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Abstract

Molecular dynamics (MD) simulation was per-
formed to understand the growth mechanism
of single-walled carbon nanotubes (SWNTs) by
using the Brenner-Tersoff potential as the in-
teraction among carbon atoms (C-C), and the
Tersoff-type potential as the interaction be-
tween carbon and metal (C-M) and between
metal and metal atoms (M-M). The potential
functions for C-M and M-M bonds were estab-
lished from the results of ab initio calculations.
The growth of high-quality SWNTs was simu-
lated at a suitable temperature and supply ratio
of carbon atoms. The potential energy of car-
bon atoms was strongly dependent on the num-
ber of C-C and C-M bonds. The dependence
explains the growth process, including cap for-
mation, its lift-off, and the continuous SWNT
growth.

Introduction

Single-walled carbon mnanotubes (SWNTs)?
have tube structures that consist of sp? bonds
of carbon atoms as rolled-up graphene sheets.
SWNTs exhibit some excellent and unique
properties, such as high mechanical strength,
high thermal conductivity, and high chemical

stability. Some properties, such as electric con-
ductivity, the band gap, and optical properties,
are strongly dependent on the tube diameter
(dtupe) or the chirality (n,m) of the SWNTs. It
is thus important to control the SWNT struc-
ture for applications that utilize the remarkable
properties of SWNTs.

As-grown SWNT samples typically contain
SWNTs with various chiralities. Therefore,
to obtain structure-controlled SWNT samples,
separation or purification processes®? are often
used after synthesis. These processes make it
possible to extract SWNTs with specific chiral-
ity, although dispersants or sonication processes
are required, which can cause degradation of
the SWNT properties or the formation of de-
fect structures. Chirality-selective growth has
recently been reported.*® However, the obtain-
able chirality was limited and the yield was low.

To date, it has been quite difficult to obtain
chirality-selected SWNTs during the growth
stage. One of the reasons for this difficulty is
that the growth mechanism of SWNTs remains
unclear.  Chemical vapor deposition (CVD)
method is often used for SWNT synthesis. At
high temperatures (~ 900 °C), the carbon
source gas is supplied to metal nanoparticles
(catalyst particles) and SWNTs are then grown
from the catalysts. SWNT growth is depen-



dent on the CVD conditions, such as the tem-
perature, carbon source species, pressure, and
flow rate. Many parametric studies for various
CVD growth methods and in situ observations
of SWNT growth®® have been performed. Al-
though the growth mechanism has been inten-
sively investigated, it is still under discussion,
and especially the detailed behavior of carbon
atoms during growth at the atomic scale is un-
clear.

Theoretical or simulation approaches are ef-
fective for the investigation of phenomena on
catalysts at the atomic scale. The mechanism
for SWNT growth is generally understood as
follows. First, molecules of the carbon source,
which are thermally decomposed under certain
conditions, are adsorbed onto the metal cat-
alyst particles. The molecules are chemically
decomposed on the catalyst and supply car-
bon atoms.? Second, the carbon atoms diffuse
on the catalysts while they interact with metal
atoms.* 2 The carbon atoms bind with each
other and form carbon-carbon hemispherical
networks (cap structures) on the catalyst sur-
face. ' Finally, after the cap structure lifts
off from the catalyst surface,'> SWNT growth
begins. 1617

The growth process involves various chemi-
cal reactions among carbon and metal atoms,
including molecular decomposition in the gas
phase, and these reactions are separately an-
alyzed using density functional theory (DFT)
calculations. %'® However, DFT calculations are
computationally expensive and it is impos-
sible to calculate the entire growth process.
Therefore, to clarify the growth mechanism,
it is important to comprehensively understand
the phenomena that occur on the catalyst at
the atomic scale. In this study, new empir-
ical potential functions were developed that
describe the interaction between carbon and
metal atoms, and molecular dynamics (MD)
simulation was performed using the potential
functions. The potential functions were ob-
tained on the basis of DFT calculation results.
To focus on the reactions and the behavior of
carbon and metal atoms, thermal or catalytic
decomposition processes of the carbon source
molecules were omitted by directly supplying

atomic carbon to the metal catalyst particles

(Co or Fe).

