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Abstract
Since their discovery over 25 years ago, scientists have explored the remarkable properties
of single-walled carbon nanotubes (SWCNTs) for use in high-tech materials and devices,
such as strong light-weight composites, efficient electrical wires, supercapacitors and highspeed transistors. However, the mass production of such materials and devices is still
limited by the capability of producing uniform high-quality SWCNTs. The properties of a
SWCNT are determined by the orientation of the hexagonal grid of carbon atoms constituting the tube wall, known as the chirality of the SWCNT. Today’s large-scale methods
for producing SWCNTs, commonly known as growth, result in products with a large
spread of different chiralities. A mixture of chiralities give products with a mixture of
different properties. This is one of the major obstacles preventing large-scale use of SWCNTs in future materials and devices. The goal is to achieve growth where the resulting
product is uniform, meaning that all SWCNTs have the same chirality, a process termed
chirality-specific growth. To achieve this requires a deep fundamental understanding of
how SWCNTs grow, both from an experimental and a theoretical perspective. This work
focuses on theoretical studies of SWCNTs and their growth mechanisms, with the goal
of achieving a deeper understanding of how chirality arises during growth and how to
control it. Thus, taking us ever closer to the ultimate goal of achieving chirality-specific
growth.
In this thesis, an introduction to the field is given and the current research questions
are stated. Followed by chapters on carbon nanomaterials, SWCNTs, computational
physics as well as a review of the state-of-the-art experimental and theoretical work on
chirality-specific growth. The results presented in this thesis are obtained using first
principle density functional theory calculations. Results show that the stability of short
SWCNT-fragments can be linked to the products observed in experiments. In 84% of the
investigate cases, the chirality of experimental products matches the chirality of the most
stable SWCNT-fragments (within 0.2 eV). Further studies reveal a previously unknown
link between the stability of SWCNT-fragments and their length. Calculations show that
at specific lengths the most stable chirality changes. Thus, introducing the concept of a
switching length for SWCNT stabilities. This newly found property of SWCNTs is used
in combination with previously published works, to create a state-of-the-art analytical
model for investigation of SWCNT growth at any temperature. Results from the model
show that the most stable chirality is dependent on the diameter and length of the
SWCNT, in combination with growth temperature and catalyst composition. Finally, a
detailed study on binding energies for a large array of possible catalysts reveals new and
interesting candidates for catalytic growth of SWCNTs.
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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 class of nanomaterials are single-walled carbon nanotubes (SWCNTs) due to their electrical, thermal, optical and mechanical properties.
SWCNTs are hollow cylindrical tubes, where the tube wall is made of carbon atoms
arranged in a hexagonal grid. It has been shown that the properties of a SWCNT are
significantly different depending on the orientation of this hexagonal grid, with respect
to the tube axis. This is known as the chirality of the SWCNT and is defined by the 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 and their stability.
The ability of different metals to act as catalysts for SWCNT growth is investigated by
calculating binding energies for SWCNTs attached to metal nanoparticles. How these
energies can be tuned by using bimetallic catalysts with different Fe, Ni mixtures is
studied in conjunction with the effect of carbon interstitials. An analytical model is
presented, which can calculate SWCNT energies for tubes of any chirality, length and
at any temperature. The effects of Au and AuCl4 doping on the density of states for
SWCNT bundles is also examined. Finally, how the SWCNT stability, binding energies
and temperature is linked to the growth process is discussed. The results presented in this
thesis provide new information about SWCNTs and their growth mechanisms. Taking
3
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us ever closer to achieving the ultimate goal of chirality-specific growth.

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 arcdischarge 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, with this method one has limited control over the growth process. The arcdischarge 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 vapour deposition (CCVD) method [5–8]. This method works by passing a
carbon containing gas over catalytic metal particles at temperatures around 900 K. Which
is much lower then for arc-discharge (∼4000 K) and laser ablation (∼1500 K). Giving
CCVD better control over the growth process as compared with the other methods.
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). Although for some experiments,
a preference towards armchair (n, n) and near-armchair (n, n − 1), (n, n − 2) chiralities
can be observed.
The quest for chirality-specific growth has motivated researchers to explore new ways
of improving the normal CCVD method. Apart from changing CCVD growth parameters
such as pressure, temperature, etc. new techniques such as cloning, seeding and templating have been developed. These new techniques have been successful in producing
SWCNT products 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. For templating, 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 modelling to study the growth process has,
in conjunction with experimental research given us vital information about the fundamental mechanisms behind SWCNT growth. First principle DFT calculations have 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 SWCNT growth rates to chiralities and chiralities to the SWCNT catalyst interface energies.

1.2. Scope

5

All this knowledge about the growth process was gained from static calculations, meaning
that no time component was considered.
Performing dynamic simulations (time evolution) of the SWCNT growth process is
very challenging because of the slow growth 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]. New computational methods based on machine learning promise faster
and more accurate simulations [23,24]. These methods can allow longer and more precise
simulations of the SWCNT growth process but so far no such simulations with these new
methods have been published.
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 growth mechanisms can be
obtained through theoretical studies using computer modelling.

1.2

Scope

The aim of this work is to investigate properties of SWCNTs and their growth process
using computer modelling. In order to increase our fundamental understanding of how
SWCNTs grow. In particular, to study relative energies (stability) of different SWCNT
chiralities and correlate them with experimental findings. Calculate binding energies for
SWCNTs attached to many different metal nanoparticles and investigate how these binding energies effect the chirality during growth. Additionally, based on the knowledge
gained from this work one of the objectives is to propose new ways of controlling chirality
during growth.
From this the following research questions were formulated:
Q1: Can the statistical abundance of certain chiralities observed in growth products be
explained by the stability of SWCNTs?
Q2: If from Q1 a connection between abundance and stability is observed, then what
gives rise to this change in stability?
Q3: Which metals can catalyse growth of SWCNTs and do certain metals favour growth
of certain chiralities?
Q4: Can binding energies of SWCNTs attached bimetallic catalysts be tuned using
different catalyst compositions?
Q5: How does temperature, catalyst composition, SWCNT curvature and length effect
the chirality?
Q6: Can new methods for chirality-specific growth be devised based on the knowledge
gained from Q1-Q5?
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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 [25], opaque and soft. (b) Diamond [26], 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 average 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 hardest natural material known (diamond). Responsible for this diversity
in structures and properties of carbon allotropes is the electronic structure of carbon.
Specifically the 4 valence electrons (for details see next section) which can combine/mix
in order to form up to four distinct carbon-carbon bonds (C-C bonds).
7
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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 [27] we
can determine the ground state electron configuration of carbon as:

1s

2s

2px 2py 2pz

This electron configuration can be written as 1s2 2s2 2p1x 2p1y 2p0z and contains fully filled
1s and 2s orbitals and two partially filled 2p orbitals. These are oriented along the x
and y directions, 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 [28].

9

2.1. The Carbon-Carbon Bonds
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 what’s known
as triple-, double- and single-bonds.

C2 H 2

π-bond

π-bond

C2 H 4

π-bond

σ-bond

C2 H 6

σ-bond

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 one σ-bond (single-bond). Bond orbitals are visualized using
IboView [29, 30].
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2.2

Carbon Nanomaterials

Allotropes of Carbon

The ability of carbon to form sp3 -, sp2 - and sp-hybrids give
rise to many allotropes, both as bulk materials 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 nanostructures. The high
dimensional materials, 3D, includes bulk materials such as:
diamond (sp3 hybridized carbon), lonsdaleite (sp3 hybridi(a) Graphite (3D)
zed carbon), graphite (layered structure with sp2 hybridized
carbon) and amorphous carbon (an amorphous mixture of
sp3 and sp2 hybridized carbon).
The nanostructured allotropes, which have lower dimensionality (2D, 1D and 0D) are interesting due to their unique properties. Here we find single atomic layer thick 2D
(b) Graphene (2D)
nanostructures such as graphene (hexagonal sheet of sp2 hybridized 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 nanostructures which includes graphene nanoribbons (long ultra-thin
strips of graphene) and multi-, double- and single-walled car(c) SWCNT (1D)
bon nanotubes (MWCNT, DWCNT and SWCNT).
SWCNTs are hollow cylindrical tubes of sp2 hybridized
carbon with an hexagonal structure similar to graphene. The
DWCNTs are two concentric SWCNTs one inside of the other. Here the two tubes interacts weakly, giving rise to in(d) Fullerenes (0D)
teresting properties. MWCNTs are similar to DWCNTs but
the number of concentric tubes is higher than two. The lo- Figure 2.4: Examples of
west dimensional, 0D, nanostructures include fullerenes (hol- four carbon allotropes, all
low spherical or ellipsoid structures with sp2 hybridized car- figures have the same scale.
bon), 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 [31–34] and nanotube networks [35–37]) show that these new 3D
structures offer unprecedented properties, enabling innovations which are currently not
achievable with today’s bulk carbon materials.

Chapter 3
Single-Walled Carbon Nanotubes
“Scientists have become the bearers of the torch of discovery
in our quest for knowledge.”
Stephen Hawking
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. [38], Hamada
et al. [39] and Saito et al. [40] using first principle calculations inspired by the 1991 paper
by Sumio Iijima [41]. 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 [42] 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 batteries/supercapacitors/solar cells and as channel material for field-effect transistors. The
thermal properties makes SWCNTs usable for thermal management of circuits and lightweight 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 nanometres in diameter but can be several
centimetres 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 material and results in all the remarkable properties of SWCNTs being along the
axial direction of the tube, making their properties extremely directionally dependent
(anisotropic).

11
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3.1

Single-Walled Carbon Nanotubes

Periodic Single-Walled Carbon Nanotubes

The extreme aspect 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 thought of
as a mapping from the flat graphene sheet onto the curved 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 [43,44] we find the mathematical definition of the chiral and translational vectors
Ch = na1 + ma2 ,
T=

(3.1)

1
[(n + 2m)a1 − (2n + m)a2 ] ,
dR

(3.2)

where
a1 =

"

√3
3


d

dR = 
3d

#

lC-C
, a2 =
2

"

3
√
− 3

#

lC-C
,
2

if n − m is not a multiple of 3d
,
if n − m is a multiple of 3d

d = gcd(n, m).

(3.3)
(3.4)
(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

√
3m
angle, θ = arctan 2n+m
. Due to symmetry we can interchange the chiral indices, i.e.
(n, m) = (m, n), this will 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: Building 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.

a1
T

a2

(n, 0)
θ
Ch = na1 + ma2

(n, n)
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).

14

Single-Walled Carbon Nanotubes

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
√
3lC-C q 2
(n + m2 + nm),
R=
2π

(3.6)

N =4·

(3.7)

ωRBM =

n2 + m2 + nm
,
dR

A
+ B,
2R

EC = 2.038 ·



1
R

(3.8)
2

+ .

(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 [45]
with diameter 2R. The coefficients A = 221 and B = 8 cm−1 can be determined by
density functional theory (DFT) calculations [46]. 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 ( = −9.230 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 [47–49]. 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, it is useful to categorize them into series where
tubes belonging 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.
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(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.

A SWCNT-edge can be created by cutting apart a tube along the circumference, and
is defined by the geometry and termination of the resulting edge carbon atoms. The
geometry of the edge will depend on the chiral indices of the SWCNT and at which angle
the tube is cut. For the simplest case were the SWCNT is cut perpendicular to the tube
axis, the resulting edge will always have n + m number of edge bonds. This results in
all zigzag tubes having the same edge geometry, see Figure 3.3a, similarly all armchair
tubes will have the same edge, see Figure 3.3c. For 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.
In contrast to an armchair or zigzag edge, a chiral edge can have several unique
arrangement of edge atoms corresponding to the same number of edge bonds (n + m).
This results in chiral edges having a higher configurational entropy than armchair or
zigzag edges. The energy corresponding to the configurational entropy of a SWCNTedge at temperature T can be calculate by [50]
ET S

!

n!
,
= kB T ln
m!(n − m)!

(3.10)

were kB is the Boltzmann constant. Termination of the SWCNT-edge is important in
order 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),
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double hydrogen (2H-termination) or hydroxy group (OH-termination). It is also common that the SWCNT-edge is terminated with a half fullerene creating a capped SWCNT, an example of this is shown in Figure 3.3d, or a metal nanoparticle as occurs during
growth.
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
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

(3.11)

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 graphene 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 vapour deposition, ball milling and plasma torch. The most successful and widely adopted of these
is the catalytic chemical vapour deposition (CCVD) method and its derivatives such as
plasma-enhanced CVD, hot-filament CVD, cold-wall CVD, 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 nanoparticles are either supported on a substrate (e.g. Si, SiO2, MgO,
Al2O3) or freely floating. The state of the catalytic particle during growth is dependent
on many factors such as its composition, size, support and growth temperature. If
the particle has a low melting temperature, one might consider the particle to be in a
“liquid” or plastic state during growth. Implying that the particle can deform and change
its internal and surface structure during growth. This is known as vapour-liquid-solid
(VLS) growth. If on the other hand the catalytic particle has a high melting temperature

3.3. Growth of Single-Walled Carbon Nanotubes
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it remains solid during growth and thus does not change its structure. This is known
as vapour-solid-solid (VSS) growth. Determining if one has VLS or VSS growth is not
trivial since measuring the state of the catalytic particle during growth is difficult.

Figure 3.4: VLS growth of a SWCNT (grey) on a freely floating Ni55 metal catalyst
(blue). The process occurs as follows: feedstock decomposition, carbon diffusion,
formation of carbon dimers, chains and rings, nucleation of a SWCNT-cap and elongation
into a SWCNT-fragment.

The VLS growth process for a freely floating metal catalyst is illustrated in Figure 3.4.
During growth the gas molecules flowing through the chamber will interact with the
catalytic particles and be decomposed into their constituents. Depending on the carbon
solubility of the catalytic particle the carbon atoms from the decomposed gas can either
diffuse into the particle (which after a while get saturated with carbon) or remain on
the surface of the particle. The carbon atoms in/on the catalytic 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 particles.
• The nature of the support substrate and the density of catalytic particles.
• The composition, pressure and flow rate of the carbon precursor gas.
• The use of any additives e.g. water vapour or ammonia.
• The total time and temperature profile of the CCVD process.
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(a)

(b)

Figure 3.5: A (5, 5) SWCNT (grey) 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 as illustrated in
Figure 3.4. The elongation of the tube occurs at the SWCNT-catalyst 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 rootgrowth or by 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 3.5a. 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 3.5b. In both cases elongation of the SWCNT is
either away from the substrate, as shown in Figure 3.5, or along the substrate.
In tip-growth, the catalytic particle is always on top of the growing SWCNT allowing
for easier access to the precursor gas, since it does not need to diffuse through a forest of
growing SWCNTs to reach the catalyst particle. This method allows for growth of longer
SWCNT and is also known as kite growth [12, 13]).

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 modelling or computer simulations. Here,
the physics (equations) for a particular real system is implemented in the computers
(hardware/software). The computers then solve these equations using techniques (algorithms) derived from mathematics. The computational resources required to model
different real systems varies a lot, some models can run on simple laptops whereas others
require more capable workstations. Certain types of models are so complex that they
require large supercomputers with tens of thousands of processors, modelling the physics
of materials at the atomic level is one of these.
For the modelling of materials at the atomic level, we need to correctly describe the
properties and interactions of atoms. This modelling 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 (parameters). One of the most wildly adopted ab initio methods for materials modelling is
density functional theory (DFT), which is based on the fundamental laws of quantum mechanics, 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 it’s also very computational heavy which prevents
the modelling 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. These have parameters that are
19
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fitted such that 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 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 mechanical problems, in particular the many-body Schrödinger equation.
ĤΨ = EΨ,

(4.1)

here E is the total energy, Ψ is the wavefunction and Ĥ is the Hamiltonian for the
many-body system. In quantum mechanics the Hamiltonian, Ĥ, refers to the operator
corresponding 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 = −

Ne
~2 X
∇2
2me i=1 i

T̂n = −

Nn
∇2I
~2 X
2 I=1 MI

V̂ee =
V̂nn =

Ne
1 e2 X
1
2 4π0 i,j,i6=j |ri − rj |
Nn
ZI ZJ
1 e2 X
2 4π0 I,J,I6=J |RI − RJ |

V̂en = −

e ,Nn
ZI
e2 NX
4π0 i,I |ri − RI |

(4.3)
(4.4)
(4.5)
(4.6)
(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
2
2
2
nuclei) and the Laplacian of the wavefunction ∇2 Ψ = ∂∂xΨ2 + ∂∂yΨ2 + ∂∂zΨ2 . V̂ee and V̂nn are
the potential energies 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 electron mp = ∼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 [51]. 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,
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 [52]) 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
[n(r)]
=0
energy, n0 (r) → E0 when ∂F∂n(r)
n0 (r)

Kohn and Sham further simplified the problem by developing what’s known as the
Kohn-Sham (KS) ansatz [53], 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
Z

E KS [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 e2 R R n(r)n(r0 )
drdr0 is the Hartree energy functional, which describes the Coulomb
2 4π0
|r−r0 |
interaction between an electron density, n(r), and the average electron density, n(r0 ).
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)] ∂EH [n(r)] ∂Exc [n(r)]
+
+
.
∂n(r)
∂n(r)
∂n(r)

(4.11)

This minimization is done under the
constraint that the electron density must always
R
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 functional 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
H KS ψi (r) = i ψi (r)

(4.12)

where
H KS = −

~2 2
∇ + V̂eff (r)
2m

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

(4.13)
(4.14)

Here H KS is the KS Hamiltonian describing a single-particle system (electrons are treated
as non interacting). i 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 = E KS [n(r)]. In practice solving the
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Initial electron density,
n(r) = superposition of
atomic charge densities

V̂xc (r) =

∂Exc [n(r)]
∂n(r)

V̂H (r) =

∂EH [n(r)]
∂n(r)

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




2

~
∇2 + V̂eff (r) ψi (r) = i ψi (r)
− 2m

n(r) =

P

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, i ,
by diagonalization of the KS Hamiltonian, H KS . 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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Classical Force Fields

Calculating properties of large scale atomic systems (millions of atoms) or investigating
long timescale dynamics (hundreds of nanoseconds) requires methods that are significantly 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 mathematical expressions, making them significantly faster then DFT. Many different types
of FF methods exist 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 [54] is the Lennard-Jones
(L-J) potential, which defines the interatomic potential as
Vlj = 4

"

σ
R

12



σ
−
R

6 #

,

(4.15)

here  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 modelling Pauli repulsion (short distances) and R−6 is the attractive part modelling
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 [55–57]. They proposed that in addition to dispersion interactions,
FF methods should also include 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
Vnonbond = Velec. + Vdisp.

(4.17)
(4.18)

The bonded potentials consist of: the bond length potential, Vlength , which models
stretching and compression of atomic bonds, the bond angle potential, Vangle , modelling
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 electrostatic interactions usually modelled by the Coulomb potential and Vdisp. includes dispersion
interactions that can be modelled using a L-J potential.
Figure 4.2 shows an example of how FF methods model interatomic potentials. Here
the dihedral potential is modelled 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 modelled 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 modelled using a L-J potential.
Vdihedral

ϕ
Torsion, ϕ

Vlength or Vangle

l
θ
Bond, l or θ
R

Vdisp. = Vlj

Distance, R

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 [29, 30].

4.3

Reactive Force Fields

The classical FF methods use explicitly defined atomic bonds modelled by quadratic
functions and can therefore not describe the breaking and forming of atomic bonds. This
limitation prevents classical FFs from modelling 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 [58]. 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 [59, 60] and the Brenner potential (REBO) [61, 62].
These early bond order FF methods achieved great success especially in modelling
the reaction of hydrocarbons. However, they had some limitations, such as 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. [63] improved on the REBO
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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 modelling growth of SWCNTs, with
a few publications on the subject. However, the reactive force field (ReaxFF) potential
developed in 2001 by van Duin et al. [64] has been used in over 20 publications related to
modelling 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 [64], 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. ) depend 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 too many or too few close
neighbours, respectively. For over-coordination the bond order sum exceeds the valency
of the atom and for under-coordination the bond order sum 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 classical 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 description of a modern ReaxFF can be found in the supplementary information to Nielson
et al. [65]. 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 [65–68].
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4.4

Neural Network Force Fields

All FF methods described so far employ fixed mathematical expressions for the interatomic potential that are “user” defined. Meaning that they are derived from theory
or purely empirical. These mathematical expressions have parameters that are fitted so
that the FF agrees with results from higher accuracy calculations or experimental data.
Having a set of fixed mathematical expressions to describe the interatomic potential lowers the computational cost compared to DFT, but is clearly a limitation in terms of
accuracy. There is no certainty that the chosen mathematical expressions can correctly
model the underlying quantum mechanics for a system of interest. Therefore, the next
logical step is to get rid of these fixed mathematical expressions and allow for them to be
derived automatically. In essence one would like to create a FF method that combines
the accuracy and generalizability of DFT with the computational cost (speed) of classical
FFs.
One way to achieve this is to use machine learning to create a neural network force
field (NNFF) that can describe the interatomic potential. There are currently two interesting projects working on this the Atomistic Machine-learning Package [69] (AMP)
and SchNetPack [70–72] (SPK). Both AMP and SPK are built on the same principle,
where a neural network is trained on atomic structures labelled with precalculated DFT
DFT
Atomic
Structure

ReaxFF
Atomic
Structure
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Atomic
Structure

Ab initio
Mapping

Energy
and
Forces
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defined
Mapping

Energy
and
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Features

Mapping

Energy
and
Forces
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Mapping

Energy
and
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SPK
Atomic
Structure

Figure 4.3: An illustration of different methods for determining (mapping) energies and
forces from atomic structures. DFT uses ab initio mapping (slow but accurate). ReaxFF
uses “user” defined mapping (fast but less accurate). AMP performs mapping using a
neural network with “user” defined features (less accurate). SPK performs both mapping
and feature extraction using a neural network (fast and accurate).
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Figure 4.4: Examples of Gaussian descriptors used in AMP to perform feature
extraction. (a) GIi is a function of the radial distance, Rij , between two atoms i and j
scaled by the cutoff distance Rc . (b) GII
i is a function of the bond angle, θijk , and radial
distance R between the three atoms i, j and k. Here η, ζ and λ are parameters that
define the descriptors, these are set by the user. The total number of descriptors is
determined by the number of values for each parameter. Figure is obtained from [73].

energies and forces. Training is done by first extracting features from the atomic structure. These features, which describes the local environment of each atom, are then used
to predict the energy of the structure. The force acting on atom i can be calculated by
∂E
taking the coordinate derivative of the energy Fi = − ∂R
. Here E is the energy predicted
i
by the neural network and Ri is the coordinate of atom i.
An illustration of the difference between DFT, ReaxFF, AMP and SPK is shown
in Figure 4.3. Here, all methods uses the same input, a set of coordinates for each
atom (the atomic structure). For DFT, mapping between the atomic structure and the
energy/forces is done ab initio as described in Chapter 4.1 and for ReaxFF, mapping is
done using “user” defined functions with fitted parameters, see Chapter 4.3. As discussed
previously NNFFs use features as an input in order to predict energy and forces. Thus,
for NNFFs mapping is done between the features and the energy, not directly from the
atomic structure. The features ability to correctly describe the local atomic environment
of an atom will directly affect the accuracy of the NNFF. For AMP and SPK the difference
lies in how features are extracted from the atomic structure (feature extraction).
In AMP, feature extraction is performed using descriptors, functions based on atom
pair distance and bond angle as shown in Figure 4.4. These functions have a number of
parameters η, ζ and λ which needs to be defined by the user in order to attain optimal
features [74, 75]. In a sense AMP uses features that are “user” defined. For SPK on the
other hand, feature extraction is done automatically with no need for the user to define
any descriptors. This is achieved by introducing extra layers in the neural network which
performs the feature extraction. SPK uses an embedding layer together with one or more
interaction blocks to extract features from the atomic structure. These work similar to

4.4. Neural Network Force Fields

29

how convolutional neural networks extract features from images [76]. Where the more
interaction blocks are used, the more abstract features can be extracted from the atomic
structure.
Both AMP and SPK can predict energies and forced for atomic structures with high
accuracy. However, the use of descriptors for feature extraction in AMP, makes it more
difficult to apply to new systems since optimal descriptors for these systems needs to
be found manually. The fixed mathematical expressions used for these descriptors (Figure 4.4) might also limit the ultimate accuracy of AMP, making SPK the more interesting NNFF method at this time. Johan and Victor investigated the possibility of using
SPK to create a NNFF for carbon and nickel [77], where such a NNFF could be used
to model growth of SWCNTs at long timescales and high accuracy. Their work show
promising result where the trained NNFF achieved a root-mean-square error of 0.006
eV per atom in energy and 0.46 eV/Å in forces compared to DFT, while being 6 orders of magnitude faster, making its performance (computational cost) similar to that of
ReaxFF.
Although promising, modelling growth of SWCNTs is a complicated problem where
many different carbon/nickel structures are formed during growth. This makes the configuration space of the potential energy surface for this type of modelling very large.
Which in turn requires us to have a large and diverse training data set in order to train
the NNFF. Johan and Victor used a training data set of around 800 atomic structures,
which is not large enough to cover this configuration space. How to efficiently generate
good training data for NNFF, that samples the entire configuration space of interest is
an challenging problem for future research.
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Chapter 5
Towards Chirality-Specific Growth
“... a mind needs books as a sword needs a whetstone,
if it is to keep its edge.”
Tyrion Lannister
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 [78, 79].
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 modelling can provide details about the growth process at an atomic level. To
help us understand why these changes occur.

