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Abstract
The effect of the substrate on catalytic metal clusters in nucleation process of single-walled
carbon nanotubes was studied by classical molecular dynamics (MD) simulation. The melting point of
a nickel cluster decreased with decreasing catalyst-substrate interaction. During clustering process of
carbon atoms via a nickel cluster on a substrate, a layered structure of fcc(111) was formed parallel to
the substrate and a graphene was also generated parallel to the layer in case of strong
catalyst-substrate interaction while the orientation of nickel cluster was not affected by the substrate in

case of weak interaction.
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1. Introduction

Developments of large-scale and high-purity generation technique for single-walled carbon
nanotubes (SWNTSs) [1] are desired for the practical applications of this fascinating new material. In
addition to previously known laser furnace [2] and arc discharge technique [3], catalytic chemical
vapor deposition (CCVD) methods [4] have been proposed for the possibility of large-scale
production at low cost. This method falls into two type by the condition of metal catalyst: the floated
catalyst and the supported-catalyst. The high-pressure carbon monoxide (HiPco) process [5] using a
floated catalyst is one of the commercially feasible techniques for the mass production of SWNTs.
However, they often suffer from the mixing of catalytic metal particles and amorphous carbon
impurities among the produced SWNTs. On the other hand, Murakami et al. [6] developed high-purity
product technique of vertical aligned SWNTs using the flat quartz substrate as a supporter, which
opened the production technique for so-called ‘super-growth’ nanotube [7].

For the better condition in CCVD method, the role of the catalytic metals has been widely
studied. Noda et al. [8] examined the best concentration ratio of Mo-Co binary metal nano-particle
using combinatorial method. We have studied the graphitization ability of the transition metal cluster
by classical molecular dynamics (MD) simulation [9]. However, the effect of the substrate on the
catalytic ability is still unknown since the there are many chemical reaction between the substrate and
catalyst metals [10] during the CVD process at high temperature. For example, the role of oxygen
functionality on the substrate surface is under discussion. Supposedly, substrates such as alumina or
zeolite which have porous sites work not only as supporting catalytic metals but also affecting
dissociation of carbon-source molecules during formation process of SWNTs though substrates such
as flat quartz or oxide-silicon surface does not affect it from experimental views. In this study, we
assumed the substrate does not affect the dissociation process for the purpose of focusing on the effect
of the substrate on the catalytic metal atoms. Dissociation process of carbon-source molecules via
substrates must be considered in the next stage.

As a numerical approach, Ding et al. [11] examined the structure and thermal properties of



supported iron cluster by classical MD simulation. They showed the strong cluster-substrate
interaction increased melting temperature of the iron cluster on the substrate. One of us examined the
interaction energy between graphene and metal catalyst cluster on the substrate [12]. In this letter, the
effect of the substrate on the catalytic metal cluster during the nucleation process was studied. Firstly,
dependence of the cluster-substrate interaction on the structure of the nickel cluster and nickel-carbide
cluster on the substrate was examined in Section 3. Next, nucleation process of nanotube caps from a
nickel cluster on the substrate was calculated and the dependence of the substrate-catalyst interaction

on the graphitic ability of the catalytic metal cluster was examined in Section 4.

2. Simulation methodology

A classical MD method was used to study the effect of a substrate on catalytic metal clusters during
initial nucleation process of SWNTs. A Brenner potential [13] was used to describe a covalent bond
between carbon atoms in the cluster. A many-body potential function [9,14] that was constructed for
transition metal carbide cluster was used to describe a nickel-nickel and nickel-carbon bonds. Parameter
sets of these potential functions are listed in Table 1 and 2. A standard 6-12 Lennard-Jones potential, with
the parameters £ = 2.5 meV and ¢ = 3.37 A [15], was used to describe the intermolecular interaction
between isolated carbon atoms in the gas phase.

In addition, the interaction between metal atoms in the cluster and the planar substrate was expressed

using an one-dimensional averaged Lennard-Jones (1DLJ) potential [16]:
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where z is the coordinate normal to the substrate plane. This potential function represents the integrated
interaction between a metal atom in the cluster and all atoms on the substrate by a standard 6-12
Lennard-Jones potential function. The parameter o is set to 3.23 A, determined from the van der Waals
radius of a Si atom [12]. The parameter D, was varied from 0.5 to 1.25 eV at 0.25 eV intervals in order to
describe the variable affinity of the metal cluster for the substrate.

