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V.S. Myasnichenko1,2,†, M. Razavi3, M. Outokesh3, N.Yu. Sdobnyakov1, M.D. Starostenkov2

†virtson@gmail.com
1Tver State University, Zheliabova 33, 170100, Tver, Russia

2Altai State Technical University, Lenina 46, 656038, Barnaul, Russia
3Sharif University of Technology, Azadi Ave. 11365-11155, Tehran, Iran

The study of the surface free energy (SFE) of metal at nanoscale is far from perfection and the obtained results are approach 
dependent. Despite the extensive investigations, there is still a lack of a complete model for the surface energy of metallic 
nanoparticles which could be able to consider effects of the particle size and shape. Most studies emphasize the size depen-
dence of the melting characteristics, rather than considering the lattice deformation and the surface energy of nanoclusters. 
This research aimed at computation of SFE of copper nanoclusters depending on temperature over a wide range of sizes, 
containing 147 to 10179 atoms. We employed molecular dynamics simulation by using the embedded atom model and tight-
binding Cleri-Rosato potential. Calculations were carried out on icosahedral Cu nanocluster with full-closed surface. This is 
the most stable shape in our range of sizes. Results of two series of computer experiments, made using the two interatomic 
potentials in LAMMPS program and our own software, were found to be in good accordance between themselfs. It was 
established that surface free energy decreases with increasing of cluster size, but grows with elevating of the temperature. 
Distribution of potential energy upon the inner and surface atoms of particles of various sizes has been performed. It was also 
revealed that for larger nanoclusters SFE is more sensitive to variation of temperature than one in case of small nanoparticles. 
The obtained result are very relevant for understanding and manipulating the desired properties of copper nanoparticles in 
industrial applications.
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Изучение поверхностной свободной энергии металла на наноуровне ещё далеко от завершения, и различные подходы 
могут привести к разным результатам. Несмотря на обширные исследования, по‑прежнему существует необходимость 
в полной модели для поверхностной энергии металлических наночастиц, которая будет иметь возможность учитывать 
эффекты размера и формы частицы. Большинство исследований подчеркивают размерную зависимость характеристик 
плавления, а не рассматривают деформацию решетки и поверхностную энергию нанокластеров. Настоящее исследование 
посвящено вычислению свободной поверхностной энергии нанокластеров меди в  зависимости от  температуры 
в широком диапазоне размеров, содержащем 147 до 10179 атомов. Мы применили моделирование методом молекулярной 
динамики с  использованием модели погруженного атома и  потенциала сильной связи Клери-Розато. Расчеты 
проводились для икосаэдрических наночастиц меди с  замкнутой поверхностью. Это наиболее стабильная форма 
частицы в  нашем диапазоне размеров. Результаты двух серий компьютерных экспериментов, выполненные 
с использованием двух указанных межатомных потенциалов в программе LAMMPS и собственном ПО, имеют заметное 
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согласие между собой. Результаты показали, что  свободная поверхностная энергия уменьшается с  увеличением 
размера наночастицы, но возрастает с увеличением температуры. Проиллюстрировано распределение потенциальной 
энергии по  внутренним и  поверхностным атомам частиц различного размера. Кроме того, было установлено, 
что  свободная поверхностная энергия для  больших наночастиц более чувствительна к  изменению температуры, 
чем  мелких нанокластеров. Эти результаты, как  представляется, имеют первостепенное значение для  понимания 
и манипулирования желаемыми свойствами наночастиц меди при промышленном применении.
Ключевые слова: поверхностная энергия, размерный эффект, молекулярная динамика, наночастица металла.

1. Introduction

Copper is the third most widely used metal after iron 
and aluminum. It has a great industrial significance as 
an electrical conductor and alloys constituent. Progress 
of nanotechnology, on the other hand, has opened new 
opportunities to copper applications. Copper nanoparticles 
(NPs), are now, under rigorous investigation as a catalyst, 
conductive paste, lubricant and sintering additives, and 
in optical [1 – 2] and biological researches [3 – 4]. Indeed, 
whenever possible, Cu NPs are used as an inexpensive 
alternative to silver and other precious metal nanoparticles.

Many of the practically-important properties of metallic 
NPs such as catalytic activity, melting temperature, crystal 
growth, and surface faceting, are influenced by their surface 
free energy (SFE) level [5]. This is because, the surface-
to-volume ratio of the particles greatly increases as their 
sizes decrease to a few nanometer. It is well known that the 
properties of surface atoms differ from those of the bulk, as a 
result of the reduced interaction with neighboring atoms i.e. 
the lower coordination number [6].

From the thermodynamics point of view, SFE is defined 
as the reversible work per units area required for creating a 
new surface at the constant temperature, volume, and total 
number of atoms [7]. A full and consistent thermodynamic 
description of surface energy, its relation with surface tension, 
and differential equations describing its size dependency is 
given in Rusanov`s works [8 – 9].

