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ABSTRACT

Using molecular dynamics (MD) simulations, we have investigated the kinetics of the graphene edge folding
process. The lower limit of the energy barrier is found to be ~380 meV/A (or about 800 meV per edge atom) and
~50 meV/A (or about 120 meV per edge atom) for folding the edges of intrinsic clean single-layer graphene (SLG)
and double-layer graphene (DLG), respectively. However, the edge folding barriers can be substantially reduced
by imbalanced chemical adsorption, such as of H atoms, on the two sides of graphene along the edges. Our
studies indicate that thermal folding is not feasible at room temperature (RT) for clean SLG and DLG edges and
is feasible at high temperature only for DLG edges, whereas chemical folding (with adsorbates) of both SLG
and DLG edges can be spontaneous at RT. These findings suggest that the folded edge structures of suspended

graphene observed in some experiments are possibly due to the presence of adsorbates at the edges.
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Graphene has attracted much recent interest due to
its fascinating physical and chemical properties and

its potential applications in future nanoelectronics [1].

One fundamental question for graphene is its thermal
and chemical stability, since this has important
implications for its practical applications. As an
ultrathin two-dimensional structure only one-atomic-
layer thick, graphene can undergo large out-of-plane
thermal fluctuations [2]. The presence of free edges
makes the graphene susceptible to edge defects and
chemical impurities [3] as well as to mechanical edge
warping and twisting instability [4-6]. Furthermore,
several recent experiments [7-10] have observed folded
graphene edges, which raises several interesting
questions: (1) Whether the “folded edges” are an
intrinsic or extrinsic property of graphene edge stability?
(2) What is the kinetic energy barrier associated with
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the folding process? (3) How does the folding process
depend on the chemical environment? Our aim here
is to answer these fundamental questions by comparing
the thermal and chemical folding processes at
graphene edges, using molecular simulations. It is
worth pointing out that understanding the graphene
edge folding process is not only of scientific interest,
but also of technological importance. For example, one
very recent experiment has shown that the transport
properties of open and closed graphene edges are
very different, with the closed edge exhibiting a much
higher conductivity [11].

A suspended free-standing graphene edge has been
observed by transmission electron microscopy (TEM)
to fold over [7, 8], forming a structure similar to
one-half of a single-walled carbon nanotube (SWCNT).
Using high resolution TEM, Liu et al. [9] have further
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shown that both armchair and zigzag edges of
graphene exhibit a folded edge state. Moreover, in situ
observation of multi-layer graphene has demonstrated
that both the armchair and zigzag edges can form
folded structures spontaneously at about 2400 K [10].
On the other hand, a theoretical study using a coarse-
grained hierarchical multiscale model has shown that
the folded edges are thermodynamically stable beyond
a critical folded length [12], and a kinetic Monte
Carlo calculation was consistent with the observed
spontaneous folding process at high temperature
(~2400 K) [10]. Recently, quantum molecular dynamics
simulations also uncovered the roles of edge
reconstruction, carbon vacancies and interstitials in
the thermal folding process of double-layer graphene
(DLG) at high temperature (1000 K), which explained
why the closed edge structure forms under Joule
heating only if the sample is not irradiated by high-
energy electrons [13]. Another simulation studied folding
of a Y-shape graphene ribbon at high temperature [14].

Although previous theoretical studies [10, 12, 13]
have confirmed folding of single-layer graphene (SLG)
and DLG edges at high temperatures, the kinetics
associated with the graphene edge folding process,
which determines the feasibility of edge folding at
different temperatures (including room temperature)
and in different chemical environments, remains
unexplored. Most importantly, the energy barriers
associated with the folding processes of both SLG
and DLG edges remain unknown. We noticed that
the graphene preparation methods used in Refs. [7-9]
all involved initially working in solution without sub-
sequent purification steps. For example, the graphene
membranes prepared by Meyer et al. [7] were treated
in water, isopropanol, acetone and liquid carbon
dioxide, whilst Liu et al. [9] used heat treatment of
graphite powder dispersed in ethanol by ultrasonication
before dropping the resulting graphene onto a grid.
Thus, these graphene membranes may be “polluted”
by adsorbates, which may chemically assist the
graphene edge folding processes [14]. Therefore,
besides “thermal folding” of clean graphene edges, i.e.,
a thermally activated process, “chemical folding” of
graphene edges with adsorbates, i.e., a chemisorption-
assisted process should be considered. In particular,
we must determine the energy barriers for thermal

versus chemical folding of graphene edges, to assess
the feasibility of graphene edge folding processes
at different temperatures and in different chemical
environments.

