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I
n contrast with multi-wall nanotubes
(MWNTs),1 the formation of single-wall
carbon nanotubes (SWNTs) is triggered

by enriching the graphite source material
with a pure transition metal catalyst (Co, Ni,
Fe, Y, ...), or a mixture thereof.2–6 Conse-
quently, SWNTs are synthesized through
the interaction of metal catalyst nanoparti-
cles with carbon or hydrocarbon vapor at
relatively high temperature. While the un-
catalyzed growth of MWNTs has been
rationalized,7–9 the exact role played by
the metal atoms in determining the growth
of SWNTs remains controversial. In chemi-
cal vapor deposition (CVD) techniques, the
hydrocarbon molecules dissociate at the in-
terface between catalyst and vapor, and
carbon atoms precipitate into a graphite
trail in the shape of a nanotube. Just how
the nanotube forms is still a debated issue.
On the basis of experimental observations,
it is commonly accepted that different sce-
narios should apply, depending on the size
of the catalytic particle. When a large met-
al– carbide particle of a few tens of nanom-
eters is present, the growth of SWNTs is be-
lieved to proceed via solvation of carbon

vapor into the metal cluster, followed by
segregation and precipitation of carbon ex-
cess in the form of a large number of SWNTs
growing from the particle surface.6,10,11

When the catalytic particle is smaller in di-
ameter (just a few nanometers), it is fre-
quently found trapped in the tip of SWNTs,
and the diameter of the SWNTs is directly
related to the particle size.12–14 Conse-
quently, the catalyst particle might stay at
the growing end of the nanotube (tip
growth),12–14 or it might sit at the starting
end (root growth),6,10,11 both processes be-
ing analogous to what is observed in situ
for the growth of carbon nanofibers.15

To go beyond phenomenological ap-
proaches, several theoretical groups have
investigated the early stages of SWNT
growth at the atomic level using different
simulation techniques with varying accura-
cies, ranging from classical molecular
dynamics16,17 to tight-binding models18

and finally to quantum molecular
dynamics.6,19–21 Most of these simulations
support a root growth mechanism whereby
carbon atoms are incorporated into the
tube base by a diffusion–segregation pro-
cess.6

The tip growth has also been investi-
gated with a catalytic metal particle re-
duced to a few atoms at the open end of a
nanotube. Its role consists in preventing the
tube closure by scooting around and an-
nealing defects, stabilizing the reactive dan-
gling bonds, and allowing the incorpora-
tion of new carbon species from the gas
phase.4,22–24 All these calculations, suggest-
ing an open-end tip growth mechanism,
are based on static calculations. The aim of
the present article is to provide insight at
the atomic scale toward a better under-
standing of the SWNT formation mecha
-nism, using dynamical effects that are
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ABSTRACT The catalytic growth of single-wall carbon nanotubes is investigated at the nanotube tip using

first-principles molecular dynamics and tight-binding Monte Carlo simulations. At experimental temperatures

(�1500 K), the catalytic atom is found to incorporate into the carbon network instead of scooting around the

open edge. Consequently, the open end of SWNTs closes spontaneously into a graphitic dome, suggesting a closed-

end mechanism for the catalytic growth. At 1500 K, the cobalt– carbon chemical bonds keep breaking and re-

forming, providing a direct incorporation process for additional carbon, necessary for growth. The catalytic action

of Co atoms is also found to play a key role in the reconstruction of the nanotube tip after carbon incorporation, by

annealing defects. The present closed-end tip growth mechanism may coexist with the usual root growth

mechanism.
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found crucial to unravel the atomic behavior of the

metal catalysts when assisting growth.

RESULTS AND DISCUSSION
The dynamical interaction between Co catalyst at

the tip of a growing nanotube and additional C atoms

that are present is explored by allowing the system to

evolve free of constraints at the experimental tempera-

ture, using quantum (ab initio) molecular dynamic

(QMD) simulations (see Methods). When the tube is

open-ended, the metal catalyst atom helps the open

end of the SWNT to close spontaneously into a graphitic

dome, suggesting a closed-end growth mechanism, in

conflict with the scooting mechanism. The cobalt– car-

bon chemical bonds, enhancing the reactivity of the tip

and providing the necessary pathway for incorpora-

tion of carbon atoms, support a model of growth by

chemisorption from the vapor phase. The metal cata-

lyst is also found to play a key role in the reconstruc-

tion of the nanotube tip during growth.

