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Abstract

Over the past 20 years’ researchers have tried to utilize the remarkable properties of
single-walled carbon nanotubes (SWCNTs) to create new high-tech materials and devices,
such as strong light-weight composites, efficient electrical wires and super-fast transistors.
But the mass production of these materials and devices are still hampered by the poor
uniformity of the produced SWCNTs. These are hollow cylindrical tubes of carbon where
the atomic structure of the tube wall consists of just a single atomic layer of carbon
atoms arranged in a hexagonal grid. For a SWCNT the orientation of the hexagonal grid
making up the tube wall is what determines its properties, this orientation is known as the
chirality of a SWCNT. As an example, tubes with certain chiralities will be electrically
conductive while others having different chiralities will be semiconducting.

Today’s large scale methods for producing SWCNTs, commonly known as growth
of SWCNTs, gives products with a large spread of different chiralities. A mixture of
chiralities will give products with a mixture of different properties. This is one of the
major problems holding back the use of SWCNTs in future materials and devices. The
ultimate goal is to achieve growth where the resulting product is uniform, meaning that
all of the SWCNTs have the same chirality, a process termed chirality-specific growth. To
achieve chirality-specific growth of SWCNTs requires us to obtain a better fundamental
understanding about how they grow, both from an experimental and a theoretical point
of view.

This work focuses on theoretical studies of SWCNT properties and how they relate
to the growth process, thereby giving us vital new information about how SWCNTs grow
and taking us ever closer to achieving the ultimate goal of chirality-specific growth. In this
thesis, an introduction to the field is given and the current state of the art experiments
focusing on chirality-specific growth of SWCNTs are presented. A brief review of the
current theoretical works and computer simulations related to growth of SWCNTs is also
presented. The results presented in this thesis are obtained using first principle density
functional theory. The first study shows a correlation between the stability of SWCNT-
fragments and the observed products from experiments. Calculations confirm that in
84% of the investigated cases the chirality of experimental products matches the chirality
of the most stable SWCNT-fragments (within 0.2 eV). Further theoretical calculations
also reveal a previously unknown link between the stability of SWCNT-fragments and
their length. The calculations show that at specific SWCNT-fragment lengths the most
stable chirality changes. Thus, introducing the concept of a switching length for SWCNT
stability. How these new results link to the existing understanding of SWCNT growth is
discussed at the end of the thesis.
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Chapter 1

Introduction

“I have no special talents.
I am only passionately curious.”

Albert Einstein

Future high-tech materials and devices can make use of nanomaterials to enhance their
properties, a particularly interesting nanomaterial is the single-walled carbon nanotube
(SWCNT) due to its electrical, thermal, optical and mechanical properties. This is a
hollow cylindrical tube, where the tube wall is made of carbon atoms arranged in a hex-
agonal grid. It has been demonstrated that the properties of a SWCNT are significantly
different depending on the orientation of this hexagonal grid, with regards to the tube
axis. This is known as the chirality of the SWCNT and is defined by two chiral indices
(n,m).

Today’s techniques for mass producing (growing) SWCNTs results in products with
a mixture of chiralities and thus a mixture of properties. This non-uniformity of the
products is one of the major issues that must be solved before new materials and devices
based on SWCNTs become mainstream. In order to create a uniform product where
all SWCNTs have the same chirality, we need to have control over the chirality during
growth (achieving chirality-specific growth). To reach this level of control we first need
to understand the fundamental mechanisms behind growth of SWCNTs.

In this thesis, a theoretical approach based on first principle density functional theory
(DFT) is used to study previously unknown properties of SWCNTs, their stability and
how this links to the growth process. The results provide new information about SWCNTs
and their growth mechanisms, taking us ever closer to achieving the ultimate goal of
chirality-specific growth.
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4 Introduction

1.1 Background

In the beginning of the 1990s Sumio Iijima, Toshinari Ichihashi [1] and Donald S. Bethune
et al. [2] were the first to synthesize (grow) SWCNTs experimentally using the arc-
discharge method. This method can be considered ”messy” since the product contains
many other carbon nanomaterials, such as fullerenes and multi-walled carbon nanotubes.
In addition, this method results in poor control over the growth. The arc-discharge
method was later superseded by the laser ablation method [3,4], which allowed for better
control over growth parameters thus giving a better yield of SWCNTs. Towards the
end of the 1990s, a third method for producing SWCNTs was introduced, the catalytic
chemical vapor deposition (CCVD) method [5–8]. This method works by passing a carbon
containing gas over catalytic metal particles at temperatures (∼900 K) much lower then
arc-discharge (∼4000 K) and laser ablation (∼1500 K), allowing for even better control
over growth parameters. CCVD has allowed researchers to grow SWCNTs at very high
yields [9–11] and long lengths [12–14], making this method ideal for mass production of
SWCNTs. However, at constant growth conditions this normal CCVD method tends to
give products with a large spread of different chiralities (low uniformity), though with
a statistical preference towards armchair (n, n) and near-armchair (n, n − 1), (n, n − 2)
chiralities.

The quest for chirality-specific growth has motivated researchers to explore new ways
of improving the normal CCVD method. Apart from changing CCVD growth parame-
ters such as pressure, temperature, etc. new techniques such as cloning and seeding have
been developed. These new techniques have been successful in producing SWCNT pro-
ducts with single chiralities, though they have their limitations. Cloning requires already
formed SWCNTs of the desired chirality to cut and clone. Similarly, the seed methods
have shown low yields and short SWCNT lengths, which is not ideal for mass production
uses. In addition to these two techniques, a great deal of research has been focused on
designing new catalysts which can act as templates for growing specific SWCNTs. This
has in resent years lead to a breakthrough in templating CCVD growth, where Yang et
al. [15, 16] managed to grow both chiral (12, 6) and zigzag (16, 0) SWCNTs at 92% and
80% selectivity (uniformity), respectively. Although a lot of research on the templating
CCVD method still remains before it is applicable at large scales, the work of Yang et
al. has emphasized the possibilities of this method.

Theoretical research employing computer modeling to study the growth process has,
in conjunction with experimental research given us vital information about the funda-
mental mechanisms behind SWCNT growth. First principle DFT calculations has shown
why certain metals are catalytic while others are not [17,18]. DFT was also instrumental
in developing the screw dislocation growth model [19] and its later combination with
interface thermodynamics. To give the continuum model [20], which connects both SW-
CNT growth rates to chiralities and chiralities to the SWCNT-metal interface energies.
All this knowledge about the growth process was gained from static calculations, me-
aning that no time component was considered. Performing dynamic simulations (time
evolution) of the SWCNT growth process is very challenging because of the slow gro-
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wth rate of SWCNTs. However, this has not discouraged researchers from carrying out
such simulations. Interesting results have been found, such as the ability of SWCNTs to
change their chirality during the early stages of growth [21,22].

Research aimed at increasing the understanding of how SWCNTs grow is essential
in order to meet the product uniformities required for future high-tech materials and
devices. In particular, a deeper fundamental understanding of the mechanisms underlying
SWCNT growth is crucial for the design of new methods that can achieve chirality-specific
growth at large scales. This fundamental understanding of the growth processes can be
gained by theoretical studies using computer modeling, which is the motivation for the
work performed in this thesis.

1.2 Scope
The aim of this work is to investigate the SWCNT growth process using computer mo-
deling and thus increase the fundamental knowledge about how SWCNTs grow. In par-
ticular, to study the relative energies (stability) of different SWCNT chiralities and cor-
relate them with experimental findings. Additionally, based on the knowledge gained
from this work one of the aims is to propose new ways of producing SWCNTs of desired
chiralities.

From this the following research questions were formulated:

Q1: Can the statistical abundance of certain SWCNT chiralities observed in products,
be explained by the difference in energy for different chiralities?

Q2: If from Q1 a connection between abundance and energy difference is observed,
what gives rise to this energy difference for SWCNTs?

Q3: Can new methods for chirality-specific growth be devised based on the knowledge
gained from Q1 and Q2?
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Chapter 2

Carbon Nanomaterials

“Luminous beings are we, not this crude matter.”

Master Yoda

Carbon is by mass the fourth most abundant element in the universe, after hydrogen,
helium and oxygen. At the time of writing this thesis all forms of known life is carbon
based. Thus, carbon exists all around us. It exist in all of the things we (humans) eat
and drink (except water) and most of the materials around us (plastics, textiles, biotic
materials, etc.) contains carbon.

(a) (b)

Figure 2.1: (a) Graphite [23], opaque and soft. (b) Diamond [24], transparent and hard.

Carbon is the 6-th element in the periodic table, denoted by the chemical symbol C
and it is the lightest element in group 14 with an atomic mass of 12.011u. The atoms
of carbon can bond together to form different structures, known as allotropes. These
allotropes have widely varying properties from being black and opaque (Figure 2.1a) to
completely transparent (Figure 2.1b), soft enough to write with (graphite) or the har-
dest natural material known (diamond). Responsible for this diversity in structures and
properties of carbon allotropes is the electronic structure, given by an 1s22s22p1

x2p1
y2p0

z

electron configuration, providing four valence electrons which can combine/mix in order
to form up to four distinct carbon-carbon bonds (C-C bonds).

7



8 Carbon Nanomaterials

2.1 The Carbon-Carbon Bonds
In order to understand the different C-C bonds one first has to understand the electronic
structure of carbon. A carbon atom has six electrons, by applying Hund’s rules [25] we
can determine the ground state electron configuration of carbon.

1s 2s 2px 2py 2pz

This electron configuration can be written as 1s22s22p1
x2p1

y2p0
z and contains fully filled

1s and 2s orbitals and two partially filled 2p orbitals with one unpaired electron each.
The two electrons in the 1s orbital constitutes the core electrons of the carbon atom
and the remaining electrons in the 2s and 2p orbitals are the valence electrons, thus
giving carbon four valence electrons. The atomic orbitals of the valence electrons (2s and
2p) can combine/mix in order to create new hybrid orbitals, with different shapes and
energies, a concept known as hybridization.

(a)

(b)

(c)

Figure 2.2: The three possible hybridizations of carbon, (a) shows the four sp3-hybrids,
(b) the three sp2-hybrids and (c) the two sp-hybrids. Note that for clarity the figure
does not show the 2p-orbitals also present in the sp2 and sp hybridization of carbon. The
figure is a modified version from [26].
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Carbon has three possible hybridizations, which can be represented as

2s + 2px + 2py + 2pz → sp3

2s + 2px + 2py → sp2

2s + 2pz → sp

For the sp3 hybridization the 2s-orbital combines with all three 2p-orbitals thus creating
four sp3-hybrids. Similarly, the sp2 hybridization is a combination of the 2s-orbital with
two 2p-orbitals creating three sp2-hybrids and one 2p-orbital. The last hybridization
sp, is a combination of the 2s-orbital with one 2p-orbital producing two sp-hybrids and
two 2p-orbitals. A visual representation of the 2s and 2p orbitals together with their
hybridizations are shown in Figure 2.2.

Sharing electrons (overlapping of orbitals) between two atoms forms a chemical bond.
As shown in Figure 2.2 an sp3 hybridized carbon atom has four hybrid orbitals and can
thus form bonds with four other atoms. Likewise the sp2 and sp hybridized carbon atoms
have three respectively two hybrid orbitals, which can form bonds with three respectively
two other atoms. The overlap of hybrid orbitals forms strong in plane covalent bonds,
known as σ-bonds. Overlapping of unhybridized p-orbitals forms weaker out-of-plane
covalent bonds, known as π-bonds. A visualization of σ- and π-bond orbitals can be
seen in Figure 2.3 for three different hydrocarbons (C2H2, C2H4, C2H6), these three
hydrocarbons have different combinations of σ- and π-bonds thus forming whats known
as singe-, double- and triple-bonds.

C2H2 π-bond π-bond σ-bond

C2H4 π-bond σ-bond

C2H6 σ-bond

Figure 2.3: A visualization of the σ- and π-bond orbitals of carbon. Top molecule is
acetylene (C2H2) which has a combination of two π-bonds (green and blue) and one σ-
bond (red) creating a triple bond. The middle molecule is ethylene (C2H4) which has a
double bond with one π-bond (blue) and one σ-bond (red) and the bottom molecule is
ethane (C2H6) which has a one σ-bond (single-bond). Bond orbitals are visualized using
IboView [27,28].
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2.2 Allotropes of Carbon

(a) Graphite (3D)

(b) Graphene (2D)

(c) SWCNT (1D)

(d) Fullerenes (0D)

Figure 2.4: Example of
four carbon allotropes, all
figures have the same
scale.

The ability of carbon to form sp3-, sp2- and sp-hybrids gi-
ves rise to many interesting allotropes, both as bulk mate-
rials and as nanostructures. The carbon allotropes can be
categorized by their dimensionality, where 3D corresponds
to bulk materials and 2D, 1D and 0D are the carbon na-
nostructures. The high dimensional materials, 3D, includes
bulk materials such as: diamond (sp3 hybridized carbon),
lonsdaleite (sp3 hybridized carbon), graphite (layered struc-
ture with sp2 hybridized carbon) and amorphous carbon (an
amorphous mixture of sp3 and sp2 hybridized carbon).

The nanostructured allotropes, which have lower dimen-
sionality (2D, 1D and 0D) are interesting due to their uni-
que properties. Here we find single atomic layer thick 2D
nanostructures such as graphene (hexagonal sheet of sp2 hy-
bridized carbon), graphyne (sheet with mixture of sp2 and
sp hybridized carbon) and haeckelite (sp2 hybridized carbon
sheet with mixture of pentagons, hexagons and heptagons).
One step lower in dimensionality, we have the 1D nanostruc-
tures which includes graphene nanoribbons (long ultra-thin
strips of graphene) and multi-, double- and single-walled
carbon nanotubes (MWCNT, DWCNT and SWCNT). SW-
CNTs are hollow cylindrical tubes of sp2 hybridized carbon
with an hexagonal structure similar to graphene. The DW-
CNTs are two concentric SWCNTs one inside of the other.
Here the two SWCNTs interacts weakly, giving rise to inte-
resting properties. MWCNTs are similar to DWCNTs but
the number of concentric SWCNTs is higher than two. The
lowest dimensional, 0D, nanostructures include fullerenes
(hollow spherical or ellipsoid structures with sp2 hybridi-
zed carbon), nanocones (sp2 hybridized carbon in the shape
of a hollow cone) and graphene nanoflakes (finite nanosized
flakes of graphene).

New forms of carbon allotropes are constantly being developed. Current research
is focused on creating new well-ordered 3D bulk materials using carbon nanostructures
as building blocks. Experimental results are scarce, but theoretical work (Schwartzites,
graphene networks [29–32] and nanotube networks [33–35]) show that these new 3D
structures offer unprecedented properties, allowing for applications which are currently
not achievable with today’s carbon bulk materials.



Chapter 3

Single-Walled Carbon Nanotubes

“This was a triumph.
I’m making a note here: HUGE SUCCESS.”

GLaDOS

Single-walled carbon nanotubes (SWCNTs) are hollow cylindrical tubes of sp2 hybridized
carbon. The single atomic layer thick wall of a SWCNT has covalently bonded carbon
atoms in a hexagonal grid similar to graphene, as seen in Figure 2.4b.

SWCNTs were first investigated theoretically in 1992 by Mintmire et al. [36], Hamada
et al. [37] and Saito et al. [38] using first principle calculations inspired by the 1991 paper
by Sumio Iijima [39]. Later in 1993 two groups, one led by Sumio Iijima at NEC [1] and
the other by Donald S. Bethune at IBM [2] were the first to grow and study SWCNTs
experimentally. Since then a lot of theoretical and experimental work has been carried
out in order to investigate the properties and potential applications of SWCNTs.