The velocity Verlet method was used to integrate the classical equation of motion with a time step of



0.5fs. A Berendsen thermostat [17] was used for temperature control with a relaxation time of 0.17 ps.

3. Dependence of cluster-substrate interaction on the structure of a metal cluster

Firstly, dependence of cluster-substrate interaction on the structure of a nickel cluster and a
nickel-carbide cluster was examined in the following way. A face-centered cubic (fcc) structure of
Niyss was annealed without substrate-support for 2 ns at 2000K. For the initial structure of a
nickel-carbide cluster, a nonstoichiometric cluster, Ni,ssCsz obtained from our previous simulation
[15] for nucleation process of SWNTSs from a floated nickel cluster was used. The clusters were then
annealed on the substrate for 100 ps at 500 K. After that controlled temperature was increased from
500K to 3500K with the rate of 1 K per 1 ps. Various range of the binding energy of the 1DLJ
potential was examined from 0.5 eV to 1.25 eV in 0.25 eV intervals.

The melting point of a cluster is defined as a temperature where Lindemann index becomes 0.1
[18]. The Lindemann index, ¢ is defined as the root mean squared (rms) bond-length fluctuation as
follows:
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where rj is the distance between atom i and j, and N is the number of atoms in the cluster. Melting
points of the nickel clusters on the substrate of the binding energy, 0.25, 0.75 and 1.25 eV were
defined as 2571, 2647 and 2720 K, respectively. Abrupt increase of the potential energy against
temperature was observed at the defined melting point as shown in Figure 1(a). The melting point
decreased with decreasing the catalyst-substrate interaction. This is consistent with the behavior
predicted by Gibbs-Thomson’s equation; depression of the melting temperature is proportional to the

interfacial curvature. That is, the volume of a droplet on a substrate, V is expressed as follows:
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The radius, r decreases with increasing the contact angle, 8 when the volume is constant and the



contact angle increase with decreasing the catalyst-substrate interaction as shown in Figure 1(b). The
radius decreases (i.e. the interfacial curvature increases) with decreasing the catalyst-substrate
interaction. Hence, melting point decreased with decreasing the catalyst-substrate interaction. The
value of the melting point is sensitive to the potential parameter. Hence, the quantitative discussion
about melting point is not seen in this letter. Further discussion for dependence of potential parameters
on the melting point will be needed in the next stage.

Below the melting point by the many-body potential function we have constructed, potential
energy per atom was proportional to the controlled temperature; the gradient is 0.14 eV K™
independent of the cluster-substrate interaction energy. However, the temperature range of the abrupt
change increased with increasing the catalyst-substrate interaction energy. In case of the 0.25 eV as
the binding energy of 1DLJ potential, the range of the abrupt increase was less than 100 K though it
was more than 200K in case of the binding energy of 1.25 eV.

The snapshots of the structure of nickel clusters on a substrate at 2000 K and 3000 K were
shown in Figure 1(b). Below the melting point defined above, the clusters kept its crystal structure
and had the facet surface. Island structure was kept even on the substrate of the strong
catalyst-substrate interaction. However, the nickel clusters changed to liquid droplets at 3000 K. The
clusters wetted to the substrate more strongly with increasing the catalyst-substrate interaction energy.
The spherical structure disappeared and the metal atoms wetted completely on the substrate forming a
layer structure in case of 1.25 eV as the binding energy of 1DLJ potential.

On the other hand, the abrupt increase of the potential energy of the nickel atoms in the
nickel-carbide cluster was not observed as shown in Figure 2(a). The potential energy of the nickel
atoms on the substrate of the binding energy, 0.5 eV decreased from —-3.7 eV to -5.25 eV at 2000 K
because of the additional nickel-carbon bonding. Gradient of the potential energy against controlled
temperature increased continuously. The Lindemann indices for nickel-nickel and carbon-carbon
bonds in the nickel-carbide cluster were shown in Figure 2(b). The Lindemann indices did not
increased rapidly compared with that of the nickel cluster as in the case of the potential energy. The

melting temperature of the nickel-carbide clusters were estimated between 2500 K and 2600K by the



indices of the nickel-nickel bonds. Oh the other hand, the Lindemann index for carbon-carbon
increased with increasing temperature across the value of 0.1 around 3000 K. However, the potential
energy of the carbon atoms in the nickel-carbide cluster decreased as increasing the controlled
temperature. This shows carbon atoms diffused to the more stable position with increasing
temperature.

