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Abstract

Crumpled graphene has been emerging as a valuable component for a variety of devices such as
supercapacitors or hydrophobic surface coatings due to its geometric change from a 2D to a 3D
structure accompanied by changes in its material behavior. As polycrystalline graphene is easier
to produce than pristine graphene, certain applications of crumpled graphene may be better
suited to polycrystalline graphene. However, the crumpling process of polycrystalline graphene
and its relevant mechanical properties remain poorly understood. Here we employ molecular
dynamics simulation to model the behavior of polycrystalline graphene under geometric
confinement and elucidate the effect of grain size, with a focus on the mechanical stabilizing
mechanisms and properties of the crumpled structures in comparison to pristine graphene.
Simulation results show that crumpled polycrystalline graphene exhibits a slight negative
correlation between average grain size and measured hardness, bulk modulus, and crumpled size.
As the size of the grains decreases, the crumpled structures formed are harder and smaller, with
sharp edges caused by the grain boundaries. These findings provide evidence towards the
feasibility of using polycrystalline graphene in place of pristine graphene in applications

involving crumpled carbon structures.
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Page 2 of 28



Page 3 of 28

Physical Chemistry Chemical Physics

Introduction

Since the first laboratory synthesis of graphene in 2003, this 2D carbon material has captured the

| 1-4 6

interest of the scientific community due to its exceptional thermal'™, electronic> °, and

mechanical”® properties. Due to these outstanding properties, this novel material has

10-13

demonstrated an exceptional potential in applications such as electronics'®*®, energy storage'*

18 19-23 24-26

, composites and biomedicine” . Due to the profound impact of the utilization of
graphene in current and future devices, it is important to find out its properties over a large
manifold of potential situations in order to maximize the potential of future development. It is for
this reason that not just graphene, but related 2-D carbon materials are tested under a variety of
conditions including axial stress, defect formation, doping, wrinkling, and crumpling® 2% 234,
These studies have shown that chemical and physical alteration to the planar nature of graphene
can have surprising and useful benefits to its application in a variety of fields®> ** ¢, Of the
methods of deformation, perhaps crumpling induces the largest change to a 2-D structure,
transforming it from a sheet into a 3-D object while maintaining a large surface area and free
volume. When crumpling a piece of paper, the crumpling process endows the material with
surprising isotropic compressive strength, and a similar mechanism transforms planar
nanomaterials such as graphene and its derivatives®’° during the crumpling process as well. The
deformation of graphene can strongly affect properties such as diffusion* and electrical

26, 41

conductivity , and has a notable effect on the performance of graphene-based devices and

materials. Crumpled graphene, wherein the 2D material is transformed into a 3D one by a

method of mechanically constricting it, has been shown to create a material which exhibits many

43, 44

intriguing properties”®, such as hydrophobicity*, resilience* **, and electric capacitance®. The

37, 46, 47

crumpling effect can be easily achieved via methods such as aerosolization , and as such,
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given an easily produced source material the crumpled structure can be mass-produced for a
wealth of uses. The use of crumpling as a method to rationally alter the properties of graphene

and graphene oxide while maintaining surface area has been explored in previous works?® 3% 4

%650 and it is highly worthwhile to investigate the crumpling behavior of 2-D materials similar to

graphene as a method of controlled material manufacture.

Towards this end we propose investigating the crumpling process of polycrystalline graphene, or
polygraphene. While the techniques for growing graphene have been improved and scaled up, it
requires careful oversight and refined techniques to produce graphene in the monocrystalline
form® *" %2 For a large batch of material, it is easier and more cost-effective to produce
polygraphene. Polygraphene is created when graphene begins to grow in several places on a
substrate, with each grain having a different orientation and thus mismatching when the grains
come together to produce a single sheet®**®. These grain boundaries weaken the tensile
properties of the resulting structure and decrease the electrical and thermal conductivity of
graphene, in general making polygraphene less desirable as a source material® **®. However, a
crumpled structure is not meant for tensile stress, and the nature of its bends and folds are
already an impediment to the transport of electricity and heat. In this case, perhaps a cheaper
alternative to the production of crumpled pristine graphene structures is the production of

crumpled polygraphene structures.