So far researchers have discovered many remarkable properties of SWCNTs [40] such
as electrical, thermal, optical and mechanical properties. These discoveries has led to
many suggestions for potential applications of SWCNTs. For example their electrical
properties makes them ideal for use as electrical wires/interconnects, electrodes in bat-
teries/supercapacitors/solar cells and as channel material for field-effect transistors. The
thermal properties makes SWCNTs usable for thermal management of circuits and light-
weight heat sinks. Producing materials that can fully utilize the mechanical properties of
SWCNTs would allow for the creation of structures akin to science fiction such as space
elevators!

Individual SWCNTs are only a couple of nanometers in diameter but can be several
centimeters long, giving them a length-to-diameter ratio of hundreds of millions to one.
This extreme length-to-diameter ratio (aspect ratio) is unequalled by any other natural
materials and has the consequence that all the remarkable properties of SWCNTs are
along the axial direction of the tube, making their properties extremely directionally
dependent (anisotropic).

11



12 Single-Walled Carbon Nanotubes

3.1 Periodic Single-Walled Carbon Nanotubes
The extreme length-to-diameter ratio of SWCNTs makes them suitable to be described
by a periodic structure (an ideal infinite SWCNT) which is periodic in one direction,
along the axis of the tube.

In theory a SWCNT can be formed by cutting out a infinite graphene sheet and rolling
it up (wrapping) into a tube, as illustrated in Figure 3.1. How the graphene sheet is cut
will determine the structure (chirality) of the SWCNT. This process can be though of
as a mapping from the graphene sheet onto the SWCNT. The mapping is described by
two vectors Ch and T in the plane of the graphene sheet, see Figure 3.2. Here the chiral
vector, Ch, maps to the circumference of the tube thus defining the SWCNT diameter.
The translational vector, T, is along the axial (periodic) direction of the tube and defines
the lattice vector of the periodic SWCNT unit cell. These two vectors can be defined by
the primitive lattice vectors, a1, a2 of the graphene sheet and two indices (n,m) called
the chiral indices.

From [41,42] we find the mathematical definition of the chiral and translational vectors

Ch = na1 +ma2 (3.1)

T = 1
dR

[(n+ 2m)a1 − (2n+m)a2] (3.2)

where

a1 =
[

3√
3

]
lC-C

2 , a2 =
[

3
−
√

3

]
lC-C

2 (3.3)

dR =
d if n−m is not a multiple of 3d

3d if n−m is a multiple of 3d
(3.4)

d = gcd(n,m) (3.5)

Here lC-C is the average C-C bond length for SWCNTs, which is in the range 1.42 to 1.44
Å depending on the curvature of the SWCNT and d is the greatest common divisor (gcd)
of the chiral indices (n,m).

A SWCNT, can be identified by its chiral indices (n,m) or equivalently by its chiral
angle, θ = arctan

( √
3m

2n+m

)
. Due to symmetry we can interchange the chiral indices i.e.

(n,m) = (m,n) and symmetry will also limit the chiral angle between 0° and 30°. We
can by chirality, categorize SWCNTs into three different types.

Zigzag: m = 0, θ = 0°

Chiral: 0 < m < n, 0° < θ < 30°

Armchair: m = n, θ = 30°
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Graphene Roll-up SWCNT

Figure 3.1: Creating a SWCNT by rolling a graphene sheet into a tube, note that the
SWCNT and the graphene sheet is infinite along the axial direction of the tube.

(n, 0)

(n, n)

Ch = na1 +ma2

T
a1

a2

θ

Figure 3.2: Definition of the chiral and translational vectors, that maps from the graphene
sheet to the SWCNT. The two vectors Ch and T lies in the plane of the graphene sheet
and are defined by the primitive lattice vectors a1, a2 and the chiral indices (n,m).
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Here armchair and zigzag represents the two most extreme chiralities. It is also common
to use terms like near-armchair (m = n − 1 or m = n − 2) or near-zigzag (m = 1) to
describe SWCNTs who’s chiralities are close to the two extremes.

Since n and m can have any positive integer values, there is an infinite number
of unique SWCNTs all with different properties, some of these ideal properties can be
approximated using simple analytical functions

R =
√

3lC-C

2π
√

(n2 +m2 + nm) (3.6)

N = 4 · n
2 +m2 + nm

dR
(3.7)

ωRBM = A

2R +B (3.8)

EC = 2
R2 − 9.23 (3.9)

Here R is the radius of the SWCNT, N is the number of carbon atoms in the unit
cell and ωRBM is the Raman frequency for the radial breathing mode of a SWCNT [43]
with diameter 2R. The coefficients A = 221 and B = 8 cm−1 can be determined by
density functional theory (DFT) calculations [44]. EC is the energy per carbon atom
for a periodic SWCNT, which is defined by the energy per carbon atom for an infinite
graphene sheet (−9.23 eV) adjusted with regards to the curvature (1/R) of the SWCNT.

3.2 Finite Single-Walled Carbon Nanotubes

So far we have discussed periodic SWCNTs, which are useful for describing properties of
long tubes due to their extreme length-to-diameter ratio. However, periodic tubes lack
edges, which makes them unsuitable for describing properties of short SWCNTs. For
short SWCNTs the ratio between the number of edge carbon atoms and tube carbon
atoms will be large. Thus, the edge carbon atoms (the SWCNT-edge) will affect the
properties of these short tubes [45–47]. To describe these edge effects we introduce finite
(non-periodic) SWCNTs also known as SWCNT-fragments where the SWCNT-edge is
included.

When considering SWCNT-fragments, it is useful to categorize them into series. SW-
CNTs which belong to the same series will have the same chiral index sum (n+m). An
example of this is SWCNTs with (n,m) = (8, 0), (7, 1), (6, 2), (5, 3) and (4, 4). These
all have a chiral index sum of n + m = 8 and thus they belong to the 8-series. This
categorization can also be applied to periodic SWCNTs.



3.2. Finite Single-Walled Carbon Nanotubes 15

(a) (b) (c)

(d)

Figure 3.3: Examples of SWCNT-fragments and edges. Here (a) shows the (12, 0) zigzag
edge, (b) the (10, 2) chiral edge and (c) the (6, 6) armchair edge. The SWCNT-fragments
(a) to (c) have H-terminated edges, the red shaded carbon atoms marks one layer, S. (d)
shows an example of a 10-layer caped (5, 5) SWCNT-fragment, here the carbon atoms of
the caps are shaded blue.

The SWCNT-edge is defined by the geometry and termination of the edge carbon
atoms. The geometry of the edge will depend on the chiral indices of the SWCNT, where
all armchair SWCNTs have the same edge geometry (see Figure 3.3a) and similarly all
zigzag SWCNTs have the same edge and layer structure (see Figure 3.3c). For the chiral
SWCNTs the structure of the edge will vary depending on the chiral index, an example
of a chiral edge is shown in Figure 3.3b.

Termination of the SWCNT-edge is important to passivate the dangling bonds of
the edge carbon atoms. The termination of an SWCNT-edge can vary, some common
edge terminations are: hydrogen (H-termination), double hydrogen (2H-termination) or
hydroxy group (OH-termination). It is also common that the SWCNT-edge is termi-
nated with a half fullerene creating a capped SWCNT, an example of this is shown in
Figure 3.3d.

For SWCNT-fragments we introduce the concept of a fragment length. A simplistic
way of defining the length of an SWCNT-fragments is to measure the distance from one
edge to the other. This ”real” length is denoted by L. Such a definition of fragment
length is valid, but inconvenient. This is because SWCNT-fragments from the same
series and with the same ”real” length, L, (in Å) will end up having different amount of
carbon atoms in their structures, which is not ideal when comparing properties within a
series. A more convenient way is to define the length of an SWCNT-fragment in number
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of segments or layers, S. We define a segment/layer, S, as the section of an SWCNT that
can be stacked on top of itself, in order to create a perfect SWCNT with no defects (see
Figure 3.3). Using this definition each layer will contain 2(n+m) number of carbon atoms
and the total number of carbon atoms can be calculated as S ·2(n+m). Given the chiral
index, (n,m), and the number of layers, S, the ”real” length, L, of an SWCNT-fragment
can be calculated by

L = lC-C(n(3S + 1) +m(3S − 1)− 3d)
2
√
n2 +m2 + nm

, (3.10)

where d is give by Eq. 3.5 and lC-C is the average C-C bond length for the fragment.

3.3 Growth of Single-Walled Carbon Nanotubes
In Chapter 3.1 we described the creation of a SWCNT as “... cutting out a infinite grap-
hene sheet and rolling it up (wrapping) into a tube”. This is certainly a valid theoretical
way of creating a SWCNT, but it is hardly practical for production of SWCNTs on a
large scale. For the production of SWCNTs on a large scale many different techniques
have been used such as arc discharge, laser ablation, catalytic chemical vapor deposi-
tion, ball milling and plasma torch. The most successful and widely adopted of these is
the catalytic chemical vapor deposition (CCVD) method and its derivatives (MPCVD,
PECVD, VPE, etc.).

CCVD growth of SWCNTs works by having a chamber at high temperature (∼900 K)
into which a carbon precursor (carbon gas e.g. CO, CH4, C2H2, C2H4, C2H6O) is injected
such that a flow of gas through the chamber is achieved. Inside the CCVD chamber
there is a catalytic metal (Fe, Ni, Co, etc.), usually in the form of nanosized particles.
These catalytic metal particles are either supported on a substrate (e.g. Si, SiO2, MgO,
Al2O3) or they are freely floating. The gas molecules flowing through the chamber will hit
the catalytic particles and be decomposed into their constituents. Carbon atoms from
the decomposed gas then diffuse into the catalytic metal particle, which after a while
is saturated with carbon. The carbon atoms in/on the catalytic metal particle bond
together creating carbon dimers, chains and rings (pentagons, hexagons, heptagons, etc.).
These carbon chains/rings eventually bond together to form a half fullerene (a SWCNT-
cap) from which a SWCNT-fragment starts to nucleate/grow. For any CCVD growth of
SWCNTs there are a number of different parameters that might affect the final product.
Some of the most important parameters are:

• The size, composition and surface structure of the catalytic metal particles.

• The nature of the support substrate and the density of catalytic metal particles.

• The composition, pressure and flow rate of the carbon precursor gas.

• The use of any additives e.g. water vapor or ammonia.

• The total time and temperature profile of the CCVD process.
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(a) (b)

Figure 3.4: A (5, 5) SWCNT (gray) growing from a Ni55 metal catalyst (blue) on a Si
(001) surface (yellow). (a) shows an example of root-growth and (b) is an example of
tip-growth. The illustration does not show the carbon gas or the carbon atoms in/on the
catalytic particle.

Growth of a SWCNT takes place on the catalytic metal particle. The elongation
of the tube occurs at the SWCNT-metal interface by addition of carbon atoms from
the decomposed precursor gas. For growth on freely floating catalytic particles, the
growing edge of the SWCNT is attached to a freely floating particle and the other edge
is terminated with a cap.

SWCNT growth supported by a substrate can occur in two ways, either by root-
growth or tip-growth. In root-growth the catalytic particle is supported/attached to a
substrate and one edge of the growing SWCNT is attached to the catalytic particle with
the other edge caped, as show in Figure 3.4a. In tip-growth one edge of the growing
SWCNT is attached to a substrate and the other edge (the growing edge) is attached to
the catalytic particle, as seen in Figure 3.4b. In both cases elongation of the SWCNT is
either along the substrate or away from the substrate as in Figure 3.4.

In tip-growth the catalytic particle is always on top of the growing SWCNT. This
allows for easier access to the precursor gas, since it does not need to diffuse through a
forest of growing SWCNTs to reach the catalytic particles. Allowing for growth of longer
SWCNTs, a method known as kite growth [12,13].
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3.4 Towards Chirality-Specific Growth
CCVD has allowed for the creation of large quantities of SWCNTs [9–11] and with the
kite growth method we have the ability to create super long SWCNTs [12–14]. This by
itself is an achievement. However, SWCNT products from CCVD tends to have a large
mixture of chiralities (low uniformity). Since the properties of SWCNTs depend on their
chirality a product with a mixture of chiralities will have mixed properties. For example
the product can have a mixture of metallic and semiconducting SWCNTs. This is not
convenient if one wants to produce SWCNTs for highly conductive wires. Hence, the low
uniformity of current SWCNT products is one of the major hurdles holding back future
technologies utilizing SWCNTs [48,49].

The ultimate goal is to achieve chirality-specific growth, allowing for the control of
SWCNT chirality during growth. This in turn would make it possible to create growth
products with uniform properties. To achieve chirality-specific growth at large scales, we
first need to understand the details of the SWCNT growth process. Here, experimental
results can help us to gain knowledge such as how different CCVD parameters change
the distribution of SWCNT chiralities in the product. In turn, theoretical results from
computer modeling can provide details about the growth process at an atomic level. To
help us understand why these changes occur.

3.4.1 Review of Experimental Results
So far, a general method for producing (growing) SWCNTs has been described. This
method can be classified as normal CCVD growth. Here, normal CCVD growth implies
that parameters such as temperature, pressure, carbon precursor, etc. are kept constant
and special techniques (see below) are not used. Normal CCVD growth experiments
show a large spread in the chirality of the product, though a statistical preference towards
armchair or near-armchair SWCNTs can be found (see Table 5.1 in Appendix 5A). This
preference is rather insensitive to different growth parameters. Since normal CCVD
growth is not ideal for producing high uniformity (single chirality) SWCNT products,
researchers started to experiment with different techniques such as cloning, seeding and
templating in order to achieve chirality-specific growth.

The idea of cloning is to cut a long SWCNT of desired chirality into shorter segments
(seeds), then elongate the short segment using vapor-phase epitaxy (VPE) or CCVD
growth. Cloning growth of SWCNTs has successfully been performed experimentally [50–
52] showing a yield of ∼50% short segments → elogated SWCNTs. This proves that
cloning is a viable method for chirality-specific growth. However, the need for existing
SWCNTs to cut into seeds limits this method. Researchers have tried to circumvented this
limitation by using other seeds such as half fullerenes (SWCNT-caps), carbon nanorings,
graphene nanoribbons and cyclodehydrogenation of molecular precursors. From all of
these cyclodehydrogenation of molecular precursors is at present the most promising.

Using cyclodehydrogenation of molecular precursors as seeds to grow SWCNTs was
proven experimentally in 2014 by Sanchez-Valencia et al. [53]. They deposited C96H54
precursor molecules on a (1 1 1) platinum surface. By using surface-catalyzed cyclo-
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dehydrogenation (CDH) they turned the C96H54 precursor molecules into (6, 6) SWCNT
seeds (1.5-layer SWCNT-fragments with one capped edge) with a yield of ∼50% precursor
molecules→ (6, 6) SWCNT seeds. The seeds were then elongated by CCVD using the (1
1 1) platinum surface as the catalyst. Their results show chirality-specific growth of (6, 6)
SWCNTs due to the stability of the seeds. Although promising, their method still has
room for improvements since the growth rate is rather slow and the final grown SWCNTs
are short (hundreds of nm). This might be explained by the use of pure armchair seeds,
which have no screw dislocations to grow from [19]. The cloning and seed methods for
growing SWCNTs have been proven to be successful in achieving chirality-specific gro-
wth. However, their low yield and slow growth rate/short length makes the cloning and
seed methods not ideal for large scale production. Templating is an attempt to achieve
both good chiral selectivity and a good growth rate (long SWCNTs). In templating the
normal CCVD growth method is enhanced in the sense that the catalytic metal parti-
cle acts as a template for a specific SWCNT-chirality, by stabilizing the SWCNT-metal
interface for the particular chirality of interest.

