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Aligned graphenic fragments of varying size, mimicking those found in carbons carbonized through a
mesophase, are found to self-assemble towards structures of varying anisotropy when annealed using molecular
dynamics simulations. These models enable us to probe the range of topological features present in carbons
of varying anisotropy where we find significant differences in the defects present. We conclude that the
screw dislocation is the dominant annealable defect in graphitizable carbons, while a persistence of saddle-
shaped defects may make some carbons less graphitizable. These findings contribute to the ongoing questions

surrounding the factors which determine precursor graphitizability.

1. Introduction

The understanding of graphitization has long been grounded in the
observation that carbonaceous precursors can be broadly categorized
into either graphitizing or non-graphitizing carbons [1]. Graphitizing
carbons are those which readily transform into graphite when heated
above 2100 °C while non-graphitizing carbons form structures with no
long-range order even after heat treatment as high as 3000 °C [2]. A
number of factors concerning both chemical and physical properties
affect the graphitizability of a carbonaceous precursor [3]. These fac-
tors influence the trajectory of the material as it is transformed during
progressively higher heat treatment. These stages of heat treatment are
broadly classified as carbonization (primary: 400-600 °C, secondary:
1000-1500 °C), pre-graphitization (1800-2000 °C) and graphitization
(>2100 °C) [2,4]. It should be noted that these distinctions and tem-
perature ranges are not all well defined and can vary (particularly
secondary carbonization) depending on the precursor [5]. It has been
observed that for graphitizing carbons, anisotropy begins development
during carbonization which is progressively perfected during higher
temperature heat treatments, while for non-graphitizing carbons, the
structure remains isotropic throughout the heat treatment process [3].

Most graphitizable precursors carbonize through a liquid crystalline
phase known as the mesophase [6]. During mesophase formation, a
nematic structure is developed as small (<25 A in diameter) planar
carbonaceous molecules coalesce and grow into larger aligned do-
mains (5-100 pm) [6]. The alignment and growth of these graphenic
regions, which is facilitated by the liquid crystalline nature of the
mesophase, is a crucial factor in increasing the graphitizability of a
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material. These findings were incorporated into a model put forward
by Oberlin et al. [2] which describes graphitization occurring through
the progressive ordering and expansion of areas of local molecular
orientation (LMOs). A key insight from this model is that larger LMOs
are typically found in graphitizable carbons [2,7,8]. This raises the
question of why larger LMOs tend to develop during the carbonization
of more graphitizable carbons, and how these larger LMOs enable the
graphitization of the subsequent pre-graphitic material.

The question of LMO size has been linked to the role of topolog-
ical defects by Monthioux, Ouzilleau et al. [5,9]. Topological defects
exist both within and between LMOs, as structural necessities which
connect misoriented graphenic fragments. Monthioux, Ouzilleau et al.
define two classes of defects: annealable topological defects and non-
annealable topological defects. They propose that within LMOs, anneal-
able topological defects connect graphenic crystallites which are not
yet fully aligned. These are present in all carbons and can be removed
by annealing at high temperatures. Between LMOs which are signifi-
cantly misoriented, non-annealable topological defects are required to
facilitate the distorted geometry present in these regions [9]. Removing
these defects is thought to have such a high barrier that they persist
even after high temperature heat treatment at 3000 °C. The quantity
of these non-annealable defects is inversely proportional to the average
size of the LMOs in a material, and therefore, to the graphitizability
of the material. Understanding the roles and characteristics of an-
nealable and non-annealable topological defects is another important
challenge. We therefore see two key questions that remain unresolved
for understanding graphitization: the “LMO size” question, and the

Received 6 April 2023; Received in revised form 16 June 2023; Accepted 24 June 2023

Available online 30 June 2023

0008-6223/Crown Copyright © 2023 Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/carbon
http://www.elsevier.com/locate/carbon
mailto:gabe.francas@curtin.edu.au
https://doi.org/10.1016/j.carbon.2023.118251
https://doi.org/10.1016/j.carbon.2023.118251
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2023.118251&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G.R. Francas et al.

“annealable/non-annealable defects” question. The focus of this paper
is the latter.

Atomistic simulations have enhanced the study of the formation
and transformation of numerous carbon structures. By using a suit-
able potential, experimentally observed sp? carbon networks like car-
bon onions, nanotubes, graphite and more complex networks have
been seen to self-assemble from an amorphous precursor [10]. Such
a “hands-off” computational approach is useful for observing, at an
atomic scale, the structural evolution of these carbons networks as
they become more ordered. Luong et al. used the AIREBO forcefield
to explore graphitization by annealing structures created by randomly
positioning misoriented graphenic fragments of various sizes [11].
By varying temperature and density, they generated structures with
various characteristics such as micro-porosity and graphitic domain
size.

