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Abstract

Metallic nanoparticles, which have been the focus of interest of many researchers in recent years, have many
unique mechanical, electronic, optical, catalytic and thermodynamic properties, unlike their bulk forms, due to
their high surface-to-volume atom ratios. Because of these properties, they are used in many application areas of
materials science and nanotechnology. In this study, the melting behavior of Iridium (Ir) nanoparticles was
investigated by using molecular dynamics simulation. MD simulation offers a rich analysis capability to
characterize the complex melting behavior of nanoparticles at the atomic and molecular level. In order to
determine the effective factors on the melting mechanism of Ir nanoparticles, thermodynamic quantities such as
potential energy, heat capacity, melting temperature and melting enthalpy of the system as well as structural and
dynamic properties such as pair distribution function and self-diffusion coefficients were calculated. The results
indicate that particle size plays a significant role in the melting behavior of Ir nanoparticles and that melting
occurs in two stages. First, the nanoparticle undergoes pre-melting, forming a liquid-like layer on the surface of
the particle, and after the thickness of this layer reaches a critical value, the core region of the particle melts
homogeneously.
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INTRODUCTION scale
Metallic nanoparticles (NPs) have

phenomena,  especially  under
conditions such as high temperature and

attracted considerable attention in recent
years due to their unique physical and
chemical  properties, = which  differ
significantly from their bulk counterparts
[1,2]. The ability to tailor the size, shape, and
surface chemistry of NPs allows for precise
control of their interactions at the nanoscale.
This property of metallic NPs has led to
innovative solutions in many areas of
materials science and nanotechnology [3—5].
Therefore, further research is needed on the
structural properties, thermal stability and
melting behavior of metallic nanoparticles in
order to control their size. Although
experimental techniques provide this
information, they generally have limited
ability to observe and predict nanometer-

pressure. MD simulations are a powerful
tool for effortlessly providing information
about the atomic-structure, dynamics, and
behavior of metallic NPs [6]. Ir metal's
unique combination of high density,
exceptional  hardness, and excellent
corrosion resistance makes it an ideal
material for a wide range of demanding
applications, from catalysts to electronic
devices to aerospace and medical fields.
When Ir metal is reduced to the nanoscale,
its surface area, reactivity, and catalytic
properties are greatly increased. Ir NPs, in
particular, have significant potential in the
fields of catalysis, energy, and medicine due
to their unique properties. Ir NPs were
synthesized in different sizes and shapes by
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reduction of Ir ions under ultraviolet
irradiation [7-9]. The size and shape effect
has a strong influence on the melting and
scaling behavior of Ir NP near the melting
temperature [10]. Therefore, Ir NPs are
important for many chemical and physical
applications. Despite having strong potential
for many applications, there are limited
studies in the literature on Ir NPs [7—13].
Taherkhani et al. [10] investigated the
surface energies, melting and Debye
temperatures  and  scaled  diffusion
coefficients of Ir nanoclusters with different
sized truncated octahedron, octahedron,
cubic and face-centered cubic (fcc)
geometric structures using MD simulation.
They reported that the surface energy of Ir
nanoclusters is largest for the truncated
octahedral geometric structure and smallest
for the fce structure, and the scaling behavior
of the self-diffusion coefficient near the
critical temperature for different Ir
nanocluster  shapes  shows  different
behaviors. Taherkhani [13] examined the
size and shape effects on the structural
properties and phonon density of Ir
nanoparticles using density functional
theory and MD simulation. They indicated
that the obtained mechanical properties and
phonon density of states were in good
agreement with the experimental results. In
this study, the thermodynamic, structural
and dynamic properties of Ir nanoparticles
during heating processes were investigated
in detail using MD simulation with
embedded atom potentials (EAM).

