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Abstract

®

CrossMark

The atomistic mechanism of dissociative adsorption of ethylene molecules on a Ni cluster

is investigated by ab initio molecular-dynamics simulations. The activation free energy to
dehydrogenate an ethylene molecule on the Ni cluster and the corresponding reaction rate is
estimated. A remarkable finding is that the adsorption energy of ethylene molecules on the Ni
cluster is considerably larger than the activation free energy, which explains why the actual
reaction rate is faster than the value estimated based on only the activation free energy. It is
also found from the dynamic simulations that hydrogen molecules and an ethane molecule

are formed from the dissociated hydrogen atoms, whereas some exist as single atoms on the
surface or in the interior of the Ni cluster. On the other hand, the dissociation of the C-C bonds
of ethylene molecules is not observed. On the basis of these simulation results, the nature of

the initial stage of carbon nanotube growth is discussed.

Keywords: nickel cluster, ethylene molecule, dissociation, ab initio molecular dynamics

simulation, activation energy, adsoption energy

(Some figures may appear in colour only in the online journal)

1. Introduction

The growth process of carbon nanotubes (CNTs) [1, 2] has been
widely discussed because an understanding of this process is
essential for the control of diameter and chirality of CNTs
from a point of view of application. In particular, the role of
catalytic metal particles and clusters during catalytic chemical
vapor deposition (CCVD) [3-5], which is a major technique
for CNT synthesis, has been widely discussed [6-9]. The
growth of CNTs via CCVD is considered to occur through a
series of processes with different spatiotemporal scales. First,
carbon precursor molecules, such as ethylene, ethanol, and
methane molecules, are dissociated on the surface of catalytic

0953-8984/16/145001+11$33.00

metals and release isolated carbon atoms (or carbon dimers).
The isolated carbon atoms form hexagonal networks on the
metal surface or within the subsurface of catalytic metals,
followed by the formation of a cap structure. The cap struc-
ture is gradually lifted up from the catalytic metals, and an
elongated tube structure is formed subsequently. Regarding
the cap formation process, various atomic simulations, such as
classical molecular dynamics (MD) [10-16] and tight-binding
based techniques [17-20], have been carried out starting from
isolated carbon atoms, and a metal-catalyzed growth model
has been proposed [10]. Later, observations by in-sifu trans-
mission electron microscopy (TEM) [21, 22] have validated
this model, and therefore there has been a broad consensus

© 2016 IOP Publishing Ltd  Printed in the UK
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up to now that the cap structure is nucleated on the surface of
catalytic metal nanoparticles.

With respect to the initial dissociation process, it is well
known that the yield and quality of CNT products strongly
depend on the choice of carbon precursor molecules and addi-
tives. In the CCVD process, carbon monoxide [3, 4], alcohols
[5], and hydrocarbons such as methane molecules [23-25] and
ethylene molecules [25-27] are mainly employed as carbon
precursor molecules. It has been empirically confirmed that
the CCVD process using ethanol molecules, called the alcohol
CCVD (ACCVD) technique [5], yields a larger amount of
single-walled carbon nanotubes (SWNTs) without genera-
tion of amorphous carbon compared to the process using the
hydrocarbons. Therefore, the presence of a hydroxyl group is
considered to enhance the quality of CNTs by eliminating by-
products such as amorphous carbon. This idea is backed up by
the super growth CVD technique developed by Hata ef al 28],
in which the addition of a small amount of water enhances
the activity and lifetime of the catalytic metal drastically and
nanotube forests with heights of up to 2.5mm are repeatedly
synthesized.

In order to understand the effect of the carbon precursor
molecules and additives described above, it is important to
investigate the dissociation process of the carbon precursor
molecules on the catalytic metals. Recent in-situ mass spec-
troscopic analysis [29-31] revealed some aspects of the
dissociation of carbon precursor molecules during CNT
growth by CCVD, in which ethylene molecules and acety-
lene molecules are key products of the dissociation of ethanol
molecules [31]. However, it has not been easy to observe such
reaction processes directly during the CCVD process, because
it takes place at high temperatures. Therefore, the MD-based
simulation is strongly desired for understanding such compli-
cated processes from an atomic point of view. It is, however,
also not straightforward to treat the dissociation process by
the classical MD simulation because a low-impact force-field,
which would describe the dissociation of the carbon precursor
molecules on the metal appropriately, has not been estab-
lished. Therefore, although there have been some attempts to
address the dehydrogenation of hydrocarbon molecules using
ReaxFF empirical potentials [32, 33] and density-functional
tight-binding (DFTB) semi-empirical potentials [34, 35],
almost all previous simulations have not taken the initial dis-
sociation process into account but have been limited to the
cap formation process starting from isolated carbon atoms
[10, 12-17, 19, 20]. That is, the dissociation of the carbon pre-
cursor molecules is ignored or assumed to occur immediately
on the catalytic metal surface.