In this work, we employ molecular dynamics (MD) simulations to
study the annealable and non-annealable defects present in carbon
structures with varying degrees of anisotropy. We arrange graphenic
fragments with a fixed mutual orientation. Such initial ordering of
solely carbon atoms mimics the nematic character of a carbon that has
fully carbonized through a mesophase. We create five initial structures
of constant density, each of which contains fragments of a different
size, and anneal them at a constant temperature. This setup allows us
to investigate how initial fragment size within an aligned carbonized
structure impacts the development of anisotropy and different defects
during pre-graphitization. The topological evolution of these structures
during annealing is tracked using a vector normal projection and
angular defect measures. These newly improved tools allow us to study
in detail the structural transformations taking place during the pre-
graphitization heat treatment of carbons of varying graphitizability.
We investigate the impact initial fragment size has on the kinds of
defects that develop and how these defects affect the development of
anisotropy within the structures.

2. Methods

Initial structures are created by arranging graphenic fragments of
constant size within a cubic cell with side lengths of 5.5 nm, using the
software Packmol [12]. In this arrangement, the fragments are placed
randomly in space and only constrained by setting a mutual orientation
and minimum distance of 1.86 A between each fragment. Each cell
is packed to a density of 2.0 g/cm?, yielding structures of 16,704
atoms. Diagrams of the fragments are shown in Fig. 1. The fragments
range in size from 6 atoms (1HEX) through 10 (2HEX), 16 (4HEX), 20
(1PENT5HEX) and 24 (7HEX) atoms and are labelled by the number
and type of ring they are composed of. These fragment sizes are chosen
as they range from the smallest possible hexagonal fragment size,
up to those typically associated with the size of polycyclic aromatic
hydrocarbons found within LMOs [2]. All fragments are flat besides
the bowl-shaped 1PENTSHEX. The mutual orientation of the fragments
is set by aligning the normals of the fragment rings with the z-axis
of the cell, making the fragments parallel but not forming planes (i.e.
discotic nematic). For 1IPENTSHEX only the normal of the pentagon
is aligned and all fragments are curved in the same direction. When
packing larger fragments, they tend to be arranged in columns along the
edges of the cell, as the Packmol algorithm does not yet accommodate
periodic boundary conditions. To avoid this problem, the 1IPENTSHEX
and 7HEX structures are instead cut out from the interior of larger
cells (side lengths 7 nm), introducing a fraction of smaller fragments
within these structures. These arrangements are designed to mimic
fully carbonized materials following mesophase formation in which
graphenic fragments are aligned.

The packed structures are minimized, allowing crosslinks to form
between fragments. We have previously studied the development of the
mesophase and subsequent crosslinking, where non-carbon atoms like
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Fig. 1. Diagrams of graphenic fragments used to construct initial structures for
annealing. Fragments labelled by ring type and number.

hydrogen and oxygen play important roles [13-15]. In this work we in-
stead aim to describe the heat treatment of a fully carbonized structure
during pre-graphitization. To achieve this, the structures are then an-
nealed for 200 ps at 3500 K with a time-step of 0.2 fs. This temperature
and anneal time are chosen based on our previous work [16]. The high
temperature is required to accelerate the structural transformations due
to the short time frames within MD simulations. The structures formed
after 200 ps are stable and do not significantly change with further an-
nealing time. The Environment Dependent Interatomic Potential (EDIP)
for carbon [17] is used for its ability to accurately describe bonding
in sp? and sp® carbon networks [18]. EDIP has been parameterized
by density-functional theory, providing a correct description of the
barriers for bond making and breaking processes. Although it does not
capture van der Waals attraction (EDIP has a cutoff of 3.2 A), these
are not significant at graphitization temperatures. EDIP has also been
used to model self-assembly processes in layered structures [10,18-20],
which is of primary relevance to this work. All MD simulations are per-
formed using the LAMMPS software [21] with a Bussi thermostat [22]
used to maintain the temperature. The thermostat maintains the desired
temperature by sampling the canonical ensemble (NVT), using velocity
rescaling at each time-step. The structures are minimized again before
analysis to remove kinetic motion.

a .95 b ,. 1 c o .
« 9 2<F ]T‘ fr. e T—

[ 3
e J
Pe

—180 -90 90 180

0
¢ sin(6)

