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Binary nanoparticles of a copper and silver alloy are of great practical interest due to the possibility of fine-tuning

their physicochemical properties by changing the composition, size, shape and structure of the nanoparticles. In

the presented work, the processes of formation of the internal structure of Ag-Cu nanoparticles with a diameter

of 2.0−8.0 nm during their crystallization were studied using the molecular dynamics method. The features of this

process were found depending on the target chemical composition of nanoparticles, their size and the intensity of

thermal energy removal. Based on the analysis of available experimental data and the results of computer modeling,

it was concluded that it is possible to control the internal structure and shape of Ag-Cu nanoparticles. In particular,

it was shown that as a result of crystallization of binary Ag-Cu nanoparticles from a melt, metastable states that are

quite stable at room temperature are captured.
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1. Introduction

Due to their quite unusual catalytic, optical, magnetic,

electric and mechanical properties, bimetal nanoparticles

(NP) start playing a very important role in various modern

technological applications [1]. Particularly actively, they are

applied in catalysis, and in some cases it is the bimetal

nanoparticles that have much high activity in comparison

with the macroparticles of a usual alloy [2].
In addition to the higher catalytic activity, the binary NPs

have a wide spectrum and other interesting peculiarities [3].
Addition of the second metal into the nanoparticle results in

substantial change of its physical and chemical properties,

which is often manifested in the change of its internal

structure, too. At the same time, the nanoalloys can

have a more variable spectrum of the external structure as

well, including irregular morphology (triangular, hexagonal,
quasi-elongated plates, etc.) [4].
Moreover, the nanoalloys can have a large variety of

segregation models (of chemical ordering), which can

be mixed or phase-separated ones. Distinguishing the

nanoparticles with the maximum possible phase separation

shows
”
core-shell“ structures, wherein the core of one

atomic sort is covered by the shell of the second kind, and

Janus-type structures, wherein metals are separated in two

halves of the nanoparticle. The models of segregation of the

real systems can have intermediate features between these

extreme types.

It is especially important to have fine tunability of

the properties of such particles by purposefully changing

not only their size or shape, but their target chemical

composition as well. We also note that the structure of

these nanoparticles is one of the important characteristics,

which define their physical and chemical properties.

Of the entire plurality of chemical compounds, which are

presently used in nanotechnologies, we focus our attention

only on the Ag-Cu nanoalloy, which is one of the widely

studied binary systems. Thus, it has been experimentally

shown that the Ag-Cu nanoparticles were better catalyzers

for oxygen reduction reactions [5] than respective pure

nanoparticles. The Ag-Cu nanoparticles are also used as

low-melting solders [6], plasmon particles, etc.

Recent experiments and calculations [3] have shown that

in the Ag-Cu nanoparticle the chemical ordering largely

depends on the target composition. For the compositions

with a high content of Ag atoms, it is a preferable option

to have the core-shell structure with a shifted center. In

this sample, the Cu core is asymmetrically located in the

nanoparticle, which is covered by a very thin Ag layer on

one side, which is often called the quasi-Janus morphology

The Janus and quasi-Janus morphology are common for the

various binary metal systems. But, icosahedral clusters of

the Ag alloys are predictably excluded from this behaviour

due to special nature of interatomic interaction forces.

Moreover, some studies have demonstrated that the Ag-Cu

nanoparticles observed during gas-phase synthesis were

exactly various non-crystal structures, which belonged to

the icosahedral type with the chemical ordering of the
”
core-

shell“ type [7].
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Besides, the nanoparticles of the Ag-Cu binary alloy

are often observed as well as in an implicit metastable

state [8,9], which is characterized by a totally different

internal structure in relation to the optimized structures with

a minimum energy value. This state is characterized by its

thermal stability, which results in the fact that the metastable

Ag-Cu nanoparticles could be observed for a long time in

the wide range of the temperatures.

It is decisively important to understand and control the

metastability conditions in the nanoscale systems for devel-

oping technological application of these materials. Actually,

the nanoparticles are very often produced in largely non-

equilibrium conditions, which is especially typical for physi-

cal techniques of the synthesis. It results in formation of the

kinetically captured metastable structures as a final result

of the synthesis process [10,11], which was experimentally

observed both for the pure metals (Ag,Au, Fe [12–15]), and
for some binary metal nanoparticles [16–21].

