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We carried out molecular dynamics simulations to examine the thermal, structural and dynamics prop-
erties of single walled carbon nanotube-supported silver nanoclusters with N = 38, 108 and 256 atoms.
The nanoclusters were simulated in two stages: first heated in 100–1700 K temperature range with steps
of 100 K, then cooled to 100 K with the same steps. The number of Ag atoms in nanocluster layer in
contact with the nanotube surface, the height of nanocluster and diameter of the lowest layer (layer in
contact with nanotube) were calculated as a function of time. Also, the hysteresis in potential curves,
surface melting, irreversibility of structural change with temperature, broaden interface structure and
surface wetting were identified by analyzing the obtained data from simulations.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Due to large surface atom fractions and nanoscale sizes, nanocl-
usters exhibit distinguishing optical, mechanical, electronic and
thermal properties compared to bulk systems. For example silver
nanoparticles can be applied in various widespread bases such as
optical sensors [1], biosensor materials [2], cryogenic supercon-
ducting materials [3], antibacterial applications [4] and as addi-
tives in composite fibers [5]. Meanwhile, the special electrical,
chemical, and mechanical characters [6] made carbon nanotubes
widely used in the construction of chemical sensors and biosensors
especially in the field of supporting materials [7]. The high surface
area of carbon nanotubes made it possible to load nanoparticles to
enhance their properties [7,8]. Ag nanoparticles deposited on
carbon nanotube, have gained more industrial applications such
as heterogeneous catalysis, sensors, and microelectronics [9–12].
The thermal properties of nanoclusters have been studied by vari-
ous thermodynamic models [13–15] and molecular dynamics
(MD) simulations [16–18]. Melting behavior and thermodynamics
properties of free silver nanoclusters have been investigated and
found that the melting point of nanoclusters decreases with
decreasing cluster size [13,19,20]. Also, freezing structures of free
silver nanodroplets containing different number of atoms have
been studied by using MD simulation by Tian et al. [21]. They have
observed first order and continuous phase transitions and some
very interesting novelty morphologies, such as decahedral and
icosahedral nanoparticles. Size dependencies of the Kauzmann
temperature (TK) and melting temperature (Tm), and size and
temperature dependencies of melting enthalpy (Hm) and melting
entropy (Sm) for silver nanoparticles have been obtained via MD
simulation [22]. The behaviors of silver clusters with magic
numbers of atoms in the 0–1300 K temperature range have been
studied for the embedded atom model by the molecular dynamics
method [23].

The catalytic properties of a metal cluster are modified substan-
tially by anchoring it to support surfaces [24]. The thermal,
structural and dynamic properties of metallic clusters supported
on surfaces have also attracted much attention lately [25–36]. La-
mas et al. performed a MD simulation to investigate the effect of
inert gas adsorbates (Ar, Xe, and He) on the shape and structure
of Pt nanoclusters supported on a graphite substrate. They found
that the gas phase substantially alters the vacuum cluster struc-
ture, and the changes are mostly irreversible in the time frame of
the simulations (2 ns), especially at temperatures well below the
cluster melting point [37]. Also, Ding et al. investigated the struc-
tural and dynamic changes during melting of free and supported
iron clusters ranging from 150 to 10,000 atoms. Their results
revealed a method for determining effective diameters of sup-
ported metal clusters, so that the melting point dependence on
cluster size can be predicted in a physically meaningful way by
the same analytic model used for free clusters [14]. As the cluster
size increases, a smaller fraction of atoms are on the surface of the
cluster. As surface atoms have less binding energy compared to
bulk atoms, therefore with increase in the number of particles,
the cohesive energy is increased and a more stable structure is re-
sulted. So, the melting point increases with increasing size. Several
experiments clearly indicate that quantum behavior of metal
nanoclusters is observable, and is most strongly expressed be-
tween 1 and 2 nm. Hence, particles in that size region should be
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of most interest [38]. Similar studies have been performed on free
and supported metallic nanoclusters [39,40].

In this paper we have simulated the heating and cooling
processes on carbon nanotube-supported silver nanoclusters with
38–256 atoms (1–2 nm) in the range of 100–1700 K. We investi-
gated the melting and freezing behavior (thermal properties), the
effect of nanotube on structure of silver nanocluster (structural
properties), time evolution of the number of Ag atoms in the layer
in contact with substrate and dynamical properties. Because of
this, we employed potential energy, heat capacity, deformation
parameters, radial distribution function (RDF), Lindemann index
and mean square displacement (MSD).

