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Abstract

Graphene, a quasi-planar monolayer of sp?>-bonded carbon atoms known for its
exceptional physical properties, is highly amenable to out-of-plane deformation.
Recent studies have revealed that the creation of folded, pleated-like domains
imparts novel characteristics to this material whilst permitting some of its existing
properties to be effectively controlled through straining action via regulation of
the emergent folding parameters. Despite the considerable influence that strain
can have on the material properties of folded graphene, the literature pertaining to
the nano-mechanical unfolding of folded, graphene-type systems remains scarce.
In this work, molecular dynamics simulations were performed on three novel
forms of folded graphene using an ad hoc protocol executable within LAMMPS to
study their mechanical response to uniaxial tensile deformation. Patterned line
defects were shown to constrain multiply folded graphene to a quasi-periodic,
highly ordered morphology that gave rise to instances of pronounced negative
tangent modulus — coincidentally with each fold opening — upon the application
of uniaxial stress. The severe lack of periodicity observed in the corresponding
profiles of the pristine folded systems was attributed to the absence of defect lines
which permitted folds to be more mobile and at times merge, effectively reducing
the frequency of fold openings. These structural differences were explained, for
the first time, via a macroscale model based on the mechanics of paper folding.
Overall, this study attests to the potential for defect-type fold lines to guide
the unfolding process of folded graphene, and provides valuable insight into
the different mechanisms involved in the unfolding of specific forms of folded

graphene.
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Introduction

Graphene! is a two-dimensional, sheet-like nanocarbon that rose to
prominence in 2004 when researchers at the University of Manchester
successfully isolated it from bulk graphite (Novoselov et al., 2004), confirming
prior theoretical work? which had alluded to its existence (Van Lier et al., 2000).
Later studies reported the remarkable physical characteristics of this material in
its pristine form: a Young’s modulus of c. 1 TPa for the suspended
monolayer (Lee et al., 2008), a measurably high thermal conductivity in the range
4400 WmK~! to 5800 WmK~! at room temperature (Balandin et al., 2008), a
carrier mobility that could reach 200,000cm?V~!s™! under ambient
conditions (Morozov et al., 2008), and the ability to absorb light over a broad
spectral range (Zhao et al., 2013). Such a unique and extraordinary combination
of properties makes graphene a very promising next-generation material for a
host of application fields which include energy storage (Olabi et al., 2021),
composite reinforcement (Zhao et al., 2020), filtration technology (Anand et al.,
2018) and optoelectronics (Bonaccorso et al., 2010).

Conceptually, the stratification of graphenic layers may be regarded as a
spectrum, with graphene and graphite at opposite ends of it. According to
this paradigm, the modality with which electrostatic interactions are formed in
these layered structures is the governing factor in the gradual transformation

of the properties intrinsic to graphene into those commonly associated with

IThe term “graphene” was formally introduced to the scientific community in 1986 through
a Carbon editorial which argued that ‘it [was] not correct ... to speak of “graphite layers” when
meaning single two-dimensional carbon sheets. Even the terms “carbon layer” or “carbon sheet”
are not unambiguous’ (Boehm et al., 1986).

2The first theoretical investigation of what we now refer to as “graphene” is attributed to the
post-WWII work by P.R. Wallace from the National Research Council of Canada who examined
the "zone structure of a single hexagonal layer’ (Wallace, 1947).
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graphite. Complimentary to it is the notion of graphene as being a template for
the creation of more complex carbon nanobodies whose material properties are
defined by those same electrostatic interactions between the (non-)contiguous
graphene portions (Figure 1.1). Materials within this spectrum, such as bilayer
graphene, few-layer graphene, and folded graphene, have been gaining more
attention recently due to their fascinating characteristics which in some aspects

even exceed those of graphene.

Figure 1.1: Carbon nanobodies may be regarded as assemblies of (non-)contiguous
graphene domains. For instance, the warping of a graphene fragment about a common
geometric centre produces a 0-D buckyball, a rolled-up graphene monolayer becomes
a 1-D nanotube, and stacked sheets are akin to graphite. Reproduced from Geim and
Novoselov (2010).

The spectrum paradigm leads to an important realisation — that certain
characteristics in graphene can be effectively modulated by careful adjustments
to the interlayer interactions. For instance, it is known that small variations to the
relative orientation of graphenic layers have a profound effect on the electronic
properties of graphene-type systems. In 2011, Bistritzer and MacDonald (2011)
posited that rotational misalignment in bilayer graphene creates an
angle-dependent Moiré pattern (Figure 1.2) which could facilitate inter-sheet
tunnelling between the two graphenic layers. According to their calculations, the

tunnelling energy barrier would disappear altogether at 1.1° and with
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progressively wider twist angles, the sheet electrons would slow down while
becoming strongly correlated with each other. These predictions were later
verified experimentally by Cao and co-workers, confirming the low-temperature
superconductivity (Cao et al., 2018b) and the formation of Mott-like insulator
states in twisted bilayer graphene (Cao et al., 2018a) (Figure 1.3).

Figure 1.2: Atomically resolved STM images of (a) bilayer graphene and (b) a twisted
bilayer region, as reported by Xu et al. (2016). (c) A digital rendering of bilayer graphene
with a Moiré pattern that corresponds to a twist angle of 22°.

The appearance of ripples in suspended graphene (Bangert et al., 2009)
reflects the receptivity of the monolayer towards out-of-plane deformation
(Figure 1.4). This critical aspect of graphene that, unfortunately, is not given
enough attention in mainstream scientific textbooks, presents an opportunity for
researchers to introduce layering within an uninterrupted graphene sheet along
with the possibility, as described in Chapter 2, to modify or extend its features by
regulating the emergent folding parameters through straining action.

Before proceeding any further, it must be emphasised that, at present, there is
no standard naming convention to classify folded graphenes, despite the fact that
several characteristics displayed by this diverse class of conformations folded
graphenes are inherently different from standard graphene. Unfortunately, this
raises the possibility for important findings made in relation to folded graphenes
to be practically lost to improper indexing in the voluminous literature that
is published on graphene. It is envisioned that such a formal classification

system would differentiate between the many possible forms of folded graphenes
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primarily on the basis of the number of folds present, but also according to
distinctive structural features such as the folding angle, fold spacing, and the
folding amplitudes. However, for the purposes of this dissertation, the term
“folded graphenes’ shall be limited to a group of graphene morphologies containing one or
more folding domains, i.e. one or more folding lines extending across both sides of

the monolayer.
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Figure 1.3: Anomalous behaviour in bilayer graphene with rotational mismatch. (a)
Conductance as a function of carrier density for bilayer graphene with a twist angle of
1.08° and at an operating temperature of 0.3 K, as reported by Cao et al. (2018a). Insulating
states were observed at (i) hybridization-induced bandgaps above and below the
lowest-energy superlattice bands when the carrier density was £2.7 x 102 cm 2 (lighter
regions) and (ii) half-filling states, as a result of Moiré-induced electron localisation
(darker regions). (b) Current-voltage curves for bilayer graphene with a twist angle
of 1.05° at different temperatures, as reported by Cao et al. (2018b). Most notably,
at the lowest studied temperature of 70 mK, the critical current was measured to be
approximately 50 nA.

Figure 1.4: (a) A side view of "flat” (incorrect) graphene as sometimes perceived and
depicted in mainstream scientific textbooks. (b) A more realistic representation of
graphene showing the spontaneous ripple formation which is responsible for significant
shrinkage in both dimensions of the sheet (relative to the idealised planar conformation).
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Despite the intriguing aspects of folded graphenes, one of them being the
strain-sensitive nature of some of its properties, there are very few published
reports that examine the unfolding behaviour of such systems. In an attempt
to address this sparsely studied aspect, the present dissertation investigates,
through the use of molecular dynamic simulations, the structural and mechanical
response of some folded graphenic conformations during uniaxial deformation,
along with a qualitative description of the deformation mechanisms involved. In
particular, Chapter 2 presents important literature pertaining to graphene, with
a focus on certain feature enhancements that are observed in folded graphenes
relative to the planar form of the allotrope, and selected strategies towards fold
creation.

Chapter 3 describes the LAMMPS protocol that was developed specifically for
simulating the uniaxial stretching of graphene-type systems, and the validation
of this protocol against pristine, unfolded graphene.

Chapter 4 provides an account of the process that was undertaken to construct
a series of novel folded graphenes and the slight changes that were made to the
protocol developed in Chapter 3 to simulate their structural and mechanical
properties during uniaxial loading. The main findings of this work are presented
along with a discussion of its significance, strengths and limitations.

Finally, Chapter 5 presents a summary of the conclusions reached and

discusses briefly how this work can be further extended in future studies.



Literature Review

Chapter Highlights

This chapter reviews important literature pertaining to the subject matter of

this dissertation i.e. folded graphene, through a discussion of:

m Carbon, more specifically how it manages to exist in a wide variety of
allotropes, and the journey that led to the discovery and characterisation of

graphene;

m The emergence of folded graphene, from the observation of unintentional
wrinkling during the synthesis of graphene to a distinct form of the

nanomaterial with its own set of characteristics;
m Techniques which are designed to introduce folds within a graphene sheet;

m The properties and characteristics of folded graphene and its added

versatility when compared to standard graphene;

m Currently available literature on the unfolding process of folded graphene.

2.1 | Introduction

Carbon, being a key element associated with life on Earth, possesses a rather
unique ability which helps explain its ubiquitous presence in the natural world:
catenation. The ability of carbon to form covalent bonds with other elements
extends to forming similar bonds with itself, giving rise to a plethora of
compounds that are commonly referred to as “organic” compounds due to their

traditional natural provenance.
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A corollary to catenation is the diverse family of carbon allotropes which
exists in the nanoscale (Khalaj ef al., 2017) along with the potential for novel ones
to be created (Zhang and Jiang, 2019). The extensive allotropy of carbon largely
derives from the favourable energetics of C—C bond formation and its propensity
to assume various hybridisations which result in very distinct geometries and
properties. Orbital hybridisation, or the mathematical mixing of atomic orbitals,
conceptualises the types of covalent bonds that are accessible to carbon, namely
single (sp?), double (sp?), and triple (sp) bonds. Until recently, the only known
allotropes of carbon were diamond (sp>-hybridised) and graphite
(sp?>-hybridised). The surprising discovery of fullerenes in 1985 (Kroto et al.,
1985), and carbon nanotubes six years later (Iijima, 1991), galvanised research
into other possible forms of carbon.

Allotropes of carbon, while sharing some common features, possess
characteristics that make them distinct from one other and better suited to
specific applications. For instance, graphite, known for its good conductivity, has
demonstrated optimal performance as an anode material in Li-ion batteries due
to its exceptional Li intercalation (Goodenough, 2013), whilst the robustness of
diamond makes it the preferred material of choice for the tip of atomic force
microscopy (AFM) cantilevers (Fang et al., 2008; Fujisawa et al., 2009; Ruffell et al.,
2011). In recent years, focus has shifted specifically onto 2D carbon-based
materials and their derivatives, which led to the discovery and characterisation
of a whole new array of nanostructures (Figure 2.1). As a result, the need arose
for this growing family of two-dimensional carbon systems to be described by its
own nomenclature (Bianco et al., 2013).

Although the term “graphene” was first proposed by Boehm and co-workers
in 1986 to describe a 2D system of sp?-hybridised carbon atoms arranged in a
honeycomb lattice (Boehm et al., 1986), theoretical work on the potential
properties exhibited by graphene can be traced back as early as
1947 (Slonczewski and Weiss, 1958; Wallace, 1947). In the 1970s and 80s, it was

posited that the intercalation of graphite crystals with suitable chemical species
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could lead to the decoupling of the graphite layers (Dresselhaus and
Dresselhaus, 1981). At that time, however, it was still widely assumed that the
low dimensionality of the material would prevent it from achieving the required
stability to exist in the free state. Landau and Peierls had argued that any
thermal fluctuations in the crystal lattice of flat, 2D systems would result in atom
displacements comparable to interatomic distances, thereby causing their
rupture (Landau, 1936; Peierls, 1935). The Merwin-Wegner theorem extended
this argument by postulating that in order for crystalline systems like graphene
to exist, they must adopt a rippled structure (Mermin, 1968). Consequently,
research on this topic was perceived to be of minimal practical value and

relegated to a mere academic endeavour.
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Figure 2.1: A selection of theoretical 2D carbon allotropes of which, currently, only (i-iii)

are known to have been synthesised. Adapted from Rajkamal and Thapa (2019).

The chemical exfoliation route envisioned by Dresselhaus and Dresselhaus

(1981) was later revisited by Shioyama (2001) whose work constituted one of the
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initial attempts at isolating graphene from bulk graphite. Even though this
approach failed to produce planar graphene when the intercalating species was
removed, which instead ended up scrolled (Viculis et al.,, 2003) or
restacked (Horiuchi et al., 2004), it is worth mentioning that the chemical
exfoliation route has the potential to create novel materials composed of isolated
graphene layers embedded within a three-dimensional matrix. Conclusive
isolation of the monolayer came in 2004 by the mechanical exfoliation of graphite
flakes using adhesive tape (a technique popularly known as the “Scotch tape
method”) and the transfer of the micrometer-sized graphene fragments so
formed onto an oxidised silicon substrate for characterisation of its electronic
properties (Novoselov et al., 2004). Geim and Novoselov were later conferred the
Nobel Prize in Physics for this breakthrough, as well as for reporting about the
unusual quantum Hall effect that manifests itself in graphene (Novoselov et al.,
2005).

The existence of a freely suspended graphene sheet under normal
temperature and pressure conditions does not diminish the theoretical
arguments made against the stability of strictly flat systems of which, at times,
graphene is mistakenly presented to be a member. In fact, as correctly predicted
by the Merwin-Wegner theorem, graphene adopts a rippled configuration to
achieve thermodynamic stability. Mechanistically, it is theorised that the
interaction between acoustic phonons and the C—C bonding electrons, combined
with the uneven density of the delocalised electrons, produces an asymmetric
distribution of bond lengths which forces the lattice into a non-planar
conformation to limit its total free energy (Fasolino et al., 2007). Experimental
observations of lattice fluctuations in suspended graphene using scanning
tunnelling microscopy (STM) have shown that the ripple pattern is dynamic in
nature, albeit with a periodic component (Bangert et al., 2009; Xu et al., 2014a).
Moreover, observations of similar out-of-plane distortions have been reported in
mechanically exfoliated graphene (Choi et al., 2012), epitaxial graphene grown
on SiC (Varchon et al., 2008), and chemical vapour deposition (CVD) graphene
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grown on Ru (Borca et al., 2009) and Cu (Paronyan et al., 2011) — a clear indication
that such behaviour is independent of the synthetic pathway used.

The rapid increase in the number of graphene-related research over the
previous decade (Ren et al., 2018) may suggest that the commercial availability of
graphene is imminent. However, a major obstacle to this achievement is the
current unavailability of a cost-effective process by which large quantities of
industrial-grade graphene can be produced. To this end, several methodologies
have been proposed or tested in an effort to overcome the scalability issues
associated with producing graphene via the mechanical exfoliation of graphite.
One of the more promising synthetic pathways that could efficiently fabricate
metre-sized films of this nanomaterial is CVD (Bae ef al., 2010). Researchers have
been using this technique since the earliest days of graphene synthesis, albeit
with some modifications to mitigate against the formation of wrinkles (Park et al.,
2018). These typically appear during the post-growth cooling stage of the CVD
process when the newly formed graphene contracts less than its metal substrate,

forcing areas within the sheet to detach from the substrate (Zhang et al., 2011).

2.2 | Therise of folded graphene

It is not uncommon for the scientific community to ignore a published finding,
or underestimate its impact within a field of research, only to cause a paradigm
shift in that field some years later as more corroborating evidence emerges, or
becomes an important milestone towards resolving a pressing issue in the most
unexpected way. A prime example of this was the discovery by Sir Alexander
Fleming of penicillin in 1928 and reported in the following year (Fleming, 1929).
Prior to 1940 — when Chain et al. (1940) conducted the first animal testing of
penicillin — producing such a drug in sufficient quantities to reliably assess its
medical efficacy and limitations proved elusive, and so its therapeutic potential
over the preceding decade went largely unnoticed. However, by 1943, through
the work of Howard Florey, Ernst Chain and their colleagues at the Sir William

10
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Dunn School of Pathology at Oxford University, the medical benefits of penicillin
became widely acknowledged, thus heralding the era of modern antibiotics
which contributed to a substantial reduction in the case fatality rate for patients
with symptoms of bacterial infection.

