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A B S T R A C T

The fine bimetallic Cu-Ni integrated nanoparticles were obtained by the modified solution combustion synthesis
in the air using glycine as a fuel. The synthesized nanoparticles were studied by XRD analysis using single- and
two-phase approaches for Rietveld refinement simulation, by scanning TEM–EDX spectroscopy and HR TEM
technics. The data analysis for nanoparticles' characteristics showed close integration of Cu and Ni crystalline
structures, which tend to form a bimetallic alloy. The process of bimetallic nanoparticles’ formation was com-
puter simulated using the Monte Carlo method in the temperature range from 300 to 600 K. The simulation
established the patterns of neck formation for two cases of the initial arrangement of copper and nickel nano-
particles: direct contact and relative displacement of 0.2 nm. It was established, that in the case of relative
displacement in comparison with the case of the direct contact the coalescence process is «delayed» by 60–80 K
upon heating. A description of the energy spectra of two particles during the neck forming has been provided.

1. Introduction

The interest of researchers to metal nanoparticles is high due to the
prospects for their practical application, mostly biological [1–3] and in
catalysis [4–6], and the presence of size-related effects, i.e., the dif-
ference between their properties and the characteristics of the corre-
sponding bulk phase. These areas of research are expanding thanks to
the development of new approaches to nanoparticles synthesis and
modification. The using size-related effects closely interconnect prac-
tical and scientific aspects of interest to metal nanoparticles.

The transition from single-component metal nanoparticles to binary
and multicomponent nanomaterials significantly expands both the
range of structural transformations associated with them and the pro-
spects for their practical application. In particular, the binary and
multicomponent nanoparticles are characterized by the phenomenon of
surface segregation – the process of enrichment of nanoalloy surface
region by one of the components of a nanoalloy as a result of diffusion
of that element from the internal volume of the nanoparticle to the

surface region [7]. The segregation in nanoparticles manifests in the
evolution of the system at a constant and changing temperatures. The
coalescence phenomenon – the process of the merging of two or more
nanoparticles into one phase – can serve as an approach for producing
binary and multicomponent nanoparticles [8,9]. Understanding factors
that influence the binary coalescence rates in the various sintering,
which is the process of compacting and forming a solid phase of na-
nomaterial without melting it to the point of liquefaction, caused by
external factors, could significantly improve the quality of the final
product and make their production more effective. There were made
multiple efforts to compile theoretical modeling and experimental ap-
proaches to the phenomena studying [10]. The computer simulation
methods, in particular the Monte Carlo method, have been sufficiently
tested in studying the processes of sintering/coalescence, before [11]. It
was confirmed [12], that viscosity and particle size influence particles’
behavior overall, including melting, while morphology and porosity do
not impact particle coalescence, significantly. However, the structural
changes in the neck between particles during coalescence were not
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studied sufficiently before. While the nanostructured hollow Ni particle
synthesis technology and the study of fcc/hcp transformations were
proposed without consideration of the sintering mechanism [13].

The Cu-Ni bimetallic system is known for antibacterial activity
[14,15], as a catalyst for selective hydrogenolysis of glycerol [16],
furfural conversion [17], degradation of organic dyes [18], selective
hydrogenation of p-nitrophenol and cinnamaldehyde [19], hydro-
deoxygenation of vanillin [20], cyanation of aryl halides [21], CO2