Following the existing model adopted in refs 4 and

21, we start with a (6,6) “armchair” nanotube section

(0.8 nm in diameter, see Figure 1a) terminated on one

side by an open end that contains one cobalt atom

and on the other side by hydrogen atoms that passi-
vate dangling bonds in order to mimic a semi-infinite
system. During the course of the QMD simulations, the
open end of the (6,6) single-wall tube closes into a
structure with no residual dangling bonds (Figure 1b).
The Co atom always tries to maximize the number of
bonds with two-coordinated carbon atoms. This ten-
dency had also been put forward in tight-binding calcu-
lations, where the importance of strong C–metal inter-
actions is underlined.18 This explains why, starting from
the open edge (where Co is two-coordinated), the me-
tallic atom tends to reach the center of the open end of
the SWNT, thus initiating dome closure. The catalytic
atom is not mobile, in the sense that it does not scoot
along the open edge of the tube and does not anneal
pentagons before being incorporated in the growing
structure as previously suggested.4,23 This closed-end
topology, where Co is four-coordinated, is more stable
than the initial open-end structure by �21.2 eV when
quenched to 0 K (Figure 1b).

During 9 ps of QMD simulation at 1500 –2000 K, the
metal atom moves frequently, thus creating and annihi-
lating covalent bonds with carbon neighbors at the
nanotube tip apex (see movie 1 in the electronic ver-
sion of this article). At this temperature, the bond topol-
ogy of the nanotube edge strongly fluctuates in close
correlation with the metal atomic motion. Although the
Co–C bonds are continuously breaking and re-forming,
the catalyst atom stays always incorporated in the gra-
phitic network, being sometimes coordinated with six
carbons. Further, and even though the Co remains close
to the tip apex, C–C bonds located a few atoms away
from the catalytic atom are also breaking and re-
forming, in contrast with uncatalyzed capped SWNT at
the same or even higher temperatures.7 This can be ex-
plained by the extent over the entire tip structure of
the Co electronic d orbitals close to the Fermi energy,
which are coupled with the pentagon carbon � states,
destabilizing selectively the pentagons. These cobalt
states are found to completely fill the density of states
near the Fermi energy, thus enhancing the chemical
reacivity of the catalyzed nanotube tip.

During this QMD simulation, we observed that the
Co atom is able to extract a carbon atom from the hemi-
spherical cap and re-insert it within a more favorable to-
pology, thus initiating a tip reconstruction. The re-
incorporation event can also be viewed as the
introduction of a new carbon atom into the catalytic
closed-end termination of the tube. We thus performed
static ab initio calculations at 0 K in order to estimate
the corresponding incorporation barrier (Figure 2). In
each calculation, the angle between the Co– extra C (in
blue) bond and the axis, parallel to the nanotube axis
and passing through the Co atom, is kept fixed to a pre-
cise value. The incorporation barrier is estimated to be
0.36 eV, which is weak and could explain the facility to
incorporate the additional carbon necessary for growth.

Figure 1. Spontaneous closure of a (6,6) armchair SWNT.
The model contains 120 carbon atoms (blue and green
spheres), 1 cobalt atom (big red sphere), and 10 hydrogen
atoms (small white spheres at the bottom). Blue and green
spheres represent carbon coordination of 3 and 2, respec-
tively. Coordinations between 2 (green) and 3 (blue) are rep-
resented by the intermediate color palette. The hydrogen at-
oms and the neighboring bottom ring of carbons were kept
fixed during the simulation. (a) Side view of the open-end
starting configuration at 0 K, with 10 two-coordinated car-
bon atoms at the top edge and a Co atom forming a penta-
gon with four other carbons of the “armchair” edge (ground-
state minimum). (b) Top view of the closed-end
configuration after 12 ps at 1500 K and a quench to 0 K.
The tip atomic structure is symmetric and composed of 6
pentagons, 12 hexagons, 1 heptagon, and 1 triangle.

�w A Quicktime movie (movie 1) showing a quantum molec-
ular dynamics simulation of the spontanteous closure of a
(6,6) armchair SWNT at 1500 –2000 K is available.