5.1

Review of Experimental Work

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
31
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armchair or near-armchair SWCNTs can be found, see Table 6.1 in Appendix 6A. 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 [80–82]
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 circumvent
this limitation by using other seeds such as half fullerenes [83] (SWCNT-caps), carbon
nanorings [84], graphene nanoribbons [85] and cyclodehydrogenation of molecular precursors. Of all 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. [86]. They deposited C96H54
precursor molecules on a (1 1 1) platinum surface. By using surface-catalysed cyclodehydrogenation (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 growth. 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 particle
acts as a template for a specific SWCNT chirality, by stabilizing the SWCNT catalyst
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 favouring 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.
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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. Recently, Yang et al. [87] used
water assisted preparation of the same intermetallic W6Co7 catalysts to produce a high
percentage of (1 0 10) surfaces. SWCNT growth on these catalysts resulted in the
production of mainly (14, 4) tubes (∼97%).
The preparation of the intermetallic W6Co7 catalysts used by Yang et al.in [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 [88] is rather complicated. H. An et al. [89] 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 WCo 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. This might be explained by the fact that H. An et al. [89] could not
identify intermetallic W6Co7 in their catalyst. However, they did show the existence
of 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 observations of the growth process difficult (however not impossible [90]) 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.

5.2

Review of Theoretical Work

Theoretical results from computer modelling has helped a great deal in unravelling the
growth process of SWCNTs with many published papers covering all stages of SWCNT
growth. Extensive reviews on computer modelling of the growth process can be found [91–
93]. Some of these many important and interesting theoretical results will be highlighted
here.
It is known from experiments that certain metals (Co, Fe and Ni) works better for
growing SWCNTs than others (Ag, Au and Cu). The reason for this was explained in
the work by Ding et al. [17], where DFT was used to calculate the SWCNT catalyst
adhesion strength (adhesion energy). They found that the adhesion energy for Fe, Co
and Ni was higher then for Pd, Cu, and Au. The higher adhesion energy prevents
the growing SWCNT from spontaneously detaching from the metal particle, forming a
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capped tube and thus terminating the growth. The investigation of adhesion energies
was later expanded on by Silvearv et al. [18]. They used a similar method to calculate
adhesion energies for 40 different elements (1st , 2nd and 3rd row transition metals among
others). Comparing their theoretical results with results from experiments they defined a
“Goldilocks” zone, where the adhesion energy is just right to allow for 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 SWCNTs, 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 rates of SWCNTs are linked to their chiral angle. Later Artyukhov et al. [20] connected
SWCNT catalyst interface thermodynamics (preference towards lower interface energy)
with screw dislocation growth theory (faster growth rate of chiral SWCNTs) to create
a continuum model for growth. Though their paper is rather complex, the results can
be summarized as follows: SWCNT catalyst interface thermodynamics predicts a higher
abundance of armchair and zigzag SWCNTs due to their low SWCNT catalyst interface
energy and the screw dislocation growth theory predicts that chiral SWCNTs will grow
faster than pure armchair/zigzag SWCNTs. The continuum model predicts a higher
abundance of near-armchair/-zigzag SWCNTs compared to pure armchair/zigzag and
chiral SWCNTs.
Recently Bichara’s group introduced the concept of configurational entropy (number
of ways to combine edge carbon atoms with armchair and zigzag configuration) for a
SWCNT-edge [50]. Their model predicts that chiral edges are more favourable at higher
growth temperatures, due to their larger configurational entropy, as compared with armchair or zigzag edges. This helps to explain the spread in chirality the is observed for
catalyst where the armchair and zigzag binding energies as close, such as Fe, Ni and Co.
However, there are experiments (normal CCVD growth) that show a clear abundance
towards 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 modelling the
dynamics of SWCNT growth is that SWCNTs grow very slowly ∼1-10µm/s. Depending
on the size (chirality) of the SWCNT, this corresponds to 1 carbon atom being added
to the growing SWCNT on average every ∼100-10µs. The empirical methods perform
better, with TB/DFTB being able to simulate up to one nanosecond of growth and
FF methods reaching as far as several tens of nanoseconds. Adding carbon atoms too
frequently to a SWCNT may not allow time for defects to heal, and might also lead to a
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decrease in the tube diameter [94]. Thus, producing thin tubes with many defects. Neyts
et al. tried to circumvent this by combining force field (ReaxFF) molecular 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 modelling has contributed greatly to the
current understanding of the SWCNT growth process. Experimental results have 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 modelling plays a
crucial role.
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Chapter 6
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 gives a short summary of the method and results of the appended papers.
In papers A, B, D and E, the stability of SWCNTs, their catalyst binding energies and
how this relates to growth is studied using first principle density functional theory (DFT)
calculations. An analytical model for calculating energies of SWCNTs is developed in
paper C using the results from papers A and B. Finally, the effect of Au and AuCl4
doping on the electrical properties of SWCNT bundles is investigated in paper F.
All DFT calculations performed by the author was done using the Vienna Ab initio Simulation Package (VASP) [95]. The setup for all calculations is similar since they employ
a plane wave basis set, the projector-augmented wave method [96] and the Perdew-BurkeErnzerhof (PBE) exchange-correlation functional [97]. In all papers the normal PAW
pseudopotentials were used e.g. carbon (PAW PBE C 08Apr2002), hydrogen (PAW PBE H
15Jun2001), nickel (PAW PBE Ni 02Aug2007), etc.

6.1

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, analysed 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, contributed to the main text and was involved in the
scientific discussions.
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6.1.1

Research Contributions

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 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. (6.1)
Hf = E − 6 · 2(n + m) · EC − 2(n + m) ·

EH2
.
2

(6.1)

Here, E is the total energy of the SWCNT-fragment, EC 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 graphite) were calculated using DFT. The plane wave basis set energy cutoff (ENCUT) was set
to 575 eV and the electronic self consistence loop was converged 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 per 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 [98]. The structures were relaxed without any symmetry constraints
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 separation between
the periodic images. The large simulation boxes requires only the Γ-point for k-point
sampling.

6.1.2

Summary of Results

The calculated relative energies, Figure 6.1, show that for 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 6.1 in Appendix 6A, 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
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stability of early stage short SWCNT-fragments dictates the chirality of the product.
These results are obtained using only SWCNT-fragments, without taking into 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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Figure 6.1: Relative energies between SWCNTs of each series from (n + m) = 8 to 18
plotted against the tube diameter. The zero line represents the most stable SWCNT in
each series. The coloured dots denote products from SWCNT growth, with the colorbar
representing the hit-rate of how many times a certain chirality has been reported as a
product in a unique CCVD experiment.

6.2

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 initiated the study, designed, performed the DFT calculations and analysed the results. The author also derived the equations, introduced the
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concept of switching length, prepared the figures and wrote the main part of the manuscript with feedback from J. Andreas Larsson. Both authors contributed equally to
the scientific discussions.

6.2.1

Model and Computational Setup

The stability of zigzag and armchair SWCNTs from the n+m = 8, 10, 12, 16 and 20-series
was 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 any 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. With
the plane wave basis set energy cutoff (ENCUT) set to 650 eV and the electronic self
consistence loop 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 per 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 [98, 99]. Relaxation was performed 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 Γ-centred 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.

6.2.2

Summary of Results

DFT calculated total energies for zigzag and armchair SWCNTs reveal a previously
unknown relationship between relative energy, length, edge and curvature of armchair
and zigzag SWCNT-fragments as seen in Figure 6.2. 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).
(6.2)

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 SWCNTfragment (defined by Eq. (6.3)). The ∆ represents the difference in energy between
armchair and zigzag SWCNTs from the same series, n + m, and with the same length, S,
e.g ∆Ec = Ecac − Eczz . The calculated values of ∆Ec and ∆Ee can be found in Table 6.2
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(Appendix 6B). The energy per edge atom for a SWCNT-fragment or GNR is given by
Ee =

E − Ec · (Nc − Ne ) EH2
−
,
Ne
2

(6.3)

where Nc is the number of carbon atoms in the tube wall, 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 large 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

(6.4)

Thus, the competing edge and curvature energies explains the switch in the most stable
chirality between high and low curvature series discovered in Paper A.
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Figure 6.2: 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).
Dashed lines in (a) is Eq. (6.2) fitted to the DFT data. In (b) dashed lines represent
Eq. (6.2) divided by the number of atom is the SWCNT-fragments. 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.
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Paper C

Title: Analytical Modeling of Single-Walled Carbon Nanotube Energies: The impact of
Curvature, Length and Temperature
Authors: Daniel Hedman and J. Andreas Larsson
Submitted to: Carbon
Contribution: The author initiated the study and performed the analysis of DFT
results from Paper A and B. Derived the analytical model and analyzed the impact of
curvature, length and temperature on the stability of the interface energy. The author
also prepared the figures and wrote the main part of the manuscript with feedback from
J. Andreas Larsson. Both authors contributed equally to the scientific discussions.

6.3.1

Model Implementation

Previous published DFT results were used to derive an analytical model for energies of
SWCNTs, were the parameters of the model was fitted against DFT calculations from
Paper B. The total energy, E, of a SWCNT-fragment with length S and chirality (n, m)
can be described by the following equation
E = (Ew · S + Ei + Et ) · 2(n + m).

(6.5)

Here Et is the energy per atom of the termination for the SWCNT-fragment and Ei is
the interface energy. Ei can be thought of as the relative binding energy between the
carbon-carbon bonds and the carbon-termination bonds. Ew is the energy per carbon
atom of a periodic SWCNT given by the following equation
Ew = γ ·



1
R

2

+ w .

(6.6)

Where R is the radius of the SWCNT, w = −9.230 eV is the energy per atom of graphene
2
and γ = 2.038 eVÅ is the energy penalty due to curvature. The interface energy, Ei , of
a SWCNT with any chirality (n, m) can be described as a combination of the armchair
and zigzag interface energies, Eiac , Eizz respectively
Ei =

2m
n − m zz
E ac +
E + Eξ − ET S .
n+m i
n+m i

(6.7)

This expression also includes the armchair/zigzag mixing energy [100] with ξ = −0.2 eV
Eξ = ξ ·

2m · (n − m) m
·
(n + m)2
n

(6.8)

and the energy contribution due to the configurational entropy [50] of a chiral SWCNTedge at temperature T
!
kB T
n!
ET S =
ln
.
(6.9)
n+m
m!(n − m)!
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The armchair and zigzag interface energies are themselves dependent on the length
and curvature of the SWCNT-fragment
β ac

Eiac = αac e Rac ·
β zz

Eizz = αzz e Rzz ·





1
S
1
S

2

2

+ γ ac ·
+ γ zz ·





1
Rac
1
Rzz

2

2

+ ac
i ,

(6.10)

+ zz
i .

(6.11)

Where αac = 0.043 eV, αzz = −0.42 eV are energy penalty parameters due to confinement
effects arising from the finite length of the SWCNT. These parameters vary slightly
β ac∨zz
depending on the curvature of the SWCNT as e Rac∨zz were β ac = 4.4 Å, β zz = −0.21
Å are scaling parameters. The curvature dependency is described by the parameters
2
2
zz
γ ac = −1.2 eVÅ , γ zz = 0.023 eVÅ . Finally, ac
i = 0.074 eV, i = 0.22 eV are the
armchair and zigzag interface energies for graphene nanoribbons.

6.3.2

Summary of Results

The model Eq. (6.5-6.11) was verified again DFT calculations from Paper A. Results
show a root-mean-square error of 1.61 meV per atom for E, 1.88 meV per atom for
Ew and 11.29 meV per bond for Ei . This is considered good accuracy since the DFT
calculations from Paper A was not used for fitting of any model parameters. The data
from Paper A only include SWCNT-fragments with the same length, S = 6. However,
further testing against DFT calculations including tubes with all chiralities from the 10series with lengths from S = 3 to S = 13. Shows that the model can reproduce the same
2D heat map of SWCNT stabilities as obtained from DFT calculations and the same
switching length S ∗ = 5.5 layers.
After testing showed that the model can reproduce the effects of curvature and length,
the model was applied to investigate the behaviour of the switching length for large
SWCNT series. Results show that the switching length increases rapidly as the SWCNT
series increases. From 5.5 layers (1.3 nm) for the 10-series to 87 layers (21.6 nm) for the
50-series.
Finally, the effect of temperature on the interface energy was investigated using the
configurational entropy term. For H-terminated edges (Figure 6.3a) the interface energy
favours armchair and near-armchair edges at low temperature. As the temperature increases the most stable interface energy shifts towards chiral edges. The effect of temperature
on the catalytic growth of SWCNTs was investigated using DFT calculated armchair and
zigzag interface energies for Ni from Paper D. As shown in Figure 6.3b the zigzag edge
has the lowest interface energy at low temperatures. When the temperature increases
the lowest interface energy shifts toward chiral edges. For the 13-series at 600 °C the
model predicts the most stable interface energy to be for the (10,3) chirality. This is a
close match to the experimental results by Chiang et al.who obtained mostly (9, 4) tubes
from SWCNT growth on floating Ni catalysts at 600 °C.
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Figure 6.3: The chiral angle of the most stable interface (lowest interface energy) for
short tubes (S = 4) as a function of temperature and SWCNT series. For (a)
H-terminated edge and (b) edge terminated with a Ni nanoparticle. The colorbar
indicates the chiral angle with θ = 30° corresponding to armchair and θ = 0° zigzag. Here
both (a) and (b) have the same colorbar.

6.4

Paper D

Title: The Difference in Carbon-Metal Binding Energies of Armchair and Zigzag SingleWalled Carbon Nanotubes
Authors: Daniel Hedman and J. Andreas Larsson
To be submitted.
Contribution: The author designed, performed and analysed the DFT calculations
with input from J. Andreas Larsson. The author also prepared all figures and wrote
the main part of the manuscript where J. Andreas Larsson wrote the Introduction and
Abstract. Both authors contributed equally to the scientific discussions.

6.4.1

Model and Computational Setup

Binding energies were calculated for 3-layer, H-terminated, armchair (5, 5) and zigzag
(10, 0) SWCNT-fragments attached to 55-atom icosahedral nanoparticles (NPs). Consisting of Mg, Al, Si, Ga, Ge, In, Sn, La, Ce, Tl, Pb and 1st , 2nd and 3rd row transition
metals, in total 40 different elements. The NP-SWCNT complexes were modelled using
two different starting geometries for each chirality. Which gives four unique NP-SWCNT
complexes for each metal investigated CX15,5 , CX25,5 , CX110,0 and CX210,0 . Before geometry optimization the coordinates of each starting geometry were scaled such to obtain
the correct radius for the NP in each complex.
DFT calculations were performed using a plane wave basis set energy cutoff (ENCUT) of
500 eV, a Γ-centred (1 × 1 × 1) k-point grid and no symmetry constraints. The electronic
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self-consistence loop was converged to 1·10−6 eV and Methfessel-Paxton smearing of order
1 (ISMEAR=1) was used with the smearing width (SIGMA) tuned such that the electronic
entropy was less than 1 meV per atom for each calculation.
Geometry optimization (relaxation of atomic coordinates) was performed in two stages using the conjugate gradient algorithm (IBRION=2). In the first stage the scaled
coordinates were relaxed using normal accuracy (PREC=Normal) and no spin polarization
(ISPIN=1). For the second stage of relaxation the atomic coordinates obtained from the
first stage was further relaxed using high accuracy (PREC=Accurate). With spin polarization turned on (ISPIN=2) and a high-spin ferromagnetic initialization (MAGMOM=55*6.0)
for the metal atoms. In both relaxation stages the atomic coordinates were relaxed until
the change in energy was smaller than 1 meV. With the centre atoms of the NP held
fixed in the x-y plan during relaxation in order to keep the symmetry.
The relaxation procedure described above was performed for each starting geometry (CX15,5 , CX25,5 , CX110,0 and CX210,0 ). After relaxation the complex with the lowest
energy for each chirality and metal combination was chosen as the final structure. The
SWCNT-fragment was then detached from the NP and both were relaxed separately.
The DFT calculated energies were used to obtain the fragment stabilization corrected
binding energy (adhesion energy) and the interface energy (relative binding energy) for
each metal. The adhesion energy (AE) is given by




(6.12)

(n + m) · Eadh. = ECX − EN P + ÊCN T ,

where ECX is the energy of the NP-SWCNT complex and EN P is the energy of the nanoparticle. ÊCN T is the fragment stabilization corrected energy for 3-layer, H-terminated,
(5, 5) and (10, 0) SWCNT-fragments given by
5,5
10,0
ÊCN
= ECN
+
T
T

10,0
5,5
ECN
T − ECN T
2

!

(6.13)

,

10,0
10,0
= ECN
.
ÊCN
T
T

(6.14)

10,0
5,5
Here ECN
T and ECN T is the energy for 6-layer SWCNT-fragments with both ends Hterminated (no dangling bonds). Note that for Eq. (6.14) the fragment stabilization
10,0
10,0
corrected energy, ÊCN
, is the same as the uncorrected one, ECN
, since the (10, 0) tube
T
T
is used as reference. Finally, the relative binding energy (RBE) is given by



(n + m) · ERBE = ECX − EN P +

6.4.2

ECN T
2



.

(6.15)

Summary of Results

The starting geometry which results in the lowest energy for each complex varies depending on the NP composition and the chirality of SWCNT. For the armchair complexes,
there are 15 elements (Ag, Al, Ce, Co, Ga, Hg, Mn, Nb, Pb, Pd, Sc, Si, Ti, V and Zr)
for which CX15,5 results in the lowest energy configuration. While for the rest of the 25
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elements CX25,5 gives the lowest energy configuration. For the zigzag complexes a similar
result is obtained where for 9 elements (Au, Ge, Hf, La, Mo, Nb, Sc, Sn and Y) CX110,0
results in the lowest energy configuration and CX210,0 for the rest of the 31 elements.
The energies (ECX , EN P ) and magnetizations (MCX , MN P ) obtained after geometry
optimization are available in Table 6.3 (Appendix 6C). Using these energies together with
5,5
10,0
the DFT calculated SWCNT energies: ECN
= −557.456 eV, ECN
= −549.196 eV,
T
T
5,5
10,0
ECN T = −1154.391 eV and ECN T = −1155.284 eV. The AE and RBE can be calculated
using Eq. (6.12) and (6.15) respectively. Figure 6.4 shows the AE, Eadh. , and RBE, ERBE ,
for armchair (5,5) and zigzag (10,0) chiralities for all 40 elements. The yellow shaded
area in the figure marks the “Goldilocks zone” where binding energies (AE and RBE)
are just right for SWCNT growth to occur [18].
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Figure 6.4: The armchair and zigzag AE and RBE for all 40 elements. Dots represent
the AE and RBE for (5,5) armchair tubes (blue) and (10,0) zigzag tubes (red) the dots
are connected by a spline curve to help guide the eye. The yellow shaded area marks the
“Goldilocks zone” with a lower limit of ERBE = 0 eV/bond and an upper limit
ERBE = 0.5 eV/bond.

From the figure we can identify 19 elements for which the binding energies (AE and
RBE) of at least one chirality are inside the “Goldilocks zone”. These are Ce, Co, Fe, Hf,
Ir, Mn, Mo, Nb, Ni, Pd, Pt, Re, Rh, Si, Ta, Tc, W, Y and Zr. Out of these 19 elements
there are 8 (Co, Fe, Hf, Nb, Ni, Rh, Y and Zr) for which the binding energies of both
chiralities are in the zone. Another 8 elements (Ir, Mn, Mo, Re, Si, Ta, Tc and W) for
which only the armchair binding energies are in the zone and 3 metals (Ce, Pd and Pt)
which only have the zigzag binding energies inside the zone.
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Thus, 19 of the investigate elements (47.5%) have the ability to sustain SWCNT
growth. Of these there are 6 metals (Ce, Ir, Mo, Pt, Re and Rh) for which the difference in
armchair and zigzag binding energies is large (> ±0.2 eV/bond). If this energy difference
is sustained at growth temperatures, i.e. it does originate from strain or other geometric
effects of the NP, these 6 metals would be interesting candidates for chirality selective
growth. Where Ir, Mo and Re would promote growth of armchair tubes since their
binding energies are in the “Goldilocks zone”. Following the same reasoning Ce and
Pt would favour growth of zigzag tubes. In the case of Rh the binding energies of both
chiralities are inside the zone but the zigzag binding energy is lowest causing Rh to favour
growth of zigzag tubes.

6.5

Paper E

Title: Tuning Single-Walled Carbon Nanotube Adhesion Energies using Bimetallic Catalysts
Authors: Charlotte Vets, Daniel Hedman, J. Andreas Larsson and Erik C. Neyts
To be submitted.
Contribution: The author contributed with analysis of the DFT results, derived the
equation for correction of fragment stabilization. Participated in the creation of figures,
writing of the main text and scientific discussions with the co-authors.

6.5.1

Model and Computational Setup

Adhesion energies (AE) were calculated for 7 H-terminated SWCNT-fragments of similar diameters: (9, 0), (9, 1), (9, 2), (8, 3), (4, 7), (6, 5) and (6, 6). Attached to 55-atom
cuboctahedra NPs of Fe, Ni and bimetallic FeNi. The composition of the bimetallic NPs
were Fe0.75Ni0.25, Fe0.5Ni0.5 and Fe0.25Ni0.75. Here, the atomic distribution of Fe and Ni in
the NP which produced the lowest energy for the different compositions was used [101].
The effect of dissolved carbon inside the NP was studied by calculating AE for NP with
0, 4 and 8 carbon interstitials.
Geometry optimization for all systems was performed using DFT as implemented in
VASP. With the revised Perdew-Burke-Ernzerhof (RPBE) functional [102], no symmetry
constraints, spin polarization (ISPIN=2) and a plane wave basis set energy cutoff (ENCUT)
of 400 eV. The first order Methfessel-Paxton scheme (ISMEAR=1) for partial occupancies
was used with the electronic self consistence loop converged to 1 · 10−4 eV and a Γcentred k-point grid of size (1 × 1 × 1). The finite difference method (IBRION=5) was
used to calculate the Hessian matrix (matrix of the second derivatives of the energy with
respect to the atomic positions) for all systems. TAMkin [103] was then used to calculate
zero-point energies from the Hessian matrix in order to obtain zero-point corrected DFT
energies. From these energies the AE was calculated using the same equation as in Paper
D


(6.16)
(n + m) · Eadh. = ECX − EN P + ÊCN T .
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Where ECX is the energy of the NP-SWCNT complex, EN P the energy of the NP and
ÊCN T the fragment stabilization corrected energy given by
n,m
n+m,0
ÊCN
= ECN
+
T
T

!

n,m
n+m,0
ECN
T − ECN T
.
2

(6.17)

Here, ECN T is the energy of a SWCNT-fragment with one H-terminated edge (the other
unpassivated) and ECN T is the energy of a SWCNT-fragment with twice the length and
both edges H-terminated. Due to the spread in the calculated AE (noise) caused by an
imperfect SWCNT/NP interface the following equation (derived from Eq. (6.7) in Paper
C) was fitted to the data and used for further analysis.
Eadh. =

6.5.2

(n − m) zz
2m
E ac +
E .
n + m adh.
n + m adh.

(6.18)

Summary of Results

The effect of carbon interstitials on the AE for all SWCNTs attached to the Ni NP is
shown in Figure 6.7 (Appendix 6E). For all chiralities the number of carbon interstitials
show only a very small effect (max. ±0.1 eV/bond) on the AE. Thus, the rest of the
results are presented for only zero carbon interstitials e.g. pure metallic NPs. The AE
for all SWCNT chiralities and NP compositions investigated are shown in Figure 6.5a.
Here, the dots represent the AE derived from DFT energies using Eq. (6.16). It is hard
to draw any firm conclusions from these directly due to the spread in AE, caused by
imperfect SWCNT/NP interfaces. However, by assuming that the AE of a SWCNT can
ac
zz
be described as a combination of the armchair and zigzag AE, Eadh.
and Eadh.
. We can fit
Eq. (6.18) to the data in order of average out the noise caused by imperfect SWCNT/NP
interfaces.
The solid lines in Figure 6.5a is Eq. (6.18) fitted to the AE for each NP composition.
Here, we can see that for Fe1.0, Fe0.5Ni0.5 and Ni1.0 the change in AE as a function of
chirality is small < −0.2 eV/bond from θ = 0 to 30°. A larger change in AE is found for
the Fe0.75Ni0.25 and Fe0.25Ni0.75 bimetallic NPs, where for Fe0.25Ni0.75 the change in AE is
the largest, −0.53 eV/bond from θ = 0 to 30°. Interestingly, for Fe0.75Ni0.25 the change
in AE is positive, 0.24 eV/bond from θ = 0 to 30°.
ac
zz
Eq. (6.18) depends on the values of Eadh.
and Eadh.
obtained from fitting. From
ac
Figure 6.5b it’s clear that for the armchair AE, Eadh.
, the NP composition only has a
zz
slight impact. However, for the zigzag AE, Eadh.
, the change in NP composition causes
large changes in the AE. As the Ni content increases, the zigzag AE shows an oscillating
behaviour. For the Fe0.75Ni0.25 composition the zigzag AE is lower than the armchair
AE. Causing a change in the slope of eq. (6.18) as observed in Figure 6.5a. Thus, the
composition of the bimetallic NP has an impact on the AE. When adding a small amount
(∼25%) of Ni to an Fe NP the AE shows a preference towards zigzag chiralities. The
opposite behaviour is seen when adding a small amount (∼25%) of Fe to an Ni NP. Here,
the the AE shows a preference towards armchair chiralities. This effect is stronger since
the zigzag AE for Fe0.25Ni0.75 lies outside the “Goldilocks zone” as defined in Paper D.
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(b)

Figure 6.5: AE derived from the zero-point corrected DFT energies and from fitting
Eq. (6.18) to the DFT data. (a) Eadh. for all 7 H-terminated SWCNT-fragments: (9, 0),
(9, 1), (9, 2), (8, 3), (4, 7), (6, 5) and (6, 6) as a function of the chiral angle, θ. Here, the
dots represent AE derived from DFT and the solid lines are Eq. (6.18) fitted to the data.
ac , and zigzag, E zz , AE as a function of the NP composition. Here,
(b) Armchair, Eadh.
adh.
ac and E zz obtained from the fitting of Eq. (6.18) in (a). The dots
the dots represent Eadh.
adh.
are connected by a spline curve to help guide the eye.