We have carried out extensive molecular dynamics
simulations to derive the limiting kinetic energy barriers
for edge folding processes of both SLG and DLG,
using a modified form of the bond-order potential due
to Brenner et al. [15] and a similar setup as before [14].
Our own Lennard-Jones (L-J) potential parameters [14]
were developed to give a ~42 meV/atom interlayer
cohesive energy for graphite, in accordance with
experiment [16]. We studied H adsorption as a simple
model system for chemical folding, using a new bond-
order term for C-H to give a H adsorption energy of
~0.9 eV on graphite, as predicted by first-principles
calculations [14]. (The original Brenner potential
predicted a H adsorption energy about 1.7 eV higher).
For all the molecular dynamics (MD) simulations,
periodic boundary conditions were only employed in
the direction along the edge. The simulations were
performed at T = 150 K in order to suppress thermal
fluctuations. We note that because the edge folding
energy barrier comes mainly from bending energy,
involving no chemical bond breaking/formation energy,
it can be well described by a classical potential. Thus,
we opted to use a classical potential instead of a
first-principles method to derive the folding energy
barrier in order to save computational time. In the
unfolding process, there will be bond breaking
associated with van der Waals interlayer interactions.
So one may expect our calculated unfolding barriers to
be less accurate than the calculated folding barriers,
but this will not affect our conclusions on edge folding
feasibility which is solely determined by the folding
barriers.

Before exploring the kinetics associated with the
graphene edge folding process, we first study the
thermodynamic driving force for edge folding because
the folded edge structure can be more stable than the
flat edges. Figure 1 illustrates the energy minimization
simulations to show the stability of the folded graphene
edge. We generate an edge-folded SLG sheet with an
overlapping length [ and folding length L, as shown
in Fig. 1(a). Then, we release the folded edge by moving

the upper portion toward right along the +x-direction
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to reduce [ in steps of 1 A (from Fig. 1(al) to Fig. 1(a3)),
and the potential energy is calculated at each step, as
shown in Fig. 1(b). The folded edge energy per edge
length relative to the unfolded edge is

Ec=px1+p 1)

where y and y, are the interlayer van der Waals (vdW)
bonding energy of the overlapping portion and the
bending energy of the folding portion, respectively.
is a constant because the shape of the folding portion
remains the same with almost constant L =22 A, as [
is reduced (see Figs. 1(al)-1(a3)). In calculating the
potential energy as a function of [ in Fig. 1(b), the
energy of the flat SLG is set as the zero point of the
energy (shown in Fig. 1(b) as a black dashed line).
The data show a nice linear relation as expected,
and the interlayer bonding energy obtained from the
linear fitting (the slope of the red solid line in Fig. 1(b))
gives y, =15 meV/A?, or about 42 meV/atom, consistent
with the L-] potential used. The E. value at /=0
gives the bending energy x =306 meV/A, or about
625 meV/atom. By extrapolation, the folded edge of
the SLG is seen to be more stable than the flat edge if
1>20 A, when the energy gain from the interlayer vdW
bonding of the overlapping portion overcomes the
energy cost from the bending of the folding portion.
In addition, the potential energy is microscopically
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Figure 1 Energy minimization simulation of the edge-folded
SLG. (a) Structures of the edge-folded SLG with different lengths
of overlap portion. L and / are overlapping length and folding
length, respectively. The grey balls are carbon atoms. The red
dashed line represents the reference plane for measuring / and L.
(b) The folded edge energy as a function of folding length. Dotted
line: energy of flat graphene (set to be zero). Solid line: linear fit
to the data (solid black squares). The inset shows the fine structure
of the £~/ curve

affected by the atomic stacking of the overlapping
portion, which leads to a periodic fluctuation of the
EI curve, as shown in the inset of Fig. 1(b).