2. Methodology

Three FCC silver nanoclusters containing 38, 108 and 256 atoms
were created by DL_POLY 2.18 program [41]. Then these clusters
were placed with initial distance of 3 Å above a carbon nanotube
(CNT) of only one atom thick wall. This CNT includes 800 atoms
and dimensions of 15.64 Å diameter and 40.31 Å in length. (The
parameter (n, m) of the carbon nanotube is (20,0).) The cell dimen-
sions were 40.31 � 40.31 � 100.34 Å3, and periodic boundary
conditions were added along the axis of CNT (The vacuum thick-
ness is almost 85 Å). The MD simulations were carried out in
canonical ensemble (NVT). To keep temperature constant, the
Berendsen thermostat [42] with a relaxation time of 0.01 ps was
applied. The equations of motion were integrated using the Verlet
leapfrog algorithm [43] with a time step of 1 fs. Initially, all sys-
tems were heated in the 100–1700 K temperature range with steps
of 100 K. Near the melting point, the temperature increments were
reduced to 20 K. After the heating process, systems were cooled
down to the initial temperature in the same steps. The simulations
were carried out for 800 ps of equilibration followed by a produc-
tion time of 2 ns for generating time-averaged properties.
Fig. 1. The atomic structures of the carbon nanotube-supported Ag256 nanoclusters at im
heating process or surface melting (c), at 900 K in heating process (after melting) (d), at
To successfully predict the properties of FCC silver nanoclusters
we used the many body quantum Sutton-Chen potential [44,45] for
Ag–Ag interactions. For the Ag–C interactions we have used the
Lennard–Jones potential with e = 0.0301 eV and r = 3.006 Å, which
were obtained from Ag–Ag and C–C parameters [46], utilizing the
geometric mean (Eq. (1)) for e and the arithmetic mean (Eq. (2))
for r [47].

eAg�C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eAg�Ag � eC�C

p
ð1Þ

rAg�C ¼
rAg�Ag � rC�C

2
ð2Þ

In these simulations, we considered two different force field models
for the CNT substrate:

(1) The carbon atoms of CNT were fixed in their positions
(indeed we have a static surface).

(2) The optimized Tersoff potential [48] was applied for C–C
interactions of CNT. The parameters of optimized Tersoff
potential for CNT can be found in Lindsay study [48].

We compared the results obtained from the two models. There
was no significant difference in results between the models. The
reason is that the carbon support is a ‘‘bulk’’ extended surface
which will not be affected by the presence of the nanoclusters.
We also ran several simulations considering different CNTs in
terms of n, m ((20,20), (10,0), (6,4)) for the Ag256 nanocluster;
the results were almost similar to the first CNT system. Therefore,
in this paper, we have reported the results obtained from the first
model. The analysis of simulated trajectories and calculation of
different properties were performed using the utilities of DL_POLY
2.18 program. Fig. 1 shows the atomic structures of the carbon
nanotube-supported Ag256 nanoclusters at important stages, such
as the initial structure (a), at 300 K in heating process (b), at
500 K in heating process or surface melting (c), at 900 K in heating
portant stages: the initial structure (a), at 300 K in heating process (b), at 500 K in
300 K in cooling process (e) and at 1700 K (f).
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Fig. 2. The caloric curves at different temperatures for heating and cooling
processes for: Ag38 (a), and Ag108 (b).
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Fig. 4. The deformation parameters of Ag108 (a), and Ag256 (b) at different
temperatures.
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process (after melting) (d), at 300 K in cooling process (e) and at
1700 K (f).
3. Results and discussion

Potential energies versus temperature for Ag38 and Ag108 in
heating process have been plotted in Fig. 2. As it is shown by the
curves, simple jump can be identified, that shows the temperature
range of first order phase transition. Several simulations were per-
formed close to melting points of clusters with increment of 20 K
and their potential curves have been plotted (inset in Fig. 2). Paying
attention to these potential curves we recognized the melting
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Fig. 3. The heat capacity of Ag38 (a), Ag108 (b
points exactly. These curves show the sharp slope in 540–560,
660–700 and 820–840 K for N = 38, 108 and 256, respectively.