Likewise, the beneficial aspects of graphene corrugation were, for the most
part, overlooked by researchers in the early days of graphene synthesis. At the
time, due attention was given to the phenomenon of wrinkling in CVD-grown
graphene which consists in the formation of arbitrary shaped, folded structures
that are randomly distributed along the monolayer sheet (Figure 2.2). The
pertinent research revealed that both wrinkling and rippling interfered with the
transport properties of graphene (Barnard and Snook, 2012; Katsnelson and
Geim, 2008), which strengthened the notion of corrugation as a form of
topological lattice defect that had to be mitigated against (Dean et al., 2010; Lanza
et al., 2013; Lui et al., 2009). This view, however, began to be challenged by the
work of Guinea et al. (2008) who showed that corrugation in the form of periodic
folds can induce novel electro-magnetic properties in graphene. Later work by
Pereira and Neto (2009) corroborated these findings by demonstrating that,
through folding, graphene can exhibit an effective, strain-induced gauge field.
These studies in particular highlight a shift in perception towards corrugation
within graphene as material scientists learned to distinguish between the often
undesirable “‘uncontrolled” wrinkling and ‘controlled” folding that allows for the
creation of various graphenic conformations (Figure 2.3), possibly with their

own unique characteristics.

a/Lb C

Figure 2.2: An illustration of folded graphene morphologies which commonly occur
as artefacts in CVD graphene: (a) ripple; (b) standing wrinkle; (c) collapsed wrinkle.
Reproduced from Zhu et al. (2012).
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(b) Doubly-folded graphene

(a) Single-folded graphene

(c) Uniaxially folded graphene (d) Biaxially folded graphene (e) Miura-ori graphene

Figure 2.3: Folded graphene illustrated through a selection of representative examples.
Adapted from (Ho et al., 2020; Kang et al., 2018; Kim et al., 2011; Ning et al., 2020).

Indeed, further research into folded graphenes revealed a number of exciting
properties which cannot be exhibited by standard planar graphene. These range
from purely mechanical characteristics, such as the manifestation of anomalous
auxetic behaviour (Grima et al., 2018; Lin et al., 2021)), to ones which involve the
electronic structure of the material, such as semiconducting character (Lee et al.,
2013). Furthermore, folding also enhances several of the reported characteristics
in pristine unfolded graphene which augments its existing properties and range
of potential applications. Some of these enhanced characteristics are discussed at

length in Section 2.4.

2.3 | Selected methods for the production of
folded graphene

Apart from the aforementioned theoretical developments made as a result of
computational and mathematical models (Guinea et al., 2009, 2008), there are also
important reports in the literature detailing the advancements made by scientists
to purposefully produce graphene in a manner where the nano-rippling was
magnified and thus, de facto, result in the production of what is being referred to

as folded graphene. These production methods include:
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(a) Bilayer annealing

This approach exploits the inherent chemical reactivity of the boundary
sheet atoms in graphene! to produce a folded edge between two stacked
monolayers (Figure 2.4). The reactivity at the edge boundary varies
according to the termination pattern, with the zigzag type being more
reactive than armchair because of its ability to localise 7r electrons at the
edge sites (Jiang et al., 2007; Nakada et al., 1996). Interestingly, in the
absence of thermal activation — a prerequisite for bilayer annealing —
suspended graphene was observed to self-fold at the boundary region to
form a structure which, similar to an annealed fold, closely resembles
one-half of a single-walled carbon nanotube (SWCNT) (Gass et al., 2008;
Meyer et al., 2007).

o

Folded edge energy (meV/ A)
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Figure 2.4: The thermal annealing process of bilayer graphene to form a folded edge,
according to molecular dynamics simulations performed by Su et al. (2011). (a) The
predicted energy diagram for the formation of a jointed edge between two graphene
sheets with a noticeable drop in energy that corresponded to the exact moment when
the sheets formed a closed edge. (b) Representative structures for the double-layered
graphene at various stages during the edge formation process.

!Whilst the basal plane of graphene is relatively inert, the edge boundary regions contain
atoms with dangling ¢ bonds.
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(b) Substrate effects

As mentioned earlier, CVD graphene is characterised by unintentional
folded structures which occur as a result of a discrepancy between the
thermal expansion coefficient of the growth substrate and that of graphene
itself. The substrate, however, is also capable of guiding graphene into
pre-determined folded conformations by means of patterned etching on its

surface, as illustrated in Figure 2.5.

Figure 2.5: Schematic representations of two approaches developed by Kim et al.
(2011) which lead to controlled fold formation in graphene. The patterned surface
of the substrate shown in (a) may be imprinted as follows: A thin coat of poly-methyl
methacrylate (PPMA) resist is deposited onto a copper substrate, then parallel lines are
written on it using electron beam lithography. Afterwards, the metal substrate is partially
etched using NayS,0g, followed by the removal of the remaining resist which reveals
the etched line pattern. In (b), controlled fold formation occurs after the growth process,
when graphene is transferred onto a metal substrate having a patterned surface. The
underetching of the metal removes support for selected parts of the graphene sheet,
causing them to collapse into folded structures.

(c) Mechanical perturbation

This approach involves the application of ultra-sonication to activate fold
formation in graphene suspended in solution (Figure 2.6). It should be
noted that this technique is stochastic, in the sense that, although it produces
folded graphene, other structures are created as well due to the randomness

of the process involved.
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Figure 2.6: The directionality of fold formation in pristine graphene in relation to the
thermodynamic stability of the folded structure. (a) The folding angle distribution
of 100 graphene samples after being subjected to mechanical stimulation in a liquid
environment. (b) The energy difference between folded and flat graphene at different
folding angles. Reproduced from Zhang et al. (2010).

(d) Single-sided hydrogenation
This technique was successfully implemented by Zhu and Li (2014) to fold
graphene into a three-dimensional nanocage, and it is based on the
accumulated structural distortions induced at each hydrogenated site
(Figure 2.7) which effectively constrain the monolayer to fold along the

hydrogenation lines.

(e) Nano-indentation

This technique relies on the use of pressure to induce a localised sp?- to sp>-
hybridized carbon transformation within graphene and form what could

be considered as a ‘crease line” which facilitates fold formation (Figure 2.8).

(f) Topological defect patterning

It has been shown that structural defects in graphene alter the spatial
geometry of the atoms in their immediate vicinity (Figure 2.9). This
approach entails the creation of site-specific topological defects in
graphene to produce the paper-equivalent of ‘folding lines” which would,
in turn, activate and guide the folding process of the nanosheet into a

pre-determined conformation (Zhang et al., 2014b).
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Figure 2.7: Top view, side view, and fold stability plots recorded at 300K for graphene
with different single-sided hydrogenation line patterns. (a) (i) One-line, (ii) two-line, and
(iii) three-line hydrogenation along the armchair direction of graphene. (b) (i) One-line
and (ii) two-line hydrogenation along the zigzag direction of graphene. Reproduced
from Zhu and Li (2014).
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Figure 2.8: (a-e) Schematic representation of the nano-indentation process to introduce
a crease line in a graphene nanoribbon. (f) The radial distribution curve of the carbon
atoms present at the folding site in creased graphene compared with those from an
unfolded, pristine section. Reproduced from Wei et al. (2020).
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Figure 2.9: Atomic structures of two representative grain boundaries in graphene with a
misorientation angle 6 of (a) c. 2.6°and (b) c. 23.6°. Reproduced from Hofer et al. (2018).
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2.4 | Fold-mediated control of existing
properties in graphene

In recent years, numerous studies have been published in relation to the
enhanced properties manifested by graphene in its various forms. It is beyond the
scope of this work to discuss in detail all such developments. Instead, this section
only focuses on a small selection of such studies which are meant to illustrate the

outstanding properties and practical applications of folded graphenes.

2.4.1 | Electrical conductivity

2.4.1.1 | Folded graphene and semiconductivity

Compared to previous decades, current year-on-year performance and power
improvements for microprocessors are showing signs of stagnation, largely due
in part to the physical limitations associated with silicon transistors. This has led
to speculation about the future role of carbon-based electronics within the
semiconductor industry and the likelihood of replacing silicon in the long
term (Friedman et al., 2017; Guisinger and Arnold, 2010). Graphene, in particular,
displays some exceptional electronic properties which makes it a strong
candidate in this regard. For instance, the carrier mobility of graphene is much
greater relative to silicon — by a factor of 200 (Lin et al., 2011). Such an
extraordinarily high value has been attributed to a lower incidence of carrier
scattering from fewer electron—-phonon interactions within the
monolayer (Radamson, 2017).

However, there is a severe limitation for graphene to be integrated within
conventional transistors: the absence of an energy band gap. As a result, pristine
graphene is precluded from the ability to switch back and forth between an
insulating and conducting state with the use of control voltages. This issue
can be resolved to a certain extent, according to Oostinga et al. (2008), by the

application of an electric field orthogonal to the plane of two stacked graphene
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sheets, a system which is not dissimilar to folded graphene, which causes a
band gap to open. The authors of this study posited that the induced band gap
derives from a breakdown of the inversion symmetry in the band structure of
the bilayer system (Figure 2.10). In a later study by Zhang et al. (2009), it was
reported that this gate-tunable band gap can extend into the mid-infrared range
and reach a maximum of 250 meV, which is considerably lower than its silicon
counterpart. Nonetheless, some potential uses of dual-gate bilayer graphene
tield-effect transistors (FETs) include the development of novel nanophotonic

devices for IR generation, amplification, and detection (Qin et al., 2017).

Figure 2.10: The electronic band structure of (a) monolayer graphene, (b) bilayer
graphene, and (c) bilayer graphene with an applied electric field (perpendicular to
the bilayer plane) whose presence shifts the Fermi energy Er to produce a non-zero band
gap A. Adapted from (Zhang et al., 2009).

A different strategy which seems to achieve wider band gap openings in
graphene is strain engineering. Initial measurements made by Lee et al. (2013)
put the allowed tunable range of folded graphene systems between 0.14 eV and
0.19 eV. However, an observation made by Bai ef al. (2014) of two minima in the
local density of states of folded graphene, each measuring c. Vi;os£0.9 €V (i.e. a
four-fold increase), indicates the possibility of achieving wider band gaps with
magnified nanoripple action. These minigaps are attributed to Bragg scattering

at principal superlattice harmonics (Song et al., 2013).
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2.4.1.2 | Folded graphene and resistivity

Resistivity and folded graphene have long been associated with each other
since one of the prime features of graphene is its electrical conductivity, and, as
explained earlier, folds used to be treated solely as an undesirable feature which
degraded this exceptional property. Research suggests that the resistivity profile
along a graphene fold is noticeably lower compared to its planar counterpart,
with the largest discrepancy being observed close to the charge neutrality point
(Figure 2.11) when the gate voltage is able to shift the Fermi energy from the
valence band to the conduction band (Zhu et al., 2012). This phenomenon is
attributed to interlayer tunnelling (Uryu and Ando, 2005), as indicated by the
unusually weak dependence of resistance on the fold length (Figure 2.12).
Another aspect that is relevant to the discussion on the resistivity of graphene in
the presence of folded domains concerns the orientation of the fold with respect
to the applied current. Transport across a graphene wrinkle, including (but not
limited to) charge carrier ability, was shown to be weaker than that along the
wrinkles (Deng et al., 2016; Hallam et al., 2015; Ni et al., 2012; Zhang et al., 2014a;
Zhu et al., 2012). Similar observations of anisotropic conductive behaviour were
also made by Gannett (2012) whose measurements of current across and along a
graphene fold demonstrated that the presence of the fold could alter the
minimum conductivity of the material.

The transport properties of folded graphene nanoribbons (GNRs)were also
found to vary according to the stacking arrangement of the layers, the folding
angle, and the sheet edge type (Xie et al., 2012). In particular, the tuning of the
folding angle for the AA-stacked type? was shown to indirectly influence the
conductivity of the material by modifying its stacking arrangement which, in turn,
has an effect on the interlayer coupling. With a folding angle of 60°, the stacking

arrangement close to the fold was found to be different from the rest of the bilayer

2 AA stacking in graphite refers to systems where in two adjacent layers, two identical atoms
stack on atop each other, as opposed to AB stacking where the second layer is shifted.
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region. This decoupling breaks the conductance symmetry and produces a region
highly reflective to electrons. On the other hand, a 120°folding angle produces
consistent stacking of the AB type, which leads to reflectionless transmission in
the junction, and hence a higher conductance (Figure 2.13). Confirmation that
the anisotropic conductivity is due to the behaviour of the charge carriers in
the presence of folds can be found in the ultrafast terahertz (THz) spectroscopic

analysis of folded graphene (Hallam et al., 2015) (Figure 2.14).
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Figure 2.11: Distinct anisotropy in the electrical resistivity of wrinkled graphene (a) along
the fold <R,;> and (b) across the fold <R,.> as a function of gate voltage (V), alongside
a comparison between them and the averaged resistance at regions where graphene is
considered to be relatively flat <Rg>. Reproduced from Zhu et al. (2012).
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Figure 2.12: (a) Quantum transport modelling for the room-temperature resistance of a
standing graphene wrinkle like the one shown in (b) at different lengths of the bilayer
region A (filled squares), as reported by Zhu et al. (2012). Calculations were also repeated
with the top of the wrinkle cut off to suppress purely intralayer current (open circles).
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In a later study, Willke et al. (2016) probed CVD-grown graphene using Kelvin
probe force microscopy (KPFM) to measure localised changes in resistance by the
voltage difference at the folded locations. Their findings appear to suggest that
previous studies tended to overestimate the influence of wrinkling on the total
resistance within the nanosheet since they showed that each wrinkle, on average,
was responsible for an increase in resistance of c. 80 () pm. This is significantly
lower than the 200 (2 um value reported by Clark et al. (2013) that derived from
experimental measurements, and well outside the 200 () pm to 300 (2 um range
postulated by Zhu et al. (2012)in a theoretical study which was based on the
non-equilibrium Green’s function (NEGF) method. An interesting study which
was done recently reported that monolayer graphene may experience as much
as a 36-fold change in electrical conductivity upon the introduction of wrinkles

within its structure (Ma et al., 2020) (Figure 2.15).

Figure 2.13: Top: The conductance profile of folded AA-stacked graphene at a folding
angle of 60°and 120°. Bottom: A graphical rendering of folded bilayer GNR; the folding
regions and bilayer portions are marked in red and blue, respectively. Adapted from Xie
et al. (2012).
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Figure 2.14: Anisotropic electron mobility along and perpendicular to graphene folds as
measured by Hallam ef al. (2015) using ultrafast teraHertz spectroscopy.
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Figure 2.15: Gate-tunable conductivities of two graphene wrinkles (a) crossing the
wrinkle and (b) along the wrinkle, from four-point-probe microscopy measurements
performed by Ma et al. (2020).
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2.4.2 | Thermal transport

Heat transfer in macroscopic, homogeneous systems is governed by Fourier’s
Law which treats thermal conductivity as an intensive property i.e. independent
of the geometry and size of the material. However, in the case of (quasi) two-
dimensional systems, thermal conductivity behaves in the opposite manner. In
fact, graphene was found to be in violation of Fourier’s Law because the thermal
conduction was observed to be logarithmically divergent with sample length,
even when the length exceeded the average phonon mean free path (Xu et al.,
2014b). This anomalous behaviour was attributed to the 2D nature of phonon
activity within the nanosheet (Nika and Balandin, 2012; Xu ef al., 2014b), and it
demonstrates that a proper discussion on heat conduction in graphene cannot
exclude the dominant aspect of phonon scattering.

The superb thermal conductivity of graphene, which for a suspended sheet
is reported to be in the neighbourhood of 5000 WmK~! (Balandin et al., 2008),
raises its prospects of becoming the material of choice for thermal management
devices (Huang et al., 2020). Ouyang et al. (2011) applied the NEGF formalism to
calculate the thermal conductance of folded GNRs at different folding angles and
layer distances (Figure 2.16) and showed that thermal conductance in monolayer

graphene can be reversibly tuned down by up to 40% by the action of folding.
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Figure 2.16: The effect of (a) the folding angle 6 and (b) the layer distance-to-centre
region length ratio on the thermal conductivity of armchair GNR of width N = 9 dimer
lines, expressed in terms of the ratio between the corresponding flat (or) and folded (cop)
values. Adapted from Ouyang et al. (2011).
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Yang et al. (2012) dynamically simulated the effect of folding on the thermal
conductivity of GNRs. Their findings suggest that as the folds are pushed against
each other (causing a reduction in the interlamellar space) and the number
of folds is increased, the thermal conductivity tends to decrease (Figure 2.17)
by as much as 70% in compressed, hexuply-folded GNR. Such behaviour was
attributed to the increase in van der Waals interactions which induced more
phonon scatterings besides those already present due to the strain at the folding
sites. These are likely to be out-of-plane phonons, or ZA modes, which have been
theorised to be the dominant contributor to thermal conductivity in graphene at
room temperature (Lindsay et al., 2011). Indeed, the phonon transmission spectra
calculated using the NEGF method show a decline in thermal conductivity from
strong scattering of low frequency modes at the folds (Figure 2.18), which is much
different from other high frequency phonon scattering by impurities, dislocation,
and boundaries. Such a reduction in thermal conduction that is achieved through
folding could be useful in thermoelectric devices where an adjustable heat flow
is necessary, provided that the high electronic conductivity of graphene is also

preserved (Sevingli and Cuniberti, 2010).
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Figure 2.17: The thermal conductivity of folded GNR as a function of interlamellar space
and fold frequency, relative to planar zigzag GNR. Reproduced from (Yang et al., 2012).
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Figure 2.18: (a) The transmission spectra for flat and folded graphene, modelled via the
NEGF method. (b) The variation in the ratio of the transmission coefficient of the folded
GNR to the transmission coefficient of the flat GNR, across a phonon frequency range of
0cm™! to 1750 cm~!. Reproduced from (Yang et al., 2012).

