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Molecular dynamics simulations were conducted for a cubic Cu cluster supported on a graphite bilayer. The
Sutten—Chen and Lennard-Jones potentials were used for metal-metal and metal-graphite interactions,
respectively. Heating and cooling processes were performed by NVT simulations at different temperatures in
the range 200 to 1800 K. The melting point was identified on the basis of caloric and heat capacity curves. The
calculated melting point was 770 K, far below the bulk melting point of crystalline copper. Several phenomena
such as the appearance of a hysteresis (irreversibility) in caloric curves, surface melting, and cluster-induced
surface wetting were justified from the results. The simulation of cluster in the presence of gas atmosphere
showed that the CO gas is adsorbed more than H, and it has a greater impact on the cluster’s structure.
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1. Introduction

Copper nanoclusters supported on graphite and metal
oxide surfaces have found many applications in
heterogeneous catalysis [1]. In recent years, much
attention has been paid to the melting behaviour and
thermodynamic properties of Cu and other transition
metal nanoclusters. The melting point of metal
nanoclusters is strongly dependent on their size. It is
normally much below the bulk melting point and
decreases with cluster size [2]. This is because of a large
fraction of surface atoms in small clusters.

Molecular dynamics (MD) simulation is a useful
tool for a detailed understanding of the properties of
nanoclusters. The melting points of Cu clusters with
different sizes and shapes have been obtained by
molecular dynamics simulations using an embedded-
atom model (EAM) [3] and tight-binding [4] potentials.
Molecular dynamics methods have been also employed
to study the thermodynamic properties and diffusivity
of supported pure and bimetallic nanoclusters [5—9].

The adsorption of gases on supported nanoclusters
is a topic of major interest because of its importance in
catalysis and corrosion. The CO gas adsorbed on
copper electrodes leads to partial passivation of the
electrode, which decreases the H, evolution current [10].
Many experimental and theoretical studies have been

performed to understand the energetic of gas
adsorption and its effect on the shape of copper clusters
[11-13]. The effect of oxygen [14] and inert gas [15]
adsorption on supported platinum clusters has also
been studied using MD simulations. Here, we report
MD simulation studies of the melting behaviour of a
cubic Cu cluster supported on a static graphite surface.
Furthermore, the effect of CO and H, adsorption on the
Cu cluster at different temperatures is investigated.

2. Computational details
2.1. Potential functions and parameters

Cu—Cu interactions were modelled using the Sutton—
Chen (SC) potential [16], which is a convenient model
to study metal clusters with fcc structure, because the
local density effects is included in its parameterization.
The potential energy in the SC model is:

Uit = 5|:%ZZ (r%) —CZP,‘I/Z:| o

i#oJ i
The first term is a pair repulsion potential and the

second term represents the metallic bonding energy
associated with the local density p,, which is calculated
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as follows:

=3 (%) o
A N Y

where r; is the distance between atoms 7/ and j, c is a
dimensionless parameter, and ¢ and a are parameters
with dimensions of energy and length, respectively. For
Cu—Cu interactions, the values chosen were
£=0.012386¢eV, a=3.61 A, ¢=39.755, m=6, and
n=9 [6].

The Lennard—Jones potential with ¢ =0.019996 eV
and o =3.225 A was used for Cu—C interactions, which
is obtained from the available Cu—Cu [17] and C—C [18§]
parameters, using the Lorentz—Berthelot mixing rules.

CO and H, gases were considered as two-site
models with a fixed interatomic distance of 0.746 A for
H, [19] and 1.163 A for CO [20]. Their Lennard—Jones
energy and length parameters and charges are shown in
Table 1.

2.2. MD procedure

Classical MD simulations were performed on a 256-
atom cube-shaped copper cluster with fcc structure,
supported on a model graphite surface. The graphite
was modelled as two carbon layers in ABAB arrange-
ment with dimensions of 49.2 x 42.6 x 6.8 A> and 1600
carbon atoms. The cluster was placed 3A above the
graphite surface (Figure 1). The graphite layers were
kept rigid and constant during simulations and the

Figure 1. Initial structure of the graphite-supported copper
cluster.

Table 1. Potential parameters for CO and H, gases [19,20].

e (eV) o (A) q(e)
H 0.003179 2.92 0
C 0.004553 3.43 +0.107
O 0.002601 3.12 —0.107

periodic boundary conditions were applied only in x
and y directions.