This paper seeks to study and understand the differences and similarities between the crumpled
structures of monocrystalline and polycrystalline graphene, to see if crumpled polygraphene is
suitable to be used as a cheaper alternative in certain applications, or even if it can be preferable

to use polygraphene in some situations. This work will focus on the differences between pristine
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graphene and polygraphene during the crumpling process, as well as on any differences between

polygraphenes with different grain sizes.
Computational Methods

Molecular dynamics simulations in this work are based on the open source code LAMMPS®..
Aperiodic boundary conditions are employed to set up the simulation system with minimal self-
interference. In order to best capture the behavior of the carbon surfaces we utilize the adaptive
intermolecular reactive empirical bond order (AIREBO) potential for intra-graphene carbons as

described by Stuart et al.?? as
E=1y.3.. [ER.EBO +EY 4y > ETQRSION] (1)
o Ll Lj=i ij ij k+ij &l+ij k™ kijl
where the E*P° term is the REBO potential published by Brenner et al.%, shown as
EfFBO = VE(ry) + byVi(ry) (2)

where V§ is a repulsive term, Vl-j-* is an attractive term, and b;; is the environmental-dependent
bond order term between atoms which activates the attractive term only for bonded atoms. The
AIREBO potential is best suited for systems of hydrogen and carbon, rendering the all-carbon
system presented here well defined®®. As the REBO potential only accounts for interactions of
atoms within two Angstroms of one another, the AIREBO potential also includes the EX/ term,
which is a standard 12-6 Lennard-Jones potential for distances 2 A < r < cutoff. The cutoff for
the LJ term is set here to be 10.2 A as a good balance between computation speed and accuracy.

The AIREBO potential also includes the Egj*'°" term, which is a four-body potential

describing hydrocarbon dihedral angle preference. The AIREBO potential has previously been
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used successfully in studying the properties of various carbon allotropes, especially including

graphene® .

The simulated sample is a single sheet of polygraphene under a Nose-Hoover thermostat of 1 K
with a constant number of atoms and standard velocity-Verlet time integration with timestep of
1fs. The tested samples are square sheets with an edge length of 24 nm. In this work, the initial
plane of the nanosheet is considered to be the x — y plane, and perpendicular to the nanosheet is
the z direction. Positive z is determined in each sample to be the direction of the first buckling
process, as before crumpling the system is symmetric in the z direction. The boundaries are
aperiodic so as to prevent self-interference in the sample, and a randomized initial velocity is
applied to each atom in accordance with the sample temperature of 1 K, with ensured sum zero
linear and angular momenta. The grain sizes (referred to as g) tested in this work are (on
average) 2, 3, 4, 6, 8, 12, and “infinite” (pristine graphene) nm. In this manner the number of
grains across the sample is an integer ranging from 12 to 1 with each sample having a normally
distributed size about the average grain size g; the graphene grains are generated using a \Voronoi
cell method®’. After the annealing process the sample is allowed to equilibrate for 400 ps before
geometric confinement is applied as shown in Figure 1. The geometric confinement chosen here
is spherical, in order to mimic the effect of the aerosol evaporation method of generating
crumpled graphene and graphene oxide®® *"* %8 During geometric confinement the temperature
is constrained to 1 K as a constant force is generated spherically around the center of mass of the
sample as defined by

F(r) = —K(r; — R.)* 3)
where K is the force constant equal here to 10 eV/nm?®, r; is the distance from the it" atom to the

center of the confining sphere (which is the same as the center of mass of the polygraphene