Simulation method

MD simulations were performed under temper-
ature control with the Nose-Hoover thermo-
stat. The time step was 0.5fs. A simula-
tion cell size was 10 x 10 x 10nm?® and a pe-
riodic condition was imposed along the three
axis directions. A metal cluster composed of
60 metal atoms (Co or Fe) was used as the
SWNT growth catalyst particle. A spherical
cluster was obtained after structural relaxation
for 2ns. For the growth simulation, atomic car-
bon was added into the simulation cell while
maintaining the number of carbon atoms in the
gas phase, ngee, constant. The initial kinetic
energy of the atomic carbons was (3/2) kgT,
where T is the growth temperature, and atomic
carbon was supplied in a random direction. In-
teractions between atoms are expressed by em-
pirical potential functions, which are the sim-
plified Brenner-Tersoff potential'® for carbon-
carbon (C-C) bonds, Tersoff-type potentials for
both metal-metal (M-M) and carbon-metal (C-
M) bonds, and the Lennard-Jones potential (e
= 2.4 meV, 0=3.37 A) for long-term interac-
tions between C-C.

The Tersoff-type potentials for M-M and C-
M bonds were developed following the scheme
given in the literature.?°

Various types of atomic structures of carbon
and metal atoms (dimer, regular triangle, chain,
diamond, simple cubic (SC), base-centered cu-
bic (BCC), face-centered cubic (FCC), and
hexagonal close packed (HCP)) including the
configurations of graphene and metal atoms,
were considered. Using commercial calculation
software (Vienna Ab initio Simulation Package,
VASP2122) based on DFT, the most stable po-
sitions of atoms for each of the structures were
calculated, and the lattice constant and cohe-
sive energy were then obtained. The param-
eters of the Tersoff-type potentials were opti-
mized to reproduce the most stable structure
with respect to the cohesive energy using a ge-
netic algorithm method. (See more details on



the development of the empirical potential func-
tions in the Supplementary Information.)

Results and discussion

Figure 1(A) shows snapshots of the MD sim-
ulation of SWNT growth from a Co catalyst
with a carbon supply rate of nge.=3 at 1500
K. The blue balls represent metal atoms and
the others are carbon atoms. The white, red,
yellow, and green carbon atoms represent those
carbon atoms that are chemically bonded with
zero, one, two, and three other carbon atom(s),
respectively. In advance, 60 Co atoms were an-
nealed at 1500 K for 2 ns and they then formed a
spherical cluster with a diameter of 1.0 nm (¢ =
0.0ns). Supplied carbon atoms collided with
and adsorbed onto the Co catalyst nanoparti-
cle, and carbon and metal atoms became mixed
(t = 10.0ns). After the catalyst contained a
sufficient number of carbon atoms, the carbon
atoms with two and three carbon-carbon (C-C)
bonds (yellow and green spheres in Fig. 1) be-
came prominent on the surface and they grad-
ually formed a cap structure (¢ = 50.0ns). The
cap lifted off the catalyst (¢ = 100.0ns) and
then an SWNT started to grow (¢t = 200.0 ns).
While the wall edge of the SWNT was sta-
bly connected to the catalyst, the wall part of
the SWNT grew continuously (¢ = 300.0 and
600.0ns). Carbon atoms diffusing on the cata-
lyst reached the connection edge, and some of
these were incorporated into the SWNT wall.
Each step of SWNT growth that was observed
in MD simulation, such as carbon atom diffu-
sion, %! cap formation,'® cap lift-off!>?? and
SWNT wall extension, %17 has already been re-
ported in MD calculation researches. However,
in this study, we succeeded in simulating the
entire process of SWNT growth and obtained a
high-quality SWNT, as shown in Fig. 1(A). In
Fig. 2, the developed view of the SWNT wall
part (Fig. 1(A)) is shown. Although five- and
seven-membered rings were formed, they ap-
peared as adjacent pairs in many cases. There-
fore, the SWNT straightly grew up. Figure 2(B,
C) show the time variation of the numbers of
five-, six-, and seven-membered carbon rings

of the SWNT during growth from the Co and
Fe catalysts, respectively. The increase in the
total number of carbon rings indicated SWNT
growth, which was almost proportional to the
growth time. The ratio of five- and seven-
membered rings after lift-off was almost con-
stant during the growth simulation, which in-
dicates that such a defective atomic structure
was stochastically formed. The ratio of six-
membered rings in the cases of Co and Fe cat-
alysts was approximately 76 and 56%, respec-
tively. To the best of our knowledge, the grown
SWNT, as shown in Fig. 1(A), is the longest
SWNT (4nm in length) with the highest qual-
ity obtained by simple MD simulation. Note
that the growth process, including the cap-
formation, lift-off, and the growth of the wall
parts, are reproducible under the growth con-
ditions.

