecules 2021, 26, 6242 2 of 11

the high cost of silver nanoparticles makes it very limited in industrial production. As a
typically eutectic alloy, when some of the Ag atoms in the nanoparticles are replaced with
Cu atoms, alloying nanoparticles having the core-shell structures can be formed. It has been
proved by experiment that a silver nucleus with a small size gradually agglomerated and
can finally formed a core@shell structure of Cu@Ag with an increase in the concentration
of metal sources [24]. The Ag-Cu nanoalloys are less expensive and have better electri-
cal, optical, and catalytic properties [25]. Accounting for the fact that Cu nanoparticles
have poor oxidation resistance, Ag atoms are wrapped on the surface of the Cu nuclei to
prevent Cu oxidation, which also constitutes the commonly known Cu-Ag nanoclusters
with core-shell structure, labeled as Cu@Ag nanoclusters. Liu et al. found that when Cu
atoms in the core of Cu-Ag clusters, it will affect the strain distribution in clusters, also
resulting in the different temperatures of packing transition [26]. Bochicchio et al. found
that the melting temperature range of Cu@Ag nanoparticles with chiral structure is the
same as that of highly symmetric pure clusters of the same size, indicating that the clusters
have significant thermal stability [1]. In addition, some experiments have shown that the
core-shell nanomaterials formed by Cu nanoparticles wrapped with Ag nanoparticles not
only improve the oxidation resistance of Cu nanoparticles, but also maintain their excellent
electrical properties including high electrical conductivity and high oxygen reduction
reaction activity [27–34]. Because nanoalloy’s properties are significantly determined by
their morphologies and atomic packing patterns in these particles, the knowledge about
the structural phases at different temperatures during cooling becomes essential to use
them in a variety of novel applications.

In this paper, molecular dynamics approaches based on the embedded atomic method
(EAM) are used to simulate the changes of molten CunAg135−n (0–135) nanoclusters during
the cooling process. Clusters containing 147 atoms usually present a perfect icosahedral
geometry, and can be identified as typical “magic number clusters” in laboratory. When
twelve atoms in this cluster are removed, the cluster containing 135 atoms may show
a truncated icosahedral packing structure. Compared with the clusters containing 147
atoms, this cluster is close to spherical morphology in geometry, which is theoretic research
significance. The individual clusters are analyzed based on the atomic average potential
energy per atom, pair distribution functions, structural diagrams, visualization of the
atomic packing structure, entropy, and free energy variation.

2. Model and Simulation

In this paper, the interaction among the atoms is described by the EAM form, which
was proposed by Williams [35]. The total potential energy or internal energy of the system
Etot is determined by

Etot =
1
2∑

ij
Vij
(
rij
)
+ ∑

i
Fi(ρi) (1)

ρi = ∑
j 6=i

ρj
(
rij
)

(2)

where Vij
(
rij
)

is the potential energy between atoms i and j having a distance of rij, Fi(ρi)
is the embedded energy with an electron density of ρi at the position of the atom i. The
density value is obtained from the superposition and sum of the electron density from the
nearest neighboring atoms of the atom i. ρj is the electron density of the neighbor atom j of
the atom i.

The simulations were carried out in the NVT ensemble using Andersen thermostat.
By solving Newton’s equations, we could obtain the positions and velocities of each atom,
and a predictor-corrector algorithm was used to integrate equations of motion. Throughout
the simulations, a time step of 1.6 × 10−15 s is used. At each temperature, the system
was first fully equilibrated in 1.592 ns time before running to accumulate statistic, and the
atomic trajectories and energy recorded in the subsequent 8 × 10−3 ns were used to obtain
thermodynamic equilibrium values. The time steps used for statistics should be larger
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than 3N-6 in the simulated system, where N is the atom number in the system. Initially,
we constructed a MD simulation cell with 20a0 × 20a0 × 20a0 (the Ag lattice constant a0
is 4.09 Å), and one cluster containing 135 atoms is put in the center of the cell. Here, the
box size of the simulated central cell is large enough to avoid the interaction of the atoms
in this central cell with the other atoms in its 26 neighbor imaging cells under periodic
boundary conditions. Here, the distance between the central clusters in neighboring cells
is 8.10 nm, which is much greater than the cutoff value of 0.60 nm for the interaction
energy in the present binary system. The cluster containing 135 atoms was heated to a
high temperature of 1250 K, and the cluster was melt after structural relaxation. Different
molten nanoalloy clusters, as well as pure copper clusters were obtained by replacing Ag
atoms in the pure silver clusters with 0–135 Cu atoms, respectively, and these clusters were
subjected to structural relaxation at this high temperature. Subsequently, the different
clusters obtained were subjected to a cooling process, that the temperature was lowered to
300 K at a decrement of 50 K. During cooling, the last step of the structure obtained from
the structural relaxation at each temperature was simulated as the initial structure in the
next temperature. In the present simulations, because of strong heat bath and very high
surface/volume ratio for these clusters with a specific number, their configurations present
high reproducibility during cooling. However, as the contained number of the atoms in
clusters increases above 200, some of their structures show obvious variations in different
simulations.

