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Abstract

Growth of carbon nanotubes during transition-metal particles catalytically-assisted thermal decomposition (also referred to as
chemical vapor deposition or CVD) of methane in hydrogen as a carrier gas has been analyzed at the atomic scale using a kinetic
Monte Carlo method. The method is parameterized by the rates of various nanotube surface and edge reactions (e.g. adsorption of
hydrocarbons and hydrogen onto the surface of the transition-metal particles and onto the surface of carbon nanotubes, carbon
atom attachment to the growing end of nanotubes, nucleation and growth of the outer nanotubes walls, etc.). Simulations of the
carbon nanotubes growth are found to yield predictions regarding the effect of nominal and local processing conditions on the
nanotubes morphology and growth rates in very good (qualitative and quantitative) agreement with their experimental counterparts.
In addition, formation of new walls during growth is found to take place quite readily suggesting that the fabrication of single walled
carbon nanotubes by CVD may be a formidable task. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since their discovery in 1991 [1], carbon nanotubes
have attracted considerable interest because of their
unique properties and potential applications such as: (a)
their very high elastic modulus (600-650 GPa) in the
direction of nanotubes axis makes them attractive as
structural materials (e.g. [2]) and as probes in scanning
probe microscopy [3]; (b) their high adsorption potential
for hydrogen renders them promising materials for
hydrogen storage devices (e.g. [4]); (c) their unique
structure makes them suitable for tailored nanometer-
scale membranes and molecular sieves [5]; (d) their high
electrical conductivity renders them candidate materials
for nanometer-scale wires [6], etc.

Carbon nanotubes are generally processed by laser
ablation of carbon rods e.g. [7], a direct current arc-
discharge between carbon electrodes in an inert-gas
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environment (e.g. [8]) or by transition-metal catalyti-
cally-assisted thermal decomposition of hydrocarbons
(also refereed to as chemical vapor deposition or CVD)
(e.g. [9]) in combination with nanofabricated catalytic
patterning (e.g. [10]) and templating (e.g. [11]). The aim
of these carbon nanotube fabrication processes is the
production of long, uniform, single-walled carbon
nanotubes, SWCNTs, since the properties of multi-
walled carbon nanotubes, MWCNTs, are quite inferior
compared to those of SWCNTs. In addition, it is
generally desirable to process SWCNTs which are
spatially ordered and of the same chirality. If the
processing conditions are not selected properly, fabri-
cated material typically consists of an amorphous-
carbon infiltrated mat of poorly ordered entangled
SWCNTs and MWCNTs with a wide distribution in
nanotubes diameter and their structure varying between
zigzag, armchair and other chiral forms.

Carbon nanotube modeling efforts can be roughly
divided in two distinct categories: (a) molecular dy-
namics type calculations employing the Tersoff—Bren-
ner reactive interatomic potentials (e.g. [12]) and (b) ab
initio analyses based on density functional total energy
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calculations (e.g. [13]) often combined with molecular
dynamics simulations (e.g. [14]). These modeling ap-
proaches enable elucidation of the basic mechanisms
and the underlying energetic associated with the growth
of SWCNTs and MWCNTs in the absence and in the
presence of transition-metal catalysts. However, these
methods are not very useful in helping establish relation-
ships between the fabrication—process parameters (e.g.
temperature, pressure, gas-phase chemistry, etc.) and the
nucleation and growth conditions at the surface/edges of
growing nanotubes, the conditions which control na-
nostructure, length and spatial ordering, and thus
properties of nanotubes. In a series of papers, Grujicic
and Lai [15-17] demonstrated that establishment of the
process-parameters/growth-conditions/materials micro-
structure relationships entails a multi length-scale ap-
proach. That is, the same problem, (fabrication of the
carbon nanotubes, in the present case) must be con-
sidered at the length scale of a chemical reactor, at the
characteristic length-scale of a growing nanotube and at
the atomic length scale. Recently, Grujicic et al. [18,19]
developed a reactor-length scale model for carbon
nanotubes fabrication via transition-metal particles
catalytically-assisted thermal decomposition of meth-
ane. The results of the reactor-scale model developed by
Grujicic et al. [18,19] (specifically the concentrations of
gas-phase species at the surface and edges of nanotubes
and the rate of attachment of carbon atoms to the
growing end of carbon nanotubes) are used as a
boundary condition in the present work to carry out
atomic-scale simulations of the growth and microstruc-
ture evolution of carbon nanotubes during the fabrica-
tion process via transition-metal particles catalytically-
assisted thermal decomposition of methane.

Due to the use of lower temperatures, higher con-
trollability of the process and generally higher yields,
transition-metal particles assisted CVD appears to be a
very attractive route for fabrication of carbon nano-
tubes. However, carbon nanotubes processed via ther-
mal decomposition of hydrocarbons are generally
MWCNTs and, hence, have inferior properties relative
to their SWCNT counterparts. Therefore, the main
objective of the present work is to help understand the
basic mechanism for formation of MWCNTs, and, if
possible, identify CVD processing conditions which
promote formation of SWCNTs.

The organization of the paper is as follows. A brief
overview of the procedure used to construct the rigid-
lattice framework is presented in Section 2.1. Nanotubes
surface and edge reaction mechanisms accompanying
thermal decomposition of a CH4+H, gas mixture and
the underlying reaction kinetics are discussed in Section
2.2. The kinetic Monte Carlo method used for atomic
length-scale simulation of carbon nanotubes growth and
nanostructure evolution is briefly reviewed in Section
2.3. The results obtained in the present work are

presented and discussed in Section 3. The main conclu-
sion resulted from the present work are summarized in
Section 4.

