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The interlayer energy between two circular graphene sheets of nanometre scale, which is curved into cylindrical shape with
different curvature radius, is investigated by a molecular force field based on a registry-dependent interlayer interaction
potential. It is found that there is a special interlayer stacking angle near which the interlayer energy is significantly lower.
This interlayer energy-minimum stacking registry angle shifts away from the original Bernal (AB) stacking orientation
when the curvature radius of curved graphene sheets is less than 20 nm, and increases with decreasing curvature radius
beyond this point. The stability of interlayer energy-minimum stacking of the curved graphene sheets decreases with

decreasing curvature radius.
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1. Introduction

Graphene sheets of few atomic layers have been
discovered recently and exhibit exceptional electronic
and transport properties, which may lead to significant
advances in semiconductor devices and systems [1-5].
Moreover, synthesised nanoscale graphene-based compo-
site materials have the potential to be excellent electronic
materials [6], and the flexible electrical and structural
properties of graphene sheets may find relevant appli-
cations in nanoelectronics [7].

In particular, the transport and mechanical properties
of few-layer graphene sheets strongly depend upon
structural stability and interlayer geometry of the stacking
of the layers [8,9]. Planar few-layer graphene sheets are
usually unstable and could be easily distorted [1,6,10—12].
Previous studies have reported that few-layer graphene
sheets were folded by scanning tunnelling microscope, and
different folding directions resulted in Bernal (or AB) or
hexagonal (or AA) stacking of folded sheets on the
graphitic surface [13—15]. In natural graphite, graphene
layers are observed to be about 85% in AB stacking and
15% in rhombohedral (or ABC) stacking. Structural
deformation in the graphene sheet can significantly
influence the interlayer interaction [16—18], so that the
corresponding interlayer stacking registry may be different
from the planar graphene sheets. Furthermore, with the
change of the stacking registry in neighbouring layers, the
electronic properties of the curved graphene sheets will be
altered as well [19]. The possibility of designing the
electronic transport properties of graphene sheets by
modifying the stacking configurations of neighbouring

layers offers a promising method to create flexible
electronic nanoscale systems. Another form of graphene
sheets, multi-walled carbon nanotubes, have recently been
found to exist, the interlayer energetically optimum chiral
configurations between neighbouring layers [20]. How-
ever, the effects of curvature deformation on the interlayer
stacking registry of the few-layer graphene sheets remain
to be explored.

In this study, the interlayer interaction and stacking
registry between two curved nanoscale graphene sheets
have been systematically investigated by molecular statics
calculations based on a recently developed registry-
dependent potential. The original AB stacking remains the
energetically favourable stacking manner between two
slightly curved graphene layers. A slight shift in the
registry angle from the original AB stacking orientation
occurs to achieve the minimum or optimum interlayer
energy when the sheets are curved beyond a critical
curvature radius about 20nm. This shift in the energy-
optimum registry angle increases with the decreasing
curvature radius of the graphene sheets.

2. Method and model

The interlayer interaction in the layered graphitic sheets is
dominated by the long-ranged van der Waals (vdW)
interaction. Many ab initio quantum mechanical methods
such as density function theory (DFT) do not explicitly
account for the long-ranged vdW interaction, and large-
scale simulations of nanoscale systems are still difficult by
quantum mechanical calculations. Therefore, empirical
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methods capable of predicting both the energy level at the
vdW distance as well as the equilibrium distance are
necessary for studying the interlayer interaction of large
graphitic systems. Recently, Kolmogorov and Crespi
[16—18] have developed a registry-dependent interlayer
interaction potential, which is specifically parameterised
according to the results of DFT and experiments for
layered carbon structures, or the K—C potential:
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where 7;; and r;; are the distance vector and the nonbonding
interatomic distance, ?Li,ﬁj are the normal vectors.
The function f, which reflects the directionality of the
overlap, rapidly decays with the transverse distance p [18].
The K-C potential contains a vdW attraction and an
exponentially decaying repulsion due to the interlayer
wave-function overlap. This potential provides a better
description than Lennard-Jones potential in the registry
dependent interlayer interaction of adjacent flat and curved
graphene layers, and can properly predict the interlayer
energy and equilibrium interlayer distance of 0.334 nm for
graphite [16—18,20-22].