6.6

Paper F

Title: Thermoelectric properties of SWCNT/PEDOT: PSS composites treated by gold
chloride
Authors: Khabib Yusupov, Daniel Hedman, Alexey Tsapenko, Artur Ishteev, Shujie
You, Vladimir Khovaylo, J. Andreas Larsson, Albert Nasibulin and Alberto Vomiero
Submitted to: Journal of Materials Chemistry A
Contribution: The author designed and performed the DFT calculations, analysed
the DFT results and contributed to Figures 2, 5 and S.3. The author also wrote the
Materials modeling part of the manuscript, contributed to the main text and took
part in the scientific discussions with the co-authors.

6.6.1

Model and Computational Setup

The effect of Au and AuCl4 doping on the electronic properties of SWCNT bundles was
investigated using DFT. The non-doped SWCNT bundle (B1) was modelled using one
metallic (4, 4) and two semiconducting (5, 3) periodic SWCNTs. To match the periodic
unit cell of the (5, 3) tube a 12-layer (4, 4) tube was used. A large unit cell (24.85 ×
24.85 × 29.66) was employed in order to get at least 10 Å of vacuum separation between
the periodic images (in the directions perpendicular to the tube axis). Doping with
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Au nanoparticles (NPs) was modelled by adding a 13-atom icosahedral cluster to the
SWCNT bundle in two different locations. Between the two semiconducting tubes (B2)
and between one of the semiconducting tubes and the metallic tube (B3). For the AuCl4
doping the SWNCT bundle was surrounded with 3 AuCl4 molecules (B4).
The SWCNT bundle is held together by van der Waals forces, acting between the
tubes in the bundle. To correctly model these, dispersion corrected DFT is needed.
Choosing the correct dispersion correction method is non-trivial and depends on the
system of interest. Here, an appropriate correction was found by performing geometry
optimization on the SWCNT bundle, B1, using the different dispersion correction methods available in VASP. The resulting tube separations obtained after optimization were
measured and compared with experimental data. The tube separation distances are presented in Table 6.4 (Appendix 6E), here its clear that the D2 method of Grimme [104]
is in best agreement with experiments (3.15 Å) [4].
Dispersion corrected DFT with the D2 method of Grimme (DFT+D2) was then used
to optimize all systems (B1, B2, B3 and B4) and calculate their electronic properties
(density of state + band structure). DFT+D2 spin-polarized calculations were performed with the plane wave basis set energy cutoff (ENCUT) set to 500 eV and the electronic
self-consistence loop converged to 1 · 10−6 eV. All structures were relaxed with no symmetry constraints using the quasi-Newton algorithm (IBRION=1) until all forces acting on
the atoms were smaller than 1 · 10−2 eV/Å. The Methfessel-Paxton scheme (ISMEAR=1)
for partial occupancies was used with the smearing width set to 0.1 eV for geometry optimizations and reduced to 0.01 eV for calculations of electronic properties. A Γ-centred
(1 × 1 × 4) k-point grid was used during relaxation and for calculations of electronic
properties 100 points were used along the X-Γ symmetry line in reciprocal space.

6.6.2

Summary of Results

The DFT+D2 calculated total (spin up + spin down) density of states (DOS) for all
systems is shown in Figure 6.6. The DOS for the non-doped SWCNT bundle, B1, shows
a small number of states near the Fermi level. For this system the Fermi level, EfB1 =
−1.700 eV, lies midway between the valence and conduction bands. Doping the bundle
with a Au NP between the two semiconducting tubes, B2, shifts the Fermi level slightly
towards the conduction bands (EfB2 = −1.618 eV). The DOS for this system shows
an increase in the number of states near the Fermi level as compared to B1. Au doping
between one of the semiconducting tubes and the metallic tube in the bundle, B3. Results
in a further shift of the Fermi level towards the conduction bands (EfB3 = −1.584 eV)
and a larger increase in the number of states near the Fermi level as compared to B2.
Thus, doping the bundle with Au increases the conductivity of the system and gives
a slight shift of the Fermi level towards the conduction bands (small n-doping). As can
be seen in Figure 6.6, doping the SWCNT bundle with AuCl4 on the other hand results
in a large shift of the Fermi level towards the valence bands (large p-doping). For this
system the Fermi level (EfB4 = −2.376 eV) lies inside the valence bands which results in
good conductivity.
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Figure 6.6: The DFT calculated total density of states (spin up + spin down) near the
Fermi level. Black line represent the non-doped SWCNT bundle B1, blue and red lines
are the Au doped B2 and B3 systems respectively and the violet line is the AuCl4 doped
system B4. The dashed line represents the Fermi level, Ef for all systems.

2

52

Research Contributions

53

6A. Appendix to Paper A

6A

Appendix to Paper A

Updated version of Table S1 from the supplementary information to Paper A.
Table 6.1: Shown are details from all reported CCVD experiments where products are
properly analysed, 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
dominant chirality listed first. Some experiments [105, 106] 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

[107]

CoMo

SiO2

800

C2 H 6 O

(7, 6), (8, 6), (8, 4)

[107]

CoMo

SiO2

800

CH4O

5 · 10−3

[107]

CoMo

SiO2

800

C2 H 2

(8, 4), (7, 6), (7, 5), (8, 6)

[107]

CoMo

SiO2

800

CO

5 · 10−3

[108]

CoMo

SiO2

750

[109]

Co

SiO2

[109]

Co

[110]

Co

[111]

5 · 10

−3

Dominant Chirality
(7, 6), (8, 6), (8, 4)

6

(7, 6), (7, 5), (8, 4)

CO

5

(7, 5), (6, 5)

600

C2 H 2

SiO2

700

C2 H 2

1 · 10−6

SiO2

600

CO

FeCu

MgO

600

[111]

FeCu

MgO

[111]

FeCu

[112]

Fe

[113]

Co

[113]

1 · 10

−6

(6, 5), (6, 6), (7, 4)
(7, 5), (7, 6), (10, 9)

1

(6, 5), (7, 5)

CO

1

(6, 5)

750

CO

1

(7, 5), (6, 5), (8, 4)

MgO

800

CO

1

(7, 5), (8, 4), (6, 5), (7, 6)

Si3N4

800

CO

1

(9, 7), (8, 6)

MgO

400

CO

1

(7, 6), (9, 4)

Co

MgO

500

CO

1

(6, 5)

[113]

Co

MgO

600

CO

1

(6, 5), (8, 3), (7, 5)

[114]

FeCo

Si

800

C2 H 2

1

(7, 5), (8, 5), (12, 1), (12, 0)

[115]

Co

SiO2

780

CO

6

(7, 5), (8, 4), (6, 5)

[115]

CoS

780

CO

6

(9, 8), (9, 7), (6, 5), (10, 9)

[105]

Co400℃

SiO2
TUD-1

800

CO

6

(6, 5), (7, 3), (7, 6), (9, 8)

[105]

Co

500℃

TUD-1

800

CO

6

(9, 8), (9, 7)

[105]

Co600℃

TUD-1

800

CO

6

(9, 8) (9, 7) (6, 5)

[116]

Ni

Floating

600

C2 H 2

1

(9, 4), (7, 6), (8, 4)

[116]

Ni0.67Fe0.33

Floating

600

C2 H 2

1

(7, 6), (8, 4), (9, 4)

[116]

Ni0.5Fe0.5

Floating

600

C2 H 2

1

(7, 5), (8, 4), (7, 6)

[116]

Ni0.27Fe0.73

Floating

600

C2 H 2

1

(8, 4), (6, 5), (7, 5)

SiO2

780

CO

6

(9, 8)

SiO2

780

CO

6

(9, 8), (6, 5)

[106]

CoSO4540℃

[106]

CoSO4780℃

[117]

Fe

MgO

750

CH4

1

(7, 5), (7, 6), (8, 6)

[118]

CoMo

SiO2

700

CO

1

(6, 5), (6, 6), (7, 7)
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[118]

CoMo

SiO2

750

CO

1

(6, 5), (6, 6), (8, 4), (7, 7)

[118]

CoMo

SiO2

800

CO

1

(6, 5), (6, 6), (7, 7)

[118]

CoMo

SiO2

850

CO

1

(6, 6), (7, 6), (7, 7), (8, 7)

[118]

CoMo

MgO

750

CO

1

(7, 5), (6, 6), (6, 5), (7, 6)

[119]

CoMo

SiO2

800

CO

2

(7, 6), (8, 6), (8, 4)

[119]

CoMo

SiO2

800

CO

4

(7, 6), (7, 5), (8, 4)

[119]

CoMo

SiO2

800

CO

12

(7, 5), (7, 6), (6, 5), (8, 4)

[119]

CoMo

SiO2

800

CO

14

[120]

Co

SiO2

700

C2 H 2

[120]

Co

SiO2

700

C2 H 6 O

700

CO

[121]

Stainless Steel Wire

1 · 10

(6, 5), (7, 6), (7, 5), (8, 4)
−6

5 · 10−3

(6, 5), (7, 6), (9, 2)
(7, 6), (7, 7), (10, 9)

1

(6, 5), (7, 5), (8, 3)

[122]

FeRu

Si

600

CH4

1

(6, 5)

[122]

FeRu

Si

700

CH4

1

(6, 5), (7, 5), (8, 4)

[122]

FeRu

Si

850

CH4

1

(8, 4), (7, 5), (7, 6)

[123]

Co

MCM-41

550

CO

1

(6, 5), (8, 4)

[123]

Co

MCM-41

650

CO

1

(6, 5), (8, 4), (7, 5)

[123]

Co

MCM-41

750

CO

1

(7, 5), (8, 4), (7, 6)

[123]

Co

MCM-41

850

CO

1

(7, 6), (8, 4), (8, 6), (7, 5)

[124]

CoFe

Zeolite

650

C2 H 6 O

(6, 5), (7, 5)

[124]

CoFe

Zeolite

750

C2 H 6 O

10 · 10−3

[124]

CoFe

Zeolite

850

C2 H 6 O

(7, 5), (7, 6), (8, 6)

[125]

Co

MCM-41

675

C2 H 6 O

10 · 10−3

[125]

Co

MCM-41

725

C2 H 6 O

(6, 5), (7, 5), (7, 3), (8, 4)

[125]

Co

MCM-41

750

C2 H 6 O

0.1 · 10−3

[125]

Co

MCM-41

775

C2 H 6 O

(7, 5), (8, 4), (6, 5), (7, 6)

[125]

Co

MCM-41

800

C2 H 6 O

0.1 · 10−3

[126]

CoMn

MCM-41

600

CO

1

(6, 5), (8, 3), (7, 3)

[126]

CoMn

MCM-41

700

CO

1

(6, 5), (7, 3), (8, 3)

[126]

CoMn

MCM-41

800

CO

1

(6, 5), (7, 5)

[127]

Fe

Floating

880

CO/CO2

1

(12, 10), (12, 12), (11, 9)

[127]

Fe

Floating

880

CO/CO2/NH3

1

(13, 12), (12, 11), (13, 11)

10 · 10−3

(7, 5), (6, 5), (7, 6)

0.1 · 10

(6, 5), (7, 3), (7, 5)

−3

0.1 · 10−3

(6, 5), (7, 5), (8, 4)

0.1 · 10−3

(7, 5), (8, 4), (7, 6), (6, 5)
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Reprinted version of Table 1 from Paper B, containing the calculated values of ∆Ec , ∆Ee
and S ∗ .
Table 6.2: 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. 6.4. Here the
SWCNT series are denoted by n + m and the nanoribbons as GNR.

n+m
∆Ec ,
∆Ee ,
S

∗

eV
atom
eV
atom

8

10

12

16

20

GNR

0.0702

0.0452

0.0295

0.0169

0.0105

0

-0.2547 -0.2049 -0.1758 -0.1725 -0.1679 -0.1446
4.5

5.5

7

11

17

-
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Table 6.3: DFT calculated energies and magnetization of all complexes and
nanoparticles for both chiralities. Here M denotes the composition of the NP and CX
the starting geometry for the complex with the lowest energy. ECX , EN P are the
energies of the complexes and nanoparticles in units of eV and MCX , MN P their
magnetization in units of µB .
Armchair

Zigzag

M

CX

5,5
ECX

5,5
EN
P

5,5
MCX

5,5
MN
P

CX

10,0
ECX

10,0
EN
P

10,0
MCX

10,0
MN
P

Ag

1

-687.799

-124.103

0.71

1.49

2

-685.195

-124.104

0.00

1.50

Al

1

-745.367

-174.530

0.24

0.25

2

-746.604

-175.672

1.53

0.22

Au

2

-715.812

-148.946

0.49

0.00

1

-712.611

-148.807

1.61

0.00

Cd

2

-588.456

-24.217

0.00

0.00

2

-587.127

-24.208

0.91

0.00

Ce

1

-860.978

-282.528

14.26

11.39

2

-858.086

-284.096

3.05

1.27

Co

1

-906.017

-332.094

88.18

102.65

2

-907.283

-332.096

98.49

102.67

Cr

2

-1024.189

-445.328

3.49

6.22

2

-1024.862

-444.804

0.81

12.23

Cu

2

-738.003

-170.339

0.24

1.86

2

-739.247

-170.339

1.54

1.86

Fe

2

-969.318

-394.249

134.82

143.96

2

-970.241

-393.307

140.33

143.86

Ga

1

-713.416

-144.924

0.54

0.58

2

-710.045

-145.001

0.45

0.65

Ge

2

-791.389

-222.891

0.00

0.00

1

-790.382

-221.840

1.06

0.00

Hf

2

-1058.166

-483.500

0.00

0.00

1

-1059.534

-483.632

0.93

1.80

Hg

1

-567.343

-7.387

0.04

0.00

2

-563.291

-7.368

0.40

0.00

In

2

-691.806

-126.630

0.00

0.45

2

-688.383

-125.818

0.39

0.59

Ir

2

-978.720

-403.879

2.19

8.47

2

-982.575

-403.879

0.93

8.47

La

2

-803.355

-232.368

0.42

3.10

1

-803.060

-232.372

0.74

2.96

Mg

2

-624.418

-55.335

0.00

0.46

2

-625.312

-55.341

0.05

0.47

Mn

1

-1011.124

-433.996

9.76

9.79

2

-1010.972

-433.155

0.98

0.91

Mo

2

-1091.415

-515.767

0.00

0.00

1

-1092.759

-514.260

2.00

0.00

Nb

1

-1060.715

-485.378

0.46

0.44

1

-1062.414

-485.100

0.66

0.44

Ni

2

-824.920

-250.094

24.71

40.78

2

-825.824

-250.095

29.61

40.78

Os

2

-1094.509

-516.325

0.09

1.42

2

-1097.271

-516.427

2.98

0.00

Pb

1

-745.064

-181.687

0.00

0.00

2

-744.319

-181.464

0.01

0.00

Pd

1

-813.758

-241.727

0.29

13.10

2

-814.518

-241.859

16.67

23.76

Pt

2

-849.462

-279.842

2.35

8.66

2

-854.772

-279.554

4.62

5.40

Re

2

-1170.201

-593.252

0.71

0.82

2

-1173.952

-593.255

0.83

0.89

Rh

2

-907.675

-334.210

2.35

4.82

2

-910.435

-334.230

5.99

4.65

Ru

2

-1003.203

-425.679

11.25

11.18

2

-1005.138

-425.850

9.83

13.00

Sc

1

-875.025

-295.517

12.63

26.00

1

-873.174

-295.516

16.51

26.00

Si

1

-835.112

-262.005

0.00

0.00

2

-833.115

-260.622

1.10

0.00
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Sn

2

-761.680

-194.865

0.00

0.00

1

-759.004

-194.327

1.11

0.00

Ta

2

-1144.740

-567.982

0.65

1.94

2

-1146.101

-568.091

0.02

0.47

Tc

2

-1073.231

-496.188

2.07

2.39

2

-1075.276

-496.034

1.02

1.65

Ti

1

-949.739

-370.602

0.03

5.91

2

-949.625

-370.518

1.07

4.03

Tl

2

-674.300

-110.808

0.42

0.00

2

-670.310

-110.878

0.50

0.48

V

1

-1003.746

-423.985

0.77

0.89

2

-1003.249

-424.684

0.13

0.93

W

2

-1186.399

-609.345

0.00

1.25

2

-1188.112

-609.201

0.23

0.00

Y

2

-883.761

-309.350

4.25

15.77

1

-882.514

-309.350

12.84

15.77

Zn

2

-605.426

-39.192

0.00

0.00

2

-605.209

-39.181

0.01

0.00

Zr

1

-984.632

-410.937

2.28

0.00

2

-986.112

-411.033

0.63

0.00
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−1.4

(9, 0)

−1.5

(9, 2)

(9, 1)
(8, 3)

−1.6

(7, 4)
(6, 5)

−1.7

(6, 6)

−1.8
−1.9
−2
−2.1
−2.2
−2.3
−2.4
−2.5
−2.6

0

1

2

3

4

5

6

7

8

Nr. of carbon interstitials

Figure 6.7: The effect of carbon interstitials on the AE for all chiralities attached to the
Ni1.0 NP. Here the dots represent the DFT calculated AE for 0, 4 and 8 carbon
interstitials. The dots are connected by solid lines to help guide the eye.
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Table 6.4: Calculated energies and separation distances between the SWCNTs in the
bundle. M-S denotes the gap between the metallic (4,4) and the semiconducting (5,3)
tube. Likewise, S-S is the distance between the two semiconducting (5,3) tubes. The
Grime DFT-D2 method shows the best agreement with previously published
experimental results (3.15 Å) [4].

Energy, eV

Sep. M-S, Å

Sep. S-S, Å

PBE (no correction)

-5239.24

3.986

3.996

Grime DFT-D2

-5280.85

3.197

3.216

Grime DFT-D3

-5268.72

3.364

3.357

Tkatchenko-Scheffler, Hirshfeld

-5280.21

3.241

3.274

dDsC

-5292.56

3.328

3.354

vdW-optB86b

-4577.56

3.221

3.257

vdW-optPBE

-4425.25

3.321

3.323

vdW-DF

-4222.73

3.500

3.515

vdW-DF2

-4276.13

3.432

3.451

Dispersion correction method
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Chapter 7
Conclusions and Future Work
“Failure is always an option.”
Adam Savage
The theoretical studies performed in this thesis were aimed at increasing the fundamental
knowledge on SWCNT stability, growth and properties. This was achieved by using first
principle DFT calculations to study how diameter, length and growth temperature affect
stabilities of SWCNTs and how this relates to experimental products. A comprehensive
DFT study of metals ability to support growth of armchair and zigzag SWCNTs was
performed, by calculating binding energies of SWCNTs attached to difference metallic
catalysts. This study revealed new metals that can be used as catalysts for growth,
where some show the ability for chirality-specific growth. A study on binding energies for
SWCNTs attached to FeNi bimetallic catalysts show that these can be tune by changing
the catalyst composition. For certain catalyst compositions the binding energies favour
either armchair or zigzag chiralities. Finally, the electrical properties of SWCNT bundles
were investigated by calculating the DOS for pure and doped bundles. Doping SWCNT
bundles with Au results in n-doping while doping with AuCl4 results in p-doping, this
effect can be interesting for use in information and communication technology products.

7.1

Conclusions

To conclude we return to the research questions defined in Chapter 1.2.
Q1: Can the statistical abundance of certain chiralities observed in growth products be
explained by the stability of SWCNTs?
Yes, by analysing the observed chiralities in experimental CCVD products a link between the most abundant chirality and the most stable SWCNT in each series could be
established. 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 model used only considers hydrogen
terminated SWCNT-fragments which does not including the SWCNT catalyst interface,
makes this link between stability and abundance truly remarkable.
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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
is 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.
High growth temperatures give rise to larger metal particles due to Ostwald ripening
and agglomeration, which in turn produces larger diameter SWCNTs. At high temperatures 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 point 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 act 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 stability is observed, then what
gives rise to this change in stability?
The calculations of stability (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 curvature 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. Here, armchair
and zigzag SWCNT-fragments with different curvatures (series 8 to 20) and with different
lengths (4 to 25-layers) were used, in combination 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.

7.1. Conclusions

63

The conclusion is that at the early stages of growth when the initial SWCNTfragments 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).
Q3: Which metals can catalyse growth of SWCNTs and do certain metals favour growth
of certain chiralities?
The results from Paper D show that 47.5% of the investigated elements can support
growth of SWCNTs: Ce, Co, Fe, Hf, Ir, Mn, Mo, Nb, Ni, Pd, Pt, Re, Rh, Si, Ta, Tc, W,
Y and Zr. These elements were identified by calculating the binding energies (AE and
RBE) for armchair and zigzag SWCNT-fragments and determining if these are inside the
“Goldilocks zone” as defined by Silvearv et al. [18]. Comparing these results with those
previously published by Silvearv et al. we can identify 9 new elements which can sustain
growth of SWCNTs, which almost doubles the previously known amount of available
SWCNT catalysts.
By comparing the armchair and zigzag RBE, we find that for most of the elements
inside the “Goldilocks zone” the RBE is lowest for zigzag tubes. Except for Ce, Si and Y
which give lower RBE for armchair tubes. However, the difference between the armchair
and zigzag RBE for most of these metals is deemed too small to affect the SWCNT
chirality at growth temperatures. Previous arguments [128] and ongoing studies by the
author, indicate that the difference between the armchair and zigzag RBE needs to be
greater than 0.2 eV/bond in order to affect chirality during growth.
From the results in Paper D we find only 6 metals Ce, Ir, Mo, Pt, Re and Rh out of
the 19 identified in the “Goldilocks zone”, for which the difference between the armchair
and zigzag RBE is larger than 0.2 eV/bond. If this difference in energy remains at growth
temperature, i.e. it does originate from strain or other geometric effects of the catalyst,
these 6 metals are interesting candidates for chirality selective growth. Were Ir, Mo and
Re would promote growth of armchair tubes since only those binding energies are in
the “Goldilocks zone”, following the same reasoning Ce and Pt would favour growth of
zigzag tubes. For Rh both the armchair and zigzag RBE is inside the zone, here growth
of zigzag tubes would be favoured due to their lower biding energy.
Q4: Can binding energies of SWCNTs attached bimetallic catalysts be tuned using
different catalyst compositions?
As seen in the conclusion to Q3 the difference between the binding energies for armchair
and zigzag SWCNTs needs to be large in order affect chirality during growth, and for
most catalysts this is not achieved. How to tune these binding energies in order to
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increase the difference between armchair and zigzag is thus of interest. One might think
of many ways how this might be achieved, such as adding oxygen, sulphur or carbon to
the catalyst or by using bimetallic catalysts.
In paper E, the latter two options were investigated, by studying the effect of carbon interstitials and different bimetallic FeNi catalyst compositions. From the results,
we conclude that the effect of carbon interstitials on the binding energies is negligible.
However, changing the composition of bimetallic FeNi catalysts show promising results,
where adding Ni to an Fe catalyst (Fe0.75Ni0.25) results in a preference towards zigzag chiralities. The opposite result is found if Fe is added to a Ni catalyst (Fe0.25Ni0.75), which
results in a preference towards armchair chiralities. Here the effect is even stronger since
the zigzag RBE lie outside the “Goldilocks zone”.
The theoretical results correlate with the experimental work of Chiang et al. [116]
who obtained mostly near armchair tubes (7, 6) for growth on Fe0.33Ni0.67. Changing the
composition of the catalyst to mostly contain Fe (Fe0.73Ni0.27) shifts the chirality obtained
from experiments towards zigzag tubes, showing (8, 4) as their most abundant chirality.
This demonstrates that using bimetallic catalysts to tune binding energies is a viable
option. Even though the change in binding energies for different FeNi compositions is
not dramatical, the results give further cause for the investigation of other bimetallic
catalysts. Especially interesting would be the study of bimetallic catalysts combining
elements for which the binding energies are outside the “Goldilocks zone”.
Q5: How does temperature, catalyst composition, SWCNT curvature and length effect
the chirality?
The effect of tube curvature and length on the stability of SWCNT was discussed in the
conclusion to Q1 and Q2 based on the results of Paper A and B. While the effect of
catalyst composition was analysed in the conclusion to Q3 and Q4, centred around the
results of Paper D and E. To analyse how all these parameters affect the chirality we can
use the model presented in Paper C.
We know from the result in Paper D and E that the binding energies (AE and RBE)
depend on the composition of the catalytic particle, and that these can be “tuned” by
for example using bimetallic catalysts. From the model in Paper C we can see that the
RBE (interface energy) for armchair and zigzag SWCNTs is affected by the length and
curvature of the tube.
The model predicts that for smaller SWCNT series (higher curvature tubes) the
difference between the armchair and zigzag interface energy is larger, i.e. the difference
in interface energy increases as the SWCNT curvature increases. Length also affects
the interface energy, this effect is subtle and only noticeable for shorter tubes (< 6)layers, were the model predicts that the difference in interface energy decreases slightly
for shorter tube fragments.
For small differences between the armchair and zigzag interface energies, which is the
case for most catalysts, as determined in Paper D. The model predicts the formation of
armchair tubes for small SWCNT series and zigzag tubes for larger series. If temperature
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effects are taken into account by including the configurational entropy of the SWCNTedge as introduced by Magnin et al. [50], we see that the model predicted a chirality shift
towards chiral tubes. Either from armchair to chiral or from zigzag to chiral, depending
on which interface energy is lowest at T = 0 K.
Q6: Can new methods for chirality-specific growth be devised based on the knowledge
gained from Q1-Q5?
Proposing new methods or improvements on already existing methods for chiralityspecific growth is not trivial. However, from the knowledge gained so far, a few suggestions can be made.
For normal CCVD growth where the catalyst is in a plastic state during growth the
use of metals with large differences between the armchair and zigzag binding energies
(AE and RBE) is suggested. This will promote growth of either armchair or zigzag tubes
depending on which has lowest RBE. To further narrow the chirality the use of catalyst
particles with small diameters is suggested. This will not only limit the possible diameter
of the growing SWCNTs but also increase the difference in armchair and zigzag RBE,
further promoting chirality-specific growth.
For the growth temperature, it is suggested to use a low temperature if the catalyst
already favour armchair or zigzag chiralities based on the difference in RBE. This is
because high temperatures promote growth of chiral tubes due to the configurational
entropy of the SWCNT-edge. However, for catalyst metals with a small difference in
the armchair and zigzag RBE a high growth temperature in combination with small
diameter catalysts is an interesting option. If one can prevent the enlargement of catalyst
particles during growth, as a result of Ostwald ripening. The configurational entropy in
combination with the restriction in available chiralities for small diameter catalysts might
promote growth of specific chiral tubes.
Going beyond normal CCVD growth, the templating method can further stabilize the
SWCNT-edge of a desired chirality by lowering the binding energies of certain chiralities
due to geometrical effects. Also, instead of keeping a constant temperature during the
whole growth process, the temperature could be lowered when the growing SWCNTfragment 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
possible 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
reconfiguration from armchair to zigzag is more likely to occur at very short tube lengths.
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Future Work