2. Computational procedure

2.1. Generation of multi-wall carbon nanotube lattice

Scanning and transmission electron microscopy in-
vestigations of SWCNTs and MWCNTs fabricated
using either of the three aforementioned methods
(catalytically-assisted by fine transition-metal particles)
reveal two distinct mechanisms of nanotubes growth: (a)
the so called ‘root-growth” mechanism [23] in which the
catalytic particle remains on the substrate (reactor wall)
and thus in the root of the nanotube as the nanotube
grows in a direction normal to the reactor wall, Fig.
1(a); and (b) the so called ‘tip-growth’ mechanism [23] in
which the catalytic particle detaches from the substrate
and moves to the tip of the growing nanotubes, Fig.
1(b). Since carbon nanotubes processed via transition-
metal particles catalytically-assisted thermal decomposi-
tion of hydrocarbons are generally found to grow via the
tip-growth mechanism e.g. [9], only this growth mechan-
ism is considered in the present work. Moreover, the
nucleation of the innermost wall of MWCNTSs is not
analyzed. Rather, it is assumed that a short SWCNT
whose diameter is equal to that of the innermost wall of
MWCNT with a transition-metal particle attached to its
tip is present from the onset of computer simulations.

The growth of carbon nanotubes has been simulated
using a rigid-lattice approach within which atomic
relaxations and vibrations are not considered. Rather
atoms are assumed to reside on fixed lattice sites. Since
atomic scale simulations are very computer intensive,
only growth of four-wall carbon nanotubes has been
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Fig. 1. A schematic of (a) the root-growth mechanism; and (b) the tip-
growth mechanism of carbon nanotubes growth.
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carried out in the present work. Toward that end, eight
rigid lattices are used: (a) a (n, m) = (10, 10) armchair
type lattice with a radius of 0.675 nm which is used for
simulation of the growth of the innermost wall of a four-
wall carbon nanotube, Fig. 2(a). The vector (n, m)
indicates the direction in which a one-atom thick strip of
graphite of a (n, m)-dependent width should be rolled
up in order to produce a given nanotube (n and m are
the components of the roll-up vector in [I 10 0] and
[1010] directions, respectively). MWCNTSs based on
(10, 10) armchair type nanotubes are generally observed
in CVD processed carbon nanotubes e.g. [9] and that is
the reason for selection of the (10, 10) armchair
nanotube in the present work; (b) a triagonal cylindrical
lattice with a radius of 1.013 nm, Fig. 1(b), which is used
to model the adsorption of hydrocarbons and hydrogen
atoms from the gas phase onto the (10, 10) innermost
wall; (¢) a (15, 15) armchair type lattice with a radius of
1.013 nm used for simulation of the growth of the
second wall of the four-wall carbon nanotube, Fig. 2(c);
(d) a triagonal cylindrical lattice with a radius of 1.351
nm, Fig. 2(d), used to model the adsorption of hydro-
carbon and hydrogen atoms from the gas-phase; (e) a
(20, 20) armchair type lattice with a radius 1.351 nm
(not shown for brevity) used for simulation of the
growth of the third nanotube wall; (f) a triagonal
cylindrical lattice with a radius of 1.689 nm (not shown
for brevity) used for modeling of the adsorption of gas-
phase species on the third nanotube wall; (g) a (25, 25)
armchair type lattice with a radius 1.689 nm (not shown
for brevity) used for modeling of the growth of forth
(outermost) wall of the nanotube; and (g) a triagonal
cylindrical lattice with a radius of 2.026 nm (not shown
for brevity) used for simulation of the gas-phase species
adsorption to the outermost wall. It should be noted
that in order to improve clarity, only short segments of
the first four lattices are displayed in Fig. 2(a)—(d).
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Fig. 2. (a) (10, 10) carbon nanotube; (b) innermost triagonal; (c) (15,
15) carbon nanotube; and (d) second triagonal rigid lattices used in the
present atomic-scale analysis of growth and nanostructure evolution.
Small spheres in (b) and (d) denote lattice sites.

Furthermore, to better utilize the space available for the
figure, the nanotube axis is selected to be horizontal in
Fig. 2(a)—(d). Typically, horizontal-type cylindrical
CVD reactors are used for nanotube fabrication so the
nanotubes grow in a direction orthogonal to the reactor
wall.

At the beginning of a simulation run, it is assumed
that a short (length ~0.48 nm) (10, 10) armchair
nanotube has nucleated on the lattice displayed in Fig.
2(a) and that its root is attached to a substrate (e.g. the
wall of the CVD reactor) while its tip (the growing end)
is ‘capped’ with a transition-metal particle, Fig. 1(b).
The presence of the transition-metal particle is consid-
ered only indirectly. That is, its effect in promoting
adsorption of hydrocarbons and attachment of carbon
atoms to the growing end of the carbon nanotube is
considered, while no lattice is used to represent the
surface (or volume) of the particle. Also, the nanotube is
assumed to grow only at the end which is in contact with
the transition metal particle. The other end of the
carbon nanotube, as discussed earlier, is assumed to be
attached to the reactor wall and remains stationary
during the simulation process.

As simulation proceeds, adsorption of hydrocarbons
and hydrogen onto the innermost triagonal lattice
shown in Fig. 2(b) takes place. As will be discussed in
more details in Section 2.2, hydrogen abstraction from
the adsorbed hydrocarbon molecules which results in
formation of (adsorbed) mobile carbon atoms can give
rise to nucleation (and subsequent growth) of the second
(15, 15) wall of the nanotube, on the lattice shown in
Fig. 2(c).

Once the second wall of the nanotube has nucleated,
hydrocarbons and hydrogen are allowed to adsorb to its
surface/edge i.e. onto the triagonal lattice depicted in
Fig. 2(d). Hydrogen abstraction from the triagonal
lattice shown in Fig. 2(d) is then allowed to take place
which can ultimately lead to nucleation (and subsequent
growth) of the third (20, 20) nanotube wall. In the same
way adsorption of gas-phase species and hydrogen
abstraction on the third nanotube wall, and the resulting
nucleation of the forth (25, 25) nanotube wall are
modeled.