Fig. 2. (a—c) Diagrams of carbon rings as triangular mesh used for calculating ring
normals and angular defect. (d, e) show the familiar world globe on a sphere and
as a sinusoidal projection respectively. (f, g) show an example normal vector plot in
the globe and sinusoidal projection respectively. Each dot represents the mean normal
(£n) of a ring in the structure. Blue shading indicates the minimum polar angle 6,
required to contain the 90% most clustered normal points (within one hemisphere). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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The evolution of the structures is tracked using coordination and
ring statistics calculated with the Franzblau ring algorithm [23] of the
Polypy package [24] with a 1.85 A cutoff. The structures are rendered
using VMD [25,26]. A normal vector projection is implemented to study
the degree of alignment between rings and thus anisotropic regions
in the structures. Fig. 2 shows an example of how these plots are
created and should be interpreted. As shown in Fig. 2(a), each ring of
carbon atoms in the structure can be divided into triangles between
the atoms and the centre of each ring. For each triangle the vectors
representing two sides are used to calculate the cross product, which is
the normal vector to the triangle. This process is repeated, calculating
a normal vector for each triangle as shown in Fig. 2(b) which are then
averaged to find the mean normal vector for each ring, shown as a
single arrow n in Fig. 2(c). The polar (9) and azimuthal (¢) angles
are then calculated for each mean normal vector i and these are used
to plot the projection of the normal vectors onto a sphere as shown
in Fig. 2(f). Due to lack of uniqueness of the cross product, a vector
pointing in the opposite direction to the normal vector (ie. —n) is
also plotted. To better see the full distribution of normal vectors, the
sphere is plotted in a 2D sinusoidal projection shown in Fig. 2(g).
This spherical mapping is chosen because it preserves area which is
demonstrated by comparing the grey circles on the globes plotted in
Figs. 2(d) and 2(e) which, although distorted, are constant in size at
all distances from the equator. This makes the sinusoidal projection
of the ring-normals a useful tool for analysing the alignment of the
rings in a carbon network. Additionally, to numerically discuss the
tightness and rate of the clustering in the normal plots we define a
measurement of the minimum polar angle 6,, required to contain 90%
of the ring normals (within one hemisphere). This measurement is akin
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to the range of polar angles measured for the 90% most aligned rings,
an example of which is pictured in Fig. 2(f).

To study the curvature of the structures, the angular defect § is
calculated for each vertex of a triangular mesh created from the ring
network. This triangular mesh is created by placing a vertex at each sp?
atom site and at the centre of each ring. Following the method outlined
in our previous work (see Figure 1 in Ref. [27]), the angular defect is
calculated by taking the difference between 360° and the sum of angles
0; in Fig. 2(a) as in Eq. (1) (6; in degrees).

5=360-Y 6, M

If the sum is 360° then the vertex lies on a plane, the angular defect
is 0 and the region has no Gaussian curvature. In a bowl-shaped region
of positive Gaussian curvature the sum is less than 360° yielding a § > 0
while a § < 0 indicates a saddle-shaped region of negative Gaussian
curvature. Thus by calculating 6 for each vertex we can track the type
of Gaussian curvature present in the structures as they anneal [28].
Renders coloured by angular defect are created using Mayavi [29] and
Meshlab [30].

3. Results

The initial packing of aligned fragments (prior to energy minimiza-
tion) is presented in Fig. 3(a—d). Fig. 3(e-h) shows the structures after
annealing for 200 ps at 3500 K orthographically (above) and as 1 nm
slices (below). The 1HEX structure (Fig. 3(e)) forms many curved sheets
of sp? bonded carbon atoms. Although it shows some regions of local
stacking, it does not exhibit long-range ordering. This is contrasted
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Fig. 3. Initial and final states of aligned graphenic fragments after 200 ps of annealing at 3500 K. (a-d) Initial structures. (e-h) Structures after annealing in orthographic view
(top) and 1 nm slice (bottom). All structures are coloured by ring number. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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with the 2HEX structure after annealing in Fig. 3(f). Here there are
much larger regions of alignment between layers which almost extend
through the entire cell in some regions, albeit with many inter-planar
defects present. Like the 1HEX structure, there is still significant curva-
ture present and small stacked regions which are not aligned with the
majority of the structure. The 4HEX and 7HEX structures in Fig. 3(g,h)
show long range ordering of planar sheets which extend through the
entire cell and are more well aligned. Comparing the slices of these
structures, the graphenic layers of the 7HEX have flattened more than
the 4HEX structure, although both still have some inter-planar defects
which cause the twisting and buckling. This initial analysis of the visual
appearance of the structures suggests a trend in the extent of long-
range ordering of the final structures being strongly dependent on the
size of the initial fragments. It appears the 4HEX and 7HEX structures
are forming turbostratic carbon with the 2HEX structure approaching
more slowly; the 1HEX structure meanwhile appears to have formed a
disordered carbon.