reforming of methane [22]. It could be found different ways for
synthesis Cu-Ni nanoparticles: hydrothermal [18,23], by a microemul-
sion route using cetyl trimethyl ammonium bromide as the surfactant
[24], mechanical milling [25], different precipitation methods [26,27],
solvothermal method [28] or prepared via microemulsion [29]. Ac-
cording to the experimental data [30], there is pronounced surface
segregation of Cu to the surface of the bulk Cu-Ni alloy. Thus, the study
of the synthesis of Cu-Ni nanoparticles experimentally and with the use
of computer simulation results is an urgent task. In particular, such
attempts have already been made to study segregation in the Cu-Ni
system [31]. However, in this work, the simulation took place at a
temperature of 100 K, but the experimental conditions corresponded to
a temperature of 573 K. Such significant temperature differences, in our
opinion, do not fully allow us to compare the results of the experiment
and computer simulation correctly. Although, the use of the hybrid
molecular dynamics/Metropolis Monte Carlo algorithm based on the
embedded atom method suggests a high degree of realism of the si-
mulation results. For calculation of the value of the total potential en-
ergy of nanoparticles, the Gupta potential was used. This potential, as
well as the parameters, given in [32], were tested to a sufficient degree
and compared with the results of using the parameters for the tight-
binding potential, using DFT calculations [33]. However, one should
take into account, DFT calculations were not adequately tested in a
wide range of nanoparticle sizes. It is evident, that the analysis of phase
and structural transformations is complicated, and requires careful se-
lection of the model interaction potential for each component and, in
particular, for cross-parameters.

As a method for particles' synthesis for this work, we chose the
solution combustion synthesis (SCS) as a prospective method in terms
of time, reagents, and environmental impact [34]. SCS is a highly
exothermic reaction of an oxidation-reduction mixture. Using pre-
cursors in the form of solutions gives an advantage in a homogeneous
composition on a molecular level. Such type of reaction can provide a
synthesis of metal nanoparticles even in the air atmosphere due to the
large number of gaseous products that prevent formed metals from
oxidation [35].

The objectives of this study were to i) compare experimental data
for Cu-Ni synthesis with Monte-Carlo simulation results, and ii) to es-
timate the dihedral angle for Cu-Ni neck and temperature stages of the
coalescence process. It was accomplished by combining methodologies
from our previous researches [8,9], and different surface and materials
characterization techniques. The results of the research can be useful in
predicting temperature ranges for the synthesis of nanoscale active and
passive elements for nanoelectronics, which have a certain set of phy-
sical characteristics, taking into account their size dependences.

2. Experimental

2.1. Materials

All chemicals were the analytical-grade reagents and used without
any further purification. Nickel nitrate hexahydrate (Ni(NO3)2·6H2O)
and copper nitrate trihydrate (Cu(NO3)2·3H2O) were used as metal
precursors, glycine (C2H5NO2, G) as reducing reagent.

2.2. Synthesis procedure

Ni-Cu NPs sample with Ni to Cu molar ratios of 1:1 was synthesized

by a modified SCS approach [36–38] using a water solution of metal
nitrates (oxidizer) and G (fuel). The fuel-to-oxidizer ratio φ was kept
1.75, which was chosen based on our previous researches [39,40]. In
the case of φ > 1, CO2 and N2 rich protective gas media forms in a
reactor volume. This provides the possibility of obtaining pure metal
under air as an external atmosphere.

The sample was prepared as follows. Stichometrical amounts of
metal nitrates were dissolved in the minimum amount of hot distillate
water. Then the appropriate amount of G was added to get required φ,
according to SCS reactions in Eq. (1):

+ + + − −

= + + + +

φ φ

φ φ φ

Cu(NO ) Ni(NO ) (8/3 ) C H NO 6( 1) O

CuNi (16/3 )CO ((4 6)/3)N (20/3 )H O
3 2 3 2 2 5 2 2

2 2 2 (1)

The obtained solution was drying rapidly in microwave furnace
(800 W, 2.450 GHz) until gel and then foam has formed. The foam was
ignited and burned in a preheated muffle furnace at 873 K under
normal air atmosphere, leading to the formation of a fluffy powder,
which was removed from the furnace after reaction completion and
rapidly cooled in a closed crucible to prevent metal oxidation. The
protective or reducing atmospheres were not used.

