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Abstract

Since their discovery in 1993, carbon nanotubes have been studied for their unique
properties which make them an attractive option for many potential applications.
Often such applications require the use of nanotubes with specific chiralities and
therefore properties. Because of this, methods by which the structure of carbon
nanotubes can be controlled during synthesis are desirable. Such methods may
represent a significant decrease in the cost of producing carbon nanotubes for new
technologies.

In this thesis we develop a model for the growth and dewetting of graphene caps
via chemical vapour deposition. This model will allow us to predict the conditions
which favour the production of carbon nanotubes with a specific chirality.

To model the growth of graphene caps wetted to a metallic catalyst particle, we
use the calculus of variations to determine the optimal configuration of the system for
various cap sizes. The growth of graphene caps is simulated by treating their surface
area as a time-like variable. We use this model to predict when dewetting from the
metallic catalyst particle becomes energetically favourable by comparing the optimal
energies of the wetted and dewetted states. When dewetted, the structure of the
graphene cap determines the structure of the resultant nanotube.

Testing our model on three metallic catalysts we found that our model consis-
tently predicted lower CN'T diameters than those observed in experiments by other
researchers. For iron carbide we predicted diameters of 6.5-7.1 A compared to 30 A

in experiments, and for gold we predicted diameters of 7-9 A compared to 9-18 A
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in experiments. For nickel carbide our model predicted no CNT production despite
it being a common catalyst material in CVD. Our model predicted that iron carbide
catalyst particles would produce more metallic CNTs compared to gold, with 50%
of CNTs produced using iron carbide predicted to be metallic compared to 33-46%
of CNTs produced using gold.

Due to the inaccuracy of our model when compared to experimental results,
we recommend that future research focuses on improving the model. This could be
achieved by reducing the amount or restrictiveness of our assumptions, or increasing
the detail with which our model accounts for various factors of the cap growth and

dewetting processes.
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Chapter 1

Introduction

Solid state carbon has a wide variety of allotropes, the most widely known be-
ing diamond and graphite. While diamond has a uniform 3-dimensional structure,
graphite comprises many layered sheets of graphene each of which is effectively a
2-dimensional carbon structure. The study of carbon allotropes led to the discovery
of the Cgo fullerene in 1985 [1] which is one example of a general fullerene structure.
Fullerenes can be classified as allotropes of carbon with a hollow pseudo-spherical
geometry consisting of only pentagonal and hexagonal carbon rings. We can fur-
ther classify fullerenes according to the number of carbon atoms in their structure
with the smallest fullerene, Cq, having only 20 carbon atoms arranged into twelve
pentagonal rings [2]. Furthermore, as a result of Euler’s polyhedron formula all
fullerenes have exactly twelve pentagonal rings regardless of size [3]. The number of
valid fullerenes which can be constructed using a certain number of carbon atoms
increases rapidly with the number of atoms. For example, it has been calculated
that Cgp has 1812 isomers [4] and Cjo has 285,914 isomers [5]. In 1993, a new
form of carbon known as carbon nanotubes (CNTs) was discovered [6, 7]. This form
of carbon in particular has a wide range of useful properties which has motivated
substantial research into the synthesis and use of CNTs.

CNTs are cylindrical structures of carbon which resemble a rolled up sheet of



Figure 1.0.1: Diagram of a graphene sheet with lattice vectors @ and b. A CNT can
be produced by folding the sheet such that O and O" meet
graphene. CNTs can be capped, being closed at one or both ends, or uncapped.
They can also be classified into single-walled or multi-walled CNTs, where multi-
walled CNTs are effectively a nested group of single-walled CN'T's. Furthermore,
all single-walled CNTs can be classified according to their chirality. The chirality
of a CNT can be represented by a pair of integers of the form (n,m) which are
determined by its chiral vector, C = na + mb [8]. This is illustrated in Fig. 1.0.1
where C'is the vector joining O and O’. In addition to classifying CNTs, the chirality
also determines the physical properties. One important property of CNTs is their
electrical conductivity, since they can be either conductors or semiconductors. If
n — m is divisible by 3 then the CNT is metallic, or a conductor, otherwise it is
a semiconductor [9, 10]. Furthermore, the band gap of a semiconducting CNT is
inversely proportional to its diameter [11].

The various properties of CNTs make them attractive for a wide range of poten-
tial applications. For example, their high tensile strength has seen them proposed
as a material for constructing space elevators [12]. Zhang et al. have been success-

ful in creating high strength transparent sheets made up of single or multi-walled



CNTs [13]. The electrical conductivity of these sheets could see them incorporated in
windows or other materials for uniform heating. Many other potential applications
require a population of CNTs which has a uniform set of properties, for example,
room-temperature CNT transistors require all semiconducting CNTs [14]. Achiev-
ing this with current synthesis methods requires sorting out the required nanotubes
from a more broad population of synthesis output.

Given a particular population of CNTs, there are a wide range of techniques
which can be used to separate them according to a particular physical property.
Collins et al. found that semiconducting CNTs could be separated from an assort-
ment of nanotubes via the application of an electrical current which oxidises the
metallic CNTs [15]. This destroys the metallic CNTs leaving only semiconducting
CNTs. Chattopadhyay et al. also found that metallic and semiconducting CNT's
could be separated, this time by treating CNTs with octadecylamine and dissolving
them in tetrahydrofuran [16]. This results in the precipitation of metallic CNTSs,
allowing them to be separated from the semiconducting CNTs. Unlike the previous
method, both types of CNTs are preserved throughout the separation process. A
method for sorting nanotubes by diameter, bandgap, and electronic type was out-
lined by Arnold et al. which utilised a variety of surfactants to alter the buoyant
density of specific CNTs [17]. This allowed them to separate the required CNT's us-
ing density-gradient ultracentrifugation. This method, however, does not perfectly
separate CNT's and requires repetition of the centrifugation process to increase the
purity of the separated CNTs. Arnold et al. reported that for (6,5) CNTs they
achieved a solution in which greater than 97% of CNTs were within 0.2 A of the
required radius after three iterations. Overall this method gives a greater degree
of control over the population of CNTs produced but producing pure samples of
the desired CNT can be costly and time consuming due to the required repetition.
For any method of separation, the yield of the required CNTs is ultimately limited

to the amount synthesised initially. Therefore it is desirable to synthesise CNT



populations with a greater proportion of the product having the desired chirality.

CNTs can be synthesised via various methods such as arc discharge [18], chem-
ical vapour deposition (CVD) [19], high-pressure carbon monoxide disproportiona-
tion [20], and laser ablation [21]. In order to develop a model of CNT synthesis, we
will consider CVD synthesis in particular. CVD is a method for CNT synthesis in
which a carbon-bearing gas is heated to a high temperature in the presence of metal-
lic catalyst particles. Some examples of carbon-bearing feedstock are carbon monox-
ide (CO) [22], methane (CHy) [23], and ethanol (CoHgO) [24]. Typically, the metallic
catalyst particles are very small with nanoscale (1-100 nm) diameters [25, 26], and
are made up of transition metals such as iron, nickel, and cobalt [27]. Carbon bear-
ing molecules from the feedstock gas interact with metallic catalyst particles such
that the carbon is dissociated. The dissociated carbon is then adsorbed onto the
catalyst, a process which eventually results in a hemispherical graphene cap forming
over the catalyst particle [28]. Helveg et al. observed that nickel catalyst particles
would deform such that they fill the inside of a growing CN'T, until at some point
the catalyst particle contracts back to a roughly spherical shape [29]. At this point
the graphene cap has lifted off from the particle to form a capped CNT which con-
tinues to grow from the catalyst over time. The graphene cap and metallic catalyst
system is referred to as “wetted” before cap lift off, and after lift off is referred to
as “dewetted”. It is possible to produce both single and multi-walled CNTs using
CVD, however, since single-walled CNTs are of particular interest for many appli-
cations we will focus our modeling on producing those CNTs. CVD is not uniquely
selective [28, 19], thus CNTs with various chiralities and therefore various properties
are usually produced.

The CVD process has many controllable parameters such as furnace temperature,
gas pressure, catalyst particle size and composition and feedstock composition. Re-
search into catalyst composition has had some limited success in finding conditions

under which CNTs with specific chiralities are predominantly produced. Yang et al.



found that using catalysts made up of tungsten-based bimetallic alloy nanocrystals
would result in greater than 92% of CNTs having (12, 6) chirality [30]. Additionally,
Lolli et al. found that a cobalt molybdenum catalyst on a magnesium oxide support
results in the production of a small range of CNT's with specific chiralities [31]. The
same authors also found that increasing the temperature of the process results in
CNTs with larger radii. Hiraoka et al. reported that increasing the pressure or the
size of the catalyst particle would similarly result in the production of CNTs with
larger radii [32].

However, simply controlling the radius of CN'T's is not sufficient to select for spe-

cific chiralities. This is because the radius of a CNT is determined by its chirality,

and is proportional to v/n2 + nm + m? [33]. Because of this, pairs of CNTs with
similar radii can have different chiralities. For example, (6,1) and (5,2) CNTs have
very similar radii but the (5,2) CNT is a conductor whereas the (6,1) CNT is a
semiconductor. With this in mind, the research into catalyst shapes and composi-
tions has been the most successful so far at achieving the goal of producing large
quantities of CNTs with specific chiralities, and therefore properties [30, 31]. How-
ever, research into other parameters may lead to the discovery of more favourable
conditions for the production of CNTs with the chiralities selected for by the choice
of catalyst. Because direct experimentation of the effects of various parameters is
costly and time-consuming, models of CN'T production via CVD may provide useful
insights by identifying combinations of parameters that are likely to give the desired
control over resulting chirality.

To produce a model of CN'T production via CVD we consider how the graphene
cap evolves on an individual catalyst particle. Existing research into the growth of
graphene caps on catalyst particles typically utilise molecular dynamics simulations
or density functional theory [34, 35]. Instead, we build on the work of Morton in
which the dewetting of graphene caps is modelled by comparing the energies of the

wetted and dewetted states [36]. This is achieved by first deriving expressions for



the energy of the graphene cap and metallic catalyst system for both the wetted
and dewetted states. We then use these expressions to determine the shape of the
system by finding its minimum energy configuration, since physical systems tend
to seek configurations in which its energy is minimised. Comparing the minimum
energy state of both the wetted and dewetted states will give insights into when
dewetting becomes energetically favourable, and this in turn will influence the ex-
pected structure of the resulting CNT. We expand on Morton’s work by allowing the
contact angle between the graphene cap and metallic catalyst particle to vary as the
graphene cap grows. We also take a different approach to the effect of graphene cap
curvature on the energy of the system whereby we consider the energy of interatomic

bonds within the graphene cap.



Chapter 2

Base model for graphene cap

growth

In order to develop a model for graphene cap growth, we begin with an energy
minimisation problem to determine the optimal shape of the graphene cap and
metallic catalyst particle system according to the surface free energy. We expect the
physical cap-particle system to adopt the shape that leads to the minimum energy
state because physical systems tend to be governed by the principle of minimum
potential energy, and the interaction energies within the cap-particle system are
much greater than its thermal energy. This base model may then be expanded with
the addition of other energy terms to produce a more realistic model of graphene
cap growth. The broad view goal in developing this model is to ultimately predict
when dewetting will occur under specific conditions, and the cap-particle system

conformation if and when it does.

2.1 Cap-particle geometry

The cap-particle system that we consider here comprises an unsupported metallic
catalyst particle and a curved graphene cap resting on the particle’s surface. Since

the catalyst particle has a nanoscale diameter, we assume that the effects of gravity
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are negligible compared to the interatomic forces within the system. Because of this
we may assume that the cap-particle system comprises two spherical caps as shown in
Fig. 2.1.1. The thick black line represents the graphene cap while the cross hatched
region corresponds to the metallic catalyst particle which, when wetted, extends to
the inside of the graphene cap. The graphene cap is assumed to be a spherical cap
with radius 7, height hy, and a circular edge with radius a. The volume of the
metallic catalyst particle which is not enclosed by the graphene cap is referred to as
the exposed metallic catalyst particle, and it is a spherical cap with radius r, and
height hs.

The volume of the metallic catalyst particle enclosed by the graphene cap is Vi,
while the volume of the exposed metallic catalyst particle is V5. We assume that
the total volume of the metallic catalyst particle is constant and equal to V,,, so we

have

Vi = Vi + Va. (2.1.1)

The values of rq, 79, hy, ho, and a are determined by the minimum energy state of
the cap-particle system. By prescribing values for the surface area of the graphene

cap, Ay, we can model the conformation of the system as the graphene cap grows.

2.2 Surface free energy

We formulate an initial model for the energy of the cap-particle system using the
surface free energy of the system. The surface free energy is determined by the
surface area, A, and energy per unit area, 7, of each interface between different

components of the system. This is given by

E = ’ngAgm + VgaAga + f}/maAma, (221)
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Figure 2.1.1: Geometry of cap-particle system

where the subscripts gm, ga, and ma refer to the graphene-metal, graphene-atmosphere,
and metal-atmosphere interfaces respectively. The value of 7, is related to 74, and
Yma Dy Young’s equation,

Ygm = Yga — Yma COS 90) (222)

where 0. is the contact angle of the metal wetted on graphene [37, 38]. Since the
graphene cap is atomically thin, we have that in the wetted state Agm ~ Ags = Ag.

Moreover, since we prescribe values for A, we can simplify (2.2.1) to

E = Ag (7gm + Vga) + '7maAma,7 (223)

and the minimum energy state is determined by the minimum value of A,,,. Because
of this, we want to derive expressions which allow us to minimise A,,, in terms of

the variables in Fig. 2.1.1.

The area, A, and volume, V, of a spherical cap are given in terms of its height,



h, and radius, r, by

A = 2mrh, (2.2.4)
2
V= % (3r —h). (2.2.5)

Substituting for the graphene cap in (2.2.4) and rearranging yields

A
r = > )
27T}L1

(2.2.6)

which relates m; and h;. Substituting for the graphene cap in (2.2.5) and eliminating

r1 using (2.2.6) gives

7Th1 3A
Vi=— (=21 2.2.
! 3 ( 27 1) ’ (2:2.7)
which relates V; and h;. Additionally, we can substitute for the exposed metallic
catalyst particle to obtain
mh?