To understand how anisotropy emerges, we examine the develop-
ment of the 1HEX, 2HEX and 7HEX structures during annealing (see
Fig. 4). At 10 ps, the initial ordering is significantly disrupted for all
three structures with a similar fraction of sp® bonded atoms present.
By 50 ps the structures show signs of divergence. The 1HEX structure
develops some graphenic sheets which are significantly curved, while
also retaining amorphous regions. The 2HEX structure contains more
graphenic sheets which are less curved but show large variations in
orientation. The 7HEX structure meanwhile has developed extended
anisotropic ordering with a large fraction of the cell composed of
aligned graphenic sheets. There are, however, still some amorphous

10 ps

1HEX

2HEX

7THEX
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regions (e.g. the bottom-right corner), where there is a higher density
of sp> bonded atoms. At 100 ps, the sp?> networks present at 50 ps
are consolidated and extended. This happens most dramatically in the
7HEX structure where there is the largest decrease in sp® bonded atoms
and the graphenic sheets appear flatter and more separated. Within
the 2HEX structure, a number of the graphenic fragments previously
developed are locally aligned, however, these regions of three to four
layer stacks are not mutually as well aligned as those within the
7HEX structure, limiting their size. In the 1HEX structure the curvature
remains and persists to 200 ps as the major change is a decrease in sp’
bonded atoms. Almost all atoms in the structure join graphenic sheets
which show some stacking but no preferential mode of alignment due
to the curvature present. In the 2HEX structure there is also a decrease
in the sp> bonded atoms and we see the sheets expanding in size as
the majority of the cell is now preferentially aligned with only some
small regions displaying up to approximately 45° of misorientation.
The layers of the 7HEX structure have flattened further while still being
connected in part by interlayer defects. The 4HEX structure (not shown)
develops very similarly to the 7HEX structure.

To quantitatively understand how quickly these structures develop
anisotropic ordering we can examine Fig. 5 which tracks the evolu-
tion of sp? and sp* fractions within the structures. These fractions
are defined by counting the number of nearest neighbours within a
1.85 A cutoff (two neighbours for sp, three for sp? and four for sp%).
The tracking begins from 1 ps into the annealing, after the structures
have been minimized and brought to temperature. Fig. 5(a) shows the
growth of sp? fractions in all structures during the annealing. Similar to
the differences seen in the structures themselves, the sp? fractions grow

Fig. 4. 1HEX, 2HEX and 7HEX structures as a function of annealing time. Atoms are coloured by coordination (red = sp, green = sp?, blue = sp*) using a cutoff of 1.85 A. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (a) Time evolution of sp’ bonded atoms over 200 ps of annealing for different
fragment sizes. (b) Same as (a) but for sp*.

at differing rates. Although the 7HEX structure increases more quickly
at first, the 4HEX and 7HEX structures reach almost identical values
while the 2HEX and 1HEX structures finish with progressively less sp?
bonding. This is mirrored in Fig. 5(b) which shows a decrease in the
sp’ fractions for all structures during annealing. The 1HEX structure
still retains a significant sp® fraction of around 8%, while the 4HEX
and 7HEX structures are again quite similar and retain few sp*> bonded
atoms by the end of the annealing process. These behaviours follow
from what we would expect from the structures themselves, as the more
disordered 1HEX and 2HEX structures require more sp> bonded atoms
to facilitate such topology. Noticeably, the changes in coordination
fractions in the 4HEX and 7HEX structures appear to slow dramatically
after 100-150 ps, suggesting it would take a longer anneal time or
higher temperature to remove the remaining defects. Throughout the
annealing there is also a small fraction of sp coordinated atoms present
which make up the balance of the coordination fractions in Fig. 5.
These sp atoms are present along the edge dislocations of partially
disconnected sheets.