However, it can be assumed that over time the metastable

structures will develop towards thermodynamic equilibrium,

so their properties including structural ones can change.

That is why determination of the technological conditions

for obtaining the metastable configurations of the nanopar-

ticles is of great practical importance, but there is almost no

experimental studies of these problems.

In terms of computer simulation of the Ag-Cu nanosys-

tem, this problem has been solved by means of the

Monte Carlo techniques [22] and molecular dynamics

(MD) [8–10]. The simulation [22] has studied full evolu-

tion of a cuboctahedral form from an initial chemically-

unordered configuration to equilibrium chemical ordering

of Cu@Ag. The MD simulation [8–10] has been done only

for strictly defined chemical compositions and sizes, which

is still an insufficient technological basis for identifying ways

of creating the metastable configurations.

Thus, the binary particles of the copper and silver alloy

are of great practical interest due to fine tunability of

their physical and chemical properties via changing the

composition, size, shape and structure of the nanoparticles.

So, the present study was aimed at investigating the

processes of formation of the internal structure of the AgCu-

alloy nanoparticles using the computer simulation methods,

depending on the target chemical composition, size and

intensity of thermal impact.

2. Simulation system

The experimental determination of many substance prop-

erties in the nanometer range can be often aided by the

computer simulation, which plays a key role in detailed

description of the characteristics of these systems. Indeed,

such simulation has a lot of advantages. First of all, it

can study the nanoparticle on the atomic level and on the

very short time scales, which is not always possible when

conducting the real experiments. Besides, the available

experimental techniques are clearly insufficient for under-

standing the peculiarities of atomic motion mechanisms,

which determine the resultant properties of the clusters,

especially, the structural ones. In this regard, the computer

analysis of the processes in the nanoparticles is very useful,

since it can provide information to deeply understand these

mechanisms [9].
We think that the most adequate technique for studying

the above-described processes can be a molecular-dynamic

approach, which is based on calculation of the classic

(Newton) trajectories of object motion in the phase space

of the coordinates and pulses of its atoms. This method

can quite accurately determine the structural and thermo-

dynamic properties of the clusters as well as trace the

dynamics of nanoparticle atoms with change of the various

external factors, such as the temperature, pressure, etc.

The MD simulation is also advantageous in creating the

completely physical trajectories of atoms instead of some-

what artificial dynamics of the Monte Carlo schemes [10].
Moreover, such simulation covers the quite long time scales,

since most models of our paper have duration of dozens

of nanoseconds. This time scale is enough for studying

the processes of origin of the significant structural changes

in the nanoparticles of the size studied by us, when they

are solidified from a melt, and completion of the structural

evolution at room temperatures.

In order to simulate the thermal impact on the

Ag-Cu nanoparticles by the method of molecular dy-

namics, we have used the MDNTP software designed

by Dr. Ralf Meyer, University Duisburg Germany. The

interatomic interaction forces have been calculated using the

strong-binding potential TB-SMA based on the parameters,

which are calculated in [23]. This potential is selected based

on an assumption that the big group of the properties of

the transition metals and the alloys thereof can be fully

determined from the density of states of the external d —
electrons

The ongoing processes were analyzed in a computer in

the microcanonical NVE-ensemble. The temperature was

determined by the average kinetic energy of atoms, which

was calculated based on the speed Verlet algorithm with

a time step h = 1 fs. The initial objects were selected to

be spherical clusters produced by cutting out of the ideal

Ag crystal lattice, wherein a part of the silver atoms was

randomly substituted with copper atoms in a target percent

ratio, which was of interest for us.