The results presented in this thesis have deepened the understanding of mechanisms
behind SWCNT growth and how to control them, but there is still much to investigate.
Future theoretical studies on SWCNTs growth should focus on chiral tubes. Here,
one might ask the question if chiral tubes are always less stable then either armchair
or zigzag tubes (at T = 0) i.e. does the binding energies for chiral tubes always follow
2m
E ac + (n−m)
E zz relationship? Similar studies as those in Paper D should be
the n+m
n+m
performed using a wider range of chiralities, to unambiguously answer the question: if
certain metals can favour growth of specific chiralities? With our current knowledge
this does not look very likely for pure monometallic catalysts. Thus, bimetallic catalysts
should be further studied, using compositions based on the results from Paper D. For
theoretical investigations, one must ensure that a good SWCNT/NP interface is achieved,
for this ab initio molecular dynamics might be an option.
The effect of different additives should also be studied, how does the binding energies
change when for example oxygen is added to the catalyst? From the experimental literature review in Paper A the use of oxygen containing precursor gases (CO, CO2, etc.)
seems to result in mostly armchair and near armchair chiralities, but will theoretical
studies show the same result? Another open question is: how large does the difference
between armchair and zigzag relative binding energies need to be in order to influence
the chirality during growth? Preliminary studies by the author indicate that differences
greater than 0.2 eV/bond are needed, but further studies are required to confirm this.
In addition, more studies on the stability of SWCNT-fragments as a function of diameter and length for different edge terminations are planed which will improve the model
derived in Paper C.
Performing first principle molecular dynamic simulations on the early stages of growth
to investigate the dynamics of SWCNT formation is of interest. Especially investigations
on how the temperature profile, catalyst composition and size affect the chirality during
early stages of growth are of interest. Gathering meaningful statistics for such studies
requires huge amount of computational resources or the development of new faster simulation methods which have the same accuracy as DFT, making this very challenging.
Future research by the author will focus on the development of neural network force
fields (NNFFs), which can correctly model growth SWCNTs with DFT levels of accuracy
but at speeds similar to classical force fields. These NNFFs should have the ability to
self-improve during the growth simulation in order to always maintain DFT levels of
accuracy.
It is clear that further theoretical studies are required to fully understate the fundamental mechanisms behind SWCNT growth, in order to achieve chirality-specific growth
at large scales.
The research will continue.
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density functional theory,” Luleå University of Technology, Tech. Rep., February 9,
2017. [Online]. Available: http://urn.kb.se/resolve?urn=urn:nbn:se:ltu:diva-62169
[47] L.-H. Gan and J.-Q. Zhao, “Theoretical investigation of [5,5], [9,0] and
[10,10] closed swcnts,” Physica E: Low-dimensional Systems and Nanostructures,
vol. 41, no. 7, pp. 1249–1252, February 26, 2009. [Online]. Available:
https://doi.org/10.1016/j.physe.2009.02.014
[48] I. K. Petrushenko and N. A. Ivanov, “Structural and electronic properties of
finite-length single-walled carbon and silicon carbide nanotubes: dft study,”
Modern Physics Letters B, vol. 27, no. 29, p. 1350210, October 31, 2013. [Online].
Available: https://doi.org/10.1142/S0217984913502102

72

References

[49] M. T. Ahmadpour, S. J. Hashemifar, and A. Rostamnejadi, “Size effects on the
structural, electronic, and optical properties of (5,0) finite-length carbon nanotube:
An ab-initio electronic structure study,” Journal of Applied Physics, vol. 120, no. 1,
p. 014303, July 6, 2016. [Online]. Available: https://doi.org/10.1063/1.4955221
[50] M. Yann, A. Hakim, D. François, L. Annick, and B. Christophe, “Entropydriven stability of chiral single-walled carbon nanotubes,” Science, vol.
362, no. 6411, pp. 212–215, October 12, 2018. [Online]. Available: https:
//doi.org/10.1126/science.aat6228
[51] M. Born and R. Oppenheimer, “Zur quantentheorie der molekeln,” Annalen der
Physik, vol. 389, no. 20, pp. 457–484, January 1, 1927. [Online]. Available:
https://doi.org/10.1002/andp.19273892002
[52] P. Hohenberg and W. Kohn, “Inhomogeneous electron gas,” Physical Review,
vol. 136, no. 3B, p. B871, November 9, 1964. [Online]. Available: https:
//doi.org/10.1103/PhysRev.136.B864
[53] W. Kohn and L. J. Sham, “Self-consistent equations including exchange and
correlation effects,” Physical Review, vol. 140, no. 4A, p. A1138, November 15,
1965. [Online]. Available: https://doi.org/10.1103/PhysRev.140.A1133
[54] J. E. Jones, “On the determination of molecular fields. ii. from the equation of
state of a gas,” Proceedings of the Royal Society of London. Series A, Containing
Papers of a Mathematical and Physical Character, vol. 106, no. 738, pp. 463–477,
October 1, 1924. [Online]. Available: https://doi.org/10.1098/rspa.1924.0082
[55] T. L. Hill, “On steric effects,” The Journal of Chemical Physics, vol. 14, no. 7, pp.
465–465, July 1, 1946. [Online]. Available: https://doi.org/10.1063/1.1724172
[56] F. H. Westheimer and J. E. Mayer, “The theory of the racemization of optically
active derivatives of diphenyl,” The Journal of Chemical Physics, vol. 14, no. 12, pp.
733–738, December 1, 1946. [Online]. Available: https://doi.org/10.1063/1.1724095
[57] F. H. Westheimer, “A calculation of the energy of activation for the
racemization of 2,2’-dibromo-4,4’-dicarboxydiphenyl,” The Journal of Chemical
Physics, vol. 15, no. 5, pp. 252–260, May 1, 1947. [Online]. Available:
https://doi.org/10.1063/1.1746491
[58] G. C. Abell, “Empirical chemical pseudopotential theory of molecular and metallic
bonding,” Physical Review B, vol. 31, no. 10, pp. 6184–6196, May 15, 1985.
[Online]. Available: https://doi.org/10.1103/PhysRevB.31.6184
[59] J. Tersoff, “New empirical approach for the structure and energy of covalent
systems,” Physical Review B, vol. 37, no. 12, pp. 6991–7000, April 15, 1988.
[Online]. Available: https://doi.org/10.1103/PhysRevB.37.6991

References

73

[60] ——, “Empirical interatomic potential for carbon, with applications to amorphous
carbon,” Physical Review Letters, vol. 61, no. 25, pp. 2879–2882, December 19,
1988. [Online]. Available: https://doi.org/10.1103/PhysRevLett.61.2879
[61] D. W. Brenner, “Empirical potential for hydrocarbons for use in simulating
the chemical vapor deposition of diamond films,” Physical Review B,
vol. 42, no. 15, pp. 9458–9471, November 15, 1990. [Online]. Available:
https://doi.org/10.1103/PhysRevB.42.9458
[62] ——, “Erratum: Empirical potential for hydrocarbons for use in simulating
the chemical vapor deposition of diamond films,” Physical Review B,
vol. 46, no. 3, pp. 1948–1948, July 15, 1992. [Online]. Available: https:
//doi.org/10.1103/PhysRevB.46.1948.2
[63] S. J. Stuart, A. B. Tutein, and J. A. Harrison, “A reactive potential
for hydrocarbons with intermolecular interactions,” The Journal of Chemical
Physics, vol. 112, no. 14, pp. 6472–6486, March 30, 2000. [Online]. Available:
https://doi.org/10.1063/1.481208
[64] A. C. T. van Duin, S. Dasgupta, F. Lorant, and W. A. G. III, “Reaxff:
A reactive force field for hydrocarbons,” The Journal of Physical Chemistry
A, vol. 105, no. 41, pp. 9396–9409, October 1, 2001. [Online]. Available:
https://doi.org/10.1021/jp004368u
[65] K. D. Nielson, A. C. T. van Duin, J. Oxgaard, W.-Q. Deng, and W. A. Goddard,
“Development of the reaxff reactive force field for describing transition metal
catalyzed reactions, with application to the initial stages of the catalytic formation
of carbon nanotubes,” The Journal of Physical Chemistry A, vol. 109, no. 3, pp.
493–499, January 1, 2005. [Online]. Available: https://doi.org/10.1021/jp046244d
[66] J. E. Mueller, A. C. T. van Duin, and W. A. Goddard, “Development and
validation of reaxff reactive force field for hydrocarbon chemistry catalyzed by
nickel,” The Journal of Physical Chemistry C, vol. 114, no. 11, pp. 4939–4949,
March 25, 2010. [Online]. Available: https://doi.org/10.1021/jp9035056
[67] S. G. Srinivasan, A. C. T. van Duin, and P. Ganesh, “Development of
a reaxff potential for carbon condensed phases and its application to the
thermal fragmentation of a large fullerene,” The Journal of Physical Chemistry
A, vol. 119, no. 4, pp. 571–580, January 29, 2015. [Online]. Available:
https://doi.org/10.1021/jp510274e
[68] Y. K. Shin, L. Gai, S. Raman, and A. C. T. van Duin, “Development of a
reaxff reactive force field for the pt–ni alloy catalyst,” The Journal of Physical
Chemistry A, vol. 120, no. 41, pp. 8044–8055, October 20, 2016. [Online].
Available: https://doi.org/10.1021/acs.jpca.6b06770

74

References

[69] A. Khorshidi and A. A. Peterson, “Amp: A modular approach to machine learning
in atomistic simulations,” Computer Physics Communications, vol. 207, pp. 310–
324, June 2, 2016. [Online]. Available: https://doi.org/10.1016/j.cpc.2016.05.010
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On the Stability and Abundance
of Single Walled Carbon Nanotubes
Daniel Hedman1,*, Hamid Reza Barzegar2,4,*, Arne Rosén3, Thomas Wågberg2 &
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 properties, 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 properties 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 methods 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 abundance 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 chiralities 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, electron 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 considered 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 f = E ( n , m) − a ⋅ E C −

b ⋅ EH
2

(1 )

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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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
∆E (eV)

8

9

10

11

12

13

14

15

16

17

18

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.

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 catalytic metal nanoparticle size and the diameter of the grown tubes20,86,90,91. Thirdly, and most importantly,
Scientific Reports | 5:16850 | DOI: 10.1038/srep16850

3

www.nature.com/scientificreports/

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.

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 different 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 exception 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
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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.

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 particles, 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 distribution 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 interacting) substrates such as silicon wafer. For instance, Fouquet et al.14 observed an up-shift in diameter distribution 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 chiralities 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,
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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 particles 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 catalysts 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 temperature 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 catalyst. 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 synthesis (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 particle 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 finding 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 substrate binding, the “frozen” metal surfaces can act as templates for growth of less stable tubes. Such conditions 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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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 insights 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/).
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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 SWCNT growth 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

* Corresponding author.
E-mail addresses: daniel.hedman@ltu.se (D. Hedman), andreas.1.larsson@ltu.se
(J.A. Larsson).

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, n þ m 
10 (diameter below  7Å), the most stable short SWCNT-fragments
are of zigzag type (m ¼ 0). For lower curvature SWCNT-series,
n þ m  11 (diameter above  8Å), the relative energy switches
towards armchair (n ¼ m) and near-armchair (nzm) short SWCNTfragments 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 functional theory (DFT), to investigate the stability of hydrogen terminated SWCNT-fragments of the two extreme chiralities (armchair
and zigzag) from the n þ m ¼ 8, 10, 12, 16 and 20-series. The
investigated SWCNT-fragment lengths were 4, 7, 10, 13, 16, 19, 22

http://dx.doi.org/10.1016/j.carbon.2017.02.007
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and 25 layers, where each layer contains 2ðn þ mÞ 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-BurkeErnzerhof (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 106 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 103 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 nonperiodic 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 structure 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 SWCNTfragments 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 Ecac  Eczz ;

(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 fragment 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 dependency 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 linearly as shown in Fig. 1a. Thus we start by assuming a simple linear
relationship for the relative energy

DE ¼ A,S þ 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 2ðn þ mÞ,S, dividing
Eq. (3) with the total number of carbon atoms will give the relative
energy per carbon atom as

DE=Nc ¼

A
B
1
þ
, :
2ðn þ mÞ 2ðn þ mÞ 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 / DEc , for periodic systems. Here we have isolated the
S/∞

curvature effect on the relative energy, DE, since periodic SWCNTs
A
is purely a
have no edges. This implies that the quotient 2ðnþmÞ
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 ,2ðn þ mÞ:

(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 curvature 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 structure 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  Ne Þ EH2

:
Ne
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
EH

edge carbon atoms. For completeness we also include the therm 22
which accounts for the hydrogen termination of the edge atoms.
Worth noting is that this term is arbitrary when comparing energies 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 Eeac  Eezz ;
Eeac ,

(7)

Eezz

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

B ¼ Ne ,ðDEe  DEc Þ:

(8)
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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 Å3 to more clearly show the difference in bond strength.

For SWCNT-fragments the number of edge atoms can be
calculated by Ne ¼ 2ðn þ mÞ, 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 ðDEc ðS  1Þ þ DEe Þ,2ðn þ mÞ:

(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 energy per carbon atom, DEc , has a positive value, which means that
the longer the SWCNT-fragment gets the more 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 contributes most to relative energy, is negative for all investigated
SWCNT-series. Showing that for short SWCNT-fragments armchair
conﬁgurations are the most favorable, this is especially clear for low
curvature SWCNT-series and GNRs. The switching length denoted
Ee
by S can be calculated by S ¼ 1  0:5$P2$D
DEc 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 precursors, 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,
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 n þ m with nanoribbon as GNR.
nþm


eV
DEc atom


eV
DEe atom
S

8

10

12

16

20

GNR

0.0702

0.0452

0.0295

0.0169

0.0105

0

0.2547

0.2049

0.1758

0.1725

0.1679

0.1446

4.5

5.5

7

11

17

e
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by Penev et al. [25] show only 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 particles 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 reconﬁguration at short lengths on a reformable catalyst particle surface,
suggests that a growing short SWCNT can 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 experimental 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 neararmchair 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 perturbation 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,
pﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d ¼ 23plcc n2 þ m2 þ nm). 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
n þ m  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 and would thus be more 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 curvature zigzag SWCNTs such as (10,0) which have short switching
lengths.
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Abstract
Recent breakthroughs in the field of single-walled carbon nanotube (SWCNT) growth has been achieved by
combining theoretical models with experiments. Theoretical models rely on accurate energies for SWCNTs,
obtained via first principle calculations. Such calculations are accurate, but time and resource intensive which
limits the size and number of systems that can be studied. Here we present a new analytical model for fast
and accurate calculation of SWCNTs energies at any temperature. Tests against previously published results
show our model having excellent accuracy with an RMSE < 2 meV per atom. We apply the model to study
SWCNT growth on Ni at elevated temperatures by investigating the SWCNT/catalyst interface energy.
Results show that the most stable interface shifts towards chiral edges as the temperature is increasing. The
model’s ability to perform calculations at any temperature in combination with its speed and flexibility, will
allow researcher to study more and larger systems, aiding future research into SWCNT growth.
Keywords: Single-Walled Carbon Nanotubes, Density Functional Theory, Analytical Modeling,
Curvature, Length, Temperature, Chirality, Energy
1. Introduction
In recent years, great progress has been made towards explaining the chirality of single-walled carbon nanotubes (SWCNTs) observed in experimental catalytic chemical vapor deposition (CCVD)
products.
The group of Yakobson, related the number of axial screw dislocations (kinks) at the SWCNT-edge
to their growth rate [1] and later expanded on this
to give a continuum model of SWCNT growth [2].
The works of Hedman et al. links experimentally
determined chiralities from CCVD products to the
stability of short SWCNTs produced at the early
stages of growth [3]. Whereas the diameter range
of the produced tubes is controlled by the size of
the catalytic particles used during synthesis. This
groups recent paper relates the stability of SWCNTs to their length and show a switch in the most
stable chirality occurring (from armchair to zigzag)
∗ Corresponding
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depending on the length of the SWCNT [4]. Recently Magnin et al. [5] developed a thermodynamic model based on the configurational entropy of
SWCNT-edges (the difference within the same chirality) to predict chiral distributions from CCVD
experiments.

What these models have in common is that
they rely on having accurate energies for SWCNTs
and their terminations (hydrogen, catalyst metal,
SWCNT-cap, etc.) to explain the chiral distributions found in experiments. These energies are
usually calculated using density functional theory
(DFT) which gives very accurate energies. However, calculations using DFT requires access to large
amount of computer resources and time. If a simple analytical model for calculating total energies of
terminated SWCNTs were available. It would allow
expansion of these models to include larger diameter tubes, longer tubes and larger span of chiralities. The inclusion of an entropy term would also
allow for studies at elevated temperatures, here we
present such a model.
May 8, 2019

2. Implementation

parameters used in this model were obtained from
DFT calculations, for details see the supplementary
material (Figure S1).
The edge of a SWCNT with chirality (n, m) consists of 2m carbon atoms with armchair configuration and n−m atoms with zigzag configuration. We
can, by using an expression similar to the one used
to describe edge energies of graphene [8], write an
expression for the interface energy per bond, Ei , of
a SWCNT with any chirality. As a combination of
the armchair, Eiac , and zigzag, Eizz , interface energies. This expression includes an armchair/zigzag
mixing term, Eξ , similar to [8] which describes the
junction between edge atoms of armchair and zigzag configuration. The group of Bichara introduced a term for the configurational entropy of the
SWCNT-edge [5]. Adding this term, ET S , allows
for the inclusion of temperature effects on the interface energy. Of course for direct comparison with
DFT energies this therm should be set to zero. We
arrive at an expression for the interface energy of
any SWCNT with chirality (n, m) as

One can think of the total energy for a SWCNT
as consisting of three fundamental energies. Ew
which is the energy per carbon atom of the tube
wall. Ei which is the interface energy per bond
(between the tube edge and the termination). This
energy can be thought of as the relative binding
energy between the carbon-carbon bonds and the
carbon-termination bonds. Final, Et which is the
energy per atom of the SWCNT termination. These
energies are multiplied by the number of atoms
(Nw , Nt ) or bonds (Ni ) of each type and added
to give the total energy of a SWCNT as
E = Nw · Ew + Ni · Ei + Nt · Et .

(1)

For finite SWCNTs, it is convenient to describe
their length in number of layers, S, as described
previously [4]. Using this definition each layer, S,
will contain 2(n + m) carbon atoms, where n and
m are the chiral indices of the SWCNT. We can
calculate the real length, L, (in units of Å) of any
finite SWCNT with a length of S number of layers.
Using the following equation [6], for derivation see
the supplementary material
L=

lcc (n(3S + 1) + m(3S − 1) − 3d)
√
.
2 n2 + m2 + nm

Ei =

(2)

(3)

It has been shown [7], that the energy per carbon atom of the tube wall can be described by the
energy per atom of a flat graphene sheet, modified
by a curvature term, R1 , as shown below
Ew = γ ·



1
R

2

+ w .

(5)

Similarly to the energy per carbon atom in the
tube wall, Ew , the interface energies (Eiac and
Eizz ) will depend on the curvature of the SWCNT.
However, unlike Ew they are also dependent on
the length of the tube. Since the finite length of
the SWCNT leads to quantum confinement effects
like to those observed for graphene nanoribbons
(GNRs) [9, 10]. Due to these finite size effects we
adopt an expression similar to Eq. (4) but with an
added length dependency term S1 in order to describe the interface energies

2
 2
β ac
1
1
+ γ ac ·
+ ac
Eiac = αac e Rac ·
i ,
S
Rac
(6)

2
 2
β zz
1
1
Eizz = αzz e Rzz ·
+ γ zz ·
+ zz
i .
S
Rzz
(7)

Here lcc is the average carbon-carbon bond length
of SWCNTs (1.44 Å) and d is the greatest common
divisor of the chiral indices d = gcd(n, m).
A finite SWCNT of chirality (n, m) and length S
has Nw = 2(n + m) · S number of wall atoms and
Ni = 2(n + m) edge bonds. If all the layers are full
and the number of atoms in the termination equals
the number edge bonds e.g. Nt = Ni then Eq. (1)
can be written as
E = (Ew · S + Ei + Et ) · 2(n + m)

2m
n − m zz
E ac +
E + Eξ − ET S .
n+m i
n+m i

Here αac , αzz are energy penalty terms due to confinement effects arising from the finite length of the
SWCNT. These are found to vary slightly depenβ ac∨zz

(4)

ding on the curvature of the SWCNT as e Rac∨zz
were β ac , β zz are scaling parameters.
The curvature dependency for the interface
energy is described by the parameters γ ac , γ zz . Fizz
nally, ac
i and i are interface energies for graphene

Where w = −9.230 eV is the energy per atom of a
2
graphene sheet and γ = 2.038 eVÅ is the energy
penalty term due to the curvature of the tube. The
2

100
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200
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(c)

Figure 1: The model at T = 0 compared with DFT calculated energies of H-terminated 6-layer SWCNTs with all chiralities
from the 8 to 20-series [3]. The red dots are the energies given by the model and the blue line corresponds to DFT energies.
(a) is the interface energy Eq. (5), here the RMSE is 11.29 meV per bond. (b) the energy per carbon atom of the tube wall
Eq. (4), with an RMSE of 1.88 meV per atom. (c) the total energy Eq. (3), here the RMSE is 1.61 meV per atom.

nanoribbons with armchair or zigzag edges. These
energies can be calculated from DFT total energies
using the following equation, derived from Eq.(1)
ac∨zz
=
i

ac∨zz
DF T − Nw · w − Nt · Et
.
Ni

The armchair/zigzag mixing term, Eξ , in Eq. (5)
consists of a combination of the number of armchair and zigzag atoms, 2m and n − m respectively.
Multiplied by the ratio of armchair pairs m/n and
scaled with the total number of edge atoms (n + m)
to give

(8)

Where ac∨zz
DF T is the total energy of a GNR with
armchair or zigzag edges as calculated by DFT.
w is the energy per atom of graphene (same as
in Eq. (4)) and Et is the energy per atom for
the termination of the GNR. It is obvious from
Eq. (8) that the interface energy will depend on
the termination of the GNR. The parameter values
used here are: αac = 0.043 eV, αzz = −0.42 eV,
2
β ac = 4.4 Å, β zz = −0.21 Å, γ ac = −1.2 eVÅ ,
2
zz
ac
zz
γ
= 0.023 eVÅ , i = 0.074 eV, i = 0.22
eV and Et = −3.386 eV. These are derived from
DFT calculations on hydrogen terminated GNRs
and SWCNTs, for details see Figure S2 in the supplementary material.
The well-known expression for the diameter of a
SWCNT [11, 12] can be used in Eq. (4) to calculate
the curvature
2π
1
√
=√
.
(9)
R
3lcc n2 + m2 + nm

Eξ = ξ ·

2m · (n − m) m
· .
(n + m)2
n

(12)

Here ξ = −0.2 eV is the mixing energy parameter derived from DFT calculation on GNRs with
different chiralities, see supplementary material for
details (Figure S3).
Finally, the energy corresponding to the configurational entropy of the SWCNT-edge at temperature T is given by [5]


kB T
n!
ET S =
ln
.
(13)
n+m
m! (n − m)!
With a slight modification since the original expression is given for the whole edge rather then per edge
atom. Here kB is the Boltzmann constant and T
the temperature in kelvin.
3. Verification

For Eq. (6) and (7) this expression can be modified
to give the radius of armchair and zigzag tubes for
any given nanotube series (n + m)


1
1
(n + m)
4π
=
n=
,m = n =
,
ac
R
R
2
3lcc (n + m)
(10)
1
2π
1
.
= {n = (n + m), m = 0} = √
Rzz
R
3lcc (n + m)
(11)

The final expression for the total energy of Hterminated SWCNTs Eq. (3)-(7),(9)-(12) with T =
0 is tested against previously published DFT calculations [3] not included in the fitting of model parameters. As seen in Figure 1 the model agrees well
with DFT calculated energies. The RMSE in the
interface energy is ∼11 meV per bond, the RMSE
for the energy of the atoms in the tube wall is ∼1.9
meV per atom and for the total energy the RMSE
3
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Figure 2: Stability of H-terminated SWCNTs as a function of length S (number of layers), for all chiralities from the 10-series.
(a) SWCNT stabilities calculated using DFT energies, (b) stabilities calculated with the model at T = 0. Here θ = 30◦ are
armchair and θ = 0◦ zigzag tubes. Both (a) and (b) have the same colorbar.

is ∼1.6 meV per atom. The error in the interface
energy, δi , is expected to be large since it accumulates the errors (δw , δt ) of Ew and Et as follows, δi ∝ δw · S + δt (see supplementary material). Assuming that δw · S >> δt , then a calculation using the RMSE for the tube wall energy gives
δi ≈ 1.9 · 6 = 11.4 meV per bond which is in good
agreement with Figure 1a. The data for which the
model is verified against [3], was not used for fitting of any parameters (αac , αzz , β ac , β zz , γ, γ ac ,
zz
γ zz , w , ac
i , i , ξ or Et ). Hence, the agreement of
the model with DFT calculations is impressive.

previously published results [4]. This switch in
stability can be explained by competing interface
and tube wall energies. Eq. 3 shows that the total
energy of a SWCNT at short lengths will be dominated by the interface and termination energies. As
seen in Figure S2 the armchair interface energy is
lower than the zigzag interface energy, in agreement
with previous studies [13, 14, 15]. Thus, for short
armchair and zigzag tubes with the same termination the armchair tube will have lower energy. As
the length of the tube increases, the energy of the
atoms in the tube wall becomes dominant and since
the zigzag tube has a lower curvature (lower tube
wall energy), there will be a switch in the most stable chirality as the length of the SWCNT increases.
To calculate all the tubes in the 10-series (6 unique chiralities) for 11 different lengths containing
between 80 and 280 atoms with DFT can be done
if needed. But we show that our analytical model
can be used to calculate similar issues for any, or
all SWCNT series.