Vo= 22 (32— o). (2.2.8)

Substituting for (2.2.7) and (2.2.8) in (2.1.1) and rearranging gives

Vi 1 (34,
= — — | =2h - h} - h 2.2.9
T2 ﬂ_hg 3h§ ( 27T 1 1 2) ’ ( )
which gives 75 in terms of h; and hy. Substituting for the exposed metallic catalyst

particle in (2.2.4) and eliminating ro using (2.2.9) gives

A = % (6Vin — 3Aghy + 21 (K3 + 13)), (2.2.10)
2

which gives the area of metal exposed to the atmosphere in terms of hy; and hs.
Now that we have an expression for A,,,, we may use differential calculus to
determine the minimum energy configuration in terms of h; and h,. However to

ensure that the resulting system is physically relevant, we must constrain the possible
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values of h; and hy. To do so we consider the two spherical caps which leads to two

expressions for the interfacial radius a,

a = \/27‘1h1 —h%, (2211)
a = 1/2rahy — h3. (2.2.12)

We now equate the right hand side of (2.2.11) and (2.2.12), and then eliminate r;

and 7o using (2.2.6) and (2.2.9) to obtain the constraint
f(hi,he) = (b + h3) + 3 (Ag — 7hi) (h1 + he) — 6V;, = 0. (2.2.13)
We may minimise A, subject to f = 0 by instead considering the modified arca
A= Apa + M, (2.2.14)
where \ is a Lagrange multiplier. Extrema of A* occur where
0A* 0A* 0A*

= = = 221
Ohy  Ohy O 0 ( 5)

and these correspond to extrema in A,,, subject to the constraint (2.2.13).

2.3 Solving for hs; analytically in terms of 7,

Using the constraint (2.2.13) we can determine hy in terms of hy, which reduces the

problem by one dimension. The constraint (2.2.13) may be rearranged to

3 3 6V

which is a cubic in hy of the form h3 +phy+q = 0. Given 4p3+27¢* > 0, there exists

a single real solution for hy which is given by Cardano’s formula. If we substitute

11



for A, in p using 2.2.4 we obtain

p= "2 (2rrihy — i)

P = 3h1 (2’/"1 — hl) s

and since 2r; > hy, we require that 4p® > 0. We also substitute for A, in g to obtain

; 6V
6V
q = Qh% (37”1 — hl) i —
Vi
6

Since q is always real, we have that 27¢®> > 0, and therefore 4p3 + 27¢®> > 0. The
only case in which Cardano’s formula does not apply is the case where hy = 2r; and
Vi = V,,, that is, the case in which the graphene cap completely encapsulates the
metallic catalyst particle. In this case (2.3.1) reduces to h3 = 0 and the solution is
trivially he = 0. In all other cases we have only one real solution to (2.3.1) which is
given by

hy =5 — —, (2.3.2)

where

2.4 Dewetted state

When dewetting occurs, the system changes such that the metallic catalyst particle
no longer fills the graphene cap. This results in a new system comprising a spherical

metallic catalyst particle with a spherical graphene cap resting on top of the particle
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Figure 2.4.1: Geometry of dewetted cap-particle system

as illustrated in Fig. 2.4.1. In this state the surface free energy is given by
E = 295 A5 + YmaAm, (2.4.1)

where Ay, is the total surface area of the metallic catalyst particle. Note that the
energy of the dewetted state is constant with respect to ri, ra, hy, and hy. We
expect that dewetting is favoured to occur when the energy of the dewetted state is
less than the minimum energy of the wetted state as given by (2.2.1) while (2.2.15)

is satisfied

2.5 Analytic solution

The initial model of the wetted state energy is sufficiently tractable that we may

determine an extremal energy state analytically. The partial derivatives of A* with

13



respect to hq, ho, and \ are

0A* 1
Tl (2mhi — Ag) + A [34; — 6mhy(hy + ho)], (2.5.1)
1 2
DA 1
2
OA* .
=T (B + h3) + 3 (Ay — 7hi) (hi + ha) — 6Vin, (2.5.3)

and we require that all these partial derivatives equal zero for all possible values of
our analytic solution. Now, suppose that r; = ro = r and that hy + hy = 2r, that
is, the system is shaped like a single sphere with a cap covering part of its surface.
Given this assumption, the partial derivative (2.5.3) becomes

OA*
)

=277 (B} — hiho + h3) + 6r (Ag — Thi) — 6V, (2.5.4)

and we may substitute for A, using (2.2.4). Since the system is spherically shaped

we may also substitute for V,, using the formula for the volume of a sphere,
(2.5.5)

Vo = —7mre.

Thus the equation (2.5.4) becomes

A*

aa)\ = 27r (hf — hihy + h%) + 67rhy (2r — hy) — &rrd
A*

aa/\ =2nr (h% — hlhg + hg + 3h1h2 — (hl + h2)2)

0A*

8)\ = 27r ((hl + h2)2 — (hl + h2)2)

0A*

o\ 0

14



as required. This result demonstrates that our solution satisfies the constraint

(2.2.13). Substituting the same way in (2.5.1) gives

0A*  2mhy

o s (hy —r) — 6A7rhy,
0A*  mhi(hy — hs) .
o I 6ATrhy.

We obtain A by solving 9A*/0h; = 0,

hi—h
A= L2

2.5.
67’hg ( 56)

Finally, substituting for our solution and (2.5.6) into (2.5.2) gives

g;t - _3%3 ((hy + ha)® — 3(hy + ho)h2 + 2(h® — 203))
W’er—;j?) (2rhy — 2r(hy — hs)) |

g (B 308) 4~ o),

(3122* = —m(hy — hy) + 7(hy — hy),

e

ghg =0

Since each partial derivative (2.5.1)—(2.5.3) equates to 0 when 7 = 7, = r and

hi 4+ hs = 2r, this solution provides an extremum of the energy for the wetted state.

2.6 Results

Using the base model for graphene cap growth developed in this chapter, we may
study how changes in parameter values affect the shape and energy of the wetted
and dewetted systems. Since we can determine rq, 79, hy, and hy given only one of

these values, we will classify the shape of the system according to the graphene cap
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Parameter Value Citations
Vea 0.0646 eV /A2 [39]
Yem 0.137 eV/A2 | [39, 40]
Yena 0.0918 eV /A? [40]

Table 2.6.1: Parameter values

radius ;. We can think of A, increasing as representing the time evolution of the
system since we expect the graphene cap to grow monotonically over time during
nanotube nucleation. With this in mind, we vary A, so that we may observe the
effect of particle size on the system. We also vary V;, since the range of A, values
depends on the metallic catalyst particle size. Moreover since Vga, Yem, and Yma
are controllable parameters, we will use values consistent with CN'T's growing on an
iron carbide catalyst particle at 800°C. We choose a carbide for the particle since
we expect the particle to be saturated with carbon before cap growth occurs. Rhee
reported that the surface free energy coefficient across the basal plane (across a

graphene sheet) of pyrolytic graphite is given by

v = 1174 — 0.13T erg/cm” (2.6.1)

where T is the temperature in degrees Kelvin [39]. We use this to estimate our value
of Yga at 800°C to be 0.0646 eV/A2. For iron carbide, Nizhenko et al. reported a sur-
face energy coefficient of 1470 erg/cm? and a contact angle on graphene of 142° [40].
Converting to the required units gives us our estimate for 4., 0.0918 eV /A2 Using
2.2.2 we calculate our estimate for g, to be 0.137 eV/A% Our parameter values
are summarised in Table 2.6.1.

Fig. 2.6.1 shows that the analytic solution for the radius of the graphene cap
in the wetted system is accurate to the behaviour observed by our model. That is,

the radius of the graphene cap is constant with respect to A, and the shape of the
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Figure 2.6.1: Graphene cap radius of the wetted state as V,, and A, are varied
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Figure 2.6.2: Energy of the wetted state as Vi, and A, are varied
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Figure 2.6.3: Graphene cap radius of the dewetted state as V,, and A, are varied

system is defined by the system of equations
’l"1—|—’l"2:’l", h1+h2=2’l",

for some constant . The value of r is determined by V, as it is equal to the radius of
a sphere with volume V,,. This dependence on V, can also be observed in Fig. 2.6.1
as the radius increases with V,,, and the locations of the contour lines are constant
with respect to A,.

Fig. 2.6.2 illustrates how the energy of the wetted state changes as V;, and A,
are varied. As either of these variables are increased, the energy of the wetted state
increases. Although increasing the area of the graphene cap decreases the exposed
area of the metallic catalyst particle, this still results in an overall increase in energy
since the energy cost per unit area of the graphene cap is greater than that of the
metallic catalyst particle.

The radius of the graphene cap for the dewetted state is shown in Fig. 2.6.3.
Since the graphene cap radius does not affect the energy of the dewetted state in
this model, its value is always as low as possible. This issue results in a dependence
on A, but not V;,, as indicated by the vertical contour lines.

The effect of V,, and A, on the energy of the dewetted state is seen in Fig. 2.6.4.

18



Dewetted State Energy
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Figure 2.6.4: Energy of the dewetted state as V,, and A, are varied

As with the wetted state, the energy of the system increases as either A, or Vp,
is increased. However, increasing A, does not reduce the energy contribution of
the metal-atmosphere interface for the dewetted system so that the energy of the
dewetted state is always greater than that of the wetted state. This is due to the
area of the metal-atmosphere interface being precisely the total surface area of the
metallic catalyst particle. However, if g, is greater than 7,, then it is still possible

for the energy of the wetted state to exceed that of the dewetted state.

2.7 Conclusion

Due to the exclusion of important physical effects, such as dangling chemical bonds,
this initial model for graphene cap growth predicts a constant shape for the wetted
system regardless of the given parameter values. The minimum energy configuration
of the wetted state is always described by the solution outlined in §2.4 which results
in a system with a constant shape regardless of A, and V,. Moreover, this model
does not take into account the energy contribution from other factors such as carbon-
metal bonds at the edge of the graphene cap. In the next chapter we account for
these factors by adding terms to the energy formulae of the wetted and dewetted

states which describe the energy contribution due to these factors. To expand on
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our model we first account for carbon-metal bonds at the edge of the cap by adding
a line tension term. This term imposes an energy cost to the dewetted and wetted
states based on the circumference of the graphene cap’s edge, as well as its contact
angle. One would expect that this term should make graphene caps with lower radii

relatively more energetically favourable.

20



Chapter 3

Accounting for line tension

We now expand on the graphene cap growth model by adding a line tension energy
term. This introduces an energy cost that depends on the length of the circular edge
where the graphene cap meets the metallic catalyst particle, and the contact angle
between them. Adding a line tension term means that the model will prefer graphene
caps with smaller radii since they will be relatively more energetically favourable
compared with the surface free energy model of Chapter 2. This is because the
graphene cap adopts a complete spherical shell when its radius is minimised and the

length of its edge becomes zero.

3.1 Line tension energy

Where the edge of the graphene cap meets the metallic catalyst particle, carbon
atoms in the graphene cap are bound only to two neighbouring carbon atoms. For
each of these carbon atoms we impose an energy cost on the system equivalent to
the carbon-carbon bond dissociation energy in the fullerene to account for missing
bonds along the graphene cap edge. Since the circumference of the graphene cap is

given by 2ma, we calculate this cost using

E, = 2maryy, (3.1.1)
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where 7y, is our energy cost per unit length. Along the edge of the graphene cap,
carbon atoms interact with the surface of the metallic catalyst particle. By forming
bonds with the metal and absorbed carbon atoms in the surface of the catalyst
particle the cost of the unbonded carbon atoms on the graphene cap edge is offset.
However, if the graphene cap does not meet the catalyst particle at a right angle
then this offset is reduced due to strain resulting from a suboptimal bond angle.

Therefore we define the energy offset to be
E, = 2may,, sin 0, (3.1.2)

where 0, is the contact angle, and 7}, is the mean energy per unit length for bonds
between carbon atoms in the graphene cap and atoms on the metallic catalyst
particle’s surface. If the surface of the metallic catalyst particle consisted only
of carbon atoms, we would have ~}, = v, in order to cancel the energy cost. If the
surface of the metallic catalyst particle was purely iron atoms, for example, then
;. would be equal to the bond dissociation energy per unit length for iron-carbon
bonds along the graphene cap edge. Subtracting (3.1.2) from (3.1.1) gives our line
tension energy,

Ey = 2ma (o — v, 5in6,) (3.1.3)

The contact angle is equivalent to the angle between r; and 75 as shown in Fig. 3.1.1,

therefore we have that

0y = cos™! (;) + cos™! <rﬁ> . (3.1.4)
1 2

Substituting (3.1.4) into sin(#,) and simplifying yields

. a
sm(@b) = E (’f’l - hl + 1o — hg) . (315)
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Figure 3.1.1: Contact angle, 6,, between the graphene cap and exposed metallic
catalyst particle

We can also derive an expression for cos(fp) in the same way which produces

a2

1
_ _ — . .
cos(6p) = e Tirm (r1— hy) (re — ha) (3.1.6)

We can obtain (3.1.5) and (3.1.6) in terms of h; and hy only by substituting either
(2.2.11) or (2.2.12) for a, and then substituting for 7, and 75 using (2.2.6) and (2.2.9),

respectively.

3.2 Dewetted state

The line tension energy of the dewetted state is calculated using the same formula
as the wetted state, so the total energy of the dewetted state is simply the sum of
(2.4.1) and (3.1.3). However, with the addition of the line tension term the energy
of the dewetted state also depends on the total conformation of the system. Because
of this we now require expressions for 71, 7o, hy, and hs so we can find the minimum
energy of the dewetted state. Given h;, we again have 7, in terms of h; from (2.2.6).

Since the metallic catalyst particle is a sphere in the dewetted state, the value of ry
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is constant and is given by
31\ /3
= — : 2.1
T2 ( an > (3.2.1)

Using (2.2.11) and (2.2.12), we obtain a quadratic expression in h; and ha,
h% — 27"2h2 — h% + 2T1h1 = 0. (322)

We can then use the quadratic formula to obtain the following expressions for hs,

hg =19+ 7"% - 27’1h1 + h%, (323)

h2 =T9 — 7"% — 27’1h1 + h% (324)

For A, < An/2, however, the solution (3.2.4) is not physically relevant and we
always use (3.2.3) in this domain. Since we are able to determine 7, 72, and hy
given only h;, we do not need to incorporate any constraints into the minimisation

problem for the dewetted state.

3.3 Results

We can now use the model developed in this chapter to study how changes in
parameter values affect the system when line tension is incorporated. We will again
consider an iron carbide catalyst particle at 800°C, so we use the same parameter
values as those used in §2.6. However, we also need values for v, and ~v},. For the
carbon-carbon bond dissociation energy within a fullerene we use 4.86 eV [41], and
we can estimate 7, by multiplying this by an estimate for the length per atom across
the graphene cap edge. We obtain this estimate by considering a Cgo fullerene cut
in half. Where the fullerene is cut in half, there is a circular edge of radius 3.55 A
with 9 carbon atoms. This gives us our estimate of 2.48 A /atom along a graphene

cap edge and thus we have 7 = 1.96 eV/A. For v, We use a weighted average
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Parameter Value Citations
Vea 0.0646 eV /A2 [39]
Yem 0.137 eV/A2 | [39, 40]
Yena 0.0918 eV /A? [40]
Yeg 1.96 eV/A [41]
o 0.80 eV/A | [42, 43]

Table 3.3.1: Parameter values

between the iron-carbon and carbon-carbon bond dissociation energies. Riordan
and Halpern found the bond dissociation energy between iron and a hexagonal
carbon ring to be 31 kcal/mol, or 1.3 eV /bond [42]. The energy per unit length for
iron-carbon bonds is therefore 0.52 eV/ A. The bond dissociation energy between
carbon and a hexagonal carbon ring was reported by Cottrell to be 389 kJ/mol, or
4.03 eV/bond [43]. Therefore the energy per unit length for carbon-carbon bonds
is 1.63 eV/A. Since iron carbide consists of three iron atoms for each carbon atom,

our weighted average for v}, is

D2) + 1. ;
Ve = 3<05>4—+63 ~ 0.80 eV/A (2 decimal places).