A set of simulations were performed at various
temperatures in the range 200 to 1800 K to heat the
system. Simulations were done in NVT ensemble using
the DL_POLY 3.10 [21] software. Temperature was
kept constant using the Evans thermostat [22].
Equations of motion were integrated by a leap-frog
method, with a time step of 1 fs. At each temperatures,
the system was first equilibrated for 400 ps, followed
by 200 ps of production run. Similar simulations
were performed to cool the system from 1800 K back
to 200 K.

In the second stage, simulations were performed to
study the effect of a gaseous atmosphere of H, or CO
on the supported Cu cluster. The initial simulation box
was composed of the cubic cluster on graphite bilayer,
together with 400 gas molecules at random positions.
The box was a parallelepiped with dimensions
49.2 x 42.6 x 60.0A* and periodic in all three direc-
tions. Four temperatures (200, 400, 600, and 800 K)
were chosen for this stage. Various gas pressures at
constant volume and temperature were created by
changing the number of gas molecules. For this
purpose, the pressure was reduced near to vacuum in
several steps. At each step, 40% of gas molecules were
removed and after the end of each simulation, its
output was used as input for the next step. For both H,
and CO, the simulation with maximum number of
gas molecules was performed for 1100 ps (800 ps
equilibration and 300 ps production) and subsequent
(lower-pressure) simulations were performed for 400 ps
(100 ps equilibration and 300 ps production). Other
conditions were similar to the first stage.

The analysis of simulated trajectories and
calculation of different properties were performed
using the utilities of dlpoly program, as well as the
Gromacs 4.0 [23] simulation package. The distance
criterion for counting the number of adsorbed mole-
cules in the second stage was chosen from the position of
the first peak in radial distribution function for the gas
molecules around the cluster. This was 2.85A for H,
and 3.90 A for CO.

3. Results and discussion
3.1. Thermodynamic properties

A caloric curve (potential energy vs. temperature)
is obtained by heating the system from 200 to 1800 K
and then cooling it back to its original temperature.
Figure 2(a) shows such a curve for the cubic 256-atom
Cu cluster. The calculated potential energy has
contributions from metal-metal and metal-graphite
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interactions. Calculations show that the interaction
energy of metal-graphite is two orders of magnitude
larger than the metal-metal interaction energy.
A sudden jump in this curve shows a phase transition
in the cluster at the corresponding transition tempera-
ture. The temperature of the jumps in the heating and
cooling curve correspond to melting and freezing
points, respectively. Figure 2(a) shows that the temper-
ature range of the phase transition is 700—800 K for
heating and 600—700 K for cooling.

At temperatures higher than the melting point, the
heating and cooling curves have the same slope and lie
on top of each other. In contrast, below the melting

point, the curves differ and the heating curve have
greater potential energes than the cooling curve.
Therefore, a hysteresis is appeared during the cooling
process. The presence of such a hysteresis in solid—
liquid transitions has been justified theoretically [24]
and agrees with similar studies [5,25]. The lower
potential energies in the cooling curve means that,
with heating and cooling (simulated annealing),
metastable states are avoided and a lower-energy
state can be achieved.

For a more accurate determination of melting tem-
peratures, the heating simulations were repeated in the
temperature range 700—900 K, with 20 K increments.
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Figure 2. The caloric curve (a) and the heat capacity at different temperatures (b) for heating and cooling processes.
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The potential energy vs. temperature for these simula-
tions is shown in the inset to Figure 2(a). The energy
jump occurs in the range 750—800 K. The temporary
decrease of energy at 740 K, which is probably due to
the change to a semi-spherical shape as the result of
surface melting and the diffusion of surface atoms. This
change has been observed using electronic microscopy
[26] and is a hallmark of solid—solid transitions in
nanoclusters. Surface melting accounts for the hyster-
esis between the heating and cooling curves in solid
region [5].

By calculating the heat capacity of the nanocluster
at constant volume we can determine accurately the
melting point. Heat capacity is obtained from the
simulated trajectory as follows:

o _\E-E)) 5 .

=g )
where N is the number of atoms in the cluster and E,, is
the potential energy. Figure 2(b) shows a plot of heat
capacity against temperature. This curve shows a first-
order phase transition, with the melting point at 770 K.
This temperature is much below the experimental
melting point of the bulk crystalline copper, which is
equal to 1356.15 K [6]. Therefore, we see that the metal
clusters have lower melting points than their crystalline
lattices.