2.4.3 | Mechanical characteristics

Graphene, since its discovery, has been hailed as a material with some
exceptional mechanical characteristics, which include its high stiffness, massive
flexibility, as well as some interesting negative properties such as negative
Poisson’s ratio and negative stiffness characteristics.

As a quasi two-dimensional material, graphene possesses high flexibility (Lu

et al., 2009), which can be very useful in a number of applications. For instance,
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it was reported that concrete composites that were treated with graphene flakes
displayed a 146% enhancement in their compressive strength relative to standard
concrete (Dimov et al., 2018). It should however be mentioned that the flexibility
comes at the expense of a relatively weak compressive strength, which has been
theorised to be around 2 GPa for a suspended sheet (Lu et al., 2009). Such a
limitation can be overcome by embedding graphene into a matrix substrate
which should provide the necessary support to limit the buckling behaviour
upon applying compressive loads (Tsoukleri et al., 2009). In another study, Frank
et al. (2010) employed a cantilever beam for the measurement of buckling strain
in graphene flakes. Their work demonstrated that by embedding graphene in
plastic beams, its buckling strain is enhanced.

More relevant to the present work is a strategy for enhancing the out-of-plane
rigidity of the monolayer through the formation of van der Waals interactions
between sections of the sheet as a result of folding. Zheng et al. (2011) evaluated
the mechanical performance of a triply folded GNR termed “grafold” using
molecular dynamics simulations. In this particular conformation, graphene
increased its maximum compressive strength by more than an order of magnitude
(Figure 2.19) and, unlike the tensile case, compressive deformation was elastic
within the studied range of -0.001 to -0.137. The same study also found that
the folded structure retained the high tensile strength characteristic of planar
graphene. In view of these findings, a likely avenue for the use of grafold and
other folded graphene analogues is in damping devices.

With regards to anomalous properties, crumpled graphene was found to
display non-Hookean mechanics when compressed hydrostatically and
uniaxially (Baimova et al., 2015) (Figure 2.20). In the latter case, the elasticity
limit was attained at a comparatively high density (1.5 gcm™3), something
which the authors attributed to the more prominent lattice distortions in
graphene under hydrostatic pressure that lead to a more densely packed

structure with increased van der Waals interactions.
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Figure 2.19: The compression characteristics of grafold: a triply folded GNR. (a) Side-
view of grafold with its CNT-like portions highlighted for emphasis. (b) The appearance
of grafold under uniaxial compression. (c) Stress-strain curves for differently sized
grafolds. Reproduced from Zheng et al. (2011).

Another anomalous mechanical property is that of negative stiffness, a
phenomenon whereby a material “pushes back” when it is stretched. This highly
anomalous characteristic started to gain prominence through the work by Lakes
(2001) and Nicolaou and Motter (2012) who reported this property in what could
be described as ‘'mechanical metameterials’. However, the notion of negative
stiffness was pioneered by the work of Molyneux (1957) who proposed a device
made from springs which can demonstrate this effect at a macroscopic level.

One of the initial reports that brought attention to the aspect of negative
tangent modulus in folded graphene was Gauci (2018). More recent work by Lin
et al. (2021) presented similar findings in the more complexly folded ‘Miura-ori’
graphene, thus adding credence to the hypothesis being put forward by the

candidate that folded graphene can exhibit this anomalous property. However,

29



Chapter 2: Literature Review 2.4 Graphene properties mediated by folds

the manner in which Lin et al. (2021) chose to investigate negative tangent
modulus in folded graphene differed from the approach taken by the candidate,
primarily based on the fact that their modelled system was more complex in
form, as illustrated in Figure 2.21. More importantly, due to the manner in which
the system was folded, the form of graphene studied by Lin et al. (2021) can
sustain much lower strains compared to the systems studied by the candidate,
including the ones studied in the initial preliminary study (Gauci, 2018). Besides
the negative tangent modulus, work by Lin et al. (2021) also highlighted the
ability of their ‘Miura-ori’ folded graphenes to exhibit a negative Poisson’s ratio,
which complements earlier work by Grima et al. on other forms of graphene,
namely crumpled/wrinkled graphenes (Grima et al., 2015) and corrugated
graphene (Grima et al., 2015).

Density (gem3) Density (gcm™3)

Figure 2.20: The loading and unloading curves of crumpled graphene (shown in solid and
dashed lines, respectively) at specific strain levels, expressed in terms of the relationship
between density and (a) hydrostatic pressure p and (b) uniaxial stress o;. Reproduced
from (Baimova et al., 2015).

Figure 2.21: Miura-ori graphene. Adapted from Lin et al. (2021).
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2.5 | The unfolding process of folded
graphene

Apart from the studies reviewed so far regarding methodologies that could
produce folds in graphene, there have also been isolated studies which focused
on the unfolding process. These include work from Yi et al. (2014) that examined
the effect of temperature on the stability of folded graphene by means of MD
simulation. Another particularly important study was that from Yi et al. (2019)
which investigated the “mechanical unfolding of self-folded graphene on flat
substrates” experimentally via AFM manipulations and also computationally
through the use of MD simulations. This study revealed that (i) it is possible to
control and manipulate the folding conformation of graphene via AFM, and (ii)
the folding/unfolding process is reversible, something which has major
implications for the use of graphene in nanoscale origami devices.

Work performed by the candidate in an initial preliminary study examined a
corrugated graphene system through a combination of static force-field-based
simulations using the PCFF force-field and NPT-based, MD simulations using
the AIREBO force-field (Gauci, 2018). This system was realised by the intentional
placement of 5-8-5 vacancy-type in the form of parallel defects lines which
served to activate and guide the system to fold in a pre-determined way. Results
indicated that this folded system may exhibit negative tangential stiffness, as
well as zero Poisson’s ratio. The same study also showed that low-density
corrugated forms of graphene are more likely to densify in order to attain

additional stability from increased van der Waals interactions.

2.6 | Conclusion

This chapter has provided a representative, albeit not exhaustive, overview of
the literature pertaining to folded graphene, with special focus being afforded to
its production methods and exceptional properties. Moreover, it also managed

to highlight the capability of folds to significantly alter some of the properties
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that are present in the planar form of graphene. This dissertation will examine
one such characteristic of this form of carbon, namely the anomalous stiffness

characteristics of folded graphene as it is being stretched.
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Aims of this Work

The previous chapters have outlined how the distinctive ability of graphene
to fold onto itself presents an opportunity for the material to adopt complex
conformations whose properties — particularly those that are sensitive to strain-
induced structural modifications — are actively being researched.

Despite the considerable literature which has accumulated over the previous
decade on the subject of folded graphenes, at the time of writing, few reports exist
regarding their mechanical properties. One such report investigated, through a
combination of computational chemical modelling and atomic force microscopy,
the unfolding process of a z-shaped, multi-folded graphene segment into a planar
configuration (Yi et al., 2019). Unfortunately, since this study limited itself to
assessing the influence that the stacking mode had on the unfolding process, the
stress-strain response of the folded graphenic system remained unexamined.

A far less researched aspect of folded graphenic systems relates to the
possibility that the presence of folding domains may give rise to anomalous
negative mechanical properties. For instance, by means of molecular dynamics
(MD) simulations, it was shown that the Poisson’s ratio for copper-reinforced,
folded graphene composites of the Miura-ori tessellation can achieve a negative
value in the in-plane direction (Lin et al., 2021). Despite this, the study failed to
report on the possible manifestation of negative tangent modulus within such
forms of folded graphene, even though it would have been predictively weak on
account of the small folding amplitudes which characterised the systems under
consideration. An earlier study by the candidate (Gauci, 2018) had managed to
identify a set of stable, folded graphene conformations, and although they
possessed an adequately large amplitude for a pronounced manifestation of
negative tangent modulus, the methodology that was chosen for examining such
systems ignored ambient conditions and focused exclusively on minimising the

systems’ energy content.
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In view of these lacunae, the present work proposes and examines a number
of novel folded forms of graphene where the folds are artificially inserted. The
systems are specifically designed with a large folding amplitude to sustain
large strains, thus overcoming the principal limitation in the study by Lin et al.
(2021).

Cognisant of the fact that folded graphenes display strong structure-property
relationships whereby their structure dictates the properties being manifested,
an important part of this work involves an assessment of the morphology of the
proposed folded systems with an emphasis on understanding the mechanisms
that impart stability to these folded systems and prevent them from unfolding.
This is followed by a study of their mechanical properties, focusing on the
behaviour of these folded graphemic systems as they are stretched open by an
applied uniaxial tension load. Its scope is to obtain the stress-strain profile for
these novel folded graphene systems and to provide more conclusive evidence
as to whether such folded conformations exhibit negative properties such as
negative tangent modulus or “push-back’ behaviour.

In contrast to earlier work presented by the candidate, the folded systems
are studied via MD simulations rather than simple energy minimisations. MD
simulations provide a dynamic and more realistic representation of the systems
under consideration, although they necessitate substantially more computational
resources and must be performed with sufficiently large systems in order to
ensure a proper equipartitioning of energy.

Finally, in an effort to ascertain the validity of the MD protocol thus
developed for simulating the uniaxial deformation of the folded graphene
systems, an extended self-validation study is initially performed using regular
(non-folded) graphene systems to ensure that the reported mechanical properties

are in good agreement with empirical data.
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Methodology Development: Modelling
of Unfolded Pristine Graphene and
Reproduction of Its Properties

Chapter Highlights

B This chapter describes and validates a procedure for simulating the uniaxial

deformation of suspended graphene-type systems in vacuum at 300 K.

B Samples of graphene are constructed for use within the LAMPPS

environment.
B An energy expression is set up using the AIREBO potential.

B Simulations are performed which produce results that replicate well the

stiffness characteristics of graphene as reported in the literature.

3.1 | Introduction

Despite the remarkable progress made recently towards devising strategies
capable of effecting atomic-level morphological changes to graphene (Chen et al.,
2019; Wakafuiji et al., 2020), the current state-of-the-art techniques in this field still
need to be improved further to be able to physically produce complex nanoscale
systems like those which are considered in this dissertation. Consequently, due to
limited experimental data regarding multi-folded graphenes, it was not feasible
to adequately validate a modelling-based methodology — designed to predict the
mechanical properties of folded graphenes — based entirely on empirical data
that originated from such conformations.

Unfortunately, the reports published thus far regarding modelling studies

on folded graphenes were, for the most part, not intended to simulate their
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Chapter 3: Methodology Development 3.1 Introduction

unfolding characteristics from a mechanical perspective. The few available ones
on this topic, like the study by Lin et al. (2021), did not meet the requirements of
the present work, namely to simulate suspended folded graphenes. This meant
that there was no ‘off-the-shelf” modelling protocol which had been developed,
tested and validated with the specific intent to simulate the mechanical properties
as required by the present work.

Thus, bearing in mind these limitations, an ‘in-house’ protocol first had to be
developed and validated. The methodology development, and more importantly
its validation, were guided by the need to reproduce specific mechanical
properties of pristine graphene as reported in the literature, namely its
stress-strain profile and Young’s modulus (see Table 3.1). Both properties can

be directly measured from uniaxially stretching a material.

Table 3.1: Selected literature reporting on theoretical predictions and experimental

measurements for the Young’s modulus of pristine graphene.

Reference E (TPa) Method

Hernandez et al. (1998) 120  Tight-binding

Kudin et al. (2001) 1.03  Density functional theory
Liu et al. (2007) 1.05  Density functional theory
Lee et al. (2008) 1.00  Experimental

Zhao et al. (2009) 1.01 Molecular dynamics
Zhao et al. (2009) 091  Tight-binding
Sakhaee-Pour (2009) 1.04  Structural mechanics
Zakharchenko et al. (2009) 1.04  Monte Carlo

Tsai and Tu (2010) 091  Molecular dynamics
Frank et al. (2011) 1.00  Experimental

Wei et al. (2011) 095  Molecular mechanics
Wagner et al. (2011) 1.08  Density functional theory

36



Chapter 3: Methodology Development 3.2 Simulations

Standard graphene was the material of choice for this validation study
because (i) it is the closest material to folded graphene, and (ii) its structural and
mechanical characteristics are well documented in the literature, the latter
having been measured by several research groups using different techniques that
include atomic force microscopy (Lee et al, 2008) and Raman
spectroscopy (Frank et al., 2011). This ensured that the simulated results were
easily verifiable, thus providing a means for assessing the validity of the

simulation protocol that was developed.

3.2 | Simulations

Briefly, the simulation protocol consisted of the following main components:
1. The construction of models representing armchair and zigzag graphene;

2. The setting up of an appropriate energy expression which computed the
potential energy of the system as a function of the atomic coordinates and

cell parameters;

3. The simulation of the constructed graphene models as though they were
suspended in vacuum at 300K while being held from both ends in an

unstretched state;
4. The simulation of uniaxial stretching.

A simplified overview of the process flow executed by this protocol, highlighting
the relationships between the different programmatic steps involved, is presented
in Figure 3.1.

Unless otherwise stated, simulations were performed on desktop workstations
running Ubuntu Linux version 20.04 LTS, equipped with a 12-core Intel Xeon

W-2235 processor and 64 GB of DDR4 RAM.
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3.2 Simulations

VMD

J

LAMMPS

Construct graphene sheet
with correct orientation

A

Load atomic structure

Y

Set up energy expression

\

Minimise for 50 ps

No

Yes

Initialise atom
velocities to 300K

Y

Run NVT for 5ps

No

Temperature
equilibrated?

Yes

Run NPT for 5ps

—

No

Pressure
equilibrated?

Yes

Apply uniaxial tension
until fracture

Figure 3.1: A flowchart outlining the principal components of a LAMMPS protocol that
was specifically designed for modelling the uniaxial tensile stress behaviour in folded

graphene systems.
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3.2.1 | Construction of the models

This section describes the process involved in constructing pristine graphene
systems for the purpose of simulating their tensile behaviour.

Since the hexagonal symmetry of graphene at low strain values may be
considered to be valid, corresponding values for the Young’s modulus are
usually reported as though the property is isotropic (see Table 3.1). However, the
same assumption does not hold at high strains, resulting into the manifestation
of anisotropic mechanical properties (including the Young’s modulus) along
different loading directions (Ni et al., 2010).

Therefore, in order to simulate the anisotropic character of the stress-strain

relationship in graphene, two possibilities were available:

(i) write multiple LAMMPS input scripts, each for stretching a common

graphene sample along a different direction, or

(ii) write a single LAMMPS input script whereby stretching was to be applied
along the same direction, but multiple graphene samples needed to be
generated and set to a particular orientation in order to be stretched along a

different direction.

There are obvious advantages in writing a single LAMMPS script to simulate
uniaxial stretching along the same direction and validating this property, if need
be, with samples oriented in different directions. Hence, for the purpose of this
validation study, two differently oriented samples of graphene were constructed
in the xz-plane (see Figure 3.2), whereas the subsequent uniaxial tensile
simulations were conducted via the same set of LAMMPS input commands,
producing two independent sets of measurements. Construction of these two
differently oriented systems was such that loading in the x-direction i.e. the
designated stretching direction, corresponded to an applied tensile stress which
was orthogonal to the armchair pattern in one instance and orthogonal to the

zigzag pattern in the other. The nomenclature that shall henceforth be adopted to

39



Chapter 3: Methodology Development 3.2 Simulations

refer to these systems is ‘zigzag’ and ‘armchair’; the zigzag conformation has its
so-called zigzag direction aligned with the x-axis, as shown in Figure 3.2(a)),
whereas the armchair conformation has its armchair direction aligned with the

x-axis, as shown in Figure 3.2(b).
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Figure 3.2: A visual representation of the pristine graphene sheets that were constructed
using the VMD software as part of the validation process. Depending on the sheet
orientation, the atomic pattern along the x-direction (highlighted in red) can either be (a)
zigzag or (b) armchair.

The creation process of these pristine, unfolded graphene systems was
facilitated by the TopoTools plugin (Kohlmeyer, 2016), a middleware script layer
which came pre-packaged with VMD software version 1.9 (Humphrey et al.,
1996). In the end, two data files were generated, each representing a graphene
sheet having 5684 atoms oriented in the (010) plane with either the zigzag or
armchair pattern being parallel to the x-direction. For additional information
about these files, refer to Appendix B.