The normal vector projections show the directions of rings within
the structures and therefore allow us to track the alignment and ori-
entation of the graphenic regions. Fig. 6 shows the normal vector
projections over the course of the annealing. Due to the high tem-
perature, after 10 ps the initial parallel packing of the cell is mostly
lost evidenced by the ring-normals being distributed approximately
uniformly in all directions for the 1HEX and 2HEX structures. The
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4HEX and 7HEX structures are also quite disordered, only showing
slight alignment evidenced by a higher density of points at the poles.
During the annealing, the 2HEX, 4HEX and 7HEX structures all progress
towards a predominant mode of alignment, which can be tracked by
the large majority of ring normals clustering at the poles (normals
pointing straight up and down). Despite the structures going through
a period of significant disorder, almost all tend to perfectly align into
an orientation matching the initial arrangement. The 1HEX structure
meanwhile shows only some broad clustering while a great deal of
rings are still misaligned, evidenced through the relatively dense spread
of dots persisting through the plot after 200 ps. At each stage of the
annealing, structures made from larger fragments are consistently more
ordered than those made from smaller ones. The 4HEX structure for
example appears to develop anisotropic order roughly twice as fast as
the 2HEX structure. The density of normal vectors pointing away from
the poles in the 4HEX structure is similar at 50 ps to the 2HEX structure
after 100 ps, and likewise comparing them at 100 ps and 200 ps.

In addition to the set of four flat fragment structures discussed,
a structure composed of curved fragments was also analysed. This
20-atom fragment (1PENTS5HEX) is pictured as initially packed in
Fig. 7(a). This fragment was chosen as it is very close in size and
shape to the 7HEX fragment while including a pentagonal ring which
causes the fragment to be bowl-shaped, introducing positive curvature.
This change did not impede the development of anisotropy as the
1PENT5HEX arrangement forms a final structure which is topologically
very similar to the 7HEX structure. Fig. 7(b,d) shows this final structure
which is composed of mostly well-aligned and flat layers which extend
throughout the entire cell. The normal plot shown in Fig. 7(c) shows
an almost identical clustering to the 7HEX structure. This suggests
that the size and initial arrangement of the graphenic fragments are
more important factors than their planarity in allowing anisotropy to
develop.

To quantitatively compare the rates of alignment in the vector
normal plots across all the structures, a measurement of the minimum
polar angle 6,, to contain 90% of the normals (within one hemisphere)
is defined. This measurement should reflect the disorder of all struc-
tures early in the annealing where a minimum polar angle 6,, close
to 90° is necessary to contain 90% of the points. As the structures
which achieve turbostratic layering anneal, however, this angle should
decrease as we see the vector normals gathering towards the poles
of the projection. These features are evident in Fig. 8 which shows
all structures beginning with a minimum polar angle 6,, above 80°
which then rapidly falls to approximately 30° for the structures which
develop significant anisotropy. We see the greatest rate of change in the
alignment after 50 ps for the 1IPENT5HEX and 7HEX structures which
then start to plateau after approximately 125 ps to a 6,, of less than 25°.
The 4HEX structure does not quite reach the same level of alignment
by the end of the simulation with a final 8,, of just over 30°. The path it
takes is also quite different from the two larger structures, with a more
gradual but steady rate of ordering between 50 to 125 ps. The proximity
of the three largest fragment structures in this plot by the end of the
annealing indicate that their graphene sheets show significantly more
mutual alignment and flatness when compared to the smaller fragment
structures. The 2HEX structure shows some alignment, but it is not
nearly as rapid as the larger fragments and ends the anneal with a 6,, of
more than 50°. In the extreme case of the 1HEX structure, a dominant
direction of ordering is not present and so the spread of polar angles
remains almost constant throughout the anneal. By analysing the rate
of ring-normal alignment we confirm three categories of simulations:
those which rapidly approach universal alignment (4HEX, 1PENTSHEX
and 7HEX), much slower and incomplete alignment (2HEX), and no
long-range alignment (1HEX).

Along with the extent and alignment of sp? sheets, curvature pro-
vides useful insight into the evolution of the topology of these struc-
tures. To further probe the nature of the curvature we examine the
ring statistics and angular defect distributions of the contrasting 1HEX
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Fig. 7. 1PENT5SHEX annealing results. (a) Initial structure composed of curved frag- F1g 8. N.Iin%mum POlar_ angle 0, required to contain the 90% most clustered I?Ol'mal
ments. (b) Structure after 200 ps of annealing at 3500 K. (c) Normal vector projection points (within one hemisphere) tracked for all structures over 200 ps of annealing.