In 2014 Yang et al. [15] successfully used templating CCVD to grow (12, 6) SWCNTs
at 92% selectivity (uniformity). They found that by using an intermetallic catalyst
(W6Co7 nanoparticle) with a high melting temperature (∼2700 K) they could keep the
(0 0 12) surface of the catalyst particle stable at SWCNT growth temperatures. This
is key since the (0 0 12) surface of the intermetallic W6Co7 catalyst matches the edge
of the (12, 6) SWCNT. Thus, acting as a template for the growth of this tube. By
energetically favoring it compared to SWCNTs with similar diameters: (11, 7), (14, 3),
(16, 0), (13, 5) and (15, 2). From their work it is difficult to estimate the yield (% of
catalyst particles that produced SWCNTs). However, the produced tubes have lengths
of several µm making the templating method superior to cloning and seed methods.
Further development of templating CCVD growth lead in 2015 to the production of
(16, 0) SWCNTs at 80% uniformity (Yang et al. [16]). Here, the same intermetallic
W6Co7 catalyst was used. However, the preparation of the catalyst was different leading
to intermetallic W6Co7 catalysts containing many (1 1 6) surfaces (instead of (0 0 12)
surfaces) that match the edge of the (16, 0) SWCNT.

The preparation of the intermetallic W6Co7 catalysts used by Yang et al. [15,16] can
be described as: depositing W39Co6OX molecular clusters on a silicon wafer, calcinate
in air and then reducing with H2 at temperatures around 1300 K (depending on which
catalyst surface is desired). This process and the synthesis of the W39Co6OX molecular
clusters [54] is rather complicated. H. An et al. [55] tried a simpler method of creating
template particles using magnetron sputtering. They prepared a Si surface with a 300 nm
layer of SiO2 onto which a W layer (∼7 Å) and a Co layer (∼3 Å) was deposited. The W-
Co sandwich was then annealed in air at 673 K and reduced in Ar/H2 at temperatures
above 1023 K. The annealed surface was used to grow SWCNTs using CCVD. Their
results show growth of (12, 6) SWCNTs at a 50 − 70% selectivity. This selectivity is
lower then the one presented by Yang et al. [15] using a template catalyst with similar
composition. Which might be explained by the fact that H. An et al. [55] could not
identify intermetallic W6Co7 in their catalyst. However, they did show the existence of
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an intermediate Co6W6C structure which might have surfaces matching the (12,6) SWCNT-
edge.

From the experimental works performed it is clear that achieving chirality-specific
growth of SWCNTs is a difficult task. The small size of SWCNTs makes in situ obser-
vations of the growth process difficult (however not impossible [56]) and some questions
might require us to follow individual atoms during growth. Theoretical results are thus
essential in order to unravel the SWCNT growth process and gain the knowledge required
to achieve chirality-specific growth at large scales.

3.4.2 Review of Theoretical Results

Theoretical results from computer modeling has helped a great deal in unraveling the
growth process of SWCNTs with many published papers covering all stages of SWCNT
growth. Extensive reviews on computer modeling of the growth process can be found [57,
58]. Some of these many important and interesting theoretical results will be highlighted
here.

It is known from experiments that certain metals (Fe, Co and Ni) works better for
growing SWCNTs than others (Pd, Cu, and Au). The reason for this was explained
in the work by Ding et al. [17], where DFT was used to calculate the SWCNT-metal
adhesion strength. They found that the SWCNT-metal adhesion strength for Fe, Co
and Ni was higher then for Pd, Cu, and Au. The higher adhesion strength prevents the
growing SWCNT from spontaneously detaching from the metal particle, forming a capped
tube and thus terminating the growth. The investigation of SWCNT-metal adhesion
strength was later expanded on by Silvearv et al. [18]. They used a similar method to
calculate the adhesion strength for 40 different metals (1st, 2nd and 3rd row transition
metals). Comparing their theoretical results with results from experiments they defined
a ”Goldilocks” zone, where metals have just the right SWCNT-metal adhesion strength
for allowing growth of SWCNTs. These theoretical results are vital in order to determine
which metals are active for SWCNT growth.

In 2009 Ding et al. [19] published a paper regarding the growth mechanisms of SW-
CNTs, adopting the well known concepts for growth of macroscopic crystals to SWCNTs.
They argue that SWCNTs grow by axial screw dislocations related to the kinks at the
growing edge of the SWCNT. By using DFT calculations they showed that growth ra-
tes of SWCNTs are linked to their chiral angle. Later Artyukhov et al. [20] connected
the SWCNT-metal interface thermodynamics (preference towards lower interface energy)
with screw dislocation growth theory (faster growth rate of chiral SWCNTs). Though
their paper is rather complicated, the results can be summarized as follows: SWCNT-
metal interface thermodynamics predicts a higher abundance of armchair and zigzag
SWCNTs due to their low SWCNT-metal interface energy and the screw dislocation
growth theory predicts that chiral SWCNTs will grow faster than pure armchair/zigzag
SWCNTs. Their continuum model combines these and predicts a higher abundance of
near-armchair/-zigzag SWCNTs compared to pure armchair/zigzag and chiral SWCNTs.
However, experiments (normal CCVD growth) only show a clear abundance towards
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near-armchair SWCNTs. Thus, more work is needed to fully understand the distribution
of chiralities found in normal CCVD growth experiments.

These works show that much information can be gained on the SWCNT growth
process by employing static DFT calculations. But, as the name suggests these static
calculations do not include any time component. Simulations including time (dynamics
simulations) of the growth process are also needed. There are published studies on the
dynamics of SWCNT growth, some using first principle methods such as DFT and more
using empirical methods (tight binding (TB), density functional based tight binding
(DFTB) and force field (FF) methods). One of the major problems with modeling the
dynamics of SWCNT growth is that SWCNTs grow very slowly ∼1-10 µm/s. Depending
on the size (chirality) of the SWCNT, this corresponds to 1 carbon atom being added to
the growing SWCNT on average every 0.5-5 µs.

This very slow growth rate is a challenge, since typical SWCNT growth simulations
using DFT are on the timescale of hundreds of picoseconds. The empirical methods per-
form better with TB/DFTB able to simulate up to one nanosecond of growth and FF
methods reaching as far as several tens of nanoseconds. Adding carbon atoms too fre-
quently to a SWCNT may not allow time for defects to heal. Thus, producing tubes with
many defects. Neyts et al. tried to circumvent this by combining force field (ReaxFF) mo-
lecular dynamics with force-biased Monte Carlo techniques in order to simulate SWCNT
growth over long time scales. In 2011 they published a paper [21] showing that growing
SWCNTs can change their chirality during early stages of growth, when the SWCNTs
have short lengths. Similar results was shown in a 2012 paper by Kim et al. [22]. They
employed self-consistent-charge density-functional tight-binding (SCC-DFTB) molecular
dynamics to investigate the continued growth of existing SWCNTs. Their results show
that the chirality of SWCNTs can change during growth, with indications that zigzag
edges are less stable than armchair edges.

So far, theoretical insights and computer modeling has contributed greatly to the
current understanding of the SWCNT growth process. Experimental results has shown
that chirality-specific growth is possible. However, one first need to understand the basics
of SWCNT growth before one can realize chirality-specific growth at large scales. Hence,
there is still much theoretical work to be done and for this computer modeling plays a
crucial role.
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Chapter 4

Computational Physics

“A computer would deserve to be called intelligent if it could
deceive a human into believing that it was human.”

Alan Turing

Since the time of their invention computers have been used to aid scientists in their
research. Today computers are a vital part of science, where the results from physical
models implemented in computers helps scientist to predict, preform and explain their
experimental work. Computational physics is a multidisciplinary subject. Which ties
together physics, mathematics and computer science in order to model real systems,
a process that is usually referred to as computer modeling or computer simulations.
Here, the physics (equations) for a particular real system is implemented in computers
(hardware/software). The computers then solves these equations using techniques (al-
gorithms) derived from mathematics. The computational resources required to model
different real systems varies a lot. Some models can be run on simple laptops, whereas
others require more capable workstations. Some systems/models are so complex that
they require large supercomputers with tens of thousands of processors. Modeling the
physics of materials at the atomic level is one of these.

For the modeling of materials at the atomic level, we need to correctly describe the
properties and interactions of atoms. This modeling can be performed using different
methods all having different levels of accuracy. One usually talks about methods being
ab initio meaning from first principles, which in this context means that the methods are
built on the fundamental laws of nature without any additional assumptions (parame-
ters). One of the most wildly adopted ab initio methods for materials modeling is density
functional theory (DFT), which is based on the fundamental laws of quantum mecha-
nics, the Schrödinger equation. DFT allows us (by solving the Schrödinger equation)
to calculate the electronic structure of materials and thus determine their fundamental
properties. DFT is very accurate, but its also very computational heavy which prevents
the modeling of large systems and long timescales.

None ab initio methods, usually called empirical methods, attempts to model whole
or parts of a real system using mathematical models with parameters fitted such that

23
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the model is consistent with experimental results or ab initio calculations. Empirical
methods that parametrizes the interactions between atoms (the interatomic potential)
are called force field (FF) methods. Parametrization of the interatomic potential allows
FF methods to model systems and timescales that are significantly (several thousands
of times) larger then what’s possible using DFT. The goal is to create a FFs which can
achieve the same accuracy (for atomic energies and forces) as DFT, but are significantly
faster.

4.1 Density Functional Theory
Calculating properties of material at the atomic level requires solving quantum mecha-
nical problems, in particular the many-body Schrödinger equation.

ĤΨ = EΨ, (4.1)

here E is the total energy, Ψ the wavefunction and Ĥ is the Hamiltonian for the many-
body system. In quantum mechanics the Hamiltonian, Ĥ, refers to the operator cor-
responding to the total energy. The many-body Hamiltonian that includes all relevant
interactions for an atomic system can be written as

Ĥ = T̂e + T̂n + V̂ee + V̂nn + V̂en (4.2)

where

T̂e = − ~2

2me

Ne∑
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∇2
i (4.3)
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4πε0
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i,I
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|ri −RI |

(4.7)

Here T̂e and T̂n is the kinetic energy of the electrons and the nuclei, respectively. The
kinetic energy is dependent on the rest mass of the particles (me for electrons and M
for nuclei) and the Laplacian of the wavefunction ∇2Ψ = ∂2Ψ

∂x2 + ∂2Ψ
∂y2 + ∂2Ψ

∂z2 . V̂ee and V̂nn
is the potential energy for the Coulomb repulsion between the electrons and the nuclei,
respectively. V̂en describes the potential energy for the Coulomb attraction between the
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electrons and the nuclei. The potential energy is dependent on the particles charge, e for
the electrons and Z ·e for the nuclei (where Z is the atomic number) and their positions (r
for electrons R for nuclei). Numerically solving Eq. 4.1 with the many-body Hamiltonian
(Eq. 4.7) is a very challenging problem. Even today with all the advances in computer
hardware and algorithms, solutions are still only possible for very simple system (e.g.
small molecules).

However, since the rest mass of the simplest atomic nucleus (one proton in hydrogen) is
around 1800 times larger than the rest mass of an electronmp = ∼1836me we can make an
adiabatic approximation that the motion of the electrons and the nuclei are independent.
This is know as the Born-Oppenheimer (BO) approximation [59]. In practice the BO
approximation allows us to separate the wavefunction into two, one for the electrons and
one for the nuclei

Ψ = Ψe ×Ψn. (4.8)

The separation of the wavefunction allows us to solve the many-body Schrödinger
equation only for the electrons. We can think of the electrons as moving in an external
potential V̂ext produced by the nuclei, allowing us to simplify the many-body Hamiltonian
from Eq. 4.7

Ĥ = T̂e + V̂ee + V̂ext, (4.9)

here V̂ext can also include the effects of other external fields. Thus, the BO approximation
simplifies the problem of solving the many-body Schrödinger equation by only considering
electrons interacting in an external field. However, larger molecules and other systems of
interest might still have several thousands of electrons each with three degrees of freedom.
Thus, even with the BO approximation solving the many-body Schrödinger equation for
these systems is still very demanding.

The conclusion is that another approach is needed. Instead of treating the electrons
as individual particles each having three degrees of freedom and all interacting with each
other we can think of the electrons as a density, an electron density n(r). This electron
density has only three degrees of freedom no matter how many electrons the system
has, density functional theory (DFT) is based on this approach. The fundamentals of
DFT was developed by Hohenberg, Kohn and Sham in the 1960s. Hohenberg and Kohn
formulated the fundamental theorems (Hohenberg-Kohn theorems [60]) on which DFT
is based:

1. In the ground state of a system, the external potential produced by the nuclei is
uniquely determined by the electron density, n(r)→ V̂ext.

2. For any quantum state of the system the external potential uniquely determines
the electron wavefunction, V̂ext → Ψ.

3. The total energy, E, of a system is a functional of the electron wavefunction,
Ψ→ E.

4. Combining 1-3 we have n(r)→ V̂ext → Ψ→ E. Thus, the total energy of a system
must be given as a functional of the electron density, E = F [n(r)].
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5. The ground state electron density, n0(r), is the density that minimizes the total
energy, n0(r)→ E0 when ∂F [n(r)]

∂n(r)

∣∣∣
n0(r)

= 0

Kohn and Sham further simplified the problem by developing what’s know as the
Kohn-Sham (KS) ansatz [61], which states: The ground state electron density, n0(r), for
a fictitious system of non-interacting electrons equals the ground state electron density
of a real system with interacting electrons. Only if the fictitious system has an effective
potential, V̂eff , consisting of an external part, V̂ext, and an exchange-correlation part, V̂xc,
which originates from the electron-electron interactions. From the KS anzats the KS
functional for the total energy can be formulated

EKS[n(r)] = T [n(r)] +
∫
V̂ext(r)n(r) dr + EH [n(r)] + Exc[n(r)], (4.10)

here T [n(r)] is the kinetic energy functional for the non-interacting electrons. EH [n(r)] =
1
2
e2

4πε0

∫ ∫ n(r)n(r′)
|r−r′| drdr′ is the Hartree energy functional, which describes the Coulomb

interaction between an electron density, n(r), and the average electron density, n(r′).
Exc[n(r)] is the exchange-correlation functional. Here all the contributions to the total
energy, which originates from the electron-electron interactions are included.

From the Hohenberg-Kohn theorems we know that the ground state energy of a system
can be found by minimizing the energy functional with respect to the electron density.
In the case of the KS functional minimizing Eq. 4.10 with respect to n(r) gives

λn(r) = V̂ext(r) + ∂T [n(r)]
∂n(r) + ∂EH [n(r)]

∂n(r) + ∂Exc[n(r)]
∂n(r) . (4.11)

This minimization is done under the constraint that the electron density must always
yield the correct number of electrons

∫
n(r) dr = Ne, here λ is the Lagrange parameter

required to keep this constraint. Stating that the functional derivative of the KS functi-
onal is required to be zero gives us the KS orbital wavefunctions (eigenfunctions) ψi(r)
and if we require the KS wavefunctions to be orthonormal (normalized and orthogonal)
we arrive at the KS equation

HKSψi(r) = εiψi(r) (4.12)

where

HKS = − ~2

2m∇
2 + V̂eff(r) (4.13)

V̂eff(r) = V̂ext(r) + V̂H(r) + V̂xc(r). (4.14)

Here HKS is the KS Hamiltonian describing a single-particle system (electrons are treated
as non interacting). εi are the KS orbital energies (eigenvalues) of the KS equation, which
when summed up gives the total energy.