When considering the surface phenomena in micro- and 
nanometric levels, the widely used concept of capillary effects 
of the second kind, proposed by L.  Shcherbakov is highly 
valuable [10]. This approach is taken to find the excess free 
energy of the NPs, when are compared to their macroscopic 
counterpart, with the same number of atoms and similar 
external parameters (i.e. temperature and pressure). Here, the 
word “excess” refers [10] to the area of equimolecular dividing 
surfaces and thus is determined by the effective specific 
surface free energy of small particles. Note that the problem 
of applicability of the Gibbs thermodynamic relations to the 
nanosized objects has been already addressed by Samsonov 
et al [11]. Therefore, surface energy is the important physical 
quantity of nanocrystals, especially for nanoscaled devices, 
because, with decreasing the size of the devices, the ratio of 
surface / volume will increase, and then the surface energy 
will greatly affect the properties of materials.

The surface energy of metal nanoparticles has 
been extensively investigated, both as theoretically and 
experimentally [12 – 14], and it has been reported that 
surface free energy depends on the particle size, especially 
in the range of below 10 nm [15]. For instance, Ouyang et 
al [16] studied the components of the surface energy from 

the viewpoint of thermodynamics and quantum mechanics, 
and they found that the surface energy decreases with 
decreasing of the size of nanocrystals. Nanda et al [7] in 
their study on size-dependent evaporation of nanoparticles 
obtained a constant surface energy of 7.2 J / m2 for Ag 
nanoparticles, which is higher than the bulk value. Medasani 
et al [17] applied density functional theory (DFT) and the 
computational semi-empirical Embedded Atom Method 
(EAM) to calculate surface energies and stresses of the Ag 
nanoclusters with 0.5 – 5.5 nm diameter, and according to 
them, surface energy increased with decreasing of the size.

Apparently, the study of the surface free energy at 
nanoscale is far from consummation, different approaches 
may lead to the different results. Indeed, despite the 
abovementioned extensive investigation, there is still a need 
for a complete model of the surface energy of the metallic 
NPs that can accounts for its dependency on the particle sizes.

The current study was aimed at calculation of the 
surface free energy of copper NPs, as a function of size, and 
temperature. The most stable geometrical shapes of Cu NPs 
in our range of sizes, up to 10179 atoms, are: icosahedron, 
decahedron and cuboctahedron, in the decreasing order 
of stability [18 – 20]. But, in order to avoid the excessive 
discussions, we limited ourselves, on the most stable type of 
structure.

2. Simulation methods

In the current study we employed molecular dynamics 
simulation (MD) to investigate the effects of size and 
temperature on the SFE of the icosahedral Cu nanoclusters.

We employed the many-body EAM potential [21] as 
implemented in the LAMMPS code [22 – 23] to describe the 
interatomic interactions. Also we used tight-binding (TB) 
potential developed by Cleri and Rosato [24] and imple-
mented in our own-developed molecular-dynamic software 
ClusterEvolution [25]. Both potentials were previously 
used to describe the behaviors of surface energy and other 
properties of transition fcc metals in bulk form, mono- and 
bimetallic nanoparticles [17, 26 – 28].

We considered 12 icosahedral copper NPs of different 
sizes (containing N = 147, 309, 561, 923, 1415, 2057, 2869, 
3871, 5083, 6525, 8217 and 10179 atoms). Each nanoparticle 
had a full-closed surface consisting of 20 tightly packed 
triangular faces, corresponding to {111} face of the crystal 
lattice.

The FCC-metal and rare-gas clusters with these atomic 
numbers (N = 13, 55, 147, 309…) are so-called the magic 
clusters, which show an increased stability relative to non-
magic clusters. The known expression for the cluster size N of 
the ‘magic’ serial is:
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From eq. (1) we get the expression for the number of 
surface atoms Nsurf:

2( ) ( ) ( 1) 10 2.= − − = +surfN k N k N k k 	 (2)

The specific surface energy per unit area, is calculated as 
[13, 28]:
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where Epot,cluster is the potential energy of the cluster, Ebulk,cluster 
is the potential energy of a bulk system containing the same 
number of atoms, and Acluster is the total cluster surface area. 
To calculate the surface energy at 0 K, we minimized the 
structure using the conjugate gradient minimization method 
[29].

For calculation of the surface energy at non-zero 
temperatures, MD simulations were carried out in the 
canonical ensemble. The temperature in LAMMPS was 
controlled by employing the Nose  — Hoover thermostat 
[30 – 31]. In all calculations, the time step was set at 0.9 fs.