EXPOSITION

The DLPOLY parallel code simulation
package [14] was used to perform all MD
simulations for Ir NPs and bulk systems.
Additionally, the Ovito [15] visualization
analysis program was used to process the
raw data obtained as a result of MD
simulation calculations. Metallic systems
can be accurately described by interatomic
interactions, which are often modeled in MD
simulations using EAM potentials. In the
EAM model, the total energy of a system

consisting of N atoms is expressed as follows
[16]:
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where ¢ (r;) and Fip;) are the pair-
interaction potential energy function and the
embedding energy function, respectively. p;
is the sum of the atomic charge densities of
the neighboring atoms surrounding atom i. 7;;
is the distance between atoms i and j. In this
study, the EAM potential dataset developed
by Sheng [17] was used to identify Ir-Ir
interactions. To investigate the size effect on
the melting behavior of Ir NPs, five different
spherical NPs with different diameters and
number of atoms were used. Each spherical
NP was extracted from an ideal fcc crystal
structure with dimensions of 50a, x 50a, x
50a, (a0 = 3.84 A for Ir [18]) using a series
of spherical cutoff radii. The number of
atoms and the diameters of the model NPs
are listed in Table 1.

Table 1. The diameter (d) and number of atoms
(N) of Ir NPs.

Symbol d (nm) Number of atoms (V)
NP-1 2.5 603
NP-2 4.3 2491
NP-3 6.0 8007
NP-4 8.0 19069
NP-5 10.0 36465

The NPs were simulated using the NVT
ensemble under constant volume and
temperature, without periodic boundary
conditions. The bulk system, meanwhile,
was simulated using the NPT ensemble
under constant temperature and pressure,
with periodic boundary conditions. The
Newtonian equations of motion were
integrated using the Leapfrog-Verlet
algorithm, with a time step of 1 femtosecond
(fs). The temperature and pressure of the
system were controlled by the Nose—Hoover
thermostat [19] and the Berendsen barostat
[20], respectively. The stable structure at 0
K was obtained by first annealing the initial
configuration at T=300 K using 100000 MD
time steps, followed by cooling to T =0 K at
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a rate of 0.05 K/ps. For each NP and bulk
system, the temperature was increased in a
series of MD simulations by AT= 100 K, and
then reduced to AT=10 K around the melting
point to account for large temperature
fluctuations. Simulations were performed at
each temperature for 100000 MD time steps.
The first 50000 MD time steps were used to
equilibrate the system, and the final 50000
MD time steps were used to generate the
time-averaged features.

In the results section, firstly, to test the
EAM potential used to describe interatomic
interactions in MD simulations, some
physical properties of bulk Ir such as lattice
constant (a.), cohesive energy (E.), melting
temperature (Tm), heat of fusion (AHn) were
calculated and the results are given in Table
2 in comparison with the experimental
values. MD results are in good agreement
with experimental results.

Table 2. Physical properties for bulk Ir.

Bulk system MD Experimental
a, (A) 3.84 3.84°
Ec (eV) 6.94 6.94*
T (K) 2550 27207
AHp (kJ/mol) 43.15 41.12
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Fig. 1. Temperature-dependence of potential
energy for Ir NPs and bulk system.

The most effective method of determining
the first-order phase transition of NPs and

the bulk system is to examine the changes in
thermal properties, such as potential energy
and heat capacity (C,), as a function of
temperature. Figure 1 shows the change in
potential energy with temperature for Ir NPs
and the bulk. The potential energy curve for
each system exhibits a linear increase with
increasing temperature. The energy curve
shows a sudden increase at the temperature
defined as the melting point. This behavior
observed in the energy curve is a significant
indicator that the system has undergone a
first-order phase transition. Above the
melting point, the energy curve remains
linear with temperature. Furthermore, the
potential energy of all NPs is higher than that
of bulk systems due to their high surface
energy. However, as particle size increases,
potential energy decreases. Figure 2 shows
the temperature-dependent changes in the
calculated C, for Ir NPs and bulk. For each
system, the slope of the C, curves increases
sharply at the temperature at which a sudden
increase in potential energy is observed. This
behavior clearly indicates that the system is
undergoing a first-order phase transition.
Furthermore, for all systems, C, tends to the
Dulong-Petit  value (Cy=25 J/molK)
expected for harmonic solids at room
temperature.
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Fig. 2. Temperature-dependence of heat
capacity for Ir NPs and bulk system.