In the framework of DFT, theory says that solving the KS equation will give us the
ground state energy (total energy) of the system, Etot = EKS[n(r)]. In practice solving the
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initial electron density,
n(r) = superposition of
atomic charge densities

V̂H(r) = ∂EH [n(r)]
∂n(r)V̂xc(r) = ∂Exc[n(r)]

∂n(r)

V̂eff(r) = V̂ext(r) + V̂H(r) + V̂xc(r)

(
− ~2

2m∇
2 + V̂eff(r)

)
ψi(r) = εiψi(r)

n(r) = ∑
i |ψi(r)|2

old n(r)− new n(r) ≤ δ ?
no, n(r)→

yes, n(r) = n0(r)

Figure 4.1: Flowchart illustrating a self-consistent solution of the KS equation. The initial
guess for the electron density consists of a superposition of atomic charge densities. A
comparison between the new and old electron density is done after each iteration, if the
densities differ less then a set criteria δ the loop is terminate and a solution is found.

KS equation require us to determine the KS wavefunctions, ψi(r), and the KS energies, εi,
by diagonalization of the KS Hamiltonian, HKS. For this we need to know the effective
potential, V̂eff(r), components of which depends on the election density, n(r), which
in turn depends on the know eigenfunctions, ψi(r). Therefore, solving the KS equation
requires an iterative technique. Calculations based on such iterative techniques are called
self-consistent calculations.

Assuming that the atomic positions are given, a self-consistent calculation for solving
the KS equation can be described as: start by an initial guess of the electron density
based on the atomic positions (superposition of the atomic charge densities). Then,
follow the flowchart given in Figure 4.1 and terminate when the difference between the
new and old electron densities is small. In practice one usually compares the difference
between the new and old total energy, Etot, in order to determine if the self-consistent
calculation has converged and a solution has been found.
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4.2 Force Field Methods
Calculating properties of large scale atomic systems (millions of atoms) or investigating
long timescale dynamics (hundreds of nanoseconds) requires methods that are signifi-
cantly faster than DFT. For this we can use force field (FF) methods which are empirical
and parametrizes the interactions between atoms (the interatomic potential) using mat-
hematical expressions, making them significantly faster then DFT. Many different types
of FF methods exists and they are usually only applicable to certain system, the ones
which they were designed (parametrized) for.

One of the first FF methods proposed in 1924 by J. E. Jones [62] is the Lennard-Jones
(L-J) potential, which defines the interatomic potential as

Vlj = 4ε
[(

σ

R

)12
−
(
σ

R

)6
]
, (4.15)

here ε and σ are parameters fitted to experimental data or DFT calculations. The L-J
potential only considers the radial distance R between atoms, where R−12 is the repulsive
part modeling Pauli repulsion (short distances) and R−6 is the attractive part modeling
long range van der Waals (dispersion) interactions. This is a very simple interatomic
potential, usually used to model gases. It is especially accurate for noble gas atoms, but
also good for long and short range interactions of neutral atoms and molecules.

The next major development in FF methods occurred in the end of the 1940s by Hill
and Westheimer [63–65]. They proposed that in addition to dispersion interactions, FF
methods should also included the bending and stretching of explicitly defined atomic
bonds. This idea is the basis for today’s classical FFs, where the total interatomic
potential, Vtot, can be thought of as the sum of bonded, Vbond, and nonbonded, Vnonbond,
potentials.

Vtot = Vbond + Vnonbond (4.16)

where

Vbond = Vlength + Vangle + Vdihedral (4.17)

Vnonbond = Velec. + Vdisp. (4.18)

The bonded potentials consists of: the bond length potential, Vlength, which models
stretching and compression of atomic bonds, the bond angle potential, Vangle, modeling
the bending of atomic bonds and the dihedral potential, Vdihedral, which represents the
twisting of atomic bonds. For the nonbonded potential the Velec. term includes electrosta-
tic interactions usually modeled by the Coulomb potential and Vdisp. includes dispersion
interactions that can be modeled using a L-J potential.

Figure 4.2 shows an example of how FF methods model interatomic potentials. Here
the dihedral potential is modeled as the sine of the dihedral angle, ϕ, which is the angle
between two planes through sets of three atoms each having two atoms in common.
The bond length and angle potentials are both modeled using quadratic functions of the
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bond length, l, and bond angle, θ, (the angle between three atoms across two bonds),
respectively. The figure also show an example of the nonbonded dispersion interaction,
Vdisp., being modeled using a L-J potential.

Vdisp. = Vlj

Distance, R

R

Vlength or Vangle

Bond, l or θ

l

θ

Vdihedral

Torsion, ϕ

ϕ

Figure 4.2: An example of how FF methods model interatomic potentials. The molecule
theobromine (C7H8N4O2) is found in chocolate and tea. The spheres represent atoms
with carbon (gray), hydrogen (white), nitrogen (cyan) and oxygen (red). Also shown is
a selection of bond orbitals calculated using DFT [27,28].

The classical FF methods uses explicitly defined atomic bonds modeled by quadratic
functions and can therefore not describe the breaking and forming of atomic bonds. This
limitation prevents classical FFs from modeling chemical reactions. Attempts to resolve
this limitation lead in the end of the 1980s to the development of new FF methods based
on the theoretical work by Abell [66]. The new generation of FF methods introduced the
concept of bond order potentials, to model the formation and breaking of atomic bonds.
During this period many different bond order FF methods were developed. The two most
popular are the Tersoff potential [67,68] and the Brenner potential (REBO) [69,70].

These early bond order FF methods achieved great success especially in modeling
the reaction of hydrocarbons. However, they had some limitations. For example, the
lack of long range nonbonded interactions (dispersion interactions) and the poor ability
to represent π-bonds. In the the early 2000s Stuart et al. [71] improved on the REBO
potential creating the adaptive intermolecular reactive bond order (AIREBO) potential.
Which solved some of the limitations of these early bond order FF methods.

The AIREBO potential has seen some successes in modeling growth of SWCNTs, with
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a few publications on the subject. However, the reactive force field (ReaxFF) potential
developed in 2001 by van Duin et al. [72] has been used in over 20 publications related to
modeling growth of SWCNTs. ReaxFF builds on the same principle as the other bond
order FFs, that the strength of an atomic bond depends on its local environment. Where
ReaxFF differs from other bond order methods, is in the implementation of the bond
order terms and the fact that long range interactions (dispersion and electrostatic) are
included from the beginning in the development of the FF.

For the ReaxFF method described in [72], the total interatomic potential can be
formulated as

Vtot = Vlength + Vangle + Vpen. + Vdihedral + Vover + Vunder + Vconj. + Velec. + Vdisp.. (4.19)

Where all of the components of Vtot (except Velec.) depends on the bond order term
BOij. This term, describes the number of chemical bonds between a pair of atoms i and
j (e.g. a C-C bond has a maximum bond order of 3). In Eq. 4.19, Vlength and Vangle
represents the bond length and angle potentials and Vpen. is a penalty term introduced
to stabilize certain systems with double bonds e.g. allene. Vdihedral describes the twisting
of atomic bonds i.e. the torsion angle. The over- and under-coordination terms, Vover,
Vunder, are used to give an energy penalty to atoms with to many close neighbors (over-
coordination, bond order exceeds the valency of the atom) and to decrease in energy
due to few close neighbors (under-coordination, bond order is lower than the valency of
the atom). Conjugation is the overlap of two p-orbitals with an σ-bond in-between. It
is mostly found in molecular systems and this effect is described by the Vconj. potential
term. Similar to the classical FF potentials Velec. and Vdisp. represents the Coulomb
and dispersion interactions, respectively. Note that here the dispersion potential is also
dependent on the bond order term, BOij.

A modern ReaxFF does not only have more interatomic potentials compared to classi-
cal FF, but also more then the example given in Eq. 4.19. The mathematical expressions
for the potentials are also very complex, with around 40 parameters that needs to be
fitted to experimental data or DFT calculations when creating a ReaxFF. A good des-
cription of a modern ReaxFF can be found in the supplementary information to Nielson
et al. [73]. Determining these ∼40 parameters is not a trivial task. However, for a
set of well determined parameters ReaxFF generally gives representable results for both
structures, forces and energies when compared to DFT [73–76].

Until now, all the empirical FF methods employ fixed mathematical expressions for
the interatomic potentials that are ”user” defined. This means that they are derived from
theory or purely empirical. These mathematical expressions have parameters that are
fitted so that the FF agrees with the results from higher accuracy calculations or experi-
mental data. Having a set of fixed mathematical expressions to describe the interatomic
potentials is clearly a limitation. There is no certainty that the chosen mathematical
expressions can correctly model the underlying quantum mechanics for a system of inte-
rest. Therefore, the next logical step is to get rid of these fixed mathematical expressions
and allow for mathematical expressions to be derived automatically. In such a manner
that the FF gives results agreeing with higher accuracy calculations and experimental
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data. Researchers has already begun work in this direction. They are using machine
learning to create neural network force fields (NNFFs) that can describe interatomic po-
tentials [77–79]. The NNFFs developed so far can describe energies for atomic systems
with very high accuracy. However, more work on NNFFs is still needed in order to be
able to describe forces in complex atomic systems with the same level of accuracy as can
be achieved for energies [80].



32 Computational Physics



Chapter 5

Research Contributions

“Nature isn’t classical, dammit, and if you want to make a
simulation of nature, you’d better make it quantum mechanical, ...”

Richard Feynman

This chapter will give a short summary of the method and results of the appended pa-
pers. Both Paper A and Paper B investigates the stability aspects of SWCNTs and how
they relate to growth using first principle density functional theory (DFT) calculations.
As implemented in the Vienna Ab initio Simulation Package (VASP) [81]. The VASP
calculations performed in both papers are similar as they both employ a plane wave basis
set, the projector-augmented wave method [82] and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [83]. All calculations also use the normal VASP pseudo-
potentials for carbon (PAW PBE C 08Apr2002) and hydrogen (PAW PBE H 15Jun2001).

5.1 Paper A
Title: On the Stability and Abundance of Single Walled Carbon Nanotubes
Authors: Daniel Hedman, Hamid Reza Barzegar, Arne Rosén, Thomas Wågberg and
J. Andreas Larsson
Published in: Scientific Reports 5
Contribution: The author performed the DFT calculations, analyzed the DFT results
and prepared Figures 1 and 2 with input from the co-authors. The author also wrote the
Methods part of the manuscript and contributed to the main text.

5.1.1 Model and Computational Setup
SWCNTs of all chiralities in the series: n + m = 8, 9, 10, ..., 17 and 18 were studied.
The formation enthalpy and relative energy (stability) of all SWCNTs were calculated
and compared with experimental CCVD products from relevant studies. That properly
detects all SWCNT chiralities present. Hydrogen terminated SWCNT-fragments with a
length of 6-layers (as defined in Chapter 3.2) was used to model SWCNTs at the early
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stages of growth. To calculate the formation enthalpy, Hf , the total energy of an H2
molecule and a 500 atom periodic super-cell of graphite was used, together with Eq. 5.1.

Hf = E − 6 · 2(n+m) · Egrap. − 2(n+m) · EH2

2 , (5.1)

E is the total energy of the SWCNT-fragment, Egrap. the energy per atom of the 500
atom super-cell of graphite and EH2 is the energy of the H2 molecule.

The total energies of all 82 structures (80 SWCNT-fragments, H2 molecule and grap-
hite) were calculated using DFT as implemented in VASP. The plane wave basis set
energy cutoff (ENCUT) was set to 575 eV and the electronic self consistence loop was con-
verged to 1 · 10−6 eV. Gaussian smearing (ISMEAR=0) was used for partial occupancies
and the smearing width was adjusted to give electronic entropies below 0.5 meV/atom
for every structure. All calculations employed spin polarization (ISPIN=2) with an anti-
ferromagnetic initial magnetization (one edge spin up and the other spin down), in order
to match the ground state [84]. The structures were relaxed without any symmetry con-
straints using the conjugate-gradient algorithm (IBRION=2) until all forces acting on the
atoms were smaller than 6 · 10−3 eV/Å. A 27 × 27 × 27 Å periodic box was used in all
calculations (except for the graphite super-cell), giving at least 10 Å of vacuum separa-
tion between the periodic images. The large simulation boxes requires only the gamma
point for k-point sampling.

5.1.2 Summary of Results

The calculated relative energies show that in the lower series 8 to 10, zigzag SWCNTs
are the most stable. For the higher series 11 to 18 the most stable chirality changes from
zigzag to armchair. The analysis of products from CCVD experiments, see Table 5.1
in Appendix 5A, show that no SWCNTs from the 8 and 9 series are produced due to
the high formation enthalpy of SWCNTs from these series. Further analysis of CCVD
products show that most of the produced SWCNTs are from the 10 to 14 series, even
though higher series have even lower formation enthalpies. This is explained by the fact
that common catalytic particle diameters match the SWCNT diameters for this range of
series.

The most interesting finding is the strong correlation between the chirality of CCVD
products and the relative stability of SWCNTs, where the dominating CCVD products
correlates to the most stable SWCNT chiralities within each series. The study shows that
84% of the products from all reported CCVD growth experiments to date are within 0.2
eV of the most stable SWCNTs within each series, as calculated using DFT. Thus, the
stability of early stage short SWCNT-fragments dictates the chirality of the product.
These results are obtained using only SWCNT-fragments, without taking in to account
the interface with the catalytic metal particle. This thermodynamic stability points to
growth temperature being the most important parameter for controlling the chirality of
SWCNT products, as compared to others such as pressure, precursor gas, additives, etc.
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5.2 Paper B
Title: Length dependent stability of single-walled carbon nanotubes and how it affects
their growth
Authors: Daniel Hedman and J. Andreas Larsson
Published in: Carbon 116
Contribution: The author made the literature review, designed, performed the DFT
calculations and analyzed the results. The author also derived the equations, introduced
the concept of switching length, prepared the figures and wrote the main part of the
manuscript with feedback from J. Andreas Larsson.

5.2.1 Model and Computational Setup
The stability of zigzag and armchair SWCNTs from the n+m = 8, 10, 12, 16 and 20-series
were studied. Hydrogen terminated SWCNT-fragments of different lengths S = 4, 7, 10,
13, 16, 19, 22 and 25-layers were used to study the effect of different edges, curvatures
and lengths. Periodic SWCNTs were used to study pure curvature effects, since they are
infinite and have no edges. Periodic graphene nanoribbons (GNRs) with widths matched
to the SWCNT-fragment lengths (same number of layers) were used to study the effect
of different edges and lengths without curvature.

In total 80 SWCNT-fragment, 10 periodic SWCNT and 16 periodic GNR structures
were used. The total energies for all these structures were calculated using DFT as
implemented in VASP. The plane wave basis set energy cutoff (ENCUT) was set to 650
eV and the electronic self consistence loop was converged to 1 · 10−6 eV. The Methfessel-
Paxton scheme (ISMEAR=1) for partial occupancies was used and the smearing width
was set to 0.2 eV, this gave an electronic entropy below 0.5 meV/atom. All calculations
employed spin polarization (ISPIN=2) and for SWCNT-fragments and GNRs with zigzag
edges an anti-ferromagnetic initial magnetization (one edge spin up and the other spin
down) was applied in order to match the ground state [84,85]. All structures were relaxed
without any symmetry constraints using the conjugate-gradient algorithm (IBRION=2),
until all forces acting on the atoms were smaller than 1 · 10−3 eV/Å. For the periodic
structures a gamma centered k-point grid of size (1 × 1 × 16) was used. For the finite
SWCNT-fragments only the gamma point was used. The size of the simulation boxes
was set to give at least 10 Å of vacuum separation between the periodic images (in the
non-periodic directions of the structures) for all calculations.

