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Abstract

The growth of carbonaceous materials was studied using a Kinetic Monte Carlo
model that captures the growth and oxidation of six-member and partially-embedded
five-member rings. A novel algorithm was used to resolve the migration of partially-
embedded five-member rings around the edges of molecules. Circumcoronene
molecules were grown at 1500 K and 1 atm in the presence of varying mole frac-
tions of atomic and molecular oxygen and constant mole fractions of hydrogen and
acetylene. The parameter space of the study covered the mole fraction of atomic
and molecular oxygen in the ranges: 10 8 Xo 10 'and 10 ¢ X, 10 .
Four regions of carbon growth associated with different carbonaceous products were
identified. Graphene was formed in the presence of high mole fractions of atomic
oxygen 10 #<Xo 10 % . Fullerenes were formed in the presence of low mole
fractions of atomic oxygen and high mole fractions of molecular oxygen Xo 10 *
and 10 2<Xo, 10 ' . Low mole fractions of both atomic and molecular oxygen

Xo 10 % and Xo, 10 2 resulted in structures that became curved as time pro-
gressed. The highest mole fractions of atomic oxygen Xo > 10 2 produced small
structures due to oxidation of the molecules. The production and consumption of
partially-embedded five-member rings appear to explain the formation of the ob-
served structures. The oxidation of partially-embedded five-member rings leaves be-
hind armchair sites that grow to form large and flat structures that resemble graphene.
Formation and subsequent embedding of partially-embedded five-member rings re-
sult in curved structures that resemble fullerenes.

ole of oxygen in graphene synthesis

(o) (0)
Fullerenes 0,

Highlights
* Kinetic Monte Carlo simulations of carbonaceous materials.
* Graphene is produced in the presence of atomic oxygen.
* Fullerenes are produced in the presence of molecular oxygen.

* Partially-embedded five-member rings control curvature of carbonaceous ma-
terial.
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1 Introduction

The gas phase synthesis of carbonaceous materials is a low cost scalable approach for
generating a range of useful products. Carbonaceous patrticles in the form of carbon blacks
can be produced under adequately controlled conditions [99]. Graphene, a large single
layer of six-member rings, and fullerenes, closed cage molecules containing alternating
ve- and six-member rings, can also be produced under speci c conditions. Both have
many novel applications [13, 29, 60, 62]. Under other conditions, undesirable products
like soot are produced. This material, which is another type of carbonaceous patrticle, is
a human health concern and an atmospheric pollutant [94]. The effect of the chemical
environment on the formation of carbonaceous patrticles, fullerenes and graphene is still
not fully understood.

Carbonaceous patrticles, fullerenes and graphene can be produced simultaneously under
different conditions. Carbonaceous patrticles are primarily formed from polycyclic aro-
matic hydrocarbons (PAHS) produced in oxygen de cient environments such as ames
or pyrolysis reactors. There is strong evidence that the interaction of two PAHs leads
to the inception of carbonaceous particles, but the identity of these PAHSs, and the na-
ture of their interactions, remain elusive [94]. Fullerenes can be produced alongside car-
bonaceous particles in arc discharge reactors [10]. Fullerenes can also be produced in
regions of high temperature [34] and in the presence of oxidising species [32, 38] in low
pressure benzene [34] and acetylene [100] ames. Fullerenes are thought to share com-
mon intermediates with carbonaceous particles that, instead of gaining mass, embedded
ve-member rings until the structure becomes fully curved [34]. Graphene can also be
produced alongside carbonaceous particles in the gas phase of plasma reactors among
other methods [70]. In one setup, ethanol and argon are used in a microwave plasma re-
actor [4, 15-17, 61, 88, 89]. The presence of oxygen in the precursor was found to be
necessary to produce signi cant amounts of graphene [16]. In another setup, mixtures
of methane, hydrogen and argon have been used to produce graphene in a microwave
plasma [6, 83] or an arc-discharge plasma at different pressures [93]. In this case, the
yield of graphene was reported to increase with increasing hydrogen content in the mix-
ture [83]. In non-plasma conditions, large molecules that resemble graphene have been
detected alongside carbonaceous particles in low pressure acetylene ames [100].

The surface growth of carbonaceous materials in a chemical environment is typically
described by the hydrogen-abstraction acetylene-addition mechanism, better known as
HACA [22] mechanism. This reaction model has been repeatedly used to study the sur-
face growth of carbonaceous particles without discriminating the local chemical structure
involved in each reaction [1, 23, 43, 79]. Resolving the local chemical structure, com-
monly referred to asites has been shown to be necessary to predict the morphology of
carbonaceous products [76]. For example, an acetylene addition can produce either a ve-
or a six-member ring depending on the site where the reaction takes place [26].