The following values were determined in the simulations.

g(r) =
1

N2

〈
∑i∈N ∑j 6=i∈N δ

(
r− rij

)〉
(3)

where 〈·〉 denotes the average over the entire trajectory, and N is the atom number in this
cell. g(r) is the pair distribution function, and gives the possibility of finding the atom pairs
at a given distance r. When r = rij, δ is 1, whereas r 6= rij, it zero.

3. Results and Discussion

The diagram of these packing structures of CunAg135−n nanoalloys is shown in
Figure 1, where the icosahedral structure is represented by Ih and the other packing struc-
tures by α, β, α’, γ, respectively. Additionally, silver atoms are marked in silvery grey and
copper atoms in orange. As can be seen from this figure, the nanoparticles, having 1–3 Ag
atoms replaced with Cu atoms, show a structural transition to α in the high temperature
range, and then to icosahedral (Ih) geometry with the decrease in temperature. Here, α
packing structure shows a “twins” structure having a feature of five-fold symmetry. As the
number of replaced atoms increases to 4–27, the packing structure changes from disordered
arrangement to icosahedral structure during the cooling process from 1200 K to 300 K, and
the transition temperature shows a fluctuating decrease owing to the differences of atomic
arrangement in the particle surface. Those clusters containing 34–40 Cu atoms, are also
transformed to Cu@Ag packing patterns having an Ih configuration with decreasing the
temperature. The clusters in the range of Cu28Ag107–Cu33Ag102 and Cu41Ag94–Cu45Ag90
are transformed from disordered to γ packing structures. Here, the Cu atoms in these clus-
ters are arranged into incomplete icosahedral structure, while the Ag atoms are wrapped
around those Cu atoms. It can be noted that their structural transition temperatures are
lower than those of other clusters. The Cu@Ag nanoalloys having 46–112 Cu atoms are all
changed from disordered packing to icosahedral structures. For the alloy cluster containing
113 Cu atoms, a α’ ordered structure occurs when the temperature is decreased to 600 K.
In this structure, most of the Cu atoms are orderly arranged, while the Ag atoms and a
small amount of Cu atoms are scattered in the outer layers of this cluster. The nanoclusters
having 123–135 Cu atoms change into a β packing pattern at relative high temperatures,
and then into stable Ih_Cu phase with decreasing the temperature further. Similar to the
phase diagram of bulk Cu-Ag alloy, when the content of Ag or Cu in CunAg135−n clusters
is large, the transition temperature is higher, while the transition temperature in the middle
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content region becomes lower. In addition, the transition temperature from liquid to crystal
phase for pure Cu is apparently higher than that for Ag. Moreover, both Ag-rich and
Cu-rich clusters have face centered cubic packing structure in high temperature range, but
due to the small size, the clusters will present icosahedral structure with the decrease in
temperature. There are also similar changes for Cu-Ag clusters containing 55 atoms, where
the transition temperature of the clusters is also affected by the component content in the
process of temperature change [26]. Qi et al. found that Ag6Cu4 forms a metallic glass
while pure Cu cluster can form a FCC crystal for all quenching rates [36], suggesting that
the component content plays a significant role in different cluster structures.
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Structural characteristics of these five packing patterns for α, γ, α’, β, and Ih as
mentioned in the above diagram can be distinguished from PDF curves. As shown in
Figure 2, for the α and β packing patterns, the PDFs present similar distinct peaks, though
peak positions are different. These suggest that the atoms are packing in the similar
structures, whereas the distances between atoms in the two patterns are different. For
the γ packing structure, the first peak occurs at 0.32 nm, but the first main peak shows a
splitting phenomenon. It indicates that the number of Cu-Cu atomic pairs increases with
the increase in the number of Cu atoms, resulting in raising the number of short-range
ordered local structures in these clusters. The other peaks on the curve are obviously
connected with each other. These imply that there are more short-range ordered patterns
in this packing structure, and multi-structures coexist in this cluster. The first peak of the
PDF for the α’ packing structure is located at 0.29 nm. It is noteworthy that the shape of
the first peak is not completely symmetric, which is due to the difference in the atomic
distance between the atoms in the atom pairs close to the first nearest neighbor distance
in the inner part of this cluster, where the distance between the atoms in the core of the
cluster is slightly smaller than that in the outer region. The second and third peaks at
0.40 nm and 0.50 nm correspond to the positions of the second and third nearest neighbors.
Splits appear on the two peaks, and many small peaks appear in the range of 0.63 nm to