2.3. Characterization

The time-temperature profile of the SCS of the precursor was stu-
died using a home-made setup. The precursors in the form of dried foam
were placed in a preheated 350 ± 10 °C vertical muffle furnace in a
special alumina crucible with a K-type thermocouple. The output signal
of the thermocouple was collected by a data acquisition system.

The thermal evaluation of SCS of experimental systems was con-
ducted by thermal gravimetric analysis (TG) (NETZSCH STA 449 F3
Jupiter). For TG measurement twenty milligrams of the sample in the
form of a dried gel was heated in an air atmosphere, at 10 °C per minute
up to 760 °C.

The phase composition and crustal structure of the obtained com-
bustion products were characterized by X-ray diffraction (XRD) analysis
using Bruker D8 ADVANCE diffractometer with a rotating copper anode
CuKα radiation. Rietveld refinements were conducted with the software
HighScore Plus. The Pseudo-Voigt function was used for the peak pro-
file refinement. The average crystallite size was determined from the
broadening of the diffraction peak using the Scherrer formula D = Kλ/
βcosθ where D is the average particle size in nm, K is the Scherrer
constant (0.89), λ is the wavelength of the X-ray source, β is the full
width at half-maximum and θ is the Bragg’s angle.

The surface morphology and surface composition were examined
using a scanning electron microscope (SEM) with backscattered elec-
tron analysis (Tescan Mira 3, Czech Republic) coupled with energy X-
ray dispersive spectroscopy (EDS).

Transmission electron microscopy (TEM) images were taken on a
JEM-2100F microscope equipped with EDAX Genesis XM 460 system.
Samples for TEM were prepared by deposition and drying of a drop
(10 μL) of the material dispersed in ethanol onto a carbon-coated 400
mesh copper grid. Image processing was performed in the ImageJ
software.

2.4. Monte-Carlo simulation technique and initial configuration

The coalescence/sintering of copper and nickel nanoparticles

Table 1
Gupta’s parameters used in the calculations.

Component binding A, eV ζ , eV p q r , Å0

Ni-Ni 0.0376 1.070 16.999 1.189 2.491
Cu-Cu 0.0855 1.2240 10.960 2.2780 2.556
Ni-Cu 0.06155 1.147 13.9795 1.7335 2.5235
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subjected to gradual heating is simulated using the Monte Carlo simu-
lation method [41]. The interaction of nanoparticles is described using
the Gupta many-body potential [42] with parameters from [32]. The
standard Monte Carlo simulations without local minimization, but with
random local displacements were performed. The simulations consisted
of ~2.8·108 single Monte Carlo steps. The value of the total potential
energy of nanoparticles containing N metal atoms in the case of using
the Gupta potential is given by the expression:

∑

∑ ∑
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Here rij is the distance between the atoms i and j in the cluster, the

parameter Aij is the experimental value of cohesion energy, r0ij is the
lattice parameter, p and q are values of the elastic constants of the
crystal structure at T = 0 K. The parameter ςij depends only on the
selected type of atoms. For calculation total potential energy of nano-
particles U, an appropriate cutoff distance rc was used. In this work, rc
was taken equal to the five-neighbor distance in the respective bulk
solids for homogeneous pairs, whereas for heterogeneous pairs the rc is
the arithmetic average.

There are a large number of works devoted to the problem of re-
storing the metal potential [42–44]. The Gupta many-body potential
(tight-binding potential) and its derivatives are widely used to describe
the interaction of atoms [32]. It should be noted that the Gupta po-
tential was obtained in the framework of the theory of the density
function concerning the cohesion energy of metal atoms and describes
the interaction in terms of local electron density. The potential para-
meters of the interatomic interaction that were used in this series of
computer experiments by the Monte Carlo method are presented in
Table 1.

Recently, the method of the weight function has been used quite
often to find the cross parameters of the potential [45]:

− = − + − −P A B ω P A A ω P B B( ) · ( ) (1 )· ( ) (3)

where P is the Gupta potential parameter, ω is the weight coefficient, A
and B indicate the type of metal. In our case, ω = 0.5 is accepted value.

