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ABSTRACT

Density functional theory is used to show that the adhesion between single-walled carbon nanotubes (SWNTs) and the catalyst particles from
which they grow needs to be strong to support nanotube growth. It is found that Fe, Co, and Ni, commonly used to catalyze SWNT growth,
have larger adhesion strengths to SWNTs than Cu, Pd, and Au and are therefore likely to be more efficient for supporting growth. The
calculations also show that to maintain an open end of the SWNT it is necessary that the SWNT adhesion strength to the metal particle is
comparable to the cap formation energy of the SWNT end. This implies that the difference between continued and discontinued SWNT growth
to a large extent depends on the carbon −metal binding strength, which we demonstrate by molecular dynamics (MD) simulations. The results
highlight that first principles computations are vital for the understanding of the binding strength’s role in the SWNT growth mechanism and
are needed to get accurate force field parameters for MD.

Single-walled carbon nanotubes (SWNTs) have unique
properties that make them potential candidates for many
technological applications,1 but many of these applications
require cheap and controlled SWNT production. Although
research over the past one and a half decades has greatly
improved SWNT production leading to orders of magnitude
increases in nanotube length and yield,2-5 there is still
relatively poor control of growth with regard to diameter,
chirality, and length. Computational modeling of this process
has an important role in deepening the understanding of the
SWNT growth mechanism at the atomic level,6-15 together
withinsitutransmissionelectronspectroscopyobservations.16-23

The ultimate challenge of a growth model is the identifica-
tion of methods for chirality selective production, much like
the vision of Richard Smalley of a production unit with two

buttons, one to choose the indexn and the other to choose
the indexm, and in such a way fabricate a specific (n,m)
SWNT.24

The vapor-liquid-solid (VLS) model serves as a phe-
nomenological mechanism for the catalytic growth of nanofi-
bers and nanotubes and is used as a basis for our discussion
of SWNT growth.25-28 The catalyst metal particles serve
many purposes such as feedstock decomposition, facilitating
the nucleation of nanotubes, healing defects during nanotube
growth, and possibly dissolving carbon species. We argue
here, however, that an additional critical role is to maintain
open ends of growing SWNTs, because previous studies7,29

and our molecular dynamic (MD) simulations based on a
PM3 semiempirical potential energy surface show that in
the absence of catalyst particles addition of carbon species
or thermal annealing of open SWNT ends leads to their
closure. This is due to the instability of the carbon dangling
bonds (DBs) at the end of the nanotube. We believe that
this is the reason why experimental observations show that
SWNTs typically have one free-standing closed end and one
open end attached to a catalyst particle.16,30,31We focus in
this paper on the attractive interactions between the SWNT
and the catalyst metal particle and estimate how strong these
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interactions have to be to overcome competing processes that
would terminate growth, such as formation of a cap at the
growing end of the SWNT.

We have chosen four different model systems (Figure 1)
to be investigated by density functional theory (DFT)
calculations: a (5,0) zigzag nanotube adhered to a M13

cluster, a (3,3) armchair nanotube adhered to the same M13

cluster, a larger (5,5) armchair nanotube adhered to a M55

cluster, and finally a (10,0) zigzag nanotube adhered to a
M55 cluster. The metal, M, is Fe, Co, Ni, Cu, Pd, or Au.
Icosahedral structures were chosen for the metal particles,
because these are known to be local geometry minima for
many metal clusters in this size range. The nanotubes were
modeled as three-layered hydrogen-terminated fragments.
The M13-(5,0) and M13-(3,3) systems should be considered
as test systems, because SWNTs of this size are not usually
observed free-standing but inside larger nanotubes or tem-
plates.32,33 The larger M55-(5,5) and M55-(10,0) systems are
more realistic, first because metal particles of similar size
have been found to grow nanotube-like structures in MD,11

and second because individual SWNTs of this size are widely
found experimentally.34 Fe, Co, and Ni are selected for these
studies because they are the most commonly used catalysts
for SWNT growth, and Cu, Pd, and Au are chosen because
they are not commonly used as SWNT growth catalysts
although they can decompose carbon feedstock.35-37 In fact,
Cu is one of the best catalysts for carbon fiber growth.37