The interactions between carbonaceous materials and oxygenated species have been ex-
tensively studied, most typically in combustion experiments. Early experiments on carbon
rods with molecular oxygen (£ showed that carbonaceous materials present different
types of reactive site, resulting in the development the Nagle-Strickland-Constable (NSC)
model [92]. Neoh and collaborators showed that in low concentrations of molecular oxy-



gen, oxidation appears to be dominated by hydroxyl radical (OH) [21, 67, 68], and that
atomic oxygen (O) is unlikely to be a signi cant oxidiser in typical ame conditions.
However, atomic oxygen has been detected in plasma reactors [39, 86] and in signi cant
concentrations in plasma assisted combustion experiments [41]. These three species ap-
pear to play different roles in the oxidation of carbon materials. Molecular oxygen appears
to be responsible for the oxidation of carbonaceous patrticles from the inside of the parti-
cles, while hydroxyl radical is associated with surface oxidation [28, 30, 64, 66]. Atomic
oxygen has been suggested to contribute to the oxidation of resonantly stabilised radi-
cals [25] as well as producing epoxy and ether groups on the basal planes of PAHs [48].
Those oxygenated groups possibly explain the different oxidation rates observed in recent
oxidation experiments of carbon black with molecular and atomic oxygen [64].

Modelling the surface growth and oxidation of carbonaceous materials using kinetic mod-
els is challenging. The large number of individual species present in a reactive environ-
ment result in a large number of equations to be solved. Two types of model have been
used to address this issue. Semi-empirical models have been extensively used to study the
surface growth and oxidation of carbonaceous patrticles [1, 7, 23, 27, 30, 33, 43, 51, 79].
Even though these models reproduce some of the integral properties of carbonaceous par-
ticles .g.volume fraction [79]), they do not resolve the structural transformations of the
molecules present in the material. In contrast to this, detailed particle models keep track
of the sites available on a molecular edge. The reactions in this kind of model represent
the transformation of individual surface sites instead of the full molecule. Detailed parti-
cle models typically use a Kinetic Monte Carlo (KMC) method to simulate the reactions
occurring at individual sites. These are commonly known as KMC models. These models
have been used to study the growth of graphene sheets [24, 102, 103], the formation of
carbonaceous particles [76, 105] and the growth of particle precursors [47, 50].

Detailed models have been used to study the interaction of oxygenated and graphenic
molecules. Frenklach and collaborators [19, 84, 85] used a KMC model to study the
oxidation of different rings on graphene edges. Their results suggest that molecular oxy-
gen and hydroxyl radical are responsible for the oxidation of six-member rings via the
decomposition of oxyradicals. This reaction produces either a ve-member ring or a
partially-embedded ve-member ring. They also showed that atomic oxygen is likely to
be responsible for the oxidation of partially-embedded ve-member rings [25]. The oxida-
tion of six-member rings and partially-embedded ve-member rings by different species is
shown in Scheme 1. Other detailed models have focused on the formation of oxygenated
groups in molecules that are precursors for carbonaceous particles [20, 81, 96, 97]. These
studies suggest that oxygenated species can enhance the growth of carbonaceous materials
by creating additional types of ring and types of site in the material.

Scheme 1:Species associated with the oxidation of six-member rings [84] and
partially-embedded ve-member rings [25].



Partially-embedded ve-member rings play an important role in the growth and oxida-
tion of graphene, fullerenes and carbonaceous particles. Frenklach and collaborators sug-
gested that these rings participate in the growth of graphene sheets by creating additional
sites where six-member rings can grow [102]. Once formed, these rings participate in
transformation processes that change the morphology of the structure. These are illus-
trated in Scheme 2. Firstly, partially-embedded ve-member rings are able to migrate
around the edge facilitated by an hydrogen abstraction reaction. This process allows the
rings to be positioned on either the edge or the corner of molecules. However, the kinetics
of the migration reaction favour the edge position [104]. Secondly, rings occupying an
edge position can become fully-embedded leading to the formation of curved polycyclic
aromatic hydrocarbons (CPAHs) [102, 105, 106]. Recently, the recombination of partially-
embedded ve-member rings and neighbouring seven-member rings has been suggested
as a possible mechanism for the formation of graphenic structures [44, 57].

Scheme 2:Migration and embedding of partially-embedded ve-member rings [104].

The morphology of PAHs is also thought to play an important role in the inception of
carbonaceous patrticles. Recently, two types of radical have been suggested as possible
species that could participate in inception processes. First, delocphssicals, which

are associated with an odd number of six-member rings [42], delocalise their radical be-
haviour around the molecular structure giving them additional stability at high tempera-
tures [40]. Second, localisgdradicals [54], which localise their radical character around
edge ve-member rings and partially-embedded ve-member rings. Both types of radical
have been suggested to form stable bonds with other PAHs and rate constants for these
processes have been calculated [54, 58, 59, 71]. Species with all of these structures have
been experimentally observed in carbonaceous particles with different levels of hydrogen
content and embedding using atomic force microscopy [11].

The interactions between oxygenated species and different carbonaceous materials have
been studied mostly in combustion experiments. However, few studies have focused on
conditions that favour the production of materials like graphene or fullerenes. A system-
atic study on the combined effect of surface growth in the presence of different oxygenated
species is still missing.

The purpose of this paperis to investigate the effect of the oxygenated species on the
formation of carbonaceous patrticles, fullerenes and graphene. A detailed KMC model is
used to simulate the oxidation and growth of molecules in the presence of constant mole
fractions of hydrogen and acetylene, and varying mole fractions of atomic and molec-
ular oxygen. Two improvements are made to the model. First, the model is expanded
to include the oxidation of partially-embedded ve-member rings and six-member rings
with rates calculated using a steady-state approximation. Second, a new numerical al-
gorithm is introduced for the ef cient simulation of the migration of partially-embedded
ve-member rings whilst retaining accurate growth and oxidation rates.