Also, Fig. 2 shows the cooling process potential energy versus
temperature. It shows a hysteresis in the course of the cooling pro-
cess (because of the existence of large difference in heating and
cooling curves below the melting point temperatures). The hyster-
esis manifests itself in state transitions when melting temperature
and freezing temperature do not agree. This means that after
heating and then cooling, the nanoclusters get to a more stable
state with lower energy. In this state the nanoclusters wet the
nanotube surface and expand in the interface structure. It seems
that the nanoclusters and the nanotube make a coherent interface
structure with more stability. Also, results show that the hysteresis
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decreases when the cluster size decreases. As the nanocluster with
256 atoms can make a larger interface structure, we can observe
that the difference between heating and cooling curves increases
with size. Similar results were obtained by Mottet and Goniakow-
ski [49].

To specify the melting point with more accuracy, we calculated
the specific heat capacity at constant volume Cv in the range of that
the systems were heated with steps of 20 K. The heat capacity
versus temperature for nanoclusters has been plotted in Fig. 3.
The first order phase transition can be identified, that occurs in
540, 680 and 820 K for nanoclusters with 38, 108 and 256 atoms,
respectively. Results show that melting temperatures are higher
than that of free Ag nanoclusters of similar size and structure. Also,
the melting and freezing process of free Ag nanoclusters with 38,
108 and 256 atoms were simulated. The melting temperatures
for the free Ag nanoclusters are lower than that for the supported
Ag nanoclusters with similar size and structure. There are two
types of surface atoms for the supported Ag nanoclusters: (a) the
surface atoms that are not on the substrate (free surface atoms)
and (b) the surface atoms that are in contact with the substrate.
The surface atoms that are in contact with the substrate have
higher binding energies, compared to the free surface atoms, there-
fore the cohesive energy is increased and a more stable structure is
resulted. But in the free nanoclusters, all of the surface atoms are
free. So, the melting point of supported Ag nanoclusters is higher
than that of the free Ag nanoclusters with similar size and
structure.

To investigate the structural changes, we used deformation
parameters that were obtained from Eq. (7):

gqðtÞ ¼
1
N

XN

i¼1

ðjqiðtÞ � qcmðtÞjÞ ð3Þ

In Eq. (7) qi = q(x,y,z) is related to the coordinates of atom i, and qcm is
the nanocluster’s center of mass position, and N is the number of
atoms of cluster. gq shows cluster deformation in the q(x,y,z)

direction.
Fig. 4 shows the deformation parameters in three directions at

different temperatures for Ag108,256. At low temperature, nanoclus-
ters have an almost spherical shape because gx � gy � gz. At
melting temperature, the fluctuation in gq becomes larger, which
is characteristic for the liquid state. In melting point gz decreases,
while gx and gy have larger values than below the melting point.
Decrease in gz is corresponding to the cluster melting, expansion
of the interface structure between cluster and substrate and wet-
ting layer. In this state cluster has rolled up around the nanotube.
Two types of different forces cause these movements. The first type
of the forces arises from the nanocluster–CNT interactions and the
second type from the Ag–Ag interactions in the nanocluster itself.
The Ag nanocluster surface atoms were redistributed to create a
nanocluster with lower energy. This redistribution changes the
nanocluster–CNT interfacial contact area and so the nanocluster–
CNT interaction and also changes the structural variation on the
cluster surface and so the Ag–Ag interaction. The large fluctuation



Fig. 7. The cluster layer in contact with substrate for Ag256 at 300 K. Top: for heating process. Bottom: for cooling process.
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in gz of Ag256 than Ag108 is related to its large size and consequently
large dimension in z direction. Substantially, gx has a larger value
and fluctuation than gy, because the length of nanotube located
in x direction and the length of nanotube is almost three orders
of magnitude larger than its diameter.

To examine the structural changes during the heating and cool-
ing processes, we have used Ag–C radial distribution function
(RDF). Fig. 5 shows the RDF in heating and cooling processes at
300 and 500 K (below the melting point) for Ag256. In cooling
curves the first peak is much larger than same peaks in heating
curves, because the cluster layer in contact with nanotube has
broadened and cluster has rolled up around the nanotube. By com-
parison the RDF curves of 300 K, well known that after melting and
then freezing, the cluster layers rearrange around the nanotube.

The number of Ag atoms in nanocluster layer in contact with
the nanotube surface, the height of nanocluster and diameter of
the lowest layer (layer in contact with nanotube) were calculated
as a function of time with steps of 30 ps. Fig. 6(a) shows the evolu-
tion of the number of Ag atoms in the lowest layer in a time period
of 600 ps for Ag256 nanocluster at 300 K, 500 K, and 700 K. The
figure illustrates that due to the increasing temperature the cluster
has rolled up around the nanotube, the cluster layer in contact with
substrate expands and the number of Ag atoms in lowest layer
increases. Furthermore, Fig. 6(b) and (c) show the evolution of
nanocluster height and radius of the lowest layer in same simula-
tions for 300 K and 700 K, respectively. Corresponding to Fig. 6(a),
as the nanocluster broadens on the nanotube; its height decreases,
whereas the radius of the lowest layer increases. It can be known
that the Ag256 nanocluster at 300 K has an almost spherical shape,
instead at 700 K has a kennel shape owing to being rolled up
around the nanotube.