The first interval included smooth heating of the simu-

lated systems to 1200K and holding thereof for 1.0 ns for

full disappearance of residues of the crystal structure. The

upper limit of 1200K is enough for melting the modelled

particles as the melting temperature for the Ag clusters

significantly reduces with decrease in the particle size in

comparison with the bulk material (Tmelt = 1235.1K).
Then, based on the Andersen thermostat, the proce-

dure of smooth cooling of the Ag-Cu nanoparticles was

performed to the room temperature at three various rates

of thermal energy removal. Possible structural transitions
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occurring thereat were determined by means of a radial

distribution function and a plot of temperature change

of potential energy. The most stable cluster structure

was determined by taking an ensemble of the same-size

nanoparticles. Then, the visualizers OVITO and xmakemol

were used for finding the real appearance and structure of

the nanoparticles under study.

3. Results and discussion

The crystallization processes are of primary importance

in many techniques of synthesis of materials, which are

often prepared initially at a high temperature in the liquid

phase, and then cooled to achieve operating temperatures,

which is especially typical for obtaining nanoscale objects

via the physical techniques. However, despite the impor-

tance thereof, the crystallization processes are insufficiently

studied at the nanolevel. In particular, very little is known

about crystallization of the binary metal nanoparticles. In

addition to the thermodynamic factors, the kind of chemical

ordering can be strongly affected by conditions of a cooling

process, i. e. kinetic peculiarities of the system behavior.

So, it is even more important to study crystallization of the

binary particles than in the nanoparticles of the pure metals.

It is extremely difficult to determine ways of nano-

scale crystallization on the experimental level due to small

time scales of the ongoing processes and, as a rule, high

temperatures. For this reason, the data of computer

simulation can be very useful, since it is this simulation

that can reproduce the respective mechanisms on the atomic

level [8].

Now, let us move to an issue of determining the internal

structure of the Ag-Cu nanoparticles obtained in our MD

simulation. The analysis was performed on the selected

Ag-Cu nanoparticles of the diameter of 2.0 ≤ D ≤ 8.0 nm

with the percent content of the copper atoms therein

within 10−50%. As the technique of vacuum and thermal

formation of the Ag-Cu nanoparticles was simulated [24,25],
the primary nanoparticles were in a melted (amorphous)
state with the maximum possible spherical form available.

Then, these primary nanoparticles were subjected to the

procedure of cooling to the room temperature with a various

pace of thermal energy removal as corresponding to the

cooling time τ = 0.5; 1.5 and 2.5 ns.

The analysis has been conducted to show that regardless

of the percent content of the copper atoms (10−50%) in the

binary Ag-Cu particles and their size (2.0 ≤ D ≤ 8.0 nm),
the two highest rates of cooling (τ = 0.5 and 1.5 ns) always
had the nanoparticles recorded with the disordered structure

only (Figure 1).

In case of more detailed consideration of the nanoparti-

cles at the various stages of thermal evolution, we can notice

expected separation of the chemical elements (segregation)
according to a core-shell scenario. However, it is this

binary alloy that is characterized by incompletion of such

a process. Indeed, the Ag atoms were pressed out of the

Figure 1. Nanoparticle of the Ag70Cu30 alloy of the diameter of

D = 6.0 nm, as obtained by cooling from the melt to the room

temperature for the time τ = 0.5 ns. The silver atoms are shown

in green, so are the copper atoms in red. Amorphous structure.

The nanoparticle is shown in section on the right side.

Figure 2. Nanoparticle of the Ag50Cu50 alloy of the diameter of

D = 2.0 nm, as obtained by cooling from the melt to the room

temperature for the time τ = 1.5 ns. The silver atoms are shown

in green, so are the copper atoms in red. Amorphous structure.

The nanoparticle is shown in section on the right side.

center of the Ag-Cu particle, predominantly to its surface,

but an evident core of the Ag-Cu nanoparticle was not still

observed (Figure 1). Instead, the central part of the Ag-Cu

nanoparticle had a mixture of atoms of the various sort

within the quite wide volume.

Probably, if subjecting these nanoparticles to the high-

thermal annealing procedure at the temperatures about

T = 800−1000K during several dozens of minutes, then

intense diffusion processes will make it possible to obtain

the binary Ag-Cu nanoparticles with a much more shaped

core-shell structure. Thus, we can have technological con-

trollability of the internal structure depending on whether it

is necessary to create a particular kind of the structure of

the Ag-Cu nanoparticles.