5



2 Methodology

2.1 Kinetic Monte Carlo model

Kinetic Monte Carlo models are useful to study the growth and oxidation of carbona-
ceous materials because they keep track of the sites that determine the reactivity of the
molecules. These sites are allowed to react based on a set of reaction rules that are as-
sumed to be a function of the site type. This gives these models the ability explore the
transformation of different structures beyond typical gas phase chemical kinetic mecha-
nisms.

In this work we use th&10pS Particle Simulatof12] to track the evolution of molecules

in different chemical environments. The details of the model have been described pre-
viously [50]. In this work we improve the model by adding new processes for the ox-
idation of partially-embedded ve-member rings and six-member rings using published
rates from the literature [19, 25, 84]. The numerical performance of the model is also
improved by including a new algorithm to describe the migration of partially-embedded
ve-member rings more ef ciently. The algorithm was developed to be exaxithas no

effect on the results calculated by the model), yet reduced computational times by more
than an order of magnitude for all simulated cases. A complete description of the individ-
ual reactions, the process rates and the new migration algorithm is given in Appendix A.

2.2 Parameter space

Most detailed models have focused on the growth and oxidation of carbonaceous materials
in isolated conditions [25, 84, 85]. The few studies that have considered the competition
between growth and oxidation have done so in the context of combustion [20, 81, 96,
97]. A systematic parameter sweep to investigate the competition between growth and
oxidation is still missing in the literature. To begin to address this gap, the chemical
conditions selected in this work have been chosen to consider a constant potential for the
growth of carbonaceous materials while varying the potential for both the oxidation of
six-member rings and partially-embedded ve-member rings.

The oxidation of six-member rings is dominated by two species: molecular oxygen and
hydroxyl radicals. However, hydroxyl radicals participate in hydrogen abstraction reac-
tions [2, 8, 65] that promote surface growth. Molecular oxygen has a high energy barrier
for the same reaction [25]. For this reason, molecular oxygen was selected for this study.
Atomic oxygen was selected as a second oxidising species because it is known to attack
partially-embedded ve-member rings.

It is desired to study conditions that are relevant to a wide range of experimental scenarios
including fuel-rich ames, plasma and pyrolysis reactors. The parameter space therefore
spans several orders of magnitude. The conditions used in the study are as follows: The
mole fractions of species that contribute to growth were held consta@pt at 0:01 and

Xy, = Xcn, = 0:1. These conditions have been widely used to study typical growth
environments [57, 75, 102]. Likewise, temperature and pressure were held constant at
1500 K and 1 atm and the simulation time held constant at 5 ms, consistent with previous
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studies [57, 75, 84, 102]. The mole fractions of atomic and molecular oxygen were varied
in log-scaled intervals covering the ranges®0 X, 10 *and 10® Xo,, 10! The
balance of the reaction mixture was argon.

The KMC model was used to simulate the oxidation and growth of an ensemble of 300
circumcoronene (§zH1g) molecules at each condition. The interactions between multiple
molecules was not considered.

3 Results and discussion

3.1 Regions of carbon growth

The growth of the molecules resulted in different morphologies in the different chemical
environments sampled by the parameter space. However, small variations in the mole
fractions of molecular and atomic oxygen resulted in similar structures. This allowed
us to divide the parameter space in four regions of carbon growth, where each region is
associated with the observation of different carbonaceous structures: (1) large cPAHSs, (2)
small cPAHS, (3) large at molecules, and (4) small molecules.

Figure 1 shows the average number of carbons observed in each molecule at the end
of each simulation. The edges of the four regions of carbon growth are indicated with
dashed lines. Experimental data for ames that produce carbonaceous particles [20, 67],
fullerenes [55] and large at molecules that resemble graphene [101] are shown (and are
joined by continuous lines to guide the eye). Symbols are only shown for conditions that
had suf cient hydrogen and acetylene to sustain the growth of carbonaceous structures.
The geometry of representative molecules sampled from each region are also shown. The
geometry of the full set of molecules is available in the Research Data associated with this
work.

Region 1 (bottom left of Fig. 1) encompasses the lowest mole fractions of atomic and
molecular oxygen, 1 Xo 10 #and10°® X, 10 2. The molecules in Region 1
contained an average of 300 carbon atoms. The molecules were mostly at at early times,
but became curved as simulations progressed. This can be seen in the representative struc-
tures in Fig. 1. Although the observed structures were large cPAHSs, the main product in
Region 1 will be carbonaceous particles. There is strong evidence that carbonaceous par-
ticles are formed by the interaction of two intermediate (and unknown) PAHs [94]. These
interactions were not part of the scope of this study and the possibility to form carbona-
ceous particles was not included in the current model. However, the molecules in this
region spend signi cant time in the reaction environment before becoming curved. Dur-
ing this time the molecules could form carbonaceous particles. Most premixed sooting
ames lie in Region 1. The maximum concentrations of molecular and atomic oxygen
appear on the upstream side of the ame front, whilst the maximum concentrations of hy-
drogen and acetylene appear within the ame. This is represented as a movement towards
the bottom left of Fig. 1. Two example ames in Fig. 1 are fully contained in Region 1: a
sooting acetylene/air ame [20, 80] and the methane/oxygen experiments by Neoh [67].
The latter is included to highlight that oxidation by hydroxyl radicals becomes signi -