5.2.2 Summary of Results
DFT calculations of energies for zigzag and armchair SWCNTs reveal a previously unknown
relationship between relative energy, length, edge and curvature of armchair and zigzag
SWCNT-fragments. Analysis of the data show that the relative energy between armchair
and zigzag SWCNT-fragments from the same series can be expressed as

∆E = (∆Ec(S − 1) + ∆Ee) · 2(n+m). (5.2)
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Here, E is the total energy of the SWCNT-fragment, Ec is the energy per atom of
the representative periodic SWCNT and Ee is the energy per edge atom of the SWCNT-
fragment (defined by Eq. 5.3). The ∆ represents the difference in energy between arm-
chair and zigzag SWCNTs from the same series n + m and with the same length S, e.g
∆Ec = Eac

c − Ezz
c . The calculated values of ∆Ec and ∆Ee can be found in Table 5.2

(Appendix 5B). The energy per edge atom is given by

Ee = E − Ec · (Nc −Ne)
Ne

− EH2

2 , (5.3)

where Nc is the number of tube carbon atoms, Ne is the number of edge carbon atoms
and EH2 is the energy of a H2 molecule.

Further calculations show that the armchair edge has lower energy than the zigzag
edge due to higher charge density (shorter and stronger) C-C bonds at the armchair edge.
Thus, in the case of series, n+m ≥ 10, and short fragments lengths armchair SWCNTs
are always the most stable. However, the lower curvature of zigzag fragments makes
them more stable at long lengths or any lengths for small series, n + m ≤ 8, compared
to armchair fragments. This results in a switch of the most stable chirality depending
on the length of the SWCNT-fragment. This switching length, denoted as S∗, depends
on the ratio between edge and curvature energies for armchair and zigzag SWCNTs and
can be calculated by

S∗ = 1− 0.5 ·
⌊
2 · ∆Ee

∆Ec

⌉
. (5.4)

This explains the switch in the most stable chirality between high and low curvature
series discovered in Paper A and explains the reason for preference towards armchair and
near-armchair chiralities found in growth products from CCVD experiments.
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5A Appendix to Paper A
Updated version of Table S1 from the supplementary information to Paper A.

Table 5.1: Shown are details from all reported CCVD experiments where products are
properly analyzed, here T is the temperature and P is the pressure at which growth
occurred. The dominant chirality is listed in a decreasing fashion, with the most do-
minant chirality listed first. Some experiments [86, 87] investigate the effect of different
catalyst pretreatment temperatures, for these the pretreatment temperature is listed in
the Catalyst column.

Ref. Catalyst Substrate T (℃) Precursor P (bar) Dominant Chirality

[88] CoMo SiO2 800 C2H6O 5 · 10−3 (7, 6), (8, 6), (8, 4)
[88] CoMo SiO2 800 CH4O 5 · 10−3 (7, 6), (8, 6), (8, 4)
[88] CoMo SiO2 800 C2H2 5 · 10−3 (8, 4), (7, 6), (7, 5), (8, 6)
[88] CoMo SiO2 800 CO 6 (7, 6), (7, 5), (8, 4)
[89] CoMo SiO2 750 CO 5 (7, 5), (6, 5)
[90] Co SiO2 600 C2H2 1 · 10−6 (6, 5), (6, 6), (7, 4)
[90] Co SiO2 700 C2H2 1 · 10−6 (7, 5), (7, 6), (10, 9)
[91] Co SiO2 600 CO 1 (6, 5), (7, 5)
[92] FeCu MgO 600 CO 1 (6, 5)
[92] FeCu MgO 750 CO 1 (7, 5), (6, 5), (8, 4)
[92] FeCu MgO 800 CO 1 (7, 5), (8, 4), (6, 5), (7, 6)
[93] Fe Si3N4 800 CO 1 (9, 7), (8, 6)
[94] Co MgO 400 CO 1 (7, 6), (9, 4)
[94] Co MgO 500 CO 1 (6, 5)
[94] Co MgO 600 CO 1 (6, 5), (8, 3), (7, 5)
[95] FeCo Si 800 C2H2 1 (7, 5), (8, 5), (12, 1), (12, 0)
[96] Co SiO2 780 CO 6 (7, 5), (8, 4), (6, 5)
[96] CoS SiO2 780 CO 6 (9, 8), (9, 7), (6, 5), (10, 9)
[86] Co400℃ TUD-1 800 CO 6 (6, 5), (7, 3), (7, 6), (9, 8)
[86] Co500℃ TUD-1 800 CO 6 (9, 8), (9, 7)
[86] Co600℃ TUD-1 800 CO 6 (9, 8) (9, 7) (6, 5)
[97] Ni Floating 600 C2H2 1 (9, 4), (7, 6), (8, 4)
[97] Ni0.67Fe0.33 Floating 600 C2H2 1 (7, 6), (8, 4), (9, 4)
[97] Ni0.5Fe0.5 Floating 600 C2H2 1 (7, 5), (8, 4), (7, 6)
[97] Ni0.27Fe0.73 Floating 600 C2H2 1 (8, 4), (6, 5), (7, 5)
[87] CoSO 540℃

4 SiO2 780 CO 6 (9, 8)
[87] CoSO 780℃

4 SiO2 780 CO 6 (9, 8), (6, 5)
[98] Fe MgO 750 CH4 1 (7, 5), (7, 6), (8, 6)
[99] CoMo SiO2 700 CO 1 (6, 5), (6, 6), (7, 7)
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[99] CoMo SiO2 750 CO 1 (6, 5), (6, 6), (8, 4), (7, 7)
[99] CoMo SiO2 800 CO 1 (6, 5), (6, 6), (7, 7)
[99] CoMo SiO2 850 CO 1 (6, 6), (7, 6), (7, 7), (8, 7)
[99] CoMo MgO 750 CO 1 (7, 5), (6, 6), (6, 5), (7, 6)
[100] CoMo SiO2 800 CO 2 (7, 6), (8, 6), (8, 4)
[100] CoMo SiO2 800 CO 4 (7, 6), (7, 5), (8, 4)
[100] CoMo SiO2 800 CO 12 (7, 5), (7, 6), (6, 5), (8, 4)
[100] CoMo SiO2 800 CO 14 (6, 5), (7, 6), (7, 5), (8, 4)
[101] Co SiO2 700 C2H2 1 · 10−6 (6, 5), (7, 6), (9, 2)
[101] Co SiO2 700 C2H6O 5 · 10−3 (7, 6), (7, 7), (10, 9)
[102] Stainless Steel Wire 700 CO 1 (6, 5), (7, 5), (8, 3)
[103] FeRu Si 600 CH4 1 (6, 5)
[103] FeRu Si 700 CH4 1 (6, 5), (7, 5), (8, 4)
[103] FeRu Si 850 CH4 1 (8, 4), (7, 5), (7, 6)
[104] Co MCM-41 550 CO 1 (6, 5), (8, 4)
[104] Co MCM-41 650 CO 1 (6, 5), (8, 4), (7, 5)
[104] Co MCM-41 750 CO 1 (7, 5), (8, 4), (7, 6)
[104] Co MCM-41 850 CO 1 (7, 6), (8, 4), (8, 6), (7, 5)
[105] CoFe Zeolite 650 C2H6O 10 · 10−3 (6, 5), (7, 5)
[105] CoFe Zeolite 750 C2H6O 10 · 10−3 (7, 5), (6, 5), (7, 6)
[105] CoFe Zeolite 850 C2H6O 10 · 10−3 (7, 5), (7, 6), (8, 6)
[106] Co MCM-41 675 C2H6O 0.1 · 10−3 (6, 5), (7, 3), (7, 5)
[106] Co MCM-41 725 C2H6O 0.1 · 10−3 (6, 5), (7, 5), (7, 3), (8, 4)
[106] Co MCM-41 750 C2H6O 0.1 · 10−3 (6, 5), (7, 5), (8, 4)
[106] Co MCM-41 775 C2H6O 0.1 · 10−3 (7, 5), (8, 4), (6, 5), (7, 6)
[106] Co MCM-41 800 C2H6O 0.1 · 10−3 (7, 5), (8, 4), (7, 6), (6, 5)
[107] CoMn MCM-41 600 CO 1 (6, 5), (8, 3), (7, 3)
[107] CoMn MCM-41 700 CO 1 (6, 5), (7, 3), (8, 3)
[107] CoMn MCM-41 800 CO 1 (6, 5), (7, 5)
[108] Fe Floating 880 CO/CO2 1 (12, 10), (12, 12), (11, 9)
[108] Fe Floating 880 CO/CO2/NH3 1 (13, 12), (12, 11), (13, 11)
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5B Appendix to Paper B
Reprinted version of Table 1 from Paper B, containing the calculated values of ∆Ec, ∆Ee
and S∗.

Table 5.2: The relative energies per carbon atom, ∆Ec, and the relative edge energies
per edge atom, ∆Ee, calculated using DFT data. S∗ is the switching length (when
the most stable chirality switches from armchair to zigzag), given by Eq. 5.4. Here the
SWCNT-series are denoted by n+m and the nanoribbons as GNR.

n+m 8 10 12 16 20 GNR

∆Ec
(

eV
atom

)
0.0702 0.0452 0.0295 0.0169 0.0105 0

∆Ee
(

eV
atom

)
-0.2547 -0.2049 -0.1758 -0.1725 -0.1679 -0.1446

S∗ 4.5 5.5 7 11 17 -
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Chapter 6

Conclusions and Future Work

“Failure is always an option.”

Adam Savage

The theoretical studies performed in this thesis were aimed to increase the fundamental
knowledge on how SWCNTs grow. This was achieved by first principle DFT calculations
on the stability of SWCNTs. The results show a link between stability and chirality of
CCVD products and that the stability of SWCNTs depends on their length.

6.1 Conclusions
To conclude we return to the research questions.

Q1: Can the statistical abundance of certain SWCNT chiralities observed in products,
be explained by the difference in energy for different chiralities?

Yes, by analyzing the observed chiralities in experimental CCVD products a link between
the most abundant chirality and the most stable SWCNT in each series could be esta-
blished. 84% of all the reported CCVD growth products to date are within 0.2 eV of the
most stable tube of its series. The fact that the computational model used considers only
hydrogen terminated SWCNT-fragments which does not including the SWCNT-metal
interface. Makes this link between stability and abundance truly remarkable.

The conclusion is that the chirality of the final CCVD products is determined by the
difference in energy (stability) of the initial short SWCNT-fragments. That forms on
the catalytic particles at the early stages of growth. The stability of these fragments
are rather insensitive to certain growth parameters such as composition of the precursor
gas, pressure and any additives that might be used. The analysis of the experimental
CCVD products show that growth temperature has the largest effect on the chirality of
the produced SWCNTs due to its effect on the size and structure of the catalytic metal
particle.
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High growth temperatures gives rise to larger metal particles due to Ostwald ripening
and agglomeration, which in turn produces larger diameter SWCNTs. At high tempera-
tures the metal particles are also more plastic, meaning that they can morph to fit the
edge of the initial short SWCNT-fragments. This leads to growth of SWCNTs with the
most stable chirality (armchair/near-armchair) from series with diameters corresponding
to the size of the catalytic particles.

The use of low growth temperatures, high melting temperature intermetallic catalytic
particles, or substrates with strong metal bonding gives rise to well-defined ”frozen”
particle surfaces that are not as likely to morph to fit the edge of the forming SWCNT-
fragments. This results in initial growth of less stable short SWCNT-fragments, because
these ”frozen” particles acts as templates for lower stability SWCNT chiralities. In
other words, if the particle does not morph to fit the forming SWCNT-edge the forming
SWCNT-edge has to morph (change chirality) to match the particle surface.
Q2: If from Q1 a connection between abundance and energy difference is observed,

what gives rise to this energy difference for SWCNTs?
The calculations of energy differences (relative energy) for SWCNTs from Paper A show
that for high curvature SWCNT-series (8 to 10) the most stable chirality is zigzag and
the least stable is armchair. Here the chiral tubes are filling in the gap in relative
energy between the zigzag and armchair tubes. This trend changes for the low curva-
ture SWCNT-series (11 to 18), where the most stable chirality switches from zigzag to
armchair and the least stable chirality switches from armchair to zigzag. This switch in
the most stable chirality is the key for explaining the energy difference between SWCNT
chiralities.

An in-depth study of SWCNT stability was performed in Paper B, where armchair
and zigzag SWCNT-fragments with different curvatures (series 8 to 20) and with different
lengths (4 to 25-layers) were used. In conjunction with the two extreme cases, zero
curvature (GNRs) and infinite lengths (periodic SWCNTs). The results show a previously
unknown link between the most stable chirality and the length of the SWCNT. At short
lengths, the most stable chirality is armchair and for long lengths the most stable chirality
switches towards zigzag. The reason for this switch in the most stable chirality was
discovered to be competing edge and curvature energies. Considering armchair and zigzag
SWCNTs from the same series it is shown that the armchair edge is more stable than
the zigzag edge, while the zigzag tube has a lower energy than the armchair tube due to
its lower curvature.

The conclusion is that at the early stages of SWCNT growth when the initial SWCNT-
fragments form on the catalytic particles, the armchair edge will be preferred over the
zigzag edge due to its lower energy. As the growth continue and the fragments elongate,
they will reach a length where the stability switches from armchair to zigzag due to the
lower energy of the zigzag tube owing to its lower curvature. If the switching length is
large enough (depending on the series) reconfiguration of the fragment from armchair to
zigzag is unlikely due to the large energies required. Thus, the SWCNT will continue
to grow as armchair. Paradoxically, this results in the production of the least stable
SWCNTs (armchair at long lengths).
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Q3: Can new methods for chirality-specific growth be devised based on the knowledge
gained from Q1 and Q2?

Proposing new methods or improvements on already existing methods for chirality-
specific growth is not trivial. However, from the knowledge gained so far a few suggestions
can be made. The templating method can in addition to improvements in catalyst com-
position to further stabilize the SWCNT-edge with desired chirality, benefit from more
optimal CCVD conditions. Instead of keeping the growth temperature constant during
the whole process, the temperature could be lowered when the growing SWCNT-fragment
reach the switching length. This will reduce the likelihood of chiral reconfiguration, which
in theory will improve the uniformity of the templating method. Since, the chirality of
the final product will be set by the chirality of the initial SWCNT-fragments forming at
the early stages of growth.

New methods for growing zigzag tubes can also be proposed. It is theoretically pos-
sible to stimulate growing armchair SWCNTs to change their chirality to zigzag, after
the initially grown fragments has passed their switching length. The stimuli needed to
initialize such a reconfiguration could be provided by plasma, increase in temperature,
or similar. Targeting high curvature SWCNT-series (m + n ≤ 10), that have very short
switching lengths could result in the production of mainly zigzag SWCNTs since recon-
figuration from armchair to zigzag is more like to occur at very short tube lengths.
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6.2 Future Work
The results from this thesis has increased the understanding on how SWCNTs grow.
However, there is still much to investigate. Further studies on the stability of SWCNTs
should focus on the chiral tubes, especially at short lengths and lengths close to the
switching region between armchair and zigzag. Here, one might ask the question if the
chiral tubes are always less stable then either armchair or zigzag tubes? In addition, how
does the stability of SWCNT-fragments change when different edge terminations are
used? Does for example capped SWCNT-fragments give the same relative energies as
hydrogen terminated tubes and how does the SWCNT-metal interface affect the stability?
The length dependence of other SWCNT properties is also an interesting area of study.

Since the templating method has been experimentally proven to be a successful for
chirality-specific growth, further studies should focus on the SWCNT-metal interface
and how it effects the growth process. Does for example the SWCNT-metal adhesion
strength differ for different metals, alloys and intermetallics and how does the compo-
sition/surface structure of these effect the SWCNT-fragment stability. The effect on
stability and adhesion strength when carbon atoms diffuses into the metal cluster should
also be studied.