The input code for generating the zigzag conformation was:

1 graphene -1x 12.000 -1y 12.000 -type armchair -cc 0.1418 -ma C-C
2 sheet  atomselect 0 all
3 $sheet move [transaxis x -90

4 topo writelammpsdata FILENAME atomic
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Line 1 generated the required atomic coordinates for a 12 nmx 12 nm
crystalline hexagonal structure positioned in the xy-plane and comprised of
carbon atoms with a C-C bond length of 1.418 A. The edge termination pattern
along the y-axis was specified as armchair, which meant that the corresponding
atomic pattern along the x-axis was of the zigzag type. A 90° axis rotation about
the x-axis (handled by Lines 2 and 3) repositioned the sheet to the desired
xz-plane. Finally, Line 4 instructed VMD to create a file named FILENAME with
information about the system in a format that could be later read into LAMMPS
using the read data command. The inclusion of the atomic parameter ensured
that the generated data file only contained the atomic coordinates of the
constructed system.! A visual representation of the generated structure is shown
in Figure 3.2(a).

An analogous procedure to the one described above was followed in order to
generate the data file for the armchair graphene conformation (see Figure 3.2(b)).
The only changes effected to the input code concerned Line 1 whereby the -type
parameter was specified as zigzag.

It is important to mention that any data file generated by VMD (and
subsequently inputted into LAMMPS) only contained a finite portion of a given
structure without any indication as to whether LAMMPS should treat it as a
two-dimensional periodic image. Therefore, information regarding the
boundary conditions and dimensionality of the simulation box had to be defined

directly within the LAMMPS script as indicated below:

Line 5 configured the simulation to run in three dimensions whereas Line 6

applied periodic boundary conditions in the x- and z-directions and a

!When using the AIREBO potential, bonds are generated implicitly according to preset atomic
distances and hence, it is advisable to exclude such information from the data file as otherwise
this may lead to missing atom pairs from the force-field computations. (Plimpton et al., 2021)
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non-periodic, ‘shrink wrapped’ boundary in the out-of-plane y-direction.
‘Shrink-wrapping’ means that rather than applying periodic boundary
conditions of a fixed boundary in the out-of-plane y-direction, adaptive
boundaries were used which in practice mean that the system was placed in a
non-periodic-in-y box having a dimension in the y-direction which adapts to the
size of the system. This ensured that the boundaries of the simulation box in the
y-axis could adapt according to the atom positions during the course of each
simulation, albeit with some restrictions which had to be manually included in
the structure files. These restrictions consisted in an upper bound value of
-0.5 A for the lower face of the box and a lower bound value of 0.5 A for the
upper one. Overall, these specifications, which have been used successfully by
others to represent graphene-type systems (Cai et al., 2021; Hui and Chang,
2019), permitted an adequate representation of the monolayer suspended in
space (vacuum) without any constraints in the out-of-plane direction. It is
important to note that, at this stage, the constructed systems as defined by the
respective data files were perfectly planar i.e. not exhibiting the usual rippled

behaviour that is known to characterise suspended graphene sheets.

3.2.2 | Setting up of the energy expression

An important aspect of a molecular modelling simulation is the generation of
a mathematical function which adequately describes the potential energy of the
system being modelled in a manner that is detailed enough to correctly predict
some of its desired properties and to do so in the most computationally efficient
way possible.

Over the years, there have been different such formulations to study
graphene, ranging from complex ones based on quantum mechanics (QM) to
simpler representations which make use of the classical balls-and-springs
(force-field) approach. QM-based methods, being the most representative

formulations for materials to date, allow, contrary to force-field-based methods,
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the study of those properties in graphene which relate to its electronic
configuration, such as its adsorption capabilities (Nakada and Ishii, 2011) and
electric conductivity (Radchenko et al., 2014). However, due to the computational
intensity that is required to perform these type of simulations, having limiting
hardware resources inevitably leads to restrictions on the size of QM-modelled
systems in order for such simulations to be completed within a reasonable
timeframe. Thus, when a large system containing thousands of atoms needs to
be modelled, QM-based simulations are impractical, if not undoable.

For the purpose of this work, since the properties that were going to be
measured would not have included ones which would have been primarily
dependent on the electronic state of the system, simulations were performed
using the less computationally intensive force-field approach. More specifically,
it made use of the Adaptive Intermolecular Reactive Empirical Bond Order
(AIREBO) potential (Stuart et al., 2000) which, in the LAMMPS simulation
package (Plimpton, 1995), is invoked through the airebo pair style command: 2

7 airebo 3.0 1 1

8 * *x CH.airebo-rcmin C

Apart from proving its effectiveness in simulating the deformation behaviour
of various kinds of graphenic systems (Becton and Wang, 2016; Becton et al., 2014,
2015; Chang et al., 2013), the AIREBO potential has also been successfully
implemented in modelling studies which have examined the mechanical
properties of graphene.® Such studies include work by Grima et al. (2015) on the
modelling of defective graphene to assess its auxetic characteristics and an
investigation by Peng and Sun (2020) on the mechanical strength of multilayer

Cu/graphene composites.

2Line 7 defined the empirical potential of choice, a cut-off distance of 3 A and the inclusion of
the torsion and L] terms in the energy expression.

3A Google Scholar search using the terms "AIREBO’ and “graphene’ returns over 3000 papers,
of which more than 500 were published since 2020.
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The publication of the AIREBO potential (Stuart et al., 2000) offered a
compelling alternative to the Tersoff (Tersoff, 1988) and Brenner
potentials (Brenner, 1990) which, until that time, were the typical force-fields
used for modelling hydrocarbon systems and thin films. This is because, unlike
these two potentials, AIREBO can adaptively model the long-range
van-der-Waals and Coulombic interactions and the single bond dihedral-angle
interactions by having its energy expression constructed as a summation of three
pairwise energy terms representing the bonding, non-bonding, and torsional

interactions:

L L[ Y Y B (3.1)

i j#i k#i,j 11,5,k
Bonding interactions are modelled according to a Tersoff-type

potential (Tersoff, 1988):
ERPPO = VR + bV, (3.2)

The repulsive term VR is similar to the one present in the REBO potential

proposed by Brenner (1990):
Qij Xij

Tij

VR = ZUZ']' (1’1']'> 1 +

i Ajje i (3.3)

where Q;;, A;; and a;; for C-C bonds are parameterised as 0.313 A, 4.747 A and
10,954 eV. r;; is the separation between atoms i and j. w;; is a bond-weighting

factor,

wij (rif) = S (te (rij)) (34)
which is responsible for disabling the bonding interactions whenever the typical
bonding distances associated with the atom pairs is exceeded, signalling the
unlikelihood for bond formation to occur. It is composed of a switching function

S(t) having the form:

S'(t) = H(—t) + H(t)H(1 — t) = [1 + cos(7t)] (3.5)

N~
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where H(t) represents the Heaviside step function. The possible outcomes of
H(t) are:
0 t>1
H(t) = (3.6)
1 t<0

switching smoothly within this range at intermediate t with a cubic spline. The
other component of w;; from Equation 3.4 is a scaling function £, (rij) which takes
into account the distance between the atom pairs:

Vij _ pmin

te (i’i]') = —l] (3.7)

max min
r — 7

ij ij
The attractive term V4 is given by a triple exponential:

3 (n)
Vit = —wy () ) by e P (38)
n=1

which also includes a bond-weighing factor so that it can be smoothly switched
off for long-range interactions. Therefore, having switching function cutoffs, b""
of 0.77 and b™%* of 0.81, ensures that the contribution of interatomic interactions
is solely between non-reactive species. As per Equation 3.2, the bonding strength
of Vlf is also modulated via the bonding term b;; —a “quasi” bond order which
accounts for an array of chemical effects that affect the covalent-type interactions
of a system modelled via the AIREBO potential.

Non-bonding interactions are represented by the pairwise Lennard-Jones (L])

o 12 o 6
LJ — if ij

For carbon-only systems like the ones examined in this work, the sole parameters

12-6 potential: *

of interest to the L] term (and their corresponding values according to Stuart
et al. (2000)) are o which should be 3.40 A to match the interlayer separation
of graphite, and the ecccc which should be 0.3079 eV based upon the c33 elastic

*AIREBO-M is a variant of the AIREBO potential that replaces the L] term with the Morse
potential for obtaining better outcomes when simulating high-pressure systems.
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constant of graphite. The reader is referred to Nosé (1984) for the parameterisation

of the L] potential. V!/ is incorporated into the non-bonding term as:

B =5 (1 () S (1 (57) ) G4V (ry)

U (3.10)
+[1=5 (8 (ry))] CVyj” (ri)
having a different switching function compared to the one in 3.2.2:
S(t) = H(—t) + H()H(1 — #) [1 23— 2t)} (3.11)

The gradual exclusion of the L] term is modulated by the scaling function:

Foi — rL]min
|
tr (7’1‘]') - rP]max . rli]min (3'12)
ij ij

At intramolecular distances, the L] interaction is included only if no significant
bonding exists between the atom pair and if the atoms are not connected by two

or fewer intermediate atoms, as specified by the t;, switch,

by) = 210 313
ty (byj) = b — g (3.13)
The switch in Equation 3.13 is controlled by bond weights,
Cij = 1 —max (wj; (rij) , wix (ri) Wi (i), Yk
ij { ij ( 1]) zk( Zk) kj ( k]) (3.14)

wik (rix) Wit (1) wij (rij) , Vk, 1}

If graphene was strictly a planar structure with C—C bond angles of 120° and
equal bond lengths, then the torsional bond term would have been redundant.
Such a degree of regularity in geomerty is not achieved in practice, given the
rippled nature of the nanomaterial, so the bond term may play a more
pronounced role. However, based on the work by Gayk et al. (2018), the
exclusion of the torsional bond term would not have changed the outcome
obtained. Therefore, in view of its reported small contribution to the overall
potential and the added compuational effort associated with the inclusion of this

term, it would have been justifiable to exclude the torsional bond term from the

AIREBO function.
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Throughout these simulations, the cut-off for the non-bond (Lennard-Jones)
interactions was set to 3¢, where o corresponded to a C—C bond length of 3.4A.
The longer-ranged interactions (which use a form similar to the standard Lennard
Jones potential) were smoothly switched off between 2.16¢" and 3.0c, in line with
the parameterisation of the AIREBO potential (Stuart et al., 2000).

In general, this work kept the default parameters and settings as coded in the
CH.airebo potential file that was made available in the October 2020 release of
LAMMPS. The only exception concerned the adaptive cutoff parameter rcmin_CC
which was set to 2.0 A (from the default value of 1.7 A) to avoid the unrealistically
high bond forces in the near-fracture regime which manifest themselves by a
non-physical, hardening effect (Shenderova et al., 2000). This modification has
been applied in analogous studies involving graphene (Peng and Sun, 2020;

Zhang et al., 2012; Zhao et al., 2009).

3.2.3 | Simulation of the models in an unstretched state

This section validates the energy minimisation and equilibration procedures
of the custom-designed simulation protocol through a rigorous assessment of
the outcomes obtained when using armchair- and zigzag-directed graphene as

reference systems.

3.2.3.1 | Minimisation protocol

The principal reason for performing an energy minimisation was to ensure
that the bond length and bond angle data from the systems that were being
modelled was consistent with the empirical findings. In practice, this was
achieved by the removal of any artificial atom overlap which would have caused
the simulation to cease prematurely. The section within the LAMMPS input

script which codified the minimisation code was:

9 min_style cg

10 min_modify dmax 0.1 line forcezero
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11 1.0e-10 1.0e-10 100000 1000000

The chosen minimisation algorithm (specified by the min_style keyword)
was the conjugate gradient algorithm which is described by the LAMMPS
documentation as follows: “At each iteration, the force gradient is combined
with the previous iteration information to compute a new search direction
perpendicular (conjugate) to the previous search direction.” Compared with the
steepest descent method, conjugate gradient is usually more robust and
generally faster at reaching convergence (Plimpton, 1995).° Two parameters were
explicitly specified for the standard implementation of the conjugate gradient
algorithm in LAMMPS, namely the maximum allowed per-atom displacement
in each iteration (dmax), and the line search algorithm (1ine). For the former, a
distance of 0.1 A was set and for the latter, the forcezero line search algorithm
was chosen which operates initially using the backtracking method but once the
system approaches a local minimum (and consequently the line search steps get
smaller), it switches to a more robust quadratic line search (Shewchuk et al.,
1994).

The convergence criteria for this short minimisation process concerned (i)
the energy change and (ii) the net force change on the system which had to be
equal to or lower than 1.0 x 10719 eV and 1.0 x 1071° eV / A respectively between
successive minimisation steps, (iii) the duration of the minimisation which was
limited to 100,000 iterations, and (iv) the number of force/energy evaluations
which was set to a maximum of 1,000,000. These criteria were specified in this
order using the minimize keyword.

In both graphene systems, minimisation was completed before reaching the
maximum number of iterations with the stopping criterion always being the
energy tolerance. This meant that each respective minimisation process was

quick to converge to a local potential energy minimum. The per-atom energy for

>This choice of algorithm was deemed to be a reasonable one since it is sometimes argued
that a full, rather than short, minimisation would have been unnecessary and likely to slow down
the subsequent equilibration step.

48



Chapter 3: Methodology Development 3.2 Simulations

both systems at the end of the minimisation was -7.43 eV and -7.42 €V,
respectively. It is important to highlight that, although the minimisations
managed to successfully replicate the C-C bond lengths in graphene as
measured experimentally, the intrinsic ripples characteristic of the graphene
lattice were absent and instead, the structures appeared completely flat. This
outcome was to be expected since minimisations were performed at the
equivalent of 0 K i.e. they ignored energy contributions from temperature which

are known to be the cause of ripples (Fasolino et al., 2007).

3.2.3.2 | Equilibration protocol

The minimised structures were each initialised to a temperature of 300 K,
followed by the application of a Langevin thermostat as proposed by Schneider
and Stoll (1978) in an NVT MD simulation, and an NPT MD simulation.® Some

important definitions:

(i) Initialisation refers to an assignment of random velocities to each atom
in the system such that the assigned velocities are commensurate to a
Gaussian distribution at a given temperature, which in this validation study

was 300 K.

(ii) During simulation with an NVT ensemble, the composition (N,
representing the number of atoms), volume (V) and temperature (T)

remain constant, which is ideal for achieving temperature equilibration.

(iii) During simulation with an NPT ensemble, the composition (N,
representing the number of atoms), pressure (P) and temperature (T)
remain constant, which is ideal for achieving simultaneous pressure and

temperature equilibration.

®In contrast to an energy minimisation step, equilibration via MD simulation involves
sampling the equilibrium ensemble. In statistical thermodynamics, the ‘equilibrium’ is defined
by an ensemble of states, and although the low-energy states are more likely to be represented in
the ensemble, high-energy states still have a non-zero probability of being sampled.
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NVT was performed to mitigate against wide fluctuations in temperature prior
to barostatting and to accelerate the attainment of thermal equilibrium. While it
was possible to simply initialise the system at 300 K and proceed immediately
to NPT barostatting with a Nosé-Hoover, skipping the prior NVT stage is not
recommended since large swings in temperature (and pressure as the two are
related) may cause the structure to tear itself apart. In the NVT MD simulations
(and subsequent NPT simulations), the equations of motion were integrated
using the velocity Verlet algorithm with a timestep of 0.5 fs. Similar settings were
implemented by Grima et al. (2015) for modelling graphene-like systems. While
simulations with timesteps longer than 0.5 fs benefit from a shorter running
time, preliminary tests conducted on the pristine graphene systems indicated
that implementing a timestep of 1 fs would have produced erroneous results.
Once again, periodic boundary conditions were applied in the in-plane directions
such that the structures resembled an “infinite” graphene sheet positioned in the
xz-plane. Conversely, a non-periodic “shrink wrapped” boundary was applied
in the out-of-plane y-direction which permitted an adequate representation of a
single graphene sheet suspended in space (vacuum) without any restrictions or
constraints in the out-of-plane direction. The default neighbour cutoff of 0.1A was
used. Neighbour lists were allowed to be built at each timestep, although an
actual build only occurred whenever some atom moved more than half the skin
distance i.e. 0.05A, since the previous build.

During the equilibration stage, time integration was performed on
Nosé-Hoover type, non-Hamiltonian equations of motion which derive from the
work of Shinoda et al. (2004) who combined the hydrostatic equations of
Martyna et al. (1994) with the strain energy as formulated by Parrinello and
Rahman (1981). This essentially permitted computations of the atomic positions
and velocities sampled from the NVT ensembles to be effected. Thermodynamic
information about the modelled systems was stored as 100-timestep averages,
such that each monitored parameter was represented by a single value over a

period of 0.05 ps. Temperature was regulated by applying the default
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Nosé-Hoover thermostat as implemented in the LAMMPS program to the
translational degrees of freedom of the modelled systems with a time constant of
0.05 ps.