However, this theoretical assumption can not be proved

by the methods of the computer MD simulation performed

by us, which is limited by a nanosecond range of the real

time and requires additional experimental investigation. Our

hypothesis can be confirmed by data on the smallest of the

nanoparticles studied by us (D = 2.0 nm) with the target

composition Ag50Cu50. Only in this limit case, we could

obtain the expressed core-shell structure (Figure 2).
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But even this behavior was found only in 20% of the

computer simulations performed and only at τ = 1.5 ns. At

τ = 0.5 ns, no copper core was observed in the Ag-Cu

nanoparticle. In case of cooling from the melt the

nanoparticles of the diameter of D = 2.0 nm with the same

target composition Ag50Cu50 for τ = 2.5 ns, the percent of

appearance of the core-shell structure was increased 30%,

thereby indicating correctness of the proposed assumption.

Thus, it can be concluded that at the high cooling

rates (τ = 0.5 and 1.5 ns) crystallization of the Ag-Cu

nanoparticles of the diameter of 2.0 ≤ D ≤ 8.0 nm and with

the copper atoms content of at most 50% therein almost in

all the cases results in capture of evident metastable states,

which apparently can exist for quite long time.

Below, we comparatively analyze the data of our com-

puter simulation with the results available in other studies.

Thus, [3] has demonstrated that in the simulated Ag-Cu

nanoparticles with the total number of 100−300 atoms,

for the compositions with the big Ag content it is a

preferable option to have the core-shell structure with

possible availability of the icosahedral structure. We note

that this structure has been obtained by the authors of [3]
under the condition of thermodynamic equilibrium (the
minimum value of the cluster energy), i. e. in quite

idealized conditions, which may be absent in the real NP

crystallization.

The results of [3] seem to be quite clear to us. Indeed,

with such sizes of the binary nanoparticles, the effect of

pressing larger atoms out to the surface in the course of the

temperature-induced diffusion was an expected one. We

recorded it in the Au-Cu-alloy nanoparticles [26]. Thus, [26]
has found that heating of the Au-Cu nanoclusters induced

typical changes of its structures, which resulted in the atoms

starting gradually escaping the crystal lattice sites L12 and

occupying energetically more favorable positions, which is

called the
”
order-disorder“ transition.

However, we have demonstrated in [26] that with further

increase in the temperature the initially homogeneous

chemical composition of the Au-Cu nanoparticles started

changing due to the process of pressing the Au atoms

out to the surface layer, while the segregation process

rate increases with the temperature. So, after the thermal

relaxation procedure the Cu-Au cluster was actually a

particle with the copper center and the surface enriched

with the gold atoms.

If all these processes are conditioned by a small size of the

nanocluster (N < 300 atoms), then the icosahedral structure

can be formed, wherein it can have the surface energy

minimum in comparison with other polytype modifications.

It can be also noted here that availability of the atoms with

substantial difference in the effective interaction diameter

in one nanocluster can significantly facilitate the processes

of diffusion reconstruction of the nanoparticle structure,

thereby making it possible to result in formation of the

icosahedral phase.

Indeed, the binary Ag-Cu alloy is characterized by very

weak mixability in the bulk state and lattice mismatch

above 10%, wherein the element with a larger atomic size

(Ag) also has a lower surface energy. These peculiarities

are a driving force of phase separation in the Ag-Cu

nanoparticles, thereby resulting in surface Ag segregation

and, finally, formation of Cu@Ag [10]. These structures

will be in equilibrium, if the nanoparticle composition is

quite enriched with a shell element to fully cover the

core. However, the experiments have exhibited other types

of the structures, such as structures with mixed chemical

ordering, with inverted
”
core-shell“ arrangement or a multi-

shell structure. These structures are probably outside the

equilibrium [27], and, really, it has been clearly shown

that the mixed structures were often metastable during

experimental annealing [10], which had been confirmed by

our MD-simulation analysis, as well.