Under such circumstances, we have investigated a disso-
ciation process of several carbon precursor molecules on a
metal cluster or surface by ab initio MD simulations [36—42].
Ab initio MD simulation is a very powerful tool because it can
treat the dynamics of molecules, including dissociation and
charge transfer, consistently without consideration of the reli-
ability of the force-field, although it is computationally more
costly than classical MD simulations. However, the recent
development of high performance computers has enabled ab
initio MD simulations of the dissociation of molecules on a

metal cluster in a system consisting of several hundred atoms
[43-45]. Up to now, we have investigated the dissociation of
ethanol molecules on the Ni [36, 37] and Pt [40] clusters to
discuss the initial stage of CNT growth by the CCVD tech-
nique. It has been revealed that C-C bonds in the CH,CO frag-
ments (x = 1,2, and 3) are preferentially dissociated in the both
surface of the Ni and Pt clusters. In addition, the dynamics
of the dissociation of methane molecules on Cu(l 1 1) and
Ni(1 1 1) surfaces in the initial stage of graphene growth has
been studied [38, 39, 41]. The two metal surfaces are typi-
cally used for the graphene synthesis. We have demonstrated
that there is a great difference in the reactivity of the methane
molecules on the two surfaces. Other than the ethanol and
methane molecules, ethylene molecule is also commonly used
as the carbon precursor molecule. Our previous ab initio MD
simulations to examine the reaction of the ethylene molecules
with the Ni(1 1 1) surface has clarified that the dehydrogena-
tion of the ethylene molecules occur by three different reaction
mechanisms [42]. In this study, we investigate the dissocia-
tion of ethylene molecules on the Ni cluster, which are one of
the typical combinations for the CCVD synthesis of SWNTs.
On the basis of the simulation results, the nature of the initial
stage of CNT growth in the case of the Ni cluster is discussed.

2. Method of calculation

The electronic states are calculated using the projector-
augmented-wave (PAW) method [46, 47] within the frame-
work of density functional theory. The generalized gradient
approximation is used for the exchange-correlation energy.
We mainly use the PBE functional [48] without spin polariza-
tion. The RPBE functional [49] is also used with spin polar-
ization to calculate adsorption energies. Projector functions
are generated for the 1s state of hydrogen atoms, the 2s and 2p
states of carbon atoms, and the 3d, 4s, and 4p states of nickel
atoms. The I" point is used for Brillouin zone sampling. The
plane-wave-cutoff energy of the electronic pseudo-wave func-
tions is 30 Ry and that of the pseudo-charge density is 250 Ry.
The DFT-D method is employed for the semi-empirical cor-
rection of the van der Waals interaction [50]. The energy
functional is minimized iteratively using a preconditioned
conjugate-gradient method [51, 52].

We use a system consisting of a Nis, cluster and 37
ethylene molecules (in total 254 atoms) in a cubic supercell
of dimensions 15 x 15 x 15 A’ under periodic boundary con-
ditions. MD simulations are performed at a temperature of
1500 K in the canonical ensemble using the Nosé-Hoover
thermostat technique [53, 54]. The equations of motion are
numerically solved via an explicit reversible integrator [55]
with a time step of Ar = 0.242 fs. The total simulation time
is 8.13 ps. In the initial configuration, the Ni cluster, which
is annealed beforehand at 1500 K, is immersed in liquid eth-
ylene, as shown in figure 1.

A population analysis [56, 57] generalized to the PAW
method [58] is used to clarify the change in the bonding prop-
erties of atoms associated with the dissociation reaction of
ethylene molecules. By expanding the electronic wave
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Figure 1. Initial atomic configuration of the system consisting of a
Nis, cluster and 37 ethylene molecules.

functions in an atomic-orbital basis set [59, 60], the bond-
overlap populations Oy(#) are obtained for each atomic pair and
the gross populations Z(#) are obtained for each atom. Oy(r)
and Z,(¢) give a semi-quantitative estimate of the covalent-bond
strength between atoms and the atomic charge, respectively.

To identify the minimum energy paths and to estimate
the activation energies of the chemical reactions found in
the MD simulations, the nudged-elastic-band (NEB) method
[61, 62] is used. In the NEB method, the reactant configura-
tion R and the product configuration Ry, are connected by a
chain consisting of M — 1 replicas with elastic springs. They
are then optimized toward the minimum energy path. In this
study, a value of M = 10 is used. The initial (reactant) and
final (product) configurations are prepared as follows. First,
the atomic configurations just before and after the chemical
reaction are picked out from the MD simulations. Second,
structural optimization of the two systems is performed, and
then the systems are used as the initial and final configura-
tions. The intermediate replica configurations are prepared by
linear interpolation.