When the growth temperature was relatively
low (7" < 1300 °C) or the carbon supply rate
was relatively high (typically nge > 6), the
SWNT did not grow. Under these conditions,
multiple cap structures were formed on the cat-
alyst surface, and these caps converged into one
large cap that covered the entire surface of the
catalyst, as shown in Fig. 1(C). If the catalyst
was covered with too large a cap, then lift-off
could not occur and the catalyst was finally en-
capsulated by the carbon shell.

To understand the growth process of SWNTs
more easily, the carbon atoms were catego-
rized into three groups with respect to the
bond configuration. The first group is a car-
bon atom that has more than four bonds with
metal atoms (C-M bond) as an “inner carbon”,
which was located inside the catalyst. The sec-
ond group is a carbon atom that has one to
four C-M bond(s) as “surface carbon”, and the
third group is a carbon atom without a C-M
bond as “cap carbon” or “tube carbon”. Fig-
ure 3(A, B) show the number of SWNT carbon
atoms (and/or cap carbon atoms), the surface
and inner carbon atoms during growth. The
inner carbon atoms immediately increased af-
ter carbon supply. In the case of Co catalyst,
around 50 ns, the number of cap carbon atoms
rapidly increased, although the number of in-
ner carbon atoms slightly decreased.?* This cor-



responded to a cap lift-off. After lift-off, the
number of inner carbons was constant and that
of the tube carbons gradually increased, which
corresponded to SWNT growth. During sta-
ble growth (after 150 ns), the carbon adsorption
rate was in equilibrium with the growth rate,
which suggests that the growth under these con-
ditions was pressure-limited. The number of
inner carbon for Co catalyst was almost the
same as that for Fe catalyst, which was approx-
imately 10 atoms. The cabon solubility was
15% and the Lindemann index calculation?® re-
vealed that the Co and Fe catalysts dissolving
10 carbon atoms was in the liquid phases.

The enlarged image around the interface of
the SWNT and the catalyst shown in Fig. 3(C,
D) exhibits a clear border between the two
domains of surface (purple) and tube carbons
(green). The border part is regarded as the
growth region of the SWNT. The surface car-
bon atoms frequently change bonds with carbon
and metal atoms, which could be regarded as a
catalyst effect, while the cap and tube carbons
did not change at all in this temperature range.
Therefore, the cap and wall parts of the SWNT
were fixed after detachment from the catalyst.

The number of surface carbons in the growth
region on the Co catalyst (approximately 80
carbon atoms in Fig. 3(C)) was larger than
that on an Fe catalyst (approximately 20 car-
bon atoms in Fig. 3(D)), and especially, some
linear chains of carbon atoms 2527 appeared on
the Co catalyst. On the other hand, the growth
rate with the Fe catalyst was much higher than
that with the Co catalyst. The growth differ-
ence between Co and Fe catalyst comes from
the surface diffusion of carbon atoms on the
catalyst. The residence time is defined by the
time period from the adsorption on the catalyst
to the detachment from the catalyst. The av-
erage residence time was 92 ns for Co and 22 ns
for Fe catalyst, respectively. In the case of Co
catalyst, most of the carbon atoms on the cat-
alyst surface formed the chain structure. The
chain structure decreased the surface diffusion
of carbon atoms.

Next, we discuss the difference in SWNT
growth between Co and Fe catalysts based on
the interaction potentials between carbon and

metal atoms. In order to simplify the discus-
sion, the dissociation energy of carbon atom i,
Eds s defined as

; 1
B =2 6y, (1)

]

where ¢;; is the potential energy between atoms
i and j (see details in the Supporting Informa-
tion). Figure 4 shows E& of carbon atoms with
different numbers of C-C and C-M bonds dur-
ing the growth process for (A) Co and (B) Fe
catalysts. During the early stage of free carbon
supply, the density of carbon atoms on the cat-
alyst was low and the carbon atoms could form
only one C-C bond at most. With an increase
in the number of C-M bonds, £9* decreased for
carbon atoms without C-C bonds or with only
one C-C bond, as shown in Fig. 4. Therefore,
most of the carbon atoms were located within
the catalyst and formed more than four C-M
bonds.

