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Abstract

®
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We perform molecular dynamics simulations to investigate the irreversibility of crumpled
graphene obtained by hydrostatic or biaxial compression. Our results show that there is a

critical degree of crumpling, above which the crumpling is irreversible after the external force
is removed. The critical degree of irreversible crumpling is closely related to the self-adhesion
phenomenon of graphene, which leads to a step-like jump or decrease in the adhesion

energy. We find the critical degree of crumpling is about 0.5 or 0.55 for hydrostatic or biaxial

compression, which matches analytic predictions based on a competition between adhesive

and bending energies in folded graphene.

Keywords: crumpled graphene, irreversibility, degree of crumpling

(Some figures may appear in colour only in the online journal)

1. Introduction

Crumpling is a general physical phenomenon that exists in
thin sheets and membranes [ 1-3]. Previous studies have shown
that monolayer graphene [4] can be easily bent, resulting in
ripples, folds or crumples [5—7]. It has been shown that geom-
etry has important effects on the physical properties and the
performance of carbon nanostructures [8—10]. In particular,
much interest has been attracted by three-dimensional (3D)
graphene nanostructures, [10, 11] for which crumpled gra-
phene is one of the main building blocks. It was found that
crumpled graphene-based materials are promising candidates
for applications in supercapacitors, [11-13] electronics, [14]
gas storage, [15] separation [16] and electrode materials, [17]
amongst others.

There are many high-density deformations (ripples, folds
and wrinkles) in crumpled graphene, [10, 11, 18] which
strongly affects the mechanical properties of graphene [8, 9,
14, 19-21]. Unlike flat graphene, crumpled graphene shows
a non-linear stress-strain response even in the small strain
range [22]. Furthermore, experimental results show that
crumpled graphene nanosheets can be used as a highly effec-
tive gas barrier, for example by inhibiting the permeation of

1361-6463/18/015302+8$33.00

oxygen molecules [23]. Supercapacitor cells constructed with
crumpled graphene yield high values of gravimetric capaci-
tance and energy density, and the processes used to make the
crumpled graphene are readily scalable to industrial levels.
Han et al [24] found outstanding compressibility of holey
graphene, which not only enables the fabrication of robust,
dense graphene graphene products thats exhibit high den-
sity (1.4 g cm~3), excellent specific mechanical strength [18
MPa (g/cm?)], and good electrical (130 S cm™!) and thermal
(20W mK™") conductivities, but also provides a binder-free
dry process that overcomes the disadvantages of wet pro-
cesses required for fabrication of three-dimensional graphene
products [25].

Crumpled graphene has both high free pore volume and
high compressive strength, and shows no significant reduction
in the accessible surface area even under compact compres-
sion, [9] where the specific structure of crumpled graphene
can be well described by the degree of crumpling. It was found
that the degree of crumpling has strong effects on the per-
formance of graphene-based devices [8, 9, 14]. However, an
interesting issue that has not been resolved are the factors and
mechanisms governing whether the crumpling of graphene
is reversible or irreversible, where irreversibility implies that

© 2017 IOP Publishing Ltd  Printed in the UK
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crumpled graphene is unable to recover its initially flat con-
figuration after the removal of external constraints.

In this paper, we perform molecular dynamics (MD) simu-
lations to study the behavior of crumpled graphene obtained
from hydrostatic or biaxial compression. Our focus is on the
factors governing irreversible crumpling of graphene. In doing
so, we demonstrate a critical degree of crumpling, above
which the crumpled graphene becomes irreversible after the
removal of the external constraints. This is related to the self-
adhesion of graphene, which results in a sudden decrease
in the adhesion energy due to an increase in van der Waals
(vdW) interactions. This critical degree of crumpling is found
to be about 0.5 or 0.55 for hydrostatic or biaxial compression,
respectively. These results match analytic predictions based
on the competition between adhesive and bending energies in
folded graphene.