after annealing. (d) 1 nm slice of structure after annealing. Structures coloured by ring
number as in Fig. 3. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 9. Time evolution of sp’ ring statistics for the 1HEX (green) and 7HEX (blue)
structures over 200 ps of annealing. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

and 7HEX structures. Fig. 9 shows the evolution of sp? rings within
each structure during the annealing process. Both structures follow
similar trends, experiencing a significant growth in hexagonal rings
and a minor growth and then a plateau of non-hexagonal rings. The
1HEX structure has fewer sp? rings of each type which stems from the
much higher fraction of sp> atoms in this structure which would make
many of the rings not purely sp?>. The hexagonal rings in the 7HEX
structure grow much more rapidly than in the 1HEX structure at first
and although the growth slows after around 75 ps, it retains a higher
measure of hexagons than the 1HEX structure. For perfect graphite
we expect 0.5 hexagons per atom as each carbon atom is shared by 3
hexagons and each hexagon requires 6 carbon atoms, so the number of
hexagons per atom is 3 divided by 6 which is 0.5. The 7HEX structure
plateaus to a value less than 0.3, suggesting a higher temperature or
much longer timeframe would be required to begin removing these
non-hexagonal rings. Ring statistics alone cannot explain the significant
topological differences between the 1HEX and 7HEX structures, and to
analyse this, further tools are needed.

The angular defect was calculated for each vertex in the structures
and yields useful information about the nature of the local Gaussian
curvature. Histograms of the angular defect for the 1HEX and 7HEX
structures [Fig. 10(a, b)] show that both structures are closely centred
around 6 = 0 (solid green line). An asymmetry in the distributions is
evident for both structures with an excess of negative curvature shown
by the mean angular defect 5 values being negative (dashed purple
line). This aligns with expectations from our previous work [27] where
we found that a dominance of negative curvature is required for 3D
connectivity. The degree of negative dominance between each structure
is however quite different, with the 1HEX structure having a mean
angular defect more than twice that of the 7HEX structure. Colouring
the meshes of each structure by the angular defect in Fig. 10(c,e)
reveals the distribution and prevalence of this curvature.

By extracting the most curved vertices and their neighbouring rings
we can better examine the topological features which cause the cur-
vature in each structure. This is shown in Fig. 10(d,f) which reveals a
striking difference in the types of defects associated with the curvature
in each structure. The characteristic defect for the 7HEX structure is
revealed to be a screw dislocation. These are visible as the many spiral-
like features which run up and down the simulation cell connecting
the graphenic layers. We observe a predominance of single screw
dislocations with a Burgers vector of one layer [Fig. 10(i)] as well as
a number of double-screw dislocations with a Burgers vector of two
layers [Fig. 10(j)]. Although these screw dislocations involve largely
hexagonal rings, they exhibit negative curvature due to the displace-
ment of the atoms from the ideal crystal lattice positions, deforming
the hexagons (as previously suggested by Gupta et al. [31]). The screw
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dislocations are thus found to be responsible for the negative curvature
throughout the structure, enabling the 3D connectivity of the 7HEX
network. Screw dislocations are connected through edge dislocations
forming interconnected dislocation loops. The edge dislocations are
not extracted by this method as they do not contribute significant
curvature.

Fig. 10(d) shows the most negatively curved regions in the 1HEX
structure which also reveals a few (approximately five) single screw-
like defects. We describe these as proto-screws as they only connect 2-3
layers. Fig. 10(d) shows that the majority of the curved regions are not
screws, but are instead areas of saddle-shaped curvature. These regions
are more numerous and contain a larger angular defect than the screw
dislocations in the 7HEX structure which explains the much larger
negative tail in the 1HEX histogram in Fig. 10(a). The larger angular
defect is due to the presence of groups of non-hexagonal rings which
are found in all regions of saddle-shaped curvature. Two examples
of these saddle-shaped regions are shown in Fig. 10(g,h) coloured by
angular defect (top) and ring number (bottom). As demonstrated by
these examples, the type of defects present in saddle-shaped regions
can vary significantly from a single heptagon [as in Fig. 10(g)], to
large clusters which include pentagons, heptagons and octagons [as in
Fig. 10(h)].

