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Carbon nanotubes (CNTs) have unique properties that make them potential candidates for many technological
applications, such as nano-scale electronic devices, exceptionally strong materials, chemical sensors and hydrogen
storage.1 Intense research into the growth of CNTs over the past one and a half decades has resulted in an increase in
nanotube length and yield by many orders,2, 3 so that CNTs of mm or cm lengths can be grown4, 5 and yields are
close to kilograms per day. In contrast, less progress has been made in understanding the detailed CNT growth
mechanism, even though this is expected to aid in identifying methods for chirality controlled production.6-13 In
particular, it is still not understood why Fe, Co, and Ni (or alloys containing these metals) are better catalysts than
other metals for growing CNTs.
Except for a few special cases such as arc discharge production of multi-walled carbon nanotubes (MWNTs)2
and template growth,14 catalyst particles are essential for CNT growth. In fact, previous studies6, 15 show that, in the
absence of catalyst particles, addition of carbon species to or thermal annealing of open SWNT ends lead to their
closure. The driving force behind the nanotube closure is the instability of the carbon dangling bonds (DBs) at the
open end
As illustrated in Fig. 1, carbon atoms on or in the metal particle diffuse to the open end and add into the SWNT
wall (Fig. 1a). The three scenarios illustrated in the model are 1) SWNT closure (aÆbÆc), 2) SWNT growth
without change in diameter (aÆd) and 3) SWNT growth where the diameter approaches that of the metal cluster
(aÆeÆf). In scenario 1, where pentagons are incorporated at the open end, SWNT growth ceases and the nanotube
may detach from the particle. In scenario 2, any defects at the SWNT end are healed, possibly by the catalyst
particle, or they do not lead to a change in tube diameter (e.g., Stone-Wales type defects). Most topological defects
(e.g., pentagons, heptagons or pentagon-heptagon pairs) lead to a change in SWNT diameter, and if not healed they
may increase the diameter as in scenario 3. Both the second and third scenarios may be relevant for SWNT growth.
For example, thin nanotubes joined to large catalyst particles are often observed in laser ablation, arc discharge and
sometimes in chemical vapor deposition (CVD) with floating catalyst experiments7,16 whereas nanotubes with
diameters that are similar to the catalyst particles are often seen in CVD experiments of supported SWNT growth.1719

Figure 1. Three possible SWNT growth scenarios from a catalyst particle. aÆbÆc, the nanotube
forms a closed cap; aÆd, the nanotube elongates without a change in diameter; aÆeÆf, the nanotube
elongates and the diameter approaches that of the catalyst particle. The arrow shows the tube open endcatalyst interaction strength corresponding to the three growth scenarios (see text for details).
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The formation energy of a SWNT open end that is bonded to a metal cluster is:
(1)
= EFree − EC − M

where EFree is the formation energy of DBs at the nanotube end (i.e. the energy to cut a SWNT in two) and EC-M is
the nanotube-metal interaction energy (i.e., the energy required to separate the open end of the SWNT from the
metal cluster). Approximately,8 the formation energy can be written as:
E f ≈ nDB ε DB − nC − M ε C − B
(2)
where nDB, nC-M, ε DB ,

ε C −M

are the number of dangling bonds, the number of carbon atoms attached to metal

cluster, the DB formation energy and the carbon-metal (C-M) bond strength, respectively. For a growing tube, all
carbon atoms at the open end are attached to the catalyst particle, nDB=nC-M, and:
E f ≈ nDB (ε DB − ε C − M )
(3)
Eq. (3) shows the competition between the DB formation energy and the tube-metal interaction that governs
which of the three growth scenarios in Fig. 1 is favored. The energetic description of the three scenarios shown in
Fig 1. are:
I.
ε DB > ε C − M + ε P , where ε P is the penalty energy required to incorporate defects into the nanotube

II.

wall. The DB energy is larger than the sum of the C-M and penalty energies and the nanotube closes as
shown in scenario 1.
| ε DB − ε C − M |< ε P . The DB and C-M energies are similar and their difference less than the penalty

III.

energy. There is no or very little energy gain associated with increasing or decreasing the number of
carbon-metal bonds at the expense of the DBs. This favors scenario 2 and there is no change in the
SWNT diameter.
ε DB + ε P < ε C − M . This yields negative formation energy since the C-M energy is larger than the sum

of the DB and penalty energies. The adhesion energy is maximized by increasing the number of carbon–
metal bonds (or number of DBs because nDB=nC-M), and the SWNT diameter will increase to that of the
metal particle. This is scenario 3.
Hence, the C-M bond strength must be similar to, or larger than, the DB formation energy for SWNT growth
(scenarios 2 and 3, respectively).
The validity of the model is studied by MD simulations where we artificially vary the metal-carbon bond
strength from being strong, relative to the DB formation energy, to being weak. As illustrated in Fig. 2, the open
end of a SWNT cap closes when artificially decreasing the carbon-metal bond strength to less that of the C-C bonds
(a Æ b), whereas stronger carbon-metal bonds maintain an open end that allows for SWNT growth (a Æ c).

Figure 2. MD simulations of SWNT growth with varying carbon-metal interaction strengths. The
open end of a carbon cap on a Fe50 catalyst particle (a) closes after addition of carbon atoms when the
carbon-metal interaction is weak (aÆb) and remains open to support SWNT elongation when the
carbon-metal interaction is strong (aÆc). The potential energy surface used to obtain the cap in panel a
and the SWNT growth aÆc has previously been used to simulate the catalytic nanotube growth. 9, 10 11
12
The carbon-metal bond strengths, which are fit to DFT energies, are stronger than the DB energies
(described by the Tersoff-Brenner potential20), i.e., ε C − M > ε DB .
Density functional theory (DFT) was used to calculate the formation energy of the SWNT open end and the
binding strength between SWNT and metal particles. Three serious structures, (5,0)@M13, (5,5)@M55 and
(10,0)@M55 (M=Fe, Co, Ni, Pd, Cu or Au) was studies. The results shows
1.
Fe. Co and Ni, the known efficient catalysts for SWNT growth always have stronger tube-metal

interaction over Cu, Au and Pd, which are scarcely used to catalyze SWNT growth.
The formation energy of the SWNT open end that attached to the catalyst particle surface are positive
for Cu, Au and Pd in all cases, which means these metals can’t maintain an open end of the SWNT for
growth according the model presented.
3.
For Fe, Co, and Ni, either the tube open end has negative formation energy (e.g. for (5,0)@M13) or have
very small positive value (e.g., (5,5)@M55 or (10,0)@M55). Combined with the penalty energy of
adding defects to the SWNT wall, we can conclude that these metals are able to maintain an open eng
for SWNT growth.
4.
There are slightly difference between the formation energy of the (5,5)@M55 and (10,0)@M55, which
indicates the bias of the chirality during SWNT growth. The formation energy of the armchair tube is
about ~0.1 eV/DB (dangling bond) lower than that of zigzag one, so the SWNT chiral distribution
should be either randomly or bias to the armchair edge, which is in very good agreement with the know
experimental observations.
In conclusion, a necessary condition for catalytic SWNT growth, that the binding between the catalyst particle
and the SWNT end must be strong was proposed and studied by MD simulation and ab initio calculation. Based on
the ab initio calculations, the bias of the chiral angle of SWNT production are revealed and the possible means of
chirality selected SWNT growth are discussed.
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