For the NPT simulation, the fix npt command was invoked which set up
a Nosé-Hoover thermostat and barostat according to the specified preferences,
including: (i) a target temperature of 300 K; (ii) a target pressure of 0 GPa for the
pressure components in the x- and z- dimension; (iii) a time constant of 0.5 ps for
the barostat. The temperature control settings were the same as those previously
described for the NVT simulation. The box dimension along the y-direction was
allowed to fluctuate freely in response to the barostatting action.

The NVT simulation was performed for a maximum of 500 ps i.e. 1,000,000

timesteps, or until each of the following criteria were met:

(i) A change in the total energy of the system which is less than 1 x 107* eV

between two successive 5 ps-sampled averages,

(ii) A change in the system temperature which is less than 1 x 1073 K between

two successive 5 ps-sampled averages, and
(iii) The system temperature was within £2 K of the 300 K target temperature.

In these particular NVT simulations, the above criteria were always achieved
prior to the 500 ps-mark, as indicated in Figure 3.3.

Apart from having the same termination criteria of NVT simulations, the
NPT simulations also had an additional pressure-related criteria: a change in the
system pressure in each of the x- and z-component which needed to be less than
0.01 GPa between two successive 5 ps-sampled averages.

As summarised graphically in Figure 3.4, the NPT simulations were successful
in equilibrating the systems under consideration. From a visual representation of
the systems themselves (see Appendix D for related video content), it is evident
that the modelled structures were sufficiently large as to exhibit the characteristic

rippling effect of monolayer graphene. It is important to note that in order for
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the rippled form to be observed, the LAMMPS’ fix momentum command need
not be enforced in the y-direction since this would hinder the displacement of
the atoms in this dimension.

It may thus be concluded that this protocol was suitable for proceeding to the

tinal step in the designed simulation protocol which was the uniaxial stretching.
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Figure 3.3: Variation in temperature during the NVT equilibration stage of (a) pristine
zigzag graphene and (b) pristine armchair graphene.

3.2.4 | Uniaxial stretching protocol

The final part of the protocol involved simulations of uniaxial stretching
along the x-direction with an engineering strain rate, erate of 0.005 ps—!. The

simulation box dimension L changed linearly with time ¢ based on the equation:

L(t) = Lo(1+ erate xt) (3.15)

where Ly corresponded to the initial box dimension value. The LAMMPS

command that configured this constant strain rate deformation was:

12 fix 2 all deform 1 x erate {erate’ units box remap x
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Figure 3.4: Variation in stress along the x- and z-direction and temperature during
the NPT equilibration stage of (a) pristine zigzag graphene and (b) pristine armchair
graphene.

A strain rate of 0.005 ps_1 meant that at each simulation step, the x-dimension
increased by (0.5% ps~! x 0.0005ps) = 0.00025%.

Periodic boundary conditions were maintained in the x- and z-direction.
Likewise, “shrink-wrapping” was retained for the y-direction. NPT conditions
were enforced on the the z dimension at a target pressure of 0 Pa so that it could
dynamically respond to the orthogonal tensile strain. A similar implementation
for the y dimesion was unnecessary since it was “shrink-wrapped”. Note that,
had the deformation simulations been performed using NVT, this would have
resulted in the physically undesirable outcome of holding the two box lengths
constant as one dimension of the box was expanded — in other words, this would
have forced an unrealistic zero Poisson’s ratio.

The stress calculations that were periodically made by LAMMPS during the
stretching action, as instructed by the input script (see Appendix B), permitted a
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characterisation of the mechanical response of the pristine graphene systems to
uniaxial tension.

The post-processing stage involved the collection of pertinent data from the
dump files that were generated by LAMMPS during the MD simulations. This
necessitated the use of custom written Python scripts which, combined with the
API from Ovito Pro software version 3.4.4, automated much of the data treatment

processes that were involved in this stage (see Appendix B).

3.3 | Results and discussion

Plots showing the effects of the stretching action on various mechanical
properties of pristine graphene are presented in Figures 3.5, 3.6, 3.7, and 3.8.
Several comparisons are drawn mainly between these results and those derived
from similar published theoretical work (Grima et al., 2015; Zhao et al., 2009) to
show that the simulations were truly successful.

The first comparison is drawn betwenn the stress-strain curve for the
armchair- and zigzag-directed tensile loading of pristine graphene (Figure 3.5)
and a similar plot reproduced from (Zhao et al., 2009) which also modelled
pristine graphene at 300 K using with AIREBO potential (Figure 3.9). Values for
the Young’s modulus in the zigzag and armchair graphene were obtained from
the gradient of the respective stress-strain curve in the linear elastic regime
within the limit of zero strain’ and corresponded to 858 GPa for the former and
941 GPa for the latter. A pertinent observation is that the measured Young’s
modulus along the armchair direction matches the published data quite well, as
noted in Table 3.1.

The behaviour of the Young’s modulus at very low strains i.e. below 1%,
reflected the crumpled nature of the suspended graphene sheet. Since the resting

structure of graphene is rippled, the material initially does not resist

"For the purpose of reporting the Young’s modulus in the zigzag and armchair direction, only
data points below the strain value of 0.025 were considered.
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Figure 3.5: Stress as a function of strain, recorded for armchair and zigzag graphene until
fracture. The lighter shaded areas show the standard deviation of the plotted data with
the widest bounds being registered at the fracture point of the modelled systems. The
inset figure depicts the stress-strain relationship in the limit of zero strain.
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Figure 3.6: The effect of strain on the Young’s modulus of (a) armchair graphene and (b)
zigzag graphene in the x-direction. Each datapoint represents a 0.05 ps time weighted
average over ten samples.

deformation. This explains why as stretching commenced, the Young’s modulus
was at a relatively low value and gradually increased as the ripples in graphene
flattened out (Figure 3.6). In fact, it was found to increase from a theoretical
value of 0 GPa up to a maximum of 822 GPa for the pristine zigzag graphene
and GPa for the pristine armchair graphene. At the maximum recorded Young’s

modulus, the sheet was observed to be completely flat. Following this peak

55



Chapter 3: Methodology Development

3.3 Results and discussion

(a) o3
0.2

X 01
0.0

010,00 0.05 0.10

Ex

0.15

(b) 0.3
0.2

J 01
0.0

01500

0.05 0.10 0.15

Ex

Figure 3.7: The effect of strain on the Poisson’s ratio of (a) armchair graphene and (b)
zigzag graphene in the x-direction. Each datapoint represents a 0.05 ps time weighted

average over ten samples.

1.50

=
~
o

o

Bond length (A)

= =
o i
N o

=
~
N

1407

-
e
T

having the equation y = 0.0069x + 1.40.

6

8

Strain (%)

Figure 3.8: Variation in the average C—C bond length of armchair graphene. The linear
portion of the plot i.e. the pre-fracture region, was fitted with a line (marked in red)

10 12

14

which corresponded to a flattened graphene stucture, a re-lowering of the

Young’s modulus ensued. Similar observations were also made by Grima et al.

(2015) for the response of the Young’s modulus in graphene to increasing strain,

although their maximum attained value for this property was higher, at c.

950 GPa (see Figure 3.10). A likely explanation for this apparent discrepancy it

that the choice of sampling interval used was different. At such low values of

strain, choosing a relatively low sampling interval tends to introduce more
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Figure 3.9: The variation of stress in graphene subjected to uniaxial stretching along the
armchair and zigzag direction at 300 K, as reported by Zhao et al. (2009). The inset figure
depicts the linear elastic behaviour in the limit of zero strain.

fluctuations in the obtained result, which concurrently raises the maximum
possible value and lowers the minimum possible value.

Figure 3.7 depicts the effect of strain on the Poisson’s ratio of graphene in
the armchair and zigzag directions, respectively. Although these plots do not
reproduce the same exact outcome as the one reported by Grima et al. (2015)
(see Figure 3.11), the general trend of the plot specific to armchair graphene is
comparable to the published one. As before, the choice of a lower sampling
interval may be the likely cause for this discrepancy.

The analysis of the C—C bond length, which was performed solely for armchair
graphene and summarised in Figure 3.8, was also as expected, in the sense that
the initial C-C bond length prior to the stretching action averaged 1.40A, which
agrees well with the commonly established value of 1.42A (Kalosakas et al., 2013).
It is worth highlighting that the mean bond length fails to distinguish between
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Figure 3.10: The averaged in-plane Young’s modulus against the engineering strain for
stretching in the x-direction, as reported by Grima et al. (2015)
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Figure 3.11: The averaged in-plane Poissons’s ratio against the engineering strain for
stretching in the x-direction, as reported by Grima et al. (2015).
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the two types of bonds that are present in pristine graphene that are oriented
differently within the system and relative to the direction of stretching (Zhao
et al., 2009). However, it was beyond the scope of the present work, which is a
mere methodology development and validation study, to perform such a detailed
analysis which would have required the development of an additional section
of the methodology to distinguish between different bonds within the system.
Nevertheless, as noted by Figure 3.8, the average bond length of the armchair
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graphene system as a function of strain is in close agreement with the average
value reported by Kalosakas et al. (2013). This adds further confidence to the

simulation protocol being adopted here.

3.4 | Conclusion

The aforementioned results clearly show that the protocol as devised was
successful in reproducing the reported properties of pristine graphene in vacuum
at 300 K. As shall be seen in the next chapter, the use of this validated protocol
was also effective towards simulating the uniaxial stretching of a series of folded

graphene systems.
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Modelling the Tension-induced
Unfolding of Graphene-type Systems

Chapter Highlights

m A detailed account of the methodology that was followed in order to
construct three separate folded graphene models, based on the combined

use of VMD and Materials Studio, is presented.

B An outline of the LAMMPS-based procedure (previously validated in
Chapter 3) is provided for equilibrating the aforementioned folded systems
to 300 K and 0 Pa and for simulating their mechanical properties under

uniaxial tension.

m It is shown that folded graphene systems seem to be energetically stable
under the studied test conditions and fold in a manner that is somewhat
analogous to folding a regular sheet of paper. The same analogy is also

used to explain why defective systems fold more densely.

® The uniaxial tensile simulations performed on folded graphenes reveal
a number of anomalous properties that are manifested by these systems,
including a zero Poisson’s ratio and a negative tangent modulus — properties

which are adequately explained by analysing the deformation profile.

B General remarks about the strengths and limitations of this study are

presented.

4.1 | Introduction

The purpose of this chapter is to report on the undertaking of a

simulation-based study regarding the tensile behaviour of previously unstudied
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folded graphene conformations, together with a thorough discussion of its
outcomes.

Cognisant of the fact that (i) graphene can adopt several distinct folded
conformations, (ii) the mechanical properties of graphene (and folded graphenes
by association) display significant anisotropic character (Ni et al., 2010), and (iii)
line defects are capable of inducing fold formation (Gauci, 2018), a total of three

folded graphene models, shown in Figure 4.1, were constructed in silico, namely:

(a) Folded pristine graphene with the armchair direction oriented along the

x-direction;

(b) Folded pristine graphene with the zigzag direction oriented along the x-

direction;

(c) Folded graphene with V{(5-9) mono-vacancies arranged in the form of

periodic, parallel lines along the armchair direction and orthogonal to the

x-direction.

Figure 4.1: A digital rendering of the three folded graphenic systems, namely (a) pristine,
folded armchair, (b) pristine, folded zigzag, and (c) defective, folded zigzag graphene
(shown here in their unoptimised state) which served as the initial structures for the
subsequent MD simulations.

Chapter 3 established that the custom-designed LAMMPS protocol was
adequate for simulating the tensile behaviour of pristine graphene (at 300 K and
0 Pa) to a satisfying degree, by producing mechanical results that were congruent
with the experimental and simulation-based findings reported elsewhere in the

literature. However, in order to apply this protocol talis qualis for use with the

folded graphenic systems, some important assumptions need to be made.
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4.2 | Simulation protocol

Briefly, the methodology used to simulate the tensile behaviour of the folded
graphene-type systems in LAMMPS involved the construction of molecular
models with manually inserted folded regions through the combined use of
VMD and Materials Studio, their optimisation via a conjugate gradient energy
minimisation, followed by their equilibration to 300 K and 0 Pa via NVT and
NPT simulations, and, finally, NPT dynamics which simulated uniaxial

stretching along the x-direction.

4.2.1 | Construction of the folded systems

The pristine folded graphene systems modelled in this chapter, shown in
Figure 4.1(a, b), may be described as flat sheets of graphene, aligned in a
quasi-parallel manner to each other, that are connected together via folded
regions which are not dissimilar to a half CNT configuration. With this in mind,
the procedure that was followed for creating each of them entailed the use of
VMD to generate portions of nanotubes and graphene sheets which were
oriented into an optimal configuration and later combined into a single
crystalline system, referred to as the 1 x 1 x 1 system, using Materials Studio. A
short geometry optimisation with the Dreiding force-field (available within
Materials Studio), was performed on each of these initial structures.

These few-atom systems, containing 144 atoms each, failed to meet the size
requirement for the proper execution of MD simulation, considering that the latter
necessitates a sufficiently large system to ensure that the Boltzmann-Maxwell
speed distribution appropriately represented the temperature of the modelled
system. Thus, each system was enlarged to 5184 atoms (a thirty-six-fold increase
in system size) by converting a 6 x 1 x 6 unit cell of the base structure into a
supercell, as illustrated in Figure 4.2 for the pristine folded armchair graphene.

The preferred system size represented the best compromise between the limited
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availability of hardware resources to run these simulations and the requirement

of having a large enough system.

Figure 4.2: A schematic diagram showing the steps involved in the creationofa 6 x 1 x 6
pristine folded armchair graphene supercell. The system on the left showsa1l x 1 x 6
system while the system on the right shows the 6 x 1 x 6 system, obtained by converting
36 repeat units (shown in the middle) to a single supercell.

A slightly modified procedure to the one described above was adopted for
constructing the defective folded graphene system, depicted in Figure 4.1(c). In
this case, its unit cell structure i.e. the defective 1 x 1 x 1 system, was formed by
the stepwise conversion of a copy of the pristine 1 x 1 x 1 folded zigzag system
into a 1 x 1 x 2 superlattice and the manual removal of two single-vacancy
defects of the (5-9) type from the rounded nanotube segment of the structure,
which produced a system containing 2 x 144 — 2 = 286 atoms. The remainder of
the construction process for the defective folded zigzag system, which has been
summarised schematically in Figure 4.3, was analogous to the one that was
followed for creating the pristine systems: the 1 x 1 x 1 system was “cleaned”
using a short geometry optimisation with the Dreiding force-field within
Materials Studio, and then, it was enlarged x6 in 2 and x3 in ¢ to produce a
6 x 1 x 3 system with 5148 atoms in total.

It must be emphasised that the lattice defects of the defective system were
placed in an orderly manner such that the enlarged system displayed, according

to the nomenclature proposed by Grima et al. (2018), a (m,n) = (1,6) defect
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v

Figure 4.3: A schematic diagram of the creation process for the 6 x 1 x 3 defective folded
zigzag graphene supercell. From left to right: 1 x 1 x 1 pristine folded zigzag graphene,
al x 1 x 1 pristine folded zigzag graphene with two repeat units in the z-direction, a
1 x 1 x 2 folded zigzag graphene supercell, a1 x 1 x 1 defective folded zigzag graphene,
alx1 x 1 defective folded zigzag graphene with six repeat units in the x-direction and
three in the z-direction, 6 x 1 x 3 defective folded zigzag graphene supercell.

pattern wherein the separation between each successive defect was 3(n — 1) = 15
hexagonal carbon rings along the x-direction (n = 6) and the minimum allowable

separation along the z-direction (m = 1), as illustrated in Figure 4.4.

Figure 4.4: The spatial arrangement of V{(5-9) mono-vacancies (highlighted in red)
within defective folded zigzag graphene. (a) The unit cell of defective folded graphene
having a single vacancy defect located at [3x(n — 1),2x(m — 1)] where m,n = (1,6) and x
corresponded to the separation from the origin i.e. the bottom-left corner of the sheet, in
terms of the unit cell count (b) A flat section of the same system with several repeated
units.

A common feature to all three folded systems was their general pleated
structure, having graphite-like portions that always lied in the yz-plane such

that the “ripple effect” propagated in the x-direction. Therefore, if at this stage
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4

the systems had been fully stretched open, the so-called “armchair system”
would have had its armchair direction aligned with the x-direction (and the
zigzag direction along the z-direction), whereas in both the pristine and
defective “zigzag systems”, the zigzag direction would have corresponded to the
x-direction (and the armchair direction to the z-direction), as illustrated in

Figure 4.5.

Zy 3 T o8
s (a) (b) (c)

Figure 4.5: A visual representation of the distinct characteristics present in the folded
graphenic systems that are described in this chapter, namely (a) the armchair and (b)
zigzag pattern of the folded pristine systems, and (c) the defect line pattern displayed by
the folded defective zigzag system.

Structure files of the folded graphene systems described herein were
generated through VMD in accordance with the data file formatting guidelines
contained within the LAMMPS documentation (Plimpton et al., 2021). For

additional information about these files, refer to Appendix B.