Table 3.3.1 summarises our parameter values so far. Again, we consider the graphene
cap area A, to be a time-like variable so we will consider how V,, affects the shape
and energy of the system as A, is increased.

Fig. 3.3.1 illustrates the effect of A, and V;, on the wetted cap radius. With
the addition of the line tension term, the model now favours lower radii for smaller
graphene caps instead of maintaining a constant radius for each value of A,. In
the present model, the radius is dependent only on A, in the region being observed.
This is due to the edge of the graphene cap disappearing as the radius approaches its
minimum, which results in the line tension term minimising at the smallest possible
radius given A,. It can also be seen that for very low values of A, the radius is
constant. This is due to the minimum radius being constrained to the radius of the

Cy fullerene.
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Figure 3.3.1: Graphene cap radius of the wetted state as particle volume and
graphene area are varied
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Figure 3.3.2: Energy of the wetted state as particle volume and graphene area are
varied

The energy distribution seen in Fig. 3.3.2 is similar to that seen in Fig. 2.6.2 for
the previous model. However, the contour lines now curve upwards as A, approaches
its maximum value. This indicates the existence of a local energy maximum for each
value of V;,,. Additionally the contour lines show a change in behaviour for the energy
at low values of A,. This is due to the minimum radius constraint which forces the
system to occupy a minima with greater energy than that for lower radii in this
region. Overall, the addition of the line tension term had a noticeable effect on the
energy of the minimum energy state.

For the dewetted state, Fig. 3.3.3 shows the radius of the graphene cap as
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Figure 3.3.3: Graphene cap radius of the dewetted state as particle volume and
graphene area are varied

Dewetted State Energy

3
25

(V)’\ —
2

< 3

SE15 tu

1000 2000 3000 4000 5000

2
A, (A)

Figure 3.3.4: Energy of the dewetted state as particle volume and graphene area are
varied

graphene area and particle volume are varied. Similar to Fig. 3.3.1, the system
favours the smallest possible graphene cap radius. This solution is reinforced by the
addition of the line tension term since this term vanishes when the graphene cap
radius is minimised provided that the graphene cap area is greater than the area of
the Cyg fullerene. This is because minimising the graphene cap radius results in a
fully spherical graphene cap with a = 0. For any other value of the graphene cap
radius the line tension energy is positive. As with the model from Chapter 2, the
volume of the metallic catalyst particle has no effect on the graphene cap radius

since the energy is always minimised when the graphene cap radius is minimised.
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Again, the energy distribution seen in Fig. 3.3.4 is similar to those of the Chapter
2 model. However, we also see that the change in behaviour at low values of A, seen
in Fig. 3.3.2 is present here. As with the previous model, the energy of the dewetted
state is greater than that of the wetted state for our given parameter values. Unlike
the wetted state, the addition of the line tension term did not have a significant

effect on the energy of the minimum energy state.

3.4 Conclusion

By adding the line tension term to the wetted and dewetted energy formulae, we have
imposed a cost on each system that depends on the circumference of the graphene
cap edge. As expected, this has resulted in optimal configurations with smaller
graphene cap radii since the line tension term favours those graphene caps with
smaller edges. However, due to the added complexity, we are no longer able to
derive an analytic solution for the minimum energy configuration. Additionally this
model still does not account for many factors which may affect the energy of the
system. To expand on this model in the next chapter, we consider a new term that
imposes an energy cost on more curved graphene caps by considering the type and
number of carbon-carbon bonds we would expect to see in the graphene cap. By
doing so we strive to produce a more accurate model of graphene cap growth and

can more directly incorporate chirality into the energy minimisation problems.
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Chapter 4

Graphene cap geometry

Our goal is to produce a model that can predict the structure of any resulting
CNTs once dewetting has occured. To advance this aim we need to account for the
discrete geometry of the graphene cap in our model. In this chapter we assume that
the graphene cap comprises a section of a C,, fullerene for some n, and consider the
energy contribution of carbon-carbon bonds within the graphene cap. We categorise
the carbon-carbon bonds by the number of sides of the carbon rings they belong
to, and therefore there are three types of carbon-carbon bonds. As illustrated by

Fig. 4.0.1, these are
e 5-5 bonds: shared by two pentagonal carbon rings,
e 5-6 bonds: shared by one pentagonal and one hexagonal carbon ring, and
e 6-6 bonds: shared by two hexagonal carbon rings,

where each bond type contributes a different amount of energy to the system. For C,,
fullerenes with n > 60 the isolated pentagon rule applies, ensuring that all pentago-
nal carbon rings are surrounded by hexagonal carbon rings. This is because fullerene
structures with isolated pentagonal rings are more stable than other isomers, and
such isomers exist only for n > 60 [44]. That is, only 5-6 and 6-6 carbon-carbon

bonds exist in fullerenes C, with n > 60. Because there are always exactly 12
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Figure 4.0.1: Bond types in fullerenes

pentagons in the fullerenes considered here, the number of 5-6 bonds will always be
equal to 60 in fullerenes with n > 60. For fullerenes with n < 60 however, there are
no guarantees as to the number of 5-5, 5-6, or 6-6 bonds. To overcome this we will
use two different methods for calculating the energy contribution of the graphene

cap.

4.1 C, for n > 60

For the case where n > 60 we may determine the number of 6-6 bonds by subtract-
ing the number of 5-6 bonds, which is known to be 60, from the total number of
carbon-carbon bonds in the fullerene. Since each carbon atom is bonded to three
neighbouring carbon atoms, and each bond is shared between two carbon atoms, we
have that there are 3n/2 bonds in a C,, fullerene. The total number of 6-6 bonds is
therefore

3n

We can approximate the total number of bonds in the graphene cap using

_ 3nA,

b 24,

(4.1.2)

where A,, is the surface area of a C, fullerene. We can also approximate the value of
A, by assuming that each bond in the fullerene contributes two isosceles triangles

to the total surface area with base length equal to the bond length. Thus a 6-6
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bond contributes two equilateral triangles, and a 5-5 bond contributes two isosceles
triangles with a peak angle of 27 /5 radians. Similarly, a 5-6 bond contributes both
an equilateral and an isosceles triangle to the total surface area. The area of an
equilateral triangle with side length /¢ is given by

V3
4

A="=7 (4.1.3)

The area of an isosceles triangle with base length ¢, equal sides of length s, and peak

angle § = 27/5 is given by

1 2
A= Zs*sin (Eﬂ) . (4.1.4)
Using the cosine rule, we have that
2
§% = : (4.1.5)

2[1 — cos(27/5)]
Substituting (4.1.5) into (4.1.4) gives the area in terms of /,

(*sin(27/5)

A= 4[1 — cos(27/5)]

(4.1.6)

Using (4.1.3) and (4.1.6), we obtain the total surface area contribution for each bond

type where n is the number of bonds and ¢ is the bond length.

03 sin(2m /5)

Ass = 58 4.1,

% = M550 cos(2m/5) (4.1.7)
(2, sin(27/5) V3

Asg = nisg 26 2 4.1.

oo (4[1 — cos(2m/5)] * 4 s (4.18)
V3
Age = n667€§6 (4.1.9)
The total surface area of a C,, fullerene is therefore

An ~ A55 + A56 + A66- (4]_]_0)

31



We can simplify this expression by assuming that each bond has the same contri-
bution to surface area as a 6-6 bond. for large n, the proportion of 6-6 bonds within
the fullerene C,, approaches 1 and the relative error of our simplified expression

becomes vanishingly small. The simplified approximation for A,, reduces to

- 3v/3n

A
4

0. (4.1.11)

Now that we have an expression for A,,, we can derive expressions for the number
of each bond type we would expect to see in a graphene cap with area A, shaped
like a C,, fullerene. If we assume that the number of each bond type in the graphene
cap is distributed hypergeometrically, then the mean number of 5-6 and 6-6 bonds

in the graphene cap are given by

Ag
b = 60-E, (4.1.12)
Ag (3n
= — [ — — . 4.1.1
bes A, ( 5 60) ( 3)

Since for n > 60 there are no 5-5 bonds, we also have bs5 = 0.

4.2 C,, for 20 < n <60

As with the previous section, we approximate the number of bonds in the graphene
cap using (4.1.2). However, for all such fullerenes, the isolated pentagon rule does
not apply. Thus to determine the number of each bond type in a C,, fullerene we
will instead use a piecewise linear approximation for the number of bonds in the
least strain energy isomers for various fullerenes. The number of each bond type for

these isomers are shown in Fig. 4.2.1. For 20 < n < 28, the number of each bond
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type is described exactly by

3
ngs = 60 — 7" (4.2.1)
N5 = 3n — 60, (422)

For the region 28 < n < 60 we linearly interpolate between the values at the end

points to obtain

135 9n
= — — — 4.2.4
Ns5 4 16’ ( )
On 15
= — — — 4.2.5
Ns6 8 2 ) ( )
15n 105
= — = —. 4.2.
Nee 16 1 ( 6)

Fig. 4.2.1 compares the piecewise linear approximation with the data in Fig. 4.2.1.
Using the formulae (4.2.1)—(4.2.3) or (4.2.4)-(4.2.6) as appropriate, we obtain

the expected number of each bond type in the graphene cap as before,

A

bss = A—insf,, (4.2.7)
A

bss = A—insa, (4.2.8)
A

bes = A—inﬁa- (4.2.9)

4.3 Fullerene structure determination

In order to obtain the data shown in Fig. 4.2.1, along with other useful information
about fullerene structures, we require an automated method for obtaining data about
bonds in fullerenes. Firstly, we formulate each fullerene as a graph in which each

node represents a carbon atom in the fullerene, and each edge represents a bond
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Fullerene | 5-5 Bonds | 5-6 Bonds | 6-6 Bonds
Cao 30 0 0
Cou 24 12 0
Cas 21 18 0
Cog 18 24 0
Cso 17 26 2
Css 15 30 3
Cay 14 32 5
Csg 12 36 6
Cag 11 38 8
Cao 10 40 10
Cao 9 42 12
Cu 8 44 14
Cue 8 44 17
Cus 7 46 19
Cxo 5 50 20
Cs2 6 48 24
Ceo 0 60 30

Table 4.2.1: Bond types in stable isomers

Linear Approximation vs Minimum Strain Energy Fullerenes
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Figure 4.2.1: Piecewise linear approximation of bonds in fullerenes
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between carbon atoms. We can then produce a line graph for each fullerene in which
nodes represent the bonds, and nodes are connected by edges if the corresponding
bonds share a carbon atom. Using the line graph we may determine bond type
by performing a depth-first search on each node to find cycles with five unique
members. Nodes belonging to zero five member cycles represent 6-6 bonds, while
those belonging to only one five member cycle represent 5-6 bonds. The remaining
nodes represent 5-5 bonds. This method for classifying bond types from fullerene
structures has been automated using the MATLAB code in Appendix B, and can
also be used to gather data about bond lengths. The bond length data obtained
using this code can be employed to produce more accurate values of A,,.

The data we are studying was published by Frederick and Tomanek [45] and
comprises 2,486 fullerene geometries with sizes ranging from n = 20 to n = 720. Of
these fullerene geometries, 1,249 have 20 < n < 60 while the remaining 1,237 have
n > 60. This structured data was computed by reoptimising structures found in M.
Yoshida’s fullerene library [46] using a Dreiding-like force field. We use the code in
Appendix B to analyse these fullerene geometries and obtain bond length data for
5-5, 5-6, and 6-6 bonds.

Figs. 4.3.1, 4.3.2, and 4.3.3 show the distributions of bond lengths for various
isomers of C,, fullerenes with 20 < n < 60. Fig. 4.3.1 shows that the distribution of 5-
5 bond lengths is trimodal with peaks at approximately 1.33 A, 1.36 A, and 1.38 A.
The central peak is the largest and is close to the mean, which is approximately
1.359 A. Tt can be seen from Fig. 4.3.2 that the distribution of 5-6 bond lengths is
also trimodal with peaks at approximately 1.37 A, 1.4 A, and 1.42 A. However, the
peaks in this case are less varied in terms of frequency. The mean 5-6 bond length is
greater than the mean 5-5 bond length at approximately 1.384 A. The distribution
of 6-6 bond lengths seen in Fig. 4.3.3 does not appear to be trimodal with only
two distinct peaks at approximately 1.41 A and 1.43 A. The mean bond lengths is

greater than that for the 5-5 and 5-6 bond length distributions at approximately
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Figure 4.3.1: Distribution of 5-5 bond lengths seen in various isomers of C,, fullerenes
with 20 < n < 60
1.411 A.

Figs. 4.3.4 and 4.3.5 show the distributions of bond lengths for various isomers
of C,, fullerenes with n > 60. The distribution of 5-6 bond lengths seen in Fig. 4.3.4
appears to be approximately normal with a mean of 1.372 A. However, the distri-
bution of 6-6 bond lengths seen in Fig. 4.3.5 has many small peaks. The mean bond
length for this distribution is approximately 1.4 A, which is again greater than that
for the 5-6 distribution.

Using these mean bond lengths and the linear approximation in Fig. 4.2.1, we
are able to estimate the surface area of fullerenes for any given value of n using
(4.1.7)—(4.1.10). This allows us to determine the expected number of each bond
type in the graphene cap given only A, and n.

We can further classify each bond type according to the number of neighbouring
hexagons in the fullerene structure. We define neighbouring hexagons to be those
hexagonal carbon rings that share a carbon atom with the bond of interest, but do
not contain that bond. This is illustrated in Fig. 4.3.6. Figs. 4.3.7, 4.3.8, and 4.3.9
show the bond length data for isomers of C,, fullerenes with 20 < n < 60, separated
according to the number of neighbouring hexagons. The data in Fig. 4.3.7 shows that

5-5 bonds with two neighbouring hexagons tend to be distributed around the central
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Figure 4.3.2: Distribution of 5-6 bond lengths seen in various isomers of C,, fullerenes
with 20 < n < 60
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Figure 4.3.3: Distribution of 6-6 bond lengths seen in various isomers of C,, fullerenes
with 20 < n < 60
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Figure 4.3.4: Distribution of 5-6 bond lengths seen in various isomers of C,, fullerenes
with n > 60
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Figure 4.3.5: Distribution of 6-6 bond lengths seen in various isomers of C,, fullerenes
with n > 60

and rightmost peaks of the total distribution. However, the 5-5 bonds with only one
neighbouring hexagon tend to be shorter and have lengths distributed across all
peaks of the total distribution. The 5-5 bonds with zero neighbouring hexagons are
significantly rarer than other kinds of 5-5 bonds, as indicated by the low frequencies
seen in its distribution compared to the total distribution. As shown in Fig. 4.3.8, the
length data for different numbers of neighbouring hexagons separates into distinct
distributions. Each of these distributions appear approximately normal, except for
the 5-6 bonds with two nearby hexagons which appear to have the bond length
distributed bimodally. Again, the bonds with two neighbouring hexagons tend to
have longer lengths than those with only one neighbouring hexagon. Additionally,
the bonds with zero neighbouring hexagons tend to be the shortest of the three
categories. The 6-6 bond length data shown in Fig. 4.3.9 is similar to that in
Fig. 4.3.8, however, each distribution now appears to be approximately normal and
the frequency of bonds with zero neighbouring hexagons is similar to that of bonds
with two neighbouring hexagons. This bond length data could be used to further
improve approximations for A,, however this has not been attempted here because

that would significantly increase the amount of computation required to calculate

A,.
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Figure 4.3.6: Diagram of neighbouring carbon rings
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Figure 4.3.7: Smoothed plot of 5-5 bond lengths
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Figure 4.3.9: Smoothed plot of 6-6 bond lengths
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4.4 Energy contribution

Let the bond energy of 5-5, 5-6, and 6-6 bonds be Fs5, Fsg, and Egg respectively.