4. Discussion

As early as Franklin’s foundational work in 1951 [1], there were
findings which hinted at the insufficiency of making a binary distinc-
tion between graphitizing and non-graphitizing carbons. She found
that although the majority of carbons could be categorized in this
way, many carbons deemed non-graphitizing actually developed small
fractions of graphitic ordering. She also examined two medium-coking
coals which were found to have intermediate graphitizing behaviour.
Reviewing the literature in conjunction with more recent experiments,
Monthioux et al. [5,32] suggested that the graphitizability of carbon
materials should be considered a continuum that ranges from non-
graphitizing through partially-graphitizing to graphitizing. By vary-
ing the size of aligned graphenic fragments in our initial structures
we have computationally generated models which lie along a sim-
ilar continuum. The 1HEX structure initially composed of six-atom
fragments produces a structure with no long-range order. Although
local regions exhibit some stacking, these are largely misaligned and
interconnected through curved sheets as shown by the broad spread
of points in the normal vector projection (1HEX column of Fig. 6).
At the other extreme, our structures composed of the largest frag-
ments (1PENTSHEX and 7HEX) rapidly form extended and aligned
planar sheets, displaying the features of a graphitizable turbostratic car-
bon formed during the pre-graphitization process. The 2HEX structure
meanwhile exhibits intermediate behaviour; it develops an anisotropic
structure much more slowly and retains more curvature and misalign-
ment as seen in Fig. 3(f). It appears to be an intermediary between the
disordered 1HEX and pre-graphitic 4HEX, 1PENT5HEX and 7HEX.

The models we have generated shed light on the different topolog-
ical features present within carbons of varying anisotropy. Monthioux,
Ouzilleau et al. [5,9] have described two classes of topological defects
which impact the graphitizability of a carbon. Annealable topological
defects are thought to be present in all carbons and are annealed
out during high-temperature heat treatment. Non-annealable topolog-
ical defects meanwhile are present in higher concentrations in less
graphitizable carbons and are not removed with high-temperature heat
treatment. In our most ordered models we find the screw dislocation
to be the most prevalent defect [Fig. 10(f,i,j)]. While these disloca-
tions cause curvature in the neighbourhood of the dislocations, they
allow the majority of the graphenic sheets to flatten while still be-
ing 3D-connected. Screw dislocations have previously been found in
computational studies by Leyssale et al. [33,34]. They used an im-
age guided atomistic reconstruction (IGAR) approach to atomistically
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Fig. 10. (a, b) Histograms of angular defect within the 1HEX and 7HEX structures after 200 ps of annealing. Green vertical lines denote § = 0 and the purple dashed lines show
the mean angular defect (5). (c,e) 1HEX and 7HEX structures coloured by angular defect. (d,f) The regions of highest negative angular defect are extracted from the structures
show in (c,e). (g,h) Saddle-shaped defects extracted from (d), coloured by angular defect (top tilted to show saddle geometry) and ring number (bottom tilted towards planarity).
(i) Single screw dislocation extracted from (f). (j) Double screw dislocation extracted from (f). Both screws are coloured by angular defect. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

generate pyrocarbons from high resolution transmission electron mi-
croscopy (HRTEM) images. They found that screws were generated to
resolve the disconnected fringes observable in their HRTEM images
and also showed that screws were less abundant in the IGAR model
generated for a partially graphitized sample following heat treatment.
In our previous study of graphitization [35], we observed the removal
of screw dislocations in both MD simulations and experimentally, in
polyvinyl chloride samples following high-temperature heat treatment.
The annihilation of these screw and edge dislocation loops allows the
structure to approach the flat and disconnected graphene sheets of
turbostratic carbon (net-zero Gauss and mean curvature). Evaluating
both our current and previous simulations and experiments, we can
suggest the primary annealable topological defect which characterizes
a graphitizable carbon is the screw dislocation.

In order to explore potentially non-annealable defects, we examine
our 1HEX model which did not develop long-range anisotropic order-
ing. This structure displays large curvature in predominantly saddle-
shaped regions caused by isolated groups of non-hexagonal rings. The
presence of non-hexagonal rings as a source of curvature is also a
feature of the theoretical negatively curved Schwarzite models pro-
posed by Mackay and Terrones [36] and Townsend et al. [37]. In these
models, isolated heptagons cause strong negative curvature and allow a
single continuous sheet to be 3D-connected across periodic boundaries.
To make the model more realistic, Harris et al. [38,39] proposed a non-
graphitizing model based on HRTEM studies of non-graphitizing car-
bons. Based on their observations of fullerene-like and saddle-shaped
regions, the model they proposed describes non-graphitizing carbons

composed of many discrete curved fragments with regions of both
positive and negative curvature (see Figure 13 of Ref. [39]). This model
shares the disorder of our 1HEX structure and looks similar to the
varied curved regions extracted from it in Fig. 10(d); although in our
model these curved regions form part of larger sheets. Although we find
a small number of single non-hexagonal rings in the 1HEX structure
(like the heptagon in Fig. 10(g)), unlike these previous models, we
do not observe these to be the most common source of curvature. We
instead find that the majority of saddle-shaped regions are caused by
various isolated groups of non-hexagonal rings. These groups typically
include a mix of pentagons and either heptagons and/or octagons (as in
Fig. 10(h)). However, it appears an excess of heptagons and octagons
contributes an overall negative/Schwarzite-like curvature despite the
presence of pentagons that are typically associated with positive curva-
ture. We also find isolated 5-7 dislocations within these saddle-shaped
regions (as suggested by Monthioux and Ouzilleau as a non-annealable
defect [9]). Further work is required to systematically characterize
the non-annealable defects present in non-graphitizable carbons and
explain their absence in graphitizing carbons.