The snapshots of the structure of the nickel-carbide cluster on the substrate at 2000K and 3000K
were shown in Figure 2(c). The nickel atoms did not take the crystal structure at 2000 K. However,
the clusters kept island structure even at the strong catalyst-interaction energy because the
nickel-carbon bonding decreased the potential energy of the cluster about 1.55 eV per nickel atom
compared with that of the nickel cluster at 2000 K as described above. The abrupt increase of
potential energy of the nickel cluster was caused by structure change from crystal structure to disorder.
On the other hand, the nickel carbide cluster took the disorder structure below the melting point.
Hence, the abrupt increase of potential energy was not observed in Figure 2(a). The nickel-carbide
cluster wetted to the substrate with increasing the catalyst-substrate interaction in 3000 K as in the
case of the nickel cluster. The layer structure was observed in case of the binding energy of 1DLJ

potential, 1.25 eV. Carbon atoms were distributed at interlayer region.

4. Molecular dynamics simulation of clustering process of carbon atoms

Next, nucleation process of nanotube caps from a nickel cluster on the substrate was examined.
One of the equilibrated nickel clusters obtained in Section 3 with the binding energy of 0.25, 0.5 and
1.0 eV at 2000 K were placed on the bottom of a cubic cell of (20 nm)?, respectively. Then, five
hundreds of isolated carbon atoms were randomly allocated in a cell as shown in Figure 3. The top
and bottom boundaries had mirror boundary condition and others had periodical boundary conditions.
The controlled temperature was set to 2500 K. The density of isolated carbon atoms was kept constant
by adding a new carbon atom at a random place in the cell whenever a carbon atom attached to the
nickel cluster.

Figure 4 shows the snapshots of clustering process of carbon atoms via a nickel cluster on the



substrate. As increasing the binding energy, a layered structure of fcc(111) was formed parallel to the
substrate and a graphene was generated parallel to the layer. Views from bottom show the nickel
atoms on the 2D closed-packed facet and the graphene has geometrical match. In our previous report,
the 2D closed-packed facet of the transition metal atoms can be a template of the graphene from both
geometrical and energetic standpoint [9]. Hence, the orientation of the 2D closed-packed facet is a key
to determine the direction to which a graphene separate from a catalytic cluster.

In case of the strong cluster-substrate interaction, the 2D closed-packed facet was formed
parallel to the substrate and the graphene also separated from the edge of the cluster parallel to the
substrate. It is difficult to form the cap structure in that condition. On the other hand, the orientation
was not affected by the substrate in case of weak cluster-substrate interaction. Hence, the graphene
separated from the cluster independent of the direction of the substrate. Some of them were separated
around a facet at a hump of the cluster and formed the cap structure. The formation process of the cap
structure was similar to our previous study of nucleation process of SWNTSs from the floated Niysg [17].
That is, after saturation of carbon atoms into the nickel cluster, hexagonal carbon networks were
formed inside the cluster and separated around a facet at the hump of the cluster and formed the cap
structure.

Figure 5 shows time series of the number of hexagonal and pentagonal rings in the nickel
clusters during clustering process. The number of the hexagonal rings in the cluster on the substrate of
strong catalyst-substrate interaction (1.0 eV) increased about twice as fast as in the cluster on the
substrate of weak interaction (0.25 eV). It is because the nickel cluster wets more strongly and the
fce(111) facet was formed parallel to the substrate under the strong interaction energy. The facet has
geometrical match with graphene. Hence, the graphene is generated parallel to the substrate easily as
if the 2D closed-packed facet were a template. However, the suitable hump did not exist on the cluster
on the strong catalyst-cluster interaction. Cap structure was not nucleated though the large graphene
surface was generated. Other than the graphitization ability, the structure of the catalyst cluster itself

may be important.