In Fig. 7 the cluster layer in contact with nanotube at 300 K has
been monitored for heating and cooling processes (The inferior
division of nanotube has been deleted for clarity). It can be
observed that the contact layer in cooling process has a larger area
than the other.

Paying attention to Fig. 7, it can be observed that the silver
atoms are located at middle of aromatic rings. (This is noticeable
that owing to the curvature of nanotube in this case they can be
observed by looking in the normal direction to the nanotube
surface); because of this state the silver and carbon atoms have
maximum interaction. Also the surface wetting occurs and cluster
reaches to a more stable state and the structural change with
temperature is irreversible.

To examine the dynamics of Ag nanoclusters, we investigated
the MSD and self-diffusion coefficient (D). So, mean square
displacement (MSD) of nanoclusters was calculated by Eq. (4):

MSDðtÞ ¼ 1
N

XN

i¼1

ðjriðt þ DtÞ � riðtÞjÞ2 ð4Þ

where ri(t) is vector position of the atom i at time t, and N is the
number of atoms of cluster. And the self-diffusion coefficient was
calculated by Eq. (5):

D ¼ 1
6

lim
t!1

dðMSDÞ
dt

ð5Þ

Fig. 8 shows the value of the self-diffusion coefficient at different
temperatures. At low temperature, the nanocluster has a solid
structure, characterized by its constant and near the zero values
of D. At melting temperature the value of the D increases suddenly
that shows the liquid phase. The mild slope in the curve D relates to
the surface melting that is below the melting point.

Fig. 9 shows the MSD of Ag256 nanocluster at 300 K in heating
and cooling processes. Our calculations indicate that the cluster
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mobility on substrate is low at cluster solid phase, due to the
coherent interface structure. Also, identified that the cluster mobil-
ity at temperature below the melting point in cooling process is a
few lower than heating process. It seems that it is due to the larger
cluster layer in contact with substrate at cooling process than the
other. Comparison of the MSD and diffusivity of silver cluster at
300 K for heating and cooling processes shows that the MSD and
diffusivity of cluster at temperature below the melting point for
cooling processes is a few minor than heating processes, owing
to the expansion of cluster on nanotube.

Also, we have calculated the Lindemann index of each atom [50]

di ¼
1

N � 1

X
jð–iÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hr2

ijis � hriji2s
q

hriji
ð6Þ

where di is the Lindemann index of the ith atom, <>T denotes the
thermal average at temperature T and rij is the separation of atoms
i and j.

Fig. 10 shows the Lindemann indices of atoms in the supported
Ag256 nanocluster as a function of their distance from the cluster
center of mass. The nanocluster is at 200 K and 800 K (which is
slightly below the melting point). This figure states that the nano-
cluster rolls up around the nanotube at 800 K. At 800 K, the surface
Fig. 10. Lindemann indices for the supported Ag256 nanocluster at 200 K and 800 K.
atoms that are not on the substrate form a liquid-like layer.
However, the atoms that are in contact with the substrate are
not mobile since they are stabilized by the cluster–substrate
interaction. The surface of the supported cluster is thus nonhomog-
enous with high and low mobility regions. However, at 200 K, the
surface atoms that are not on the substrate do not form a liquid
layer. Therefore, the fluctuations of the Lindemann index are less
at 200 K.
4. Conclusions

Using molecular dynamics simulations, we investigated the
thermal, structural and dynamic properties of carbon nanotube-
supported Ag nanoclusters during melting and freezing processes.
By analyzing the potential energy, heat capacity, deformation
parameter, self-diffusion coefficient, Lindemann index, and so on,
the melting points and stable structures were got for Ag nanoclus-
ters on carbon nanotube. It was found that the melting point of Ag
nanoclusters was simulated in the range of 100–1700 K, depending
on the atom numbers and contact positions on the nanotube. The
mobility and diffusivity of Ag atoms at temperatures below the
melting points in the cooling process are slower than the ones in
the heating process. Also, the results show that at temperatures
above the melting point, the cluster was flattened on substrate
and rolled up around the nanotube and surface wetting occurred.
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