When the carbon density became sufficiently
high, carbon atoms started to form multiple C-
C bonds. EYs for the carbon atoms with two
or three C-C bonds decreased with the num-
ber of C-M bonds; therefore, carbon atoms that
appeared on the catalyst surface increased C-
C bonds and decreased C-M bonds. On the
metal surface, E4 for a carbon atom with one
C-M bond and three C-C bonds was the lowest,
which induced the formation of the sp? bonding
structure. The sp? network gradually grew to
be the cap-structure of the SWNT, as shown in
Fig. 1(A). The mechanism for formation of the
cap-structure was common for both the Co and
Fe catalysts.

While E4 with C-M bond is lower than that
without C-M bond for carbon atoms with zero-
two C-C bond(s), E¥ without C-M bond is
lower than that with C-M bond(s) for carbon
atoms with three C-C bonds. This means that
only carbon atoms with three C-C bonds possi-
bly detach from the catalyst surface by break-
ing C-M bonds. The detachment induced the
lift-off of the cap-structure and growth of the
SWNT. Note that temporary detachment was
observed for carbon atoms with two C-C bonds,
and carbon atoms without a C-C bond or only



one C-C bond were never detached in the sim-
ulation.

Although E%S for the carbon atom decreased
due to detachment from the catalyst surface,
the detachment increased the total energy of
the other carbon atoms and the metal atoms,
as shown in Fig. 4. However, if the carbon
atoms diffusing on the catalyst surface con-
tinuously reached the growth region, then de-
tachment could successively occur, which would
mean that SWNT growth would continue. This
indicates that the E4® difference of the carbon
atoms that have three C-C bonds between with
and without a C-M bond is one of the driv-
ing forces of SWNT growth. This energy differ-
ence with the Fe catalyst was larger than that
with the Co catalyst, and the large energy dif-
ference promoted detachment and the SWNT
growth rate. Eventually, the growth rate for
the Fe catalyst (3.0x 1072 m/s) was higher than
that for the Co catalyst (0.6 x 1072m/s) with
Ngee = 3. On the other hand, the side-wall
part with the Fe catalyst contained more defect
structures than that with the Co catalyst. The
higher growth rate reduced the possibility of
six-membered ring formation and induced the
formation of defect structures (five- or seven-
membered rings).

Finally, the temperature dependence of
SWNT growth is discussed. Figure 5 shows
the temperature dependence of the surface car-
bon numbers with different numbers of C-C
bonds during the growth simulation. The sur-
face carbon atoms with two or three C-C bonds
were the majority, and the generation and de-
composition rates of C-C bonds were thermally
balanced. At lower temperatures (~ 1300 K),
the entire surface area was often covered with
carbon atoms, and the catalyst was deactivated
because the number of carbon atoms with three
C-C bonds was too large. As the temperature
increased, the total numbers of carbon atoms
and carbon atoms with three C-C bonds de-
creased on the catalyst surface. The carbon
atoms with two C-C bonds diffused more ac-
tively at higher temperature and this feature

improved the crystal structure quality of the
resultant SWNTs.

Conclusion

MD simulation was performed to analyze the
SWNT growth process. Under appropriate con-
ditions of temperature and carbon supply rate
Niree, SWNT growth with high quality was sim-
ulated. The change of the potential energy of
carbon atoms during growth simulation was in-
vestigated and it was confirmed that the po-
tential energy differs depending on the num-
bers of C-C and C-M bonds that each carbon
atom has. This suggests that the potential en-
ergy change of carbon atoms depends on the
numbers of bonds and has an important role in
SWNT growth.
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Figure 1: Snapshots of the SWNT growth pro-
cess from (A) Co and (B) Fe catalysts. The
blue balls represent metal atoms, while the
white, red, orange, and green balls represent
carbon atoms with different numbers of C-C
bonds. The growth temperature was 1500 K
with ngee = 3. (C) Deactivated Co catalyst
due to encapsulation by a carbon shell.
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Figure 2: (A) Developed view of the SWNT
grown from Co catalyst, as shown in Fig. 1(A).
Numbers of the total, five-, six-, and seven-
membered carbon rings and the ratio of 6-
membered rings during SWNT growth from (B)
Co and (C) Fe catalysts.
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Figure 3: Number of carbon atoms during
SWNT growth from (A) Co and (B) Fe cat-
alysts. Snapshot of the structure around the
growth region of the (C) Co and (D) Fe cat-
alysts. The yellow, purple, and green car-
bon atoms represent the inner, surface, and
cap/tube carbon atoms, respectively.
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