The total energy contribution of the graphene cap to the system is then
E. = —Essnss — Esgnse — Egenees- (44.1)

The energy contribution is negative as it represents how strongly bound the carbon
atoms are in the graphene cap. The graphene cap energy term (4.4.1) applies for
both the wetted and dewetted states. This is because the graphene cap energy term

is determined by the graphene cap height and radius.

4.5 Results

With the addition of the graphene cap geometry term, we are now able to study how
changes in graphene area, Ag, and particle volume, V},, affect the system while taking
into account the surface free energy, the line tension energy, and the geometry of the
graphene cap. For the analysis here we will use the same parameter values as those
used in §3.3 as well as the dissociation energies of each bond type, Es; = 2.62 €V,
Es¢ = 4.54 eV, and Fg = 4.86 eV [41]. The values for 6-6 and 5-6 bonds were
derived from the average bond dissociation energy of the Cgy fullerene, and the
value for 5-5 bonds was derived from the average bond dissociation energy of the
Csg fullerene. All of our parameter values are summarised in Table 4.5.1

Fig. 4.5.1 shows the effect of A; and V}, on the radius of the graphene cap. As
was seen in the previous chapter, the radius of the cap remains constant at the
lowest values of A;. The point at which the radius begins to increase, however,
occurs much later with the addition of the cap geometry term. Furthermore the
radius of the graphene cap in this region of constant radius is consistent with that

of a Cgg fullerene. This is due to the existence of 5-5 bonds in fullerenes C,, where
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Parameter Value Citations
Vea 0.0646 eV/A? [39]
Yem 0.137 eV/A2 | [39, 40]
Yena 0.0918 eV/A? [40]

Vet 1.96 eV/A [41]
i 0.80 eV/A | [42, 43]
E55 2.62 eV [41]
E56 4.54 eV [41]
E66 4.86 eV [41]

Table 4.5.1: Parameter values
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Figure 4.5.1: Graphene cap radius of the wetted state as V;, and A, are varied
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Figure 4.5.2: Energy of the wetted state as V;, and A, are varied

n < 60. These bonds have a significantly lower bond energy which results in a large
increase in energy for lower radii. Overall the radius of the graphene cap is similar
to the previous model, however for larger values of A, and V;, > 3000 A3 we see a
curved region corresponding to a larger cap radius.

The energy of the wetted system is illustrated by Fig. 4.5.2. As with the previous
models the energy of the system still increases as V;, increases, however the addition
of the cap geometry term causes the energy of the system to decrease as A, increases.
This justifies the growth of graphene caps in our model as larger graphene caps
are now more energetically favourable than smaller ones. The addition of the cap
geometry term has also resulted in minimum energy states with negative energy for
the majority of parameter values. This is due to the strong binding energy between
carbon atoms in the cap, which contributes a negative energy cost on the system.
Furthermore, the change in behaviour at low values of A, observed in the previous
chapter is no longer present.

The distribution of radii seen in Fig. 4.5.3 again shows that the graphene cap
radius begins to increase at a higher value of A, compared to the previous model.
However, for values of A, beyond this the values of r; are consistent with those
from the previous model. Unlike the graphene cap radius of the wetted state in

Fig. 4.5.1, the graphene cap radius of the dewetted state does not undergo any
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Figure 4.5.3: Graphene cap radius of the dewetted state as V,, and A, are varied
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Figure 4.5.4: Energy of the dewetted state as V;,, and A, are varied

change in behaviour for the values of A, and V;, observed in Fig. 4.5.3.

The effect of Az and V7, on the energy of the dewetted state is shown in Fig. 4.5.4.
As with the wetted state, the addition of the cap geometry term has resulted in the
energy becoming negative, and the energy of the system now decreases as A, is
increased. The jump between solution types observed in Fig. 4.5.3 cannot be seen
in the energy distribution. Instead there is a smooth change in the energy across
this jump and there is little to no difference in the rate of change with respect to
either variable on each side. Again, the change in behaviour of the energy at low

values of A, seen in the previous model is not present.
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4.6 Conclusion

By adding the cap geometry term we have imposed an energy cost to the system
that depends on the curvature of the graphene cap. As expected, this change to
the model has shifted the graphene cap radius of the minimum energy configuration
towards larger values but only modestly. The greatest impact that the cap geometry
term has had on the model is the effect on the minimum energy of the wetted
and dewetted states. Now as A, increases the total energy of the system always
decreases. As a consequence, larger graphene caps are more energetically favourable
than smaller graphene caps and we might expect to see caps grow over time. This
is more consistent with our understanding of CVD than our earlier models, which

predict that larger caps necessarily have greater energies.
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Chapter 5

Prediction of chirality

Using our model we may compare the energies of the optimal wetted and dewetted
states to determine when dewetting is favoured energetically. This allows us make
predictions for when dewetting is in some sense likely to occur for various parameter
values. Moreover we may make predictions about the graphene cap structure at the
time of likely dewetting and hence the cap structure of the resultant CN'T. To achieve
this, we first determine the minimal graphene cap arca for which the energy of the
wetted state exceeds that of the dewetted state. We assume that once dewetting
has occured, further CNT growth does not change the shape of the existing cap
structure. Therefore the radius of the resulting CNT will be approximately equal
to the radius a of the edge from which it grows for the dewetted graphene cap. We
determine the expected CNT chirality by finding the smallest CNT with integer-
valued chiral vector numbers and radius at least equal to the cap-particle interface
radius a. More realistically, the chirality of the resultant CNT will also depend on
the arrangement of pentagonal carbon rings throughout the graphene cap. However,
accounting for this would significantly complicate our model as we would likely need

to consider a large number of graphene cap structures for any particular radius.
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Parameter Value Citations
Vea 0.0646 eV /A2 [39]
Yem 0.137 eV/A2 | [39, 40]
Yena 0.0918 eV /A? [40]
Yeg 1.96 eV/A 41]
o 0.80 eV/A | [42, 43]
E55 2.62 eV [41]
E56 4.54 eV [41]
E66 4.86 eV [41]

Table 5.1.1: Parameter values for iron carbide catalyst particles at 800°C

5.1 Iron carbide catalyst particles

Using our model we can predict the graphene cap sizes for which dewetting becomes
energetically favourable given various combinations of parameter values. Due to lo-
cal minima in the energy surfaces, graphene caps do not necessarily dewet whenever
it is energetically favourable to do so, and therefore it is necessary to consider the
entire range for which dewetting is energetically favourable. By varying the volume
of the metallic catalyst particle and again using the graphene cap area as a time-
like variable we produce a two dimensional plot of the region in which dewetting
is energetically favourable. We are then able to examine the dewetted state in this
region to determine the chiralities, and therefore properties, of CN'Ts we can expect
under various conditions. Furthermore, we may study how different catalyst mate-
rials affect this region and the range of CNT structures produced. We will again
consider an iron carbide catalyst particle at 800°C, with parameters summarised in
Table 5.1.1.

Fig. 5.1.1 shows a region in yellow in which the dewetted state is favoured en-
ergetically for iron carbide catalyst particles at 800°C. We can see that this region
comprises the majority of the physically relevant portion of the plot, with only
small regions to the left and right hand side where the wetted state is energetically
favoured. This indicates that there is both a minimum and maximum graphene cap

size required for dewetting to be favoured at any given value of V,,. The model there-
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Figure 5.1.1: The region in which the dewetted state is energetically favourable,
coloured yellow, for iron carbide catalyst particles

fore predicts that if a catalyst particle accumulates sufficient carbon on its surface
the graphene cap will no longer dewet and instead grow to eventually encapsulate
the catalyst particle in a graphene layer. This encapsulation of metallic catalyst
particles by carbon during CVD has been observed in experiments [47, 48]. Further,
since the maximum graphene cap size increases with V,, we would expect a larger
range of potential CNT chiralities for larger metallic catalyst particles.

The range of graphene cap edge radii, a, for which dewetting is energetically
favourable is shown in Fig. 5.1.2. Since the theoretical smallest CNT has chirality
(2,2) [49], the smallest CNT that can be produced with a cap consisting only of
pentagons or hexagons has chirality (3,3) [50]. Therefore we do not consider any
values of @ which would correspond to CNTs smaller than those with chirality (3, 3).
At small values of V;, the values of a for which dewetting is favourable are much
lower. This is due to the catalyst particle restricting the maximum possible value
of a to the catalyst particle’s radius. For the majority of V,, values considered we
find a range of a values between approximately 3.3 and 3.55 A. This range widens
for V,, values greater than approximately 28,000 A3 with a new lower bound at
a =~ 3.25 A. This seemingly discontinuous change in the lower bound is a conse-

quence of a changing rapidly at low values of A, combined with the increased space
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Figure 5.1.2: Range of a values for which dewetting is energetically favourable given
iron carbide catalyst particles

between A, values as the same number of points on the graph are spread between
an increasing range of Ag values for larger values of V;,. According to our results,
the variety of CNTs produced using iron carbide catalyst particles should have a
uniform upper bound on radii, but a slowly decreasing lower bound on radii. This
result is unintuitive given Fig. 5.1.1, which shows a wide range of potential A, values
for which dewetting could occur. As A, increases the height of the cap becomes close
to twice its radius, resulting in a nearly complete sphere with a relatively low value
of a. Particles with volumes greater than 28,000 A3 are expected to additionally
produce some CNTs with smaller radii. Amama et al. reports that iron particles
with a diameter between 30-40 A will grow single-walled CNTs with an average
diameter of 30 A [51]. This contradicts our model which predicts maximum CNT
diameters of approximately 7 A for catalyst particles with diameters up to 40 A,
over 4 times smaller than the observed average of 30 A.

We can also use the data in Fig. 5.1.1 to produce a range of potential CNT
chiralities for each value of V,,, and hence produce an unweighted proportion of
those CNTs with metallic properties. This is shown in Fig. 5.1.3. We see that for
very low values of V, the proportion of metallic CNTs varies significantly, ranging

from 0 to 100%. However, for all other values of V;, the proportion of metallic CNT's
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Figure 5.1.3: The proportion of CNTs in the dewetted state which are metallic for
iron carbide catalyst particles
is constant and equal to 50% despite the larger range of a values for large V,, seen

in Fig. 5.1.2.

5.2 Nickel carbide catalyst particles

To observe the predictions of our model for different catalyst compositions, we now
consider a nickel carbide catalyst particle at 1550°C. Using (2.6.1) we calculate the
value of 7, at 1550°C to be 0.058 eV/A2. Nizhenko et al. found that the surface

free energy coefficient of nickel carbide in atmosphere is given by
Yena = 2316 — 0.667 mJ/m”

where 7 is the temperature in degrees Celsius [52]. Using this gives us a value of
0.081 eV/ A2 for .. For the contact angle of nickel carbide with carbon, Naidich
et al. reported a value of 115° [53]. Using Young’s equation, (2.2.2), we calculate
Yem to be 0.092 eV/A2. To calculate the last of our changed parameters, Vi, We
first need the bond dissociation energy between nickel and carbon. Sambasiva Rao
et al. reported a value of 3.454 eV, which gives us a value of 1.39 eV /A along the

graphene cap edge [54]. Since nickel carbide consists of three nickel atoms for each
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Parameter Value Citations
Yea 0.058 eV /A2 [39]
Yem 0.092 eV/A? | [39, 52, 53]
Yma 0.081 eV /A2 [52]

Vet 1.96 eV/A [41]
o 1.45 eV/A 43, 54]
E55 2.62 eV [41]
E56 4.54 eV [41]
E66 4.86 eV [41]

Table 5.2.1: Parameter values for nickel carbide catalyst particles at 1550°C

carbon atom, we use a weighted average as performed in § 3.3 to calculate 7},

3(1.39) + 1.63
Vor = % = 1.45 eV/A.

Table 5.2.1 summarises all our parameter values for nickel carbide catalyst particles.

Fig. 5.2.1 shows the region in which dewetting is energetically favourable for
nickel carbide catalyst particles. Compared to iron carbide catalyst particles, our
model predicts a much smaller region for which dewetting is energetically favourable
for nickel carbide catalyst particles. The left side of this region appears to be
bounded by a constant value of the graphene cap area A, whereas the right side
ends at a value of A, which increases as V}, increases. Although our model predicts
that dewetting will occur, the optimal dewetted state in the dewetting region has a
very small value for the radius of the graphene cap edge, a, and therefore would not
result in the growth of any CNTs. Given that nickel is a common catalyst material
for the production of CNTs via CVD, this prediction does not match what is seen
in practice, and the reason for this disparity is not clear. Additionally, Sivakumar
et al. reported that under similar conditions multi-walled CNTs grown from nickel
catalysts had a greater internal diameter than those grown on iron catalysts [55].
This is not reflected by our model, which predicts greater values of a where dewetting

is energetically favourable for iron catalysts.
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Figure 5.2.1: The region in which the dewetted state is energetically favourable,
coloured yellow, for nickel carbide catalyst particles

5.3 Gold catalyst particles

Another catalyst material used for the production of CNTs via CVD is gold. In this
case we consider gold catalyst particles at 1100°C. The value of v, at 1100°C, as
given by (2.6.1), is 0.062 eV /A2. Lee et al. report the surface free energy coefficient
of liquid gold at 1100°C to be 1138 mN/m, so we have that vm, = 0.071 eV /A2 [56].
The contact angle of gold on graphite was reported by Joonho et al. to be 129° [57].
Using Young’s equation, (2.2.2), we calculate the value of ygm to be 0.107 eV/AZ2.
Liu et al. reported that the bond dissociation energy for double bonds between gold
and carbon is 4.08 eV, which gives us 1.65 eV/A along the graphene cap edge [58].
Since the metallic catalyst particle is purely gold atoms, we don’t use a weighted
average to calculate 7}, and we simply use 7}, = 1.65 eV/ A. Our parameter values
are summarised in Table 5.3.1.