2. Structure and simulation details

Figure 1 illustrates two resultant crumpled graphene sheets
which had dimensions of 20 x 20 nm in the initially flat con-
figuration. The structures in figures 1(a) and (b) are obtained
by hydrostatic compression and biaxial compression, respec-
tively. The structures we consider in the present work are
pristine, without any defects or contamination that may arise
from an experimental fabrication and transfer process. It is
possible that if graphene is highly defective that it can be
crumpled by thermal perturbations and fluctuations. However,
most synthesis processes do involve an annealing-like step to
reduce any residual contamination. The two crumpling pro-
cesses are simulated by following the procedures illustrated
in figures 1(c) and (d). For the hydrostatic compression,
which has been performed in other papers, [13, 22, 26, 27]
graphene is crumpled by shrinking a spherical shell with an
initial radius Ry, a constant stiffness k = 8.0 GPa and a con-
stant shrinking rate 7 = 10 m/s. Specifically, the analytical
force f(r) = k(r — R)? is applied to each atom in the system
during the shrinking process, where r is the radial distance of
each atom from the center of the spherical shell. We note that
we also investigated two other force forms, f(r) = kr* and
f(r) = k(r — R), and similar results were obtained. Hence
the form of this analytical force does not affect the hydro-
static compression process. The value of k is chosen so that
the crumpled graphene is able to achieve a compact structure
that is close to a completely collapsed state. The shrinking
rate 7 determines the speed of the crumpling process, where
a small value has been chosen to avoid rate dependence in
the mechanical response and the final crumpled graphene
structures. For the biaxial compression, the initially flat gra-
phene sheet is placed in a three-dimensional rectangular box
with an initial in-plane length L and a fixed height H. During
the compression process, the simulation box is compressed
biaxially at the same strain rate of 10% s~!. The thickness of
the crumpled graphene is constrained by fixed height of the
simulation box. Periodic boundary conditions are applied to
the simulation box along the x and y (in-plane) directions.
Non-terminated graphene (graphene) with dangling bonds

(b)

(c)

Figure 1. Structures for crumpled graphene of size 20 x 20 nm at
room temperature obtained by (a) hydrostatic compression;

(b) biaxial compression. (c) The illustration of hydrostatic
compression where the graphene sheet is crumpled by shrinking

a spherical shell. The analytical force f(r) = k(r — R)? is applied
to each atom in the system, where k is the spring constant, r is the
distance from the carbon atom to the center of the shell, and R is
the shell radius. (d) The illustration of biaxial compression, where
the graphene sheet is crumpled by shrinking the in-plane length of a
three-dimensional rectangular box with a fixed height H.

and hydrogen-terminated graphene (H-graphene) are com-
paratively studied to examine edge effects on the crumpling
process.

MD simulations were performed using the large-scale
atomic/molecular massively parallel simulator package [28].
The adaptive intermolecular reactive empirical bond order
potential [29] was used to describe the interatomic interac-
tions, which include both covalent and vdW interactions.
The entire crumpling process was simulated within the NVT
ensemble at 300 K. The standard Newton equations of motion
were integrated in time using the velocity Verlet algorithm
with a time step of 1 fs.

3. Results and discussions

3.1. Crumpled graphene from hydrostatic compression

We first investigate the crumpling process for graphene and
H-graphene of dimension 20 x 20 nm by the hydrostatic com-
pression. The degree of crumpling for hydrostatic compression
can be measured by 1 — R/R,. Figure 2 displays some typical
steps during the crumpling process.As can be seen from left
to right in figure 2, the graphene sheet becomes increasingly
compressed, where the degree of crumpling is represented
by the increasing density of ridges and vertices [9]. First,
the corners of the square graphene sheet will fold at the ini-
tial stage of the compression process. Then the central por-
tion of the graphene bends gradually. Next, the self-adhesion
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Figure 2. The snapshots of the crumpling process during the hydrostatic compression. The first and second lines represent graphene and

H-graphene, respectively.
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Figure 3. Potential energy variation (black line) during the
hydrostatic crumpling of graphene. The magenta dotted line
indicates the adhesion energy during the crumpling process. The
inserts are the final configurations of the crumpled graphene at
three different degrees of crumpling 0.30 (1), 0.45 (2) and 0.65