�w A Quicktime movie (movie 2) showing a quantum molec-
ular dynamics simulation of the incorporation of an addi-
tional carbon atom from the vapor phase into the catalyzed
closed-end tip of a (6,6) armchair SWNT at �2000 K is also
available.
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The electronic states of this atomic structure, at the

top of the incorporation barrier, have also been com-

puted. Some local densities of electronic states, filling

the energy region close to the Fermi level (Figure 2), il-

lustrate the interaction that occurs between the

d-character orbitals of Co and the � orbitals of the ex-

tra C that is incorporated as well as with the surround-

ing carbon atoms. Although these orbitals are partially

spread onto the entire tip, their prominent feature con-

sists of the large-density lobes located on the metal

atom and on neighboring carbon atoms. The Co atom

acts as an electron donor and is also expected to play

the role of a chemically active site, which should help in

the incorporation of new carbon from the vapor phase.

To investigate this assumption, we also studied the

impact of a single carbon atom on the catalyzed tube

edge at �2000 K. The carbon atom is initially projected

along the nanotube axis with thermal velocity, starting

at �5 Å from the edge (see movie 2 in the electronic

version of this article). During the QMD simulation, the

Co atom clearly “stretches out” to capture the incoming

C atom in order to maximize its coordination to car-

bon atoms. After some vibrations of this newly formed

Co–C bond, a C–C bond from a neighboring pentagon

reopens, capturing instantaneously the incoming atom

in order to create a new hexagon, thus minimizing the

energy of the tip apex structure, using a mechanism

close to the one proposed in Figure 2. The breaking of

C–C bonds in the neighboring region of the metal does

provide active sites for the incorporation of incoming

C atoms. Such a fast incorporation of carbon atoms

from the vapor phase obtained in the catalytic growth

of SWNTs should be contrasted with the ab initio simu-

lation performed for SWNTs in the absence of metal

transition.7 A nanotube terminated by a perfect dome

(hemi-fullerenes) containing six pentagons is suffi-

ciently inert to resist any structural changes.25

The incorporation of a second carbon atom on the

catalyzed edge at �2000 K leads to an interesting tip

topology, containing a Stone–Wales (SW) defect26 (two

pentagons and two heptagons coupled in pairs (5-7-7-

5), see Figure 3). Such a defect can easily be trans-

formed into four hexagons by a 90° rotation of a C–C

bond about its center. However, this transformation is

known to have an energy barrier of the order of 6 –7 eV

in a flat graphene sheet27,28 and in C60.25,29 Our ab ini-

tio calculations show that, in the presence of the cata-

lyst atom, the energy barrier is still 5.9 eV when the

bond between the Co and the C dimer stays intact dur-

ing the rotation (clockwise rotation, see Figure 3). How-

ever, this energy barrier is substantially reduced (3.25

eV) when the bond between the Co atom and the rotat-

ing dimer is broken during the transformation (anti-

clockwise rotation, see Figure 3). In the present case,

the Co atom is found to bind loosely to the C dimer dur-

ing the rotation, leading to an energy decrease for the

SW transformation. This result suggests that the Co

atom does play locally a key role in the reconstruction

of the nanotube tip during the growth process.

In order to sample the “weakly characterized” car-

bon vapor phase, which may contain small clusters in

addition to isolated atoms, a cluster containing two Co

and five C has also been projected along the nanotube

axis on the catalyzed tip apex. Again, the incoming frag-

ment is found to be rapidly incorporated into the net-

work of the nanotube tip, so that within less than 0.5 ps

Figure 2. Static ab initio calculations of the incorporation barrier
of an extra C atom into the Co-enriched nanotube tip. At the top
of the 0.36 eV barrier, isovalue surfaces of local electron densities
corresponding to electronic states localized on the carbon nano-
tube terminus, while incorporating the extra C atom. The electronic
state is the HOMO state and illustrates the interaction between
the � orbitals of the extra C atom and the d orbitals of the Co cata-
lyst.

Figure 3. Transition energy barriers for a Stone–Wales de-
fect into four hexagons by a simple 90° rotation of a C–C
dimer (in green) included in the Co-riched nanotube tip. En-
ergy is plotted versus a constrained reaction path. The usual
barrier of �6 eV is reduced to 3.25 eV when the rotating
dimer (in green) involves the breaking of the C–Co bond
(anti-clockwise rotation in the present topology).
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of simulation, the incoming carbon atoms can no

longer be distinguished from the atoms of the original

nanotube. The system was further allowed to evolve for

4.5 ps to observe the evolution of the small Co cluster

(three atoms) present on the apex of the tube. When

several catalyst atoms aggregate at the tube edge, they

do coalesce, suggesting the formation of the seed of a

catalytic nanoparticle.