Below we consider the data, which we have received by

reducing the rate of thermal energy removal (the cooling

time τ = 2.5 ns). In this case, a number of interesting

peculiarities was found, but only under a condition of min-

imum alloying of the silver nanoparticles with the copper

atoms (≈ 10%). In other target compositions with the

higher percent content of the copper atoms (≥ 20%), the
external and internal appearance of the Ag-Cu nanoparticles

fully complied with the above-considered cases of the higher

crystallization rate. I.e., at the room temperature T = 300K,

the final interval of this process has exhibited the binary

nanoparticles of an approximately spherical form in the

amorphous structural state without the completed core-shell

structure.

Before passing to our results, we provide the data of [28].
Thus, for the larger Ag-Cu nanoparticles (D = 3−5 nm),
using the computer simulation methods of [28], too, it has
been found that the very low alloying levels could cause

sharp restructuring of the metal nanoparticles. I.e., the

introduction of the impurities with a small atomic radius into

the matrix of the larger atoms causes a structural transition

from the FCC crystallites to the icosahedrons. Stabilization

of the unexpectedly sized icosahedrons means that the

probability of presence of such a five-part structure can be

significantly increased in the nanoalloys in comparison with

the single-metal nanoparticles. The data of [28] have been

also obtained under the condition of the minimum energy

of the binary nanoparticle.

Experimentally, this fact was already noticed in 1984

by the future Nobel Prize winner Daniel Shechtman when

studying the Al alloy with 10−14 at.% Mn, Fe or Cr [29].
He found that under the condition of very fast cooling, even

in quite big samples of the size up to 2µm, it is possible to

form the clearly expressed five-part structure shaped as the

icosahedron.

The stabilization of the Ih-phase can be explained by

alloying the elements of a different atom size, since this

mismatch can compensate for deformation in the icosahe-

dral shells, which is available due to an increasing difference

between the atomic distances along the radial and tangential

directions.
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a b c

Figure 3. Nanoparticle of the Ag90Cu10 alloy of the diameter of D = 2.0 nm, as obtained by cooling from the melt to the room

temperature for the time τ = 2.5 ns. Icosahedral structure. The silver atoms are shown in green, so are the copper atoms in red. a — the

general view of the nanoparticle; b — the nanoparticle in section; c — the nanoparticle atoms are shown in flat projection and with a

reduced size.

a b c

Figure 4. Nanoparticle of the Ag90Cu10 alloy of the diameter of D = 8.0 nm, as obtained by cooling from the melt to the room

temperature for the time τ = 2.5 ns. The silver atoms are shown in green, so are the copper atoms in red. a — the general view of the

nanoparticle; b — the nanoparticle in section; c — the nanoparticle atoms are shown in flat projection with a reduced sized based on the

standard CNA technique (common neighbors analyze).

Thus, in terms of the theory, the ideal Ih-cluster of the

binary Ag-Cu alloy must have an enriched copper core

and a surface with predominant arrangement of the silver

atoms. It agrees with the fact that the icosahedron core

is compressed, which makes it energetically more favorable

for smaller atoms to be arranged therein. Consequently,

the Ih surface of the nanoparticle is stretched, so that it is

impractical for the small atoms to be arranged therein.

Another important issue may be a specified pace of the

thermal energy removal. Our earlier studies of the crystal-

lization processes for the nanoclusters of the pure chemical

elements (Cu,Ni) have found that with the different cooling

rate it exhibited predominant formation of either the FCC

structure or the icosahedral structure [30–32]. I. e., the

kinetic factors can play a decisive role in determining an

atom arrangement’s order resulting from the crystallization

process, which can result in capturing the stable metastable

states, too.

The similar results were also detected in our MD

experiments, with a clearly expressed size effect. Thus, for

the ensemble of the Ag-Cu nanoparticles of the diameter of

D = 2.0 nm, about 30% of the nanoparticles really had an

icosahedral structure (Figure 3).

The other nanoparticles (≈ 70%) have been found to

have a disordered structure. With increase in the nanoparti-

cle diameter to 4.0 nm, there was significant reduction of

the nanoparticles in the amorphous or quasi-amorphous

state (≈ 40%). Of the nanoparticles, which had any

clearly expressed crystal structure, about 30% had the five-

part symmetry (Ih, Dh), while the other ones had the

FCC structure, which is typical for the very fast cooled

macroscopic samples of the Ag-Cu alloy. With D = 6.0 nm,

no Ag-Cu nanoparticle in the amorphous state was detected.