Page 6 of 28



Page 7 of 28

Physical Chemistry Chemical Physics

sample), and R, is the radius of confinement. This confining force is normal to the surface of the
defined sphere, always repulsive, and is equal to zero whenr < R.. At the time when the
confinement sphere is generated, R, is 17.5 nm, larger than the distance to the edge atoms of the
sample (17 nm) in order to negate any interference due to the sudden creation of the confining
force. As R, is gradually lessened the sample is forced to crumple to accommodate the reduction
in volume, as shown in Figure 1. The relative change of R, with respect to that at the moment of

initiation (R.o) will be referred to as p., defined explicitly as

Rc
Pc = Reo

(4)

The radius of confinement is reduced such that the number of carbon atoms in the final volume is
equivalent to the bulk density of graphite (2.267 g/cm® or 1.365 u/A® or 113.75 carbon
atoms/nm°), to ensure that the pressure does not cause amorphous collapse or approach the
sp?/sp® hybridization transition®. For the sample sizes chosen here, this translates to a final R,

which is approximately 20% of R,.
Results and Discussions

Evolution of Crumpling Process

In order to better compare the crumpling processes of each sample, the general crumpling
behavior common to both pristine graphene and polygraphene is studied and denoted. To better
understand individual processes which contribute to the final behavior of the crumpled structure,
it is useful to take a close look at the evolution of the crumpling process of the nanosheet under
spherical confinement. As shown in Figure 1, the square nanosheet is initially flat. As the
confining sphere shrinks, the corners of the nanosheet come into contact with it, bending and

folding inwards. This bending of the nanosheet strains the C-C bonds, leading to a steady

6
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increase in the potential energy of the system. When two sections of the sheet are forced close
enough together they form van der Waals bonds and adhere to each other. Once R, has reached
the targeted value, the confinement is released and there is a decrease in the potential energy as
the pressure is released and the structure seeks an equilibrium state, where the structure is held in
a partially crumpled structure due to interlayer van der Waals adhesion effects and edge-edge
binding. Figure 2 shows a standard example of the crumpling process, using 4 nm polygraphene.
It illustrates the folding process of the corners to the inside as the confining sphere shrinks, and
shows how the structure maintains its shape after confinement release. As the mass of each
sample stays the same while it is the geometry of the sheet which is altered (from a plane to a
semi-3D object), to better quantify the change in size of the sample the radius of gyration (R;) is
used in this paper as a way to describe the approximate size of the crumpled nanosheet structure,

defined here as

2[1
Ry = L5t — 12l ©)
Here, n is the number of atoms in the sample, 7; is the position of the i*"* atom and 7,,,, is the
position of the center of mass of the nanosheet (which is also the center of the confining sphere).

Figure 3 shows the change in the potential energy versus p, for 2 nm polygraphene over the
course of the run, p, defined here as the ratio of the current radius of gyration of the sample with

respect to the radius of gyration of the initial sample structure R:

py =L (6)

Rgo

Snapshots are included in Figure 3 in order to show the evolution of the structure during

compression and release. It can be seen that after release the potential energy of the structure is
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lower than it was during compression for the same p, although it neither unfolds completely nor
does the potential energy drop back down to where it was before compression began. The same
phenomenon can be seen for each polygraphene and also for pristine graphene in Figure 4, which
shows the change in p, for each sample. The rate of change of p, as the radius of the confining
sphere decreases linearly is particularly noteworthy. After approximately 6 ns, the rate of change
of p, changes markedly. This is due to the structure becoming almost spherical as its natural
resiliency causes it to conform to the inner side of the confining sphere. After being constrained
until p. is 0.20, at which point p, is approximately 0.32 (dependent on the uniquely folded
structure), the confining force is released and as such the structure will partially unfold,
visualized in Figure 4 as an increase in p, at the end of the simulation. However, the structure
never unfolds completely, instead remaining bound by interactions between the edge carbons
and, for the polygraphene sheets, interactions between the less-stable atomic bonds along the
grain boundaries®. In every case, the overall potential energy in the crumpled state is slightly
higher than in the initial planar structure. This phenomenon can be explained by the balance
between an increase in potential energy in the crumples due to a bending of the atomic bonds,
and a lowering of the potential energy from the stabilizing effect of interlayer adhesion®® "°. Each
nanosheet follows a relatively random folding pattern, although differences in crumpled volume,
crumpled radius, and crumpled smoothness exist due to the variable stiffness and self-adhesion
behaviors from the difference in grain sizes, as discussed in the following section. Due to these

interactions, the final structure is dependent on grain size.
Effects of Grain Size