Performing first principle molecular dynamic simulations on the early stages of growth
to investigate the dynamics of templating CCVD is of interest. Especially investigati-
ons on how different temperatures and changing temperatures affect the chirality during
growth are interesting. Gathering meaningful statistics for such a study requires huge
amount of computational resources or the development of new faster simulation met-
hods which have the same accuracy as DFT, making this very challenging. It is clear
that further theoretical studies are required to fully understate the fundamental mecha-
nisms behind SWCNT growth, in order to achieve chirality-specific growth at large scales.

The research will continue.
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On the Stability and Abundance  
of Single Walled Carbon Nanotubes
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J. Andreas Larsson1

Many nanotechnological applications, using single-walled carbon nanotubes (SWNTs), are only 
possible with a uniform product. Thus, direct control over the product during chemical vapor 
deposition (CVD) growth of SWNT is desirable, and much effort has been made towards the ultimate 
goal of chirality-controlled growth of SWNTs. We have used density functional theory (DFT) to 
compute the stability of SWNT fragments of all chiralities in the series representing the targeted 
products for such applications, which we compare to the chiralities of the actual CVD products 
from all properly analyzed experiments. From this comparison we find that in 84% of the cases the 
experimental product represents chiralities among the most stable SWNT fragments (within 0.2 eV) 
from the computations. Our analysis shows that the diameter of the SWNT product is governed by 
the well-known relation to size of the catalytic nanoparticles, and the specific chirality is normally 
determined by the product’s relative stability, suggesting thermodynamic control at the early stage 
of product formation. Based on our findings, we discuss the effect of other experimental parameters 
on the chirality of the product. Furthermore, we highlight the possibility to produce any tube 
chirality in the context of recent published work on seeded-controlled growth.

Single-walled carbon nanotubes (SWNTs) possess remarkable electrical, mechanical and chemical prop-
erties, and are widely discussed for various applications such as integration in electronic circuits1–3, 
mechanical reinforcement of light-weight composites4,5, as well as for chemical- and bio-sensors6,7 and 
synthetic muscles8. However, many applications rely on having SWNTs with defined properties and, since 
both electrical and structural characteristics of SWNTs can vary greatly depending on the chirality and 
diameter, huge efforts have been made to either selectively grow SWNT with single or few chiralities9–21 
or to post-purify them after synthesis22–31. Alternatively, efforts have been made to tailor SWNT proper-
ties by chemical doping32–42, which significantly affects the electrical and chemical properties of SWNTs.

Although the post-purification methods result in relatively high yield of certain chiralities; such meth-
ods are expensive and time consuming, and may modify the properties of the tube, for example, by 
functionalization or structural damage. The chemical doping approach, on the other hand, suffers from 
the fact that the dopant elements can incorporate into SWNTs in different configurations; therefore 
doped samples are usually inhomogeneous. The limitations and disadvantages of the post modification 
methods have encouraged researchers to continue investigating possible approaches to selectively grow 
SWNTs. Chemical vapor deposition (CVD) has become the most promising technique for this purpose, 
since it involves several controllable growth parameters. The vapor-liquid-solid43–45 (VLS) mechanism 
of fiber growth serves as a basis for understanding SWNT growth through catalytic-CVD, but one also 
has to account for the tubes being hollow: Since this results in an unstable growing end that has to be 
stabilized by a catalyst particle that has the metal–carbon binding energy in the required region–not too 
weak and not too strong, following a “Goldilocks” principle that is only fulfilled for a limited number of 
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metals46–49, and can be tuned by alloying50,51. It has been shown that it is possible to affect the chirality 
of the growing SWNT by varying the experimental conditions, such as catalyst composition12,14–16,52–55 
temperature56, carbon precursor10,17, carrier gas pressure57, and catalyst support11,18. Concurrently, several 
reports have investigated the energetic stability of different chiralities58,59 and their caps60–63, and some 
studies have also compared theoretical and experimental data in an effort to clarify the production of 
SWNTs of certain chiralities64,65. However, despite numerous studies on the production of SWNTs, a 
detailed understanding of the correlation between experiment and theory is lacking. In our study we try 
to answer the following key questions; i) To what extent can the observed statistical abundance of certain 
SWNT chiralities be explained by their energetic stability?, ii) What experimental growth parameters 
have high impact on the chirality of the growing SWNT?, iii) Why are certain tubes so seldom observed 
in experimental studies? and, finally, iv) What strategy should be followed to obtain a high relative abun-
dance of more exotic tubes seldom seen in SWNT products?

We try to answer these questions by taking advantage of all relevant experimental studies made so far, 
meaning that we consider experiments where methods have been used that are able to properly detect 
all or nearly all present SWNT chiralities in a sample with tolerable statistics. SWNTs with different chi-
ralities and diameters all have unique band structures, which influences the criteria for eligible detection 
techniques. For example, photo-luminescence only detects semiconductor SWNTs and in the case of 
Raman spectroscopy it is necessary to have excitation wavelengths equal to the difference between van 
Hove singularity (VHS) pairs to satisfy the resonance condition66–68. In the literature survey made for our 
comparison of theoretical stability and experimental abundance we have defined three main techniques 
that we deem to be appropriate to meet this criterion; either a combination of photo-luminescence, elec-
tron diffraction, and/or ultraviolet-visible-near infrared spectroscopy or Raman spectroscopy obtained 
by at least three different excitation lasers evenly distributed over the wavelength region from 450–
1054 nm (1.2–2.8 eV). A single study that utilizes surface enhanced Raman spectroscopy is also con-
sidered in the study, as it seems to properly detect all present SWNTs69. There is a risk that even in the 
selected studies some tubes might be out of resonance with the excitation wavelength used for detection, 
but since our statistics are based on number of “hits” and not the statistical abundance, and since each 
resonance window for a SWNT is roughly 0.3 eV70, we believe that our criterion gives valid data for our 
analysis. The data from the experimental studies are collected in Table S1 in the supplementary material. 
The combined experimental data are discussed in the context of theoretical data on the energetic stability 
of eleven different SWNT-series, namely the (n +  m =  8) to (n +  m =  18) series, where n and m are the 
SWNT chiral indices.

Methods
We have calculated the total energy of all carbon nanotube series for which (n +  m) =  8, 9, 10, ..., 18 using 
density functional theory (DFT). The nanotubes were modeled using six-layered hydrogen terminated 
structures, for which the number of carbon atoms per layer is equal to 2(n +  m) (see inset to Fig.  1). 
These structures were placed in a 27 ×  27 ×  27 Å cubic box, giving at least 10 Å of vacuum separation 
between the periodic images.

The DFT calculations were performed using the Vienna Ab initio Simulation Package71 (VASP). Only 
the gamma point was used in the calculations to minimize the interactions between periodic images. The 
calculations were performed using the projector-augmented wave method72, a plane wave basis set and 
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional73. The plane wave basis set energy 
cutoff was set to 575 eV and the electronic self-consistence loop was converged to 1 ×  10−6 eV.

Gaussian smearing was used; the smearing width (SIGMA) was adjusted in order to give energies 
associated with the electronic entropy of approximately 0.5 meV/atom. All of the calculations were spin 
polarized (ISPIN =  2), with an antiferromagnetic initial magnetization (one end of the SWNT spin up 
and the other spin down). The nanotube structures were relaxed with no symmetry constraints using the 
conjugate-gradient algorithm, until all of the forces acting on the ions were smaller than 6 ×  10−3 eV/Å.

The formation enthalpy Hf was calculated using a simplified version of the equation given in74

= ( , ) − ⋅ −
⋅

( )H E n m a E
b E

2 1f C
H

Here, E(n,m) is the energy of the SWNT, EC =  − 9.201514 eV is the energy per C atom for a 500 atom 
super-cell of graphite and EH = −6.771933 eV is the energy for an H2 molecule in a 27 ×  27 ×  27 Å cubic 
box. a = 6 ×  2(n +  m) is equal to the number of carbon atoms in the nanotube and b =  2(n +  m) is the 
number of hydrogen atoms used for termination of the nanotube ends. The diameters of the SWNTs 
were determined using the relaxed structures through the radial distance to the center-line of the tube 
averaged over the 4 central layers (excluding the hydrogen atoms and one layer at each side of the tube).

Results and Discussion
We have computed the total energies of six-layer SWNT segments of the (n +  m =  8) to (n +  m =  18) 
series with hydrogen-terminated ends (see inset to Fig. 1). The relative energies of the segments within 
each series are shown in Fig.  1, meaning that the most stable tube in each series corresponds to zero 
energy. As reported in earlier studies, hydrogen-terminated tube segments with a zigzag character have 
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antiferromagnetic ground states75–77. We report energy windows (∆E) of the difference between the most 
stable and least stable SWNT within the series (see Table 1) in agreement with previously reported values 
for the 9 to 11 series58, and the 12 and 13 series59.

In the lower series 8 to 10 zigzag tubes are the most stable while in the other series (11 to 18) armchair 
tubes are the most stable. In the 13-series and above the stability follows the chiral index, with the zigzag 
tubes being the least stable within each series. In the 8 series the stability follows the reverse order, with 
the armchair tube being the least stable. In the 9 series the order of stability is (9, 0), (8, 1), (5, 4), (6, 3),  
and (7, 2). In the 10 series the order is (10, 0), (8, 2), (9, 1), (7, 3), (6, 4), and (5, 5), and in the 11-series 
it is (6, 5), (7, 4), (10, 1) and (11, 0) only differing with 5 meV, (9, 2) and (8, 3). In the 12-series the order 
is (6, 6), (8, 4), (7, 5), (9, 3) (12, 0), (10, 2) and (11, 1).

We have reviewed the reported SWNTs in all relevant experimental studies10–12,14–18,20,21,52–57,69,78–89, 
which properly detect all present SWNT chiralities in the sample, and correlate the resulting statistics 
with the computed relative stabilities in Fig. 1. Specific CVD conditions are tabulated in Table S1 in the 
supplementary material.

Four observations can be made from this rather simplistic experimental/theoretical comparison: 
Firstly, there are no reported SWNT products in the 8 and 9 series (and only (7,3) from the 10 series), 
which we attribute to the fact that these small-diameter tubes have formation enthalpies that are too large 
(see Fig. 2). Secondly, most of the products are in the 10 to 14 series, although the formation enthalpies 
of the higher series are progressively lower. We argue that this is the result of the catalyst particle size 
targeted in the majority of these studies, as there is plenty of evidence for the relationship between cata-
lytic metal nanoparticle size and the diameter of the grown tubes20,86,90,91. Thirdly, and most importantly, 

Figure 1. Relative energies between SWNTs of each (n +  m) series from (n +  m) =  8 to 18 plotted against 
the nanotube segment diameter. The zero line thus represents the most stable tube in each series. The 
colored points represent products from SWNT growth, with the color code representing the hit-rate of how 
many times a particular SWNT has been reported as a product in a unique CVD experiment (see Table S1). 
Inset shows the hydrogen terminated six-layer SWNT segments of the (6,5), (6,6) and (9,8) armchair and 
near-armchair tubes.

Series 8 9 10 11 12 13 14 15 16 17 18

∆E (eV) 2.023 1.385 0.935 0.667 0.470 1.420 1.517 2.246 2.590 3.079 3.489

Table 1.  Energy windows (∆E) of the difference between the most stable and least stable SWNT within 
the series.
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we observe that the vast majority of all SWNT products found in the experimental reports are among 
the most stable tubes in its series. This is a very surprising finding, since the energy differences between 
different chiralities are rather small, especially considering the differences in stability between the dif-
ferent series (see the formation enthalpies in Fig. 2)92,93. We have thus found that if no special measures 
are taken, the majority of the grown SWNTs will correspond to the few most stable SWNTs within the 
series, under the condition that the nanotube diameter matches the size of the metal nanoparticles used 
to catalyze the growth of the SWNT. Fourthly, we note, however, that there seems to be one major excep-
tion to the strong correlation between abundance and energetic stability; All experimental data indicate 
significantly lower abundance of pure armchair tubes (n= m) compared to near-armchair tubes (n ≈  m), 
despite the fact that armchair tubes display higher energetic stability, especially for series 12 and higher 
(see values for (6,6), (7,7), (8,8) and (9,9) in Fig. 1). The explanation for this can be found in the work 
by Yakobson group, who report that pure-armchair tubes (and pure-zigzag tubes) grow by a different 
growth mechanism than all other (so-called chiral) tubes that grow from screw-dislocations64,65. As a 
result, armchair and zigzag tubes will grow significantly more slowly (and hence be shorter) than chiral 
tubes. Since spectroscopic techniques such as Raman spectroscopy and photoluminescence scale with 
number of phonons, and number of electrons in the VHS, respectively, they both scale with number of 
atoms in the SWNTs, and hence an equal abundance of e.g. the armchair (6,6) and the chiral (7,5) tube in 
a given experiment will display a weaker signal of the armchair tube, since these have a shorter length94. 
It is important to point out that this observation does not rule out the possibility to target pure-armchair 
tubes as the main product, as recently shown by Sanchez-Valencia et al.89, since when using synthesized 
molecules as seeds (as discussed later) such tubes can indeed dominate. We note that our computational 
data points toward the (10,0) zigzag tube being produced in CVD growth using small diameter catalytic 
particles, but their short lengths make them undetectable.

We have found that the majority (84%) of the experimental product (hit-rate in Fig. 1) is among the 
most stable SWNT fragments (below 0.2 eV). Looking at tubes with similar diameter it is clear that, in 
addition to the relative energies of the tubes within the same series, the differences in formation enthalpy 
(see Fig. 2) is essential in understanding what SWNTs are formed: Clear examples where the formation 
enthalpy plays a major role in the growth abundance of certain chiralities can be seen by comparing e.g., 
the (7,5) and (8,4) tubes of the 12 series that both have significantly higher “hit-rates” than the (10,1) 
tube of the 11 series that have similar diameter as the (7,5) and the (8,4) tubes but a formation enthalpy 
that is around 2 eV higher. Similar observations can be made for the abundant (7,7) and (8,6) tubes of 
the 14 series and the rarely seen (10,3) and (11,2) tubes of the 13 series with similar diameters but much 
higher formation enthalpy. The above analysis of the data in Fig.  2 shows comprehensively how the 

Figure 2. Formation enthalpy of each SWNT in this study (as defined by Eq. (1) in the main text) 
plotted against the nanotube segment diameter. This figure thus displays the energies of the tubes on a 
comparable scale.
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experimental hits are concentrated near the baseline when recasting the data into series disregarding the 
stability relation between different series, as in Fig. 1. Lastly, we want to point out the rather remarkable 
fact that we have been able to draw all these conclusions using just SWNT segments, without considering 
their interface with the catalytic metal.

Growth parameters discussion. In the context of our findings that the catalyst particle size together 
with the relative energetic stability represent the two most important criteria that influence the growth of 
specific SWNT chiralities, we review the effects of the other growth parameters, temperature, pressure, 
feedstock, substrate and catalyst composition, on the selective growth of SWNTs.