We can use the total energy model presented
here to calculate energies for any H-terminated SWCNTs using four variables the chiral indices n, m,
the length S and the temperature T . To further
verify the model we firstly calculate total energies
for all tube chiralities in the 10-series around the
switching length (3-13 layers, S) with DFT and our
analytical model (at T = 0), to create 2D heat map
of SWCNT stabilites, see Figure
 √ 2. Here we use
3m
, defined by
the chiral angle, θ = arctan m+2n
the given n and m. From this figure its clear that
the analytical model agrees well with the results
obtained from DFT. From the stability heat map
in Figure 2b we see that for short tube lengths the
armchair chirality (θ = 30◦ ) is the most stable. As
the length of the SWCNT increases the most stable
chirality switches from armchair to zigzag (θ = 0◦ ).

4. Application
Since the model is analytical, it does not limit the
size of SWCNTs that can be calculated. Thus, as an
example we calculate the switching length of very
large tubes containing up to 9000 atoms. As seen
in Table 1 the switching length increases rapidly as
the SWCNT series increases (the diameter of the
tubes increases). The long switching lengths (> 4
nm) for large SWCNT series make reconfiguration

The switching length (S ∗ ) can be determined
from Figure 2b to be 5.5 layers in accordance with
4
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Figure 3: The chiral angle of the most stable interface (lowest interface energy) for S = 4 (short tubes) as a function of
temperature and SWCNT series. For (a) H-terminated edge and (b) edge terminated with a Ni nanoparticle. The colorbar
indicates the chiral angle with θ = 30◦ corresponding to armchair and θ = 0◦ zigzag. Here both (a) and (b) have the same
colorbar.
Table 1: Calculated switching lengths, S ∗ , using the total
energy model at T = 0 for SWCNT series denoted by (n+m).
Here Lac is the real length calculated by Eq (2) for armchair
tubes with S ∗ layers.

(n + m)
S∗
Lac (nm)

10
5.5
1.3

13
7.5
1.9

16
11
2.6

20
16
3.9

25
23.5
5.9

32
37
9.1

40
56.5
14.0

zz
S = 4, ac
i = 0.074 eV and i = 0.22 eV. The figure shows that at low temperatures the interface
energy for a H-terminated edge is lowest for armchair and near armchair chiralities as expected from
DFT calculations. When the temperature increases
the configurational entropy has a larger and larger
effect on the interface energy causing it to decrease
for chiral tubes. As seen in Figure 3a this causes the
chirality of the most stable interface energy to shift
towards lower chiral angles. Using the 16-series as
an example we see that the most stable chirality,
(8, 8) at 0 K, changes to (9, 7) above 161 K and to
(10, 6) above 1515 K.
The H-terminated SWCNT-edge strongly favourers armchair chirality over zigzag due to the large
difference in the two interface energies ac
i = 0.074
eV and zz
= 0.22 eV. This is an interesting rei
sult on its own, however it is hard to compare Htermination to actual metal nanoparticles used as
catalysts for SWCNT growth. To study the temperature effects on catalytic growth of SWCNT we
can use Eq. (14) together with armchair and zigzag
interface energies for Ni. These have been calculazz
ted to be ac
i = 0.321 eV and i = 0.234 eV for
Ni [17]. Minimizing Eq. (14) with respect to n and
m using these interface energies and S = 4 gives
the chiral angle for the lowest interface energy at
temperature T and series (n + m) for Ni.
As seen in Figure 3b the chirality for the most
stable interface energy is largely unaffected by temperature for small SWCNT series 8 ≤ n + m ≤ 12.

50
87
21.6

from armchair to zigzag during growth unlikely for
large diameter SWCNTs. However, due to the short
switching length of small SWCNT series it might be
possible to stimulate a transition from armchair to
zigzag during the early stages of growth [16].
The configurational entropy term, ET S , allows us
to study temperature effects on the interface energy
by using Eq. (1). Setting Nw = Nt = 0, Ni =
(n + m) together with Eq. (5),(12),(13) we obtain
F = 2mEiac + (n − m)Eizz + ξ ·


n!
+ kB T · ln
.
m! (n − m)!

2m2 · (n − m)
n(n + m) (14)

Were Eiac and Eizz are given by Eq. (6), (7) respectively. This expression will give the interface energy
for a SWCNT-edge as a function of n, m, S and T .
Figure 3a shows the chiral angle for the lowest
interface energy at temperature T and SWCNT series (n + m) of a H-terminated edge obtained by
minimizing Eq. (14) with respect to n and m using
5

But for larger series there is a shift in the most stable chirality from zigzag towards armchair (chiral
tubes) as the temperatures increases. An example
would be for the 16-series were the most stable chirality, (16, 0) at 0K, changes to (15, 1) above 576
K, to (14, 2) above 604 K, (13, 3) above 692 K and
to (12, 4) above 1303 K. Also interesting is to look
at the 13-series for which the most stable chirality at 873.15 K (600 ◦ C) is (10, 3). This chirality
is very close the experimental results by Chiang et
al. [18]. Who obtained mostly (9, 4) tubes from SWCNT growth on floating Ni catalysts using C2 H2 at
600 ◦ C.

addition to the prediction of chiral distributions in
SWCNT growth experiments. Thus, this new model is a useful tool for future research into SWCNT
growth.
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5. Conclusions
Here we present an analytical model for calculating total energies of SWCNTs with any chirality
(n, m), length S and at any temperature T . The
model shows excellent agreement at T = 0 with
DFT calculations (RMSE < 2 meV/atom) and can
be expanded on to include SWCNTs with other terminations such as catalytic metals, SWCNT-caps,
zz
etc. This is possible by calculating ac
e , e , Et using
DFT and if necessary fitting γ, γ ac , γ zz and ξ to
a few GNR and SWCNT structures, with the desired terminations. Since the model is analytical
it allows for nearly instant calculations of SWCNT
energies as compared to the self-consistent approach of DFT, allowing for the study of large SWCNTs with a wide range of chiralities and lengths.
The inclusion of the configurational entropy term
allows for calculation of SWCNT energies at elevated temperatures. This can be used to study
the effects of temperature on the interface energy,
which allows for better prediction of SWCNT chiralities from experiments. Our results show that as
the temperature increases the most stable interface
energy shifts towards chiral tubes. Form armchair
towards zigzag for H terminated tubes and from
zigzag towards armchair for SWCNTs grown on Ni
catalysts. Interestingly, both our model and DFT
calculations show a thermodynamic preference towards zigzag and near zigzag tubes for Ni catalysts.
This is contradictory to what’s been observed in
most CCVD growth experiments. Pointing to the
fact that other effects than thermodynamic one’s
might control chirality.
The fast calculation of total energies at elevated temperatures will allow for wider searches of
possible terminations (catalytic metals) that might
be used for chirality-specific growth of SWCNTs in
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For fitting of parameters the Matlab R2017a curve fitting tool was used with the Levenberg–Marquardt
algorithm [1, 2]. The DFT data used for fitting consists of previously published calculations [3] together
with some additional calculations. All calculations were performed using DFT as implemented in the
plane wave code VASP [4].
FITTING OF PARAMETERS

The total energy model for finite SWCNTs consists of three energies, Ew , Ei and Et . The energy per
atom of the tube wall, Ew , is independent of the SWCNT termination and can be described as
Ew = γ ·



1
R

2

+ w .

(1)

Here there are two parameters that needs to be determined γ and w . w can be determined directly
by calculating the energy per atom of a graphene sheet, as is done here using DFT data from [5]. γ is
then determined by fitting Eq. (1) to DFT calculated energies [6], consisting of 10 periodic SWCNTs
(n, m) = (4, 4), (8, 0), (5, 5), (10, 0), (6, 6), (12, 0), (8, 8), (16, 0), (10, 10), (20, 0). The result from fitting
of parameters for Eq. (1) is show in Figure S1.
DFT data
Model fit

Energy per atom, Ew , (eV)
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0.4
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Figure S1: Fitted Eq. (1) to DFT data using w = −9.230 eV which resulted in a parameter value of
2
γ = 2.038 eVÅ .
The edge of a finite SWCNT consist of edge atoms and their terminations. Et is the energy per atom of
the termination, which here consists of hydrogen atoms. This energy was determined by DFT calculations
on a single H2 molecule [7] which resulted in Et = EH2 /2 = −3.386 eV. We can describe the energy of
the interface between the tube and its termination as
Ei =

n − m zz
2m
E ac +
E + Eξ − ET S ,
n+m i
n+m i
with

(2)

S2
2

 2
β ac
1
1
+ γ ac ·
+ ac
Eiac = αac e Rac ·
i ,
S
Rac




2
2
β zz
1
1
Eizz = αzz e Rzz ·
+ γ zz ·
+ zz
i ,
zz
S
R
2m · (n − m) m
· ,
Eξ = ξ ·
(n + m)2
n


n!
kB T
ET S =
ln
.
n+m
m!(n − m)!

(3)
(4)
(5)
(6)

Interface energy, Eizz , (meV)

Interface energy, Eiac , (meV)

When determining the parameters of Eq. (2) the temperature is set to T = 0 since fitting is done
against DFT calculated energies. Here there are nine parameters that needs to be determined αac ,
zz
ac
zz
ac
zz
αzz , β ac , β zz , γ ac , γ zz , ac
i , i and ξ. The parameters α , α , i and i can be determined by
fitting Eq. (3),(4) to DFT calculated interface energies of periodic GNRs with H-terminated armchair
and zigzag edges. Using DFT data [8] containing H-terminated periodic armchair and zigzag GNRs of
widths S = 4, 7, 10, 13, 16, 19 and 22-layers, values of αac = 0.043 eV, αzz = −0.42 eV, ac
i = 0.074 eV
and zz
i = 0.22 eV were determined.
With these values the parameters β ac , β zz , γ ac and γ zz can be determined by fitting Eq. (3),(4) to DFT
calculated interface energies from [9] and [8]. The DFT data in [9] consists of H-terminated armchair and
zigzag SWCNTs from the 8, 10, 12, 16 and 20-series with lengths of S = 4, 7, 10, 13, 16, 19 and 22-layers.
Worth noting is that the armchair/zigzag mixing term, Eξ , is zero for armchair and zigzag tubes and can
zz
thus be ignored when determining αac , αzz , β ac , β zz , γ ac , γ zz , ac
i and i . The results from fitting is
show in Figure S2.
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Figure S2: Here the points marks the DFT calculated energies and the surface is the fitted model. Points
from the same series (same curvature) are connected by lines. (a) Fitted Eq. (3) to DFT data with
2
ac
αac = 0.043 eV and ac
= 4.4 Å and γ ac = −1.2 eVÅ . (b) Fitted
i = 0.074 eV which resulted in β
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Eq. (4) to DFT data with αzz = −0.42 eV and zz
=
0.22
eV
which
resulted
in
β
=
−0.21 Å and
i
2
γ zz = 0.023 eVÅ .
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After αac , αzz , β ac , β zz , γ ac , γ zz , ac
have been determined we can determine the final
i and i
parameter ξ. This can be done by comparing the total energy as calculated by DFT [10], EDF T , with
the total energy given by the model, E, for chiral GNRs. Here GNRs are used since the armchair/zigzag
mixing term, Eξ , is assumed not to be affected by curvature. The difference in energy is calculated as

∆E =

EDF T − E
,
Ni

(7)

here we divide by Ni = 2(n + m) which is the number of edge-termination bonds of the GNR. Plotting
m
Eq. (7) as a function of X = 2m·(n−m)
(n+m)2 · n we obtain a straight line with a slope of ξ = −0.20, as can be
seen in Figure S3a.
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Figure S3: (a) Eq. (7) as a function of X =

2m·(n−m)
(n+m)2

here a straight line with slope ξ = −0.2 is
√ 
3m
, before
obtained. (b) the error in the total energy as a function of the chiral angle θ = arctan m+2n
·

m
n,

and after correcting for the armchair/zigzag mixing.

INTERFACE ENERGY ERROR ESTIMATION

The interface energy, Ei , is determined from DFT calculated total energies using
Ei =

EDF T − Nw · Ew − Nt · Et
.
Ni

(8)

Here EDF T is the energy of the system (SWCNT+termination) given by DFT calculations. The wall
energy, Ew , is derived from DFT calculations on periodic systems (graphene, SWCNTs) or by Eq. (1).
Similarly, the energy of the termination, Et , is determined from DFT calculations, here using a single H2
molecule. From Eq. (8) we can estimate the error in the interface energy by introducing an error term δ
Ei + δi =

EDF T − Nw · (Ew + δw ) − Nt · (Et + δt )
.
Ni

(9)

For a SWCNT of length S we have Nw = 2(n + m) · S and Nt = Ni = 2(n + m). Substituting into Eq. (9)
and collecting terms gives


EDF T
− Ew · S − Et − (δw · S + δt ) .
(10)
Ei + δi =
2(n + m)

From Eq. (10) we can see that δi ∝ δw ·S +δt . Thus, part of the error in the edge energy is an accumulation
of the errors in the energy per atom of the tube wall.
CONVERTING NUMBER OF LAYERS TO REAL LENGTH

To generate a SWCNT of any length S the method described in [11] can be followed. This method relies
on first creating a SWCNT motif (recurring fragment) having a length Ms along the tube axis. This
motif is then repeated and translated i number of times using a translation vector Mt until the desired
length is reached. From this it is possible to derive an expression for converting the length, in number of
layers, of a SWCNT to a real length in units of Å. The real length of the tube can be written as
L = Ms + i · Mt ,

(11)

N − Nm
N
=
− 1.
Nm
Nm

(12)

where the number of translations of the motif, i, can be expressed as
i=

S4
Here N = 2(n + m) · S is the total number of carbon atoms in the SWCNT and Nm = 2d is the number
of carbon atoms in the motif. d = gcd(n, m) is the greatest common divisor of the chiral indices n and
m. Using this i can be written as
i=

(n + m) · S
− 1,
d

(13)

Eq. (11) and (13) then gives
L = Ms +




(n + m) · S
− 1 · Mt .
d

(14)

What remains now is to determine Ms and Mt . From [11] we can identify the terms
R×D
,
kRk
R1 × R2
Mt = d ·
,
kRk
with
R1 + R2
,
D=
3
R = n · R1 + m · R2 ,
Ms =

where

√


√

3
3lcc
2 lcc


 3

R1 =  0  , R2 =  2 lcc  .
0
0

Using Eq. (15)-(19) thus gives

(n − m)lcc
,
Ms = √
2 n2 + m2 + nm
3d · lcc
Mt = √
.
2 n2 + m2 + nm

(15)
(16)

(17)
(18)

(19)

(20)
(21)

To arrive at a final expression for converting the length of a SWCNT from number of layers to real
length. We combine Eq. (20) and (21) together with Eq. (14) and simplify to get
L=

∗
†

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]

lcc (n(3S + 1) + m(3S − 1) − 3d)
√
.
2 n2 + m2 + nm

(22)
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Abstract
Single-walled carbon nanotubes (SWCNTs) have properties that make them promising candidates for
applications in information and communication technology products, both as transistor channels and as
electrodes. Their electronic properties are defined by their structure, known as their chirality and denoted
with 𝑛, 𝑚 , where small differences give either semiconducting or metallic tubes. We have performed
density functional theory calculations of SWCNT-fragments bound to fifty-five metal atom
nanoparticles in order to classify all metals according to their ability to catalyse SWCNT growth. This
classification is done using the “Goldilocks” criterium that defines when the carbon-metal binding
energy has the right strength to support SWCNT growth. The limits of this zone are updated based on
our theoretical results. We investigate the differences in binding between armchair and zigzag SWCNTs
to these metals in order to find possible candidates to improve the growth control, in an effort to try and
achieve uniform products with just one chirality/property. We report nine new possible catalysts, and
three metals (Ir, Mo, and Re) that we propose could favour growth of armchair tubes, and another three
(Ce, Pt, and Rh) that could favour zigzag tubes. Growth of SWCNTs using these 6 metals we propose
should be tested experimentally.

Introduction
Carbon nanotubes [1,2] have many interesting properties, several of which are highly desirable for
devices in information and communication technology (ICT). The pinnacle quality carbon nanotubes
are single-walled carbon nanotubes (SWCNTs), and their properties are highly dependent on their
structure, called their chirality, which is given by the index 𝑛, 𝑚 . For example, semiconducting
SWCNTs have very high mobility and have been made into very efficient transistors [3], and conducting
SWCNTs have lower resistivity than comparable size Cu-wires and do not suffer from electromigration
due to their strongly bonded structure [4]. Embedding conducting tubes into polymers also gives rise to
promising flexible, transparent electrodes for a range of applications [5-8]. However, the production of
SWCNTs give rise to a mixture of different chiralities with different properties, and the ultimate goal of
chirality-specific growth has yet to be achieved on a large scale. Although some recent success has been
achieved using non-traditional production techniques, such as cloning [9-11], seeding [12] and
templating [13,14].
The best quality SWCNTs are produced through catalytic-chemical vapor deposition (CVD), where the
tube growth occurs at the interface with the metal, normally nanoparticles, through a vapor-liquid-solid
(VLS) or vapor-solid-solid (VSS) like fashion [15-18]. These serve as a phenomenological mechanism
for both SWCNT and carbon nanofiber (CNF) growth, with a common Sabatier principle for
decomposition of the feed-stock gas and formation of graphitic flakes, which also holds for graphene
growth, see ref. [19] for a detailed account. Thus, these two criteria need to be fulfilled for catalytic
growth of graphene, CNFs and SWCNTs. For SWCNT growth there is an additional “Goldilocks”
criterion where the carbon-metal binding strength is required to be strong enough to stabilize the hollow
end, and weak enough to allow incorporation of carbon atoms at the interface with the metal rather than
forming a carbide (see ref. [19]). It has also been shown with in-situ high-resolution transmission
electron microscopy that the metal nanoparticles are neither liquid nor solid, but something in between.
A plastic state [20,21]. There has been some confusion in the community about the Goldilocks zone
criterion due to claims of growth from weak-binding metals [22], such as Au, Ag, and Cu, but none of
these reports contain energy-dispersive X-ray spectroscopy or other elemental analysis of the metal
particles after CVD growth. Since the resulting product seem almost identical to Fe-catalyst growth,
these metal particles have inadvertently become Fe-covered through chamber and/or feed-stock
impurities.
We have previously reported a two-pronged mechanism that determines the SWCNT chirality: 1) the
diameter is dictated by the particle size, or size of a feature on the metal, since the SWCNT stability
increases with the diameter (see Fig. 2 in ref. [23]), thus, the larger the diameter the more stable the tube.
2) the type of edge is dictated by the fragment stability, where it’s seen that armchair tubes are the most
stable at short length (see Fig. 1 in ref. [23], see also ref. [24]). However, although armchair SWCNTs
are the most stable, the most abundant product is near-armchair tubes because they grow much faster
[25,26], and such tubes will, thus, be considerably longer than armchair ones.
In this work we compare carbon-metal binding energies for armchair and zigzag SWCNTs binding to
metal nanoparticles using density functional theory (DFT), to further elucidate the intricacies of
catalytic-CVD growth of SWCNTs. We see that the fragment stability aspect comes into question, as
we have found that the carbon-metal binding energies favours zigzag edges, for most catalyst metals
such as the traditional ones Fe, Co, and Ni. Also, we find that the difference between armchair and
zigzag binding for most of the identified catalysts is too small to favour either chirality at growth
temperatures. However, we have identified 6 possible catalytic metals where the energy difference
between armchair and zigzag tubes is large enough to possibly result in chiral selective growth. Our
simulations adds to the ever growing insights into SWCNT catalytic production gained from state-ofthe-art DFT simulations [19,27-30].

1

Model
Metal nanoparticles (NPs) were modelled using 55-atom icosahedral clusters of; Mg, Al, Si, Ga, Ge, In,
Sn, La, Ce, Tl, Pb and 1st, 2nd and 3rd row transition metals, in total 40 different elements. The armchair
and zigzag nanotubes were modelled using hydrogen terminated 6-layer 5,5 and 10,0 SWCNTs
from the 10-series (Figure 1e, f). These tubes have the same 𝐶 rotational symmetry as can be found for
the icosahedron cluster, thus assuring a good fit between the SWCNT end and the NP as shown by
previous works [27]. The 6-layer tubes were cut in half and attached to the NP with two different
configurations for each chirality as can be seen in Figure 1a-d. This makes four unique NP-SWCNT
complexes for each metal investigated, CX , , CX , , CX , and CX , . The radius of the NP, 𝑅 , will
depend on the metal used in the NP, as shown in Figure 2. To get the correct radius of the NP for each
complex (before relaxation) the coordinates of the complex, 𝒙 𝒚 𝒛 , were scaled according to
𝒙 𝒚 𝒛
as seen in Figure 2.
𝑆 𝒛 ∙ 𝒙 𝒚 𝒛 , where 𝑆 𝒛 is a scaling function 1 𝑆 𝒛
𝑆
is the quotient of; 𝑅 for the metal NP and 𝑅 for the nickel NP (the smallest NP) and
Here 𝑆
𝒙 𝒚 𝒛 are the coordinates for the nickel complexes used as base structures (Figure 1a-d).

(a)

(b)

(e)

(c)

(d)

(f)

Figure 1. Models used for calculations with blue spheres representing Ni atoms, grey C atoms and white
H atoms. a) the base structure for configuration one, CX , is the half cut 5,5 SWCNT attached to the Ni
NP. b) the base structure for the second configuration, CX , , here the SWCNT and the top two layers of
the NP are rotated 18° around the tube axis. c) the base structure for configuration one, CX , , the half
cut 10,0 SWCNT attached to the Ni NP. d) the base structure for the second configuration, CX , , here
the top two layers of the NP are rotated 18° around the tube axel. The 6-layer hydrogen terminated
SWCNTs used e) armchair 5,5 and f) zigzag 10,0 .