The NEB method explained above gives energy profiles
at zero temperature. We also study the effect of finite temper-
atures on the dehydrogenation and C-C bond dissociation of the
ethylene molecule by calculating free energies. We carry out
additional ab initio MD simulations at temperature 7 = 1500 K
by imposing geometrical constraints to obtain the free energy
profile [63, 64]. The Lagrange multiplier A(r) is introduced to
constrain the distance r between carbon atoms. The relative
free energies are obtained by the following integral:

AFC) = [ (e,

where (\(r)) is the average of the Lagrange multiplier at r, and
ro is the equilibrium distance.
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Figure 2. (a) Time evolution of the number of dissociated hydrogen
atoms. Nxgc represents the number of hydrogen atoms that are not
bonded to carbon atoms. Ny, represents the number of hydrogen
atoms that form hydrogen molecules. Ny,; is obtained from

Nnpc — Nz and corresponds to the number of hydrogen atoms on
the Ni cluster. (b) Time evolution of the number of carbon atoms

on the Ni cluster. Ncya, Neni and Ny represent the number of
carbon atoms that are bonded to two, one, and no hydrogen atoms,
respectively, as well as to nickel atoms. See text for details of the
bond definitions.

The adsorption energy is calculated by subtracting the
energy of the Nis; cluster with an adsorbed ethylene molecule
from the sum of the energies of an isolated ethylene molecule
and an isolated Ni cluster. The potential energies are obtained
after their respective structures are optimized. The details of
the calculation results are described in section 3.8.

3. Results and discussion

3.1. The number of dissociated hydrogen atoms

The dissociation of ethylene molecules resulting in the
release of hydrogen atoms is observed in the simulations.
Approximately 20 dehydrogenation reactions occur within 2
ps from the beginning of the simulation, which corresponds to
a reaction rate of as much as 10 ps~!. Although some of the
dissociated hydrogen atoms are bonded back to carbon atoms,
a certain number of them exist without C-H bonding. The
time evolution of the number of dissociated hydrogen atoms
is shown in figure 2(a), where Nnpc represents the number
of hydrogen atoms that are not bonded to carbon atoms, Ny
represents the number of hydrogen atoms forming hydrogen
molecules, and N,,n;, which is obtained from Nygc — N,
corresponds to the number of hydrogen atoms on the Ni
cluster. Hydrogen and carbon atoms are considered to be
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bonded when their distance is less than a cutoff distance Rcy
during a prescribed bond lifetime 7. Similarly, two hydrogen
atoms are considered to be bonded when their distance is less
than Ryy during 7. Values of Ryc = 1.6 and Ry = 1.1 A are
determined from the first minima of the partial radial distri-
bution functions for H-C and H-H, respectively, and a bond
lifetime of 7 = 24 fs is used. It should be noted that Ny
fluctuates near ~12 after 0.5 ps. This result indicates that
the number of hydrogen atoms that can exist around the Ni
cluster is limited, certainly owing to the finite volume of the
Ni cluster. When the number of the hydrogen atoms exceeds
the limitation, the extra hydrogen atoms are removed by pro-
ducing hydrogen molecules.

3.2. Number of carbon atoms on the Ni cluster

We consider that carbon atoms are adsorbed on the Ni cluster
when the distance from any of the nickel atoms is less than
a cutoff distance Rcy; during the prescribed bond lifetime 7.
A value of Ren; = 2.6 A is determined from the first minimum
position of the partial radial distribution function for C and Ni
atoms. The number of carbon atoms on the Ni cluster is clas-
sified into three groups according to the number of bonded
hydrogen atoms: Ncyp, the number of carbon atoms bonded
to two hydrogen atoms on the Ni cluster (hereafter, referred
as ‘Cy2’); Ncni, the number of carbon atoms bonded to
one hydrogen atom on the Ni cluster (‘Cy;’); and Ncyo, the
number of carbon atoms bonded to no hydrogen atom (‘Cyy’).
The time evolution of them is shown in figure 2(b). Since the
C-C covalent bonds in the ethylene molecules are not broken
even once in the simulations, each carbon atom is bonded to
at least one other carbon atom. In addition to this C-C bond,
some covalent interaction exists between the carbon and
nickel atoms on the cluster. As shown in figure 2(b), Ncmn
increases rapidly up to 2 ps at which 17 ethylene molecules
are adsorbed on the Ni cluster, and the surface of the Ni cluster
is saturated. Following this increase in Ny, Cyy and Cyyg are
produced gradually by removing hydrogen atoms from the
adsorbed ethylene molecules during this period. From 2 to 3
ps, Ncm decreases, because some of the ethylene molecules
are released from the Ni cluster, and some of Cy, are con-
verted to Cyy; and Cyyp. After 3 ps, several ethylene molecules
are newly adsorbed on the Ni cluster. Hence, Ny, gradually
rises again. Ncy fluctuates around ~6 after 0.5 ps. In con-
trast, Ncyo increases monotonically, which indicates that it is
difficult to form bonds with hydrogen atoms once a carbon
atom becomes Cyy. In fact, Cyg sinks to the Ni cluster and
forms bonds with more nickel atoms, as will be shown later.

3.3. Dehydrogenation process of an ethylene molecule

Figure 3 shows the dehydrogenation of an ethylene molecule
on the Ni cluster observed in the simulations. The time evol-
ution of the atomic configuration is shown in figure 3(a),
where the breaking of the C1-HI bond and the formation of
C1-nickel bonds are demonstrated. Figure 3(b) shows the time
evolution of the bond-overlap populations O;i(¢) and the gross
populations Zi(#) for specified atoms. The snapshot at 50 fs

oV 2 A \I1C it
= 04 7N
0_ .