Each system was equilibrated for 100 ps prior to analysis. 
The surface energies at finite temperatures were calculated 
based on average potential energies and cluster surface areas, 
averaging over the 3 ps using eq. (3). Molecular dynamics 
simulations of bulk copper structure were carried out by using 
the periodic boundary conditions in three dimensions for 
block of 5000 atoms. In the case of nanoclusters, simulations 
were carried out without periodic boundary conditions.

Nanoparticle surface areas were calculated using the 
qhull code [32 – 33]. The structural evolution of clusters 
during the melting process and symmetry in the immediate 
environment of each atom was analyzed by means of the 
common neighbors analysis method [34].

3. Results and discussion

The surface of an icosahedron consists of {111} facets. We 
calculated the surface energy of this facet type for an infinite 
surface area. With use of TB potential we found a value 
of 1.31 J / m2 for the SFE of {111} facet, which is in a good 
agreement with the 1.41 J / m2, reported in ref. [26].

The caloric curves were calculated for all cluster size. 
In Fig. 1 we show the results for clusters Cu147 and Cu923. 
A sharp increase in energy that can be seen at 950 K and 
1000 K for the smaller and larger clusters, respectively which 
is typical for signaling the onset of the melting of the clusters.

The calculated potential energy per atom and the cluster’s 
surface energy for the copper nanoparticles as a function of 
size at 0.01 K are shown in Fig. 2. The potential energy values 
are almost the same for the two used potentials, for big size 
clusters. Fig. 3 shows the distribution of potential energy (TB 
potential) in some selected clusters. The Ovito [35] software 
package is used for visualization.

Abdul-Hafidh et al. in their study [36] showed that 
surface free energy is sensitive to the shape, size and structure 
of the nanosolids. The SFE was found to decrease with size 

Fig. 1. Potential energy curves for the icosahedral nanoparticles 
Cu147 (EAM  — triangles, TB  — squares) and Cu923 (EAM  — 
circles, TB — rhombus) as a function of temperature.

Fig. 2. Сalculated potential energy per atom (a) and surface energy (b) 
for Cu nanoparticles as a function of Nsurf at different temperature, 
within EAM potential (0.01 K — triangles, 300 K — circles) and TB 
potential (0.01 K — squares, 300 K — rhombus). 

Fig. 3. Distribution of potential energy per atom (eV) in the icosahedral 
Cu clusters of different sizes. Atoms shown with scale 60 %.
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for small spherical NPs, while this trend was completely 
reversed (to increase) as the shape of the NPs was appreciably 
deformed from the sphere. It can be seen in Fig. 2b that the 
surface energy at 0.01 K decreases with increasing of the 
cluster size; though, with formation the further growth of the 
nanocluster, SFE asymptotically approaches to the bulk value 
for the {111} facets.

The surface area of copper clusters, calculated by averaging 
of both potentials, monotonically increases with the number 
of surface atoms, and also increases when heated due to the 
thermal expansion. Fig. 4 shows surface-to-volume ratio of 
Cu icosahedron as a function of size.

Due to the effects of thermal expansion and thermal 
disorder, the surface energy of nanoparticles are also depends 
on temperature. Fig. 5 shows the calculated temperature 
dependence of the surface energy of icosahedral copper 
nanoclusters comprising 147, 923 and 2869 atoms at different 
temperatures up to 1400 K.  As we can see, the SFE size 
dependence does not change monotonically: it has a region of 
a small decline of energy, before the start of structural changes 
due to surface melting, and it grows for particles in liquid state.

The figures 1, 2 and 5 show a notable agreement between 
the numerical values of the two series of SFE simulations 
namely: LAMMPS + EAM and ClusterEvolution + TB. The 
calculations demonstrate that small nanoparticles (N = 147 
atoms) melt at temperatures 100 – 150 K lower than the larger 
nanoparticles, as is clearly seen in Fig. 5. The observed melting 
trends are similar to earlier reports for Cu nanoparticles [37] 
and SFE trends are similar to reported for Au clusters in ref. 
[26]. For larger clusters, we observe an appreciable increase 
in the surface energy with increasing temperature, which is 
greater than those observed for smaller clusters (Fig. 5).

Our results, to some extent, comply with the results 
obtained by the thermodynamic perturbation theory [11]. In 
ref. 11 authors claimed that the averaged specific surface free 
energy (the averaged surface tension) of the crystals strongly 
depends on the choice of the equimolecular dividing surface 
position. It is interesting to note that for an ideally faced fcс 
nanocrystals, the averaged specific surface free energy can 
increase with decreasing the size. This is also due to the fact 
that as size of a nanocluster decreases, its surface to volume 
ratio increases, and thus the specific surface energy of the 
smaller nanoclusters increases accordingly. Typical potential 
energy curves are also calculated, demonstrating the Gibbs — 
Thomson effect (depression of the freezing point).
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