3.2. Bond-orientational ovder parameters

We can use the bond-orientational order parameters to
determine the crystal structure of a nanocluster [27].
In this method, a bond is defined as a vector
connecting a pair of adjacent atoms. A cutoff is used
to identify the adjacent atoms, a common choice being
the minimum distance between the first and second
peaks in the Cu—Cu radial distribution function. The
local order parameters associated with a bond r are:

OQim(r) = Yin(O(r), ¢(r)) “)

where 6(r) and ¢(r) are polar and azimuthal angles of
the bond with respect to an arbitrary and constant
reference framework, respectively and Y, are spherical
harmonics. By averaging over all bonds in the cluster,
it is possible to obtain global bond order parameters:

_ 1 M
Om =77 le O(r) Q)

where N, is the number of bonds. In order to have
parameters independent of rotations of the reference

framework, the second-order invariants are defined:

4 !

o= |12

1O’ (6)
—1

Two bond order parameters that are useful for
the identification of crystal structures are Q4 and Qs.
Table 2 shows the characteristic values of these param-
eters for different types of crystal structures [28].
The icosahedral structure is not periodic, so its
bond order parameters should depend on the
cluster size.

Figure 3 shows the calculated values of Q4 and Qg
for the cluster at different temperatures. According to
the position of first minimum on Cu—Cu radial
distribution functions, a cutoff value of 3.17A was
used at 200 K. Similar values were obtained at other
temperatures. The initial values of Q4 and Qg corre-
spond to a face-centred cubic (fcc) structure (Table 2),
but they rapidly decrease with increasing temperature.
This rapid decrease may be attributed to the surface
melting. In the temperatures near to melting point, the

Table 2. Bond order parameters for various crystal
structures.

Geometry o 0Os
Fcc 0.19094 0.57452
Hcep 0.09722 0.48476
Sc 0.76376 0.35355
Bee 0.08202 0.50083
Liquid 0 0
Th bulk 0 0.19961
Ih surface 0 0.20729
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Figure 3. Variations of the bond-orientational order param-
eters with temperature for the cluster.
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Figure 4. Density profiles, p(z), in the direction normal to
the graphite surface at different temperatures.

cluster approaches to the hexagonal close packed (hcp)
geometry. At melting point (~800K), the Q4 param-
eter abruptly reaches to near zero, which shows the
liquid phase. The Qg parameters has nonzero values
after the phase transition, which is probably due to the
layering of cluster on the graphite surface. Similar
trends have been observed for other nanoclusters
[25,29]. The temperature of abrupt decrease in Q4
and Qg agrees with the melting temperature obtained
from the caloric curve.

3.3. Temperature-dependent variations in cluster
structure and shape

One way to examine the structural changes of the
nanocluster during heating and cooling is to use
density profiles, p(z), which are obtained from the
following relation:

( ) _ n(z)aéﬁuCu

7T AN, @

where n(z) is the number of Cu atoms in a slice of the
simulation box parallel to the xy plane of graphite,
with a width Ah. A, is the surface area of the graphite
xy plane, and N is the number of samples. Here, we
used a value of 0.018 A for Ah.

Density profiles are plotted at various temperatures
in Figure 4, the graphite surface being located at
z=-—25.9. The plots show that the cluster maintains its
fee structure between 300 and 500 K. The interlayer
spacing is increased from 1.9A at 300K to 2.1A at
600 K. This increase may be a result of the change of
cluster structure from fcc to hep. These findings agree
with the results obtained from bond order parameters.
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Figure 5. Density profiles at 800 K (a) and 300K (b) during
the heating and cooling processes.

At temperatures between 200 and 600K, the
nanocluster has seven layers, but at 700 K one layer
is lost, which shows the structural changes and
initiation of melting. Upon gradual increase of tem-
perature further layers disappear and the cluster is in a
liquid-like state. The peaks near the graphite surface
have significant intensities even at higher temperatures,
which is a sign of the temperature-induced wetting
phenomenon. The outer peaks disappear at tempera-
tures near the melting point because the surface
melting disappears. The surface atoms diffuse and
melt, but the inner parts of the cluster still have the
properties of solids. Similar changes have been
observed in theoretical [S] and experimental [26] studies
of cubic Pt nanoclusters.