Ab initio MD calculations provide accurate descrip-

tions of the chemical interactions, but those simula-

tions are limited to small systems and short time scales.

In order to investigate the incorporation of several ex-

tra C atoms on the catalyzed edge, tight-binding Monte

Carlo (TB-MC) simulations have been performed (see

Methods).

In order to study the incorporation of several extra

C atoms into the SWNT, we performed TB-MC simula-

tions at �1000 K on the closing tube containing a single

metallic atom, as depicted in Figure 1b. The extra C at-

oms were added, one by one, close to the tip, up to the

point at which the global system could be considered

to be at thermal equilibrium. Figure 4 illustrates some

sequences in the growth of the nanotube where fi-

nally 10 extra C atoms have been added. The final struc-

ture is stable and corresponds to a length increase of

roughly 1.6 Å. During the TB-MC simulation, we ob-

served the same mechanism described previously,

wherein the metal atom captures the incoming C atom

to incorporate it into the structure. Moreover, the metal

atom can also move laterally at the tip of the tube, as il-

lustrated by its different positions in panels a and c of

Figure 4. Finally, we also noted the insertion of an ada-

tom into a heptagon defect, resulting in the creation of

a pentagon– hexagon pair, leading to a more energeti-

cally favorable topology for the dome. Consequently, a

succession of such easy incorporation of extra C atoms

at different tip locations induces the extension of the

tube and could be viewed as a tip growth mechanism

at the atomic scale.

Although SWNTs have been produced by pre-

formed catalytic particles,12 which are attached to the

tube end and thus closely correlated to the tube diam-

eter (from 1 to 5 nm), these catalytic particles are not

frequently observed at the tube end.4 Nevertheless,

several experimental works report on the presence of

small metal particles attached on the walls of nanotube

bundles,30 but the catalytic effects of the metal in or

on the side-wall are not discussed in the present pa-

per.31 Moreover, NMR experiments32 have clearly dem-

onstrated that �0.5 wt % of each catalyst (Co, Ni), used

to synthesize SWNTs, is found to remain in purified

samples even after prolonged treatments in boiling

concentrated HNO3, suggesting that small metallic clus-

ters or isolated atoms are incorporated in the graphitic

structure of the nanotubes. Consequently, the presence

of any remaining metal catalyst atoms at the nano-

tube tip (even in very small amounts) cannot be ex-

cluded. However, their presence, which is certainly not

easy to establish experimentally, should really influence

the field emission properties of these SWNTs and could

probably be observed by looking at field emission pat-

terns characterizing the tip composition and topology.

Magnetic susceptibility measurements and magnetic

STM could be used to investigate the presence of metal

catalysts at the nanotube tip, as such experimental

techniques are sensitive to tiny amounts of magnetic

transition metals. At this stage, a better method for ex-

perimental characterization of the atomic structure of

single-walled nanotube tips is required. The fact that

pentagon– heptagon pair defects have been observed

experimentally on several occasions is also an indication

that this type of defect, catalyzed by the transition

metal, plays a role in the growth of the structure. On

some occasions, it may stay not repaired, perhaps be-

cause another active site has been formed on the top;

the 5-7 pair defect stays incorporated and changes the

chirality of the tube, as observed experimentally. At last,

although SWNTs of different helicities have not been in-

vestigated here, the catalytic role played by the metal

atom in substitution would be analogous in recon-

structing a defect-free topology for a cap induced by a

chiral nanotube.

In summary, our calculations suggest a possible mi-

croscopic mechanism for the catalytic growth of SWNTs

using a closed-end mechanism. In the presence of a

small amount of metal catalyst, the nanotube end ge-

ometry exhibits a high degree of chemical reactivity

and accommodates several incoming carbon atoms,

supporting a closed-end tip growth model. The latter

may coexist with the usual root growth mechanism fre-

quently proposed in the literature. Understanding the

Figure 4. Incorporation of 3 (a), 6 (b), and 10 (c) extra C at-
oms on the catalytic closed end of a (6,6) armchair SWNT
(side and top views). The Co atom is represented by a big
red sphere, while the small green spheres correspond to the
extra C atoms. In the equilibrium configurations, the Co–C
bond lengths range from 1.9 to 2.1 Å.
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growth mechanisms at the atomic level is crucial to de-
signing procedures for controlling growth conditions

to directly obtain more practical structures for
nanotechnology.