Even though the folded edge structure can be
thermodynamically more stable than the flat edge,
the folding process may still be prohibited by a large
kinetic barrier, especially for a thermally activated
process. Next, we derive the energy barriers for the
edge folding processes. We note that we do not attempt
to directly simulate the folding process of a graphene
edge, because the process is too complex and requires
much too long a simulation time. So, instead, we will
use MD simulation as an effective method to derive
the “limiting” kinetic barriers for edge folding. We
consider the folding starts locally at one place then
spreads around the whole edge (like a zipping effect).
The initial local folding is thus the rate-limiting step
and the barrier, which should be defined by energy
per length, largely determines the overall folding
probability because the remaining edges have much
smaller barriers per length. However, it is very difficult
(if not impossible) to determine this rate-limiting barrier
because it may not have a unique value, but rather
depend on how the folding process actually occurs and
change with edge length. On the other hand, we can
establish the lower-bound of this barrier by assuming
the edge folds collectively, or in other words, as soon
as the initial folding starts somewhere, the remaining
edges follow immediately, as we have done here.

For convenience, the unfolding process of SLG,
which is the reverse process of folding, is simulated in
order to obtain the energy barrier of folding as shown
in Fig. 2. First, the atomic positions in a folded SLG edge
are relaxed for 30 ps (Fig. 2(al)). Then, a horizontal
force is applied (the force is applied every 30 ps and
sustained for 0.2 ps periodically) on all the carbon
atoms in the upper portion (both the overlapping
and folding portions) of the folded edge along the
+x-direction. The long simulation time of ~30 ps is used
to make sure that local equilibration is reached each
time after the force is applied, so as to obtain the lowest
energy configuration at a given folding position (i.e.,
the degree of fold), and hence to guarantee that the
lowest barrier is obtained, in the unfolding process as
well as in the folding process.
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Figure 2 (a) Structures of SLG during classical molecular dynamics
simulation of the unfolding process (from 1 to 4). (b) The folded
edge energy as a function of time during the unfolding process
(black and red solid lines represent armchair and zigzag edges,
respectively). The energy of the flat SLG is set to be zero

The energy per edge atom as a function of time
during the unfolding process is shown in Fig. 2(b).
Initially, E. increases due to a decrease in the interlayer
bonding vdW energy by virtue of the reduction in the
area of the overlapping portion, and subsequently
decreases due to the decrease in bending energy
associated with unfolding the folding portion. Finally,
the SLG sheet becomes flat (Fig.2(a3)). The energy
barriers for edge folding of the SLG (in reference to
the flat edge, Fig. 2(a4)) are approximately 360 meV/A
(or 780 meV/atom) and 380 meV/A (or 830 meV/atom)
for armchair and zigzag edges, respectively; these values
are about 30 times larger than the thermal energy per
atom at room temperature (RT, ~26 meV/atom).

The folded-edge structure can also be obtained by
bonding of the top and bottom edges of the DLG
(Fig. 3). In this case, both edges undergo a much smaller
bending to form the folded edge than in the SLG
folding process, and hence the energy barrier is expected
to be lower. To obtain the energy barrier, a DLG with
open edges is first relaxed for 30 ps (Fig. 3(al));
periodic forces of opposite directions are then applied
vertically on the edge atoms along the z-direction
to push them toward each other (Fig. 3(a2)) to form
the closed-edge structure (Fig. 3(a3)). The change in
potential energy is calculated and shown in Fig. 3(b).
The energy barriers for DLG to form the closed edge
structures are about 55 meV/A (or 120 meV/atom) for

both armchair and zigzag edges.
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Figure 3 (a) Structures of DLG during classical molecular
dynamics simulation of the folding process (from 1 to 4). (b) The
folded edge energy as a function of time during the folding
process (black and red solid lines represent armchair and zigzag
edges, respectively). The energy of the flat DLG is set to be zero

Given the energy barrier, according transition-state
theory, the possibility of edge folding P follows

P = ye it )

where E,, kg, v and T are the energy barrier, Boltzmann
constant, attempt frequency and temperature, re-
spectively. v is related to the vibrational frequency of
edge atoms. Since the edge atoms have to vibrate in a
“collective” manner in order to fold, the attempt
frequency is expected to be much smaller than the
single atom vibration frequency (the typical order of
the atomic vibration frequency is ~10 s™). At RT, the
e B"T factor is about ~107 for the folding of SLG,
and ~107 for the folding of DLG. Consequently, at RT
the probability of thermal edge folding of both SLG
and DLG is very small. But at high temperatures,
thermal folding of DLG is feasible. This is consistent
with the experiments of Huang et al. who observed
spontaneous edge folding of DLG at kT =200 meV
[10] and quantum molecular dynamics results at kT =
90 meV [13].