The dewetting region for gold catalyst particles shown in Fig. 5.3.1 is larger
than that for nickel carbide catalyst particles, but smaller than that for iron carbide
catalyst particles. The left side of the dewetting region has an approximately con-
stant minimum value of A, for V;, > 600 A3, However, for smaller values of V, the
minimum value of A, required for dewetting increases. As with the other catalyst

materials, the maximum value of A, for which dewetting occurs increases as V;, is
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Parameter Value Citations
Yea 0.062 eV /A2 [39]
Yem 0.107 eV/A? | [39, 56, 57]
Yma 0.071 eV /A2 [56]

Vet 1.96 eV/A [41]
o 1.65 eV/A [43, 58]
E55 2.62 eV [41]
E56 4.54 eV [41]
E66 4.86 eV [41]

Table 5.3.1: Parameter values for gold catalyst particles at 1100°C
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Figure 5.3.1: The region in which the dewetted state is energetically favourable,
coloured yellow, for gold catalyst particles

increased.

Fig. 5.3.2 shows the range of graphene cap edge radii over which dewetting is
favourable for gold particles of volume V. For V,, < 1,000 A3 our model predicts
edge radii ranging from approximately 2.6-3.4 A. Between Vi, = 1,000 A3 and
5,000 A3 there is a gap in which there are no cap-particle systems for which dewetting
is energetically favourable and the dewetted state has a sufficiently large value of
a. For V, > 5,000 A3 the minimum graphene cap edge radius is approximately
3.5 A regardless of V,,. The maximum graphene cap edge radius ranges between
4 and 4.5 A, and increases as Vj, is increased. Our model predicts that for gold
catalyst particles we can expect the production of CNTs with radii of at least 3.5 A

with an upper bound determined by the maximum particle volume. Compared
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Figure 5.3.2: Range of a values for which dewetting is energetically favourable given
gold catalyst particles

to iron carbide, gold catalyst particles produce significantly larger CN'T's with the
lower bound on radii being approximately equal to the upper bound for iron carbide
catalyst particles. Takagi et al. report that the diameter of single-walled CNTs
produced on gold particles of diameters in the range 10-30 A had an approximate
range of 9-18 A [59]. However, our model predicts an upper bound on CNT diameter
slightly less than 9 A in the same region.

The percentage of CNTs with metallic properties expected to be produced from
gold catalyst particles is shown in Fig. 5.3.3. For Vi, > 5,000 A3, the percentage of
metallic CNTs initially increases from approximately 33% up to approximately 46%
at Viu = 8,000 A3. For larger values of V, the percentage decreases to approximately
30% for Vi, > 32,000 A3. The yield of metallic CNTs produced by gold catalyst
particles with volume greater than 5,000 A3 is always less than the 50% predicted
for iron carbide catalyst particles. Therefore our model predicts that iron carbide
is more efficient for the production of metallic CNTs while gold is more efficient for

the production of semiconducting CNTs.
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Figure 5.3.3: The proportion of CNTs in the dewetted state which are metallic for
gold catalyst particles
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Chapter 6

Conclusion

By applying the calculus of variations we were able to calculate the minimum energy
state of a graphene cap wetted to a metallic catalyst particle, and hence develop a
model for the growth of a graphene cap during chemical vapour deposition (CVD).
Furthermore, by considering the minimum energy state of the dewetted system
we could determine when dewetting is most likely to occur under a given set of
parameters and estimate the chirality of the resulting carbon nanotubes (CNTS).
To develop this model we began with a surface free energy model for which the
energy of the system was determined by the size of the graphene-metal, graphene-
atmosphere, and metal-atmosphere interfaces. This initial model did not account
for many of the energy costs within the system, and as such did not produce many
interesting results. Instead the minimum energy state was always a spherical metallic
catalyst particle with the graphene cap resting on its surface. To expand on the
model we then added a line tension term to our initial model in order to account for
the dangling chemical bonds at the edge of the graphene cap. The addition of the
line tension term resulted in a model which favoured graphene caps with lower radii
as these caps better balance the combined energy cost of the interfacial surfaces and
the dangling chemical bonds at the edge of the graphene cap. As the final addition to

our model we included a cap geometry term which would impose an energy cost on
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more curved graphene caps. This cap geometry term was calculated by subtracting
the binding energy of each carbon-carbon bond in the graphene cap. Highly curved
graphene caps have a significantly lower average binding energy between carbon
atoms, so the addition of the cap geometry term made caps with very low radii
unfavourable.

To test the model we used parameter values corresponding to three types of
metallic catalyst particles with volumes of up to 35,000 A3. The types of metallic
catalyst particles considered were iron carbide, nickel carbide, and gold. We then
compared the results to experimental observations of nanotubes grown using the
same type of metallic catalyst particle. For iron carbide and gold our model predicted
CNTs with much smaller diameters than those observed in experiments. In the case
of iron carbide, our model predicting diameters ranging from approximately 6.5 to
7.1 A while experiments have shown that the average diameter of CNTs produced
using similarly sized catalyst particles was 30 A. For gold catalyst particles our
model showed better agreement with experimental observations, but still predicted
significantly lower CNT diameters. Our model predicted CNT diameters between 7
and 9 A while a range of 9-18 A was observed in experiments. For nickel carbide,
despite being a commonly used catalyst material and our model predicting that
dewetting would occur, no CN'Ts were predicted to be produced. This is because the
CNT radii predicted were lower than that which is physically possible. In all cases
our model predicted the production of CNTs with radii that are much smaller than
those observed in experiments. Using our model we also predicted the percentage of
metallic CNTs produced with each catalyst. For iron carbide our model predicted
a consistent ratio of 50% metallic CNTs as the metallic catalyst particle volume
was increased. For gold, however, our model predicted a lower percentage with an
approximate range of 33-46% metallic as the catalyst particle volume was varied.

In order to improve our model and produce more accurate results we could

remove or modify our assumptions about the graphene cap and metallic catalyst
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particle system. For example, we could assume that the graphene cap is shaped
like a surface of revolution instead of a spherical cap and use variational calculus to
determine which surface of revolution is optimal throughout graphene cap growth.
We could also try generalising further and remove the assumption on the graphene
cap’s shape entirely. Alternatively we could model the accumulation of carbon atoms
and interatomic bonds in the graphene cap discretely so that the exact structure
of the graphene cap could be predicted. This would be a significant change to
the model but should greatly improve our prediction of CNT chirality. Another
potential extension to our model could be to improve how dewetting is handled by
the model, which is currently based on the difference between the energies of the
optimal wetted and dewetted states. Instead we could also compare the energies of
several intermediate states between the wetted and dewetted states to determine if
dewetting is likely to occur. This change may also allow us to determine suboptimal
dewetted states which would be more likely to result from dewetting of a particular
wetted system. This could significantly improve the prediction of CNT chirality by
our model. Finally, we could expand on the model to consider multi-walled CNT's
which are commonly produced via CVD. Although this would be significantly more
complex than considering only single-walled CNTs, the expanded model would give

a more complete prediction of the CNTs produced under specific conditions.
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Appendix A

Calculation of minimum energy

state script

A.1 Explanation of script

In order to automate the generation of results from our model, and to find solutions
that are too difficult to derive by analytic means, we implement the model in MAT-
LAB. The figures in §2.4, §3.3, and §4.5 were generated using this implementation.
This implementation of our model makes use of the golden section search algorithm
to determine the location of energy minima to within a prescribed tolerance.

The golden section search algorithm is a numerical method to determine the
location of an extremum for a given function inside a prescribed interval. In this case
we are interested in finding the location of minima for our cap-particle system energy
function, and we implement it in the functions at lines 534 and 538. We begin the
golden section search algorithm with two energy values, E; and E,, corresponding
to the energy of our system at h; = 7, and h; = 1y where 7; < 4. To calculate the
energy corresponding to a particular value of h; we use the functions at lines 402

and 460 for the wetted and dewetted states respectively. We then define two other
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points, 7y and 73 such that

ngzm—m;m, s =m + L1 (A.1.1)
where ¢ is the golden ratio, ¢ = (1 4+ 1/5)/2. We then calculate the value of E at
hy = 1, and n3 and label these Fy and Ej respectively. Now we compare the energy
at each point to determine if the minimum is located between points 7; and 73 or
1o and ny. If By > F5 and Ey < E3 then we know a minimum lies between 7, and
n3. We can then redefine our points such that n3 = 1., n4 = 13, and define a new 7,
according to (A.1.1). Otherwise, if Fy > F3 and F3 < Ej then we know a minimum
lies between 7, and 74. In this case we redefine our points such that 7, = 1y, 72 = 13,
and redefine 73 according to (A.1.1). This process can be iterated to reduce the size
of the interval [, 4] to within the desired tolerance.

For a given set of parameter values, we start by calculating the energy of the
cap particle system assuming that the cap is shaped like part of a fullerene C,,
with n being equal to 20, or as small as possible such that the area of the fullerene
C,, is greater than the graphene cap area A,;. The value of n is determine in the
script by the function at line 626. From our assumption we are able to determine
the radius of the graphene cap given n, and hence calculate hy given A;,. We then
increment n using an exponentially increasing step size and recalculate the energy
of the system at each step using the appropriate function. Beginning from the
third step, we compare the three most recently calculated values of the energy to
determine whether a local minimum lies between these points. For example, at step
k for some k > 2 a local minimum is detected when the energy at step k — 1 is
less than that at steps £ — 2 and k. If a local minimum is detected at this step
then we perform a golden section search on the range bounded by the value of n at
steps k — 2 and k. Once the golden section search reduces the range to within the

prescribed tolerance, we set the location of the global minimum to be at the point
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calculated to have the lowest energy. This process repeats whenever additional local
minima are detected, and the global minimum is updated if the energy at one of
these minima is less than the recorded global minimum.

After the initial search is complete we then evaluate the energy at the endpoints
of our search range. If the energy at either endpoint is less than the recorded global
minimum then we update the global minimum to the value found at the endpoint.
For both the wetted and dewetted states the location of the left hand endpoint is
either determined by A, or, for low A, is given by n = 20. The lower bound at
n = 20 is due to Cyy being the smallest possible fullerene, so smaller values of n are
not physically relevant. The limit on n due to high values of A, is to prevent the
model predicting caps with a height greater than twice its radius as these caps are
also unphysical. The right hand side endpoint has no maximum for the wetted state
as caps with arbitrarily large radii, corresponding to large n, are valid in this model.
However, for the dewetted state there is a limit on the right hand side endpoint as
large values of n would result in a cap that deforms the metallic catalyst particle.
This limit is applied in line 490, where the function that outputs the energy of the
system returns Inf if the radius of the graphene cap is greater than or equal to that
of the metallic catalyst particle while h; < r;. A graphene cap with radius and
height satisfying this condition would necessarily be in contact with the metallic
catalyst particle and is therefore inconsistent with our definition of the dewetted
state. Therefore we have a limit on values of n for the dewetted state that depends

on V.

A.2 MATLAB implementation

clear

close all

3 Vm = 35000; %Volume of metal particle
Ag = (36*pixVm~2) ~(1/3)/2; %Area of the carbon cap
varl = 1; %The variable to be varied (index of varlist)
min_varl = 0.1; %Minimum value of the parameter being varied
max_varl = (36*pi*Vm~2)~(1/3); %Maximum value of the parameter being varied
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var2 = 7; %The second variable to be varied
min_var2 = 200;
max_var2 35000;
if varl == 1 && var2 == 7
Ag_max = (36*pi*max_var2°2)~(1/3)/10;
end
n = 1000; %Number of iterations over range of var values
n2 = 150; %Number of initial iterations over fullerene size
step_scale = 1.08; %step size is multiplied by this each iteration
step_initial = 0.25; %Initial step size
line_tension_term = 1; %0 = no line tension energy, 1 = line tension energy
cap_energy_term = 1; %0 = no cap energy, 1 = cap energy
gamma_ma = 0.0918; %Surface tension coefficient of the metallic particle
gamma_ga = 0.0646; %graphene -atmosphere interface
gamma_gm = 0.137; %graphene -metal interface

gamma_lt = 1.96;

gamma_lt_star = 0.8;

%Line tension energy coefficient

%dangling bond energy coefficient

varlist = [Ag, gamma_ma, gamma_lt, gamma_lt_star, gamma_ga, gamma_gm, Vm]; %Vector of parameters
varl_vals = linspace(min_varl, max_varl, n); %Initialising vectors
var2_vals = linspace(min_var2, max_var2, n);

%These matrices store the wetted state data

interface

minimum at lowest value,

E = NaN(n,n); %Total energy

E_comp = cell(n,n); %Vector [E_ma, E_1t, E_c]

E_ma = NaN(n,n); %Energy of the metal atmosphere

E_1t = NaN(n,n); %Line tension energy

E_c = NaN(n,n); %Cap geometry energy

hi = NaN(n,n); %Height of carbon cap

h2 = NaN(n,n); %Height of metal particle

rl = NaN(n,n); %Radius of carbon cap

r2 = NaN(n,n); %Radius of metal particle

fullerene_size = NaN(n,n); %Size of fullerene with radius ril

contact_angle = NaN(n,n); %Contact angle between cap and particle

flag_mat = NaN(n,n); %Flag data, 1 = local minimum, 2 =
at end of search range

%These matrices store the dewetted state data

E_dewetted = NaN(n,n);

E_comp_dewetted = cell(n,n);
E_ma_dewetted = NaN(n,n);
E_1lt_dewetted = NaN(n,n);
E_c_dewetted = NaN(n,n);
hi_dewetted = NaN(n,n);
h2_dewetted = NaN(n,n);
ri_dewetted = NaN(n,n);
r2_dewetted = ((3xvarlist(7))/(4*pi))~(1/3);
fullerene_size_dewetted = NaN(n,n);
contact_angle_dewetted = NaN(n,n);
flag_mat_dewetted = NaN(m,n);
NaN(n,n) ; %Matrix of varl values

V2 = NaN(n,n); %Matrix of var2 values

for j = 1:n
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65 varlist(var2) = var2_vals(j); %varlist is updated

66 if varl == 1 && var2 == 7

67 %Sets appropriate limits if var2 is particle volume and varl is cap

68 %area

69 max_varl = (36xpi*varlist(var2)-2)"(1/3)/10;

70 n_varl = ceil(n*max_varl/Ag_max);

71 if n_varl == 1

72 n_varl = 2;

73 end

T4 varl_vals = linspace(min_varl, max_varl, n_varl);

75 end

76

77 for i = 1:n_varl

78 varlist(varl) = varl_vals(i); %Sets the new value of the parameter being varied

79 Vi(i,j) = varlist(varl); %Variable value matrices are updated

80 V2(i,j) = varlist(var2);

81 loop_counter = 1; %Tracks the progress of the while loop

82 n_atoms = starting_point(varlist(1)); %Initial value of n_atoms is chosen based on cap area

83 n_atoms_vals = zeros(1,2); %Vector of n_atoms values

84 n_atoms_vals (1) = n_atoms; %First value in vector is updated

85 loop_flag = 0; %Becomes 1 if a minimum is found

86 energy = zeros(1,2); %Vector of energy values

87 hi_vals = zeros(1,2); %Vector of hil values

88 h2_vals = zeros(1,2); %Vector of h2 values

89 ri_vals = zeros(1,2); %Vector of rl values

90 r2_vals = zeros(1,2); %Vector of r2 values

91 E_comp_vals = zeros(4,2); %Vector of energy components

92

93 %If we ignore the line tension term the corresponding variables are

94 %set to O

95 varlist ([3,4]) = varlist([3,4])*line_tension_term;

96

97 while true

98 %Energy and shape of the system is calculated assuming that the carbon

99 %cap is shaped like a fullerene which has a total number of carbon

100 %atoms equal to n_atoms. We use an exponentially increasing

101 %step size to search a range of values for local minima.