The adsorption lattice shown in Fig. 2(b) is chosen to
be simple triagonal and, thus, to contain the same
number of hexagons as the inner (10, 10) carbon
nanotube lattice. However, since the radius of the
adsorption lattice (1.002 nm) is larger than that of the
inner nanotube wall (0.668 nm), hexagons in the former
lattice are proportionally larger relative to those in the
latter. Also, the adsorption lattice contains additional
site, the site located at the center of hexagons, and thus
enables species adsorptions on both the bridge sites (the
sites halfway between the two adjacent carbon atoms in
the graphite structure) and the center sites (the site
coinciding with the hexagons centers). These sites have
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been identified by Lee et al. [13] using density functional
total energy calculations as primary carbon-nanotubes
adsorption sites. It should be noted that, since the
innermost adsorption lattice contains 50% more lattice
sites relative to the graphite type lattice of carbon
nanotubes, its number of lattice sites is identical to
that of the (15, 15) carbon nanotube lattice (the second
nanotube wall). When the second wall is nucleated (or
continues to grow), carbon atoms forming the second
wall are transferred from the innermost triagonal
adsorption lattice shown in Fig. 2(b) to the (15, 15)
carbon nanotube lattice. To enable such transfer, a one-
to-one correspondence is established between the sites of
two lattices. Once an atom has been transferred from the
adsorption lattice to the (15, 15) nanotube lattice, the
site on the former lattice from which the atom is
transferred is removed and not any longer allowed to
contain a species.

The (second) adsorption lattice shown in Fig. 2(d) is
also chosen to be simple triagonal and to contain the
same number of hexagons as the (15, 15) carbon
nanotube lattice. However, in order to achieve a one-
to-one correspondence between the sites of the second
adsorption lattice and the ones of the (20, 20) nanotube
lattice, randomly selected sites on the adsorption lattice
which correspond to hexagons centers are excluded from
the gas-phase species adsorption process and thus from
the nanotube wall nucleation process. Similar proce-
dures are followed while constructing the remaining
(outermost) two adsorption lattices.

2.2. Nanotube surface and edge reaction mechanisms and
kinetics

In this section, a brief overview is given of the basic
mechanisms and the underlying kinetics accompanying
growth of carbon nanotubes. As stated in the previous
section, a short (10, 10) armchair type nanotube is
assumed to exist from the onset of simulation. The root
of this nanotube is assumed to be stationary and
attached to the reactor wall. A small transition-metal
particle is assumed to adhere to tip of the nanotube.
While the particle is not considered explicitly in the
present work, its effect on the carbon nanotube growth
is incorporated by including the rates at which carbon
atoms diffusing over the particle surface attach to be
growing end of the nanotube or are transferred to the
nanotube surface. Values for these rates for a wide range
of processing conditions associated with co-particles
assisted thermal decomposition of methane have been
obtained in our recent work dealing with reactor-length
scale modeling of the carbon nanotubes fabrication
process [18,19]. In that work, carbon nanotubes fabrica-
tion by catalytically-assisted thermal decomposition of
methane in a CH4+H, gas mixture has been studied by
solving a continuum coupled boundary-layer laminar-

flow hydrodynamics, heat transfer, gas-phase chemistry
and surface chemistry problem. The solution of such
problem yields the concentrations of gas-phase species
at the nanotube surface and the rates of carbon
attachment to the tip of nanotubes, the quantities which
serve as direct input (i.e. boundary conditions) to the
present atomic-scale analysis of nanotube growth and
nanostructure evolution.

Atomic-scale modeling of carbon nanotubes growth
has been carried out using a kinetic approach within
which all processes taking place at the surface and the
tip of nanotubes have been considered as surface or edge
reactions. The kinetics of such reactions is represented
using the general formalism as used in the SURFACE
CHEMKIN computer program and thermochemical da-
tabase [20]. Within this formalism, the forward rate
constant for reaction i, k¢, is assumed to be defined by
the following Arrhenius-type relation:

k= A, T’ exp <— !

E
RT> 0

where the pre-exponential factor A4;, the temperature
exponent f; and the activation energy E;, for all the
surface/edge reactions considered in the present work
are listed in Table 1, R is the universal gas constant and
T is the absolute temperature.

For reversible reactions, the reverse reaction rate
constant is related to the forward reaction rate constant
via the following equation:

k..
kri = Kifl (2)
C

i

where K¢, is the equilibrium reaction constant expressed
in concentration units and is related to the equilibrium
reaction constant expressed in pressure units, Kp; as:

P Kn) K@)

N Zfil o N
SO T | (OSSR | CEC
RT n=1 k=1

Kp; = K¢ (
where P, is the pressure of 1 atm, N,, the number of
types of surface sites, I',” standard state density of the
surface sites of type n, o, (n) the number of sites of type
n occupied by species k, and vy;s are the stoichiometric
reaction coefficients associated with species k& and
reaction i, K, the total number of gas-phase species
and K(n) the number of species residing on the sites of
type n. All nanotubes surface lattice sites and all edge
sites are considered to be identical in the present work
and hence n is set to unity.

The equilibrium reaction constant Kp; can be com-
puted from the standard-state enthalpy change AH,°
and the standard state entropy change AS;’ accompany-
ing reaction i as:
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Table 1

Nanotube surface and end reactions accompanying nanotube growth and the corresponding kinetic parameters

No. Reaction A? g E? AH% AS%?
Adsorptionldesorption reactions

R1 S+H(G)—H(S) 8.6 x 102 0.0 0.0 _b _b
R2 S+CH;(G)«—CH;(S) 4.9 x 10" 0.0 0.0 -b -b
Hydrogen-abstraction reactions

R3 H(S)+H(G)—H(G) 1.1 x 10"2 0.0 7300.0 _b _b
R4 CHj;(S)+H(G) < CH,(S,R)+H»(G) 2.8 x 107 2.0 7700.0 —11300 6.6
R5 cH,(S,R)+H(G)—CH(S,R,) +Hy(G) 2.8 x 107 2.0 7700.0 —11300 6.6
R6 CH(S,R,)+H(G)«—C(S,R3)+Hx(G) 2.8 x 107 2.0 7700.0 —11300 6.6
Radical-recombination reactions