To predict possible structural transformations of the nanosystem of
individual Cu-Ni grain pair in the selected temperature range
(300–600 K, corresponding to the experimental synthesis conditions),
modeling was carried out for a system of spherical nanoparticles
Cu2315-Ni2491 cut of 5 nm in diameter from an fcc massive phase. The
size and shape choices are caused by the natural limitations of mathe-
matical apparatus used and reasonable limitation of machine time re-
quired for the modeling. For instance, even a small increase in the size
of particles leads to a significant increase in computation time. At the
same time, the contact spot size, atom diffusion rate, and rate of local
crystal lattice formation are not affected by the particles’ sizes.
Moreover, the coalescence process starts on small particles first, and
unique/fundamental patterns most likely can be found in these size
level. Using spherical shape particles with the same sizes allows us to
avoid the uncertain effect of dimensional factors associated with dif-
ferent kinetics of interaction, vapor densities, and gradients of atomic
concentrations.

Two cases are considered that correspond to the contact of particles
at the beginning of the simulation and the initial distance of 0.2 nm.
Initially, Ni and Cu nanoparticles were placed on the left and right sides
of the nanosystem, respectively. For a better touch area and a change in
lattice orientation, the copper particle was rotated 45° relative to the
nickel particle. 300 K was taken as the initial temperature for modeling,
while the upper boundary of the simulation corresponded to a tem-
perature of about 600 K, which can be compared with the data of [31].
At each temperature step, the relaxation of the nanosystem was per-
formed. According to [8], it is possible to calculate the driving force of
coalescence and define the onset of particle growth via coalescence, by
measuring a dihedral angle at the neck. In the equilibrium state, the
dihedral angle can be expressed as follows

=γ γ ψ2 ·cos( /2)gb s (4)

Fig. 1. Scheme of the coalescence of two spherical
particles: r is the particle radius, L is the distance
between centers of particles, x is the neck radius; ψ is
the dihedral angle.

Fig. 2. Time-temperature profile of SCS and simplify scheme of bimetallic
particle formation.

Fig. 3. TG-DTG curves of SCS of (CuNi) nitrates–glycin system in the air.

N. Sdobnyakov, et al. Computational Materials Science 184 (2020) 109936

3



where γgb is the energy of the grain boundary and γs is the surface
energy. In the case under consideration, the neck growth proceeds as
long as ψ < ψeq, while the growth by grain boundary motion proceeds
until the dihedral angle will reach its equilibrium value, which is at-
tained at the final stage of coalescence (sintering).

The scheme presented in Fig. 1 gives the general definition for the
dihedral angle in the coalescence of two spherical particles.

The methodology for determining the dihedral angle and the de-
scription of the coalescence stages were described in detail earlier
[46,47]. In our case, the geometric parameters of nanoparticles (in-
dividual agglomerates) in the experimental images of the surface of the
images (see parameters described in Fig. 1), and the estimate of the γgb/
γs, the relationship could be used as the comparison parameters of the
experimental data for Cu-Ni synthesis and Monte-Carlo simulation.

3. Results and discussion

3.1. Solution combustion synthesis of Cu-Ni powder

The time-temperature profile of the SCS process and simplified
scheme of bimetallic nanoparticles formation are shown in Fig. 2.

According to methodology, suggested in [48], the SCS process could
be divided into 4 separate stages with an ignition temperature of 134 °C
and maximal combustion temperature of 538 °C and represented as a
complex of exothermic decomposition reactions of organic fuel and
metals nitrate with the formation of metals oxide and a mixture of

gases, like nitrogen, carbon dioxide, H2O and others. In this case, an
excess of reducing agent, which, due to thermal decomposition, forms
an inert or even reduction atmosphere in reaction volume over freshly
synthesized metal oxide nanoparticles. This leads to the reduction of
metal oxide to pure metal, at certain conditions, and additionally pre-
vents oxidation of the metal by atmospheric oxygen. The high-tem-
perature fast exothermic reaction could create conditions, where na-
noparticles of different structure and morphology form [49], including
possible interaction of already formed metal crystals, accompanied by
their interdiffusion or alloying.