102 [energy(loop_counter),hl_vals(loop_counter), h2_vals(loop_counter), ril_vals(loop_counter), r2_vals(
loop_counter), E_comp_vals(:, loop_counter)] = cap_energy(varlist, n_atoms, cap_energy_term);

103 if loop_counter > 2

104 %If a local energy minimum is discovered we perform a

105 %golden search to determine the energy at this minimum

106 if energy(loop_counter-2) “= Inf && energy(loop_counter-2) > energy(loop_counter-1) && energy(

loop_counter) > energy(loop_counter-1)

107 %I1f we have already found a local minimum for our

108 icurrent set of parameters we use temp variables to

109 %store data

110 if loop_flag == 1

111 [temp_E, temp_hl, temp_h2, temp_rl, temp_r2, temp_size, temp_E_comp] = golden_search(

varlist, n_atoms_vals(end-2), n_atoms_vals(end), cap_energy_term);

112 %If the energy of this minimum is less than the
113 %lowest energy minimum found so far, we update the
114 %matrices. Otherwise we keep the other minimum’s
115 %values

116 if temp_E < E(i,j)

117 E(i,j) = temp_E;

118 E_comp{i,j} = temp_E_comp;

119 E_ma(i,j) = E_comp{i,j}(1);
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120 E_1t(i,j) = E_comp{i,j}(3);

121 E_c(i,j) = E_comp{i,j}(4);

122 hi(i,j) = temp_hil;

123 h2(i,j) = temp_h2;

124 r1(i,j) = temp_ri;

125 r2(i,j) = temp_r2;

126 fullerene_size(i,j) = temp_size;

127 end

128 %If we haven’t found a local minimum yet then we update
129 %the matrices to the values at the minimum using a

130 %golden search.

131 else

132 [E(i,j), h1(i,j), h2(i,j), r1(i,j), r2(i,j), fullerene_size(i,j), E_comp{i,j}] =

golden_search(varlist, n_atoms_vals(end-2), n_atoms_vals(end), cap_energy_term);

133 E_ma(i,j) = E_comp{i,j}(1);

134 E_1t(i,j) = E_comp{i,j}(3);

135 E_c(i,j) = E_comp{i,j}(4);

136 loop_flag = 1;

137 end

138 end

139 end

140 %When we reach the end of the search range we check for global
141 %minima at the endpoints

142 if loop_counter == n2

143 index = find(energy ~= Inf, 1);

144

145 if index "= 1

146 [temp_E, temp_hl, temp_h2, temp_rl, temp_r2, temp_size, temp_E_comp] = golden_search(

varlist, n_atoms_vals(index-1), n_atoms_vals(index), cap_energy_term);

147 else

148 temp_E = energy(1);

149 temp_rl = ri_vals(1);

150 temp_r2 = r2_vals(1);

151 temp_hl = hil_vals(1);

152 temp_h2 = h2_vals(1);

153 temp_size = n_atoms_vals(1);

154 temp_E_comp = E_comp_vals(:,1);

155 end

156 if temp_E < E(i,j) || loop_flag == 0

157 E(i,j) = temp_E;

158 E_comp{i,j} = temp_E_comp;

159 E_ma(i,j) = E_comp{i,j}(1);

160 E_1t(i,j) = E_comp{i,j}(3);

161 E_c(i,j) = E_comp{i,j}(4);

162 hi(i,j) = temp_hi;

163 h2(i,j) = temp_h2;

164 ri(i,j) = temp_ri;

165 r2(i,j) = temp_r2;

166 fullerene_size(i,j) = temp_size;

167 loop_flag = 2;

168 end

169

170 [temp_E, temp_hl, temp_h2, temp_rl, temp_r2, temp_size, temp_E_comp] = golden_search(varlist,
n_atoms_vals (end-1), n_atoms_vals(end), cap_energy_term);

171 if temp_E < E(i,j)

172 E(i,j) = temp_E;

173 E_comp{i,j} = temp_E_comp;

174 E_ma(i,j) = E_comp{i,j}(1);
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175 E_1t(i,j) = E_comp{i,j}(3);

176 E_c(i,j) = E_comp{i,j}(4);

177 h1(i,j) = temp_hi;

178 h2(i,j) = temp_h2;

179 ri(i,j) = temp_ri;

180 r2(i,j) = temp_r2;

181 fullerene_size(i,j) = temp_size;

182 loop_flag = 3;

183 end

184

185 break

186 else

187 %n_atoms is increased by exponentially increasing

188 %increments each iteration

189 n_atoms = n_atoms + step_initial*step_scale~(loop_counter-1);

190 loop_counter = loop_counter + 1

191 n_atoms_vals (loop_counter) = n_atoms;

192 end

193 end

194 %The contact angle is calculated according to the dimensions of the

195 hsystem

196 sin_theta = -sqrt(varlist(1)/pi - h1(i,j) 2)*(h1(i,j) - r1(i,j) + h2(i,j) - r2(i,j))/(r1(i,j)*r2(i,jl);
197 cos_theta = ((varlist(1)/pi - h1(i,j)"2) - (r1(i,j) - h1(i,j))*(r2(i,j)-h2(i,j)))/(r1(i,j)*r2(i,jl);
198 if cos_theta > 0

199 contact_angle(i,j) = real(asin(sin_theta));

200 elseif cos_theta < O && sin_theta > 0

201 contact_angle(i,j) = pi - real(asin(sin_theta));

202 else

203 contact_angle(i,j) = -pi - real(asin(sin_theta));

204 end

205 flag_mat(i,j) = loop_flag; %The matrix of flag values is updated
206

207 loop_counter = 1; %Tracks the progress of the while loop
208 n_atoms = n_atoms_vals(1); %We reuse the value from the previous section
209 n_atoms_vals = zeros(1,2); %Vector of n_atoms values

210 n_atoms_vals (1) = n_atoms;

211 loop_flag = 0; %Becomes 1 if a minimum is found

212 energy = zeros(1,2); %Vector of energy values

213 hil_vals = zeros(1,2); %Vector of hl values

214 h2_vals = zeros(1,2); %Vector of h2 values

215 ri_vals = zeros(1,2); %Vector of rl values

216 r2_vals = zeros (1,2); %Vector of r2 values

217 E_comp_vals = zeros(4,2); %Vector of energy components

218

219 while true

220 %Except where commented, this is the same process as in the

221 J%previous while loop.

222 [energy(loop_counter), ril_vals(loop_counter), h2_vals(loop_counter), E_comp_vals(:, loop_counter)]

= dewetted_energy(varlist, n_atoms, cap_energy_term);

223 if loop_counter > 2

224 %If the value of n_atoms becomes too large we fail to

225 %obtain and energy and Inf is output instead. When this

226 %occurs we skip to the end of the loop. Otherwise the loop

227 %continues as in the previous loop.

228 if energy(loop_counter) == Inf && energy(loop_counter - 1) ~= Inf

229 loop_counter = n2;

230 elseif energy(loop_counter-2) “= Inf && energy(loop_counter-2) > energy(loop_counter-1) &&

energy (loop_counter) > energy(loop_counter-1)

73



231

232

254

255

257
258

259

266

267
268
269

270

271

281

282

if loop_flag == 1

[temp_E, temp_rl, temp_h2, temp_size, temp_E_comp] = golden_search_dewetted(varlist,

n_atoms_vals(end-2), n_atoms_vals(end)

cap_energy_term);

if temp_E < E_dewetted(i,j)

E_dewetted (i, j)

= temp_E;

E_comp_dewetted{i,j} = temp_E_comp;

E_ma_dewetted(i,j) = E_comp_dewetted{i,j}(1);

E_lt_dewetted(i,j) = E_comp_dewetted{i,j}(3);

E_c_dewetted(i,j) = E_comp_dewetted{i,j}(4);

rl_dewetted(i,j) = temp_ri;
hil_dewetted(i,j) = varlist(1)/(2*pi*rl_dewetted(i,j));
h2_dewetted(i,j) = temp_h2;
fullerene_size_dewetted(i,j) = temp_size;

end

else
[E_dewetted(i,j), ril_dewetted(i,j), h2_dewetted(i,j), fullerene_size_dewetted(i,j),
E_comp_dewetted{i,j}] = golden_search_dewetted(varlist, n_atoms_vals(end-2), n_atoms_vals(end),

cap_energy_term);
E_ma_dewetted (i, j)
E_lt_dewetted (i, j)
E_c_dewetted(i,j) =
hi_dewetted(i,j) =

loop_flag = 1;

v

E_comp_dewetted{i,j}(1);
E_comp_dewetted{i,j}(3);
E_comp_dewetted{i, j}(4);

arlist (1) /(2*pi*ril_dewetted(i,j));

end
end
end
if loop_counter == n2
index = find(energy ~= Inf, 1);
if index "= 1
[temp_E, temp_rl, temp_h2, temp_size, temp_E_comp] = golden_search_dewetted(varlist,

n_atoms_vals (index=-1), n_atoms_vals(index), cap_energy_term);

else
temp_E = energy (1);
temp_rl = ri1_vals(1);

temp_h2 = h2_vals(1l);

temp_size = n_atoms_vals(1);

temp_E_comp = E_comp_vals(:,1);

end

if temp_E <= E_dewetted(i,j

)

|| loop_flag == 0

E_dewetted(i,j) = temp_E;

E_comp_dewetted{i,j} =

t

emp_E_comp;

E_ma_dewetted(i,j) = E_comp_dewetted{i,j}(1);

E_lt_dewetted(i,j) = E_comp_dewetted{i,j}(3);

E_c_dewetted(i,j) = E_comp_dewetted{i,j}(4);

ri_dewetted(i,j) = temp_ril;

hl_dewetted(i,j) = varlist(1)/(2*pi*rl_dewetted(i,j));

h2_dewetted(i,j) = temp_h2;

fullerene_size_dewetted(i,j) = temp_size;

loop_flag = 2;

[temp_E, temp_rl, temp_h2,
n_atoms_vals(end-1), n_atoms_vals(end)

if temp_E < E_dewetted(i,j)

t

s

emp_size, temp_E_comp] = golden_search_dewetted(varlist,

cap_energy_term);

E_dewetted(i,j) = temp_E;

E_comp_dewetted{i,j} = temp_E_comp;
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290
291
292
293
294

295

302

303
304
305
306
307
308
309

310

E_ma_dewetted (i, j)
E_lt_dewetted (i, j)

E_c_dewetted(i,j)

ri_dewetted(i,j) =
hl_dewetted(i,j) =

h2_dewetted(i,j) =

= E_comp_dewetted{i,j}(1);

= E_comp_dewetted{i,j}(3);

= E_comp_dewetted{i,j}(4);

temp_ri;

varlist (1) /(2*pi*ril_dewetted(i,j));

temp_h2;

fullerene_size_dewetted(i,j) = temp_size;

loop_flag = 3;
end
break

else

n_atoms = n_atoms + step_initial*step_scale‘(loop_counter-1);

each loop to reduce total number of steps when optimal number of atoms

loop_counter = loop_counter + 1;

n_atoms_vals(loop_counter) = n_atoms;

is

sin_theta = -sqrt(varlist(1)/pi - hi_dewetted(i,j) 2)*(hl_dewetted(i,j)

h2_dewetted(i,j) - r2_dewetted)/(rl_dewetted(i,j)*r2_dewetted);

cos_theta = ((varlist(1)/pi - hl_dewetted(i,j) " 2) - (ri_dewetted(i,j)

h2_dewetted (i, j)))/(r1_dewetted(i,j)*r2_dewetted);

if cos_theta > O

contact_angle_dewetted (i, ]

) = real(asin(sin_theta));

elseif cos_theta < 0 &% sin_theta > 0

contact_angle_dewetted (i, ]
else
contact_angle_dewetted (i, ]

end

flag_mat_dewetted(i,j) = loop_

end

n_figs = 5;

) = pi - real(asin(sin_theta));

) = -pi - real(asin(sin_theta));

flag;

%Figure of where dewetting occurs signified by a value of 1

surf (V1,V2, double((E - E_dewetted) >

title(’Dewetting Region’)

%Figure of wetted state energy
figure (2)

surf (V1, V2, E, ’edgecolor’, ’none’)
hold on
contour3(Vi,V2,E,’k’,’linewidth’,2)

title(’Wetted State Energy’)

%Figure of dewetted state energy
figure (3)

surf (V1l, V2, E_dewetted, ’edgecolor’,
hold on

0), ’edgecolor’,

’none’)

contour3(V1,V2,E_dewetted,’k’,’linewidth’,2)

title (’Dewetted State Energy’)

%Figure of wetted state cap radius
figure (4)

surf (Vl, V2, r1, ’edgecolor’, ’none’)
hold on

contour3(V1,V2,r1,’k’,’ linewidth’,2)

’none’)
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339 title(’Wetted Cap Radius’)

340

341 %Figure of dewetted state cap radius

342 figure(5)

343 surf(Vl, V2, ril_dewetted, ’edgecolor’, ’none’)
344 hold on

345 contour3(V1,V2,r1_dewetted,’k’,’linewidth’,2)
346 title(’Dewetted Cap Radius’)

347

348 %All the figures are updated to an appropriate font size and labels are
349 Y%applied

350 for i = 1:n_figs

351

352 figure (i)

353 ax = gca;

354 ax.FontSize = 50;

355 h = colorbar;

356 %Dewetting plots have the colour range limited to between 0 and 1
357 if i == 1

358 caxis ([0,1]1)

359 elseif i > 3

360 ylabel(h, [’r_1 (’ char(197) ’)’1)

361 else

362 ylabel(h, [’E (eV)’])

363 end

364 grid off

365 view (0,90)

366

367 switch varl

368 case 1

369 xlabel ([’A_g (’ char(197) >°2)°’1)

370 case 2

371 xlabel ([’\gamma_{ma} (eV/’ char(197) ’~2)’])
372 case 3

373 xlabel ([’\gamma_{1t} (eV/’ char(197) ’)°’]1)
374 case 4

375 xlabel (’\gamma_{1t}*’)