Z (b

PR TR NN BT B 4 BT L]
25 50 75 100 125 150 175
t (fs)

Figure 3. (a) Atomic configurations at 50, 75, 100, 137, 155, and
175 fs during the dehydrogenation of an ethylene molecule on the
Ni cluster. (b) Time evolution of the bond-overlap populations O;()
and the gross populations Z,(f) associated with the atoms labeled in
(a). Note that Ocy_g(t) and Oy _c1(¢) are the same.

represents the atomic configuration before the ethylene mol-
ecule is adsorbed on the Ni cluster. It is seen that the C1-C2
pair has a double bond before 70 fs, as O¢|_c2(¢) has a large
value of ~0.9. However, Oc| - () decreases rapidly to about
half its value around 75 fs. This decrease indicates that the
bond becomes a single bond, because the C1 atom has some
covalent interaction with nickel atoms (O¢y_ni3(?) has finite
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Figure 4. (a) Atomic configurations at 303, 340, 352, and 378 fs
during the production of a hydrogen molecule. (b) Time evolution
of the bond-overlap populations Oy(f) and the gross populations
Z;(1) associated with the atoms labeled in (a).

values) after 70 fs. When Oc¢;_pi(#) decreases temporarily
at about 100 fs, Oc;—nii(f) and Oy _n;i(¢) begin to increase
gradually with some fluctuations. Note that Oc;_ni2(¢) and
Oy —ni3(t) have negative values between 50 and 120 fs.
At about 130 fs, Ocj_g)(¢) begins to decrease, and simultane-
ously Ocj_nii(t) and Oy —nii(#) increase rapidly, which indi-
cates that a bonding state over three atoms (Nil, Hl and C1)
exist. Subsequently, Oc;_pi(f) decreases to zero at about 155
fs, i.e. the H1 atom is removed from the molecule, as shown in
the snapshot at 155 fs. On the other hand, the strength of the
C1-C2 bond is slightly enhanced during this reaction. Near
175 fs, the chemical bond for HI1-Nil weakens for a short
time, and instead, the HI atom strengthens its bond with the
Ni4 atom. In this way, dissociated hydrogen atoms including
HI, the number of which corresponds to N, in figure 2(a),
move around the Ni cluster by exchanging covalent bonds
with the nickel atoms.

In terms of the gross population, Zy(#) is positive before
the dehydrogenation reaction (¢ < 70 fs), and then decreases to
neutral or a slightly negative value after the reaction (¢ > 150 fs).
After the formation of the C-Ni bond, Z¢(¢) becomes more
negative while Znj (), Znip(t), and Zyis3(f) become more

positive, indicating that the electrons are transferred from
nickel to carbon atoms.

3.4. Production process of hydrogen molecules

As mentioned in section 3.1, hydrogen molecules are pro-
duced from the dissociated hydrogen atoms. Two types of
mechanisms are involved in the production process depending
on the atoms that are bonded to the two hydrogen atoms
before the generation of H,. One type is shown in figure 4.
As can be seen in figure 4(a), at 303 fs, one hydrogen atom
(H1) is bonded to a carbon atom (C1), and the other hydrogen
atom (H2) is bonded to nickel atoms (Nil and Ni2) before
the production of H,. These are confirmed by the fact that
Oui—ci(®), Om—nii(t), and Oxr_nip(t) have finite values at
t < 310 fs (figure 4(b)). The atom H1 forms a bond with
Nil (Opj—nii(t) increases) beginning at 310 fs, and this
bond formation leads to the weakening of its bond with C1
(Oni-ci(t) decreases). Moreover, H1 begins to interact with
H2 (Oyi—mo(t) increases) gradually at about 320 fs, at which
H2 is bonded only to Nil. At about 325 fs, Oy —Nii(f) and
Oy -nii(t) begin to increase and decrease, respectively.
After they have reached maximum and minimum values,
respectively, around 330 fs, Oy _ci(¢) as well as Opp—nii(?)
decrease, while Oc;_nii(t) as well as Oyj_nii(f) increase.
Until Oy —ci(t) disappears at about 350 fs, a bonding state
over four atoms (H1, H2, Nil, and C1) exists, as shown in the
snapshot at 340 fs. After the breaking of the HI-C1 bond, the
H1-Nil and H2-Nil bonds are maintained for a while, as can
be seen in the snapshot at 352 fs. Accompanying the decrease
in the influence of Nil (Oyp—nii(?) and Oy —nii(?) disappear at
about 360 fs and 370 fs, respectively), the cohesion of HI-H2
is rapidly enhanced. Finally, after 370 fs, Oy —p2(#) maintains
a high value of approximately 0.9, and the sum of Zy () and
Zip(t) becomes nearly zero, which indicates that a hydrogen
molecule is formed, as shown in the snapshots at 378 fs.