R7 CH,(S,R)+H(G) —CHj(S) 5.0 x 1012 0.0 0.0 —70900 —42.0
RS CH(S,R») +H(G)«—CH,(S.R) 5.0 x 1012 0.0 0.0 —70900 —42.0
R9 C(S,R3)+H(G)—CH(S,R>) 5.0 x 102 0.0 0.0 —70900 —42.0
Nanotube-surface diffusion of hydrogen and carbon

R10  H(S;)+Sy«»s;+H(S,) 1.3 x 10" 0.0  33060.0 0.0 0.0
RI1  C(s))+S2S;+C(Sy) 1.3 x 10"2 0.0 33898.0 0.0 0.0
Nucleation of the outer nanotube wall

R12  nC(S)—nCINT) (n >4) 1.3 x 10" 0.0 35743.0 _c —c
Growth of the outer nanotube wall

R13  C(S)4+nC(NT)—(n+1)C(NT) 1.3 x 102 0.0 30785.0 _ _
Carbon attachment to the edge of the inner wall

R14  C(S)+E—S+C(E) 1.3 x 10"2 0.0 31104.0 - -
R15  C(Stm)+E<Stm+C(E) 1.3 x 10" 0.0 31104.0 - —c
Nanotube-edge diffusion of carbon

R16  C(E|)+E,—E,+C(E,) 1.8 x 10" 0.0 47734.0 0.0 0.0

Transition-metal particle induced carbon atom transfer onto the nanotube surface

RI7  C(Stm)+S<Stm+C(S)

1.3 x 10" 0.0 31104.0 —c —c

2 The unit for A4 is given in terms of moles, cubic centimeters and seconds and for E as cal mole ~'. § is unitless.
® The parameter is calculated at a given temperature using the six-term series expansions as defined in the SURFACE CHEMKIN thermochemical

database [20].
¢ The parameter is not needed in the present calculation.

AS? AH?
KPi=eXp< L— ’> “4)

Values for AH,° and AS,° for the set of nanotubes
surface/edge reactions used in the present work are listed
in Table 1. It should be noted that for the reactions
which do not change the number of species (e.g.
reactions R4, R5, R6, etc. in Table 1), zf;vk,:o,
and hence (P, / RT)Z"i“’k' =1, which greatly simplifies
Eq. (3). For the reactions for which the number of
species is reduced by one (e.g. reactions R1, R2 and R3,
Table b 28 0 =1, and hence
(P, /RT)™"1% = 0.0122 K cm > x (1/T(K)).

As indicated in Table 1, a number of nanotube surface
and edge reactions accompanies growth of carbon
nanotubes during transition-metal particles assisted
thermal decomposition of methane. These reactions
can be generally classified as:

2.2.1. Surface adsorption reactions: (RI, R2)

Hydrogen and hydrocarbon molecules from the gas
phase are adsorbed on to the surface of a nanotube
(more precisely onto the simple triagonal adsorption
lattices). As demonstrated in our previous work [18,19],
CHj; is the main hydrocarbon species present during
carbon nanotube growth via thermal decomposition of
methane. Hence, only adsorption of CH; and atomic
hydrogen (H) has been considered in the present work,
Table 1. It should be noted that the following nomen-
clature is used in Table 1: S—a surface site on the
adsorption lattice; (G)—a gas-phase species; (S)—a
surface species; (R), (R,) and (R3)—single, double and
triple radical species; S1 and S2—two adjacent surface
sites; Stp—a site on the surface of a transition-metal
particle; E—an edge site at the tip of a nanotube; and
C(NT)—a carbon atom on the non-innermost wall of a
nanotube.

The Arrhenius kinetic parameters for CH; and H
adsorption onto the surface of nanotubes listed in Table



252 M. Grujicic et al. | Materials Science and Engineering B94 (2002) 247-259

1 have been determined in our recent work [19]. The
standard-state enthalpy AH® and the standard state
entropy AS° changes which control the reverse (deso-
rption) reaction rates of CHz and H have been obtained
at a given temperature using the appropriate six-term
temperature expansion series as defined in the SURFACE
CHEMKIN thermochemical database [20].

2.2.2. Hydrogen abstraction reaction: (R3—R6)

Atomic hydrogen adsorbed at the surface of carbon
nanotubes can be adsorbed via a reaction with the
atomic gas-phase hydrogen (reaction R3). Furthermore,
hydrocarbon molecules adsorbed on the nanotube sur-
face can undergo a series of hydrogen abstraction
reactions (R4—R6) whose ultimate result is formation
of the (absorbed) carbon atoms. The Arrhenius kinetic
parameters for hydrogen abstraction for adsorbed
atomic hydrogen are taken from our recent work [19]
while those for the hydrogen abstraction from adsorbed
CH; were reported by Grujicic and Lai [15]. The
standard-state enthalpy AH° and the standard state
entropy AS° changes associated with the reverse hydro-
gen-abstraction reaction of adsorbed atomic hydrogen
at a given temperature are obtained using the appro-
priate six-term temperature expansion series discussed
above [20]. The same quantities but for hydrogen
abstraction from CHj(S), CH,(S,R), CH(S,R,) are
obtained from Grujicic and Lai [15].

2.2.3. Radical recombination reaction: (R7—R9)

Hydrocarbon radicals formed during hydrogen ab-
straction reactions can react with atomic gas-phase
hydrogen to eliminate one or more dangling bonds.
The Arrhenius kinetic parameters for such radical
recombination reactions are taken from Grujicic and
Lai [I15]. The standardstate enthalpy AH® and the
standard state entropy AS® changes which are used for
the calculation of the corresponding reverse (radical
recombination) reactions are also obtained from Gru-
jicic and Lai [15].