The DFT calculations were done using the Vienna ab initio
simulation package38 with the projector augmented-wave
method and the Perdew-Wang parametrization of the

exchange-correlation energy.39 The plane-wave basis set
energy cutoff was 400 eV, a number that converged the
adhesion energies to less than 2 meV/bond. The simulation
box for (5,0)-M13 was 10× 10× 30 Å for M ) Fe, Ni, and
Co, and 12× 12 × 30 Å for M ) Cu, Au, and Pd. For
(5,5)-M55 and (10,0)-M55, 15 × 15 × 30 Å and 18× 18 ×
30 Å simulation boxes were used. A Gaussian smearing of
0.05 eV was used for M13 systems, while the Methfessel-
Paxton scheme40 was applied to the larger systems that have
a more metallic character. The smearing width was adjusted
so that the energy associated with the electronic entropy was
<0.5 meV/atom. All calculations were spin-polarized and
initiated with a total magnetic moment larger than that of
the sum of the atomic ground states of the individual cluster
and nanotube systems. The total magnetic moments for the
SWNT-metal complexes were found to be approximately
20% smaller compared with the bare metal cluster, due to
bond creation between the cluster and the carbon nanotube.
The structures were relaxed with no symmetry constraints
until the total energies were converged to<0.1 meV and
average residual forces<0.01 eV/Å. Some of the results were
validated with Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional41 and atom-centered Gaussian basis sets
within the program package TURBOMOLE42 (the details of
which will be published elsewhere).

The resulting adhesion energies (divided by the number
of DBs for each nanotube) are charted in Figure 2. They
span from about 1 to 3 eV/bond with a definite trend: the
commonly used catalysts, Fe, Ni, and Co, interact more
strongly with the SWNT open end than the less efficient
Pd, Cu, and Au catalysts. From this observation, we postulate
that sufficiently strong adhesion energy of the SWNT end
is a necessary (but not sufficient) condition for SWNT
growth.

To understand the critical role of the adhesion strengths
and why there might be a limiting value for SWNT growth,
we consider the process of the SWNT dissociating from the
catalyst particle and forming a capped end. The reaction
pictured in Figure 3 can be written as

The free energy of this reaction must be positive for growth
to be stable under equilibrium conditions; otherwise the
nanotube would spontaneously form a cap. The enthalpy
change for the first step is the negative value of the adhesion
energies (bond strengths in Figure 2 multiplied with the
number of DBs). These represent the upper bound of the
activation enthalpy for the reaction in eq 1. To quantify the
enthalpy change for the full reaction, we constructed capped
versions of the (5,5) and (10,0) nanotubes fragments and
optimized their geometries. The results are given in Table
1. The strong SWNT-metal bonds for Fe, Co, and Ni give
them large positive reaction enthalpies that hinder cap
formation, while the metal-SWNT adhesion for
Au and Cu particles is not sufficiently strong to main-
tain the open end of the SWNT. The enthalpy change for

Figure 1. The four model systems used for calculating metal
particle-SWNT binding strengths. Top left is a M13 icosahedral
cluster+ (3,3) SWNT fragment; top right is the same M13 cluster
but with a (5,0) SWNT fragment; bottom left is a bigger M55

icosahedral cluster with a (5,5) SWNT; and bottom right is a M55

cluster+ (10,0) SWNT. The metals M) Fe, Co, Ni, Cu, Pd, and
Au were studied.

Metal-SWNT f Metal + open-ended SWNTf Metal +
capped SWNT (1)
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Pd is only slightly positive, and entropic effects may be
important for this metal if the growth temperature is high.
Calculating entropy changes is beyond the scope of this
paper.