1.01 nm. Compared with the other PDFs, there are clear and obvious peaks on the PDF
for Ih packing structure. Here, the third peak at the position of 0.56 nm presents apparent
difference from those PDFs for α and β. The reason is that the occupied volume of the Cu
atom at the core of the cluster is smaller than that of the Ag atom. Meanwhile, the pairs’
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distances formed by the Cu atom and other Ag atoms are mainly near the positions of the
third nearest neighbor peak.
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In order to further understand the structural transformation of these alloy clusters dur-
ing the cooling process, five Cu@Ag nanoalloy clusters were selected, including Cu2Ag133,
Cu32Ag103, Cu83Ag52, Cu113Ag22, and Cu132Ag3 clusters, which correspond to five packing
patterns of α, γ, α’, β, and Ih, respectively. Figure 3 illustrates changes of potential energy
per atom with the temperature during cooling. By comparing the average energy curves
of the five clusters, it can be seen that the average energy of the nanoalloy clusters shows
a decrease with the increase in the number of replaced Cu atoms in the Ag clusters. In
addition, the energy of the five clusters all shows apparent decreases in some temperature
ranges. For the Cu2Ag133 cluster, the energy decreases sharply between 950 K and 900 K,
indicating that this cluster undergoes an apparently structural transformation. With the
further decrease in temperature, the energy of the cluster almost remains unchanged.
The energy curve of the Cu32Ag103 cluster suggests that there is an apparent structural
transition between 1050 K and 1000 K, and the atoms adjust their positions until 650 K.
Then, in the following temperatures below 600 K, the energy decreases slightly. For the
Cu83Ag52 cluster, accompanied by a significant decrease at 800 K, disordered packing is
changed to Ih structure, and the potential energy of this cluster remains essentially constant
in the 300 K to 800 K range. The energy of the Cu113Ag22 cluster decreases slightly with
decreasing temperature, from 1200 K to 1150 K, the shape of the cluster is elongated, and
then a decreasing change occurs at 750 K–700 K. Correspondingly, some locally ordered
arrangements appear in this cluster. Then, the cluster changes to a α’ packing structure in
the 650 K–600 K. As the number of Cu atoms reaches 132, the energy decreases significantly
in the temperature range of 1200 K to 1150 K, when the cluster change from disordered to
β structure. When the temperature decreases to 900 K, an energy decrease occurs again.
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Figure 4 shows the packing structures of Cu2Ag133, Cu32Ag103, Cu83Ag52, Cu113Ag22,
and Cu132Ag3 clusters at different temperatures. In the figure, silver atoms are marked in
silvery grey and copper atoms in orange. For the Cu2Ag133 cluster at 850 K, it transforms
from icosahedral structure to “five-fold twins” structure, where the atoms in different
regions are face-centered cubic (FCC) packing, and they have commonly atomic arrange-
ments in their interface. In Figure 5a, for the internal cross-section image of this cluster
at this temperature, the atoms in face-centered cubic (FCC) packing is represented by
green, the interfacial atoms in hexagonal close-packed structure (HCP) red, and the other
structures gray for these atoms in the surface. When the temperature decreases to 800 K,
this cluster changes from the α packing structure to a Ih structure. At 300 K, the cluster
still remains the Ih structure. It can be noted that although this structure is more compact
compared to that at 800 K, the outer shell of the cluster shows defects. The Cu32Ag103
cluster is disordered at 1200 K, and there are still many local structures in different small
parts at 650 K. At 600 K, the Cu atoms in the cluster’s inner part are arranged into incom-
plete icosahedral structure, while the Ag atoms are wrapped around the Cu atoms to form
outer shells. When the temperature drops to 300 K, the Cu atoms in the center of this
cluster are arranged more compactly. As for the Cu83Ag52 cluster, the overall cluster shows
contraction at 1200 K down to 850 K, and transforms to Ih structure at 800 K, where the Ag
atoms are loosely arranged in the outer shell. At 300 K, the cluster is still the Ih structure,
and some Cu and Ag atoms interchange their positions. The Cu113Ag22 cluster transforms
into the α’ packing structure at 600 K. From Figure 5b, it can be seen that the α’ packing
structure is mainly composed of FCC and HCP structures, but they are not symmetrically
arranged, which is somewhat different from the α packing structure. Cu132Ag3 nanoalloy
has a layered arrangement stacking structure at 950 K, most of the atoms of the β packing
structure are in FCC structure and a few atoms are in HCP structure as seen from Figure 5c.
When the temperature decreases to 900 K, the clusters change from β packing structure to
the Ih packing structure, and this cluster keeps the Ih structure until room temperature.
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950 K.