Figure 1: Average number of carbons in each molecule versus mole fraction of atomic
and molecular oxygen. Four regions of carbon growth (1 to 4) are indicated
with dashed lines. Representative structures sampled from each region, at con-
ditions indicated with open symbols, are shown. Experiments for which it is
possible to estimate the mole fractions of atomic and molecular and oxygen
are also shown. These correspond to) plasma ignition experiment [74],

(H) acetylene/oxygen low pressure ame [101]) benzene/oxygen low pres-
sure ame [55], (N) methane/oxygen ame [68] and ) ethylene/air sooting
ame [20]. Plasma ignition experiment is indicated with a dagg#y. (Low
pressure conditions (2.7kPa) are indicated with an asterisk (*).

cant in ames with low mole fractions of molecular oxygeXo, < 10 ° . Two other
experiments are partially contained in this region and will be discussed below.

Region 2 (bottom right of Fig. 1) encompasses low mole fractions of atomic oxygen and
high mole fractions of molecular oxygen, F0 Xo 10 “and 102< Xo, 10 1. The
molecules in Region 2 contained an average of 150 carbon atoms. The structures in this



region were highly curved and smaller than those in Region 1. Most of the structures be-
came curved at short times. This can be seen in the representative structures in Fig. 1. The
structures in this region resembled open caged fulleroids. Closed caged structures could
not be produced in the simulations because no process to close the molecular structure was
included in the current model. The interpretation of these observations is that the main
product in Region 2 will be fullerenes. These observations are consistent with the exper-
imental evidence presented in Fig. 1, where both carbonaceous particles and fullerenes
have been reported in the low pressure acetylene/oxygen [34, 100] and benzene/oxygen
ames [36-38] that straddle Region 1 and Region 2.

Region 3 (middle of Fig. 1) encompasses high mole fractions of atomic oxygen and spans
the full range of mole fractions of molecular oxygen in Fig. 1,18 Xo 10 2 and
10 & Xo, 10 1. Region 3is characterised by the highest average number of carbons
per molecule: the molecules in Region 3 contained an average of 500 carbon atoms at
Xo = 10 3 and 600 carbon atoms t = 10 2. At high values of molecular oxygen

Xo,> 10 2 the molecules in Region 3 showed a lower number of carbons (approxi-
mately 300) per molecule due to oxidation. The structures in Region 3 were signi cantly
larger than in the other regions. Most of the molecules were at throughout the simula-
tion. This can be seen in the representative structures in Fig. 1. The largest molecules were
sampled at the higher mole fractions of atomic oxyg¥pg= 10 2 . To our knowledge
this is the rst time that such large structures have been obtained in a model that allows
for the inclusion of curvature as a result of competing oxidation and surface growth. The
preferred structure in this region is graphene. The high mole fractions of atomic oxygen
that characterise this region make the synthesis of graphene in typical ame conditions
unlikely. The only ame that appears to be close to this region is the low pressure acety-
lene/oxygen ame [100, 101] that reported the presence of large at molecules in these
conditions. However, this observation makes an argument for the production of graphene
in other environments. Plasma experimemg[15, 16, 61, 86, 87] are known to form
large numbers of oxygen radicals and ions that could perhaps explain the production of
graphene. One of the challenges for these processes is to improve the prediction and
detection of species formed in the plasma to explain the production of new materials.

Lastly, Region 4 (top of Fig. 1) encompasses the highest mole fractions of atomic oxygen
and spans the full range of mole fractions of molecular oxygen in Fi¥o > 10 2 and

10 ¢ Xo, 10 L. Thisregion was characterised by a reduction in size of the molecules,
despite the presence of hydrogen and acetylene. The molecules in Region 4 were at and
decreased in size during the simulations. This can be seen in the representative structures
in Fig. 1.

Two opposite effects are clearly seen on the structures shown in Fig. 1. Molecular oxygen
contributes to the integration of curvature while atomic oxygen inhibits it. The mechanism
by which these two species lead to one process or the other appears to be related to the
production and consumption of partially-embedded ve-member rings and is discussed in
the following sections.



3.2 Size distributions

The consideration of the average number of carbons per molecule allowed a straightfor-
ward comparison between the different regions of carbon growth. However, to have a
more complete picture of the predicted structures, it is necessary to analyse the evolution
of the size distribution of the sampled species as a function of the chemical conditions.

Figure 2: Molecular mass distribution of molecules versus mole fraction of atomic and
molecular oxygen. Simulation times of 2.5 and 5.0 ms are shown in blue and
orange. Four regions of carbon growth (1 to 4) are indicated with dashed lines.

Figure 2 shows the molecular mass distributions of the sampled molecules halfway through
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(2.5 ms) and at the end (5.0 ms) of each simulation. Kernel density estimates (calculated
using Seaborn with a Gaussian kernel and optimal bandwidth [98]) were used to estimate
the continuous distribution functions shown in Fig. 2 from the masses of the molecules
sampled by the KMC simulations.

The mass distributions sampled in Region 1 at 2.5 ms were centred around 2,000 a.m.u.
with maximum values of approximately 4,000 a.m.u. By 5.0 ms the distributions were
centred around 5,500 a.m.u. and presented a tail that extended up to 10,000 a.m.u. The
molecules in these tails did not show any particular morphological difference in their
structure other than being larger than the other molecules sampled in Region 1. They had
a similar number of embedded ve-member rings and similarly few hydrogen atoms.