Temperature. The most distinct impact that temperature has on the growth products is the increase 
in overall tube diameters. This is obvious from Fig. 3a–c. The increase in diameter can be rationalized 
by an effect on the catalytic metal nanoparticles known as Ostwald ripening95–98 at temperatures above 
700 °C, meaning that the metal atoms become more mobile when the temperature rises. The result is 
disappearance of small metal nanoparticles where the material builds up the size of the remaining par-
ticles, as well as other temperature effects, such as agglomeration. This is exemplified by the report by 
Loebick et al.86, who showed that the average size of Co nanoparticles increases with temperature in 
the CVD reaction chamber. Although, in their work, the Co nanoparticles were deposited on MCM-41 
mesoporous silica template and mixed with Mn to minimize the effect of temperature, still, the average 
diameter of the catalyst particles increases slightly at higher temperature, namely from 8 Å at 600 °C to 
12.5 Å at 800 °C (at intermediate temperature, 700 °C, the particle size increases to 9 Å). As a result, the 
dominating SWNTs in the sample are also shifted, as represented in Fig. 3a, showing the chirality distri-
bution vs growth temperature. Further, it is interesting to note that production of tubes with high relative 
energy for the diameters represented by the metal particle size distribution in this specific experiment, 
such as the (7,3), (8,3) and (9,2), is shifted to production of tubes with lower relative energy such as (8,4), 
(8,6), and (9,7) (cf. Fig. 1). This phenomenon will be further discussed below. The change in particle size 
(tube diameter) with temperature seems to be more significant in smooth (nonporous, weakly interact-
ing) substrates such as silicon wafer. For instance, Fouquet et al.14 observed an up-shift in diameter dis-
tribution of the grown SWNT from 6.1–11.9 Å for 600 °C (growth temperature) to 6.3–14.9 Å for 700 °C, 
for Co catalyst deposited on a silicon wafer. The temperature increase also shifts the dominant chiral-
ities from (6,5), (6,6) and (7,4) for 600 °C to (7,5), (7,6) and (10,9) tube for 700 °C. These observations 
manifest our previous statement about the strong correlation between relative energetic stability and 
high abundance under the pre-requirement of matching catalyst particle size since, although these tubes 
belong to different series with different formation enthalpies (see Fig. 2), the “new” observed tubes also 
have the lowest energies in each series but with larger diameters (see Fig. 1). Figure 3b,c show two other 
examples of the temperature effect: Wei et al.85 grew SWNTs by plasma-enhanced ethanol decomposition 
using Co catalyst particles supported on MCM41, while Lolli et al.56 studied the temperature effect for 
SWNT growth on CoMo catalysts. In our report we have given a few representative examples to reveal 
the effect of temperature on the selective growth process by highlighting studies that have examined the 
chirality distribution in detail. Our conclusions are, however, perfectly valid when compared with the 
data in other work16,80–82.

Pressure. We also consider the carbon precursor pressure in the reaction chamber, which has been 
shown to have a significant effect on the chirality distribution. The influence of this parameter is, however, 

Figure 3. Effect of temperature on chirality distribution (a) represented from work by Loebick et al.86  
(b) represented from work by Wei et al.85 (c) represented from work by Lolli et al.56. The arrows indicate the 
direction of diameter increase.
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more complex to study, since it may also relate to the composition of the catalyst particles, with regard 
to their carbon saturation, especially at elevated temperature. Picher et al.99 showed that a combination 
of precursor pressure and reaction temperature affects the chirality distribution of the growing SWNTs 
and suggest that, compared to large catalyst particles, small catalyst particles can withstand higher carbon 
content before saturation. As a consequence, at a specific temperature, higher carbon precursor pressure 
will result in preferential activation of small catalyst particles and, consequently, preferential growth of 
small diameter tubes. A similar conclusion was made by Wang et al.57, who studied carbon precursor 
pressure ranging from 2 to 18 bar at fixed reaction temperature.

Feedstock. Figure. 3a,b also introduce another important parameter for SWNT growth: the choice of 
carbon precursor. While Loebick et al.86 used CO (Fig. 3a) as carbon precursor, Wei et al.85 used ethanol. 
Several studies have speculated that the hydrogen produced when using a hydrocarbon as precursor 
affects the rate of catalyst particle reduction, remaining active for a longer time56,100,101. This is consistent 
with the results presented in Fig.  3a,b, showing a distribution with more small-diameter tubes for the 
CO precursor. Similar results have also been observed in other reports99. Wang et al.10, examined four 
different carbon precursors; CO, C2H2, C2H5OH and CH3OH to grow SWNTs and they also observed a 
clear shift to large-diameter tubes when hydrocarbons were used compared to CO.

Substrate. The studies presented in Fig.  3a,b utilize CoMn and Co catalyst particles deposited on 
MCM41. Here, it is interesting to note that Mn is highly stable against reduction and does not act as 
a catalyst for SWNT growth (too large M-C bond strength)49, but instead acts in the alloy to prevent 
melting and evaporation of Co from the particles, thereby minimizing the effect of Ostwald ripening and 
agglomeration. This is the reason that the chirality distribution is less affected by temperature in Fig. 3a. 
For the same reason, inclusion of other non-catalytic metals (e.g., Mo, W, Cr, etc.) into the catalytic par-
ticles has a positive effect, producing uniform distributions of SWNTs, most likely because they help to 
reduce the effect of temperature10,19,55. It should be noted that inclusion of these metals also affects the 
catalytic particles’ effective M-C bond strength50,51. We also find that at low temperature these alloy cat-
alysts lead to production of tubes with higher relative energy for the diameters represented by the metal 
particle size distribution in this specific experiment ((7,3), (8,3) and (9,2) in Fig. 3a). The reason for this 
is that the surface geometry of the particles does not adapt, but remains frozen (see more about this effect 
below). These observations also relate to the very important relation between the catalyst particles and 
the substrates for SWNT growth. Such particle-substrate interaction can also prevent restructuring of 
the particles driven by temperature as well as affecting the morphology of catalyst particles. Lolli et al.56 
used CoMo supported on two different materials, SiO2 and MgO, to grow SWNTs under similar reaction 
conditions. Interestingly, the chirality distribution was broader when MgO was used as support, which 
the authors explain by a difference in particle-substrate interaction as well as a change in the catalyst 
particle morphology. Thus, the choice of substrate can have an effect on the restructuring of the catalytic 
particles similar to that of the alloying elements Mn, Mo, W and Cr, which will be considered below.

Catalyst composition. Another parameter that affects the chirality distribution is the interaction 
between catalyst particle and the dissociating carbon atoms. Within the M-C bond strength “Goldilocks” 
window of catalytic activity46–49 (see Introduction), the use of different metals with different bond 
strengths affects the distribution of SWNT product. This effect has been described by Barzegar et al.20, 
who show that slight changes in the Co/Fe ratio of the catalyst particles could influence the chirality 
distribution. Similarly, H. Chiang et al.53 observed a change in chirality distribution of the grown SWNTs 
when they systematically studied a change in catalyst particle composition from pure Fe to pure Ni (with 
a number of steps utilizing different admixtures of Fe and Ni), while the average catalyst particle size 
was kept constant.

Overall the experimental and theoretical data strongly suggest that a selective growth mechanism is 
dictated by a two-parameter model in which the diameter of the tubes produced is primarily governed by 
the nature of the catalyst particle, in particular size, and the specific chirality is governed by the relative 
energetic stability at the diameter in question, pointing towards a high degree of thermodynamic control 
at the initial stage of growth. There are a few exceptions to the two-parameter model. In some cases a 
relatively high abundance of tubes with lower stability, such as the (7,3), (8,3), (9,2), and the (9,4) tubes, 
can be found. We have described above that in such cases the conditions to grow “low-stability” tubes 
occur for SWNT growth at low temperatures. It is reasonable to think that certain metal nanoparticles 
with ideal size and surface morphology can catalyze the growth of such tubes and that the low temper-
ature hinders adaptation of the nanoparticles to the geometry demanded for more stable tubes with this 
diameter.

Seeded growth. We subsequently turn our focus to special measures that can be taken in order 
to promote the growth of energetically unfavorable SWNTs found higher up in the ladder of a series. 
Two recent reports with very different seeding approaches give important insight into this matter: 
Sanchez-Valencia et al.89 use pre-grown chemically synthesized precursors of (6,6) caped segments as 
seeds to promote the growth of single chirality SWNTs samples. This work is in some aspects inspired 
by the work by Smalley et al.102, who use pre-cut SWNT segments as seeds to promote single chirality 
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growth; Yang et al.69,103, on the other hand, take in two different studies advantage of a metal catalyst with 
a very high melting temperature, W6Co7. By growing nanotubes at 1030 °C a nearly complete selective 
growth process is achieved, with a 94% selectivity for the (12,6) tube, and a 80% selectivity for the (16,0) 
tube, respectively. Looking at Fig. 1, it is clear that the (12,6) tube is far from being the most stable tube 
in the 18 series. The authors explain the stabilization of this specific tube with the very high melting 
temperature of W6Co7 (2500 °C), which results in an unchanged morphology of the faceted catalyst 
nanoparticles during the CVD growth. The authors also indicate that, under slightly different conditions, 
other SWNTs with high relative energy for their diameter (as found in the present study, see Fig. 1) can 
grow, such as (14,4). The hypothesis made by the authors about frozen catalyst surfaces giving preference 
to certain tubes is fully supported by our observations. Tubes with high relative energy can grow from 
catalyst nanoparticles that exactly meet the requirement of only this specific chirality when frozen. If the 
conditions allow, the catalyst nanoparticle will adapt to the shape (and size) that better match the tubes 
with higher stability, but at low temperature (as discussed previously), for very stable catalyst particles 
(for example, due to high melting temperature), or for catalyst nanoparticles that are stabilized due to 
other reasons, exotic low-stability tubes with certain chirality can grow. The latter proposal is supported 
by our analysis of the experimental data, summarized in Fig. 1, which for some reports indicate a rather 
high abundance of e.g., the (7,4), (9,2) and (8,3) tubes of the 11 series, and the (8,5), (9,4) and (10,3) 
tubes of the 13 series. Looking further in Table S1, it can be seen that, in all of these experiments, the 
catalytic metal particles are deposited on a porous substrate that forms strong bonds to the metal cata-
lyst. We believe that using such substrates results in a broader catalyst particle distribution and that the 
strong bonds between the particles and the substrate inhibit both reshaping of metal nanoparticles as 
well as diffusion of metal atoms, resulting in larger particles, thus providing a template for less stable 
tubes to be formed. The molecular seeds used in the Sanchez-Valencia et al.89 study, on the other hand, 
represent a very promising development where cap, ring and belt-shaped molecules from chemical syn-
thesis (such as the molecules in ref. 104) could be used to promote the growth of particular SWNTs in 
a controlled way (as also suggested in ref. 73). Such seeds could also be substrate bound (non-catalytic) 
with subsequent deposition of the catalyst metal in order to reap the benefits of tip growth, both for 
feedstock access (SWNT length) and closely packed seeds (SWNT packing density). Bear in mind that 
the tube with the highest formation enthalpy seen in CVD is the (7,3) tube and, thus, all tubes with 
lower formation enthalpy (see Fig.  2) could be possible products that could be targeted through seeded 
growth. The molecular seeding approach can also be used to eliminate the complication of using metal 
nanoparticles and the tube diameter dependence on their size, since the (6,6) tube growth in ref. 89 was 
catalyzed by a smooth Pt surface.

We believe that the major effect of the growth temperature, of larger metal particles leading to larger 
diameter tubes, could just as well be achieved by a pre-treatment annealing of the catalyst with growth at 
a lower temperature. Furthermore, we suggest that a combination of low temperature and high precursor 
pressure would result in the smallest diameter tubes. A combination of alloying with Mn, Mo, W, or Cr and/
or a porous and sticky substrate would possibly open up for the production of exotic small diameter tubes.

Conclusions
We have compared computed SWNT fragment stabilities from DFT with all CVD growth experiments 
evaluated by methods that properly detect all present nanotube chiralities. We have found that the very 
smallest diameter tubes of the 8, 9, and 10 series are not produced because of high formation enthalpies, 
but that otherwise the SWNT diameter is governed by the well-known dependence with the catalytic par-
ticle size, not by the SWNT formation enthalpy, the latter favoring large-diameter SWNTs. It is, however, 
natural that tubes of larger diameter than the catalytic particles are not formed. Our most important find-
ing is that the specific chirality of the SWNT product is strongly dependent on the relative stability of the 
tubes within their series, which can be rationalized to a dependence on the formation enthalpy of tubes 
of similar diameter. Thus, the dominating SWNT products are among the few most stable in each series, 
and our study shows that 84% of the products in all reported CVD growth to date is within 0.2 eV of the 
most stable tube of its series. We wish to point out that our strong correlation between energetic stability 
and abundance in experimental studies is obtained by only considering the SWNT segments, without the 
inclusion of the interface with the catalytic metal. We thus conclude that the effect of the actual growth 
conditions and the interaction with the metal is less dominant with respect to the product outcome, and 
that the initial formation of the product is governed mainly by thermodynamic control. Regarding the 
possibility to influence product outcome by fine-tuning the experimental conditions, our analysis shows 
that the growth temperature has by far the largest effect on the index of the SWNT product. We show, 
however, that this is directly related to the temperature influence on the metal particle size. At low growth 
temperatures (below 650 °C), or high melting temperature of the catalyst due to alloying, or strong sub-
strate binding, the “frozen” metal surfaces can act as templates for growth of less stable tubes. Such con-
ditions account for most of the remaining 16% experimental products, and thus strengthens our already 
strong correlation with the fragment stability. Other parameters such as carbon precursor pressure, vapor 
pressure, and feed stock composition have less impact on the chirality of the product, but here we note 
that the low number of appropriate experimental studies makes it difficult to perform a full evaluation.

Lastly we show that the choice of substrate and catalyst composition can drastically diminish the 
influence of temperature on the metal particle size and lead to static/frozen metal surfaces that act 
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as templates for growth of less stable SWNTs, and even lead to metal particle seeds for index specific 
growth.
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a b s t r a c t

Using density-functional theory the stability of armchair and zigzag single-walled carbon nanotubes and
graphene nanoribbons was investigated. We found that the stability of armchair and zigzag nanotubes
has different linear dependence with regard to their length, with switches in the most stable chirality
occurring at specific lengths for each nanotube series. We explain these dependencies by competing edge
and curvature effects. We have found that within each series armchair nanotubes are the most stable at
short lengths, while zigzag nanotubes are the most stable at long lengths. These results shed new in-
sights into why (near) armchair nanotubes are the dominant product from catalytic chemical vapor
deposition growth, if templating is not used. Paradoxically, the stability of armchair nanotubes at short
lengths favors their growth although zigzag nanotubes are more stable at long lengths, resulting in the
production of the least stable nanotubes.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Since the discovery of single-walled carbon nanotubes
(SWCNTs) [1e3] and their remarkable properties [4,5], huge
amount of time and effort from both experimental and theoretical
researchers has been spent in order to unravel their growth process
[6]. A better understanding of the growth process is key in order to
control it, which is the key to achieving a uniform product of
SWCNTs, all with the same chirality (properties). A uniform product
will in turn enable their full potential to be utilized in commercial/
industrial applications, to push future technological advancements
[7,8].

A long-standing question in the field of SWCNTgrowth has been
the strong preference towards armchair and near-armchair
SWCNT-chiralities found in experimental growth products. Great
progress has been made in recent years towards answering this
question, firstly by Yakobson's group who explained how chiral
SWCNTs grow [9,10] and secondly in a recent paper by Hedman
et al. [11] showing that the SWCNT-fragment stability dictates the
product. In the latter paper, results from first principle calculations
on short (6-layer) SWCNT-fragments showed that the relative

energy of different chiral indices (n, m) strongly correlates to the
product from catalytic chemical vapor deposition (CVD) growth.
The authors showed that for high curvature SWCNT-series, nþm �
10 (diameter below� 7Å), the most stable short SWCNT-fragments
are of zigzag type (m ¼ 0). For lower curvature SWCNT-series,
nþm � 11 (diameter above � 8Å), the relative energy switches
towards armchair (n ¼ m) and near-armchair (nzm) short SWCNT-
fragments being the most stable. Surprisingly, this correlation with
experiment is rather insensitive to other growth parameters, such
as feed-stock, pressure, and catalytic particle composition, as long
as the temperature is optimized for SWCNT growth and the metals
catalytic ability is satisfied [12,13].