2.2.4. Surface diffusion reaction: (RI10, RI1)

Adsorbed hydrogen and carbon, due to their rela-
tively small atomic size are assumed to diffuse over the
surface of the carbon nanotubes. On the other hand,
CH; and the hydrocarbon radicals produced during
hydrogen abstraction from CHj are assumed to be
immobile due to a relatively large size of their molecules.
The activation energy term, E, for surface diffusion of
carbon and hydrogen are obtained using the density
functional total energy calculation results of Lee et al.
[21]. The pre-exponential kinetic parameter A4 is calcu-
lated using density functional total energy calculation
results of Kitamura and Oshiyama [24] and a simple
linear-oscillator approximation as:

=\ m ©

where b is the second derivative of the total energy in the
direction of atomic jump evaluated at the minimum
energy position of the diffusing atom and m is the mass
of the same atom. Furthermore, the rates of forward
and reverse reactions are considered to be equal which is
attained by setting both AH® and AS? to zero.

2.2.5. Nucleation of the non-innermost walls: (RI12)

When the number of adsorbed nearest-neighbor
carbon atoms reaches (or exceeds) a critical value, they
can rearrange themselves into a graphite-like structure
to nucleate the outer wall of the nanotube. By carrying
out a series of Tersoff—Brenner potential based mole-
cular statics calculations of the potential energy of
various surface clusters of carbon atoms [28], the critical
number of carbon atoms required for nucleation is
assessed as 10 and is assumed to be independent of the
CVD processing conditions. The activation energy term,
E, for nucleation of the outer wall of a carbon nanotube
is computed using the density functional total energy
calculation results of Lee et al. [21]. This was done by
subtracting an average energy of the ten adjacent
adsorbed carbon atoms from that for the ten corre-
sponding atoms in the newly-nucleated wall of the
nanotube. The pre-exponential term A4 is set equal to
that for surface diffusion of the carbon atoms. The
nucleation reaction is assumed to be irreversible which
eliminates the need for specifying the values for AH®
and AS°.

2.2.6. Growth of the non-innermost walls: (RI13)

When an adsorbed carbon atom is adjacent to a
nucleus of a (non-innermost) wall of a nanotube, it can
attach to the nucleus giving rise to its growth. An
average value of the activation energy for growth of the
outer wall of a carbon nanotube is obtained using the
data obtained in the work of Lee et al. [21]. This was
done, by subtracting the average energy of an adsorbed
carbon atom from that for a carbon atom at the edge of
a nucleus of the newly nucleated wall of a nanotube. The
pre-exponential term A is again set equal to that for
surface diffusion of the carbon atoms. The growth
process of a (non-innermost) wall is also considered to
be irreversible, so that AH® and AS® values did not need
to be defined.

2.2.7. Carbon attachment to the nanotube tip: ( R14,
RI5)

The inner nanotube growth is considered to take place
as a result of attachment of carbon atoms to the growing
end of nanotubes walls. Carbon atoms which can attach
themselves to the tip of the walls are either those which
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are adsorbed onto and diffuse over the corresponding
adsorption lattice (reaction R14) or those adsorbed onto
and diffusing over the surface of the transition-metal
particle (reaction R15). Both reactions R14 and R15 are
assumed to be irreversible eliminating the need for
knowledge of the AH® and AS° values. The kinetic
parameters 4, f and E for both reactions are obtained
by fitting the corresponding computed nanotube growth
data obtained in our recent work [18] to the Arrhenius
functional form, Eq. (1). An example of this procedure
for the rate of carbon atom attachment to the nanotube
tip is shown in Fig. 3 in which the logarithm of the
reaction rate is plotted again the inverse temperature.
The discrete points denote the results obtained in our
previous work [18], while the solid line shows the fitting
curve obtained using a non-linear least-square proce-
dure based on the Genetic Algorithm [25].

2.2.8. Diffusion of carbon along the nanotube edge:
(RI16)

Carbon atoms attached to the tip of a carbon
nanotube are allowed to diffuse over the nanotube
edge. Activation energy, E, and the pre-exponential
term, A, for carbon diffusion along carbon nanotube
edge are obtained using the aforementioned procedure
applied to the surface diffusion and the results of
Kitamura and Oshiyama [24] who carried out density
functional total energy calculation of carbon nanotube
growth. The forward and reverse diffusion rate are
taken to be equal by setting AH” =0 and AS® =0.
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Fig. 3. Temperature dependence of the rate of carbon-atom attach-
ment to the nanotube edge.

2.2.9. Transfer of carbon atoms diffusing over the surface
of the transition-metal particle to the nanotubes surface:
(R17)

Carbon diffusing over the surface of the transition
metal particle can not only get attached to the nanotube
edge but also can jump to one of the surface sites of the
outermost wall of the nanotube in the vicinity of the
nanotube edge. If the local concentration of such carbon
atoms becomes large enough, it can lead to the nuclea-
tion of a new wall of the nanotube. Due to a large
difference in the energies of a carbon atom at the surface
of a transition-metal particle and that at the surface of a
carbon nanotube [19], reaction R17 is assumed to be
irreversible and hence, AH® and AS° values are not
needed. The activation energy E for this reaction is
obtained in our previous work [19], while the pre-
exponential term A is set equal to that for surface
diffusion of carbon.

2.3. Kinetic Monte Carlo method

The temporal evolution of the nanotubes morphology
during nanotubes growth is simulated using the kinetic
Monte Carlo method recently developed by Battaile et
al. [22]. Within this method, one surface/edge reaction is
allowed to take place at one nanotube surface/edge site
during each time step. The occurrence of one of the
reactions at one of the sites is termed an event. At each
time step, a list of all possible events is constructed and
the probability for each event is set proportional to the
rate of the associated surface reaction scaled by a sum of
the rates of all possible events. Next, a random number
o uniformly distributed in the range (0, 1) is generated
and used to select an event m from M possible events in
accordance with the relation:

m—1

M m M
Zm/Zn-@&Zn/Zr,- 6)
j=0 j=0 j=0 j=0

where r; is the rate of surface reaction associated with
event j, and ry=0.