376 case 5

377 xlabel ([’\gamma_{ga} (eV/’ char(197) ’>~2)°’])
378 case 6

379 xlabel ([’\gamma_{gm} (eV/’ char(197) ’~2)’])
380 case 7

381 xlabel ([’V_m (’ char(197) ’>°3)°’1)

382 end

383

384 switch var2

385 case 1

386 ylabel ([’A_g (’ char(197) *~2)°1)

387 case 2

388 ylabel ([’\gamma_{ma} (eV/’ char(197) ’>~2)°’])
389 case 3

390 ylabel ([’\gamma_{1t} (eV/’ char(197) ’)’1)
391 case 4

392 ylabel (’\gamma_{1t}*’)

393 case 5

394 ylabel ([’\gamma_{ga} (eV/’ char(197) ’"2)’])
395 case 6

396 ylabel ([’\gamma_{gm} (eV/’ char(197) ’>~2)°’])
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397 case 7

398 ylabel ([’V_m (’ char(197) ’~3)°’1)

399 end

400 end

401

402 function [E, h1l, h2, r1l, r2, E_comp] = cap_energy(varlist, atoms, cap_energy_term)
403 length_66 = 1.425; %Length of 6-6 bonds

404 if atoms >= 60
405 bonds = [0, 60, atoms*3/2-60]; %[5-5 bonds, 5-6 bonds, 6-6 bonds]

406 elseif atoms >= 28

407 bonds = [135/4 - 9*atoms/16, 9%atoms/8 - 15/2, 30*xatoms/32 - 105/4];
408 else

409 bonds = [60 - 3xatoms/2, 3*atoms - 60, 0];

410 end

411

412 %Total area of fullerene approximated by assuming each bond is a side

413 Yshared by two isosceles triangles.

414 A = 0.75xatoms*sqrt (3)*length_66"2;

415 if A < varlist (1)

416 E = Inf; %Return infinity if the cap area is larger than the total area of the

chosen fullerene

417 hi = Inf;

418 h2 = Inf;

419 rl = Inf;

420 r2 = Inf;

421 E_comp = [Inf; Inf; Inf; Infl;

422 else

423 r1 = 0.5*xsqrt(A/pi); %Radius of carbon cap

424 h1 = varlist (1) /(2%pi*r1); %Height of carbon cap

425 n_bonds = 1.5%xatoms*varlist (1)/A; %Number of bonds within region of area Ag

426 p = 3*h1x(2*%ri-hi);

427 q = 2*%(3*r1 - h1)*h1°2 - 6*varlist(7)/pi;

428 C = (-q%0.5 + sqrt(0.25%q"2 + p~3/27))"(1/3);

429 h2 = C - p/(3%C);

430 r2 = varlist (7)/(pi*h27°2) - (3xvarlist(1)*h1/(2%pi) - h1°3 - h27°3)/(3%h272); %Radius of metal particle
431 a = sqrt(varlist(1)/pi - h1°2); %The radius of the interface between the metal particle and the

carbon cap

432 if real(a) == 0 && imag(a) ~= 0

433 a = 0;

434 end

435

436 %The bonds in the carbon cap are assumed to be chosen randomly without

437 replacement

438 N = atoms*3/2; %Total number of carbon-carbon bonds in fullerene
439 mean_55 = n_bonds*bonds (1) /N; %Mean number of 5-5 bonds in cap

440 mean_56 = n_bonds*bonds (2)/N; %Mean number of 5-6 bonds in cap (hypergeometric)
441 mean_66 = n_bonds*bonds (3)/N; %Mean number of 6-6 bonds in cap

442 if cap_energy_term == 0

443 E_55 = 0;

444 E_56 = 0;

445 E_66 = 0;

446 else

447 E_55 = 2.62; %Energy of 5-5 bonds

448 E_56 = 4.54; %Energy of 5-6 bonds

449 E_66 = 4.86; %Energy of 6-6 bonds

450 end

451

452 E_comp = [varlist(2)*(6*varlist(7) - 3*varlist(1)*hl + 2*pi*(h1°3 + h2°3))/(3*h2); (varlist(6) + varlist(5)
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486
487
488
489
490
491
492
493
494

495

)*varlist (1); 2*pixax(varlist(3)
mean_56 + E_66%mean_66)];
%=

metal -atmosphere interface,

%tension, 4 = cap geometry

E =

end

2

E_comp (1) +E_comp (2) +E_comp (3) +E_comp (4) ;

varlist (4)*(-a)*(rl - hl + r2 - h2)/(ri*r2));

line

= cap interfaces, 3 =

%Total energy of the system

function [E, rl, h2, E_comp] = dewetted_energy(varlist, atoms, cap_energy_term)
length_66 = 1.425; %Length of 6-6 bonds
if atoms >= 60

bonds = [0, 60, atoms*3/2-60]; % [5-5 bonds, 5-6 bonds, 6-6 bonds]
elseif atoms >= 28

bonds = [135/4 - 9*atoms/16, 9*atoms/8 - 15/2, 30xatoms/32 - 105/4];
else

bonds = [60 - 3xatoms/2, 3*atoms - 60, 0];
end

%Total area of fullerene approximated by assuming each bond is a side

%shared by two isosceles triangles.

A 0.75*atoms*sqrt (3) *length_66"2;

if A < varlist (1)

E = Inf;

chosen fullerene

h2 = Inf;

rl = Inf;

E_comp = [Inf; Inf; Inf; Infl;

else

ri sqrt (A/pi)/2;

hi varlist (1) /(2*pi*ri);

n_bonds = 1.5%atoms*varlist (1)/A;

r2 (3xvarlist (7)/(4xpi))~(1/3);

h2_plus =

h2_minus =

a = sqrt(varlist(1)/pi - h1°2);
carbon cap

if “isreal(a) && real(a)

a = 0;

if (r1 >= r2 && hil < r1) ||

E = Inf;

E_comp [Inf; Inf; Inf; Inf]

h2 = h2_plus;
else
%The bonds

%replacement

N = atoms*3/2;
mean_55 = n_bonds*bonds (1) /N;
mean_56 = n_bonds*bonds (2)/N;
mean_66 = n_bonds*bonds (3)/N;
if cap_energy_term == 0

E_55 = 0;

E_56 = 0;

E_66 = 0;
else

E_55 = 2.62;

H

-(E_55*mean_55 + E_56%*

%Return infinity if the cap area is larger than the total area of the

%Radius of carbon cap
%Height of carbon cap
%Number of bonds within region of area Ag

%Radius of metal particle

r2 + sqrt(r2°2 - 2%rixhl + h1°2);

r2 - sqrt(r2°2 - 2*ri1xhl + h1°2);

%The radius of the

== 0 && isreal (h2_plus)

“isreal (h2_plus)

in the carbon cap are assumed to be chosen randomly without

%Total number of carbon-carbon bonds

%Mean number of 5-5 bonds in cap

%Mean number of

%Mean number of 6-6 bonds in cap

%Energy of 5-5 bonds
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507
508

509

510

E_56 = 4.54;
E_66 = 4.86;
end
E_comp =

+ r2 - h2_plus)/(ri*r2));

%=
%tension, 4 =

E =

if rl1 < r2 && h2_minus <=

E_temp = Inf;
else

E_comp_temp =

*(r1

E_temp =

if E_temp < E

546

548
549

550

%Energy of 5-6 bonds

%Energy of 6-6 bonds

[4xpi*varlist (2)*r2°2;

metal-atmosphere interface,

- hl + r2 - h2_minus)/(r1*r2));

2 =

cap geometry

E_comp (1) +E_comp (2) +E_comp (3) +E_comp (4) ;

r2

[4*pi*varlist (2)*r2°2;

2*varlist (5)*varlist (1);
-(E_55%mean_55 + E_56*mean_56 +

cap interfaces,

3 = line

2*varlist (5) *varlist (1);

2*pi*ax(varlist (3) -

E_66*mean_66)];

%Total energy of the system

2*pi*ax(varlist (3) -

-(E_b5%mean_55 + E_b56*mean_56 + E_66*mean_66)1];

E_comp_temp (1) +E_comp_temp (2) +E_comp_temp (3) +E_comp_temp (4) ;

varlist (4)*(-a)*(r1 -

B

B

hi

varlist (4) *x(-a)

atoms (1),

atoms (2),

atoms (3),

atoms (4),

E_comp = E_comp_temp;
E = E_temp;
h2 = h2_minus;
else
h2 = h2_plus;
end
end
function [E, hil, h2, rl, r2, size, E_comp] = golden_search(varlist, min_val, max_val, cap_energy_term)
E_vals = zeros(1,4);
hi_vals = zeros(1,4);
h2_vals = zeros(1,4);
ri_vals = zeros(1,4);
r2_vals = zeros(1,4);
E_comp_vals = zeros(4,4);
golden_ratio = 0.5*(sqrt(5)+1);
inv_gr = 1/golden_ratio;
atoms = [min_val, max_val - inv_gr#*(max_val-min_val), min_val + inv_gr*(max_val-min_val), max_vall;
[E_vals (1) ,h1_vals (1), h2_vals(1), ri_vals(1), r2_vals(1), E_comp_vals(:,1)] = cap_energy(varlist
cap_energy_term);
[E_vals(2),h1_vals(2), h2_vals(2), ri_vals(2), r2_vals(2), E_comp_vals(:,2)] = cap_energy(varlist
cap_energy_term);
[E_vals (3),h1_vals(3), h2_vals(3), ri_vals(3), r2_vals(3), E_comp_vals(:,3)] = cap_energy(varlist
cap_energy_term);
[E_vals(4) ,h1_vals(4), h2_vals(4), ri_vals(4), r2_vals(4), E_comp_vals(:,4)] = cap_energy(varlist
cap_energy_term);
range = max_val-min_val;
while range > 0.001
if (E_vals(1) > E_vals(2) && E_vals(3) >= E_vals(2)) || (E_vals(1) <= E_vals(2) && E_vals(2)

&& E_vals(3) <=

E_vals (4))

atoms (1)),

atoms = [atoms (1), atoms(3) - inv_gr*(atoms(3) -
E_vals = [E_vals(1), 0, E_vals(2), E_vals(3)];
hi_vals = [h1_vals(1), 0, hil_vals(2), hi_vals(3)];
h2_vals = [h2_vals(1), 0, h2_vals(2), h2_vals(3)];
ri_vals = [r1_vals(1), 0, ri_vals(2), ri_vals(3)];
r2_vals = [r2_vals(1), 0, r2_vals(2),

E_comp_vals =

[E_comp_vals(:,1),

zeros (4,1),

r2_vals(3)];

E_comp_vals(:,2),
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596
597

598

599
600
601
602
603

604

605
606
607
608
609
610

611

[E_vals(2),h1_vals(2), h2_vals(2), ri_vals(2), r2_vals(2), E_comp_vals(:,2)] = cap_energy(varlist,
atoms (2), cap_energy_term);
else
atoms = [atoms(2), atoms(3), atoms(2) + inv_gr*(atoms(4)-atoms(2)), atoms(4)];
E_vals = [E_vals(2), E_vals(3), 0, E_vals(4)];
hi_vals = [hl_vals(2), hi_vals(3), 0, hil_vals(4)];
h2_vals = [h2_vals(2), h2_vals(3), 0, h2_vals(4)];
ri_vals = [r1_vals(2), ri_vals(3), 0, ri_vals(4)];
r2_vals = [r2_vals(2), r2_vals(3), 0, r2_vals(4)];
E_comp_vals = [E_comp_vals(:,2), E_comp_vals(:,3), zeros(4,1), E_comp_vals(:,4)];
[E_vals(3) ,h1_vals(3), h2_vals(3), ri_vals(3), r2_vals(3), E_comp_vals(:,3)] = cap_energy(varlist,
atoms (3), cap_energy_term);
end
range = atoms(4) - atoms(1);
end

E = min(E_vals);
index = find(E_vals == E);
if length(index) > 1

index = index(1);

h1l = hil_vals(index);

h2 = h2_vals(index);

rl = ri_vals(index);

r2 = r2_vals(index);

E_comp = E_comp_vals(:,index);

size = atoms(index);

end

function [E, rl, h2, size, E_comp] = golden_search_dewetted(varlist, min_val, max_val, cap_energy_term)
E_vals = zeros(1,4);

h2_vals = zeros(1,4);

ri_vals = zeros(1,4);
E_comp_vals = zeros(4,4);
golden_ratio = 0.5%(sqrt(5)+1);
inv_gr = 1/golden_ratio;
atoms = [min_val, max_val - inv_gr#*(max_val-min_val), min_val + inv_gr*(max_val-min_val), max_vall;
[E_vals (1), ri_vals(1), h2_vals(1l), E_comp_vals(:,1)] = dewetted_energy(varlist, atoms(l), cap_energy_term);
[E_vals(2), ri_vals(2), h2_vals(2), E_comp_vals(:,2)] = dewetted_energy(varlist, atoms(2), cap_energy_term);
[E_vals(3), ri_vals(3), h2_vals(3), E_comp_vals(:,3)] = dewetted_energy(varlist, atoms(3), cap_energy_term);
[E_vals(4), ri_vals(4), h2_vals(4), E_comp_vals(:,4)] = dewetted_energy(varlist, atoms(4), cap_energy_term);
range = max_val-min_val;
while range > 0.001
if (E_vals(2) > E_vals(3) && E_vals(4) >= E_vals(3)) || (E_vals(1l) >= E_vals(2) && E_vals(2) >= E_vals(3)
&& E_vals(3) >= E_vals(4))
atoms = [atoms(2), atoms(3), atoms(2) + inv_gr*(atoms(4)-atoms(2)), atoms(4)];
E_vals = [E_vals(2), E_vals(3), 0, E_vals(4)];
h2_vals = [h2_vals(2), h2_vals(3), 0, h2_vals(4)];
ri_vals = [ri1_vals(2), ri_vals(3), 0, ri_vals(4)];
E_comp_vals = [E_comp_vals(:,2), E_comp_vals(:,3), zeros(4,1), E_comp_vals(:,4)];
[E_vals(3), ri_vals(3), h2_vals(3), E_comp_vals(:,3)] = dewetted_energy(varlist, atoms(3),
cap_energy_term);
else
atoms = [atoms (1), atoms(3) - inv_gr*(atoms(3) - atoms(1)), atoms(2), atoms(3)];
E_vals = [E_vals(1), 0, E_vals(2), E_vals(3)];
h2_vals = [h2_vals(1), 0, h2_vals(2), h2_vals(3)];
ri_vals = [r1_vals(1), 0, ri_vals(2), ri_vals(3)];
E_comp_vals = [E_comp_vals(:,1), zeros(4,1), E_comp_vals(:,2), E_comp_vals(:,3)];

[E_vals(2), ri_vals(2), h2_vals(2), E_comp_vals(:,2)] = dewetted_energy(varlist, atoms(2),
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cap_energy_term);

612 end

613 range = atoms(4) - atoms(1);
614 end

615 E = min(E_vals);

616 index = find(E_vals == E);

617 if length(index) > 1

618 index = index(1);

619 end

620 h2 = h2_vals(index);

621 r1 = ri_vals(index);