Computational details
DFT calculations were performed using the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof [31] (PBE) exchange-correlation functional and the projector augmentedwave [32] (PAW) method as implemented in the Vienna Ab initio Simulation Package [33,34] (VASP).
Each NP-SWCNT complex was contained in a 22 22 30 Å periodic box, large enough to avoid
any non-physical interactions between the periodic images. All calculations used a Γ -centerd
2

1 1 1 k-point mesh, no symmetry constraints (ISYM=0) and a 500 eV energy cutoff
(ENCUT=500) with the self-consistent energy convergence criteria set to 10 eV. Methfessel-Paxton
smearing of order 1 (ISMEAR=1) was used with the smearing width (SIGMA) tuned such that the
electronic entropy (EENTRO) was less than 1 meV per atom for each calculation.
Relaxation of atomic coordinates (ISIF=0) for the NP-SWCNT complexes was performed in two
stages using the conjugate gradient algorithm (IBRION=2). For the first stage the atomic coordinates
obtained after scaling ( 𝒙 𝒚 𝒛
𝑆 𝒛 ∙ 𝒙 𝒚 𝒛 ) were optimized using normal accuracy
(PREC=Normal) and no spin polarization (ISPIN=1). In the second stage of relaxation the relaxed
atomic coordinates obtained from the first stage was further relaxed using high accuracy
(PREC=Accurate) and spin polarization turned on (ISPIN=2) with a high-spin ferromagnetic
initialization (MAGMOM=55*6.0) for the metal atoms. In both relaxation stages the atomic coordinates
were relaxed until the change in energy was smaller than 1 meV. To keep the symmetry of the NP during
relaxation, the centre atoms of the NP in the 𝑥-𝑦 plane (𝑥 𝑦 0, 𝑧 ℝ) were constrained in the 𝑥
and 𝑦 directions i.e. only moved along the 𝑧 direction during relaxation.

Figure 2. The nanoparticle radius used for calculating 𝑆
, plotted in ascending order. The insert shows
is
how the scaling function 𝑆 𝒛 was varied along the 𝐳-coordinate of the complex (red line). Here 𝑆
defined as the NP radius, 𝑅 , of the metal NP divided by the radius of the smallest NP (nickel).

For each metal the four starting complex configurations (CX , , CX , , CX , and CX , ) shown in
Figure 1a-d were relaxed, after coordinate, scaling according to the above described procedure. The
complex with the lowest energy after relaxation was chosen as the final structure for that specific
chirality and metal combination i.e. CX , or CX , for armchair and CX , or CX , for zigzag.
To calculate binding energies, the SWCNT and NP need to be optimized separately in order to obtain
their energies. Thus, the nanotube was removed from the final optimized complex and the NP was
relaxed using the same settings as for the 2nd relaxation stage. This was done for both the armchair and
zigzag complexes as the reconstruction of the NP might be different for the different chiralities. Finally,
the 6-layer SWCNTs shown in Figure 1e, f and their half-cut variants were relaxed using the same
procedure as for the complexes. Here a high-spin anti-ferromagnetic initialization was used (one end of
the SWCNT spin up the other spin down) in order to reach the lowest energy state of the zigzag tube
[35].

3

Calculation of binding energies
The carbon-metal binding energy, 𝐸 - , per bond for the interface between the NP and the SWCNT can
be calculated by the reaction shown in Figure 3a
𝑛

𝑚 ∙𝐸

𝐸

-

𝐸

𝐸

.

(1)

Here 𝑛, 𝑚 are the chiral indexes of the SWCNT, 𝐸 is the energy of the NP-SWCNT complex, 𝐸 is
is the energy of the half, cut SWCNT as shown in Figure 3.
the energy of the nanoparticle and 𝐸
Similarly, we can calculate the carbon-carbon binding energy, 𝐸 - , per bond between two SWCNT
halves by the reaction in Figure 3b
𝑛

𝑚 ∙𝐸

𝐸

-

𝐸

,

𝐸

(2)

where 𝐸
is the energy of the uncut tubes. The difference between the carbon-metal binding energy
and the carbon dangling bond energy (half the carbon-carbon binding energy [28]) gives the relative
binding energy (RBE), 𝐸 , (sometimes referred to as the interface energy [36])
𝑛

𝑚 ∙𝐸

𝑛

𝑚 ∙𝐸

𝐸

-

-

𝐸

𝐸

.

(3)

This is the driving energy for SWCNT growth and has to be positive for growth to occur, but a too large
positive value will not stabilize the growing end of the SWCNT, and detachment (termination of growth)
will result [28].

Figure 3. Reactions for the relevant binding energies. a) detaching the SWCNT from the NP. b)
cutting the 6-layer SWCNT in half resulting in two equal 3-layer SWCNTs.

The energy required to cut a SWCNT (forming two edges with dangling bonds) is the negative value of
the carbon-carbon binding energy given by Eq. (2), i.e. 𝛾
𝐸 - . This cutting energy will depend on
the resulting edge formed after cutting. Here 𝛾 ,
𝛾 , due to the armchair edge forming triple bonds,
resulting in a fragment stabilization effect for armchair SWCNTs [37,38]. This needs to be corrected for
in order to accurately compare metal-carbon binding energies for different chiralities, since the fragment
stabilization is not present when individual C-M bonds are broken/formed in a growth situation. In fact,
any fragment stabilisation/destabilisation effect is unwanted when equilibrium binding energies are
sought [39]. We can correct for fragment stabilization by subtracting the difference in dangling bond
energy for the 5,5 and 10,0 SWCNTs as follows
𝐸

,

𝐸

,

𝐸

-

,

𝐸

,
-

𝐸

,

,

,

𝐸

,

𝜉,

(4)

where

4

,

𝜉

,

(5)

.

Here the 10,0 SWCNT is used as a reference, thus the corrected half-cut SWCNT energy for zigzag
tubes is the same as the uncorrected one
,

𝐸

𝐸

,

𝐸

-

,

𝐸

-

,

,

𝐸

.

(6)

From Eq. (1), (4) and (6) we obtain the corrected carbon-metal biding energies, henceforth referred to
as adhesion energies (AE), 𝐸 . , for the 5,5 and 10,0 complexes
𝑛

𝑚 ∙𝐸

𝑛

𝑚 ∙𝐸

,
,

.

𝐸

.

𝐸

,

𝐸
,

𝐸

,

,

𝐸
,

𝐸

,

𝐸
,

𝐸

𝐸

,

,

𝐸
𝐸

,

,

𝐸

𝜉 ,

(7)

,

(8)

.

Note that in Eq. (7) and (8) the NP energies have superscripts corresponding to the chirality of the
SWCNT attached to the complex. This is required since the reconfiguration of the NP when attaching
the SWCNT is not always identical for both chiralities. Resulting in different NP energies when later
removing the SWCNT. The same is true for the armchair and zigzag RBE of Eq. (3), which can be
written as
𝑛
𝑛

𝑚 ∙𝐸
𝑚 ∙𝐸

,
,

𝐸
𝐸

,

𝐸

,

𝐸

,

,
,

(9)

,
,

.

(10)

Results and discussion
The lowest energy complex configuration is found to vary depending on the metal NP and the chirality
of the SWCNT. For armchair complexes there are 15 elements having CX , as their lowest energy
configuration (Ag, Al, Ce, Co, Ga, Hg, Mn, Nb, Pb, Pd, Sc, Si, Ti, V and Zr) while all the rest of the
elements (25) have CX , as their lowest configuration. For the zigzag complexes a similar result is
obtained with 9 metals having CX , as their lowest energy configuration (Au, Ge, Hf, La, Mo, Nb, Sc,
Sn and Y) while the rest of the elements (31) all have CX , as their lowest energy configuration. One
thing to note is that the configurations CX , , CX , , CX , and CX , refers to the starting structures
(base structures shown in Figure 1a-d) of the complexes before scaling and ionic relaxation. Thus, the
final structure obtained after relaxation of each metal NP-SWCNT complex might differ from those
shown in Figure 1a-d.
In Figure 4 we highlight the lowest energy armchair and zigzag complexes obtained after relaxation for
three different metals, Ni which is commonly used for SWCNT growth, and Ir and Pt. The figure also
shows the election localization function (ELF) for these structures (isovalue of 0.65), from which we
can identify the carbon-metal bonds at the NP-SWCNT interface. A close look at the armchair
complexes Figure 4a-d shows that Ni, Ir and Pt all have the same lowest energy complex configuration
CX , , where the energy difference for relaxed armchair complex configurations, 𝐸 ,
𝐸 , , for
these metals are Ni: 3.22 eV, Ir: 6.35 eV and Pt: 6.18 eV. The positive energy difference shows a
preference towards the CX , configuration.
Looking at the ELF for these metals, Figure 4a-c, we see similar carbon-metal bonds for all structures,
where each of the carbon atom in the armchair edge bind to their own metal atom. For the corresponding
Ni, Ir and Pt zigzag complexes (Figure 4d-f) we see that all have the same lowest energy complex
,
, is Ni: 1.34 eV, Ir: 1.62
𝐸
configuration CX , . Here the difference in complex energy 𝐸
eV and Pt: 0.12 eV. It’s clear that for these metals the energy difference between the two zigzag complex
configurations is much smaller as compared to those of the armchair complexes.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4. The lowest energy complexes obtained after relaxation together with the electron localization
function isosurface (isovalue of 0.65) in red. Here all structures have 𝐶𝑋 configuration, a) Ni555,5 , b) Ir55- 5,5 , c) Pt55- 5,5 , d) Ni55- 10,0 , e) Ir55- 10,0 and f) Pt55- 10,0 .

The DFT calculated energy and magnetization, 𝑀, for all NP-SWCNT complexes, 𝐸 , 𝑀 , and the
metal NPs without the SWCNT, 𝐸 , 𝑀 , can be found in Table S1 in the supporting information. The
, their binding energies, 𝐸 - , and the fragment stabilization corrected
SWCNT energies 𝐸 , 𝐸
energies, 𝐸
, are given in Table 1. Here it’s clear that for the 6-layer SWCNTs the zigzag tube has
the lowest energy due to the fact that the tube has passed the switching length for the 10-series [24]. For
the half-cut SWCNTs the armchair tube has much lower energy than the zigzag tube due to fragment
stabilization (triple bonds forming at the armchair edge). This is reflected in the carbon-carbon binding
energies, which are lower for the armchair tube. The corrected SWCNT energies are also lower for the
zigzag tube, which is to be expected since the stabilization effect for the nonterminated armchair edge
has been removed. Thus, the larger diameter of the zigzag tube is enough to overcome the lower energy
of just one hydrogen terminated armchair edge giving the zigzag tube a lower energy even though it is
below the switching length for the 10-series.
Table 1. DFT calculated energies for the 6-layer SWCNTs, 𝐸 , and their half-cuts, 𝐸 . Also shown
are the calculated carbon-carbon binding energies, 𝐸 - , and the SWCNT energies after correcting for
fragment stabilization, 𝐸 .

Energy, eV Magnetization, 𝜇
𝐸

,
,

𝐸
𝐸

,
,

𝐸
𝐸
𝐸

,
-

,

-1154.391

0.000

-1155.284

0.000

-557.456

0.000

-549.196

5.751

-3.948

-

-5.689

-
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𝐸
𝐸

,
,

-548.749

-

-549.196

-

Using the DFT calculated energies in Table 1 and S1 with Eq. (7)-(10) we get the AE and RBE for all
metals with both armchair and zigzag chiralities, Table S2. It follows from Eq. (5), (7)-(10) that
𝑛

𝑚 ∙𝐸

.

𝑛

𝑚 ∙𝐸

,

𝐸

,

→𝐸

.

𝐸

RBE are linked by the dangling bond energy for zigzag tubes, 𝐸

2.845 eV/bond, thus the AE and
-

.

Figure 5 shows the AE and RBE for armchair 5,5 and zigzag 10,0 chiralities for all 40 elements.
The yellow shaded area in the figure marks the “Goldilocks zone” were the adhesion is just right for
SWCNT growth to occur as defined in ref. [19]. In their work they determined the lower and upper
limits of the “Goldilocks zone” by identifying adhesion energies of experimentally know good catalysts
for SWCNT growth. A rather ad hoc method since it relies on experimental observations rather than
being derived from theory. Here we propose that the lower limit of the “Goldilocks zone” is at 𝐸
0 eV since an RBE below zero would mean that the carbon-metal binding energy is lower (stronger)
than the dangling bond energy preventing new carbon atoms from being incorporated in the tube edge.
Thus, a positive RBE is required in order to have a driving energy for growth.
The upper limit of the “Goldilocks zone” is defined when the SWCNT adhesion to the NP is too weak
to keep the growing end of the tube open, causing the growing end to close (forming a cap) and detach
from the NP. Thus, terminating the growth. This limit can be described theoretically using the SWCNT
dissociation energies, 𝐸 . , and RBE, 𝐸 , in Table S2. The dissociation energies were calculated in a
similar manner as in [28] using caped armchair 5,5 and zigzag 10,0 SWCNTs. Here a negative
dissociation energy means that cap formation is favourable, and termination of growth would occur.

Figure 5. AE and RBE for all 40 elements, the dots represent the AE and RBE for 5,5 armchair tubes
(blue) and 10,0 zigzag tubes (red). The dots are connected by a spline curve to help guide the eye. The
yellow shaded area marks the “Goldilocks zone” where the adhesion is just right for SWCNT growth to
occur [19].

Using linear regression, we can find a relationship between the dissociation energy and the RBE, 𝐸 .
𝛽, where 𝛼 and 𝛽 are determined by fitting. A value of the RBE for which the dissociation
𝛼⋅𝐸
energy is zero can then be calculated as 𝐸
𝛽/𝛼. We found that this value is 𝐸 ,
0.578
,
eV/bond for 5,5 tubes and 𝐸
0.719 eV/bond for 10,0 tubes. The different values for the two
7

chiralities means that the upper limit of the “Goldilocks zone” depends on the stability of the detached
tube and will thus be different for different SWCNT series. Hence, it is more difficult to determine a
hard upper limit. However, when the stability of the detached tube increases the dissociation energy
decreases, which causes the upper limit of the “Goldilocks zone” to decreases. We argue that for
SWCNTs from larger series, the stability of the detached tube increases due to the larger diameter
resulting in more edge atoms and a lower curvature of the formed cap. Because of the difficulty in
determining an upper limit of the “Goldilocks zone” we have in this work chosen a conservative upper
limit of 𝐸
0.5 eV/bond.
Using these limits (0 𝐸
0.5 eV), we identify 19 elements for which the RBE of at least one
chirality is inside the “Goldilocks zone”. These elements are Ce, Co, Fe, Hf, Ir, Mn, Mo, Nb, Ni, Pd, Pt,
Re, Rh, Si, Ta, Tc, W, Y and Zr. Here the 9 underlined metals are the same as those found in ref. [19],
where AE was studied for only the 10,0 zigzag tube. Of these 9 metals there are 6 (Co, Fe, Ni, Rh, Y
and Zr), for which the RBE of both chiralities are in the “Goldilocks zone”. For the remaining three (Ce,
Pd and Pt) only the zigzag RBE is inside the zone. The remaining 10 out of 19 elements are previously
not known to be inside the “Goldilocks zone”. For these 10 elements there are only two (Hf and Nb),
for which both the armchair and zigzag RBEs are inside the zone. For the rest of the elements Ir, Mn,
Mo, Re, Si, Ta, Tc and W only the armchair RBE is located inside the zone.

Figure 6. The difference in RBE (blue dots) and complex energy (red dots) between the armchair and
zigzag complex. The dots are connected by a spline curve to help guide the eye. The shaded light blue
area marks the region where armchair complexes are most stable, while zigzag complexes are the most
stable in the light green shaded area. The difference between the blue and red dots for the same element is
due to NP reconfiguration that occurs when detaching the SWCNT.

However, simply looking at which chirality lies inside the “Goldilocks zone” is not significant in order
to determine if a metal favours a specific chirality (armchair or zigzag) during growth or is indeed at all
suitable for growth of SWCNTs. In order to investigate any chirality preference and to fully determine
if a metal is suitable for growth one must look at the difference in RBE and complex energy, 𝐸 for
the two chiralities. This is shown in Figure 6 for all elements, here a negative value (light blue area) for
the blue dots denotes a lower RBE for the armchair chirality. While for the red dot it indicates that the
armchair complex is more stable than the zigzag. A positive value (light green area) for the two energy
differences means the opposite. For most elements, the difference in RBE follows that of the difference
in complex energy, but certain metals Al, Ce, Mo and V the NP reconfiguration results in a relatively
large divergence in the RBE and complex energy differences ( 0.1 eV/bond).
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The difference in RBE and complex energy for the elements which have at least one chirality inside the
“Goldilocks zone” is shown in Figure 7. Here the blue and red bars represent the same energy difference
as in Figure 6. The notation above the bar denotes for which chirality the RBE is inside the zone. For
the metals (Co, Fe, Hf, Nb, Ni, Rh, Y and Zr) where the RBE of both chiralities lie inside the zone the
ability to grow SWCNTs is trivial since neither chirality binds too hard nor too lose. Out of these 6
metals only Rh have a large enough difference ( 0.2 eV/bond) between the armchair and zigzag RBE
to show chiral selectivity, here towards zigzag tubes. Because of the same reasoning, Co, Fe, Hf, Nb,
Ni, Y and Zr, are predicted to have poor chiral selectivity but good yield due to the small difference in
RBE. Interestingly, experimental growth on Rh show conflicting results. E.I. Kauppinen’s group report
production of mostly armchair and near armchair tubes [40], but the growth experiments done by
Maruyama et al. [41] resulted in mostly chiral tubes. This might be because of the high melting point of
Rh causing the NP to remain solid during growth. The influence of temperature on the resulting product
is described in ref. [23].

Figure 7. The difference between armchair and zigzag RBE (blue bars) and complex energy (red bars)
for all metals inside the “Goldilocks zone”. The notation above the bar denotes which chirality is in the
zone armchair 5,5 , zigzag 10,0 , or both.

For the rest of the elements inside the zone one must carefully study the RBE difference in order to
determine the ability of these to grow SWCNTs.
Ir, Mn, Mo, Re, Si, Ta, Tc and W only have the armchair RBE inside the zone and show a positive value
for the energy differences in Figure 7 for all elements except Si. This means that the zigzag RBE will
be below the “Goldilocks zone” for these elements (except for Si), meaning that the zigzag carbon-metal
bonds are too strong i.e. there will be no driving energy for growth of SWCNTs with zigzag chiralities.
However only Ir, Mo, Re have a large enough difference between the armchair and zigzag RBE to show
any chiral selectivity. From Figure 7 we also see a positive value for the difference in the complex
energy for these metals meaning that they favour the formation of tubes with zigzag chirality. The
inability to sustain growth of zigzag tubes will give a selectivity towards growth of armchair and neararmchair SWCNTs. But the energetically favourable formation of zigzag edges, which do not grow, will
make the yield from these metals low. Because of catalyst poisoning for, at least, tubes that form from
surface-flakes that have many zigzag bonds, but these metals could still be usable for growth of
SWCNTs.
For Si the energy difference in Figure 7 is negative, meaning that the zigzag RBE is larger than the
armchair RBE. This has the effect of favouring armchair tubes since a growing zigzag tube is likely to
9

form a cap and detach from the NP. However, the difference between armchair and zigzag RBE for Si
is considered too small ( 0.2 eV/bond) to show any selectivity. Besides, Si would be very difficult to
prevent from forming an oxide in the CVD process.
Finally, we will discuss Ce, Pd and Pt for which only the zigzag RBE lies inside the “Goldilocks zone”.
For Pd the difference between the armchair and zigzag RBE energy is very small and both are very close
to the upper limit of the zone. This together with the small difference in complex energy makes Pd a
catalyst with poor chiral selectivity but good yield [42]. Ce on the other hand shows a large negative
difference in the RBE meaning that the armchair RBE lies below the zone. This points towards selective
growth of zigzag tubes for Ce but most likely with a low yield.
Pt on the other hand is interesting, like Pd only the zigzag RBE lies inside the zone. However, as seen
in Figure 7 Pt has a very large positive RBE difference, the largest of any element studied here (Figure
6). This puts the armchair RBE for Pt far above the upper limit of the zone. Thus, Pt would favour
growth of zigzag tubes since any growing armchair edge is very likely to form a cap and detach from
the NP (due to low AE). Additionally, the positive difference in complex energy makes the formation
of zigzag tubes energetically favourable for Pt. Thus, this catalyst could have a good chiral selectivity
towards zigzag and a good yield [43,44] since the only edges that can grow are the ones that are most
likely to be formed.

Conclusions
We have computed binding energies for armchair and zigzag SWCNTs attached to nanoparticles of 40
different elements. Our comprehensive study shows that 47.5% of the investigated elements could be
possible SWCNT catalysts due to their binding energies being inside the “Goldilocks zone”. This almost
doubles the amount of known elements that could catalyse growth of SWCNT, from 10 in ref. [19] to
the 19 elements found here, which are: Ce, Co, Fe, Hf, Ir, Mn, Mo, Nb, Ni, Pd, Pt, Re, Rh, Si, Ta, Tc,
W, Y and Zr.
Out of these 19 elements we found only 6 metals (Ce, Ir, Mo, Pt, Re and Rh) for which the difference
between the armchair and zigzag binding energies is large enough, i.e. 0.2 eV/bond, to affect the
chirality during growth. If this energy difference is sustained at growth temperatures, i.e. it does
originate from strain or other geometric effects of the nanoparticle, these 6 metals would be interesting
candidates for chirality selective growth. Here our results indicate that Ir, Mo and Re could promote
growth of armchair tubes and Ce, Pt and Rh could promote growth of zigzag tubes.
Further growth experiments using these metals, where the resulting chirality of the as produced
SWCNTs is closely analysed, would be of great interest. Also, building on the results from this work,
theoretical and experimental studies of bimetallic catalyst which combines metals with too low and too
high binding energies should be performed.
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Table S1. DFT calculated energies and magnetization of all complexes and nanoparticles for both
chiralities. Here 𝑀 denotes the composition of the NP and 𝐶𝑋 the starting geometry for the complex with
the lowest energy. 𝐸 , 𝐸 are the energies of the complexes and nanoparticles in units of eV and 𝑀 ,
𝑀 their magnetization in units of 𝜇 .
𝑴

𝑪𝑿𝟓,𝟓
𝒙

𝑬𝟓,𝟓
𝑪𝑿

𝑬𝟓,𝟓
𝑵𝑷

𝑴𝟓,𝟓
𝑪𝑿

𝑴𝟓,𝟓
𝑵𝑷

𝑪𝑿𝟏𝟎,𝟎
𝒙

𝑬𝟏𝟎,𝟎
𝑪𝑿

𝑬𝟏𝟎,𝟎
𝑵𝑷

𝑴𝟏𝟎,𝟎
𝑪𝑿

𝑴𝟏𝟎,𝟎
𝑵𝑷

Ag

1

-687.799

-124.103

0.71

1.49

2

-685.195

-124.104

0.00

1.50

Al

1

-745.367

-174.530

0.24

0.25

2

-746.604

-175.672

1.53

0.22

Au

2

-715.812

-148.946

0.49

0.00

1

-712.611

-148.807

1.61

0.00

Cd

2

-588.456

-24.217

0.00

0.00

2

-587.127

-24.208

0.91

0.00

Ce

1

-860.978

-282.528

14.26

11.39

2

-858.086

-284.096

3.05

1.27

Co

1

-906.017

-332.094

88.18

102.65

2

-907.283

-332.096

98.49

102.67

Cr

2

-1024.189

-445.328

3.49

6.22

2

-1024.862

-444.804

0.81

12.23

Cu

2

-738.003

-170.339

0.24

1.86

2

-739.247

-170.339

1.54

1.86

Fe

2

-969.318

-394.249

134.82

143.96

2

-970.241

-393.307

140.33

143.86

Ga

1

-713.416

-144.924

0.54

0.58

2

-710.045

-145.001

0.45

0.65

Ge

2

-791.389

-222.891

0.00

0.00

1

-790.382

-221.840

1.06

0.00

Hf

2

-1058.166

-483.500

0.00

0.00

1

-1059.534

-483.632

0.93

1.80

Hg

1

-567.343

-7.387

0.04

0.00

2

-563.291

-7.368

0.40

0.00

In

2

-691.806

-126.630

0.00

0.45

2

-688.383

-125.818

0.39

0.59

Ir

2

-978.720

-403.879

2.19

8.47

2

-982.575

-403.879

0.93

8.47

La

2

-803.355

-232.368

0.42

3.10

1

-803.060

-232.372

0.74

2.96

Mg

2

-624.418

-55.335

0.00

0.46

2

-625.312

-55.341

0.05

0.47

Mn

1

-1011.124

-433.996

9.76

9.79

2

-1010.972

-433.155

0.98

0.91

Mo

2

-1091.415

-515.767

0.00

0.00

1

-1092.759

-514.260

2.00

0.00

Nb

1

-1060.715

-485.378

0.46

0.44

1

-1062.414

-485.100

0.66

0.44

Ni

2

-824.920

-250.094

24.71

40.78

2

-825.824

-250.095

29.61

40.78

Os

2

-1094.509

-516.325

0.09

1.42

2

-1097.271

-516.427

2.98

0.00

Pb

1

-745.064

-181.687

0.00

0.00

2

-744.319

-181.464

0.01

0.00

Pd

1

-813.758

-241.727

0.29

13.10

2

-814.518

-241.859

16.67

23.76

Pt

2

-849.462

-279.842

2.35

8.66

2

-854.772

-279.554

4.62

5.40

Re

2

-1170.201

-593.252

0.71

0.82

2

-1173.952

-593.255

0.83

0.89

Rh

2

-907.675

-334.210

2.35

4.82

2

-910.435

-334.230

Ru

2

-1003.203

-425.679

11.25

Sc

1

-875.025

-295.517

12.63

Si

1

-835.112

-262.005

0.00

0.00

5.99

4.65

11.18

2

-1005.138

-425.850

9.83

13.00

26.00

1

-873.174

-295.516

16.51

26.00

2

-833.115

-260.622

1.10

0.00

Sn

2

-761.680

-194.865

0.00

0.00

1

-759.004

-194.327

1.11

0.00

Ta

2

-1144.740

-567.982

0.65

1.94

2

-1146.101

-568.091

0.02

0.47

Tc

2

-1073.231

-496.188

2.07

2.39

2

-1075.276

-496.034

1.02

1.65

Ti

1

-949.739

-370.602

0.03

5.91

2

-949.625

-370.518

1.07

4.03

Tl

2

-674.300

-110.808

0.42

0.00

2

-670.310

-110.878

0.50

0.48

V

1

-1003.746

-423.985

0.77

0.89

2

-1003.249

-424.684

0.13

0.93

W

2

-1186.399

-609.345

0.00

1.25

2

-1188.112

-609.201

0.23

0.00

Y

2

-883.761

-309.350

4.25

15.77

1

-882.514

-309.350

12.84

15.77

Zn

2

-605.426

-39.192

0.00

0.00

2

-605.209

-39.181

0.01

0.00

Zr

1

-984.632

-410.937

2.28

0.00

2

-986.112

-411.033

0.63

0.00

Table S2. Calculated armchair, zigzag adhesion energies, 𝐸 . , relative binding energies, 𝐸 , carbonmetal binding energies, 𝐸 - , and dissociation energies, 𝐸 . , for all metals. Note that the carbon-metal
binding energy for the zigzag (10,0) tube is the same its adhesion energy.
𝑴