We postulate that a sufficiently strong SWNT-metal
adhesion is needed to prevent SWNT closure and hence allow
for growth of long nanotubes. A series of MD simulations
at 1000 K was performed to study the effect of the

nanotube-metal interaction strength in SWNT growth, and
a typical example is shown in Figure 4. The simulation
method and potential energy surface are the same as in ref
10. Using a carbon metal (C-M) bond strength of 2.5-3.0
eV, which is comparable to the DB formation energy (∼2.5
eV), adding one carbon atom to a random surface location
of a Fe50 catalyst particle every 40 ps, leads to the creation
of the SWNT cap as exemplified in Figure 4a. Continuation

Figure 2. Bond strengths between catalyst particles and open SWNT ends for the four different combinations shown in Figure 1. The
catalysts that are commonly used for SWNT growth, Fe, Co and Ni, bind stronger to the SWNT end than Pd, Cu, and Au.

Figure 3. Schematic illustration of the dissociation of a SWNT from a metal catalyst particle. A cap forms in the second step, because the
carbon DBs at the nanotube end are no longer stabilized by the catalyst particle. Strong metal-SWNT binding strength (e.g., Fe) prevents
spontaneous cap formation (∆E > 0). But weakly interacting metals like Au do not have sufficient binding strength (∆E < 0) to prevent
cap formation and separation of the SWNT from the catalyst particle.
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of the MD simulation with unchanged parameters resulted
in a longer SWNT with maintained diameter (Figure 4c).
But when the C-M bond strength was artificially reduced
(1.5-2.0 eV) it resulted in a considerable decrease in the
diameter (Figure 4b). In fact, the structure shows resemblance
with large fullerene formation. Consequently, our MD
simulations show that decreased adhesion strength between
the carbon and metal leads to discontinued SWNT growth.
The DFT calculations presented here show that the com-
monly used SWNT catalysts form strong carbon-metal
bonds. Thus, the MD trajectories confirm the critical role of
strong C-M interactions for the growth of SWNTs.

The importance of the carbon-metal adhesion strength
can also be viewed from another perspective: if the adhesion
strength is enough to prevent nanotube closure, it may also
facilitate expansion of the nanotube end, because increasing
the number of carbon-metal bonds would lower the energy
of the system. Increasing the SWNT diameter also decreases
the curvature energy. However, energy is also required to
introduce defects that break the graphene (honeycomb)
geometry and that allows for an increase in diameter. Hence,
an increase in diameter is thermodynamically favorable if
the magnitude of the defect energy is less than the decrease
in SWNT-metal adhesion and curvature energies. An
extensive study would be required to quantify the defect
energies for different nanotubes and defects (as a rough
estimate it can be noted that∼5 eV is required to introduce
a heptagon-pentagon pair43). However, the bond energies
in Table 1 suggest that the SWNT is more likely to expand
on Fe, Co, and Ni nanoparticles than on other metals, leading

to CNT diameters that match the size of the metal particles.
This should be possible to confirm experimentally when
using seed growth methods to control SWNT diameters,44

and our results show that the choice of catalyst is crucial
for the success of this method.

Figure 5 summarizes three different scenarios that depend
on the relative strength of the SWNT-catalyst particle
interaction. Scenario I is relevant for particles with weak
interaction to the SWNT end and does not promote growth,
while scenarios II and III are relevant for SWNT growth.
We believe that the binding energy-based scenarios I, II, and
III together map out a SWNT growth mechanism that is both
intuitive and encompassing. Together with our MD simula-
tions, the DFT results presented in this work indicate that
the VLS-based model provides a good basic description for
SWNT growth, but that the relative magnitudes of the C-M
and DB energies need to be incorporated into the model.
Also the directionality of bonds involving carbon, which is
much more pronounced than for metal-metal bonds, is
important for the formation of carbon nanotubes and dictates
the shape of the catalytic nanoparticles. The shape change
of apparent crystalline metal particles and if there will be
surface or bulk diffusion and the dependence on temperature
and the size of the cluster needs to be investigated further
and requires a computational study of its own. Some of these
issues have been considered for metal surfaces and mono-
atomic step-edges by Helveg et al., and the mobility of C
was shown to be lower than the mobility of Ni adatoms on
Ni(111) surfaces.16,45