4.2.2 | Assumptions made

A number of assumptions had to be made in relation to the uniaxial tensile

simulations of the folded graphenic systems and their subsequent analysis:

1. The termination criteria as defined by the equilibration protocol were
assumed to be stringent enough to ensure that, by the end of the
equilibration stage, the structural instability (and associated energy
fluctuations) caused by the artificially inserted folded regions in the

modelled systems had completely subsided.
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2. The deformation rate was sufficiently low for the modelled systems not
require a re-equilibration step prior to each incremental strain, as reported

by Grima et al. (2015).

3. The thickness of the folded graphenic systems for the purposes of stress
calculation was assumed to be the same used for pristine graphene i.e.
3.354 A, which value corresponds to the interlayer separation of graphite
(Greenwood and Earnshaw, 2012). The rationale behind this decision was
based on the fact that, if the same set of simulations had been replicated
experimentally, stress would have been applied equally to the transverse
edges of the folded graphenes which would have had a monoatomic

thickness.

4.2.3 | Minimisation and equilibration of the folded

systems

The systems constructed as described in the previous section, as realistic as
they may seem, cannot be considered truly representative of what one would
expect to observe had the systems been studied at 300 K under near-ambient
pressure conditions. Such realistic representations were obtained by employing
the validated protocol for the energy minimisation and equilibration procedures
with one minor adaptation: a preliminary system optimisation in Materials Studio
using the Forcite module with parameters from the PCFF force-field. This step
was necessary to remove any spatial overlap between atoms in the modelled
systems which, if left unmitigated, would have resulted in the failure of the
simulations. In view of the fact that the PCFF potential has been used successfully
in related work on graphene (Grima et al., 2015), no additional re-validation
was required. Following this preliminary optimisation, a conjugate gradient
minimisation was performed for a maximum of 100,000 outer iterations and

a maximum allowed per-atom displacement of 0.1 A between each successive
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iteration. This was followed by a set of NVT and NPT simulations' which
were programmed to run for a combined simulation time of 1 ns. By the end,
an optimised version for each of the three folded graphenic systems in their

unstretched state was obtained (see Appendix D).

4.2.4 | Uniaxial stretching of the folded systems

Briefly, the protocol implemented for the uniaxial stretching of the folded
graphenic conformations entailed the application of a constant strain rate in the
x-direction i.e. the orthogonal direction of the folding lines, until the system
was fully extended at circa 900% strain. More specifically, the rate at which
strain was applied was 0.5% ps~!i.e. (0.5% ps~! x 0.0005 ps) = 0.00025% per
0.0005 ps simulation step. Periodic boundary conditions were retained in the
x- and z-direction and, likewise, the y-direction remained “shrink-wrapped”.
Systems were simulated under NPT to ensure that they responded to the applied
strain in a physically realistic manner, as discussed in detail in the previous

chapter.

4.3 | Results and discussion

4.3.1 | Analysis of the equilibrated folded systems

Animations? (see Appendix D) and representative images from these
animations illustrating the unstretched conformations of the three systems
modelled are depicted in Figure 4.6. These images, produced from
well-equilibrated MD simulations, can therefore be treated as valid exemplars of

energetically stable structures for the systems at the simulation temperature and

IRefer to Chapter 3 for an in-depth account of exactly how this step was implemented.

2The output of MD simulations is a dynamic representation, rather than a static one, where
the atomic positions are presented as a function of time. Such output is best presented as an
animation.
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pressure.> These images present the structures from different viewpoints to

facilitate the three-dimensional interpretation of the systems.

From these images and animations, it may be deduced that the high-density
folded conformations as modelled in this work seem to be energetically stable.
This added stability may be explained by the fact that the folded systems benefit
from extended stabilising 7w — 7 interactions (Hunter, 1993). This underscores
the propensity of such systems to form multi-layered graphenic regions as a way
to gain energetic stability. It is evident from Table 4.1 that, while the studied
systems are of similar energy content, the density is significantly different, with a
25% gap between the least dense (folded pristine zigzag graphene) and the most
dense (folded defective zigzag graphene) system.

Here it must be mentioned that for this stability due to graphite-like
interaction to be imparted, it is imperative that folds with a small radius of
curvature form, so as to permit the systems curves/folds on itself where the
adjacent layers mimic graphitic systems (i.e. separations in the region of 3-4 A).
Obviously, curvature comes at a cost: its existence permits regions of multi-layer
graphene, which are stable, but the fold itself puts the system under local strain.

More importantly, the simulations suggest that the presence or otherwise
of the defects has an effect on the manner of curvature at the folding regions.
Indeed, it is evident from Figure 4.6 that the average radius of curvature in the
folds contained within the folded pristine graphenes is larger than that for the
sharper folds that are present within the defective graphene system. A tentative
explanation for this behaviour may be found in the relative ease with which the
defective graphenic system could fold as opposed to its pristine counterparts.

As noted elsewhere (Grima et al., 2018), the presence of adjacent pentagons and

31t must be emphasised that at non-zero Kelvin conditions, molecular systems should not be
considered as static structures and thus no single image can capture the dynamic behaviour of
the systems. This also applies for the polymeric systems studies here and any image presented in
this dissertation should be considered as a representative snapshot of a dynamic system. Such
dynamic information is better representable through the animations which are presented in the
Supplementary Information.
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Table 4.1: The unit cell parameters of the three folded systems modelled in this work and
their potential energies at key stages prior to the uniaxial stretching simulations.

hexagons which characterise the V1(5-9) defects tend to force the graphene to
adopt a locally curved conformation to permit the co-existence of side-sharing
pentagons and hexagons. This favours out-of-plane bending at the lines where
the defects are present, with the net result being that the graphene sheet attained
very prominent and distinctive fold lines which were not dissimilar to what
one observes at the macroscale when folding a sheet of paper. As evident in
Figure 4.7(a), a pre-folded, accordian-like sheet of paper can be compressed
rather easily to a flat form with the crease lines acting like hinges. In contrast,
when such fold lines are absent, the paper seems to prefer retaining a substantial
radius of curvature as evident in Figure 4.7(b). This suggests that what is being
observed here is more of a mechanical phenomenon, which is independent of
scale, to the extent that it is manifested both at the nanoscale by the graphene

systems modelled here and at the macroscale.
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Figure 4.6: Snapshots from different perspectives of (a) pristine, folded armchair, (b)
pristine, folded zigzag, and (c) defective, folded zigzag graphene upon completion of the
equilibration stage.
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b-ii b-iii b-iv

Figure 4.7: A macroscale folded paper model to explain the different folding regime of
the pristine and defective folded graphene systems modelled in this work. a Folding of a
pre-creased sheet of paper, in an analogy to the folded graphene system with patterned
defect lines. b Folding of a normal sheet of paper, in an analogy to the pristine folded
graphene systems.

This macroscale analogy with a folded paper is also useful to explain another
phenomenon, namely that in the case of the defective system, the folds always
correspond to the defect lines whilst in the non-defective systems, the folds are
more mobile. This effect can be very easily demonstrated at the macroscale by
comparing the behaviour of an uncreased and a pre-creased paper as they are
compressed in a similar way to that shown in Figure 4.7. This hypothesis was
proven at the nanoscale through the simulations which suggest that in the case of
the defective systems, the folds were always restricted to the line of defects with
the result that the system can be considered to be constrained to a specific “quasi
periodic” highly ordered morphology. In contrast, the folds in the non-defective
systems seem more mobile with the result that their locations within the system
is less predictable and the folds are not all alike, as illustrated in Figure 4.6. This
difference stems from the fact that in the non-defective systems, if one had to
ignore the stabilisation that is derived from the graphite-like 7t — 7t interactions,
the energy that is required for the fold to form is the same irrespective of where

the fold forms. On the other hand, in the case of the defective system, the folds
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are more prone to form at the location of the V1(5-9) defects due to Euclidean
geometry constraints imposed by presence of pentagonal and hexagonal rings
which force the system to adopt a non-planar conformation. This key difference
between defective and non-defective systems also seems to be the fundamental
cause of the different stress-strain properties, as discussed below.

The replication of the nanoscale phenomenon at the macroscale has another
important implication, namely, that what is being reported here is an effect of
structure and not of chemical composition. This suggests that the behaviour being
manifested here is likely to occur irrespective and independently of the cause of
the fold (which, in this case, are the V1(5-9) defects) and only based on whether
a fold line is present. Thus, for instance, a similar effect would be expected to
occur if single-side hydrogenation was used to create the imperfections leading
to the fold line (Ho et al., 2020).

An important difference between the macroscale paper model and nanoscale
is that whilst at the nanoscale there is a drive to bring closer together portions
of graphene sheet due to the attractive nature of 71 — 7 interactions, there is no
natural driving force to fold a paper. Thus, even in the absence of folding lines, a
randomly formed fold may still occur in graphene in an attempt to maximise the
non-bonding interactions while limiting the stresses at the folding region by a
larger radius of curvature.

An interesting observation which can be made at this point is that, throughout
the equilibration period, the random folds within the pristine graphene systems,
once they formed, retained their conformation to a remarkable degree. A possible
explanation to this is the difference in stability gained once a particular folded
conformation is adopted by the system, which acts as a barrier towards an
even lower minimum. Therefore, one could expect that at a higher operating
temperature, the system could be less prone to getting “stuck” into a single
conformation and be able to transition to ones of lower energy content.

To discuss this aspect further from a quantitative perspective, one may look

into the studies on single-walled carbon nanotubes. It is well known that such
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carbon nanotubes may exist in a wide range of diamteters, but there seems
to be a physical limitation on how narrow such tubes can exist in. Present
knowledge suggests that the thinnest free-standing nanotubes have diameters of
c. 4.3 A (Torres-Dias et al., 2017), which nanotubes are thought to be either (5,1) or
(4,2) tubes (Hayashi et al., 2003). This dimension is very similar to the diameter
of the curved folding region of the defective systems studied here, as illustrated
in Figure 4.8. Note that, apart from the free-standing nanotubes, other small
tubes are also known to exist inside other tubes, all of which have c. 4 A diameter,
as discussed by Zhao et al. (2004) who used aberration-corrected high-resolution
transmission electron microscopy to study these systems. This lower practical
limit on the dimensions of the curved regions may explain the non-perfectly
circular shape of the curved region, as well as the actual separation between
the layers: an attempt to accomodate the optimal diameter of the nanotube-like
curved region (which should ideally exceed 4 A, the minimum diameter of stable
nanotubes) with the optimal separation of the graphite-like flat surface (graphite
separation being typically 3.35 A(Torres-Dias et al., 2017)).

Figure 4.8: A visual comparison between the profile of (a) the folded zigzag graphene
conformation with V1(5-9) line defects, and those of (b-i) (5,1) CNT and (b-ii) (4,2) CNT.
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4.3.2 | The stretching behaviour and the stress-strain

properties

The stress-strain properties of the three systems modelled are reported
through animations (see Appendix D) and through the plots and images shown
in Figures 4.9, 4.10, and 4.11. From these results, two important findings can be

inferred:

m Folded graphenes can sustain very large strains while the in-plane thickness

remained almost constant, i.e. vy, ~ 0, or a zero in-plane Poisson’s ratio;

m There were various instances where the stress vs. strain graph had a
negative gradient, indicating instances of an instantaneous negative

tangent modulus.

Focusing on the manner of deformation of the three systems studied,* starting
with the folded pristine armchair system, it should be noted that two dominant
patterns of unfolding were identified. The first consisted in the re-adjustment
of neighbouring folded regions by sliding against each other, whilst the second
necessitated the opening of a fold. This served to partially release the stress
accumulated as a direct result of the stretching action.

An important observation that should be made is that, if one were to analyse
the plot of the energy vs. strain in Figure 4.9 (which is also proportional to
simulation time), it would swiftly be apparent that each time a fold opened up
and “snapped”, it sent ripples across the whole system and caused an abrupt
decrease in the total potential energy. Regarding the latter point, the potential
energy that was gained by the system during the stretching process was partly
released at each fold opening (“snap”), and in some cases, there was even a

release of additional pre-stored energy within the molecule i.e. instances when

4To facilitate the discussion and interpretation of the outcomes from the unfolding processes,
reference is made to particular conformations by the “Conformation number” as denoted in
Figures 4.9, 4.10, and 4.11
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Figure 4.9: Variation of stress (GPa) and potential energy (eV) with strain (%) during the
unfolding process of folded, pristine armchair graphene, highlighting key conformations.
Yellow-shaded regions mark the periods when fold openings occurred.
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the total potential energy at a particular strain value was lower than the starting
potential energy. This effect was mirrored to a lesser extent in the magnitude of
the stress component in the x-direction oyy; while a “snap” did lower the stress
component, the difference was similar to those induced by the sliding action
of the graphene layers. Nevertheless, one should note that there were several
instances during the stretching simulation where the system had a negative
tangent modulus, as indicated by the gradient of the stress vs. strain plot which
was negative multiple times. In practical terms, this meant that the material, as it
was being pulled open from both sides, had instances of “push back” behaviour.
Moreover, from the same stress-strain plot in Figure 4.9, it is also evident that
the system had a low modulus, almost two orders of magnitude lower than
that typically quoted for standard graphene. An explanation for this is that the
presence of folds obviously offered a much easier pathway for the system to
deform as, in an analogy to a macroscale folded paper model, it is much easier to
unfold a folded paper than to actually stretch paper. In fact, had there not been
the attractive 71 — 71 interactions, the decrease in modulus could have been even
more pronounced. In other words, the folds offer pathways for the system to
alleviate stress gained through uniaxial stretching. If it were not for them, oy
would have increased linearly to approximately 90 GPa and cause the systems to
rapture, as observed in standard graphene.

Looking more closely into the deformation itself, the initial (and highest) peak
of 1.7 GPa for 0yx, marked as Conformation 2 in Figure 4.9, may be attributed to
resistance manifested by the system in trying to retain its graphene layers as close
together as possible. Interestingly, this was accompanied by tilting which raised
the value of the stress component to then be partly relieved from Conformation 2
to 5 through sliding action. Such a cyclic exchange persisted until Conformation
14 when the first fold opening occurred, at a corresponding strain of 420%. This
was closely followed by three other fold openings, from Conformations 15 to 17.
Fold openings were often preceded by a re-orientation of the folds such that the

plane of the bilayer region became orthogonal to the stretching direction; this was
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clearly the case in regard to the structural changes observed from Conformation
20 and 21 which led to a fold opening at Conformation 22. Conformation 26
marks the first time when the potential energy of the system dipped below the
value recorded for the initial structure. A possible explanation to this occurrence
may be the formation of a trilayer structural domain within the system. From
then onwards, sliding action due to the increasing strain led to a shortening of this
trilayer (and a consequent increase in energy due to the decreasing contribution
of Coulomb forces). When oy, reached 1.3 GPa at Conformation 30, the last
remaining folds in the system opened up, causing a major drop in oyy.

Focusing now on the folded pristine zigzag system, similar observations can
be made in respect of the energy and stress profiles even if there are some very
recognisable differences in the actual deformation profile. It is beyond the scope
of this work to fully compare and contrast the two deformation profiles since
such an analysis is not trivial and should preferably be made after analysing a
number of repeats of these simulations as well as additional simulations where
the honeycomb systems are studied as a purely mechanical structure (e.g. using
finite element analysis, the standard simulation technique for structures).

From Figure 4.10, it may be observed that the first fold opening at
Conformation 7 occurred at a significantly earlier strain value (c. 130%) than that
in the folded armchair graphene. This was closely followed by two other fold
openings at Conformations 9 and 10 which, viewed together, seem to permit
better layering of the graphene folds. By Conformation 12, this essentially led to
a multi-layered, graphite-like structure, which happened to correspond to the
lowest point in potential energy, even lower than the starting structure. From
then onwards until the fourth fold opening at Conformation 15, folds began to
move apart whilst oy, stayed relatively constant at an average value of 0.92 £+
0.08 GPa. This trend, however, was reversed throughout the remainder of the
unfolding process, as evidenced by the approaching of the folded domains from

Conformations 17 to 19 which facilitated further fold openings.
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Figure 4.10: Variation of stress (GPa) and potential energy (eV) with strain (%) during the
unfolding process of folded, pristine zigzag graphene, highlighting key conformations.
Yellow-shaded regions mark the periods when fold openings occurred.
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Finally, looking at the folded defective zigzag system, the regions of negative
tangent modulus (instantaneous “pull-back” action) which correspond to
instances of a fold opening are more pronounced than in the pristine folded
graphene systems. This is probably due to the much better packing and
attractive interactions which is geometrically favoured through the presence of
the defects.