Region 2 showed very similar mass distributions at both simulation times. The distribu-
tions were centred at 2,000 a.m.u. with a range extending from 1,000 to 3,000 a.m.u. The
similarity of the mass distributions is an indication that the growth of these molecules is
not signi cant after 2.5 ms. This effect can be explained by the decrease in the number of
sites available for growth as the structure becomes highly curved.

The mass distributions sampled in Region 3 increased in width during the simulations.

At 2.5 ms the distributions were centred around 2,000 a.m.u. with a range extending to
approximately 4,000 a.m.u. However, at 5.0 ms the distributions showed ranges extending
to 13,000 a.m.u. aXo = 10 3 and extending to more than 16,000 a.m.uXgt 10 2.

The only exception to these large distributions appearé@at 10 1, Xo = 10 3, where

the distribution showed a maximum value of 6,000 a.m.u. The large maximum values

are indicative of the growth of large structures. These large structures were observed to
be at or slightly curved. Region 4 showed distributions centred at masses of less than

1,000 a.m.u. but with long tails composed of a few large molecules up to 7,000 a.m.u. in

size appearing between 2.5 ms and 5.0 ms. The molecules in the tails of the distribution
were smaller than, but otherwise similar to those observed in Region 3 at 5.0 ms.

The residence time has different effects on the mass distribution of the molecules in each
region. This can be seen by comparing the distributions of Regions 1 and 3 in Fig. 2. At
2.5 ms the mass distributions in each region are similar. However, the mass distributions
are signi cantly different at 5.0 ms, with Region 3 showing signi cantly larger molecules.
The integration of curvature appears to be crucial in controlling the surface growth of
carbonaceous structures. This can be observed in the mass distributions in Region 2,
which did not change after 2.5 ms.

3.3 Inclusion of curvature

The curvature of carbonaceous nanostructures is caused by the presence of fully-embedded
ve-member [102] rings and seven-member [90] rings. In the extreme case, the presence
of embedded ve-member rings can lead to the formation of closed caged fullerenes. In
the absence of embedded ve-member and seven-member rings, the molecules take the
form of large sheets of six-member rings that resemble graphene.

Figure 3 shows the average number of fully-embedded ve-member rings per molecule
at 2.5 ms and 5.0 ms. The gure shows that, except at the highest mole fractions of
atomic oxygen in Region 4, ve-member rings are embedded in the molecules during the
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simulations.

Figure 3: Average number of fully-embedded ve-member rings per molecule at
(@) 2.5 ms and (b) 5.0 ms.

The molecules from Region 1 showed an average of 6 and 11 fully-embedded ve-member
rings at 2.5 ms and 5.0 ms, respectively. In this region the molecules became increas-
ingly curved during the simulations. At low concentrations of oxygenated species, the
molecules steadily embed ve-member rings and gain curvature. This has also been ob-
served in earlier work [50].

At 2.5 ms, Region 2 already shows structures that contain an average of 11 embedded
ve-member rings per molecule, where the rst molecule to reach this value was observed
after only 1.1 ms. At 5.0 ms, every part of the region has an average of 11 embedded ve-
member rings. Molecular oxygen in the presence of favourable conditions for surface
growth (hydrogen and acetylene) provides an additional pathway for the inclusion of ve-
member rings. This agrees with the observations of fullerenes sampled from diffusion
ames [32] where it was suggested that the presence of molecular oxygen enhances the
formation of curved structures.

Region 3 shows a trend similar to that in Regions 1 and 2, but with much slower inclu-
sion of embedded ve-member rings. At 2.5 ms the molecules presented an average of
only 1 and 0 embedded ve-member ringsXaf= 10 3 andX, = 10 2 respectively. By

5.0 ms the number of embedded rings had reached 6 and 2 for the same conditions. It
appears that for carbonaceous structures subject to HACA growth, the probability of em-
bedding a partially-embedded ve-member ring, and thus including curvature, increases
with residence time.

The majority of the molecules in Region 4 did not appear to embed curvature at any time.
The small structures that characterise this region were not large enough to fully-embed a
ve-member ring before being oxidised. However, in our study we were unable to nd a
set of conditions where molecules kept growing without at least some molecules includ-
ing curvature after some time. This observation, although not surprising, has profound
implications for the production of defect free graphene.
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3.4 Mechanism for the formation of carbonaceous materials

Figure 4: Mechanism of the formation of carbonaceous particles, fullerenes and
graphene from partially-embedded ve-member rings. Black arrows show pro-
cesses that are present in all conditions. Blue arrows show processes that
favour the production of fullerenes. Red arrows show processes that favour
the production of graphene. Orange arrows show the crosslinking of partially-
embedded ve-member rings. Crosslinking was not studied in this work but has
been suggested by other studies [40, 54].

Partially-embedded ve-member rings play a crucial role in the formation of the different
carbon structures discussed in this work. Figure 4 shows processes that produce, trans-
form and consume partially-embedded ve-member rings. Under different conditions
these processes can explain the formation of graphene, fullerenes and carbonaceous par-
ticles. The production of these rings can happen via three processes shown in the top row
of the gure: (i) bay closure, (ii) HACA growth neighbouring ve-member rings occu-
pying edge positions and (iii) the oxidation of free-edge six-member rings by molecular
oxygen. These processes form two different types of partially-embedded ve-member
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rings (second row of Fig. 4), where the partially-embedded ve-member ring can occupy
either an edge position (left) or a corner position (right). Once formed, these structures
can interconvert via ring migration processes. Previous studies have shown that the edge
position is kinetically favoured [104].