The entropy as a function of temperature can be obtained by subtracting the free
energy from the potential energy and dividing the difference by the temperature, as shown
in Figure 6. It can be used as a measure of the degree of order, i.e., for a given system, the
greater the degree of disorder in the atomic arrangement, the greater the entropy value [37].
As can be seen from the figure, the entropy values of the five clusters firstly decrease slowly
with the decrease in the temperature, and then decrease rapidly, and the entropy values
reach negative values, indicating that these clusters are arranged in an orderly manner.
Among the five clusters, the entropy of the Cu2Ag133 cluster is significantly higher than
the other clusters, followed by Cu32Ag103, Cu83Ag52, Cu113Ag22, and the lowest of the
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Cu132Ag3 cluster. These suggest that the number of replaced Cu atoms in the Ag clusters
has an effect on the overall entropy value of the clusters.
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Figure 7 shows the rotational free energy variation of the five clusters Cu2Ag133,
Cu32Ag103, Cu83Ag52, Cu113Ag22, and Cu132Ag2 at different temperatures with time. The
free energy referred to here is composed of translational free energy and rotational free
energy. At one temperature, the rotational free energy varies significantly, while the
translational motion is temperature dependent, and its value is a constant. The free
energy from the rotation is given by −kBT × lnZr, where kB is the Boltzmann constant, T
temperature, and Zr rotational partition function. For the Cu2Ag133 cluster, the free energy
of the cluster fluctuates in the 0 to 0.5 ns time range at 850 K, increases significantly in the
subsequent 0.1 ns, and then gradually flattens out. At 600 K, the free energy of Cu32Ag103
cluster fluctuates more significantly in the 0 to 0.1 ns and 0.45 to 0.5 ns time ranges, except
for the pronounced fluctuations in the other time, and tends to level off in the other time. In
these time regimes that the free energy values change more significantly, the conformations
of the cluster change significantly, indicating the occurrences of packing transition. The free
energy of Cu83Ag52 clusters at 800 K showed a largely fluctuating between 0 and 0.95 ns,
suggesting that followed conformational variations in this time regime, atomic packing
becomes stable. At 600 K, the free energy of Cu113Ag22 clusters show that the packing
transition occurs in a short time regime of 0.35 nm. For the Cu132Ag3 cluster, at 950 K, the
free energy changes dramatically at the time range of 0–0.6 ns, suggesting occurrences of a
large number of conformations. The free energy changes of the five clusters at 300 K are
similar, i.e., they increase slowly with increasing time, where the Cu2Ag133 cluster has the
smallest free energy value, followed by the Cu32Ag103, Cu83Ag52, Cu113Ag22 clusters, and
the Cu132Ag2 cluster has the largest free energy value.
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4. Conclusions

We performed molecular dynamics calculations for the packing structures and ther-
modynamics of CunAg135−n (n = 0–135) nanoalloys during cooling. With the increase in
Cu-content in the alloy cluster, as well as decreasing the temperature, the binary nanoalloy
shows a variety of packing structures. When the number of Ag atoms in the cluster is
relatively high, the Cu@Ag nanoclusters basically exhibit Ih and γ two packing structures
in the low temperature region. Although the number of Cu atoms accounts for more than
33%, the nanoalloys exhibit icosahedral structure in the low temperature region. When
there is only a few of Ag atoms or Cu atoms in Cu@Ag nanoclusters, the clusters show α

or β packing structures in the high temperature region, and then transform into Ih packing.
For these nanoclusters, when the number of Cu atoms is less than 112, the Cu@Ag nan-
oclusters can be formed. The changes of entropy for the Cu-Ag nanoalloys are influenced
by the number of replaced Cu atoms, and indicate the order degree in these alloys. As the
number of replaced Cu atoms in Ag clusters increases, the entropy and free energy of the
alloy clusters increase. Accompanying with the transition of packing structure at different
temperatures, the changes of rotation free energy can also be used to indicate the transition.
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