Further insights may be obtained by comparing
density profiles for heating and cooling at a specific
temperature. Figure 5 shows such profiles for two
temperatures. Despite the slight difference for 8§00 K
(Figure 5(a)), there is a large difference between the two
curves at 300 K (Figure 5(b)). In the profiles associated
with cooling, the height of peaks near the graphite
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surface is larger, so the surface wetting is more in this
case. This has been obtained for supported Pt clusters
[5] as well. Furthermore, for cooling, the layers are more
complete and the density is zero in the spaces between
layers. The difference between heating and cooling was
examined in caloric curves earlier (Figure 2(a)).
The structure and shape of the nanoclusters obtained
at 300K from heating and cooling are different.
The cluster obtained from heating from 200K has
seven layers, but in the cooled cluster the number of
peaks (or layers) reduces to 5. Figure 6 shows this
difference more clearly for the structures obtained
at 300 K.

In order to further examine the structural changes,
we can make use of a deformation parameter:

N
10 =53 (140~ gen0) ®)
i=1

in which ¢; shows x, y, or z coordinates of atom i.
Summation is over all atoms of cluster and ¢, is the
cluster’s centre of mass position. 7, shows cluster
deformation along the ¢ direction. Using the deforma-
tion parameters we can monitor the global changes in
cluster’s structure.

Figure 7 shows the deformation parameters along
three spatial coordinates at various temperatures.
At low temperatures, where the nanocluster has a
cubic shape, the deformation parameters are almost
equal in three directions. With increasing temperature,
the parameter along the x axis smoothly increases and
along the y axis, it smoothly decreases. At melting
point, 1, and 5, are relatively equal, which shows that
the cluster has a semi-spherical shape. The cluster
contracts along the z axis (normal to the graphite
surface) at temperatures near the melting point, so that
the »n. is nearly zero at high temperatures. This
flattening of the cluster on the support’s surface has
been observed for alloyed clusters of Cu and Ni [6].
After melting, where the cluster is liquid, its shape does
not change significantly. The only exception is for 7,
at 1600 K, which shows that the cluster is expanded

along the y axis and is due to the atomic motions in
liquid state.

3.4. Dynamic properties of the nanocluster

The diffusion process is examined by calculating the
mean square displacement (MSD) of atoms as a
function of time. MSD is obtained from the following
relation:

ax(t) = (Jrite +5) — o) ©)

where the averaging is over all the atoms of type 7 and
over the choices of different time origins s. The self-
diffusion coefficient is obtained from the time depen-
dence of MSD, using the so-called Einstein’s relation:

lim Ar(r) = 6Dit (10)

Figure 8 shows the calculated values of the self-
diffusion coefficient at different temperatures. Below
700K, the cluster has a solid structure, characterized
by its constant and nearly zero values of D. At 800K,
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Figure 7. Deformation parameters in three dimensions for
the cluster at different temperatures.
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Figure 6. Nanocluster obtained at 300 K from the heating (a) and cooling (b) processes.
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Figure 8. Average value of diffusion coefficient for the
cluster during heating.

when the cluster is starting to melt, the self-diffusion
coefficient is higher, and at 900 K, it shows a sudden
jump to an even higher value. In general, with
increasing temperature, the motion of surface atoms
and their tendency to diffuse into the interior increases,
which reflects in higher values of D. Similar behaviour,
which is in accordance with the results obtained
from density profiles, has been reported for Pt
nanoclusters [5].

3.5. Adsorption isotherms of H, and CO on
nanocluster

Figure 9 shows the adsorption isotherms for H, and
CO gases on the graphite-supported Cu nanocluster.
For this, the number of adsorbed molecules (with the
criterion explained in methods) is plotted against the
gas pressure at different temperatures. As noted before,
the gas pressure was changed by changing the number
of molecules at constant volume. The values of
pressure were calculated using the van der Waals
equation of state.

According to Figure 9, at lower temperatures, more
gas is adsorbed, but with rising temperature the
number of adsorbed molecules and the slope of the
curve decrease. The isotherms correspond to the
Langmuir isotherm, type I in IUPAC classification
[30], because they saturate after a certain pressure.
Comparison of the plots at a specific loading and
temperature shows that the amount of CO adsorbed is
more than H,. This is expected, based on the Lennard—
Jones energy, and length parameters, but the difference
is not so great, because the H, molecules are small and
can aggregate around the cluster.
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Figure 9. Adsorption isotherms for H; (a) and CO (b) gases.