TG-DTG analysis of combustion reaction in the air was implemented
to closer study features of SCS of CuNi nanopowders (Fig. 3).

The same four stages could be distinguished in TG-DTG curves. At
the first stage (drying), the residual solvent is evaporated. Here only
2.66% weight loss reduction was detected. During drying by the same
regime in a muffle oven or microwave oven usually, a foam formation is
observed. The exothermic reaction – second (ignition) stage – starts at
about 160 °C. At this stage fuels and nitrates start to decompose with
gas evaluation, mostly carbon and nitrogen oxides, and water vapor,
resulting in the mass loss of 62.5%. Solid phases start to form and
mostly finished at this stage. The main resultant products are Cu and Ni
oxides, as well as a gas mixture of CO2, CO, N2O, and NH3.

Residual nitrates and fuels decompose, as well as formations of the
solid phases, are finished during afterburning (stage three). This results
in a mass loss of 9.09%. It is commonly believed, that reduction of
freshly synthesized metal oxides to metals occurred mostly at this stage.

Fig. 4. (a, b) The SEM images and (c) the results of the EDS element mapping of the SCS Cu-Ni sample.
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Fig. 5. Results of XRD analysis of synthesized Cu-Ni sample: single-phase approach (a) Rietveld refinemented XRD pattern; (b) and (c) enlarged view of the
diffraction peaks around 44° and 51.5° 2θ range without peaks split.

Fig. 6. Results of XRD analysis of the synthesized Cu-Ni sample: two-phases approach. (a) Rietveld refinemented XRD pattern; (b) and (c) enlarged view of the
diffraction peaks around 44° and 51.5° 2θ range, showing peaks split.
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The fourth stage starts at the temperature of about 356 °C, where
the afterburning process continues in a smoldering mode. Thus, the
temperature value of 500 °C was chosen for SCS of Cu-Ni NPs to
guaranty the finishing of all active combustion processes.

3.2. Characterization of synthesized Cu-Ni NPs

Fig. 4 shows SEM images and results of the EDS element mapping of
the SCS obtained powder. From the SEM images, one could see the
microstructure of the experimental sample consists of highly porous
thin flakes and dendritic agglomerates (Fig. 4a). The image with an
enlarged view of the powder (Fig. 4b) shows the agglomerates consist of
mush smaller crystals, which could not be clearly distinguished on such
level of magnification.

The observed porous structure of agglomerated nanocrystals is ty-
pical for materials, obtained by the SCS approach and one of its fea-
tures. The dendritic structure forms due to the nature of the combustion
process, where local gradients of temperature and components’ con-
centration cause local self-propagated combustion waves, while overall
the SCS process occurs in a volume explosion mode. At the same time, a
large volume of gases evaluates as a result of precursor decomposition,
which also influences the microstructure of the powder and, mainly, its
high porosity.

The results of the EDS element mapping study (Fig. 4c) show the
synthesized material consists of Cu (44.89 wt%), Ni (52.43 wt%), and O
(2.68 wt%) atoms distributed homogeneously across the sample. The
higher content of nickel atoms could indicate, the grains of the samples
have a core–shell type structure with more Ni atoms concentrated
closer to their surfaces. At the same time, separate pure Cu and Ni
grains were not founded. The presence of oxygen atoms indicates the
formation of tine oxide film on the surface of metallic grains, which is
common for metal nanopowders.

Figs. 5 and 6, and Table 2 show results of XRD analysis of SCS
synthesized nanomaterials, where single-phase and two-phases Rietveld
refinement approaches, respectively, were used.