The third row of Fig. 4 shows the processes that consume partially-embedded ve-member
rings. The bay closure and HACA processes (marked with a dagger, 1) contribute to the in-
clusion of curvature via bay-capping of partially-embedded ve-member rings occupying
edge positions [75, 102, 106]. Oxidation by atomic oxygen (marked with a double dagger,
¥) and the recombination of partially-embedded ve-member rings next to seven-member
rings (not shown) remove partially-embedded ve-member rings occupying corner posi-
tions without introducing curvature. A fth process (crosslinking, orange) is discussed
later. The recombination of partially-embedded ve-member rings next to seven-member
rings (shown in the Appendix, Table A.1, process S27) appeared to be unimportant due to
the infrequent sampling of the processes (corresponding to less than 2% of the processes
that removed partially-embedded ve-member rings at any given point in the parameter
space). The oxidation of partially-embedded ve-member rings occupying corner posi-
tions by molecular oxygen is not favoured (marked with a turned dagdés], whereas
oxidation by atomic oxygen (f) leaves behind an armchair site that can undergo subse-
guent HACA growth as shown in Fig. 4.

In KMC models, the number of times each process is sampled is proportional to the rate
of that process. In this work, the contribution of the chemical environment to growth
processes was held constant by maintaining xed values of tt&,,CH and H mole
fractions, temperature and pressure, while the contribution to oxidation processes varied
as a function of location in the O —(parameter space. Figure 5 shows the number of
sampled processes that produce (top row of Fig. 4) and consume (third row of Fig. 4)
partially-embedded ve-member rings across the Q-p@rameter space. The bars have
been divided to show the contribution of each process. The number of sampled processes
for six-member ring growth are also shown.

The different regions of the parameter space show different behaviours. In Region 1 the
formation of partially-embedded ve-member rings was dominated by HACA (blue) and
bay closure (green) processes. This region also showed an increase in the production
of partially-embedded ve-member rings via oxidation (red) of six-member rings as the
mole fraction of molecular oxygen increased. The consumption of partially-embedded
ve-member rings in this region was dominated by HACA (blue) and bay closure (green)
processes that result in curved structures. The number of six-member ring growth pro-
cesses (orange) sampled in this region was the second highest, exceeded only by Region 3.

Region 2 showed increased production of partially-embedded ve-member rings due to
oxidation (red) by molecular oxygen. The consumption of these rings was mainly driven
by HACA (blue) and bay closure (green) processes forming fully-embedded ve-member
rings. This increased production of partially-embedded ve-member rings is consistent
with previous work [84]. The low number of six-member ring growth processes (orange)
sampled in this region is a consequence of the rapid embedding of curvature and the
consequent reduction in the number of sites available for further HACA growth.

In Region 3, partially-embedded ve-member rings were produced by HACA (blue), bay
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Figure 5: Number of sampled processes in each simulation of 300 molecules. The rst
bar in each plot shows processes that produce partially-embedded ve-member
rings. The second bar shows processes that consume patrtially-embedded ve-
member rings. The bars are divided to show the contributions by HACA (blue),
bay closure (green) and oxidation (red). The third bar shows processes that
produce six-member rings (orange). Four regions of carbon growth (1 to 4) are
indicated with dashed lines.
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closure (green) and six-member ring oxidation (red) processes. The number of sampled
oxidation processes increased as the mole fraction of molecular oxygen increased. The
consumption of partially-embedded ve-member rings was mainly due to oxidation (red)
by atomic oxygen, with this process becoming more dominant as the mole fraction of
atomic oxygen increased. The armchair sites produced by the oxidation (red) of partially-
embedded ve-member rings by atomic oxygen allow further growth without the inclusion
of curvature. This is consistent with the observation that Region 3 sampled the highest
number of six-member ring growth processes (orange) of all regions, with the number
of sampled processes only notably decreasing at very high mole fractions of molecular
oxygen Xo, > 10 2 . Itis possible that atomic oxygen produced in plasma reactors con-
tributes to the formation of graphene following these processes.

Region 4 sampled a large number of oxidation (red) processes that both produced and
consumed partially-embedded ve-member rings, alongside a signi cant number of six-
member ring growth processes (orange) consistent with the production of armchair sites
by the oxidation (red) of partially-embedded ve-member rings by atomic oxygen. The
net effect was a reduction in the size of the molecules during the simulations in Region 4.