When a surface/edge chemical reaction involves a gas-
phase reactant k (e.g. H(G) in reaction Rl), the rate of
the reaction is calculated under the assumption that
mass-action kinetics is obeyed. That is, the reaction rate
is defined as the product of the reaction rate constant
and the molar concentration of the gas-phase reactant at
the nanotube surface/edge raised to a power which is
equal to its stoichiometric coefficient in the chemical
reaction at hand. The concentration (site fraction) of the
surface species involved in the same reaction at a given
lattice site is set, however, to 1.0. That is, if a reaction is
feasible at a given lattice site, the reacting surface species
must be present at that site. Otherwise, if the species is
not present (its site fraction is equal to zero) at a given
lattice site, the reaction in question is not feasible.
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Following the same approach, the rates of surface/edge
reactions which involve only surface/edge species is set
equal to the corresponding reaction rate constant. For
all surface/edge reactions, however the reaction rate has
units of (time) ~ .

After an event has occurred, the total number of
possible events M, and the sequence in which the events
are listed in the event table are updated and the
aforementioned procedure for random selection of an
event is repeated for the next time step.

The kinetic Monte Carlo method used in the present
work uses a variable time step to account for the fact
that different events take place at different rates. At each
simulation step, the time increment A¢ is computed as:

M
At =—In(p) / >, ™)

where f is a random number uniformly distributed in
the range (0, 1), and the denomination in Eq. (7)
represents the sum of the reaction rates of all the events
that can occur at the given simulation step. The time
increment given by Eq. (7) is hence adjusted dynamically
and stochastically to accommodate the fastest possible
event at each simulation step, greatly reducing restric-
tions associated with the conventional fixed time-incre-
ment methods. In other words, when fast events are
possible in a given step, the denominator in Eq. (7) is
large and, thus, At is small (i.e. the time scale is fine).
Conversely, when only slow events are possible during a
simulation step, the time increment is large (i.e. the time
scale is coarse). The expression for the time increment
given in Eq. (7) is rigorous and its derivation is
presented in Appendix A.

3. Results and discussion

The atomic-scale kinetic Monte Carlo method over-
viewed in Section 2.3 is employed in this section to
analyze carbon nanotubes growth from a H,+18 mo1%
CH, mixture in the presence of cobalt catalytic particles
for two different sets of nominal CVD processing
parameters. The first set of these parameters (pres-
sure =1 atm, the axial flow rate of the gas mixture at the
reactor inlet =90 cm min !, the gas mixture tempera-
ture at the reactor inlet =573 K, and the reactor-wall
temperature = 1023 K) correspond to the one used in
the experimental work of Buckenstein and Hu [26]. It
should be noted that, as shown in our previous work 18,
for the given set of nominal CVD processing para-
meters, the local processing conditions (e.g. temperature
of the gas mixture, chemical composition of the gas
mixture, etc.) can vary considerably along the length of
the reactor. To determine the effect of variations in the
local processing conditions on the growth and morphol-

ogy of nanotubes, atomic scale simulations are carried
out in the present work using local processing conditions
(gas temperature, concentration of gas-phase species
rate of carbon atom attachment to the nanotubes tip) at
the following three axial locations of a 1-foot long
horizontal CVD reactor: (a) the location which is 1 in.
away from the reactor entrance; (b) the reactor mid-
point; and (¢) the location which is 1 in. away from the
reactor exit.

The second set of CVD processing parameters corre-
spond to the one used in the experimental work of
Flahaut et al. [27]. The only significant difference
between these processing conditions and the ones used
by Buckenstein and Hu [26] is a substantially higher
reactor-wall temperature (1343 vs. 1023 K) used in the
work of Flahaut et al. [27]. Again, to examine the effect
of reactions of the local CVD processing conditions on
the growth and morphology of nanotubes, the local
processing conditions associated with the same three
axial locations as discussed above, are used.

Evolution of the carbon nanotube morphology during
growth under the CVD processing conditions corre-
sponding to those used by Buckenstein and Hu [26] as a
function of the simulation time at the midpoint of the
chemical reactor is displayed in Fig. 4(a)—(c). It should
be noted that in each of these figure, the nanotube grows
in a near two o’clock direction. At the shortest time
displayed ( ~ 1 s), Fig. 4(a), the initial (10, 10) SWCNT
has grown from its starting length of 0.48 nm to a length
of approximately 25 nm. In addition, the second (15, 15)
nanotube wall has nucleated near the growing end of the
nanotube (the end which is contact with the transition
metal particle). The tips of both nanotube walls are
rough indicating the stochastic nature of the growth
process and relatively sluggish edge diffusion.

At the simulation time of ~3.2 s, Fig. 4(b), the
innermost (10, 10) and the second (15, 15) nanotube
walls have grown to a length of approximately 44 nm
and the third (20, 20) nanotube wall has nucleated
(again next to the growing end of the nanotube). In
addition to growing in the forward direction, the second
(15, 15) nanotube wall has also grown in the reverse
direction and, at the time of nucleation of the third (20,
20) nanotube wall, the second (15, 15) nanotube wall has
grown all the way to the other (stationary) end of the
nanotube. It should be noted that only the portion of the
nanotube next to its growing end is shown in Fig. 4(b) in
order to achieve clarity of the nanotube morphology
displayed in this figure.

After 6.5 s of the simulation time, Fig. 4(c), the
innermost (10, 10), the second (15, 15) and the third (20,
20) nanotube walls have grown to a length of approxi-
mately 60 nm and the fourth (25, 25) nanotube wall has
nucleated (once more in the vicinity of the growing end
of the nanotube). In addition, by this time the third (20,
20) nanotube wall has extended in the reverse direction
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Fig. 4. The nanotube morphology at three different simulation times: (a) 1s; (b) 3.2 s; and (c) 6.5 s. The corresponding total nanotube lengths are ~
25, ~44 and ~ 60 nm, respectively. The CVD processing conditions correspond to the ones used by Buckenstein and Hu [26].

all the way to the stationary end of the nanotube (again,
the entire nanotube is not shown in Fig. 4(c) for clarity).