Based on the results of the single-phase XRD pattern analysis
(Fig. 5a) it could be seen that the sample is pure bimetallic nanopowder
with the stoichiometric composition Cu0.502Ni0.498 in cubic (Fm-3 m

Table 2
The results of single- and two-phase approaches for Rietveld refinement of phase content, lattice parameters, and particle size of SCS synthesized Cu-Ni powder.

Approach Composition Space group a, Å Cell volume, Å3 d, nm Rp GoF

Single-phase Cu0.502Ni0.498 Fm-3 m 3.5698 45.49115 30 3.83 1.277
Two-phases Cu = 52.1% Fm-3 m 3.5689 45.45719 29 3.85 1.298

Ni = 47.9% Fm-3 m 3.5584 45.05730 55

Fig. 7. HR-TEM image of SCS Cu-Ni sample.

Table 3
Temperature dependence of the dihedral angle< ψ>and neck
radius< R>of the system Cu-Ni without initial distance (a standard deviation
of the dihedral angle σ).

T, K < ψ> , ° σ, ° < R> , nm

300 105.02 4.84 0.80
340 116.01 6.24 0.88
380 127.96 6.34 0.96
420 132.29 5.99 1.01
460 136.44 6.99 1.05
500 137.40 4.81 1.40
540 137.51 4.40 1.41

Fig. 8. The temperature dependences of (black curve) the potential part of the
internal energy of the system and (blue curve) the dihedral angle of the neck –
the Cu-Ni system at an initial distance of 0.0 nm. The black curve bend at 460 K
corresponds to the start of the surface relaxation of the nanoparticle.
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space group) crystal phase. The characteristic XRD peaks (111), (002),
and (022) were detected at 44.11°, 51.36o, and 75.47°, respectively,
which are middle values between cubic Cu and Ni crystal phases. The
enlarged view on (111) and (002) peaks (Fig. 5b and c) shows the good
quality of peaks feating, which confirms by the goodness-of-feat coef-
ficient (GoF) value of 1.277. The calculated crystalline size of the
single-phase bimetallic CuNi phase is 30 nm.

Analysis of the results of two-phases Rietveld refinement approach
(Fig. 6a) shows the SCS synthesized nanomaterial consists of two mu-
tually distorted separate crystal phases of cubic (Fm-3 m space group)
Cu and Ni with characteristic peaks (111), (002), and (022) at 44.07°,
51.32° and 75.41° for Cu phase, and 44.18°, 51.46° and 75.68° for Ni
phase, respectively. No other crystalline phases were detected in the
diffraction patterns. The peaks of the two phases are significantly

Fig. 9. Instantaneous system configurations with potential energy indication of the Cu-Ni (left is initial distance 0.0 nm, right is an initial distance of 0.2 nm).
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shifted from parameters of Cu and Ni synthesized by the same SCS
method before [39,40]. The calculated crystalline sizes of Cu and Ni
phases are 29 nm and 55 nm, respectively. The enlarged view on (111)
and (002) peaks (Fig. 6b and c) shows the good quality of peaks feat,
with the GoF coefficient of 1.298, which is almost the same as for
single-phase refinemented XRD pattern.

Based on the comparison of the refinement results for both ap-
proaches we can conclude, that the only XRD pattern analysis could not
indicate the preferable form of the crystallization of synthesized Cu-Ni
nanomaterial due to close crystalline parameters of the single- and two-
phase forms. Such close calculated parameters along with almost the
same GoF values may indicate, that the NPs are in the intermediate
state between two- and single-phase form.

The results of a more detailed study of the SCS Cu-Ni sample are
presented in Fig. 7. In the HR-TEM image (Fig. 7a) the small double-
crystal grain of around 5 nm width for each crystal is seen. The cal-
culated d-spacing values of 0.207 nm and 0.202 nm show the grain
consists of one Cu (upper) and one Ni (bottom) crystal, which corre-
sponds to the two-phases model (Fig. 7b).