(3) after the external force is removed. The red, orange and blue
lines correspond to the potential energy variation during the
release process for the obtained crumpled graphene at degrees of
crumpled graphene 0.30, 0.45 and 0.65, respectively. The decrease
in adhesion energy is about —247eV when the degree of crumpling
is about 0.45 for the self-adhesion process.

phenomenon happens, resulting in a rapid jump in the adhe-
sion (or vdW) energy [5, 13, 26]. After the self-adhesion, new
covalent bonds are formed that link the free edges together
[22, 27, 30]. With further compression, various defects appear
in graphene, including bond breaking and the formation of
stone-wales defects. Finally, the crumpled graphene is com-
pressed into a dense, spherical ball until compressive failure
occurs.

More specifically, in figure 2, the two snapshots for the
degree of crumpling 0.4 represent the bending of the central
portion of graphene and H-graphene, respectively. In the first
row in figure 2 for graphene, the snapshots at degrees of crum-
pling 0.44, 0.45 and 0.46 display the beginning, development
and completion of the self-adhesion stage. The snapshot of
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Figure 4. Potential energy variation (black line) during the
hydrostatic crumpling processes of H-graphene. The magenta
dotted line indicates the adhesion energy to the crumpling process.
The inserts are the final configurations of the crumpled H-graphene
at three different degrees of crumpling 0.30 (1), 0.49 (2) and 0.65
(3) after the external force is removed. The red, orange and blue
lines correspond to the potential energy variation to simulation time
during the release process for the obtained crumpled graphene at
degrees of crumpled graphene 0.30, 0.49 and 0.65, respectively. The
decrease in adhesion energy is about —383 eV when the degree of
crumpling is about 0.5 for the self-adhesion process.

graphene at degree of crumpling 0.6 reflects the formation of
new covalent bonds and the linking together of free edges,
which does not occur in H-graphene because of the hydro-
genated-edges in H-graphene. Similarly, the snapshots of
H-graphene at degrees of crumpling 0.47, 0.49 and 0.52 pre-
sent the beginning, development and completion of the self-
adhesion stage. However, H-graphene exhibits significantly
more folding during the self-adhesion stage, which explains
the larger drop in self-adhesion energy for H-graphene in
figure 4 than graphene in figure 3.

During the crumpling of graphene or H-graphene, there
is a competition between the adhesion energy and the
bending energy [22, 27]. The adhesion energy has the ten-
dency to adhere the surfaces of folds and crumples together
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Figure 5. Snapshots of the final, relaxed structures obtained at different degrees of crumpling (0.4, 0.5, 0.6, 0.7 and 0.8) after removing the
external hydrostatic force. The first and second lines represent graphene and H-graphene, respectively.

resulting in a more compact structure. On the other hand,
the bending energy favors flattening out the crumpled gra-
phene, and the stability and irreversibility of the crumpled
graphene is determined by the competition between the
adhesion energy and bending energy, as we will demon-
strate analytically later in this paper. More specifically, the
crumpled graphene will be stable if the crumpling induced
decrease in the adhesion energy is larger than the increase
of the bending energy.

We thus show in figures 3 and 4 the variation of poten-
tial energy during the crumpling process, which is similar
to previous analyses for graphene [13]. For small degrees
of crumpling, the initial folds do not cause any changes in
the adhesion energy as the contact area is rather small. The
self-adhesion phenomenon occurs at the degree of crumpling
around 0.5 (0.45 for graphene or 0.49 for H-graphene respec-
tively), where the adhesion and potential energies decline
dramatically as shown in figures 3 and 4. As the degree of
crumpling increases, the adhesion energy decreases gradu-
ally and reaches a minimum value for a degree of crumpling
around 0.8.

We also examined the effect of releasing the hydro-
static external force for different degrees of crumpling to
examine the irreversibility of the crumpling. As shown in
the inset snapshots in figures 3 and 4, for some degrees
of crumpling, the graphene and H-graphene sheets were
able to return to a nearly flat configuration (I in figures 3
and 4) [27]. However, for other degrees of crumpling, the
graphene sheets were unable to recover their initially flat
configurations (I and III in figures 3 and 4), indicating
the irreversible nature at those degrees of crumpling.
Furthermore, previous results have shown that crumpled
graphene cannot be transformed into a flat sheet through
heating [26]. Figure 5 presents the fully relaxed structures
of the crumpled graphene with different degrees of crum-
pling after the external force is removed; we will quantify
later the factors governing whether the graphene sheets are
crumpled reversibly or irreversibly.