The combination of processes that produce and consume partially-embedded ve-member
rings provides a possible explanation for the formation of fullerenes and graphene. In the
absence of atomic oxygen, high mole fractions of molecular oxygen result in the produc-
tion of additional partially-embedded ve-member rings that can become fully-embedded
after migration processes move them to edge positions. This results in curved structures,
with an associated decrease in the number of sites that are available for reaction. This
reduces the rate of growth and results in conditions that are favourable for the formation
of fullerenes. Crosslinking with other carbonaceous molecules may be another process
that contributes to the formation of fullerenes [34]. In the presence of atomic oxygen,
partially-embedded ve-member rings occupying a corner position can be oxidised to
produce armchair sites that can subsequently grow via a HACA addition. This results
in larger at molecules that resemble graphene. These processes are indicated in Fig. 4
with blue and red arrows showing processes that we have discussed in connection with
the formation of fullerenes and graphene respectively. There is also evidence for the for-
mation of graphene in oxygen-free plasma reactors [6, 83]. This suggests that there must
also be other mechanisms that prevent the inclusion of curvature in the molecules. A pos-
sible pathway could be the consumption of partially-embedded ve-member due to ring
enlargements caused by reactions with species that add a single carboe .atomethyl
radical) [3]. This process could convert ve-member rings into six-member rings.

The orange arrows on Fig. 4 indicate crosslinking processes between (as yet unknown)
structures. Although these processes are not simulated in the current KMC model, they
are believed to occur during the formation of carbonaceous particles and may be related
to the presence of ve-member rings. Many structures containing ve-member rings have
been shown to be able to form localisperadicals [54]. The structure containing the
partially-embedded ve-member ring occupying a corner position (right, second row of
Fig. 4) is an example of such a radical. It has been shown that the crosslinking of large
localisedp-radicals (from approximately 400 a.m.u.) results in stable bonded and stacked
structures [54], that multiple localisquiradicals are possible within a single structure
and that the concentrations of localisperadicals are potentially signi cant at 1400—
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1500 K [58], leading to the suggestion of localisedadicals as possible candidates to
explain the inception of carbonaceous particles. Under conditions that slowly consume
partially-embedded ve-member rings (Region 1), as opposed to rapidly embedding the
rings (Region 2) or oxidising them (Region 3), the molecules are likely to have enough
time to form localised radical sites and interact with other molecules. Both of these ob-
servations are consistent with the pressure dependency of the different products: lower
pressures drastically reduce the formation of carbonaceous patrticles, favouring the for-
mation of fullerenes and graphene. This mechanism for the formation of carbonaceous
particles via the collision of localisgalradicals needs further investigation.

4 Conclusions

A KMC model was used to study the growth of carbonaceous structures under different
chemical conditions. The model includes processes for growth and for the oxidation of
six-member rings and partially-embedded ve-member rings, and uses a new algorithm
for the ef cient simulation of the migration of partially-embedded ve-member rings
around the edge of the molecules. The mole fractions of hydrogen and acetylene were
held constant aXy = 0:01 andXy, = Xc,n, = 0:1, whilst the mole fractions of atomic

and molecular oxygen were varied in range 80 X, 10 'and 10® X, 101

The balance of the reaction mixture was argon.

The model was used to simulate the change in the structure of 300 circumcoronene
(Cs4H1g) molecules at each set of conditions. It was observed that atomic and molecu-
lar oxygen, which preferentially oxidise ve-member and six-member rings respectively,
have different effects on the size and morphology of the resulting carbonaceous structures.
Four different regions of carbon growth, each of which is associated with processes that
produce and consume patrtially-embedded ve-member rings, were observed:

« In conditions with signi cant mole fractions of atomic oxygeh0 < X, 10 ?
and the full range of mole fractions of molecular oxygefs, 10!, the oxi-
dation of partially-embedded ve-member rings produces armchair sites that par-
ticipate in further growth processes. This produces large and at molecules that
keep growing as time progresses. This region is associated with the production of
graphene.

« In conditions with signi cant mole fractions of molecular oxygeko, > 10 2
and low mole fractions of atomic oxygeX, 10 # , the oxidation of six-member
rings produces additional partially-embedded ve-member rings that become rapidly
embedded and formed highly curved structures. This region is associated with the
production of fullerenes.

« In conditions with high mole fractions of atomic oxygeXo > 10 2 and the full
range of mole fractions of molecular oxygeX,, 10 !, the oxidation of both
six-member rings and partially-embedded ve-member rings resulted in a reduction
in the size of the simulated molecules.
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* In conditions with low mole fractions of both molecular and atomic oxygen
Xo, 102 and X, 10 * the simulated molecules became curved and grew
slowly resulting in molecules with intermediate sizes. The possibility is raised that
the slow inclusion of curvature in this region allows the formation of localized
radicals in partially-embedded ve-member rings. These radicals have been sug-
gested to participate in the formation of carbonaceous patrticles [54].

The regions of carbon growth with low mole fractions of atomic oxygen agree well with
known observations of the appearance of carbonaceous particles and fullerenes. The other
regions seem unlikely to be observed in typical ame environments. However, processes
associated with an increased production of atomic oxygen such as plasma reactors may
operate at such conditions. This could contribute to the production of graphene in such
processes.

The production and consumption of partially-embedded ve-member rings appears to be
important in explaining the formation of graphene, fullerenes and carbonaceous parti-
cles. These rings have been observed experimentally [11]. Further work is necessary to
understand their role with respect to the viability of crosslinking in different chemical
environments.

Research data

The source code for the KMC model [12] used in this paper is available on GitHub
(https://github.com/ucam-ceb-como/MOpS ) under an open source licence. All
simulated structures are available to download from the University of Cambridge data
repository (doi:10.17863/CAM.66055).
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A Appendix

A.1 Reported experimental conditions

This section explains the origin of the experimental data reported in Figure 1 in the main
text.