Next, we explore the chemisorption-assisted edge
folding process (chemical folding) since, as discussed
above, atomic and molecular adsorbates are probably
involved in the experimental folding process. It has
been shown that chemisorption of H atoms leads to a
change in the hybridization of the carbon atom where
H is adsorbed from sp? to sp’[14]. If H atoms are
adsorbed only on one side of graphene (or on both
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sides with different coverage), then they will introduce
a tensile stress in the graphene sheet providing a
driving force for rolling up the edge of graphene [14].
Assuming one-side adsorption, the stress increases with
H coverage and goes up to 800 meV/A*[14] at the
experimental upper limit of H coverage on a graphite
surface [17]. Recent experiments have also achieved
scrolling up of flat graphene by atom/molecule
adsorption [18, 19]. To test the feasibility of chemical
folding of graphene edges, for simplicity, we use H
atoms adsorbed on one side of graphene in order to
explore the effect of adsorbates. We first derived the
energy barrier as a function of H coverage (Fig. 4), from
the energy curves like those in Figs. 2 and 3 for the
process without H. The E.—1 curve for the SLG edge
folding at 5% H coverage is shown in Fig. S-1 as an
example. Our results show that the energy barrier of

folding decreases significantly as H coverage increases.

At ~14% H coverage, the energy barrier vanishes, which
means that the edge of SLG can fold spontaneously
at this H coverage or higher.

Furthermore, we performed MD simulations to
directly observe the chemical folding process. First, a
sheet of SLG without adsorbate is relaxed for 30 ps.
Then hydrogen atoms at ~50% coverage! are absorbed
on the bottom side of suspended graphene with a
random distribution. Driven by the stress induced by

400 4
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Figure 4 The energy barrier for SLG edge folding as a function
of H coverage

hydrogen adsorption, the edge begins to bend up and
finally forms the folded structure (a movie showing
this process is available in the Electronic Supplementary
Material (ESM)).

Similarly, a DLG is relaxed for 30 ps, and then 30%
H coverage! is introduced at the near-edge region of
both layers. The edge of the upper layer bends down
while the edge of the bottom layer bends up and they
meet and bond together to form a closed structure.
Finally, the curved portion expands to release strain
energy until OEyin/OL = —OEqw / OL, where Egy.i and Eqw
are the bending strain energy and the interfacial vdW
bonding energy, respectively (a movie showing this
process is available in the ESM). These results
demonstrate that the edge of graphene may fold
spontaneously with sufficiently high one-side (or
imbalanced two-side?) hydrogen adsorption at room
temperature, indicating a spontaneous chemical
folding process. It is interesting to see that chemical
adsorption of H promotes the edge folding of DLG,
while in contrast, vacancies and impurities inhibit the
edge folding of DLG [13].

Although we have only studied H adsorption here,
other adsorbates may have the same effect. One basic
condition is for the adsorbates to induce a tensile
surface stress and fold the graphene by converting the
C bonding configuration from sp? to sp’. One example
is F, which has previously been shown to fold graphene
nanoribbons into nanotubes [14]. We also note that
if graphene is on a substrate other than graphite, our
approach will work best with a very weak interaction
between graphene and the substrate, such as the van der
Waals type of interaction found for graphite itself.

In conclusion, we have derived for the first time the
kinetic energy barriers for bending of SLG and DLG
edges to form a closed edge structure. Based on the
energy barriers, we conclude that thermal edge folding
of SLG is generally not feasible, while thermal edge
folding of DLG is feasible at high temperature but not
at room temperature. However, edge folding barriers
can be greatly reduced by imbalanced chemisorption

' To ease the simulation and save time, here we choose a high one-sided H coverage to accelerate the edge folding process.

21t is interesting to note that when H is adsorbed on both sides of a SLG, the coverage on the two sides can initially be different. Then
the SLG will start to fold towards the side with less H. As a result, the outer side with more H will be exposed and be more accessible
for additional H adsorption, while the inner side with less H will be “shielded” from H adsorption. This will enhance the imbalance of H

coverage on the two sides, further assisting the folding process.
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of atoms or molecules (as demonstrated for H) on
the two sides of graphene, which may even lead to
spontaneous edge folding of both SLG and DLG at
room temperature. Our findings indicate that the
formation of suspended graphene with folded edges
as observed in some experiments at room temperature
[7-9] may involve assistance by adsorbates.
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