3.2. Crumpled graphene from biaxial compression

We now show results of the simulation of crumpling graphene
via biaxial compression subject to a fixed height constraint
in the out-of-plane direction. For a given fixed height con-
straint H, the degree of crumpling is characterized by AL/Ly,
where L is the initial length and AL is the compressed length.
Figure 6 shows representative snapshots during the crumpling
process of graphene with fixed height H = 50.0 and 90.0 A.
Some buckles and crumples appear gradually at the begin-
ning of the compression. With the increase of strain, more
random folds with ridges and vertices will emerge, similar to
the observation in the experiment, [10] and then these folds
are compressed together to form a compact structure. It can
be seen that the fixed height H has an important effect on the
configuration of crumpled graphene during the crumpling
process. A higher fixed height will result in higher folds and
less bending segments as shown in figure 6(b). In contrast,
figure 6(a) shows that plenty of small random folds occur
during the crumpling process for a lower fixed height 50 A.
The irreversibility of the crumpled graphene is determined
by the competition between adhesion energy and bending
energy. Figure 7 shows the variation of adhesion energy
during the crumpling process. For a given fixed height H,
the adhesion energy decreases gradually with the increase of
degree of crumpling, as the effective contact area increases.
There is a step-like jump in the adhesion energy at a critical
degree of crumpling, where the self-adhesion happens. For a
low fixed height H (30 < H < 50) as shown in figure 7(a), the
self-adhesion phenomenon is relatively weak, because of the
height constraint. Figure 8 illustrates that the crumpled gra-
phene becomes irreversible if the degree of crumpling is larger
than the critical value 0.61 for H = 40 A. Specifically, the
crumpled graphene is able to regain its initially flat state if the
biaxial compression is removed for the degree of crumpling
of 0.55, while the crumpled graphene cannot fully recover its
planar configuration for degrees of crumpling above 0.61.
For a high fixed height H (H > 60) as shown in figure 7(b),
the self-adhesion phenomenon is clearly evident. The crumpled
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Figure 6. Snapshots of the crumpling process during the biaxial compression of graphene with a height constraint of (a) 50 A; (b) 90 A.

graphene will be stable if the crumpling induced jump (or
decrease) for the adhesion energy is larger than the increase
of the bending energy. Figure 9 illustrates that the critical
degree to obtain an irreversible crumpled graphene is 0.55
for H =90 A. For example, graphene can regain its initially
flat state for degree of crumpling of 0.43, while the crumpled
graphene becomes irreversible for the degrees of crumpling
above 0.55.

Figure 10 (lower curve) summarizes the critical degree of
crumpling corresponding to different fixed height with the
size 20 x 20 nm. The critical degrees of crumpling fluctuate
around 0.55. The crumpled graphene can recover its planar
configuration in region A, while the crumpling process is
irreversible in region B. The upper, red curve corresponds to
the maximum value of the degree of crumpling, above which
the crumpled graphene undergoes compressive failure. To
illustrate the size-dependence of the crumpling, we show in
figure 11 the result of a smaller, 10 x 10 nm graphene sheet.
The available phase space for irreversible crumpling similar to
the B region in figure 10 is greatly reduced, as the crumpling

process becomes irreversible only when the degree of crum-
pling is close to the compressive failure. We note that when
the length of the graphene sheet in one direction exceeds the
minimum length of 14.6nm, which we will explain later, the
self-adhered graphene becomes stable. Clearly, the graphene
sheet must have a minimum length in order to for the crum-
pling to be irreversible.

3.3. Analytic model for the reversibility of crumpled graphene

The above figures 3, 4 and 7 show that the crumpling pro-
cess becomes irreversible after a step-like jump in the adhe-
sion energy at a critical degree of crumpling. In other words,
the crumpling process becomes irreversible if the adhesion
energy is reduced enough. We will discuss a critical value for
the adhesion energy corresponding to the critical degree of
crumpling.