The other mechanism of hydrogen molecule formation is
shown in figure 5. In this case, a hydrogen molecule is gen-
erated from two dissociated hydrogen atoms instead of from
one that is bonded to a carbon atom, as in the former case. In
the snapshot at 2.439 ps, one hydrogen atom (H3) bonds to
two nickel atoms (Ni3 and Ni4), and the other hydrogen atom
(H4) bonds to two nickel atoms (Ni3 and Ni5), as can be seen
in figure 5(a). Since both H3 and H4 approach Ni3, Oy3_ni3(?)
and Opys_niz(t) increase while Ops_nis(f) and Ops_nis(?)
decrease as shown in figure 5(b). When Oc;_ni3(?) begins to
increase gradually at about 2.45 ps, Opz—ni3(?) and Oyg—nNi3(?)
begin to decrease, while Oy3_p4(¢) increases rapidly. Around
2.480 ps, Onz—niz(t), Ons—niz(t), and Opns_nis(f) decrease to
zero, and Oy3_ps(f) maintains a high value of ~0.9. In this
way, a hydrogen molecule is formed as shown in the snapshots
at 2.480 and 2.490 ps.

In both these mechanisms of the production of hydrogen
molecules, a carbon atom is bonded to a nickel atom and plays
arole as a catalyst (C1 in figure 4 and C2 in figure 5). Since
the carbon atom attracts the nickel atoms’ electrons which
form the Ni-H bond, the interaction between a hydrogen
molecule and the Ni cluster becomes weak. Whenever the
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Figure 5. (a) Atomic configurations at 2.439, 2.467, 2.480, and
2.490 ps during the production of a hydrogen molecule. (b) Time
evolution of the bond-overlap populations O;(#) and the gross
populations Z(¢) associated with the atoms labeled in (a).

bond between the carbon and nickel atoms strengthens, the
bond between the hydrogen atoms also strengthens. Therefore,
the existence of carbon atoms is essential for the generation of
hydrogen molecules.

3.5. Production process of an ethane molecule

The production of C,Hs fragments is also observed in the
simulations as is demonstrated in figures 6(a) and (b). In the
configuration at 204 fs, both H1 and C1 are approaching Nil
to form a covalent bond (O¢j—_nii(f) and Oyp_nii(t) begins
to increase). At about 220 fs, the chemical bonds of H1-Nil
and C1-Nil begin to weaken, and instead Oy; _ci(?) begins to
increase. C1 has a fivefold coordination temporarily after 220
fs (see the snapshot at 220 fs), and at about 230 fs, fourfold
coordination is recovered by breaking the bond with Nil (see
the snapshot at 227 fs). Since H1 breaks the bond with Nil
and Zpy(¢) reaches a value similar to that of Zg,(¢) and Zys(2),
a C,H;5 fragment consisting of H1, H2, H3, H4, HS, C1, and
C2 is formed, as shown in the snapshot at 249 fs.

In addition, an ethane molecule is generated from the C,Hs
fragment and a hydrogen atom. The time evolution of the atomic

220 fs

H5
G Ha

230 240
t (fs)

1.491 ps

[
220

1.512 ps Ha
H2 |
c2 | 1
H6
H1 I-‘TS C1
' H3
Ni2

Figure 6. (a) Atomic configurations at 204, 220, 227, and 249 fs
during the generation of a CHj group (methyl group). (b) Time
evolution of the bond-overlap populations O;i(#) and the gross
populations Zi(f) associated with the atoms labeled in (a).

(c) Atomic configurations at 1.464, 1.483, 1.491, and 1.512 ps
during the generation of an ethane molecule.

configuration during the formation of an ethane molecule is
shown in figure 6(c). In this way, the dissociated hydrogen
atoms are also removed from the Ni cluster through the forma-
tion of ethane molecules. Although ethane molecules can be
carbon precursor molecules, the probability of transforming to
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Figure 7. Atomic configuration at 8.13 ps. Spheres labeled ‘Cys’,
‘Chi’, and ‘Cyy’ are carbon atoms that are bonded to three, one,
and no hydrogen atoms, respectively. Spheres labeled ‘H’ are
dissociated hydrogen atoms. Pairs of spheres labeled ‘H,’ are
hydrogen molecules. The number of Cys, Cyy, Cho, H, and Hy
is4, 6, 11, 12, and 6, respectively. The open, dashed, and dotted
circles indicate a carbon chain with four carbon atoms, two C,Hjs
fragments and an ethane molecule, respectively.

CNT may be small under the situation where there exist many
ethylene molecules around because ethane molecules are more
stable than ethylene molecules. In fact, the ethane molecule
has been present until the end of the simulation.

In total, eight C,Hs fragments are formed in the simula-
tions, five of which return to ethylene molecules through
removal of one of the bonded hydrogen atoms.