Our analysis of the topological development of these models is
aided by the various tools we develop and extend in this work. The
normal vector projections are proven to be a useful representation
to track the ring directions and therefore sp? sheet alignment within
our carbon networks. In addition, the use of angular defect to locate
and measure defects within the structures is shown to supplement the
typical analysis which is limited to locating or counting non-hexagonal
rings. Using angular defect as a marker to extract topological defects
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makes tracking them much easier. There are, however, still a number
of limitations that need to be overcome to fully analyse these networks.
Although previously [35] we have visually identified dislocation loops
present in more well ordered models, the abundance and complexity
of the loops present in structures such as 7HEX make such observa-
tions very difficult. We also find that identifying and distinguishing
the defects associated with the saddle-shaped regions in the 1HEX
structure is made more difficult by the ambiguity of which defects
are isolated and which form part of an extended grain boundary. We
have previously identified grain boundaries in lower density carbon
networks [27], however, at this density and with a significant fraction
of non-hexagonal rings, it is more difficult. The techniques used here
will need to be further improved to tackle these challenges in future
work.

As well as varying the size of graphene fragments in our starting
structures, we also examine the effect of fragment curvature on pre-
graphitization. One factor thought to enable the development of the
carbonaceous mesophase is the planarity of constituent molecules [40].
We have also previously demonstrated that curved polycyclic aromatic
hydrocarbons tend to disrupt mesophase formation [16]. However,
in this study we are able to explore what would occur if curved
fragments could form a nematic initial arrangement (this could perhaps
be achieved using electric fields [41,42]). The rate and extent of
anisotropic development observed in the two largest fragment struc-
tures (IPENTSHEX and 7HEX) is very similar, despite their different
morphologies. This demonstrates the importance of alignment in driv-
ing development towards turbostratic carbon; the presence of curved
fragments, once already aligned, does not inhibit the self-assembly
process. We also examine a larger curved fragment (i.e. 1PENT15HEX),
and find that this too develops a similar level of anisotropy to the 7HEX
structure. The impact of the initial arrangement is also demonstrated by
the alignment of the final structures. Despite all the structures initially
going through a highly disordered phase, the initial arrangement of
the fragments still appears to have an important influence on the
final structures. This is evidenced by all the structures which form
turbostratic carbon having a predominant mode of alignment parallel
to the z-axis of the unit cell (Fig. 6). This matches the alignment of
the fragments and shows that the initial ordering sets the trajectory
for how the structure will evolve. This computational behaviour is
suggestive of the typical description of how the nematic ordering
achieved during carbonization (e.g. through a mesophase) is maintained
and progressively perfected during the graphitization process [6].

We must also acknowledge the questions our models do not help to
answer. Although our initial structures are suggestive of a carbon which
has fully carbonized through a mesophase, a physical sample would in-
clude multiple domains of alignment (each on the scale of micrometers
in diameter [2]). Due to the size limitations within MD simulations we
are restricted to examining the transformation within a single LMO. Our
models therefore cannot answer how LMO size impacts graphitization.
We also cannot examine the later stages of graphitization where the
ABAB stacking sequence of graphite is developed due to the lack of
Van der Waals forces described by the potential.

5. Conclusions

The development of anisotropy within carbonized structures is stud-
ied with molecular dynamics. Larger graphenic fragment sizes develop
anisotropy more rapidly and extensively, while smaller fragment sizes
retain significant curvature or develop no long range order at all. The
topological features across structures of varying anisotropy are probed
using the vector normal projections and angular defect measures. For
the most anisotropic structures, screw dislocations dominate. These
dislocations facilitate the transformation from an anisotropic state with
interconnected layers towards turbostratic carbon, and we suggest these
are the annealable defects suggested by Monthioux and Ouzilleau.
Saddle-shaped defects caused by isolated groups of non-hexagonal rings
are found to be present in isotropic structures. We tentatively suggest
that these are one possible candidate for the non-annealable defects
which limit graphitizability.
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