Here we present new results connecting the relative energy of
armchair and zigzag SWCNT-fragments to their length, expanding
on the results of our previous paper [11], and finally answering the
question of why products from catalytic CVD growth shows a
strong preference towards armchair and near-armchair chirality.

2. Computational model

We employed first principle calculations using density func-
tional theory (DFT), to investigate the stability of hydrogen termi-
nated SWCNT-fragments of the two extreme chiralities (armchair
and zigzag) from the nþm ¼ 8, 10, 12, 16 and 20-series. The
investigated SWCNT-fragment lengths were 4, 7, 10, 13, 16, 19, 22
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and 25 layers, where each layer contains 2ðnþmÞ carbon atoms.
Curvature effects were studied using infinite length periodic
armchair and zigzag SWCNTs, which have no edge effects. To study
effects due to different edges (armchair and zigzag) without the
influence of curvature periodic graphene nanoribbons (GNRs) was
used, the GNR widths were matched to the SWCNT-fragment
lengths (same number of layers).

The total energies for all structures (80 SWCNT-fragment, 10
periodic SWCNTs and 16 periodic GNRs) was calculated using DFT
as implemented in the Vienna Ab initio Simulation Package (VASP)
[14]. For all calculations we used a plane wave basis set, the
projector-augmented wave method [15] and the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [16]. The plane
wave basis set energy cutoff (ENCUT) was set to 650 eV and the
electronic self consistence loop was converged to 10�6 eV. The
Methfessel-Paxton scheme (ISMEAR ¼ 1) for partial occupancies
was used and the smearing width was set to 0.2 eV, this gave an
electronic entropy below 0.5 meV/atom. All calculations employed
spin polarization (ISPIN ¼ 2) and for SWCNT-fragments and GNRs
with zigzag edges an anti-ferromagnetic initial magnetization (one
edge spin up and the other spin down) was applied in order to
match the ground state [17e19].

All structures were relaxed with no symmetry constraints using
the conjugate-gradient algorithm (IBRION ¼ 2), until all forces
acting on the atoms were smaller than 10�3 eV/Å. For the periodic
structures a gamma centered k-point grid of size (1� 1� 16) was
used, for the finite SWCNT-fragments only the gamma point was
used. The size of the simulation boxes was set to give at least 10 Å of
vacuum separation between the periodic images (in the non-
periodic directions of the structures) for all calculations.

3. Results and discussion

From the total energies obtained using the method described in
Section 2, we can define the relative energy (stability) for a struc-
ture as

DE ¼ Eac � Ezz: (1)

Here Eac, Ezz is the total energy of the armchair and zigzag
SWCNT-fragments respectively. A negative value of DE means that
the armchair chirality is the most stable and a positive value means
that zigzag chirality is the most stable. Worth noting is that for
periodic SWCNTs the armchair layer is� 1:16 times longer than the
zigzag layer, but for both chiralities one layer contains the same
number of carbon atoms. Thus armchair and zigzag SWCNT-
fragments with the same number of layers (length) and from the
same series have an equal amount of carbon and hydrogen atoms,
even though their curvature and edge is different. For periodic
SWCNTs we can define the relative energy per carbon atom as

DEc ¼ Eacc � Ezzc ; (2)

here Ec is simply the total energy divided by the number of carbon
atoms in the structure.

Fig. 1a shows the relative energy, DE, as a function of the frag-
ment length (number of layers) S. It is clear that for all investigated
SWCNT-series the relative energy follows a linear dependency on S
except at very short fragment lengths S(5. The same linear de-
pendency can be seen in Fig. 1b where the relative energy per
carbon atom DEc is plotted as a function of the inverse fragment
length 1=S, for which we also can include the values of periodic
SWCNTs and GNRs.

We assume that the relative energy of two SWCNT-fragments
are governed by two effects; the difference in curvature and the

difference in edge energy and that these two effects combine lin-
early as shown in Fig. 1a. Thus we start by assuming a simple linear
relationship for the relative energy

DE ¼ A,Sþ B; (3)

were A and B are coefficients and S is the fragment length (number
of layers). For an SWCNT-fragment the total number of carbon
atoms in the structure can be defined as Nc ¼ 2ðnþmÞ,S, dividing
Eq. (3) with the total number of carbon atoms will give the relative
energy per carbon atom as

DE=Nc ¼ A
2ðnþmÞ þ

B
2ðnþmÞ,

1
S
: (4)

It is clear that the quotient 1=S/0 as S/∞, the left hand side of
Eq. (4) will then equal the relative energy per carbon atom,
DE=Nc /

S/∞
DEc, for periodic systems. Here we have isolated the

curvature effect on the relative energy, DE, since periodic SWCNTs
have no edges. This implies that the quotient A

2ðnþmÞ is purely a

curvature effect and given by the relative energy per carbon atom
for periodic armchair and zigzag SWCNTs, DEc. It is now trivial to
find that the slope, A, of Eq. (3) can be written as

A ¼ DEc,2ðnþmÞ: (5)

The remaining coefficient, B, in Eq. (3) can now be thought of as
accounting for the difference in edge energy for armchair and
zigzag edges. To investigate this in the extreme case of zero cur-
vature we used periodic GNRs with armchair and zigzag edges.

Looking at the relative energy per carbon atom for GNRs, points
in Fig. 1b we can see that for all investigated GNR widths the

relative energy is negative, which means that the armchair edge is
the most stable, in agreement with previously published work
[20,21]. To understand why this is we look at the electronic struc-
ture at the edge of the GNRs. The electronic structure (total charge
density) is shown in Fig. 2 for both armchair and zigzag GNR edges.
From the figure it is clear that the armchair edge has carbon-carbon
bonds with higher charge density as compared to that of the zigzag
edge. A higher charge density points to a stronger and shorter bond
and thus a lower energy. From the charge density plots we conclude
that the armchair edge always has a lower energy than the zigzag
edge when unstrained.

To incorporate this edge effect into Eq. (3) we start by defining
edge energy per edge atom for both SWCNTs and GNRs as

Ee ¼ E � Ec,ðNc � NeÞ
Ne

� EH2

2
: (6)

Here E is the total energy of the structure, Ec the energy per
carbon atom of the representative periodic structure, Nc the total
amount of carbon atoms in the structure and Ne is the number of

edge carbon atoms. For completeness we also include the therm
EH2
2

which accounts for the hydrogen termination of the edge atoms.
Worth noting is that this term is arbitrary when comparing en-
ergies for edges with the same type of termination e.g. in our case it
cancels out in Eq. (7) below. We now define the relative energy per
edge atom for armchair and zigzag edges as

DEe ¼ Eace � Ezze ; (7)

here Eace , Ezze is given by Eq. (6). To get an expression for the coef-
ficient B in Eq. (3) we combine Eqs. (1), (2), (6) and (7) and solve for
B, to get

B ¼ Ne,ðDEe � DEcÞ: (8)
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For SWCNT-fragments the number of edge atoms can be
calculated by Ne ¼ 2ðnþmÞ, we can now write a final expression
for the relative energy of armchair and zigzag hydrogen terminated
SWCNT-fragments from within the same series as

DE ¼ ðDEcðS� 1Þ þ DEeÞ,2ðnþmÞ: (9)

This simple linear model fits remarkably well with the relative
energies obtained from the DFT calculations (points , , , , and

in Fig. 1). Only small deviations from the model occurs at
extremely short fragment lengths, S(5, were edge effects become
non-linear due to the short fragment length.

A closer inspection of the calculated relative energies in Table 1
shows that for all five SWCNT-series investigated, the relative en-
ergy per carbon atom, DEc, has a positive value, which means that
the longer the SWCNT-fragment gets themore it will tend to favor a
zigzag configuration. Furthermore it is clear that the relative edge
energy per edge atom, DEe, which at short fragment lengths con-
tributes most to relative energy, is negative for all investigated
SWCNT-series. Showing that for short SWCNT-fragments armchair
configurations are themost favorable, this is especially clear for low
curvature SWCNT-series and GNRs. The switching length denoted

by S� can be calculated by S� ¼ 1� 0:5$P2$DEeDEc
S and is increasing

(nonlinear) as the SWCNT-series is increasing. The impact of these
results on the growth process is discussed below.

In catalytic CVD growth of SWCNTs there exists a number of
tunable conditions such as temperature, pressure, carbon pre-
cursors, etc. Special techniques such as templating [22e24] has also
been applied in order to control the chirality of the products. If
constant conditions are employed and no special techniques are
used we call this normal catalytic CVD growth of SWCNTs. For such
normal catalytic CVD growth, it is well known that at early stages of
the process an end-cap forms on the catalytic metal particle and an
SWCNT starts to grow from this cap. Calculations on cap energetics,

Fig. 1. The relative energy (a) and relative energy per carbon atom (b) for different SWCNT-fragment lengths and GNR widths (number of layers) S. Dots represent data from DFT
calculations, data for periodic SWCNTs are marked by diamonds in (b), the dashed lines in (a) are from Eq. (9) and in (b) from Eq. (4) with (5) and (8) using the calculated values of
DEc and DEe given in Table 1. The shaded light blue area shows the region where armchair SWCNT-fragments are the most stable and the shaded light green area shows where
zigzag SWCNT-fragments are the most stable. The switching length, S� , for each series is marked by the dotted vertical lines.

Fig. 2. The total charge density (spin up þ spin down) for armchair (left) and zigzag (right) edges of periodic GNRs, both figures have the same scale. We only show the total charge
density between 10 and 15 Å�3 to more clearly show the difference in bond strength.

Table 1
The relative energies per carbon atom, DEc , and the relative edge energies per edge
atom, DEe , calculated using DFT data from all investigated periodic SWCNTs and
GNRs. S� is the switching length (when the most stable chirality switches from
armchair to zigzag), derived from Eq. (9) and rounded to the closest filled SWCNT
half layer. The SWCNT-series is denoted by nþm with nanoribbon as GNR.

nþm 8 10 12 16 20 GNR

DEc

�
eV

atom

�
0.0702 0.0452 0.0295 0.0169 0.0105 0

DEe

�
eV

atom

� �0.2547 �0.2049 �0.1758 �0.1725 �0.1679 �0.1446

S� 4.5 5.5 7 11 17 e
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by Penev et al. [25] showonly small energy differences between the
stable caps within each series. Molecular dynamics has, in addition,
shown that a growing SWCNT can change its chirality during the
early stages of growth [26,27], when the SWCNT has a very short
length. It is also well known that the typical catalytic metal parti-
cles used are in a plastic state at growth temperature [28,29] and
can thus adapt to fit the edge of the growing SWCNT [30].

These findings strengthens our conclusion that the stability of
early stage short SWCNT-fragments dictates the chirality of the
product (Hedman et al. [11]). Also note that when templating using
cap-fragments have been successful (Sanchez-Valencia et al. [31])
cap-fragments with pre-existing 1.5-layer armchair walls was used
as a template (not merely a cap).

From a thermodynamic point of view the growing SWCNT will
favor a low energy configuration. The possibility of chiral reconfi-
guration at short lengths on a reformable catalyst particle surface,
suggests that a growing short SWCNTcan change its chirality from a
high energy configuration to a more favorable low energy armchair
or near-armchair configuration. Thus our previous results [11]
combined with the new insights presented here explains the
preference for the production of (near) armchair SWCNTs in normal
catalytic CVD growth experiments [32e36]. Note that in experi-
mental growth data there is a clear abundance of near-armchair
SWCNTs as compared to armchair, even though SWCNTs with
armchair chiralities are more stable. This discrepancy can be
explained by the fact that armchair and zigzag SWCNTs grow
significantly slower compared to chiral SWCNTs, due to their
different growth mechanisms [9,10]. The faster growth rate of near-
armchair SWCNTs will not create more near-armchair SWCNTs
compared to armchair, but longer ones. And since the signal
strength of the most common detections techniques (Raman
spectroscopy and photoluminescence) scales with the number of
atoms in the SWCNT. The longer length of the near-armchair
SWCNTs will give a stronger signal compared to the shorter
length armchair SWCNTs, thus showing a higher abundance of
near-armchair SWCNTs.

At a later stage, as the length of the growing SWCNT increases it
reaches a switching region where the most stable configuration
changes from armchair to zigzag, as shown in Fig. 1. When this
switching region is reached the SWCNT length of all but the high
curvature SWCNT-series is large enough that reconfiguration is
unlikely i.e. the armchair geometry has been locked-in and the
SWCNT continues to grow with an armchair chirality. However, it
would be theoretically possible to produce SWCNTs with zigzag
chirality by stimulating a rearrangement from armchair to zigzag
after the initial growing SWCNT has passed the switching length.
This stimuli could be provided by temperature, plasma, or similar.

Interesting new results by Zhao et al. [37] shows an example of
this. Using a stimuli of periodically changing the temperature
during CVD growth, they manage to perturb the growth process,
resulting in production of mostly (72%) near zigzag (15,2) SWCNTs.
This perturbation of the growth process may have promoted
SWCNTs of longer length to change their chirality to a more stable
zigzag configuration, the possible nature of this reconfiguration is
discussed in Refs. [26,27,37]. This would be an example of pertur-
bation of the normal catalytic CVD growth process using a stimuli.

An interesting idea is to target zigzag SWCNTs through
diameter-selective growth, however current diameter-selective
growth experiments reports a diameter selectivity of � 2 Å
[38e40]. This is a too broad interval for singling out zigzag SWCNTs
since in that diameter range (2 Å) there will always exist
(near) armchair SWCNTs from the same or a close by series within
±0:34 Å in diameter (using analytical equation for SWCNT,

d ¼
ffiffiffi
3

p
lcc

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þm2 þ nm

p
). Thus a diameter selectivity narrower

than 0.34 Å is required in order to single out zigzag SWCNTs, which
is currently not experimentally feasible. We propose a more viable
method of producing zigzag SWCNTs using normal catalytic CVD
growth, by targeting high curvature SWCNTs (SWCNT-series where
nþm � 10). For these high curvature SWCNTs, zigzag chiralities
are the most stable even down to lengths of only Sz5 layers.
Particularly promising for growth experiments would be to target
the (10,0) SWCNT (S� ¼ 5:5) as the dominant product using normal
catalytic CVD growth, since SWCNTs of similar diameters are
frequently observed. SWCNTs with even smaller diameters have
shorter switching lengths andwould thus bemore likely to produce
zigzag SWCNTs. However the growth rate of zigzag SWCNTs are
significantly slower compared to chiral SWCNTs as discussed
previously.

4. Conclusions

We have performed first principle calculations on periodic
SWCNTs, GNRs and hydrogen terminated SWCNT-fragments. Our
calculations show that the relative energy for armchair and zigzag
fragments have a linear dependence on the number of layers
(length) of the fragment, due to a combination of curvature and
edge energy. The edge energy for armchair is lower than that of
zigzag, causing the armchair chirality to be the most stable at short
lengths. As the length increases the lower curvature of the zigzag
chirality causes a switch to occur in the relative energy, which
means that at long fragment lengths zigzag chirality is the most
stable. These new results explain the preference towards (near)
armchair chiralities in growth products and, paradoxically, also
means that the least stable nanotube (armchair at microscopic
length) is the most dominant in experimental growth products.
New insights was also gained on how one can promote zigzag
chiralities by the use of different stimuli (temperature, plasma, or
similar), in order to drive a rearrangement from armchair to zigzag
chirality after the growing SWCNT-fragment has passed the
switching length. In light of our new results, diameter-selective
growth was discussed. We concluded that a much narrower
diameter distribution than the currently achievable (2 Å) is
required in order to single out zigzag SWCNTs.We also propose that
growth of zigzag SWCNTs can be achieved, by targeting high cur-
vature zigzag SWCNTs such as (10,0) which have short switching
lengths.
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