Figure 12 shows the stable structure of a single fold in
graphene with different boundary conditions. Figure 12(a)
displays a graphene fold with periodic boundary condition
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in the horizontal direction. Figure 12(b) shows a single fold
with free edges. Figure 12(c) shows a graphene fold with
H-terminated edges.

The total energy of the folding graphene with respective to
its planar configuration can be obtained analytically [31]. The
definition of geometrical parameters can be found in figure 12.
The total energy for the graphene fold in figure 12(a) is given
by
D « 91 92
> —(= R + 2R1 + 2
where D = 1.2931 eV is the bendlng stiffness per width
length, 5 = 0.02 eV A_l is the adhesion energy density [31]
and W is the width of the graphene sheet. The geometrical
parameters 6y, 6>, Ry, R, and R, are listed in table 1, which
are obtained from the relaxed configuration from MD simula-
tions. The first term in equation (1) is the bending energy, and
the second term in equation (1) is the adhesion energy. The
total energy can be expressed in terms of the total length,

E; = 0.6922DW — g(L — 56.6132)W. 2)

E = )W BAW, (1)

Similarly, the total energy for graphene folds shown in
figures 12(b) and (c) is given by

D, 0 0
Ey=—(22- +25 2 )W BAW. (3)
2 R
It can be expressed in terms of the total length,
E, = 0.4934DW — g(L —31.8132)W. “)

For obtaining the stable folded structures as shown in
figure 12, the total length L should be large enough to make
sure the total system energy is less than zero. We obtain the
minimum values from the analytic model, by constraining
the total system energy in equations (2) and (4) to be zero.
Accordingly, we find that the minimum values of the total
length are 14.6nm and 9.6 nm for the biaxial and hydrostatic
compression, respectively.

For the hydrostatic compression, a stable irreversible fold
as shown in figures 12(b) or (c) can be obtained as long as
the decrease in self-adhesion energy is equal to the bending
energy of the fold. That is the critical adhesion energy E,,
for graphene or H-graphene can be calculated following
the first term in equation (4). In particular, for H-graphene,
E.. = —0.4934DW = —0.4934  1.2931 % 200 eV = —128 V. As
the self-adhered fold for graphene is formed diagonally as
shown in figure 3, the critical adhesion energy for graphene
is calculated as E., = —0.4934DW = —179 eV. We find that
this critical adhesion energy can be used as a criterion for
the irreversibility of the crumpled graphene from hydrostatic
compression shown in figure 3. If the decrease of the adhe-
sion energy induced by the self-adhesion is larger than E,,,
then the resultant crumpled graphene is irreversible after the
external constraints are removed. Otherwise, the crumpled
graphene is reversible if the change of the adhesion energy is
less than E,, during the self-adhesion phenomenon.
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Figure 7. The adhesion energy during the crumpling process (a) for
small fixed heights H, i.e. 30 < H < 50; (b) for larger fixed heights
H,ie. H > 60. E.;, = —128 eV is the critical value of the adhesion
energy for the high fixed height constraint for irreversible crumpling
to occur.
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Figure 8. The energy variation to the crumpling processes of the
crumpled graphene with fixed height 40 A. The black line indicates
the potential energy variation to the crumpling process. The
magenta dot line indicates the adhesion energy to the crumpling
process. The inserts are the final configurations of the obtained
crumpled graphene at three different degrees of crumpling 0.55 (1),
0.61 (2) and 0.66 (3) during the release process. The red, orange and
blue lines correspond to the potential energy variation to simulation
time during the release process for the obtained crumpled graphene
at degrees of crumpled graphene 0.55, 0.61 and 0.66, respectively.
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Figure 9. The energy variation to the crumpling processes of the
crumpled graphene with fixed height 90 A. The black line indicates
the potential energy variation to the crumpling process. The
magenta dot line indicates the adhesion energy to the crumpling
process. The inserts are the final configurations of the obtained
crumpled graphene at three different degrees of crumpling 0.43 (1),
0.55 (2) and 0.73 (3) during the release process. The red, orange and
blue lines correspond to the potential energy variation to simulation
time during the release process for the obtained crumpled graphene
at degrees of crumpled graphene 0.43, 0.55 and 0.73, respectively.
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Figure 10. The steady state of crumpled graphene sheets with the
size 20 x 20 nm obtained by the biaxial compression. The crumpled
graphene sheets in the A region will lose stability during relaxation
and develop into flat sheets. In contrast, the crumpled graphene
sheets in the B region cannot be flattened during relaxation. The
black line for the critical degree of crumpling fluctuates around
0.55.