5. Conclusion

The effect of the substrate on catalytic metal atoms in nucleation process of SWNTs was
studied. Firstly, dependence of a cluster-substrate interaction on the structure of a nickel cluster and a
nickel-carbide cluster was examined. The melting point of a cluster was defined as a temperature
using Lindemann index. Abrupt increases of the potential energy were observed at the defined melting
temperature with increasing temperature in case of the nickel cluster. It was caused by the structure
change from crystal to disorder. The melting point decreased with decreasing the catalyst-substrate
interaction. Addition of carbon atoms in the nickel cluster made the cluster disorder below the melting
point resulting in continuous increase of the potential energy.

Next, nucleation process of nanotube caps from nickel cluster on a substrate was analyzed.
In case of the strong cluster-substrate interaction, a layered structure was observed with fcc(111) facet
parallel to the substrate and a graphene was generated parallel to the substrate. From the cluster on the
weak interaction, on the other hand, the orientation was not affected by the substrate. Then, the
graphene separated from the cluster independent of the direction of the substrate. Some of them were
separated around a facet at a hump of the cluster and formed the cap structure. Hence, for the better
condition for the nucleation of cap structure of SWNT, not only the graphitization ability but also

structure of the catalyst cluster may be important.
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Figure Captions

Fig. 1 (a) The potential energy of Ni,se per atom and the Lindemann index against controlled temperature.
The melting point is defined as the temperature where the Lindemann index is 0.1. At melting
temperature, the potential energy abruptly increases shown by the black arrows. The data was
displaced to the y-axis for clarity. (b) Annealed structure of the nickel clusters on a substrate of various
interaction energies at 2000K and 3000 K. The clusters changed to liquid droplets and wetted to the
substrate more strongly as increasing the catalyst-substrate interaction energy at 3000 K.

Fig. 2 (a) The potential energy of a nonstoichiometric nickel-carbide cluster (Ni»s¢Cs3) per atom against
controlled temperature. The abrupt change was not observed. The potential energy of the carbon atom in
the cluster decreased as increasing temperature. (b) The Lindemann indices for nickel-nickel and
carbon-carbon bonds in the nickel-carbide cluster against controlled temperature. (¢) Annealed structure of
the nickel-carbide cluster on a substrate of various interaction energies at 2000K and 3000 K. In the bond
view, nickel atoms are not shown for clarity. The layer structure was observed with the strong

interaction energy at 3000 K. Carbon atoms were distributed at interlayer region.

Fig. 3 An initial condition for the clustering process. Five hundreds of isolated carbon atoms were
randomly allocated in a 20 nm cubic cell. One of the equilibrated nickel clusters obtained in Fig.1
were placed on the bottom of the cell.

Fig. 4 Snapshots of clustering process of carbon atoms via a nickel cluster on a substrate with the binding
energy of 0.25, 0.5 and 1 eV. The white, red, orange, green and purple ball represent carbon atom that has 0,
1, 2, 3 and 4 carbon-covalent bonds, respectively. Views from bottom show the nickel atoms on the 2D
closed-packed facet and the graphene has geometrical match. The cap structure was observed at the
hump of the cluster on the substrate of binding energy 0.25 eV.

Fig. 5 Time series of the number of hexagonal and pentagonal rings in the catalytic metal cluster in the
50 ns calculation of the clustering process. The cluster on the strong catalyst-substrate interaction made
more hexagonal ring than it on the weak interaction.

Table 1. Potential parameters for nickel-nickel interactions.

Table 2. Potential parameters for carbon-carbon and carbon-nickel interactions.
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Table 1. Potential parameters for nickel-nickel interactions.

S | BWA) | Da(eV) | Dea(eV) | Co | Ra(A) | Ra(R) | Cr | Ri(A) | Ro(A)
Ni-Nit™ | 1.3 1.55 0.74 1.423 | 0.365 | 2.520 | 0.304 | 0.200 | 2.7 3.2
Table 2. Potential parameters for carbon-carbon and carbon-nickel interactions.
De(eV) | S | BWA) | R(A) | Ri(A) | Ro(A) ) o Co | do
c-c® | 6.325 | 1.29 1.5 1.315 2.0 - 0.80409 | 0.011304 | 19 | 2.5
Ni-cP'| 2.4673 | 1.3 | 1.8706 | 1.7628 0.0688 | -0.5351 - - -
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Y. Shibuta, S. Maruyama,
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Fig. 3
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Y. Shibuta, S. Maruyama, Fig. 4
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