𝟏𝟎,𝟎
𝟏𝟎,𝟎
𝟏𝟎,𝟎
𝟓,𝟓
𝟓,𝟓
𝟏𝟎,𝟎
𝟓,𝟓
𝑬𝟓,𝟓
𝒂𝒅𝒉. , eV 𝑬𝑹𝑩𝑬 , eV 𝑬𝑪-𝑴 , eV 𝑬𝒅𝒊𝒔. , eV 𝑬𝒂𝒅𝒉. , eV 𝑬𝑹𝑩𝑬 , eV 𝑬𝑪-𝑴 , eV 𝑬𝒅𝒊𝒔. , eV

Ag

-1.495

1.350

-0.624

-7.72

-1.189

1.655

-1.189

-9.36

Al

-2.209

0.636

-1.338

-0.58

-2.174

0.671

-2.174

0.48

Au

-1.812

1.033

-0.941

-4.55
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Abstract
The mechanisms underpinning chirality formation in single-walled carbon nanotube (SWCNT) growth have
not yet unequivocally been determined. This paper addresses the question whether the SWCNT adhesion
energy can be tuned using bimetallic catalysts in order to achieve chirality-selective growth. Within a density
functional theory framework, we analyse the adhesion energies of SWCNTs of various chiralities on Fe, Ni
and FeNi bimetallic nanoparticles. We validate the computational results with existing experimental work
on Ni and FeNi bimetallic catalysts. Our results show that the adhesion energy can be tuned by changing
the FeNi composition of the catalyst. Based on our findings, we conclude that for Fe1.0, Ni1.0 and Fe0.5Ni0.5
compositions the adhesion energy show no chiral selectivity. However, for bimetallic catalysts of less equal
compositions Fe0.75Ni0.25 and Fe0.25Ni0.75 our results point to zigzag and armchair selectivity respectively.
Keywords: SWCNT, Adhesion Energies, Bimetallic Catalysts, Tuning, Chirality-Selective, Growth
1. Introduction
Single-walled carbon nanotubes (SWCNTs) show
tremendous potential for a variety of applications,
owing to their outstanding properties, such as a
spectacular tensile strength [1] and elastic modulus [2]. Furthermore, the tunability of their electronic properties make them particularly suitable
for opto-electronic applications. Some examples include their use as channel material in field-effect
transistors [3, 4], thermal conductors [5] and interconnects [6] in integrated circuits, and gas sensors [7]. Nevertheless, SWCNTs have yet not been
able to fulfil their potential in these opto-electronic
applications, as there is currently only limited control over their electronic properties. As the electronic properties are determined by the chirality (n,m)
of the SWCNT, it is of paramount importance to
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(Charlotte Vets), daniel.hedman@ltu.se (Daniel Hedman),
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Preprint submitted to Carbon

achieve chirality-selective growth to gain full control of these properties [8].
The SWCNT chirality is determined by the diameter and the roll direction of the graphene sheet.
Since the SWCNT diameter is related to the diameter of the catalyst, tuning the nanoparticle (NP) diameter leads to diameter control of the SWCNT [9].
On the other hand, the roll direction, or chiral angle, is much more difficult to control but is crucial to achieving chirality-selective SWCNT growth [10, 11, 12, 13].
The driving factor for the chirality resulting from
the growth is still a matter of debate. The thermodynamic stability of the system has been put forward as a possible driving factor [14, 12, 15]. Studies have focused on various reasons for this, such
as a correlation between the catalyst structure and
the SWCNT’s chirality [16, 17], the edge energy
of a graphene strip with certain chirality [18], or
a combination of edge energy and curvature effects in a SWCNT [19]. The thermodynamic stability of the system can be investigated through,
amongst others, the adhesion energy of a SWCNT
May 14, 2019

attached to a NP. The adhesion energy has been
deemed paramount for SWCNT growth and is therefore the more specific thermodynamic driving factor [20, 21, 8]. Other research however suggests
that the adhesion energy differences between chiralities are too small to promote chirality-selective
SWCNT growth [22]. Moreover, Neyts et al. have
proven that the chirality is still subject to change
during the nucleation phase [23].
Bimetallic NPs may provide a solution for
chirality-selective SWCNT growth. Experimentally, narrow chirality distributions have indeed
been obtained with bimetallic catalysts, such as
NiFe [24], CoMo [25] and CoPt [26]. The reason for this may lie in the Goldilocks principle [8],
which states that SWCNTs can only be formed if
the carbon-metal binding energy (adhesion energy)
is situated in a certain energy range the Goldilocks zone. Only a few metals follow the Goldilocks
principle, but by combining metals with too weak
and too strong adhesion energies, the corresponding
Goldilocks zone can be reached for bimetallic NPs.
Considerable experimental research has been devoted to bimetallic NPs for chirality-selective SWCNT growth [26, 24, 25]. Similarly, a great effort has been made to calculate adhesion energies
of armchair and zigzag SWCNTs on monometallic
NPs [20, 21, 8]. However, the computation of adhesion energies of SWCNTs on bimetallic NPs is
still scarce [27, 28]. This study therefore addresses
the adhesion energies of SWCNTs with various chiralities on FeNi bimetallic NPs. We compute the
adhesion energies using density functional theory
(DFT) and analyse these results for various interstitial carbon concentrations in the NPs. These results are then compared with the results for pure
Fe and Ni NPs. Moreover, we establish a link with
existing experimental research on SWCNT growth
from Ni and FeNi NPs. Based on these results, we
discuss whether the adhesion energy can be tuned
and whether or not it can be the driving force for
the chirality.

SWCNT catalyst interactions. While the cuboctahedron is geometrically not a realistic model for
real nanoparticles at experimental growth temperatures, this choice allows for a systematic screening of the interaction. The nanoparticles studied
are Fe cuboctahedra, Ni cuboctahedra and FeNi
cuboctahedra with three compositions Fe0.75Ni0.25,
Fe0.5Ni0.5 and Fe0.25Ni0.75. For each composition,
the most stable atom distributions as outlined in
our previous work were chosen to build adhesion
systems with [29]. Since carbon dissolved in nanoparticles is crucial for SWCNT growth, nanoparticles with 0, 4 and 8 interstitial carbon atoms
are studied. As the diameter of the nanoparticles is about 0.8 nm, we choose seven hydrogenpassivated SWCNT-fragments with a similar diameter resulting in the following chiralities: (6, 6),
(6, 5), (7, 4), (8, 3), (9, 2), (9, 1) and (9, 0) [10]. An
illustration of a model system is shown in Figure 1.

Figure 1: An illustration of a model system used in this work.
This example model is comprised of a hydrogen-passivated
(6,6) SWCNT attached to a Fe0.5Ni0.5 NP containing four
C interstitials (one is indicated by the red arrow). Here blue
atoms represents H, black C, grey Ni and gold Fe.

The NP-SWCNT complexes and the individual
SWCNT-fragments were geometrically optimized
through DFT calculations. The NPs were optimized as described in our previous work [29] and
reoptimized after detaching the SWCNT-fragment.
The Vienna Ab initio Simulation Package (VASP)
was used for all calculations [30, 31]. All systems were optimized with no symmetry constraints using the generalized gradient approximation (GGA), employing the revised Perdew-BurkeErnzerhof (RPBE) functional [32], and with the

2. Computational details
To keep the calculations feasible, NP-SWCNT
complexes consisting of 55-atom nanoparticles and
SWCNT-fragments having a length between 0.58
and 0.71 nm were modelled. Cuboctahedra NPs
were chosen as catalyst systems to avoid wide spreads in adhesion energies that would arise from
amorphous structures, due to local and random
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Figure 2: Adhesion energies derived from the zero-point corrected DFT energies and from fitting Eq. (3) to the DFT data. (a)
Eadh. for all 7 H-terminated SWCNT-fragments: (9, 0), (9, 1), (9, 2), (8, 3), (4, 7), (6, 5) and (6, 6) as a function of the chiral
angle, θ. Here, the dots represent adhesion energies derived from DFT and the solid lines are Eq. (3) fitted to the data. (b)
ac , and zigzag, E zz , adhesion energies as a function of the NP composition. Here, the dots represent E ac
Armchair, Eadh.
adh.
adh.
zz
and Eadh.
obtained from the fitting of Eq. (3) in (a). The dots are connected by a spline curve to help guide the eye.

fragments and ECN T is the energy of SWCNTfragments with twice the length (both edges
hydrogen-passivated). All energies include zeropoint energy corrections, due to the definition of
Eq 1 a more negative adhesion energy indicates a
stronger bond. Because of the spread in the calculated adhesion energies (noise) caused by an imperfect SWCNT/NP interface the following equation
(derived from [38]) was fitted to the data and used
for further analysis.

projector augmented wave method (PAW) [33, 34].
The k-point mesh was Γ-centered (1×1×1) and the
smearing method was Methfessel-Paxton of the first
order [35]. Supercells of sizes (20 × 20 × 20) Å and
(20×23×30) Å was used for the SWCNT-fragments
and NP-SWCNT complexes respectively. Spin polarization with a high-spin ferromagnetic initialization of the NPs was employed. The energy cutoff
was set to 400 eV, and the energy convergence to
1 x 10−4 eV. After geometrical optimization, vibrational analysis was performed in VASP with the
finite differences method. With these results, zeropoint analysis was then performed with the TAMkin package [36].
For each system, the adhesion energy is computed as follows


(n + m) · Eadh. = ECX − EN P + ÊCN T , (1)

Eadh. =

2m
(n − m) zz
E ac +
E
.
n + m adh.
n + m adh.

(3)

3. Results & Discussion

where ECX is the total energy of the geometrically
optimized complexes and EN P is the total energy of
the optimized NPs. ÊCN T is the fragment stabilization [22, 37] corrected total energy of the optimized
SWCNT-fragment given by
!
n,m
n+m,0
ECN
n,m
n+m,0
T − ECN T
. (2)
ÊCN
=
E
+
T
CN T
2

The effect of carbon interstitials on the adhesion
energy is shown in Figure 3 for Ni NPs. Here it’s
clear that the number carbon interstitials have only
a very small effect (max. ±0.1 eV/bond) on the
adhesion energy. Thus, we conclude that carbon
interstitials has a negligible effect on the adhesion
energy and present the rest of the results for only
zero carbon interstitials e.g. pure metallic NPs.

Here, ECN T is the total energy of the SWCNT3

Adhesion energy, Eadh. , (eV/bond)

−1.4

(9, 0)

(9, 1)

(9, 2)

(7, 4)

(6, 5)

(6, 6)

To try and further analyse the data, and remove
the effects of any outliers, we fit Eq. (1) to the
DFT calculated adhesion energies (solid lines in Figure 2a). Here, we can see that for Fe, Fe0.5Ni0.5
and Ni the change in adhesion energy as a function
of chirality is small < −0.2 eV/bond from θ = 0
to 30 . But for the remaining two compositions,
Fe0.75Ni0.25 and Fe0.25Ni0.75, the change in adhesion energy is larger, −0.53 eV/bond from θ = 0
to 30 and 0.24 eV/bond from θ = 0 to 30 for
Fe0.25Ni0.75 and Fe0.75Ni0.25 respectively. Interestingly, the change in adhesion energy is positive for
the Fe0.75Ni0.25 composition showing a preference
towards zigzag chiralities, in agreement with the
local minima analysis.
The same conclusion can be drawn from the arac
and
mchair and zigzag adhesion energies, Eadh.
zz
, obtained from fitting. As seen in Figure 2b
Eadh.
zz
ac
is small for
and Eadh.
the difference between Eadh.
Fe, Fe0.5Ni0.5 and Ni but large for Fe0.75Ni0.25 and
Fe0.25Ni0.75. Interestingly, here the zigzag adhesion
energy for the Fe0.25Ni0.75 composition is outside
the Goldilocks zone as defined in [8], which points
to strong selectivity towards armchair chiralities for
the Fe0.25Ni0.75 composition.
We compare our results with the experimental
work of Chiang et al. [24], noting that the chiralities obtained by Chiang et al. are different from
the chiralities used here. Since they used nanoparticles with a larger diameter (approximately 2.0 nm)
which resulted in growth of SWCNT with diameters of 0.82 to 0.90 nm. As explained earlier, the
chirality is related to the diameter and the chiral
angle θ, which can be seen in the chirality map in
Figure 4.
The blue lines indicate θ=0 (zigzag) and θ=30
(armchair). The orange chiralities correspond to
the SWCNTs we modelled. These SWCNTs have
diameters of about 0.8 nm, as indicated in the chirality map by the green line. The yellow chiralities
correspond to the SWCNTs Chiang et al. determined using photoluminescence. The red lines are
drawn on chiral angles of θ=9.8 , θ=15.3 , θ=21.1
and θ=27 , corresponding to our (9, 2), (8, 3), (7, 4)
and (6, 5) SWCNTs. The chiral angle θ was calculated as follows
!
√
3m
−1
,
(4)
θ = tan
2n + m

(8, 3)
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Figure 3: The effect of carbon interstitials on the adhesion
energy for all chiralities attached to the Ni1.0 NP. Here the
dots represent the DFT calculated adhesion energies for 0, 4
and 8 carbon interstitials. The dots are connected by solid
lines to help guide the eye.

The computed adhesion energies are given in Figure 2a for all chiralities and NP compositions, here
its clear that the trends for all NPs are quite similar. For the pure Fe NP the local minima in
the DFT calculated adhesion energies is found at
(7, 4). Adding a small amount of Ni to the Fe NP,
Fe0.25Ni0.75, shifts the local minima towards zigzag,
(9, 2), where it is also found for the Fe0.5Ni0.5 composition. Further increasing the Ni content in the
NP, Fe0.25Ni0.75, shifts the local minima back towards armchair, (7, 4), the same as for the pure Ni
composition.
The adhesion energy differences between local
minima and the other chiralities are quite small
< 0.2 eV/bond for most NP compositions, except
for Fe0.25Ni0.75. Thus, for most of the NP compositions studied with DFT in this work, the difference
in adhesion energies is too small to affect the chirality during growth, with the exception of those for
Fe0.25Ni0.75.
However, due to the spread in adhesion energies
(because of imperfect SWCNT/NP interfaces), its
hard to draw any firm conclusions about selectivity
for specific chiralities. We note that our SWCNTfragments have different number of edge atoms (n+
m), which leads to variations in the number of metal
atoms that are involved in perfect bonding to the
edge, i.e. the number of metal-atoms are frequently
< (n + m). This is especially obvious for the (6, 6)
tube where the adhesion energy is very low, since
it is the only tube with n + m = 12 edge atoms.

where n and m are the chiral indices.
If two SWCNTs with different diameters have a
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Figure 4: Chirality map, where blue lines indicate chiral angles of 0 and 30 , i.e. zigzag and armchair SWCNTs. Chiral indices
marked in orange are the SWCNTs investigated in this paper, they have a diameter of about 0.8 nm as indicated with the
green curve on the map. The yellow chiral indices are the SWCNTs obtained by Chiang et al. [24]. Red lines correspond to
(6,5), (7,4), (8,3) and (9,2) tubes with a chiral angle of 27 , 21.1 , 15.3 and 9.8 respectively, these lines intersect all SWCNTs
on the chirality map with a similar chiral angle. Therefore, it can be used to check with which of the SWCNTs from Chiang
et al.’s work our tubes can be compared.

(1,0)
Table 1: Chiral angles of SWCNTs
obtained by Chiang et
al. [24] and corresponding chiral angles of our SWCNTs.

Chiang
(n,m)
(6,5)
(7,6)
(7,5)
(8,4)
(9,4)
(10,2)

et al.
θ, ( )
27
27.5
24.5
19.1
17.5
8.9

tion for FeNi bimetallic catalysts than for pure Ni
ones. This can be correlated with our results that
show only a slight variation in adhesion energies
for the different chiralities when using pure Fe or
pure Ni NPs. Where as the adhesion energies for
Fe0.75Ni0.25 and Fe0.25Ni0.75 bimetallic catalysts favour armchair and zigzag chiralities respectively, in
agreement with the results of Chiang et al.

This work
(n,m) θ, ( )
(6,5)
27
(6,5)
27
(6,5)
27
(7,4)
21.1
(8,3)
15.3
(9,2)
9.8

4. Conclusions

similar chiral angle, we can assume that these nanotubes are strongly related. This can be observed using the red lines in the chirality map in Figure 4 were chiralities that are intersected by the
same red line are thus related. Chiang et al.’s chiralities which are similar to ours can therefore be
collected from the chirality map. An overview of
which of Chiang et al.’s SWCNTs that we will use
for comparison to our results is given in Table 1.
Now we can observe that the results from fitting
Eq.(3) are consistent with the experimental work of
Chiang et al. [24], as can be seen by comparing the
our calculated adhesion energies (Figure 2a) with
the photoluminescence (PL) maps they obtained.
They observed a much narrower chirality distribu-

Adhesion systems of various SWCNTs on Ni, Fe,
and FeNi NPs have been modelled through DFT
calculations. The influence of carbon interstitials
was analysed and deemed not significant. The DFT
results were fitted to compensate for the imperfect
NP-SWCNT interface. Whereas the DFT results
only show weak trends due to limitations of the systems used in this work, the fits showed trends consistent with previous experimental work by Chiang
et al. Depending on the NiFe composition, no chiral
preference, or a preference towards armchair/zigzag
chiralities could be observed. Pure metal NPs and
Fe0.5Ni0.5 NPs showed no significant preference but
Fe0.75Ni0.25 and Fe0.25Ni0.75 NPs on the other hand
favour zigzag and armchair chiralities respectively.
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Abstract
Harnessing energy lost in the form of heat is an important challenge today. Organic thermoelectric
materials can convert lost heat into electricity at relatively low temperature. Here, we present a study
on the influence of gold chloride on thermoelectric properties of single-walled carbon nanotubes
(SWCNTs) as fillers in a poly(3,4-ethylene dioxythiophene) polystyrene sulfonate matrix. The
additional effect of chemical post-treatment is also investigated. In the process of HAuCl4
aerosolization on the surface of nanotubes, different ionic conformations (Au and AuCl4-) can be
formed. For this reason, we performed a theoretical investigation on the influence of ionic
conformations on SWCNTs on the electronic structure. Experimentally, the highest values of the
Seebeck coefficient and electrical conductivity at room temperature for the composite with untreated
carbon nanotubes as fillers are 49.28 V/K and 1140 S/cm, respectively. In the temperature interval
320-410 K gold doping and chemical post-treatment increased the power factor of the system with
maximum value of 166 W/K2m. These results demonstrate the potential of hybrid filler (Audecorated SWCNTs) along with chemical post-treatment in boosting the thermoelectric properties of
polymer-based composite thermoelectrics and the importance of theoretical modeling to tune the
electronic structure of composite systems through a material-by-design approach.

Introduction
Currently, there is a strive to not only search for new sources of energy but also for ways to more
effectively utilize it. Thus, the losses through heat that is present in various fields (industrial plants,
cars, electronics, etc.) should be reduced and harnessed. The latter could be done through direct
conversion of waste heat into the electricity via the Seebeck effect, through the use of thermoelectric
materials.
The thermoelectric (TE) properties of semiconductors have been studied thoroughly due to their very
high electrical conductivity and Seebeck coefficient 1,2. Equation (1) represents the so-called figure-ofmerit, which expresses the TE efficiency of a specific material:
ZT

σS

k T,

(1)

where 𝜎 is the electrical conductivity, S is the Seebeck coefficient, k is the thermal conductivity and T
is the absolute temperature. The quantity 𝜎S2 is called the power factor.
While inorganic semiconductors exhibit high conductivity and Seebeck coefficient, which are an asset
to obtain high TE performance 3–5, the efficiency of the most efficient TE semiconductors did not
reach 30%, and mainly due to the high value of their thermal conductivity. In inorganic-based systems,
electrons are primarily responsible for heat transfer. Thus, the thermal conductivity k and the electrical
conductivity 𝜎 are inherently correlated, i.e., the higher the electrical conductivity, the higher thermal
conductivity is, which results in ZT values lower than 3 6, which is the least low value for TE materials
to be of interest.
On the contrary, polymers exhibit low values of thermal conductivity, which is an advantage for TE
materials along with negligible cost, abundance, secure processing, flexibility, possibility to be used at
low temperature, and non-toxicity 7. However, the electrical conductivity and Seebeck coefficient for
polymers are much lower than for traditional semiconductors, due to the low mobility of charge
carriers 8,9. Such disadvantage leads to a low value of ZT = 0.4 and is the reason behind the strong
research interest to improve both these parameters and, as a result, to enhance the power factor (PF) of
the polymeric systems. For this reason, nanomaterials can be used to boost the PF of the polymer
systems 10–12.
Dun et al. 13 reported on the fabrication of Cu-intercalated Bi2Se3 nanoplatelet/polyvinylidene fluoride
composite films. They focused on the decoupling of electrical conductivity and Seebeck coefficient
since the thermal conductivity of the system is already low due to the polymer matrix. PF and ZT for
the samples were 103 W/m-1K-2 and 0.1 at room temperature, respectively. Also, carbon-based
materials (such as carbon nanotubes (CNTs), fullerenes, graphene, and others) can be successfully
combined with polymers to increase their TE properties 14,15 due to the implementation of conductive
paths. In addition to that, the utilization of carbon-based materials is dictated by their unique transport
properties. Zhang et al. 16 reported on modulation of the electronic band structure of reduced graphene
oxide with fluorinated C60, and its following integration to obtain a hybrid system in combination
with the conductive polymer (poly(3,4-ethylene dioxythiophene: polystyrene sulfonate). The highest
PF and ZT of the modulated structure were 83.2 W/m-1K-2 and 0.1 at 2.5 wt.% loading fraction,
respectively.
We have recently demonstrated [17] the application of CNT forest (CNTF) as a filler in PEDOT:PSS
matrix, which was chosen due to the possibility to avoiding the formation of agglomerates and
controlling the anisotropy of the composites. The highest power factor (~55 W/ K2m) for such
composites is 2.5 times higher than that of the pure polymer matrix. Further investigation of chemical
post-treatment on TE properties for the composites based on CNTF showed 17 the improvement of
both Seebeck coefficient and electrical conductivity, resulting in tuning power factor values up to
92W/ K2m. This strategy of filler incorporation into the polymer matrix is highly beneficial to boost
the thermoelectric properties. Moreover, further chemical treatment or post-treatment leads to
additional improvement of the TE performance.
1

In the present work, we represent the influence of HAuCl4 treatment on the transport properties of
SWCNTs (creation of hybrid organic/inorganic system) with their further incorporation into the
polymer matrix of PEDOT:PSS and influence on TE properties. Dimethyl sulfoxide (DMSO) and
ethylene glycol (EG) were used as chemical agents for the post-treatment process to boost up TE
properties of obtained composites with SWCNTs and hybrids as fillers. The experimental results
revealed the p-type doping mechanism while the creation of a hybrid system, supported by theoretical
calculations, which were conducted by using density functional theory through the VASP package.
Further post-treatment led to the enhancement of the power factor values in the temperature range
from ~320 to 410 K.
The obtained results are of high importance: they combine the most effective techniques to boost the
TE performance, achieving high values of power factor. The experimental results are in good
agreement with the theoretical calculations, demonstrating the possibility to tune up the band structure
of the SWCNTs by the creation of hybrid fillers.