3.6. Atomic configuration

Figure 7 shows a snapshot of the Ni cluster and its surround-
ings at 8.13 ps, where the ethylene molecules not bonded to
the Ni cluster are eliminated. In total, 24 ethylene molecules
are adsorbed on the Ni cluster, some of which are dehydro-
genated. On the other hand, the breakage of the C-C bonds
does not occur even once during the simulations, whereas C-C
bonds of ethanol molecules are broken via CH,CO fragments
(x =1, 2, and 3) in our previous siulations [36, 37]. This fact
suggests that pairs of carbon atoms are the fundamental ele-
ments for the synthesis of CNTs when ethylene molecules are
used as the carbon precursor molecules. In fact, a carbon chain
consisting of two pairs of carbon atoms is observed, as shown
within the open circle in figure 7. It is considered that the for-
mation of the CNT framework can be seen if the additional
long-term simulation is carried out. The previous studies
regarding the CNT synthesis by the Diels—Alder cycloaddition
reaction have also suggested that the pairs of carbon atoms
become the direct components [65—67]. In table 1, the num-
bers of carbon atoms bonded by three, one, and no hydrogen
atoms (spheres labeled ‘Cys’, ‘Cy;’, and ‘Cyp’, respectively in
figure 7) as well as the number of carbon atoms that bond to
two hydrogen atoms.

Table 1. The numbers n of carbon atoms, C,H, fragments or
molecules, hydrogen atoms, and hydrogen molecules shown in
figure 7.

Carbon Fragment
atom n or molecule n Atom or molecule n
Cus 4 C,Hy 3 H 12
Cw 27 C,H; 2 H, 6
Cyi 6 C,H, 4
Cho 11 C,H; 2

C,Hy 10

C,H; 2

C,Hg 1

Note: Cyx indicates the carbon atom bonding to x hydrogen atoms.

(a)o-e T | T | T | T |
0.4 .
E o2k 2_\;16 0.52 eV ]
L
< 0
-0.2
1.5 2 i 2.5 3
fon (A)

1.73 A

C

Figure 8. (a) Energy profile along the reaction path of the
dehydrogenation reaction of an ethylene molecule on the Ni cluster
as a function of the distance rc_y between the carbon and hydrogen
atoms whose bond is broken, obtained by NEB calculation. The
dashed curve is the free-energy profile at 1500 K. (b) Atomic
configurations at rc_y = 1.13 A (initial), 1.73 A (barrier), and

3.05 A (final).

Furthermore, the dissociated hydrogen atoms exist on the
surface or in the interior of the Ni cluster (spheres labeled
‘H’), or form hydrogen molecules (spheres labeled ‘H,’),
C,Hs fragments (shown in the dashed circles) and an ethane
molecule (shown in the dotted circle) as described in the pre-
vious sections 3.1 and 3.5. The numbers of C,H, fragments,
hydrogen atoms, and hydrogen molecules are also listed in
table 1.

3.7 Activation energy of dehydrogenation of an ethylene
molecule

The activation energies of the chemical reactions observed in
the MD simulations are estimated by the NEB method. The
calculation method is introduced in section 2. The activation
energy for removal of a hydrogen atom from an ethylene mol-
ecule on the Ni cluster, which was described in section 3.3,
is calculated first as shown in figure 8. Figure 8(a) shows the
energy profile, and the initial, barrier, and final configurations
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Figure 9. (a) Energy profile along the reaction path of the
dehydrogenation reaction involving three ethylene molecules on
the Ni cluster as a function of the distance rc_py between the carbon
and hydrogen atoms whose bond is broken, obtained by NEB
calculation. (b) Atomic configurations at rc—y = 1.10 A (initial),
2.20 A (barrier), and 4.19 A (final).

are shown in the left, middle, and right panels of figure 8(b),
respectively. The activation energy for the reaction is estimated
to be 0.52 eV. The minimum energy paths for several processes
are identified, and it is found that most of the dehydrogenation
reactions essentially involve only one ethylene molecule and
the Ni cluster, as shown in figure 8. However, very rarely, the
dehydrogenation reactions involving more than one ethylene
molecule occur. Figure 9 shows a reaction involving three
ethylene molecules on the Ni cluster. Figure 9(a) shows the
energy profile, and the initial, barrier, and final configurations
are shown in the left, middle, and right panels of figure 9(b),
respectively. As can be seen in figure 9(b), the hydrogen
atom labeled ‘H’ of ‘ethylenel’ is removed. ‘ethylene2’ is
responsible for tilting ethylenel toward the front side of the
paper. When the structural optimization is performed without
ethylene2, both carbon atoms of ethylenel are placed on one
nickel atom as will be shown in figure 12(a), which does not
represent the actual atomic configuration of the dehydrogena-
tion process. In addition, the shape of the Ni cluster is largely
deformed without ethylene3. It is not until the two ethylene
molecules (ethylene2 and ethylene3), which are not dehy-
drogenated, are considered that the actual dehydrogenation
reaction identified in the MD simulations could be followed
by the NEB. The activation energy amounts to 1.77eV. This
value is much higher than that for the reaction involving only
one ethylene molecule, because the hydrogen atom that is
removed moves toward Ni atoms that are not bonded to the
carbon atoms.