The focus of this study is a comparison of the crumpling behavior of several grain sizes of
polygraphene, and relating them to pristine graphene. As Figure 4 shows, while there is little

8
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variation in size during maximum confinement, the size of each structure after release and
equilibration shows a trend wherein smaller grain sizes produce smaller final structures, as the
larger aggregate length of the grain boundaries exhibits more of a binding effect on the structure
after confinement release. The extremes of this trend are shown by the disparity between 2 nm
grain-sized polygraphene which exhibits a final p, of 0.41 and a post-confinement p, change of
0.08, and pristine graphene with a final p, of 0.5, and a post-confinement p, change of 0.19. The
pristine graphene expands and increases its relative radius of gyration by more than twice the
amount of the smallest grain polycrystalline graphene due to the lack of defects along grain
boundaries binding the structure together. Figure 6 shows the change in potential energy of the
structure during the crumpling process. As can be seen, the final potential energy is higher than
that of the initial structure due to the increase in potential energy due to the bending and
stretching of bonds in order to maintain the crumpled structure. While higher in potential energy,
the final structure is stabilized in its crumpled form due to self-adhesion and bond interactions of
the non-ideally bonded carbon atoms along the edges and grain boundaries of the sample. The
increase in potential energy due to total grain boundary length is emphasized by Figure 7, which
shows the potential energy at various points during the crumpling process for each grain size.
This representation makes it clear that the more grain boundaries in a structure, the higher the
overall potential energy during the whole process, even though there is little difference in the
change in the potential energy due to crumpling. Upon closer examination, Figure 8
demonstrates the tendency of folds to form along grain boundaries, these defects allowing a
natural place for bending of the polygraphene sheet to take place. Due to this, the folding
patterns between pristine graphene and polygraphene are markedly different, as can be seen in

Figure 9.
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Figure 9 shows the structure of grain sizes 2, 4, and 8 nm polygraphene compared with pristine
graphene during several points in the crumpling process and after the confinement is released. It
can be seen that structures with smaller grains exhibit a more rigid appearance during the
crumpling process. As the grain size doubles the number and surface area of the grains is
quartered, showing a marked difference in structural response due to crumpling. Pristine
graphene tends to create a single surface of smooth bends and folds, but as the number of grain
boundaries increases, these boundaries create rigid boundaries which break up the smoothly
bending areas such that polygraphene shows an increased resistance to crumpling. To estimate

the mechanical durability for applications such as lubrication or Kinetic energy mitigation, a

referential hardness H for each polygraphene is estimated using the approximation =~ —;TP »
where P is the pressure, computed as
p= nkpT + i riofi )
v 3V

where n is the number of atoms, k,, is Boltzmann’s constant, T is the temperature, and f; is the
force felt by the ith atom. To estimate H, the 20 ps linear sections at the final stage of crumpling
as can be seen in Figure 10 are used as a basis. To more readily exhibit the change in pressure
during the final stages of crumpling, the pressure for each grain size at several key points during
the process are chosen and exhibited in Figure 11. It is clear to see that the pressure is very
similar for each type of polygraphene during most of the crumpling process, only showing clear
differentiation at the final step when R.is minimum and the pressure is maximum. The bulk
modulus of an isotropic material is a measurement of a material’s change in volume under
uniform pressure, useful to know for high temperature- and pressure-capable materials such as

pure carbon structures, which can be used in suitable extreme environments. For the calculation