METHODS
Quantum molecular dynamic (QMD) simulations are a pow-

erful tool to explore dynamical effects such as growth, since
they include both the influence of temperature on the motion
of the atoms and the quantum mechanical description of the
corresponding electronic system. In contrast to Born–Oppenhe-
imer molecular dynamics, wherein the nuclear (ion) degrees of
freedom are propagated using ionic forces which are calculated
at each iteration by approximately solving the electronic prob-
lem with conventional matrix diagonalization methods, the Car–
Parrinello method33 used here explicitly introduces the elec-
tronic degrees of freedom as (fictitious) dynamical variables,
writing an extended Lagrangian for the system which leads to a
series of coupled equations of motion for both ions and elec-
trons. In this way, an explicit electronic minimization at each it-
eration is not needed: after an initial standard electronic minimi-
zation, the fictitious dynamics of the electrons keep them on
the electronic ground state corresponding to each new ionic
configuration visited along the dynamics, thus yielding accurate
ionic forces. In order to maintain this adiabaticity condition, it is
necessary that the fictitious mass of the electrons is chosen small
enough to avoid a significant energy transfer from the ionic to
the electronic degrees of freedom. This small fictitious mass in
turn requires that the equations of motion are integrated using
a smaller time step than the ones (1–10 fs) commonly used in
Born–Oppenheimer molecular dynamics.

In this approach,33 the forces acting on the atoms are de-
rived from the instantaneous electronic ground state, which is
accurately described within density functional theory (DFT) in
the local density approximation (LDA). The interaction between
valence electrons and ionic cores is described using Troullier–
Martins pseudopotentials for carbon and cobalt.34 Periodic
boundary conditions are adopted, keeping a minimum 7 Å dis-
tance in order to avoid interactions between repeated images.
The electronic wavefunctions at the �-point of the supercell Bril-
louin zone are expanded into plane waves with a kinetic en-
ergy cutoff of 60 Ry. Within such a scheme, the calculated intra-
planar lattice constant of graphite (2.46 Å), the C–C bond lengths
in C60 (1.40 and 1.47 Å), and the lattice constant of hexagonal
close-packed cobalt (2.49 Å) agree with experiment to within 1%.
For each QMD run, the SWNT section is initially relaxed to its
equilibrium geometry before being gradually heated to temper-
atures of 1500 –2000 K by means of a Nosé thermostat.35 The
equations of motion are integrated using a time step of 0.7 fs.

In the tight-binding Monte Carlo (TB-MC) simulations, the in-
teractions between metal and carbon atoms are treated within
the semi-empirical tight-binding model, in which the total energy
is a sum of local contributions, including a band structure term
and an empirical repulsive term.36 In this model, s,p electrons of
the carbon and d electrons of the metal are taken into account.
The local densities of electronic states are calculated using the
recursion method.37 To keep the model as simple and fast to
compute as possible, we neglect the metal s electrons and calcu-
late only the first four moments of the local densities of states.
The local energy of each atom therefore depends only on the po-
sitions and chemical identities of its first and second neighbors,
as defined by a cutoff distance set at 3.20 Å. Numerous tests were
performed to check the reliability of the model: we obtain the
same energy barrier for the continuous transformation of rhom-
bohedral graphite to diamond as reported by Fahy et al.;38 we re-
trieve the so-called clock reconstruction of the Ni(100) surface
by simple relaxation of an adequate initial configuration,39 and
we could estimate a carbon solubility limit in crystalline Ni at
1500 K of �6 – 8%, to be compared with the experimental value
of 4%. Such an atomic interaction model has then been imple-
mented in a Monte Carlo code, based on the Metropolis algo-
rithm,40 to study the relaxation of atomic structures at finite tem-
perature and has recently been successfully tested on the
dissolution and segregation of C in the presence of a Ni(111) sur-

face.18 In the present work, the TB-MC simulations are used in
the canonical ensemble (with a fixed number of metal and C at-
oms) to study the incorporation of C atoms on the catalyzed
edge, keeping fixed the neighboring bottom ring of carbons.
The Monte Carlo computer simulation is organized as a series
of macrosteps. Each macrostep randomly performs displacement
moves for metallic and/or carbon atoms. Typical runs consist of
103 external Monte Carlo loops, each of them randomly perform-
ing 103 atomic displacements trials. This number of macrosteps
is large enough to reach the equilibrium state.
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