The deformation itself contrasts in some aspects from that of the pristine
systems and may be casually described as involving a clearly demarked
sequential unfolding whereby the folds unfold separately, one by one. This is not
the case for the non-defective systems, where the folds seem to move around the
system with increasing strain. In other words, the deformation is a sequence of
repeatable events where folds “unfold” and “snap”. Thus, the properties may be
inferred just by focusing on one such event, illustrated in Figure 4.11, which
while representing only a section of the process, manages to capture the entirety
of it and can therefore be used to describe the behaviour that was noticed. For
the sake of completeness, a more extensive set of images is also reported
(Figure 4.12), which follows the deformation from 0% strain to circa 1000%. A
similar pattern emerged in the oy, and potential energy plots. Thus,
Figure 4.11(b), while representing only a section of the process, can be assumed
to capture the entirety of the simulation.

Analysing this single event, similar to what was observed in the other two
systems, the initial build-up of oyyx can be attributed to the reluctance of the
graphite-like portions to separate from each other. This event led to the situation
in which the v-shaped segment (preferring that form because of the defect line),
was straightened, at which point, one of the fold decoupled from its neighbour
and began to slide, ultimately forming a “hook’, which subsequently ‘snapped’
under additional strain. Interestingly, the ‘hook’ itself also resisted further
opening, resulting into a second (albeit much lower) maximum oy, prior to its
opening. It is worth noting that oy, was reduced through the sliding action of its

graphite-like portions and fold openings, with the latter being always preceded
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by the former. On average, fold openings resulted in a more pronounced
decrease in oy, than the sliding movements (approximately 30%).

It is worth noting that the base structure comprised of a smaller-sized
1,6-system like the one described here has been studied by Gauci (2018) through
a series of minimisations using the PCFF force-field with the scope of identifying
novel, stable conformations (all of which contained folded domains). With this
work in mind, the first observation that should be made is that the present
simulation results do not contradict the finding of this earlier preliminary study
performed using the PCFF force-field. In particular, transient folded structures
observed during the simulated unfolding of this system in the present study
were analogous to those reported by Gauci (2018) (see Figure 4.13)(a). For
example, Gauci (2018) notes that the principal result from this study was that, as
the system unwinds and assumes a less dense, v-shaped conformation, the
potential energy increases due to the loss of the stabilising graphite-like portions.
This was indeed the case in the present study, however, the difference in energy
between the two conformations was less pronounced. This agreement is
extremely important, particularly in view of the fact that the previous study was
performed using a different force-field from the AIREBO used here as it confirms
that the results being obtained are not likely to be a mere artefact of the
force-field used.

An interesting observation made during post-processing with Ovito was that
the total number of bonds in the system decreased. Bonds were created by the
program at a uniform cut-off radius of 2A. This decrease can be interpreted as
bond breaking at the defect sites which transitioned from V(5-9) to V(12), as
illustrated in Figure 4.14. It should be noted that during the final stage of the
deformation, when the structure was fully opened but not yet fully stretched, the
remainder of the V1(5-9) defects transitioned to ones of the V;(12) type. This kind
of nanostructural damage will need to be researched further in order to establish
how it affects the mechanical robustness of the system, and also properly assess

to which extent the system may be subjected to cyclic loading.
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Figure 4.11: Top: The unfolding process of folded zigzag graphene with V(5-9) line
defects in terms of the variation of stress (GPa) and potential energy (eV) with strain (%).
Bottom: An enlarged portion of the top plot (enclosed in a black rectangle), highlighting
some key conformations.
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195

Figure 4.12: Snapshots from the uniaxial tensile simulation of defective zigzag graphene
taken every 10 ps x 5 =50 ps.
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Figure 4.13: Ball-and-stick representations of folded graphene conformations presented
as 1 x 3 x 1 superlattices. (a) Transient structural domains (highlighted in blue) observed
during the unfolding process of the folded zigzag graphene system with patterned V;(5-
9) defects. (b) Matching folded graphene systems which were identified by Gauci (2018)
using a static approach comprised of a series of energy minimisations. The location of
each defect site is marked in red.

Figure 4.14: Snapshots of the defective folded zigzag graphene with two visible defect
sites. (a) Two vacancy defects of the V(5-9) type at 180% strain. (b) Two V;(12) defects
which appeared when the system was strained to 190%.
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4.3.3 | Strengths and limitations

Before concluding, it is important to highlight some of the strengths and
limitations of this work. The first strength which ought to be highlighted is
that, through modelling, it was possible to explore the structure and properties
of folded conformations of graphene which were previously not studied, and
predict some very interesting and anomalous properties, including negative
tangent modulus and a zero Poisson’s ratio (Figure 4.15).
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Figure 4.15: Variation in the on-axis Poisson’s ratio with strain (%) during the unfolding
process of (a) the pristine folded armchair graphene, (b) the pristine folded zigzag
graphene, and (c) the defective folded zigzag graphene.

The software used was open-source and available to the scientific community
at zero cost. Thus, the results-to-cost ratio of this work was very high, and
forms the basis for additional studies to expand what was identified here. More
specifically, for the first time, it was shown how graphene can be made even more

versatile and exhibit anomalous stiffness properties through the use of folds. The
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concept that a polymeric system can attain properties through the manner how
the macromolecule folds on itself is not something new to graphene. Suffice to
mention how the chemistry and properties of proteins is heavily dependent on
the tertiary structure of the polymer, where the tertiary structure is dictated by the
presence of entities which may interact via non-bonded interactions, particularly
hydrogen bonding. In this case, the “tertiary structure” of graphene is imparted
by the 7m — 7 interactions which, like H-bonding, are non-bonded interactions
of a substantial magnitude. Moreover, a distinction between folded forms of
graphene and standard, planar graphene is not normally made since the presence
of folds in graphene does not constitute a formal and distinct allotrope of carbon
from the non-folded conformations.

Nevertheless, the fact that the work was entirely based on modelling had
its own inherent limitations. For instance, no direct experimental proof has
been obtained which definitely confirms the properties being reported here. In
this respect, it is reassuring that the results obtained here were not dissimilar or
contradictory to earlier, more preliminary results obtained using the commercially
available software Materials Studio with the PCFF force-field (Gauci, 2018).

A further limitation is that the study was limited to stretching uniaxially
perpendicularly to the fold lines. Ideally, additional simulations ought to be
carried out to fully characterise these materials by simulating off-axis moduli
and Poisson’s ratio as well as the shear moduli. Comparing the system to earlier
work on corrugated sheets exhibiting negative Poisson’s ratio off-axis Grima et al.
(2018), it could well be that even the present systems are auxetic for loading
off-axis. Unfortunately, such a conclusion cannot be reached from the present
study without performing additional simulations.

Another limitation which should be mentioned concerns the estimation of
margins of confidence in the reported values. As with any other work where
measurements are being reported, care must be taken to recognise that there
is always some level of uncertainly in any result. In this regard, one should

note that, for instance, according to the 10-ps-averaged data samples for the
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unfolding process of the defective zigzag system, instances when oy, turned
slightly negative could well fall within such margin of error. This is somewhat
confirmed by plots whose inputs originated from the same data source but
processed using a different sampling average each time. (Figure 4.16). Had the
occurrence of negative oy, been a real phenomenon, this would have indicated
an appreciable reluctance by the system to being further deformed by the applied
strain. Nevertheless, it is more likely that this was merely an artefact of the
simulation protocol used, or maybe due to the relative small size of the system.
In view of this, it is worthwhile for such an aspect to be investigated further.

Apart from the aforementioned issue related to ‘negative stress’, the
methodology itself was also characterised by a number of assumptions which
could have had significant influence on the results obtained. For example, it is a
standard practice in graphene-related modelling studies to approximate the
thickness of graphene to the empirical value for the layer separation of graphite
ie. 3.35 nm. It was perfectly justified, therefore, to adopt this assumption
throughout the validation study presented in Chapter 2, but to a lesser extent
when folded graphenes were involved. Given the fact that the size of the y
dimension was shrink-wrapped, that is, continuously adjusted to the exact size
occupied by the modelled system in that specific dimension, it would have been
possible, through a slight modification of the LAMMPS input script, to
dynamically update the size of the y dimension throughout the course of the
simulation in order to be included in the stress calculations, rather than
assuming that it was constant. Nonetheless, it is reassuring to note that the
inclusion of a similar operation would not have interfered with the trends that
emerged from the stress plots discussed previously (Figure 4.17).

Another important limitation of this study is that simulations were performed
on what could be considered as medium-sized systems with the assumption
made that these represent the bulk behaviour of a quasi-infinately large sample.

Ideally, the simulations would be repeated several times using progressively
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Figure 4.16: Variation in oy, (GPa) with strain (%) during the unfolding process of the
defective zigzag graphene at different sampling averages. Although the data points
of every single plot shown here originated from the same LAMMPS-generated output,
there are key differences, with the most notable being less fluctuation on moving to
progressively larger sampling intervals.
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Figure 4.17: How a different treatment of system thickness influences the variation of oy
throughout the unfolding process of the defective zigzag graphene system. The solid plot
lines are derived from a dynamic y dimension, whereas the dotted plot line is derived
from stress data which was calculated using a constant graphene thickness of 3.35 A.

larger units until convergence is guaranteed. Such simulations, however, are not
trivial to perform in view of the limited hardware resources, etc.

Probably, an even bigger limitation is that the system was guided in the
process of fold formation. Whilst this might not have a major impact in the case of
the defective systems since the fold lines are indeed expected to correspond to the
defect lines, the same cannot be said with regards to the pristine systems. In the
latter systems, it would be appropriate if additional simulations are performed,
ideally in a manner where there is minimal user interference to how folds are
formed. Such simulations should also be repeated on larger samples since, as
evident from Figure 4.6, the “tertiary structure” of the folded pristine graphenes
are not “regular”. This also highlights another important limitation of this study
which is the constraints imposed through the use of periodic boundary conditions.
For example, the simulations on the defective system suggest that within a unit

cell, folds tend to unfold sequentially (Figure 4.18). This could suggest that, had
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a larger system been used with a larger number of folds, the same effect would
have been observed. However, due to the fact that periodic boundary conditions
are imposed what is truly being simulated here is that a fold per unit cell length

is unfolding.

Figure 4.18: The sequential unfolding of defective zigzag graphene through a
visualisation of multiple periodic images of the unit cell in the x-direction.

Another limitation related to the previous one concerns a claim made earlier
with regard to the pristine graphene systems where it was argued that at higher
temperatures than 300K i.e. the simulation temperature, structural changes
would occur more easily and thus, the systems could in theory achieve
conformations that exist at lower energy minima. Therefore, it would be
worthwhile to substantiate this claim by repeating the same simulation at
different temperatures.

Lastly, this study was limited by the use of cut-offs which had to applied to
curtail the simulations from taking an excessive amount of time to complete. In
practice, it would have been ideal to repeat the simulations with larger cut-offs
so as to ensure that the cut-off distance and neighbour skin distance used did not
preclude any important interactions. Unfortunately, due to hardware and time
limitations, such a verification study could not be performed. Nonetheless, it is
reassuring that related studies have applied similar cut-offs when conducting

MD simulations on graphene-type systems.

4.4 | Conclusion

This chapter examined the structural and tensile properties of three folded
graphene systems which had not been studied before. It was shown that
graphene, when folded, tends to adopt conformations where, in analogy to what

is observed at the macroscale when folding a sheet of paper, forms a bulge in the
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proximity of the fold which to some extent replicates the curved structure of a
nanotube. It was also shown that the location of the fold can be controlled
through the presence of defects, thus permitting the graphene to fold more
sharply and densely. These folded systems were also shown to exhibit a number
of anomalous properties upon stretching which include a zero Poisson’s ratio
and a negative tangent modulus, properties which were adequately explained

from the deformation profile.
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Graphene, often hailed as the “wonder material” of the 21st century, is
gradually finding its way into a wide variety of commercial applications,
including energy storage, structural reinforcement, biomedicine, and
optoelectronic devices. Despite all this, there are various features and properties
of graphene which merit further investigation, particularly, as this work attests,
novel characteristics and aspects which emanate from structural modifications to
this nanomaterial.

The present dissertation has focused on the mechanical behaviour of multiply
folded graphenes and forms part of a wider study undertaken on graphene-type
materials exhibiting anomalous mechanical properties. This began in 2015 with a
published study which revealed that, through a random placement of V(5-9)
defects, it was possible to fine-tune the morphology of graphene by forcing it to
‘wrinkle’ more extensively to resemble crumpled paper, and manifest negative
Poisson’s ratio as a direct result (Grima et al., 2015). More recent work involving
deterministically placed defects led to the discovery of energetically stable
graphene conformations which resembled corrugated sheets, and the realisation
that folded regions impart auxetic character, analogous to a ‘corrugated” sheet of
material that is pulled flat off-axis and re-flattened (Grima et al., 2018). This work
focused on a more pronounced form of corrugation where each of the modelled
graphene systems resembled a pleated folded sheet, appropriately referred to as
‘folded graphene’.

In the first part of the dissertation, an ad hoc protocol was developed,
executable within the LAMMPS environment, for simulating the uniaxial
stretching of graphene-type materials. Since the quality of any modelling study

is contingent upon the simulation setup and the assumptions made, it was
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crucial that prior to being using, the protocol was subject to an adequate
validation. Such a validation was performed successfully against pristine
graphene for stretching along its two principal directions, namely the armchair
and zigzag direction. Pristine graphene was chosen in view of the limited
literature pertaining to the subject of folded graphenes and their mechanical
properties and the fact that the folded graphenes as modelled in this work were
never studied before. The validation results were accompanied by a discussion
on key parameters defined within the simulation protocol itself, highlighting
their respective role towards ensuring that the experimentally determined
mechanical properties of graphene were replicated satisfactorily.

Once it was ascertained that the methodology expressed by the simulation
protocol was appropriately developed, the protocol was applied to three novel
forms of graphene conformations having folded, pleated-like domains.
Comparison between these folded graphenes was made on the basis of (i) the
stretching direction, and (ii) the presence or absence of patterned V(5-9) defects
within their structure, to examine the influence that such features had on the fold
characteristics and the deformation profile. It was shown that the defect fold
lines, while non-essential for the stability of the folded regions at 300 K and 0 Pa,
whenever present, constrained the modelled system to fold sharply and
controllably into a high-density, graphite-like material. Conversely, in the
pristine folded systems, the folded regions were more fluid and formed a
bulge-like contour. These structural differences were explained, for the first time,
via a macroscale model based on the mechanics of paper folding (creased vs. not
creased). This shows, once again, the usefulness of likening graphene sheets to
‘simple” sheets of paper when studying the mechanical properties of folded
graphenes.

Through this work, it was also possible to demonstrate for the first time how
graphene could be made even more versatile by exhibiting (i) anomalous
Poisson’s ratios, namely zero for loading on axis (proved through simulation)

and possibly negative off-axis (extrapolated), and (ii) anomalous stiffness
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properties, including a negative tangent modulus. It shall be fair to ascribe these
fold-induced characteristics to the ‘tertiary structure” of graphene; this term,
borrowed from protein chemistry, hereby refers to the three-dimensional shape
of the graphenic system which is ultimately conditioned by the non-bonded
interactions of the molecular entities present within it, similar to a polypeptide.

To conclude, it is important to recognise that this study is simply a singular
and minute contribution to the field of graphene research and should ideally
be supplemented by further work for an even better insight into the properties
of such a fascinating material and its folded conformations in particular. The
previous chapter has identified a number of aspects which stemmed from the
strengths and limitations of the present work that warrant further investigation.
Apart from this, additional work may also focus on the applications’ perspective,
or aspects which due to time and resource limitations were not included in the
present study.

A compelling avenue for future research into folded graphenes concerns
whether other types of lattice point defects, such as the V;(5-8-5) double-vacancy,
produce graphene systems with fold characteristics and a deformation profile
that are similar or different to what was observed in this study with regard to
the defective folded graphene system having V1(5-9) defects. Furthermore, due
consideration shall be warranted to other possible methodologies besides lattice
defect insertion which can also induce the formation of such pleated-like folds,
namely patterned hydrogenation (Ho et al., 2020) and nano-indentation (Wei et al.,
2020).

Another aspect that deserves further attention probes into the suitability of the
folding cavities present within multiply folded graphene as potential intercalation
sites for lithium-ions. Graphene has long been researched for improving the
storage capacity and cyclic stability of the anode materials (Lee et al., 2010; Liu
et al., 2016; Xu et al., 2018), so there are clear benefits to explore this in more detail.

An interesting mechanical characteristic that was unfortunately overlooked

by the present work is the load-unload cycle of the folded graphenes under
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consideration. Work presented by Wang and Liu (2018) seems to indicate that
carefully placed defects may guide the spontaneous folding of the material, and
therefore, it would be meaningful to examine this aspect in terms of the folding
line separation. Furthermore, it might also be possible that at different stages
during the unfolding process, pristine folded graphenes could revert to their
original, fully folded state once the applied strain is lifted.