622 E_comp = E_comp_vals(:,index);
623 size = atoms(index);

624 end

626 function n_atoms = starting_point (Ag)
627 length_66 = 1.425; %Length of 6-6 bonds
628 n_atoms = 4xAg/(3*sqrt(3)*length_66°2)+0.00000001;

629 if n_atoms < 20

630 n_atoms = 20;
631 end
632 end
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Appendix B

Bond type analysis script

clear

close all

sizes = ’all’; %Size of fullerenes to be analysed
if strcmp(sizes, ’all’)

dinfo = dir(’*.xyz’);

else

dinfo = dir([’*C’, sizes, ’*’]);
end
nearby_faces = 1;

if nearby_faces
length_55_0_hex = [];
length_55_1_hex = [];
length_55_2_hex = [];
length_56_0_hex = [];
length_56_1_hex = [];
length_56_2_hex = [];
length_66_0_hex = [];
length_66_1_hex = [];

length_66_2_hex = [];

end

nfiles = length(dinfo); %Number of files being read

atoms = zeros(1l,nfiles); %Vector to store the number of atoms in each fullerene
bond_numbers = zeros (3, nfiles); %[5-5, 5-6, 6-6]

bond_lengths_55 = [];
bond_lengths_56 = [];

bond_lengths_66 = [];

for i = 1:nfiles
filename = dinfo(i).name;
fID = fopen(filename, ’r’); %A file is opened
n_atoms = textscan(fID, ’ %u’, 1); %First line contains the number of atoms
atoms (i) = n_atoms{1};
A = textscan(fID, ’%s %f %f %f %u %u %u %u’, ’HeaderLines’, 2); %Lines 3 onward contain position and bond
data
bonds = [A{5}, A{6}; A{5}, A{7}; A{5}, A{8}]; %List of bonds is generated
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7

48

88
89
90

91

L = zeros(3xatoms (i)/2);

for j = 1:3%atoms(i)/2
index1 = find(bonds(:,1) == bonds(j,2));
index2 = index1(bonds(index1,2) == bonds(j,1));

bonds (index2,:) = [1;

bond_lengths = sqrt ((A{2}(bonds(:,1)) - A{2}(bonds(:,2)))."2 +

A{4}(bonds (:,1)) - A{4}(bonds(:,2)))."2);

for j = 1:3%atoms(i)/2

indices = [find(bonds(:,1) == bonds(j,1)); find(bonds(:,2)
,2)); find(bonds(:,2) == bonds(j,2))];
indices = indices(indices "= j);

for k = 1:length(indices)
L(j, indices(k)) = 1;

L(indices(k), j) = 1;

for j = 1:3%atoms(i)/2

i

©w

calculated using a depth first search
n_pentagons = DFS2([jl, L, 0, 5);
n_pentagons = n_pentagons/2;
if nearby_faces
n_hexagons = DFS2([jl, L, O, 6)/2 - 5%n_pentagons;
end
if n_pentagons == 0
bond_numbers (3, i) = bond_numbers(3, i)+1;
bond_lengths_66 (end+1) = bond_lengths(j);
if nearby_faces
if n_hexagons == 4
length_66_0_hex (end+1) = bond_lengths(j);
elseif n_hexagons == 3
length_66_1_hex (end+1) = bond_lengths(j);
elseif n_hexagons == 2
length_66_2_hex (end+1) = bond_lengths(j);
else

n_hexagons

end
elseif n_pentagons == 1
bond_numbers (2, i) = bond_numbers (2, i)+1;
bond_lengths_56(end+1) = bond_lengths(j);
if nearby_faces
if n_hexagons == 3
length_56_0_hex (end+1) = bond_lengths(j);
elseif n_hexagons == 2
length_56_1_hex (end+1) = bond_lengths(j);
elseif n_hexagons == 1
length_56_2_hex (end+1) = bond_lengths(j);
else

n_hexagons

end
elseif n_pentagons == 2
bond_numbers (1, i) = bond_numbers(l, i)+1;

bond_lengths_55(end+1) = bond_lengths(j);
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%Line graph of fullerene is initialised

%This for loop removes duplicate edges

(A{3}(bonds (:,1)) - A{3}(bonds(:,2)))."2 + (

%This for loop adds edges to line graph

== bonds(j,1)); find(bonds(:,1) == bonds(j

%Number of pentagons which share each edge



114

132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

150

end

fullerene_sizes =
bond_averages =

bond_length_averages =

for

end

if strcmp(sizes,

if nearby_faces
if n_hexagons == 2
length_55_0_hex (end+1)
elseif n_hexagons == 1
length_55_1_hex (end+1)
elseif n_hexagons == 0
length_55_2_hex (end+1)
else

n_hexagons

fclose(£ID);

unique (atoms) ;
zeros (3,
i = 1:length(fullerene_sizes)

bond_averages(:, i) =

’all’)

scatter (atoms, bond_numbers(1,:), 100)
hold on

plot (fullerene_sizes,
hold off

ax = gca;
ax.FontSize = 50;

title(’5-5 Bonds’)

xlabel (’Atoms in Fullerene’)

ylabel (’Number of 5-5 Bonds’)

[mean (bond_lengths_55);

mean (bond_numbers (:,find (atoms

bond_averages (1,:),

bond_lengths (j);

bond_lengths (j);

bond_lengths (j);

length(fullerene_sizes));

mean (bond_lengths_56) ;

’LineWidth’, 3)

fullerene_sizes(i))),

mean (bond_lengths_66)1];

2);

axis ([min(fullerene_sizes), max(fullerene_sizes), 0, max(bond_averages(1,:))])

figure (2)

scatter (atoms, bond_numbers(2,:), 100)
hold on

plot (fullerene_sizes,
hold off

ax = gca;
ax.FontSize = 50;
title(’5-6 Bonds’)
xlabel (’Atoms in Fullerene’)

ylabel (’Number of 5-6 Bonds’)

bond_averages (2,:),

’LineWidth’, 3)

axis ([min(fullerene_sizes), max(fullerene_sizes), 0, max(bond_averages(2,:))])

figure (3)

scatter (atoms, bond_numbers(3,:), 100)
hold on
plot (fullerene_sizes,
hold off
ax = gca;
ax.FontSize = 50;

title(’6-6 Bonds’)

bond_averages (3,:),

’LineWidth’, 3)
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151 xlabel (’Atoms in Fullerene’)

152 ylabel (’Number of 6-6 Bonds’)

153 axis ([min(fullerene_sizes), max(fullerene_sizes), 0, max(bond_averages(3,:))])
154

155 else

156

157 hist (bond_numbers(1,:), ceil(2xsqrt(length(bond_numbers(1,:)))))
158 ax = gca;

159 ax.FontSize = 50;

160 title(’5-5 Bonds’)

161 xlabel (’Number of 5-5 Bonds’)

162 ylabel (’Frequency’)

163 axis tight

164

165 figure (2)

166

167 hist (bond_numbers(2,:), ceil(2*sqrt(length(bond_numbers(2,:)))))
168 ax = gca;

169 ax.FontSize = 50;

170 title(’5-6 Bonds’)

171 xlabel (’Number of 5-6 Bonds’)

172 ylabel (’Frequency’)

173 axis tight

174

175 figure (3)

176

177 hist (bond_numbers(3,:), ceil(2*sqrt(length(bond_numbers(3,:)))))
178 ax = gca;

179 ax.FontSize = 50;

180 title(’6-6 Bonds’)

181 xlabel (’Number of 6-6 Bonds’)

182 ylabel (’Frequency’)

183 axis tight

184

185 end

186

187 n = 19; %must be odd

188 m = (n-1)/2;
190 figure (4)

192 h = histogram(bond_lengths_55, ceil(2*sqrt(length(bond_lengths_55))));
193 x = h.BinEdges;

194 x = x(1:end-1);

195 y = h.Values;

196 temp_y = zeros(1,length(y));

197 y = [zeros(1,m), y, zeros(1,m)];

198 for i = 1:n

199 temp_y = temp_y + y(i:end-n+i);

200 end

201 y = temp_y/n;

202 hist(bond_lengths_55, ceil(2*sqrt(length(bond_lengths_55))));
203 hold on

204 plot(x,y,’k’,’LineWidth’,5)

205 ax = gca;

206 ax.FontSize = 50;

207 title(’5-5 Bond Lengths’)

208 xlabel([’Length (’ char(197) ’)’1)
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209
210
211

212

260
261
262
263

264

™)
ot

ylabel (’Frequency’)
axis tight

hold off

figure (5)

h = histogram(bond_lengths_56, ceil (2*sqrt(length(bond_lengths_56))));
x = h.BinEdges;
x = x(l:end-1);
y = h.Values;
temp_y = zeros(1,length(y));
y = [zeros(1,m), y, zeros(1,m)];
for i = 1:n
temp_y = temp_y + y(i:end-n+i);
end
y = temp_y/n;
hist (bond_lengths_56, ceil(2*sqrt(length(bond_lengths_56))))
hold on
plot(x,y,’k’,’LineWidth’,5)
ax = gca;
ax.FontSize = 50;
title(’5-6 Bond Lengths’)
xlabel ([’Length (’ char(197) ’)’1)
ylabel (’Frequency’)
axis tight

hold off

figure (6)

h = histogram(bond_lengths_66, ceil (2*sqrt(length(bond_lengths_66))));
x = h.BinEdges;
x = x(l:end-1);
y = h.Values;
temp_y = zeros(1,length(y));
y = [zeros(1,m), y, zeros(i,m)];
for i = 1:n
temp_y = temp_y + y(i:end-n+i);
end
y = temp_y/n;
hist (bond_lengths_66, ceil(2*sqrt(length(bond_lengths_66))))
hold on
plot(x,y,’k’,’LineWidth’,5)
ax = gca;
ax.FontSize = 50;
title(’6-6 Bond Lengths’)
xlabel ([’Length (’ char(197) ’)’1)
ylabel (’Frequency’)

axis tight

hold off
save ([’Fullerene Bond Type Analysis ’, sizes], ’atoms’, ’bond_numbers’, ’fullerene_sizes’,
bond_lengths_55’, ’bond_lengths_56’, ’bond_lengths_66’, ’bond_length_averages’)

function n_pentagons = DFS2(explored, A, n_pentagons, path_length)
if length(explored) == path_length
if A(explored(end), explored(1))

n_pentagons = n_pentagons + 1;
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else

nodes = find(A(explored(end),:) == 1);
for i = nodes
if ~any(explored == i)

n_pentagons = DFS2([explored, il, A, n_pentagons, path_length);
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Appendix C

Script for analysing results

1 function [values, chiralities, percent_metallic] = dewetting_chirality(E,E_dewetted,V1,V2,h1_dewetted)
2 %Initialise the matrix of possible chiralities

3 max_nm = 100; ZLargest nanotube by radius is of chirality (max_nm, max_nm)

4 %c is the matrix of chiralities

5 [N,M] = meshgrid(O:max_nm, O:max_nm);

6 ¢ = cat(2,N’,M’);

¢ = reshape(c,[],2);

8 ¢ = unique(sort(c,2),’rows’);

clc(:,1)==c(:,2),:) = [1;

©

10 ¢ = [c(:,1), c(:,2); (1:max_nm)’, (l:max_nm)’];

11 %radius in angstroms is calculated for each chirality and added to the matrix
12 radii = (sqrt(3)*1.42/(2%pi))*sqrt(c(:,1).72 + c(:,1) .%c(:,2) + c(:,2).72);
13 ¢ = [radii, cl;

14 ¢ = sortrows(c,1);

15 %the chiral angle in radians is also calculated and added to ¢

16 c_angle = atan(sqrt(3).*c(:,2)./(2*%c(:,3) + c(:,2)));

17 ¢ = [c, c_anglel;

18 %smallest possible nanotube is (2,2), smaller nanotubes are discarded

19 ¢ = c(6:end,:);

20 %dewetting_matrix has a value of 1 at points where the dewetted state is
21 Yenergetically favourable

22 dewetting_matrix = double(E>E_dewetted);

23 n = length(dewetting_matrix);

24 Y%each column in values corresponds to a different vector of values

25 %1: particle volume

26 %2-4: a, n, and m for minimum radius tube

27 %5-7: a, n, and m for maximum radius tube

28 %8-9: min and max chiral angles

29 %10: <chiral angle for earliest dewetting

30 %11: <chiral angle for latest dewetting

31 values = NaN(n,11);

%range of chiralities is stored in chiralities cell array

chiralities = cell(l,n);

34 for i = 1:n

35 index = find(dewetting_matrix(:,i) == 1,1);

36 index_end = find(dewetting_matrix(:,i) 1,1,’last’);
37 if “isempty(index) && ~isnan(V2(index,i))

38 values (i,1) = V2(index,i);
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r_range = Vi(index:index_end,i)./(2*pi*hl_dewetted(index:index_end,i));

a_range = sqrt(2*xr_range.*hl_dewetted(index:index_end,i) - hl_dewetted(index:index_end,i)."2);

%values of a corresponding to nanotubes smaller than (3,3) are discarded
a_range = a_range(a_range > 1.71);
a_min = min(a_range);

if “isempty(a_range)

values (i,2) = a_min;
a_max = max(a_range);
values (i,5) = a_max;

index2 = find(a_min < c(:,1),1);
index2_end = find(a_max < c(:,1),1);
values(i,3:4) = c(index2, 2:3);
values (i,6:7) = c(index2_end, 2:3);
if index2 < index2_end
values (i,8) = min(c(index2:index2_end, 4));
values (i,9) = max(c(index2:index2_end, 4));

chiralities{i} = c(index2:index2_end, 2:3);

else
values (i,8) = min(c(index2_end:index2, 4));
values (i,9) = max(c(index2_end:index2, 4));
chiralities{i} = c(index2_end:index2, 2:3);
end

values (i,10) = c(index2, 4);

values(i,11) = c(index2_end, 4);

end
%The percentage of metallic nanotubes for each particle volume is calculated here
percent_metallic = zeros(m,1);
for i = 1:n
if “isempty(chiralities{i})
diff = chiralities{i}(:,2) - chiralities{i}(:,1);
percent_metallic(i) = sum(mod(diff ,3)==0)/length(diff);

else

percent_metallic (i) NaN;

%Plot for range of a values
plot(values(:,1),values(:,2),’LineWidth’,2)
hold on

plot (values(:,1),values(:,5),’LineWidth’,2)
title (’Range of Graphene Cap Edge Radii’)
xlabel ([’V_m (’ char(197) ’°3)°1)

ylabel([’a (’ char(197) ’)’1)

legend (’min’,’max’,’Location’,’southeast’)
ax = gca;

ax.FontSize = 50;

hold off

%Plot for percentage of metallic nanotubes

figure (2)

plot (values(:,1) ,100*%percent_metallic,’LineWidth’,2)

title (’Proportion of potential CNTs with Metallic Properties’)
xlabel ([’V_m (’ char(197) ’°3)°1)

ylabel(’% Metallic CNTs’)

ax = gca;
ax.FontSize = 50;
end
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