Temporal evolution of the lengths of the four
nanotube walls during growth under the CVD proces-
sing conditions consistent with the ones used by Buck-
enstein and Hu [26] at the axial location corresponding
to the midpoint of the reactor are displayed in Fig. 5(a).
At the beginning of the simulation process, only the (10,
10) wall is present and, consequently, its growth rate is
quite high (around 23 nm s ~'). After the second (15, 15)
nanotube wall has nucleated at the simulation time of
~1 s, the growth rate of the (10, 10) nanotube wall
decreases to about 9 nm s~ '. This nearly 60% decrease
in the growth rate is consistent with the associated
increase in the average number of the edge sites (20 in a
(10, 10) SWCNT vs. 50 in a (10, 10)+(15, 15) two-wall
carbon nanotube). The results shown in Fig. 5(a) also
indicate that, after the second (15, 15) wall has

nucleated, this wall grows at a considerably higher rate
than the inner (10, 10) wall. Since both walls advance at
comparable rates in the forward direction, this result
indicates that the (15, 15) wall grows readily in the
reverse direction. Furthermore, since the growth of the
(15, 15) wall is quite monotonic, it suggests that no
additional nuclei of the (15, 15) wall form before the
wall reaches the stationary end of the nanotube. After
the third (20, 20) nanotube wall has nucleated, (at the
simulation time of 3.2 s), the growth rate of the (10, 10)
and (15, 15) nanotube walls decreases to about 5
nm s~ '. This nearly 50% additional decrease in the
growth rate is consistent with the associated increase in
the average number of the edge sites (50 in a (10, 10)+
(15, 15) two-wall carbon nanotube vs. 90 in a (10, 10)+
(15, 15)4(20, 20) three-wall carbon nanotube). After the
fourth (25, 25) nanotube wall has nucleated at the
simulation time of ~ 6.5 s, the growth rate of the (10,
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Fig. 5. Temporal evolution of the lengths of the four nanotube walls.
The CVD processing conditions correspond to the ones used by: (a)
Buckenstein and Hu [26] and (b) Flahaut et al. [27].

10), (15, 15) and (20, 20) nanotube walls decrease to
about 3 nms~'. Again, the nearly 40% additional
decrease in the growth rate is consistent with the
associated increase in the average number of the edge
sites (90 in a (10, 10)+(15, 15)4(20, 20) three-wall
carbon nanotube vs. 140 in a (10, 10)+(15, 15)+(20,
20) +(25, 25) four-wall carbon nanotube). Also, as in the
case of the (15, 15) wall, the third (20, 20) and the fourth
(25, 25) nanotube walls grow at a considerable higher
rate in the reverse direction (without apparent formation
of additional nuclei) until they reach the stationary end
of the interface.

Atomic simulation results under the same (nominal)
CVD processing conditions but at the other two axial
locations, (the results not shown here for brevity), are

found to be qualitatively very similar to the ones shown
in Fig. 4(a)—(c). The growth rates at the same simulation
times are found to be ~ 19% lower at a distance 1 in.
away from the reactor entrance and ~ 10% lower at a
distance of 1 in. away from the reactor exit relative to
the ones shown in Fig. 5(a). These findings are in
excellent agreement with their continuum counterparts
obtained in our recent reactor-scale analysis of CVD of
carbon nanotubes [18].

Temporal evolution of the carbon nanotube morphol-
ogy during growth under the CVD processing condi-
tions corresponding to those used by Flahaut et al. [27]
at the midpoint of the reactor is displayed in Fig. 6(a)—
(c). The three configurations displayed in these figures
correspond to the simulation times (listed in the caption
of Fig. 6(a)—(c)) slightly greater than the ones associated
with nucleation of the three non-innermost nanotube
walls. A comparison of the results shown in Fig. 6(a)—
(c) with the corresponding results shown in Fig. 4(a)—(c)
indicates that the nanotube morphology undergoes
similar evolution for the two CVD processing condi-
tions. That is, nucleation of the new walls takes place
near the growing end of the nanotube and the edge of
the nanotube remain rough during the growth process.
The major difference between the two sets of results is
that the nucleation (as well the growth) rates for the new
walls are considerable higher for the CVD processing
conditions corresponding to the ones used by Flahaut et
al. [27], (please compare the corresponding simulation
times in Fig. 4(a)—(c) and Fig. 6(a)—(c)). This finding is
consistent with the higher reactor-wall temperature
(1343 vs. 1023 K) used by Flahaut et al. [27].

Temporal evolution of the lengths of the four
nanotube walls during growth under the CVD proces-
sing conditions consistent with the ones used by Flahaut
et al. [27] at the midpoint of the reactor are displayed in
Fig. 5(b). As in the case of Fig. 5(a), only the (10, 10)
wall is present at the beginning of the simulation process
and, consequently, its growth rate is quite high (of the
order of 220 nm s~ '). This growth rate is higher than its
counterpart in Fig. 5(a) by about an order of magnitude.
Also, as in the case of Fig. 5(a), nucleation of any
additional nanotube wall gives rise to a decrease in the
(forward) nanotube growth rate by a factor which is
approximately equal to the ratio of numbers of the
nanotube edge sites after and before nucleation of a new
wall. Further similarities between the results displayed
in Fig. 5(a) and (b) include high growth rates of newly
nucleated walls in the reverse direction until they reach
the stationary end of the nanotube. However, the results
shown in Fig. 5(b) show occasional surges in the growth
rates of new walls in the reverse direction. Careful
examination of the nanotube atomistic structure re-
vealed that this behavior is found to be related to the
formation of additional nuclei of these walls as the walls
advance in the reverse direction. Consequently, when a
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Fig. 6. The nanotube morphology at three different simulation times: (a) 0.15 s; (b) 0.39 s; and (c) 0.77 s. The corresponding total nanotube lengths
are 36, 59 and 74 nm, respectively. The CVD processing conditions correspond to the ones used by Flahaut et al. [27].

wall encounters one such nucleus, its length increases
instantaneously.

Atomic simulation results corresponding to the nom-
inal CVD processing conditions used by Flahaut et al.
[27] but at the other two axial locations, (the results not
shown here for brevity), are found to be qualitatively
very similar to the ones shown in Fig. 6(a)—(c). The
growth rates at the same simulation times are found to
be ~12% lower at a distance 1 in. away from the
reactor entrance and ~ 15% lower at a distance of 1 in.
away from the reactor exit relative to the ones shown in
Fig. 5(a).