It is also observed in the MD simulations that some eth-
ylene molecules on the Ni cluster change their positions
without dehydrogenation. Figure 10 shows the energy profile
when an ethylene molecule moves between two stable sites
on the Ni cluster. Figure 10(a) shows the energy profile, and
the initial, barrier, and final configurations are shown in the
left, middle, and right panels of figure 10(b), respectively.

(a)0-3'|'|'|'|'|'
0.25

—~ 02
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Ni1 Ni2 Nit Ni2

Figure 10. (a) Energy profile along the migration path of an
ethylene molecule on the Ni cluster as a function of the difference
rc1—Nil — Tca—Ni2 between two C-Ni distances, obtained by NEB
calculation. (b) Atomic configurations at rc; - it — rc2-Ni2 = —1.15 A
(initial),—0.03 A (barrier), and 1.12 A (final).
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EEES

Figure 11. (a) Energy profile (solid curve) along the reaction path
of the dissociation reaction of a C-C bond of an ethylene molecule
on the Ni cluster as a function of the distance rc_c between the two
carbon atoms whose bond is broken, obtained by NEB calculation.
The dashed curve is the free-energy profile at 1500 K. The dotted
curve is the free-energy profile at 1500 K for the C-C dissociation
of a CHp-CH fragment on the Ni cluster. (b) Atomic configurations
atrc_c = 1.45 A (initial), 2.64 A (barrier), and 3.67 A (final).

The activation energy for this movement is estimated to be
0.22eV.

To investigate the stability of the covalent bond between
carbon atoms, we calculate the activation energy for the dis-
sociation of a C-C bond of an ethylene molecule on the Ni
cluster. Figure 11 shows the energy profile of the dissocia-
tion reaction of the C-C bond. Figure 11(a) shows the energy
profile, and the initial, barrier, and final configurations are
shown in the left, middle, and right panels of figure 11(b),
respectively. We have obtained the activation energy of
1.68eV. The corresponding reaction rate is estimated as
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k = (kgT/h) exp(—AE/kgT) = 7.10 x 107> ps~'at 1500 K
according to transition state theory [68], where kg is the
Boltzmann constant, / is the Planck constant, and AE is the
activation energy. On the other hand, the activation energy of
0.52eV for the dehydrogenation reaction shown in figure 8
corresponds to the reaction rate of 0.56 ps~! at 1500 K. Thus,
the activation energy of the C-C dissociation is more than three
times lager, and the corresponding reaction rate is five order of
magnitude smaller than the C-H dissociation. The C-C bonds
are much more stable than the C-H bonds. Furthermore, we
estimate the finite-temperature effects on the dehydrogenation
and dissociation of the C-C bond using the calculation method
introduced in section 2. The activation free energies are 0.46
and 0.74eV as shown by the dashed lines in figures 8(a) and
11(a), the corresponding reaction rates of which are 0.89 and
0.10 ps~!, respectively. Although the energy barrier for the
C-C dissociation becomes less than half by the finite temper-
ature effect, the value is still much larger than the activa-
tion free energy of the dehydrogenation reaction, and the
corresponding reaction rate is very small. Moreover, we have
observed that the strength of the C-C bond becomes larger
after the dehydrogenation occurs as shown in figure 3. To con-
firm this from the point of view of finite-temperature effect,
the activation free energy is calculated using the system con-
sisting of a dehydrogenated ethylene molecule, i.e. a CH,-CH
fragment, and the Ni cluster. The energy is 0.96eV as shown
by the dotted line in figure 11(a) and the corresponding reac-
tion rate is 0.02 ps~'. Since the reaction rate becomes much
smaller than the rate of the C-C dissociation of the ethylene
molecule, it is concluded that the probability of the dissocia-
tion of the C-C bond is very small.

3.8. Adsorption energy of an ethylene molecule on the
Nicluster

In section 3.7, it was shown that the activation free energy
for the dehydrogenation reaction involving one ethylene
molecule is of the order of 0.46eV, and the corresponding
reaction is extimated as 0.89 ps~' at 1500 K. However,
dehydrogenation reactions have been observed to proceed
at a faster rate of about 10 ps~! as mentioned in section 3.1,
which indicates that a larger energy is supplied to the ethylene
molecules so that they can readily overcome the energy barrier
of 0.46eV. We expect that the adsorption energy of the eth-
ylene molecules on the Ni cluster is the source of the energy.
The method of the calculation of the adsorption energy is
introduced in section 2. Figures 12(a)-(d) show selected
adsorption sites on the Ni cluster that have adsorption ener-
gies in the range of approximately 1.5-1.7¢eV. These results
indicate that an amount of energy considerably larger than the
activation free energy of 0.46eV is supplied to the ethylene
molecules when they are adsorbed on the Ni cluster. Thus,
it is concluded that the dehydrogenation rate is enhanced
by the adsorption energy. In addition, the adsorption site in
figure 12(c) is the most often observed in our MD simulation.
The site may be preferred under the circumstance that there
are several ethylene molecules.