Results and discussions
Transmission electron microscopy (TEM) (Figure 1(f, g)) and scanning electron microscopy (SEM)
(Figure S. 1) pictures show the morphology of the surface of samples before and after HAuCl4-doping,
respectively, before covering the bundles of tubes with the polymer. The average diameter of the
SWCNTs is ~2.5 nm. Both samples exhibit a tightly entangled network of SWCNTs, without
formation of SWCNT bundle agglomerates. That is critically important in applications, like TE ones,
where the conduction plays a role since SWCNT agglomerates tend to impair charge transport. The
doped SWCNTs exhibit the presence of homogeneously spread small Au clusters (average size below
3 nm). The clusters are likely formed during the process of aerosolization or the partial reduction of
the AuCl4- to Au0 on the surface of carbon nanotubes with concomitant removal of electrons from the
tubes. Some isolated large Au particles are also present (size ~150 nm, Figure S. 1). The thickness of
the obtained composite is around 400 nm (Figure 1(e)). Both the absence of agglomerates and the even
disposition of Au particles revealed homogeneity of the systems before and after the doping process.
Figure 1 (b) shows the Raman spectrum for pure SWCNTs. The intensity ratio (IG/ID) of the G-band
and the D-band of Raman shift is meant to be used for providing information on the quality and the
structure of SWCNT-based materials; it is clear that the intrinsic tubes are of high quality since the
ratio IG/ID is 130 (the higher the intensity ratio, the higher the quality). The same Figure supports the
claim that the SWCNTs exhibit partially (2/3) semiconducting nature because the ratio between G+
and G- is approximately 2/3 18. The Raman spectra shown in Figure 1(c) are taken by mapping of the
final sample in different regions to show its homogeneity. The spectra have the same pattern,
independently of the position, which suggests a homogeneous composition of the film is in agreement
with the SEM results. Raman shift at 1575 cm-1 relates to graphite band (G-band) from the SWCNTs.
However, the shift about disordered graphite (D-band) is masked by the signal from the polymer and
cannot be recognized. Figure 1 (d) represents the comparison of G peak between pristine and HAuCl4
treated tubes. The displacement by 6 cm-1 of the Raman signal along the Raman shift axis is due to the
doping with an HAuCl4 solution and can be considered as a support for the assumption of a p-type
doping 19. Based on the TEM, SEM and Raman results, we obtained highly homogeneous samples,
with no SWCNT-bundle agglomerates, and even distribution of doping agent, which covers the whole
area. These features are supposed to positively affect the functional properties of the composite by
increasing the electrical conductivity because of the high transport properties of Au.
Using DFT, two possible mechanisms of doping were investigated: 1. Doping with Au cluster (Au13)
formed during the aerosolization and deposited on the surface of tubes, i.e., comparison of B1, B2, and
B3 configurations (Figure 2 a-c). The B1-B3 cases account for the possibility that during the
aerosolization of HAuCl4 reduction occurs and Au particles form in different places of the SWCNT
network; 2. Doping/deposition of AuCl4- on the surface of tubes, i.e., comparison of configurations B1
and B4 (Figure 2 a, d), which account for the possibility of formation of Au chloride ions. Both
2

mechanisms are graphically represented in Figure 2 together with their influence on spin up Density of
States (DOS) (full DOS is represented in Figure S. 3) and band structure for each mechanism. The
changes in the relative values of the Fermi level for both the mechanisms are collected in Table 1.

Figure 1. a) Scheme of the process to obtain the composite system. b) Raman spectrum of the pristine
SWCNTs. c) Raman spectra were taken from different spots for the final sample after addition of
PEDOT:PSS. d) comparison of G- and G+ peaks for SWCNTs before and after HAuCl4 treatment. e) SEM
cross-section of the sample after polymer spin coating. TEM of pristine (f) and HAuCl4 treated SWCNTs
(g).

Without doping, B1, the SWCNT bundle has the Fermi level at -1.700 eV. The DOS also shows newly
available states at the Fermi level. Considering the effect of the Au-doping on the DOS, one can
predict changes in the transport properties for the SWCNT bundle. In fact, in the presence of Au
between the metallic and semiconducting SWCNTs, B2, the Fermi level shifts towards the conduction
3

band (-1.618 eV). It is evident that Au-doping adds more energy states close to the Fermi level thus
increasing the electrical conductivity. The same trend can also be seen for the system B3, where the
Au cluster is added between the two semiconducting SWCNTs. Here the Fermi level is further shifted
towards the conduction band (-1.584 eV), and even more, states are available close to the Fermi level
in comparison to the B1 and B2 system. Thus, the main conclusion from the DFT simulations is that
irrespective of the position in which the Au clusters are placed within the SWCNTs bundle, their
presence leads to n-type doping.
The band structures of the pure SWCNTs bundle (B1) and structures upon doping (B2 and B3
schemes) are represented in Figure 2. In B3, both the density of quantum states and their localization
near the Fermi level are increased in comparison to B1 and B2. Extra states close to the conduction
band could result in an improvement of electron mobility and make it easier for the electrons
overcoming the energy gap between the valence and conduction band. As a result, such doping can
lead to the improvement of both electrical conductivity and Seebeck coefficient. The analysis allows
us to conclude that though the randomness of Au spreading does not affect the shift for Fermi level, it
surely affects the quality of the shift, i.e., the change of differences before and after doping.
The second mechanism, i.e., the effect of AuCl4- molecular deposition on the DOS of SWCNTs
(scheme B4) is represented in Figure 2. The calculation gives a precise prediction of the influence of
the AuCl4- treatment on the transport properties. Due to the extra energy states created near the Fermi
level via treatment, the electrical conductivity of such a system is supposed to improve drastically. The
shift of the Fermi energy is towards the valence band, moving from -1.700 eV for non-doped B1 to 2.376 eV for AuCl4- doped tubes. The shift implies that AuCl4- treatment induces p-type doping. The
band structure for this type of doping is presented in Figure 2.
Predictably, for the latter mechanism, one should expect an improvement of the electrical conductivity
and decrease of the Seebeck coefficient. It is explained with the significant increase in the number of
charge carriers (energy states), which leads to their lower mobility. That alongside the Fermi level
shift towards the valence band, can result in increasing the required temperature for the electrons to
overcome the energy gap. All these findings imply that such doping could lead to increased electrical
conductivity with simultaneously decreased Seebeck coefficient.
In summary, Au doping in the form of clusters will result in n-type doping, while AuCl4- molecules
around the SWCNTs will result in p-type doping. The results of Raman spectroscopy suggest that we
are mainly in this second mechanism, and the formation of AuCl4- molecules is more likely to happen
than the formation of Au clusters.
Table 1. The shift of Fermi energy as a function of the doping mechanism.

Type of SWCNTs doping Fermi energy (eV)
B1 – non-doped

-1.700

B2 – doping (Au)

-1.618

B3 – doping (Au)

-1.584
-

B4 – doping (AuCl4 )

-2.376

Figure 3 represents the results of the thermoelectric properties, i.e., the electrical conductivity and the
Seebeck coefficient for samples before and after HAuCl4 treatment. The PF values were calculated
according to the equation: PF σ ∗ S . Due to the absence of agglomerates, high transport properties
of the intrinsic SWCNT (it is known that SWCNTs exhibits good transport properties 20), and even
distribution of the SWCNTs within the polymer matrix, the untreated sample (black squares in Figure
3, Pristine) exhibits high values for both electrical conductivity (~850 S/cm) and Seebeck coefficient
(~49 V/K) at room temperature.
4

Figure 2. Tubes structures with various dopings and their DOS (spin up) and band structures for both the
doping mechanisms: the undoped system B1; the doped system with the Au13 particle between metallic
(4,4) and semiconducting (5,3) tubes, B2; the doped system with the Au13 particle between two
semiconducting (5,3) tubes, B3; AuCl4- molecules around the tubes, B4. The dashed lines mark the Fermi
level for the different systems.
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The improved values of Seebeck coefficient for the Pristine sample in comparison to the intrinsic
values of pure PEDOT:PSS (18 V/K) 21 can be explained with the different vibrational modes of the
polymer and tubes, i.e., creation of electrically connected and thermally disconnected network 22,
alongside with the even thickness of the composite.
The decrease of the electrical conductivity values at increasing temperature for both “pure” and
“hybrid” systems is due to the nature of tubes. According to estimation from the Raman spectra
(Figure 1 b), 1/3 of the tubes is metallic, and 2/3 are semiconducting with band gap ~1 eV. The latter
is the reason why electrical conductivity is not affected by the semiconductor nature of the SWCNTs
since the applied temperature is not enough to populate the conduction band according to Fermionic
statistics and to increase the electrical conductivity. Calculated PF exhibits very high values ~200
W/K2m at room temperature in Au-untreated sample. The decrease of the values of PF at increasing
temperature is due to the rapid decrease of electrical conductivity and the stable behavior of the
Seebeck coefficient.
The red triangles in Figure 3 (Doped) represent the behavior of the sample with preliminary HAuCl4doped tubes. Improved electrical conductivity from ~850 S/cm to ~1100 S/cm at room temperature,
compared to the undoped sample, can be explained with both the calculated doping mechanisms, i.e.,
Au-doping and AuCl4--doping. However, the decreased values of Seebeck coefficient for the hybrid
fillers supports the mechanism described for the AuCl4--doped system. Precipitated AuCl4- can play
the role of thermal connections between the polymer and the SWCNTs. Thus, one can conclude that
the values are dictated by the improved energy barrier between the valence- and conduction bands of
the system.

Figure 3. a) Seebeck coefficient, b) electrical conductivity and c) power factor of samples composed of
PEDOT:PSS and SWCNTs with (Pristine, black squares) and without (Doped, red triangles) HAuCl4
solution treatment.

However, though the values of the Seebeck coefficient for the Doped sample are lower compared to
Pristine, the behavior at increased temperature is somewhat different: at a higher temperature, the
values of Seebeck coefficient tend to increase, which can be explained with the creation of extra
energy levels close to the Fermi level. At higher temperature, Fermionic statistics allows the
population of conduction band above the energy bandgap, and these free charges in the conduction
band can contribute to the improvement of the Seebeck coefficient. Despite the improved electrical
conductivity, the calculated PF is much lower in case of the Au-treated sample (~50 W/K2m) due to
the decreased values of the Seebeck coefficient and its quadratic contribution to the PF.
To further improve the TE properties, the series of samples based on Pristine and Doped were also
chemically post-treated (see ). Samples labeled as NG-EG and NG-DMSO correspond to sample
Pristine (no doping with HAuCl4) post-treated with EG and DMSO, respectively. In turn, samples
Doped-EG and Doped-DMSO correspond to HAuCl4-doped chemically post-treated with the same
chemicals, i.e., EG and DMSO, respectively. EG leads to delocalization of PSS ions 23, whereas
DMSO is used to remove PSS from the polymer matrix 24. In both cases an increase in electrical
6

conductivity is observed with a slight alteration of the Seebeck coefficient: DMSO usually decreases S
25
, whereas EG could either reduce or increase the values, due to the uncontrollable process of
delocalization of the PSS part.
The influence of both treatments on the TE properties is reported in Figure 4. The undoped samples
Pristine-EG and Pristine-DMSO, after being post-treated showed a decrease of the Seebeck coefficient
(compared to Pristine), due to the changes within the polymer structure and PSS removal for EG and
DMSO treatment, respectively. Pristine-EG shows drop in values of electrical conductivity as well,
which could be explained by non-controlled rearrangement of the PSS part. Whereas, as it is often
described for the samples treated with DMSO, the NG sample after post-treatment with DMSO
(Pristine-DMSO) increases electrical conductivity and decrease of Seebeck coefficient. Both posttreatment techniques exhibit a negative effect on the TE properties for PEDOT: PSS/SWCNTs
samples.

Figure 4. a) Seebeck coefficient, b) Electrical conductivity, and c) Power factor for the post-treated
samples without (Pristine-EG, Pristine-DMSO) and with (Doped-EG, Doped-DMSO) preliminary
HAuCl4 treatment.

However, though the values of PF for Pristine-EG and Pristine-DMSO are lower than for original
Pristine, they are rather high (within the range from 100 to 130 W/K2m) and are of the same order as
the reported results from other research groups 26–28.
The behavior of the HAuCl4 treated samples after EG and DMSO chemical post-treatment revealed a
different trend of the TE properties. Both the Doped-EG and Doped-DMSO samples show
improvement of the Seebeck coefficient compared to Doped, which is not expected since at least
DMSO post-treatment is known to decrease these values (also compare with our Pristine-DMSO
sample). This behavior could be explained with the fact that rearrangement and removal of the PSS
parts (through EG and DMSO post-treatment, respectively) led to a better interaction between the
SWCNTs and the PEDOT part through the AuCl4- molecules, which led to improved phonon
scattering, and higher Seebeck coefficient, as a result.
The electrical behavior of the Doped-EG and Doped-DMSO samples show a different trend compare
to the Pristine-EG and Pristine-DMSO samples. The electrical conductivity decreased in HAuCl4
doped sample after chemical treatment. Thus, the functional properties resulting from the chemical
post-treatment are critically dependent from the starting state of the samples, determined by the doping
of SWCNTs with the HAuCl4 solution. The PF values of the post-treated samples with hybrid fillers
are represented in Figure 4 c. The post-treated Doped-DMSO sample shows improved PF (in the range
from 110 to 125 W/K2m) compared to Doped (within the range from 50 to 90 W/K2m), whereas the
PF of Doped-EG sample is much improved (in the range from 160 to 190 W/K2m). This behavior is
due to the higher enhancement of the Seebeck coefficient and the negligible decrease of the electrical
conductivity after EG post-treatment.
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It is worth comparing the two samples with the highest PF: Pristine and Doped-EG (Figure 5). In
Pristine, the PF tends to drop more rapidly from 205 to 140 W/K2m with increasing of temperature
from 300 to 410 K, whereas Doped-EG, though showing lower values of PF at 300 K (~190 W/K2m)
exhibits a lesser decrease. Pristine exhibits the highest PFs in the temperature range from 300 K to 325
K, while Doped-EG has the highest PF above 325 K.. Considering that, the values of both the samples
are similar in the lower temperature range, and that with further temperature increase HAuCl4-doped
and EG-post-treated samples revealed higher values, the Doped-EG sample can be considered as a
more efficient and stable p-type composite.

Figure 5. Comparison of PF values of Pristine (black line and B1-based system) and Doped-EG samples
(red line and B4-based system).

To highlight the significance of our results we compare them with the most significant results of
PEDOT:PSS-based thermoelectric composite materials with various fillers and chemical treatments
(see Figure 6): SWCNT/DMSO/NaOH 29, SWCNT/Te nanorods 30, Te/chemical treatment 31, and
DMSO/PEO 32. The comparison of the overall results considers three main parameters: (i) the power
factor, (ii) the applied temperature difference, and (iii) the preparation time.
As it is clear from the comparison, the current work results in among the highest power factors, with
the lowest applied temperature difference and preparation time. According to the recent review paper
prepared by Fan and Ouyang 33 our results are the highest by considering a one-step post-treatment,
and among the highest by considering de-doping, i.e., removal of a dopant from the material. The
current work is the combination of the most effective approaches to boost the TE properties of
polymer-based materials such as carbon-based fillers, inorganic-based fillers, hybrid type fillers, and
chemical post-treatment.
Polymers are considered as TE materials for many reasons, one of which is their ability to bend. Such
extraordinary property for this field is rather useful since the materials can be utilized in the area of
wearable devices. Thus, in addition to investigating the TE properties of these materials, we also
focused on the preparation of the samples on a bendable substrate to demonstrate their bendability.
Figure 7 represents both the scheme (top row) and the real pictures (bottom row) of the samples
deposited on bendable substrates.
The difference of manufacturing is in the presence of an additional layer of polyethylene terephthalate
(PET) deposited between the glass substrate and SWCNTs, which are transferred on top. Apart from
the presence of the PET layer, the technique for the preparation of the TE composite is mostly the
same. After the manufacturing process is finished, the PET layer with the sample on top can be peeled
off from the glass substrate, and the PET film can be further removed. The results in the ref. 34 claims
that samples based on the SWCNTs pallet exhibit tensile stability at 1000 cycles of stretching. Thus
the TE properties of the obtained samples were not tested with bending/stretching tests.
8

Figure 6. Comparison of the current result with significant achievements of other research teams.
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Figure 7. Schematic (top row) representation and real (bottom row) pictures of the manufacturing process
on the bendable substrates.

Conclusions
In conclusion, we report the influence of SWCNTs, hybrid SWCNTs/AuCl4-, and chemical posttreatment on the TE properties of composites films based on PEDOT: PSS matrix. The integration of
SWCNTs increases both the electrical conductivity (~850 S/cm) and the Seebeck coefficient (~50
V/K), which is more than two times higher than that of the pristine PEDOT: PSS. This result was
explained with low anisotropy of the system and the absence of the SWCNT agglomerates. The
highest value of PF is ~205 W/K2m at room temperature.
SWCNTs treated with the HAuCl4 isopropyl solution induced the decrease of the Seebeck coefficient
and the increase of the electrical conductivity. The theoretical calculations, in agreement with the
experimental findings based on Raman spectroscopy, predicted the mechanism of the doping induced
by the treatment, which consists in the decoration of SWCNTs by AuCl4- molecules, inducing a p-type
doping of the SWCNTs, creating extra energy levels near the Fermi level, and shifting the Fermi level
towards the valence band.
The chemical post-treatments of both the systems (pure and HAuCl4-doped) modify the TE properties
of the composites. In the samples without HAuCl4 treatment, the chemical treatment increases the
electrical conductivity and reduces the Seebeck coefficient. The samples based on HAuCl4 treatment
exhibited the opposite trend, where the Seebeck coefficient increases and the electrical conductivity
drops after chemical treatment. This behavior can be explained with the improved interaction between
the PEDOT part of the polymer and the AuCl4- molecules on the SWCNTs, due to the rearrangement
and removal of PSS part with EG and DMSO treatment, respectively. The improved interaction works
as a scattering point for the carriers, resulting in a better Seebeck coefficient, compared to the samples
without post-treatment. Thus, as a result of the chemical post-treatment, initially decreased values of
the Seebeck coefficient, due to the presense of AuCl4- molecules, were improved. As electrical
conductivity was improved, as well, the values of PF were enhanced up to the original values at the
temperature range from 300 to 325 K and became higher at the temperatures above 325 K. Both
10

HAuCl4 treatment and EG post-treatment led to the more stable behavior of the composite with the
temperature increase.
According to the results illustrated so far, a promising research direction involves studying the impact
of higher concentrations of HAuCl4, by increasing, for instance, the treatment time. Based on DFT
calculations, treatment of SWCNTs with Au particles could result in a new n-type doped composite,
with improved electrical conductivity and Seebeck coefficient, which can represent a significant
novelty in the field of low-temperature hybrid TE composites. Also, considering that the only
technique that was not used during the current research is de-doping one, the further work will be held
in that direction alongside the currently obtained systems.

Experimental and theoretical methods
Materials preparation
PEDOT: PSS (PH1000) as a dispersion medium was purchased from Ossila company (UK). Highquality films of randomly oriented SWCNTs were produced by the aerosol (floating catalyst) chemical
vapor deposition (CVD) method described in detail elsewhere aerosol- chemical vapor deposition
(CVD) method at the Skolkovo Institute of Science and Technology (Skoltech). As a dopant, we
utilized 15 mM solution of gold (IV) chloride (HAuCl4; 99%, ACROS Organics) in ethanol alcohol.
Ethylene glycol and dimethyl sulfoxide were purchased from Chim med corp. (Russia).
The samples were prepared according to the procedure illustrated in Figure 1 (a). After SWCNT film
production via CVD, they were transferred from the original nitrocellulose membrane filters (step 1)
to the glass substrate (step 2). During the aerosolization (step 3), the deposition of either cluster of Au
or molecules of AuCl4- is expected on the surface of the SWCNTs layer (step 4), resulting in doping of
the system. The treated SWCNT layer on the glass substrate was then impregnated with the
PEDOT:PSS polymer. To create a homogeneous layer, the whole system was spun in a spin-coater for
1 minute at a rotation speed of 1000 RPM (step 5). The last step (step 6) was an annealing process of
the samples for 10 minutes at 150 °C. Ethylene glycol (EG) and dimethyl sulfoxide (DMSO) were
used as the post-treatment agents to enhance the TE properties. The samples were treated with EG or
DMSO by droplets for 10 and 30 minutes, respectively, followed by annealing for 10 minutes at 150
°C to remove the solvents. Table 2 collects the list of samples considered in this study, according to
the preparation process, where the Pristine (no gold) and Doped (gold) series refer to samples without
and with Au doping, respectively.
Table 2. Manufacturing information of samples, where “Pristine” stands for “no gold,” Doped is for
“gold,” and -EG with -DMSO refer to the applied chemical treatment.

Samples

Au-doping Chemical post-treatment
DMSO

EG

Pristine

No

No

No

Doped

Yes

No

No

Pristine-EG

No

No

Yes

Doped-EG

Yes

No

Yes

Pristine-DMSO No

Yes

No

Doped-DMSO

Yes

No

Yes
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Materials characterization
Raman spectroscopy was used to determine the uniformity of the samples and to give a qualitative
evaluation of the SWCNTs. The spectra were recorded using a 20 Senterra Raman microscope with
1200 groove/mm grating under 532 nm laser excitation. The estimated diameter of the laser spot was
around 1 µm. Scanning electron microscopy (SEM) was applied to investigate the morphology of the
samples using a Sigma VP Field Emission Scanning electron microscope (Carl-Zeiss AG). FEI Tecnai
G2 F20 Transmission electron microscopy (TEM) was used to analyze the structure and geometry of
pristine and doped SWCNTs.
The measurements were performed at the 80 kV acceleration voltage as well as with the shortest
possible electron illumination time. Thus, to minimize the destructive of electron irradiation. To
investigate the TE properties, i.e., electrical conductivity, and the Seebeck coefficient, the samples
were measured with the four-probe technique in the temperature range from 300 K to 415 K by a
computer-controlled home-made apparatus (CRYOTEL 1000 RS). The Seebeck coefficient was
calculated by measuring the potential difference induced by a temperature difference of 3 K, according
to the relation (see Equation (2)):
S
The PF (σS
coefficient.

ΔV

ΔT.

(2)

values were calculated according to the measured electrical conductivity and Seebeck

Materials modeling
Since either Au or AuCl4- can be formed during the deposition of the aerosolized ethanol solution of
dissolved HAuCl4, the effect of Au and AuCl4- doping on the electrical properties of the SWCNT
bundles was investigated using first principle DFT 35,36. The base (non-treated) model consists of three
periodic SWCNT, one metallic and two semiconducting. The chirality of the SWCNTs were (4,4) and
(5,3) respectively. To match the length of the (5,3) unit cell a 12-layer 37–40 (4,4) tube was used. The
size of the simulation box was set to (25  25  30) Å, which gave at least 10 Å of vacuum separation
in the non-periodic directions. In the case of Au doping three different systems were investigated: a
non-doped bundle (B1), see Figure 2, and two different Au-doped bundles. For the first one (B2) an
Au13 particle was placed between the metallic and semiconducting SWCNTs, see Figure 2(b), and for
the second one (B3) the particle was placed between the two semiconducting tubes, see Figure 2(c). In
the case of AuCl4- molecular deposition, the bundle of tubes was surrounded by 3 AuCl4- molecules
(B4).
DFT calculations were performed with a plane wave basis set and the projector-augmented wave
method 41 using the Vienna Ab Initio Simulation Package 42 (VASP). To account for the dispersion
interactions between the nanotube bundles the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional 43 was used together with van der Waals corrections (D2 method of Grimme 44). The
method was chosen according to preliminary results of calculations related to a variety of techniques,
reported in supporting Table S. 1. All predictions were spin-polarized, and the plane wave basis set
energy cutoff was set to 500 eV. The electronic self-consistence loop was converged to 10-6 eV for all
calculations. All structures were relaxed with no symmetry constraints using the quasi-Newton
algorithm until all forces acting on the atoms were smaller than 10-2 eV/Å. The Methfessel-Paxton
scheme for partial occupancies was used, the smearing width set to 0.1 eV for geometry optimizations
and reduced to 0.01 eV for the density of state (DOS) calculations. For the k-point sampling a (114)
k-point grid was used during relaxation and for calculations of electronic properties 100 points were
used along the 𝑋-Γ symmetry line in reciprocal space.
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Table S. 1. Calculated energies and separation distances between the SWCNTs in the bundle. M-S
denotes the gap between the metallic (4,4) and the semiconducting (5,3) tube. Likewise, S-S is the
distance between the two semiconducting (5,3) tubes. The Grime DFT-D2 method shows the best
agreement with previously published experimental data 45.

Dispersion correction method

Energy (eV) Separation, M-S (Å) Separation, S-S (Å)

PBE (no correction)

-5239.24

3.986

3.996

Grime DFT-D2

-5280.85

3.197

3.216

Grime DFT-D3

-5268.72

3.364

3.357

Tkatchenko-Scheffler, Hirshfeld -5280.21

3.241

3.274

dDsC

-5292.56

3.328

3.354

vdW-optB86b

-4577.56

3.221

3.257

vdW-optPBE

-4425.25

3.321

3.323

vdW-DF

-4222.73

3.500

3.515

vdW-DF2

-4276.13

3.432

3.451

Figure S. 1. SEM of a) pure and b) treated SWCNTs with HAuCl4 ethanol solution treated.

Figure S. 2. a) Raman spectra taken from the diagonal line, and b) Raman spectra were taken
from the square area.

1

Figure S. 3. DFT calculated DOS of the SWCNTs-based sample for a) mechanism where Au particle is
placed in various positions concerning the bundle b) mechanism where the bundle is surrounded with
AuCl4- molecules.

2