Finally, on account of the novel aspects advanced by this research, further
work, preferably based on physical experimentation, is required to fully confirm
and validate the findings reported herein, namely the theoretical performance of
novel folded graphenic systems under uniaxial deformation. Such an endeavour
could also examine in greater detail how such systems may be applied in practical
situations. Owing to the combined superior and anomalous electronic and
mechanical properties of folded graphenes, these applications could include nano-
electromechanical systems (NEMS) and smart grips, which respond anomalously

to mechanical forces.
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LAMMPS Input Scripts

LAMMPS is an open-source software written in C++ with support for a
wide range of MD simulation setups, depending on the inclusion of specific
packages during its installation process. In order to execute the simulations
documented in this dissertation, it was necessary for LAMMPS to be built with
the MANYBODY package which defined a variety of bond-order and many-body
pair style commands, including that for the AIREBO potential.

Another important aspect of LAMMPS is that it offers a number of
performance-related packages which, if configured correctly, should lead to
noticeable improvements in simulation performance. Therefore, prior to the
execution of the validation study, a series of benchmark tests were performed
using the problem sets that were provided in the bench directory of the
LAMMPS distribution (October 2020 release) to identify the correct invocation of
the LAMMPS binary for optimal performance. It was determined that, based on
the available hardware, the AIREBO-based simulations ran the fastest at twelve
MPI tasks with two threads per task and the inclusion of the acceleration

features implemented in the OPENMP package:

mpirun -np 12 --oversubscribe /path/to/lammps/binary -sf omp -pk

< omp 2 -in /path/to/lammps/input/script

In view of the fact that LAMMPS is a command-line interface (CLI) software,
input commands need to be text-based and are often supplied to the program
in the form of a code file. From an academic standpoint, this is advantageous
because it ensures that simulation protocols written for use within LAMMPS
are easily shared among researchers to be reviewed or reproduced. Overall, the
input scripts that were written for the validation study described in Chapter 3)

were indistinguishable from each other except for the different input structure
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and output file names used; the same was true for the input scripts that were
written for the folded graphene simulations reported in Chapter 4. The only
major difference between these two sets of scripts was the duration of the uniaxial
stretching, which in the case of the folded graphene set was 2.5 ns — a 50-fold
increase in simulation time compared to the validation set. Below is reproduced
The full contents of the input script which enabled the simulation of the tensile

behaviour of zigzag graphene during the validation study is reproduced below:

# o OUTPUT DESTINATION ------------——---————-——-
variable log_name string zigzag
variable folder_name string VALIDATION_ZIGZAG

variable trial_run string 005

shell mkdir ${folder_name}-${trial_run}
log log.${log_name}-${trial_run}
oo GENRAL SETTINGS - - -oomommommomoo

units metal

newton on

neighbor 0.1 bin

neigh_modify delay O every 1 check yes
variable temperature equal 300.0

timestep ${timestep}

dimension 3

boundary p m p

pair_style airebo 3.0 1 1

pair_coeff * * CH.airebo-rcmin C

#o—mrm COMPUTES ------———————— oo =
compute peratomstress all stress/atom NULL

compute peratomstress_scalar all reduce sum c_peratomstress[1]

— c_peratomstress[3]
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compute
compute
compute
compute
compute
compute

variable

shell cd
variable
variable
variable

thermo 1

thermo_style custom step temp press fmax fnorm pxx pyy pzz pe ke 1x ly 1z vol

—  v_ke
# oo
fix avte

variable

pe all pe
peratompe all pe/atom
ke all ke
peratomke all ke/atom

1 all reduce ave c_peratomke
2 all reduce avesq c_peratomke
ke_variance equal (c_2-(c_1)"2)
——————————————————— OUTPUT SETTINGS
${folder_name}-${trial_run}
nevery equal 1

nrepeat equal 100

nfreq equal ${nevery}rx${nrepeat}

00

_variance

mp all ave/time

avtemp equal f_avtemp

${nevery} ${nrepeat} ${nfreq} c_thermo_temp

fix avtemplOk all ave/time 1 10000 10000 c_thermo_temp

variable

variable

avtempl0k equal f_avtemplOk

toteng equal c_ketc_pe

fix toteng all ave/time ${nevery} ${nrepeat} ${nfreq} v_toteng

variable

avtoteng equal f_toteng

fix totenglOk all ave/time 1 10000 10000 v_toteng

variable

avtotenglOk equal f_totenglOk

fix pe all ave/time ${nevery} ${nrepeat} ${nfreq} c_thermo_pe

variable

avpe equal f_pe

fix avpress10k all ave/time 1 10000 10000 c_thermo_press mode vector

variable

variable

avpxx10k equal f_avpress10k[1]
avpzzl0k equal f_avpress10k[3]

------------------ STRESS CALCULATIONS -——-————cmmmommmmmooo

fix avstress all ave/time ${nevery} ${nrepeat} ${nfreq}

— c_peratomstress_scalar[l] c_peratomstress_scalar[2]

variable
variable

variable

len_x equal 1x
len_y equal ly

len_z equal 1z
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variable volume equal vol

fix avdim all ave/time ${nevery} ${nrepeat} ${nfreq} v_len_x v_len_y v_len_z
— V_volume

variable avx equal f_avdim[1]

variable avy equal f_avdim[2]

variable avz equal f_avdim[3]

variable avvol equal f_avdim[4]

variable bar_to_GPa equal 1.0e-4

variable sheet_thickness equal 3.35

variable adjusted_volume equal (v_sheet_thickness/v_avy)*v_avvol
variable sigma_xx equal f_avstress[1]/v_adjusted_volumex${bar_to_GPa}
variable sigma_zz equal f_avstress[2]/v_adjusted_volumex${bar_to_GPa}

run 10000

min_style cg

min_modify dmax 0.1 line forcezero

minimize 1.0e-10 1.0e-10 100000 1000000

variable remainder_to_next_10000 equal ceil(step/10000)*10000-step

run ${remainder_to_next_10000}

# o NVT EQUILIBRATION -----------——-ommmm -~
shell mkdir EQUILIBRATED-NVT

shell cd EQUILIBRATED-NVT

variable output_type string equilibrated_nvt

variable step equal step

fix data_output all print ${nfreq} "${step} ${avtemp} ${avpe} ${avtoteng} ${avx}
—  ${avz} ${sigma_xx} ${sigma_zz}" title "Step Temperature Potential_energy
— Total_energy Length_in_x Length_in_z Stress_in_x Stress_in_z'" append
—  ${output_type}.txt screen no

dump 1 all custom 1000 equil_nvt-*.lammpstrj id type xu yu zu vx Vy Vz

— c_peratompe c_peratomstress[l] c_peratomstress[2] c_peratomstress[3]
dump_modify 1 element C

velocity all create ${temperature} 10248676 dist gaussian mom yes rot yes
run O

velocity all scale ${temperature}

fix 1 all nvt temp ${temperature} ${temperature} $(100.0*dt

variable etol equal 1le-4

99



92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

Appendix B: LAMMPS Input Scripts

variable temptol equal 1le-3
variable nvtloop loop 100
label nvt_equilibration

variable etotO equal ${avtotenglOk}

variable t0 equal ${avtemplOk}

run 10000

"${to} == o" "jump SELF nvt_equilibration"

variable etotdiff equal sqrt(((${avtotenglOk}-${etot0})/${etot0})~2)
variable tempdiff equal sqrt(((${avtempl0k}-${t0})/${t0})~2)

print "NVT equilibration: ${step} ${avtempl0k} ${avpxx10k} ${avpzz10k}

—  ${etotdiff} ${tempdiff}" append energy_monitoring.txt

"(${etotdiff} < ${etol}) && (${tempdiff} < ${temptol}) && (${avtemplOk} <

— 302) && (${avtemplOk} > 298)" "jump SELF break_nvt"
next nvtloop
jump SELF nvt_equilibration
label break_nvt
unfix 1
unfix data_output
undump 1
write_restart restart.${output_type}-${trial_run}

shell cd ..
S NPT EQUILIBRATION ---m-mmmmmmmmmmmom e

shell mkdir EQUILIBRATED-NPT

shell cd EQUILIBRATED-NPT
variable output_type string equilibrated_npt
fix data_output all print ${nfreq} "${step} ${avtemp} ${avpe} ${avtoteng} ${avx}
—  ${avz} ${sigma_xx} ${sigma_zz}" title "Step Temperature Potential_energy
— Total_energy Length_in_x Length_in_z Stress_in_x Stress_in_z'" append

—  ${output_typel}.txt screen no
dump 1 all custom 1000 equil_npt-*.lammpstrj id type xu yu zu vx Vy vz

— c_peratompe c_peratomstress[1] c_peratomstress[2] c_peratomstress[3]
dump_modify 1 element C
fix 1 all npt temp ${temperature} ${temperature} ©(100*dt) x 0 O $(1000*dt) z O
— 0 $(1000*dt
variable pxxtol equal le-2

variable pzztol equal le-2
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variable nptloop loop 100

label npt_equilibration
variable etot0 equal ${avtotenglOk}
variable pxx0 equal ${avpxx10k}
variable pzz0 equal ${avpzzl0k}
run 10000
variable etotdiff equal sqrt(((${avtotenglOk}-${etot0})/${etot0})"2)

"(${pxx0} == 0) || (${pzz0} == 0O)" "jump SELF npt_equilibration"

variable pxxdiff equal sqrt(((${avpxx10k}-${pxx03})/${pxx0})~2)
variable pzzdiff equal sqrt(((${avpzz10k}-${pzz0})/${pzz03})"2)

print "NPT equilibration: ${step} ${avtempl0k} ${avpxx10k} ${avpzz10k}
—  ${etotdiff} ${pxxdiff} ${pzzdiffl}" append energy_monitoring.txt

"(${etotdiff} < ${etol}) && (${pxxdiff} < ${pxxtol}) && (${pzzdiff} <

—  ${pzztol})" "jump SELF break_npt"

next nptloop

jump SELF npt_equilibration

label break_npt

unfix 1

unfix data_output

undump 1

write_restart restart.${output_typer-${trial_run}

shell cd ..

shell mkdir DEFORMED

shell cd DEFORMED

variable output_type string deformed

variable pre_deformation_steps equal ${step}

variable erate equal 0.005

variable strain_per_timestep equal ${erate}*${timestep}

variable current_strain equal

— ${strain_per_timestep}*(step-${pre_deformation_steps})

fix data_output all print ${nfreq} "${step} ${avtemp} ${avpe} ${avtoteng} ${avxz}
—  ${avz} ${current_strain} ${sigma_xx} ${sigma_zz}" title "Step Temperature
— Potential_energy Total_energy Length_in_x Length_in_z Strain_in_x

— Stress_in_x Stress_in_z" append ${output_type}.txt screen no
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dump 1 all custom 1000 deformed-*.lammpstrj id type xu yu zu vx Vy Vz

< c_peratompe c_peratomstress[1] c_peratomstress[2] c_peratomstress[3]
dump_modify 1 element C

fix 1 all npt temp ${temperature} ${temperature 100*dt) z 0 O $(1000%dt
— nreset 1

fix optimize all balance 250 1 shift x 10 1

fix 2 all deform 1 x erate ${erate} units box remap x

run 100000

unfix 1

unfix 2

unfix data_output

undump 1

write_restart restart.${output_type}-${trial_run}

shell cd ..

shell cd ..

Copies of the structure data files for the graphene systems used during the

validation study (vld_zigzag.data and vld_armchair.data) and the three folded

graphenes whose unfolding behaviour was examined in this dissertation

(folded_armchair.data, folded_zigzag.data, and folded_zigzag_with_defects.data) have

been included in the Supplementary Information.
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l. Python script for averaging the data within a LAMMPS

simulation dump file over different time intervals

import
import
import
import

import

TimeAveragedResults (object

'''Uses the fix output dump file of a LAMMPS simulation to produce a MS

(SN

(SN

Excel workbook having multiple sheets that present the data at different
time-averaging intervals'''
= 0.0005
= 100 # fixes generate means every 100 samples
= 110.100.200.300.400.500.1000 # sampling averages at 0.5-,
5-, 10-, 15-, 20-, and 25-ps intervals

= 'deformed.txt'

= 'deformed_folded_armchair_pristine_sampling.xlsx'

self
''"'"Produces time-averaged data and appends it to an open Excel workbook
— as a new sheet'''
= self.d’. 0!l. # initial system information

= gelf.d . 0l). =
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exclude last row if total number of rows is indivisible by n

''"'"Converts the fix data dump into a dataframe'''

any duplicate rows

='xlsxwriter'



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Appendix C: Post-processing Scripts

[I. Python script for the extraction of periodic images from

the LAMMPS simulation dump files

from import

import

from import
from import

from import

= '"ARMCHAIR/DEFORMED/deformed-*.lammpstrj'

= 'animations/armchair_snapshots/"'

= 1000
=10 # in picoseconds
= 0.0005 # in picoseconds

22.4213, 47.4411, 14.6247

0.0.-1
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= list(range(1,199

1920.1080

=f ' {DESTINATION_FOLDER}{marker}.png'

lIl. Python script for the generation of animated plots
showing the variation in stress and potential energy
observed during the uniaxial tensile simulations of the

folded graphenes

import
from import
(%

import

AnimatedPlots(object
= 'deformed_armchair_10ps.csv'
= 'deformed_armchair_10ps.mp4'
= 'Uniaxial stretching of folded pristine armchair graphene along

— the x direction'
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= 0.5
=0
= 100
self
self. 2
self. 3
self. 1
self. self. self.
self. self. self.
self. 'Step: {}'. str 0
tuple(  self. + tuple( self. +
— tuplel self.
self
== 'min'
* int(x / >0 * (int(x / -
- % >0
== 'max'
* (int / + % >0 >0 *
« int(x /
ValueError
"Failed to return an axis limit because the limit_type argument
— was not set to 'min' or 'max'"
self
self. self. 'Strain_in_x'
— self. 'Strain_in_x'
self.
self. self. 'Stress_in_x' 0.5, 'min') +
—
self. self. 'Stress_in_x' 0.5. 'max') +
—
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self. 'Strain (%)’
self. 'Stress (GPa)'
self.

self. self. 'Total_energy'

%

self. self. 'Total_energy'

;)
self. 'Total energy (eV)'

self.
self

= self. =self.

— =self. =
'.gif!
= =30
=2.5
=1000000
="1ibx264"
=/"-s". "1920x1080", "-preset"
— '"ultrafast". "-crf" "17". "-pix_fmt"
— = 'facecolor': 'white'
self
self. =
=|'Step'. 'Total_energy' 'Strain_in_x'

self. 'Strain_in_x' = self. 'Strain_in_x'

= self.

50, 'min

50. 'max' +

=self.

"yuv444p"

'Stress_in_x'

* 100
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list

self

'font.family': 'sans-serif'. 'font.sans-serif': | 'Lato'

# changes default font to Lato

self. self. = . =016.9

self. = . 'ro' ='-

— ='Stress'

self. = self.=x. # creates a second axes object with

— a shared x-axis

self. = self. . 'bo’ ='-!
— ='Total energy'

self. = self.ax. 0.02. 0.95, "'

— =self.ax. # creates a text object

= . 'colour_gradient_updated.png' format='png'

= self.ax. 0.008. 0.75, 0.1

— 0.1 =self.=x. # creates a static inset
'off!
= 'fontsize': 16 =20

self. . ='upper right' =00.98.,0.98
— = =self.

self
self.
self. = self.
self. self. self. =
self.

_name__ == '__main__"'
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V. Python script for evaluating the variation in the C-C
bond length of pristine graphene while subjected to

uniaxial stretching

from import

from import
—

import

import

= 'VALIDATION_ZIGZAG/DEFORMED/deformed-*.lammpstrj'

= 'bond_analysis.txt'

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

= 1.9999999999999991

'Bond_length'

'Bond_length_mean'

'Bond_length_var'

'BondLength'

='Bond_length'



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Appendix C: Post-processing Scripts

'Displacement Magnitude'

'oop_displacement_mean'

'oop_displacement_var'

"\nPosition.Y'
= 'Displacement Magnitude'

= 3.9999999999999996

format='txt/attr'

'Timestep'. 'Bond_length_mean'  'Bond_length_var'

'oop_displacement_mean'. 'oop_displacement_var'



Simulation Video Content

In order to highlight the rippled effect of the pristine graphene systems
modelled in Chapter 3 and to better represent the structural stability of the three
folded graphenic systems modelled in Chapter 4, animations were generated for
the final 100 ps of NPT equilibration stage specific to each system oriented in the
xz-plane and made available in the Supplementary Information:

m npt_vld_armchair.mp4

B npt_vld_zigzag.mp4

m npt_folded_armchair.mp4

B npt_folded_zigzag.mp4

m npt_folded_zigzag_ with_defects.mp4

Moreover, also included in the Supplementary Information, is a second set of
animations showing the structural changes that occurred in these systems when
they were subjected to uniaxial stretching in the x-direction, accompanied by the
real-time variation in the stress (GPa) and potential energy (eV) mean values
over a 10 ps interval:

B folded_armchair_unfolding.mp4

B folded_zigzag unfolding.mp4

W folded_zigzag with_defects_unfolding.mp4
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