10
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of the hardness and the bulk modulus B, the entire crumpled structure as a whole is considered to
be on average an isotropic 3-dimensional structure, as after crumpling the sample achieves a
randomized folded 3-D structure which can best be approximated as isotropic. Taking the shape
of a 2-D object which becomes 3-D through “crumpling”, that is, randomized folding, to be
isotropic has been done successfully before previously®. While there is a rough correlation
between hardness and bulk modulus, unlike hardness, bulk modulus is a material property which

is precisely defined; it can be determined by using the formula
- _y%
B=-V_ (8)

where V is the volume of the structure. The estimated H and calculated B of each grain size of
polygraphene averaged over three runs is presented in Figure 12, and expectedly these structures
have a much lower bulk modulus than that of graphite ( = 34 GPa), as these structures are not flat
layered sheets like graphite, and as such have the flexible ability to respond to environmental
stresses without brittle rupture. It can be seen that as the grain size shrinks, the hardness and bulk
modulus of the sample increases. This can be explained by the increased number of defects for
samples with smaller grain sizes, as each grain boundary can be considered a pseudo-linear
collection of defects, leading to increased stiffness when compared to larger grain sizes. Pristine
graphene being the logically largest grain size, its behavior during crumpling as seen in Figure 9
exhibits smooth curves as it collapses, whereas the structures with grain boundaries tend to
crease sharply along these boundaries, creating sharply angled crumples which serve to increase
the bulk modulus during heavy compression. This naturally leads to the conclusion that the
properties of crumpled polygraphene heavily depend on the size and number of grains of the

sample, with smaller grain sizes leading to smaller, harder isotropic structures.

11
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Conclusions

In summary, we have performed molecular dynamics simulation to investigate confinement-
induced crumpling of nanosheets of polycrystalline graphene, in order to determine the
differences between pristine graphene and polygraphene and also to determine the effect of grain
size on the process. It was shown that while there are similarities during the crumpling process,
the properties of the final structure generated are dependent on the size of the grains of the
sample. To be specific, samples with smaller grains tended towards smaller final structures, with
relatively higher hardness and bulk modulus than the samples with larger grains. From this, we
can conclude that generated crumpled polygraphene may in fact be more useful for certain
applications, as crumpling polygraphene generates harder, denser crumpled structures; the
properties can be more finely tuned due to the grain size of the polygraphene. The fundamental
findings in this paper provide a promising platform for quantitatively transforming 2-D materials
into 3-D isotropic nanoparticles with nonconventional properties and also can serve as a

guideline to design novel carbon-based nanomaterials and nanodevices.
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Figure 1: Setup showing polygraphene within the confinement boundary as R, decreases from
the initial state (R, = 17.5 nm) to the final state (R, = 3.6 nm).
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Figure 2: Evolution of the crumpling process: (a) before crumpling, (b) folding of corners, (c)
interior folding, (d) self-contact, (¢) maximum confinement, and (f) stable state after release and
equilibration. The polygraphene portrayed here is the 4 nm grain size.
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Figure 3: Evolution of potential energy per area as a function of the radius of gyration for 2 nm
polygraphene.
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Figure 4: Change in the radius of gyration ratio of each structure.
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Figure 5: Minimum and final p, for each grain size.
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Figure 6: Potential energy of the structure versus time, in order to compare the effect of grain
boundaries on the initial and final structures.
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Figure 7: Potential energy as a function of grain size for different values of p..
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Figure 8: Folding along grain boundaries for (a) 8 nm and (b) 12 nm polygraphene. The red
lines are to accentuate the grain boundaries in question.
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Figure 9: Comparison of the structures for each grain size of polygraphene during several points
in the crumpling process: (a) interior folding, (b) self-contact, (¢) maximum confinement, and (d)
released and equilibrated. From left to right the structures are (i) pristine graphene, (ii) 8 nm
grain size, (iii) 4 nm grain size, and (iv) 2 nm grain size.
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Figure 10: Change in pressure during the crumpling process as a function of p,.
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Figure 11: Pressure as a function of grain size at different values of p..
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Figure 12: Hardness and bulk modulus of the crumpled structures by grain size.
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