The results presented so far indicate that even when
formation of a nanotube begins with a transition-metal
particle assisted nucleation of a single nanotube wall,
additional walls readily nucleate and grow. While the
present work is confined to four-wall nanotubes, the

results suggest that the fifth, sixth, etc. wall would also
form, as long as the transfer of carbon atoms from the
transition-metal particle to the nanotube tip and to the
nanotube surface can take place. This, in turn, is
expected to be the case as long as the radius of the
transition-metal particles is larger (or slightly smaller)
than that of the outermost wall of the nanotube. Once
this condition is not fulfilled any longer, formation of
new walls relies solely on the reactions occurring at the
surface of the outermost nanotube wall and, conse-
quently, could take place at a considerably lower rate. In
other words, the results obtained in the present work
suggest that the final diameter of a nanotube should be
very close to that of the transition-metal particle
attached to its tip. This prediction is consistent with a
number of experimental observations e.g. [9].
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The results presented in the present work further
indicate that nanotube growth rates are not only higher
at higher temperatures, but that the existing nanotube
walls also grow to a larger length before a new wall is
nucleated. This finding seems to suggest that at suffi-
ciently high temperatures one may, perhaps, produce
SWCNTs. To test this hypothesis, atomic scale simula-
tions are carried out at the reactor-wall temperature of
1800 K. The results obtained show that while nucleation
of the second wall is significantly delayed and the
SWCNT could grow to a length of approximately
~ 160 nm before the second wall is nucleated. However,
as shown in Fig. 7, the as-grown SWCNTs generally
contain numerous defects (atoms missing from their
regular positions). To improve clarity of the lattice
defects, they are denoted as small dark spheres in Fig. 7.
Unless the observed defects can be eliminated by
subsequent annealing, they could seriously degrade the
properties of the SWCNTSs. Since the present model
does not account for diffusion of lattice defects within
the nanotube walls, this phenomenon will be incorpo-
rated in the kinetic Monte Carlo analysis of the
fabrication of carbon nanotubes by CVD in our future
work.

4. Conclusions

Based on the results obtained in the present work, the
following main conclusions can be drawn:

(1) Due to a relative ease with which new nanotube
walls can form and grow, the fabrication of SWCNTs by
transition-metal particles catalytically-assisted thermal
decomposition of methane appears to be a formidable
task.

(2) While higher reactor-wall temperatures favor the
growth of nanotubes relative to the nucleation of new
walls and are hence beneficial from the standpoint of
producing SWCNTs, they also promote formation of

Fig. 7. The morphology of a nanotube grown at 1800 K. Missing
carbon atoms are denoted using small dark spheres.

lattice defects which could seriously compromise the
performance of carbon nanotubes.

(3) Kinetic Monte Carlo simulations of the fabrica-
tion of carbon nanotubes by transition-metal particle
catalytically-assisted thermal decomposition of methane
appear to be a powerful tool which can successfully
predict a number of experimentally observed phenom-
ena (e.g. the nanotube diameter is closely related to that
of the transition-metal particle attached to its tip, the
effect of nominal and local processing conditions on the
growth rates of carbon nanotubes, etc.).
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Appendix A: Kinetic Monte Carlo time increment

In this section a rigorous proof is provided for the
variable time increment A¢ defined by Eq. (7). Toward
that end, it is useful to consider a system which involves
in time as various events take place. In conventional
kinetic Monte Carlo simulations, a constant time
increment is used such that at most one event occurs
during each time increment. This is shown schematically
in Fig. 8(a). This approach is useful for studying the
evolution of systems that can evolve through an infinite
number of distinct events. However, if the number of
events by which the system can evolve is finite and
enumerable, then a more efficient approach can be
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Fig. 8. Schematics of temporal sampling schemes in: (a) the conven-
tional kinetic Monte Carlo at fixed time intervals and (b) the present
Monte Carlo methods at dynamically adopted time intervals. Vertical
arrows are used to denote time intervals at which the system is
examined while filled circles are used to denote events occurrences.
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adopted. Instead of examining the system at fixed time
intervals, and determining which events occur and when,
the system can be examined only when an event occurs,
and the time increment itself can be calculated at each
step. This is shown schematically in Fig. 8(b). This
technique is particularly useful in situations where the
events occur on very different time scales and the fastest
events (which entail smallest time increments) are only
possible in certain rate system configurations.

In the present kinetic Monte Carlo scheme shown
schematically in Fig. 8(b), the time increment that has
elapsed since the last event has to be determined at each
simulation step. This is done by applying the following
procedure: first, the probability that an event will occur
during some infinitesimal time interval, dz, is defined as
I1d¢, where IT is the average number of all possible
events that occur per unit time. Hence, the probability
that no event occurs during time d¢ is (1 —IId¢). If the
time at which the most recent event occurred is set as
t =0, and the probability that no event occurs in time A¢
since the last event is denoted P(A?). Then the prob-
ability that no event occurs during time Az+dz, P(At+
dt), is equal to the product of the probability that no
event occurs during the time interval Az and the one that
no event occurs during the additional time increment dz,
Le.

P(At + dt) = P(Ar)(1-T1d1) (A.1)
Eq. (A.1) can be rewritten as a differential equation,
dP(At
(it )= —P(AnII (A.2)

which has the solution:
P(A?) = exp(—TI1Ar) (A.3)

since P(0) =1. Following the Metropolis Monte Carlo
procedure in which configurational transitions which
increase the system energy are either accepted or rejected
based on a comparison between a Boltzman distribution
based transitional probability and a random number,
P(At) is assigned a random number, ¢,, evenly dis-
tributed in the range (0, 1) in Eq. (A.3). If Eq. (A.3) is
then solved for At one obtains the relation:

In(&)
I1

At = (A.4)

which can be compared directly with Eq. (7).
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