It is important to note that entropic effects may be
important at experimental growth temperatures (∼800-1200
K). For example, the catalyst particles change shape during
growth, and the curvature of the particle where the SWNT
is attached may well affect the adhesion energy. We note
that the influence of curvature seems to be small, because
the trend and magnitude of carbon-SWNT bonding energies
are the same for M13 and M55 systems studied here, even

Figure 4. MD simulations of SWNT growth with different
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 was changed to be weak (afb)
and remains open to support SWNT elongation (afc) when the
carbon-metal interaction is strong, that is, kept the same as for
the formation of the initial complex (a).

Table 1. Dissociation Energies for (5,5) and (10,0) SWNTs
from M55 Catalyst Particles to Capped Nanotube Ends
According to Eq 1 (See Figure 3)

metal
dissociation energy

(eV) for (5,5) SWNTs
dissociation energy

(eV) for (10,0) SWNTs

Fe 2.2 5.6
Co 3.7 4.9
Ni 3.5 5.2
Pd 0.8 1.8
Cu -3.7 -1.8
Au -5.0 -5.5

Figure 5. Three possible SWNT growth scenarios from a catalyst
particle: I (afbfc), the nanotube forms a closed cap; II (afd),
the nanotube elongates without a change in diameter; and III
(afeff), the nanotube elongates and the diameter approaches that
of the catalyst particle. The arrow shows the SWNT-catalyst
interaction strength giving rise to the three growth scenarios.
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though the curvature of the metal clusters is different. In
fact, it has been shown that the correct trends in SWNT-
metal-binding energy can be simulated using constrained
metal rings instead of metals clusters.46 Further, the presence
of nonmetal species on the surface of the catalyst, such as
carbon, oxygen, and hydrogen, may also effect the nano-
tube-catalyst interaction and enable growth from metal
catalysts that would not by themselves have sufficiently
strong interaction.47-49 The underlying arguments regarding
the importance of strong catalyst adhesions to support SWNT
growth and the ability to tune this adhesion to control the
nanotube production remain valid, however, whatever the
catalyst composition may be. We believe that a growth
mechanism based on binding energies/adhesion energies
should be used as a basis for the explanations of many CNT-
related observations, such as MWNT formation, possibly
related to strong/favorable C-M bonds, promotion of
catalysts by alloying carbide forming metals (Mo, W, etc.),
possibly making metal particle-nanotube adhesion stronger,
and effects of heteroatoms (H, O, N, etc.) in the carbon
feedstock.

In summary, strong adhesion between SWNTs and the
metal clusters from which they are produced is a requirement
for SWNT growth. This adhesion must be larger than the
energy gained by the SWNT when carbon dangling bonds
form a cap. From our first principles computations, this
requirement is fulfilled by Fe, Ni, and Co. Cu, Pd, and Au
have weaker adhesion strengths but might support growth
by virtue of the penalty energy needed to introduce defects
into the SWNT honeycomb structure. We deduce that of the
many functions of the catalytic metal particles the most
important are assisting carbon feedstock cracking, facilitating
the nucleation of nanotubes, and stabilizing the open end of
the nanotube during growth. We have shown the last of these
is required for SWNT growth. Because both the cap
formation energy and SWNT-catalyst adhesion energy
depend on the chirality of the SWNT, the present model can
potentially be used to design possible routes of chirality-
controlled growth by careful selection of metals for the
catalyst particle. Furthermore, alloying metals by mixing
large SWNT adhesion strength metals with varying mole
fractions of metals with weak SWNT adhesion strengths
could allow one to influence the chirality distributions of
the SWNT product. For example, there may be a metal or
alloy that gives a positive dissociation energy (see Table 1)
for zigzag SWNTs and a negative dissociation energy for
armchair SWNTs. Hence, if we can find this metal/alloy we
would grow predominantly zigzag SWNTs.
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