Letters on materials 6 (4), 2016 pp. 266-270 www.lettersonmaterials.com

DOI: 10.22226/2410-3535-2016-4-266-270 PACS 61.50.Ah, 68.35.Md, 71.20.Be

Molecular dynamic investigation of size-dependent surface energy
of icosahedral copper nanoparticles at different temperature
V.S. Myasnichenko!*', M. Razavi’, M. Outokesh®, N.Yu. Sdobnyakov', M.D. Starostenkov*
Tvirtson@gmail.com

"Tver State University, Zheliabova 33, 170100, Tver, Russia
?Altai State Technical University, Lenina 46, 656038, Barnaul, Russia
*Sharif 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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VsydeHne MOBEepXHOCTHON CBOOOTHON SHEPTM MeTasl/Ia Ha HAHOYPOBHe elIié /Ja7IeKO OT 3aBePIICHNU, ¥ Pa3TNIHbIe TIOIXO/IBI
MOTYTIIPUBECTY K Pa3HBIM pe3y/nbTaTaM. HecMOTps Ha 001V pHBIe MICCTIe0BaHMA, HO-IIPeXKHEMY CYLIeCTBYe T HeOOXOAMMOCTD
B ITOJTHOVI MOJI/IM J1J1A1 IOBEPXHOCTHO 9HEPIUY Me Ta/UINYeCKMX HAHOYACTHL, KOTOPasA OyeT MMeTh BO3MOXXHOCTD YYUTBIBATD
a¢pexTbl pasMepar GopMblYacTUIbL. BOBIIMHCTBO MCCIef0BaHNI ITOAYePKIBAIOT Pa3MEPHYI0 3aBUCUMOCTb XapaKTePUCTUK
TI/TaB/IeHS,aHe PACCMaTPpUBAOTAePOPMAIIVIO PelIe TKM M ITOBEPXHOCTHYIOSHEeprio HaHOKMacTepoB. Hacrosmeenccnenosanne
HOCBAIEHO BBIYMCICHNIO CBOOOJTHOJ IIOBEPXHOCTHOJ 9SHEPrMy HAHOK/IACTEPOB MeIM B 3aBUCUMOCTU OT TeMIlepaTypbl
BIIMPOKOM/IMaNla30He pa3MepoB, cofep kaieM 14710 10179aromMoB. Ml IpUMEHUTM MOJIETMPOBAHNE METOOMMOTIEKYTIAPHOI
IVHAMMKYM C UCIIONb30BaHMEM MOJENM IHOTPY>KEHHOTO aToMa I TOTEeHLMana CuiabHOu cBAsu Knepu-Posaro. Pacders
IPOBONVIIUCE J/IA MKOCASNPUIECKNX HAHOYACTHI] Ml C 3aMKHYTOJ IIOBEPXHOCTDI0. JTO Hambomee crabmnbHasd Gpopma
YacTMIBI B HallleM [MarasoHe pa3MepoB. PesynbraTbl [JBYX cepuil KOMIIBIOTEPHBIX SKCIIEPMMEHTOB, BBIITOTHEHHbIE
CUCIIONIb30BaHVeM IBYX yKa3aHHbBIX MeXXaTOMHBIX TOTeHI1aj10B Biporpamme LAMMPS uco6¢ctBennoM I1O, MMeloT 3aMe THO
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cormacme Mexnpy co6oi1. Pe3y)'[bTaTbI IIoKa3anan, 4To CBO6OI[HaFI TIOBEPXHOCTHAA SHEPIrMsA yMEHbIIACTCA C YBEIMYCHNEM
Ppa3Mepa HAHOYACTUIbI, HO BO3PACTAE€T CYBEIMICHNEM TEMIIEPATYPBI. HpOI/UU'IIOCTpI/IpOBaHO pacnpenenenne I'IOTeHI_II/[a}IbHOIZ
SHEPTUM IO BHYTPEHHVM U ITOBEPXHOCTHBIM ATOMaM YacCcTHUL, Pa3/IMdYHOTO pa3Mepa. KpOMe TOro, OBITIO YCTaHOBJ/IEHO,
4qTo CBO60}IHaH TIOBEPXHOCTHAA IHEPTUA [JIA 6OMBIINX HaHOYaCTuUI 6onee YYBCTBUTE/IbHA K M3MEHEHNIO TEMIIEpPATYPhI,
YE€M MENKNX HAaHOKITACTEPOB. Chvii Ppe3ynbTaThl, KaK IIPEACTABIACTCA, MMEIOT IIEPBOCTENIEHHOE 3HAYCHNIE [I/I1 ITOHVIMAaHNA
VI MAaHUTTY/INPOBaHMA JKeJTa€MbIMI CBOVICTBAMU HaHOYACTUL, MEIV ITPY IIPOMBIIIJIEHHOM IIPVMEHEHN.

KiroueBble croBa: IOBepXHOCTHASA SHEPTH, Pa3MePHBII 9P eKT, MOTeKy/IApHasA AMHAMIKA, HAHOYACTUIA MeTa/l/Ia.

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/m? 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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N(k):%(10k3+15k2+11k+3). (1)

From eq. (1) we get the expression for the number of
surface atoms Nsurf:

N, (k)= N(k) = N(k~1) =10k +2. )

The specific surface energy per unit area, is calculated as
[13,28]:

E

_ pot cluster - Epot,bulk 3
Ly = sl gk (3)
cluster

where E_ . is the potential energy of the cluster, E
is the potential energy of a bulk system containing the same
number of atoms, and A, 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
ghull 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/m? for the SFE of {111} facet, which is in a good
agreement with the 1.41 J/m?, reported in ref. [26].

The caloric curves were calculated for all cluster size.
In Fig. 1 we show the results for clusters Cul47 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

-2,6000
0 200 400 600 800
-2,7000

1000 1200 1400 1600

-2,8000
-2,9000

-3,0000

PE (eV/atom)

-3,1000
-3,2000
-3,3000

-3,4000
Temperature

Fig. 1. Potential energy curves for the icosahedral nanoparticles
Cul47 (EAM — triangles, TB — squares) and Cu923 (EAM —
circles, TB — rhombus) as a function of temperature.
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Fig.3.Distribution of potential energy peratom (eV)in theicosahedral
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 fcc
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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Fig. 4. Surface to volume ratio (1/A, circles) and N_ /N ratio
(squares) vs. number of surface atoms N_ y for icosahedral Cu
nanoparticles at 0.01 K.
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Fig. 5. A comparison of surface energies with use of (a) EAM
interatomic potential and (b) TB potential for the icosahedral
nanoparticles Cul47 (circles), Cu923 (squares) and Cu2869
(triangles) in the temperature range 0- 1400 K.
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