According to the binary phase diagram, Cu and Ni form a con-
tinuous range of solid solutions. However, from the presented experi-
mental data, one can conclude that the synthesized nanopowders are
bimetallic particles with cointegrated individual crystal structures of
nickel and copper. We suppose, such a structure could originate in the
process of crystallization of individual Cu and Ni grains with sub-
sequent interaction at high temperatures during SCS. Because of kinetic
limitations, the particles’ interaction time is not enough for the finished
formation of solid solution bimetallic nanoparticle at the existent
synthesis temperature. In its’ turn, the metal phase separation could
occur at the drying stage, due to different stability of Cu and Ni ions in

the G-containing solution. The results of the modeling of bimetallic
nanoparticle formation in case of interaction of two separate nano-
particles are presented below.

3.3. Simulation results

Table 3 shows the parameters of the forming neck in the nanoalloy
Cu-Ni and Fig. 8 shows the temperature dependences of the potential
part of the internal energy of the system simultaneously with the
temperature dependences of the dihedral angle. The temperature range
for the simulation is 300–600 K. The value of the dihedral angle ψ and a
standard deviation of the dihedral angle σ were determined by the
method described in [46] and the average value < ψ > in all di-
rections of the neck is presented in the Fig. 9.

It can be noted that the curve of the potential part of the internal
energy up to 460 K corresponds to the growth of the neck and the
surface relaxation refers to a change in the position of surface atoms.
However, the diffusion processes in the neck at that temperature range
do not result in significant mixing of the sorts of atoms. Furthermore,
following temperature increase leads to some decrease of the potential
part of the internal energy, which means the energy state of the system,
including neck, becomes unfavorable, and the growth of the dihedral
angle temporarily stops. A small temperature increase of only about
10–15 K leads to continuing of dihedral angle growth, and the system
passes through a stable state corresponding to 500 K. The further di-
hedral angle growth and the increase in the potential part of the in-
ternal energy are associated with intensive diffusion processes, sig-
nificant particles shape change, and, finally, the formation of
cointegrated Co-Ni single particle. Fig. 9 shows the energetic evolution
of the system with the different initial distance between Cu and Ni
nanoparticles in general and, specifically, the transformation of the
neck in the transition zone. The comparison indicates that in the case of
initial contact, the deformation of the boundary of integrated Cu-Ni
nanoparticle is more pronounced. This leads to a slightly different en-
ergy spectrum of both internal atoms and shell atoms.

Fig. 10 and Table 4 show the results of the simulation for the initial
configuration case with the distance between the Cu-Ni nanoparticles of
0.2 nm. A distinctive feature of this case, in comparison with the case
with the distance between nanoparticles of 0.0 nm, is «delayed» by the
60–80 K coalescence process. The delay appears due to the need for the
particles to move closer to begin the process of forming a stable neck.

However, the temperature curves of the potential part of the in-
ternal energy of this system and the dihedral angle of the neck also
indicate the existence of energetically stable stages of neck formation
and the possibility of further evolution of the system. The presence of a
distance between nanoparticles at the initial time moment affects the
energy distribution of atoms and the fraction of crystalline structures.
Besides, in this case, a more regular symmetric shape is formed at the
corresponding final simulation temperature.

From Figs. 8 and 10, one can conclude that the final stage of neck
formation for the initial configuration with a gap between the Cu and Ni
nanoparticles also «delayed» with the value 30–40 K.

Visualized simulations results, presented in Fig. 9 and Fig. 11, shows
an evolution in the energy spectrum and coordination number of the
forming neck. In the case of the initial configuration with a gap between
nanoparticles, more atoms with lower specific energy are involved in
the neck formation process. Also, more atoms correspond to the average
value of coordination numbers, formed in the vicinity of the particle
contact. In both cases, a buffer zone of atoms with a lower coordination
number arises in the neck region. This region expands to the side where
nickel atoms were concentrated in the initial stage, at the final stages of
coalescence.