LA

(b) 1.52°eV

(a) 1.52 eV

i

(c) 1.57 eV (d)1.73 eV
Figure 12. Atomic configurations for four different adsorption
sites of ethylene molecules on the Ni cluster. The values of their
respective adsorption energies are also shown.
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Figure 13. Time evolution of the kinetic energy of the ethylene
molecule for which we have discussed its dehydrogenation reaction
in section 3.3.

To estimate the adsorption energy at the finite temperature,
we calculate the kinetic energies of the ethylene molecule for
which we have discussed its dehydrogenation reaction in sec-
tion 3.3 (see figure 3), as shown in figure 13. The initial kinetic
energy is about 1.2eV, which corresponds to 1500 K, i.e.
1.2 (eV) ~ 1.5 x kg x 1500 (K) x 6 (atoms/molecule). When
the ethylene molecule approaches the cluster, the kinetic
energy rapidly increases, and then shows a peak energy in the
range of 2.9-3.4eV around 80 fs. The energy difference of
1.7-2.2eV corresponds to the adsorption energy at 1500 K,
which is the similar value to the adsorption energies of
1.5-1.7eV at 0 K, and is much greater than the activation free
energy for the dehydrogenation reaction of 0.46eV.

It should be noted that our previous study [42] has shown
the adsorption energy of an ethylene molecule on the Ni(1 1 1)
surface is calculated as 0.76 eV, which is only about half of the
energy obtained in this study. This means that the reactivity of
the Ni cluster is much higher than that of the Ni(1 1 1) surface.
The high reactivity leads to many differences in the chemical
reactions, such as hydrogen- and ethane-production reac-
tions as well as dehydrogenation reactions. Whereas, in total,
about 10 hydrogen atoms are dissociated on the Ni(1 1 1)
surface, about 20 atoms are dissociated on the Ni cluster
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(see Nngpc in figure 2(a)). The number of nickel atoms on the
cluster surface is 29, while that on the (1 1 1) surface is 30
[42]. The number of the dissociated hydrogen atoms per 10
surface-nickel atoms is 7 on the cluster, which is about two
times larger than that on the (1 1 1) surface. Furthermore, the
production of the hydrogen and ethane molecules has never
seen on the Ni(1 1 1) surface.

It has been known that the RPBE functional gives more
correct results for the adsorption energy than other exchange-
correlation functionals [69]. Vang er al have calculated the
adsorption energy of an ethylene molecule on the Ni surface
using the RPBE functional [49] with spin polarization. The
adsorption energies obtained for the Ni(1 1 1) and Ni(2 1 1)
surfaces are 0.16 and 0.76 eV, respectively [70, 71]. Note that
there are steps in the case of the Ni(2 1 1) surface. Since the
reactivity of such step sites is higher than the flat Ni(1 1 1) sur-
face, the adsorption energy for the Ni(2 1 1) surface is larger
than that for the Ni(1 1 1) surface by 0.6eV. We also calculate
the adsoption energy of an ethylene molecule on the Ni cluster
using the RPBE functional with spin polarization. The adsorp-
tion energy for the site shown in figure 12(c), which appears
most frequently in the MD simulation, is 1.21eV. Our result
shows that the Ni cluster is more reactive than the Ni surfaces,
because the adsorption energy is larger than those for the sur-
faces. Although the value is smaller than that calculated by the
PBE functional, it is still considerably larger than the activa-
tion energy for the dehydrogenation reaction. Therefore, our
conclusion for the enhancement of the dehydrogenation rate
due to the adsorption energy is not changed.

4. Conclusions

We have examined the microscopic mechanism of the dis-
sociation reaction of ethylene molecules on a Ni cluster by
means of ab initio MD simulations. The dissociated hydrogen
atoms are present around the Ni cluster as single hydrogen
atoms. When the number of hydrogen atoms exceeds the
limit imposed by the finite volume of the Ni cluster, hydrogen
molecules are generated. In addition, some of the dissociated
hydrogen atoms form C,Hs fragments; furthermore, an ethane
molecule is formed. It was therefore concluded that the dis-
sociated hydrogen atoms are removed from the circumference
of the Ni cluster through the formation of ethane molecules
as well as hydrogen molecules. The activation free energy for
the representative dehydrogenation reaction of an ethylene
molecule was estimated to be 0.46eV, which corresponds to
a reaction rate of 0.89 ps~!. However, it was found that the
adsorption energy of the ethylene molecules on the Ni cluster
is approximately three times larger than the activation energy,
which explains why the actual reaction rate is faster than the
value estimated based on only the activation energy. On the
other hand, no C-C bonds of the ethylene molecules are dis-
sociated during the simulation. Moreover, the formation of a
carbon chain via the connection of two pairs of carbon atoms
was observed. These facts suggest that the fundamental ele-
ments for the synthesis of CNTs are pairs of carbon atoms
when the ethylene molecules are used as the carbon precursor
molecules.
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