The changes in Tm and AHm values
obtained from the caloric curves for Ir NPs
depending on particle size are given in
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Figure 3. The T values obtained from the
MD simulation are compared with the values
calculated with the liquid drop model [21] in
Figure 3a. While the MD results show good
agreement with the liquid drop model at
small sizes, this agreement deteriorates at
larger sizes. Tm increases as the particle
diameter increases.
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Fig. 3. The change in the T,, and AHm values
of Ir NPs depending on particle diameter.

The pair distribution function (PDF) is the
most important structural function that is
frequently used to analyze structural
properties. The PDF, g(r), is as follows [16]:

Q N N
- (STon)) o

i %)
where N and Q represent the number of
atoms, and volume of the simulations cell,
respectively. Figure 4 shows the PDFs of Ir
NP-3 at various temperatures. At 300 K, the
PDF exhibits the characteristic behavior of

an ideal fcc crystal structure. The peak
amplitudes of the PDF decrease with
increasing temperature, while the peak
widths increase. At 2060 K, the PDF exhibits
the behavior characteristic of a liquid phase.
At its melting point of 2050 K, however, it
exhibits the behavior characteristic of both a
solid and a liquid phase coexisting. These
results support the melting point predicted
from the caloric curves.
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Fig. 4. PDF’s of Ir NP-3 at different
temperatures during the heating process.

To explain the melting phenomenon of
NP-3, the spherical nanoparticle was divided
into six regions, each consisting of five
spherical shells and cores, each with a
thickness of a,. The spherical shells are
labeled, from outermost to innermost, as A-
layer, B-layer, C-layer, D-layer, E-layer, and
core (see Figure 5). As shown in Figure 5, at
100 K, the atoms in each layer and core are
in fce crystal lattice positions. The atoms in
each region maintain their current positions
until 1860 K. At 1860 K, the metallic bonds
between the atoms in the A-layer break, and
the atoms move away from the lattice points,
forming a liquid layer in the outermost
region of the NP. However, the other layer
and core atoms maintain their current fcc
crystal structure. At 2040 K, the liquid layer
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formed in the outermost layer extends into
the interior of the NP, and the B-layer also
melts. However, the other regions still retain
their crystal structure. At 2060 K, in addition
to the A- and B-layers, the C-, D-, and E-
layers and the core melt, and the NP
transitions completely to the liquid phase.
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T=1000 K T=1430 K

T=1860 K

T=2060 K
Fig. 5. Snapshots of the projected atomic
positions of NP-3 during the heating process.

T=2050 K

Self-diffusion coefficients were calculated
to observe the atomic mobility in each region
of NP-3. The self-diffusion coefficient, D, is
calculated by using the Einstein equation

[22]:
D=lim ™" &)

where ¢ is the diffusion time, MSD of the
atom in the MD simulations can be described
as [22]:

N
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where 7 (%,) is the position vector of the ith
atom for the system in its initial
configuration and 7;(2) is the position vector
of ith atom at time ¢. The temperature-
dependent changes of the self-diffusion
coefficients calculated for each region of
NP-3 are given in Figure 6. The self-
diffusion coefficients of the A-, B-, C-, D-
and E-layers, as well as the core, are around
zero up to approximately 1430 K. An
increase in the self-diffusion coefficient of
the A-layer begins to be observed at this
temperature, indicating that the A-layer is
beginning to melt. At 1860 K, an increase in
the self-diffusion coefficients of the B-layer
begins in addition to the A-layer. However,
the self-diffusion coefficients of the C-, D-,
and E-layers and the core are still around
Zero.
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Fig. 6. The temperature-dependent variation of
the self-diffusion coefficients of NP-3.
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CONCLUSION

In this study, we have investigated the
melting behavior of Ir nanoparticles using
molecular dynamics simulation with EAM
force field. MD simulation results indicate
that particle size plays an important role in
the melting behavior of Ir nanoparticles. As
particle size increases, Tm and AHn increase,
while potential energy decreases. The Tm
and AHn values of all NPs are smaller than
those of the bulk. The melting mechanism of
NP-3 occurs in two stages. First, the
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nanoparticle undergoes pre-melting,
forming a liquid-like layer on its surface.
Once this layer has reached a critical
thickness  (2a,), the particle melts
homogeneously.
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