The cross-sections of the corresponding systems at different tem-
peratures were calculated for a more detailed study of the local struc-
tures, formed in the neck regions and Cu-Ni nanoparticle (Fig. 12). It
could be seen, at the initial stage the bcc phase forms with an interlayer

Fig. 10. The temperature dependences of (black curve) the potential part of the
specific internal energy of the system and (blue curve) the average dihedral
angle of the neck – the Cu-Ni system at an initial distance of 0.2 nm. The black
curve bend at 540 K corresponds to the start of the surface relaxation of the
nanoparticle.

Table 4
The calculated values of the dihedral angle and radius of the neck of the Cu-Ni
system with an initial distance of 0.2 nm at different temperatures.

T, K < ψ> , ° σ, ° < R> , nm

300 – – –
340 84.09 5.22 0.39
380 110.35 6.85 0.66
420 120.52 8.43 0.79
460 126.09 8.55 0.87
500 131.22 7.21 0.93
540 131.89 7.64 1.31
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of the hcp phase. Then the bcc phase spreads to all Ni atoms and part of
the internal Cu atoms. At the same time, the cross-sections of the cor-
responding systems are quite similar at 540 K. Thus, we can conclude
that the distance between Cu-Ni nanoparticles effects insignificantly on
the final configurations. However, it can influence the initial and in-
termediate stages of the neck formation process. It is noteworthy that

the formation of zonal/band structures was detected both in-silico [50]
and in experimental studies [51]. Moreover, these zonal/band struc-
tures can arise not only in the region of the neck formation but also in
regions mainly containing a certain sort of initial metal atoms.

The simulation data confirm the possible absence of the significant
mixing in the system at T below 500 K in case of the formation of

Fig. 11. Instantaneous system configurations with coordination number indication of the Cu-Ni (left is initial distance 0.0 nm, right is the initial distance of 0.2 nm).

N. Sdobnyakov, et al. Computational Materials Science 184 (2020) 109936

9



bimetallic nanoparticle starting from the two separate nanoparticles of
Cu and Ni.

Comparison of the data obtained during computer simulation and
the results of studying of SCS nanoparticles (Fig. 7) shows the Cu and Ni
particles were formed independently during combustion, and then, start
to cointegrate, which indicates by the relatively regular shape of Cu-Ni
nanoparticle.

However, the existence of both mechanisms in such a complex

system as an SCS reaction is possible. Also, we can conclude, the pos-
sibility of predicting the resulting structures forming during the
synthesis to estimate the energy of the grain boundary and the dihedral
angle. Besides, it can be useful for predicting the energy spectrum of
particles as well as possible stable structural compositions inside bi-
metallic Cu-Ni nanoparticles. The approach could be used for devel-
oping compositions and effective methods for the synthesis of poly-
metallic nanomaterials for catalysts, sensors, and other applications.

Fig. 12. Instantaneous configuration with structure indication of the Cu-Ni (left is initial distance 0.0 nm, right is an initial distance of 0.2 nm).
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4. Conclusions

The bimetallic nanoparticles were successfully synthesized by a
modified SCS approach and characterized by various methods. The
study showed the synthesized particles are fine interconnected Cu-Ni
metallic crystallites. The Monte-Carlo simulations of particles’ forma-
tion process showed the possibility of the different initial configuration
of the neck and the particle's mutual arrangement, leading to various
possible final energy allowable configurations with a variety of crys-
talline phases. It was found, that increasing temperature after neck
formation could lead to segregation phenomena in nanoparticles, the
intensity of which will depend on the difference in the surface energy of
Cu and Ni crystallites. The founded possibility for the formation of bi-
metallic nanoparticles from different mutual initial configurations de-
monstrates the possibility of creating both spatially symmetric and
asymmetric structures. The described approach and results of the study
could be used for developing compositions and effective methods for
the synthesis of polymetallic nanomaterials for catalysts, sensors, and
other applications.
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