For the biaxial compression with a low fixed height H
(30 < H < 50), the decrease in self-adhesion energy is too
small to form an irreversible self-adhered crumpled graphene
as shown in figure 7. As a result, the critical degree of crum-
pling for the irreversible crumpled graphene is difficult to be
determined by the adhesion energy. The simulation results for
the low height in figure 10 show that the critical degrees of
crumpling is around 0.55. For the biaxial compression with
a high fixed height H (H > 60), there is a remarkable self-
adhesion. The top bending part in the fold has the tendency

Height (A)

Figure 11. The steady state of crumpled graphene sheets with the

size 10 x 10 nm obtained by biaxial compression. Compared with

the result of graphene with the size 20 x 20 nm, the available area

for the irreversible crumpling similar to the B region in figure 10 is
greatly reduced.

TQ
TG
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(a) (b) (©

Figure 12. The different crumpled graphene folds. (a) A stable fold
with periodic boundary. (b) A stable fold with free boundary.
(c) A stable fold with free boundary and hydrogen-terminated edge.

Table 1. Geometrical parameters (in A) for the crumpled graphene
fold.

Parameters n Ry R, R, 61 0,

Value 6.4476 3.8685 9.9937 7.8983 1.8142 0.2442

to flatten the fold, so the crumpled graphene will be irrevers-
ible as long as the decrease in self-adhesion energy is equal
to or larger than the bending energy of the top part of fold
as shown in figure 12(a). As a result, the critical adhesion
energy can be calculated by the first term of equation (4); i.e.
E., = —0.4934DW = —128 V. This critical adhesion energy
can be used as a criterion for the irreversibility of the crum-
pled graphene shown in figure 9. The result also shows that
the critical degrees of crumpling are around 0.55.

We point out that, the critical degrees of crumpling are
around 0.5 or 0.55 for hydrostatic and biaxial compression,
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respectively. These values are geometrically related to the
folded configuration shown in figure 12. When a piece of gra-
phene sheet is folded into the stable folding structure, it can
be considered as a crumpled sheet of graphene with a degree
of crumpling of 0.5, which explains the critical value for the
degree of crumpling from MD simulations. The stable folded
structure as obtained from the analytic model thus sufficiently
accounts for the importance of adhesion energy, and is con-
sistent with the dynamic crumpling process observed in the
MD simulations. Importantly, the analytic model predicts that
to obtain irreversibly crumpled graphene, the degree of crum-
pling should be at least 0.5, which demonstrates good agree-
ment between the MD simulations and the analytic model.

4. Conclusion

In summary, using classical molecular dynamics we have
investigated the mechanics of how graphene crumples sub-
ject to hydrostatic or biaxial compression. We find that in
both cases, graphene exhibits a critical degree of crumpling
of about 0.5 or 0.55 for hydrostatic and biaxial compression,
respectively, above which graphene is irreversibly crumpled
after the removal of external constraints. The critical degree of
crumpling is closely related to the self-adhesion phenomenon
of graphene, which leads to a step-like decrease in the adhe-
sion energy. The MD simulation results match analytic solu-
tions balancing bending and adhesive energies to determine
the critical degree of crumpling. Compared with flat graphene,
crumpled graphene has shown many unique properties [9, 14],
which will attract much interest. Considering that most of the
current studies on crumpled graphene are based on graphene
with small aspect ratio, and because the aspect ratio usually
affects the mechanical response of graphene, it will be impor-
tant to study the aspect ratio effect on the crumpling process
in the future.
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