A.1.1 Low pressure benzene/oxygen ame

Low pressure benzene/oxygen/argon ames have been used to study the formation of
fullerenes for several decades [5, 32, 36—38]. However, the detection of atomic oxygen
in these ames has been dif cult due to the abundance of methane [5, 18], which has the
same molecular weight as atomic oxygen. Modelling studkes 18, 78] have also not
focused on reporting this species.

The closest data available have been taken from McKinnon [55], who studied this ame
for pressures ranging between 20 and 40 torr, equivalence ré&t)jamiiging between

2.0 and 2.5, and dilutions between 0 and 45%. McKinnon [55] reported molecular oxy-
gen measurements at 40 tofr= 2:4 and 10% dilution. Temperatures between 2000
and 2030 K were reported in the regions of the ames that contained mole fractions of
molecular oxygen in the rang&o, 10 ! . Atomic oxygen was not reported for these
conditions but equilibrium calculations as a function of temperature and equivalence ratio
were reported for a system at 20 torr and 30% dilution. Assuming that these conditions are
similar to those reported above € 2:4, 2000< T < 2030 K) the equilibrium atomic
oxygen mole fractions correspondto 80 °< Xo < 2 10 4.

A.1.2 Low pressure acetylene/oxygen ame

Several low pressure acetylene/oxygen/argon ames have been used to study the forma-
tion of carbonaceous particles. Of particular interest is that of Homann and collabora-
tors [100], who used undiluted ames at 20 torr with equivalence ratios between 1.75
and 2.65. They reported the presence of fullerene ions of different sizes as well as large
PAHs with more than 400 carbon atoms at an equivalence fatio2:5 and a laminar

ame speed of 42 cm/s. The C/H ratio of the largest PAH molecules was reported to be
between 6.0 and 7.0, which suggests the presence of large edges and few fully-embedded
ve-member rings.

The mole fractions of the gas phase species in these ames were taken from Westmoreland
[101], who studied a ame at 20 torr with an equivalence ratio of 2.4 with 5.0% dilution by
argon. Westmoreland [101] reported mole fractions for molecular oxygen as a function
of height above the burner and estimated mole fractions for atomic oxygen using ve
different mechanisms that show similar trends and reasonable agreement with each other.
Values were taken from those reported from the mechanism by Warnatz (WZ).
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A.1.3 Atmospheric ethylene/air plasma ignition

Measuring species generated in plasma conditions is a complicated task that becomes
even more dif cult in the presence of carbonaceous materials. Most plasma experiments
associated with carbonaceous fuels have focused on determining the concentrations of
atomic oxygen during the ignition of the ame in the context of plasma assisted combus-
tion. However, even in this case only a few experiments have attempted to measure the
concentration of atomic oxygen in fuel rich conditions [41, 69]. In this work we report
the results from ignition experiments by Pendleton et al. [74] to estimate the concentra-
tion of atomic oxygen in plasma environments. Further work is needed to determine better
estimates.

Pendleton et al. [74] used a streamer discharge to create a Gaussian-like voltage waveform
lasting for 40 ns. Two-photon absorption laser-induced uorescence (TALIF) was used
to measure the number density of atomic oxygen 8 mm above an atmospheric pressure
McKenna burner at the point of igniting the ame. Using premixed ethylene and air

at an equivalence ratio of 2.4 and a ame speed of 10 cm/s they reported an oxygen
atom number density of:8 10' cm 3 that decayed to:®@ 10'® cm 2 as the atomic
oxygen was consumed. In a previous work [73] they reported temperatures between 1350
and 1540 K measured using coherent anti-Stokes Raman spectroscopy (CARS). These
values imply that the mole fraction of atomic oxygen lies in the range 10 2< Xo <

9:3 102

A.1.4 Methane/oxygen burnout experiments

The experiments by Neoh and collaborators [66—68] used a two- ame system. A pre-
mixed methane/oxygen ame (equivalence ratic; 2:10) was used to generate carbona-
ceous particles (soot). The gases and carbonaceous patrticles (soot) produced in this ame
were introduced into a second ame that operated under oxidising conditions with equiv-
alence ratios between 0.85 and 1.15.

The values reported in the main text are from the second ame with an equivalence ratio
of 1.15 [68]. Although Neoh et al. [68] do not report the mole fraction of acetylene, the
mole fraction of hydrogen for this case was reported to be between 2 and 3%, which is
high enough to result in mole fractions of acetylene and hydrogen that are relevant to
the current work. The mole fractions for molecular oxygen, atomic oxygen and hydroxyl
radical are reported in more detail in [67] for these conditions. These experiments show
values as high a¥o, = 10 2, Xo = 10 2 in oxidising conditions. The values reported

in the main text correspond to values where enough acetylene and hydrogen could be
assumed to be present in the burnout experiments.

A.1.5 Atmospheric ethylene/air ame
The atmospheric pressure ethylene/air ame investigated by Salamanca et al. [80] (equiv-

alence ratiof = 2:01) was modelled by Elvati et al. [20] using a combination of two
mechanisms [14, 53]. The mole fractions of both atomic and molecular oxygen are re-
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ported in the supplemental material provided by Elvati et al. [20, Figure S2(a) and (f)].
The concentration of hydrogen and acetylene in the reported domain appear to be suf -
cient to sustain the growth of carbonaceous matef¥dg,, > 0:01 andXy, > 0:01).
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