3.6. Effect of gaseous atmosphere on the nanocluster

The presence of gas molecules affects the structure and
shape of nanoclusters [11,15]. For a nanocluster of a
certain size, the effect of gas depends on surface
coverage, temperature, and the nature of the gas itself.
Figure 10(a)—(c) (top) shows the clusters obtained from
the simulation in vacuum, and in the presence of 400
molecules of H, and CO at 400 K. The gas molecules
have been deleted for clarity. The nanocluster in
vacuum (Figure 10(a)) has a layered structure, and in
the presence of gas molecules, the pressure of gas
induces an expansion in the z direction, perpendicular
to the graphite surface. When the pressure is gradually
reduced to near vacuum (Figure 10(d), (e)), the
nanocluster adopts a structure which is not similar to
the configuration obtained for the simulation in
vacuum (Figure 10a). It secems that the gas molecules
have made irreversible changes in the cluster and the
cluster maintains the stable structure obtained in the
presence of higher amounts of gases. Similar irrevers-
ibility has been observed for the adsorption of inert
gases on graphite-supported platinum clusters [15].
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Figure 10. Structure of the cluster (top) and the layer adjacent to graphite surface (bottom), obtained for the simulation at 400 K
in vacuum (a), with 400 H, molecules (b), and with 400 CO molecules (c). Also shown are the cluster structures in the vacuum
obtained from the gradual removal of H, (d) and CO (e) molecules.

Figure 10 shows that in the case of CO, and not H,, the
number of layers increases. The density profiles in the z
direction for these systems are shown in Figure 11. For
simulation with CO gas a further peak appears, which
shows a new layer of Cu atoms. The cluster has eight
layers in the presence of CO molecules.

Comparison of the layer adjacent to the graphite
surface (Figure 10, bottom) shows that the presence of
gas leads to a deformed and smaller layer. Some Cu
atoms in this layers are in curved lines in order to
increase the interactions between the graphite surface
and adsorbed gas molecules. All these accommoda-
tions facilitate interactions in the system.

The effect of gas atmosphere on the nanocluster is
also temperature-dependent. Figure 12 shows the mean
square displacement (MSD) as a function of simulation
time (the linear region) for simulations at two different
temperatures in vacuum, with 400 CO, and with 400
H, molecules. At 200K (below the cluster’s melting
point), the MSD plot has a small slope

pr©

UL Joul

vacuum 400 H, 400 CO
z(A)

Figure 11. Density profiles at 400K for the cluster in
vacuum, with 400 H, molecules, and with 400 CO molecules.
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Figure 12. Mean square displacement for the Cu atoms as a
function of simulation time in different conditions at (a)
200K, and (b) 800 K.

(diffusivity = 5.40 x 10~"cm?s™") in vacuum. The plot
obtained in the presence of H, and CO molecules lie
above it, with larger slopes of 3.29x107® and
1.98 x 102 cm?s ™", respectively. However, in the case
of H, gas, there is a smaller difference with vacuum
than CO gas. According to the adsorption isotherms
(Figure 9), at low temperatures the amount of
adsorbed CO molecules is higher than H, molecules,
and so these molecules have greater impact on the
motion of Cu atoms. At 800K, which is above the
nanocluster’s melting point, the values of MSD and
diffusivities are much higher (note the difference in the
scales of the diagrams) for all three cases. The diffusion
constant at 800 K for the cluster in vacuum, H,, and
CO atmosphere are 5.23 x 1075, 1.42x 107*, and
1.61 x 10~*cm?s™!, respectively. At this temperature,
the cluster is molten and the pressure exerted by gas
molecules increases the overall diffusivity of the
cluster. The difference between the CO and H,
environments is very small in this case. It seems that
the nature of gas molecules doesn’t have a noticeable
impact on the atomic motions at such a high temper-
ature. These observations are in agreement with
previous findings [15].

4. Conclusions

In this paper, we explained the thermodynamic and
structural changes in a supported nanocluster during
the heating and cooling processes, and the effect of gas
molecules on it. These properties depend on the cluster
size and temperature. Here, we have changed the
temperature in the range 200—1800 K, using a fixed
cluster size. The well-known phenomena in melting
clusters, such as surface melting and wetting were
observed using the density profiles and bond order
parameters. The irreversibility of structural changes
with respect to temperature was also shown. In the
study of gas adsorption, CO molecules were shown to
adsorb more, and to have more effect on the cluster
shape and diffusion constant than H,. These results
justify the application of classical molecular dynamics
simulations to study metal clusters. The results of this
study are important for the processes of electrochem-
istry, catalysis, and corrosion.
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