I.e., all our simulated nanoparticles of the given size and

target composition under such crystallization conditions

(the cooling time τ = 2.5 ns) already had enough time for

reconstruction towards formation of either the icosahedral

modification (≈ 20%), or towards the FCC phase. In the

last studied ensemble of the binary Ag-Cu nanoparticles of

the diameter of D = 8.0 nm, all the nanoparticles of the last

simulation stage (T = 300K) had predominantly the FCC

structure (Figure 4 shows it in blue), although with presence

of quite big amorphous areas (Figure 4 highlights them in

yellow).

Thus, based on the performed computer simulation of the

process of crystallization of the Ag-Cu nanoparticles with

the several different paces of the thermal energy removal,

it can be concluded as follows. During the processes

of the physical synthesis of the Ag-Cu nanoparticles, for

example, when creating SERS substrates [24,25] or when
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producing the nanoparticles from the high-temperature gas

medium [33,34], the real internal structure of such binary

nanoparticles is radically different from the structure of

the Ag-Cu nanoparticles obtained in the conditions of

thermodynamic equilibrium, i. e. based on analyzing the

structures with the least possible energy value.

Consequently, as a result of crystallization of the binary

Ag-Cu nanoparticles, due to intense kinetic phenomena,

the metastable states, which are quite stable at the room

temperature, are captured. However, at the low levels

of copper alloying in the Ag-Cu nanoparticles of the size

up to 8.0 nm and with the slow process of crystallization,

it is still possible to form the five-part symmetry of

the FCC structure even in the conditions of no evident

thermodynamic equilibrium. The diameter of D = 8.0 nm

for the Ag-Cu nanoparticles is apparently a limit, starting

from which there is exhibition of an effect of almost entire

stabilization, which is not inherent in the eutectic Ag-Cu

alloy of the polytype FCC modification.

4. Conclusion

The metallic nanomaterials are already widely used

in many branches of science and technology owing to

their special catalytic, magnetic, optical and mechanical

properties. One of the most interesting applications thereof

may be nanooptics, namely, using a phenomenon of local-

ized surface plasmonic resonance (LSPR), which provides

for freedom of technical use thereof. However, these

peculiarities of behavior of the metallic nanoparticles largely

depend on the form, size, internal structure, composition

and chemical stability.

The binary particles of the copper and silver alloy are

here of great practical interest due to LSPR tunability via

changing the composition, size, form and structure of the

nanoparticles. Using the methods of MD simulation, the

present study has investigated the processes of formation

of the internal structure of the Ag-Cu-alloy nanoparticles

depending on the target chemical composition, size and

intensity of thermal impact.

Based on the results of computer analysis, it has been

found that in most cases, regardless of the target chemical

composition, the simulated Ag-Cu particles of the diameter

of up to 8.0 nm, inclusive, demonstrated at the final stage

of thermal evolution the amorphous structure with quite

wide distribution of the Cu atoms inside the central area

of the binary nanoparticle and with partially pressing the

Ag atoms out predominantly to its surface. We note that

such pressing of the Ag atoms out to the surface promotes

protection of the Cu atoms against atmospheric oxidation,

thereby resulting in preservation of plasmon effects.

Besides, it has been simulated to find that at the low levels

of copper alloying the Ag-Cu nanoparticles can still form

the five-part symmetry, and record the conditions of origin

of this effect. It has been also determined that D = 8.0 nm

for the Ag-Cu nanoparticle is apparently a size limit, starting

from which there is exhibition of the macroscopic effect of

stabilization of the FCC structure of the eutectic alloy under

the condition of very fast quenching of the sample.

Thus, based on the results of analysis of the available

experimental data and the data of the performed computer

simulation, it has been concluded the internal structure and

the form of the Ag-Cu nanoparticles could be controlled

depending on technical necessity for creating a particular

kind of the structure.
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