In this study, we chose two circular-shaped graphene
sheets of a diameter D = 16 nm, which are cut from two
big graphene sheets, as shown in Figure 1. The circular
graphene sheets include approximately 15,355 carbon
atoms with initial AB stacking orientation. The initial
length of the carbon bond of the graphene sheets is
0.142 nm. The graphene sheet of circular shape is selected
to avoid the change in overlap area, and the larger diameter
is selected to mitigate the boundary effects. The bilayer
model is appropriate because the interaction energy
between two non-adjacent layers is at least 50 times lower
than those between two adjacent layers [20]. The intralayer
configuration and structure of the graphene sheets are fully
relaxed by the total energy minimisation method using
Tersoff—-Brenner potential [23]. Then, to study the
interlayer interaction of different stacking registry, both
the inner and outer layers of the graphene sheets are
rotated around the sheets centre O. with two different
angles (registry angles) of 6, and 6, from the curving axis
(dash line), as shown in Figure 1. When 6; equals 6, the
graphene sheets remain in the initial AB stacking
orientation. In order to study ideal curvature effects on
the interlayer interaction, the graphene sheets are
artificially curved into a cylindrical shape along the initial
axis (dash line in Figure 1) with a curvature radius R

(a) (b) Zigzag direction

inner layer

AB stacking graphite

(d

inner layer

uter layer

Figure 1. Curving two circular-shaped graphene sheets. (a)
Initial AB stacking planar graphene sheets with a diameter
D = 16nm. (b) and (c) The adjacent inner and outer graphene
layers are rotated around the centre O, and curving axis (dash
line) of the graphene sheets with two different angles 6; and 6.
The graphene sheets are curved along the axis (dash line) into (d)
state with a relative angle of ¢ and a curvature radius of R. The
curving axis remains unchanged and represents the initial zigzag
direction (colour online).

of inner layer. The intralayer atomic configuration and
bond length are fixed and remain unchanged, and the arc
length of the curved sheets remains at the initial length of
16 nm when the graphene sheets are curved into different
curvature radius.

For a given registry angle of the outer layer 6, the inner
layer is firstly rotated to different 6; with a very fine step of
0.01°, then the whole sheets are curved to a selected
curvature radius R along the curving axis. At each rotation
step, the structure of the curved graphene sheets is fixed and
the corresponding nonbonding interaction potential energy
between the adjacent curved graphene sheets is calculated
by using a molecular force field based on the K—C potential.

3. Results and discussion

When the graphene sheets are curved as shown in Figure 1,
the original distance and orientation between stacked atoms
in the adjacent layers are changed by the curvature
deformation. For a given registry angle of the outer layer 6,,
the interlayer interaction energy between the graphene
layers mainly depends on the interlayer distance AR,
curvature radius R and inner layer rotation angle 6,. Figure 2
gives the variations of the interlayer potential energy with 6,
of 6,=0° For the flat graphene sheets of different
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Figure 2. Variations of interlayer energy versus the inner layer
registry angle 6; for the outer layer angle 6, = 0° in (a) the flat
sheet and (b) a curvature radius R = 11.5nm with different
interlayer distance AR. Here, E; denotes the threshold energy,
which is described in the text (colour online).

interlayer distance AR, the interlayer energy minimum
points 6" are all located at 0°, as shown in Figure 2(a). Here
the minimum energy indicates a stable interlayer stacking
registry in the graphene sheets, but the magnitude of
minimum energy varies with the change of interlayer
distance. When the graphene sheets are curved to
R = 11.5nm, the minimum interlayer energy is still at
6" = 0°, as shown in Figure 2(b). Curving the sheets along
the zigzag direction, the AB stacking is always the energy-
minimum or energy-optimum interlayer stacking registry.
For 6, = 16°, the AB stacking (6" = 6, = 16°) is still the
energetically favourable interlayer registry in the flat
sheets, as shown in Figure 3(a). However, the best matching
6" with the minimum energy becomes slightly larger than
6, when the sheets are curved to a smaller radius of
curvature 11.5 nm (Figure 3(b)).

To investigate the influence of curvature deformation on
the equilibrium interlayer distance, the variations of
minimum interlayer energy with interlayer distance in the
curved graphene sheets for 6, = 0 and 16° are plotted in
Figure 4. At different curvature radius R, the interlayer
energy with an interlayer distance of 0.334 nm is the lowest,
as shown in Figure 4, although the curvature deformation
changes the magnitude of the interlayer energy. The distance
of 0.334nm then can be considered as the equilibrated
interlayer distance for the curved graphene sheets. We have
also studied other interlayer stacking of 6, = 8 and 24°, and
found the distance of 0.334 nm is the equilibrated interlayer
distance in those cases.
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Figure 3. Variations of interlayer energy versus the inner layer
registry angle 6; for the outer layer angle 6, = 16° in (a) the flat
sheet and (b) a curvature radius R = 11.5nm with different
interlayer distance AR. Here, E; denotes the threshold energy
(colour online).

According to the minimum interlayer energy of
0, =0, 8, 16 and 24°, the relative angle or the difference
between the best matching inner-layer registry angle 6"
and outer-layer registry angle 6, against R for the
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Figure 4. The minimum interlayer energy with interlayer
distance of the bilayer graphene sheets at different curvature
radius R for (a) 6, = 0° and (b) 6, = 16° (colour online).
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Figure 5. (a) The difference between the energy-minimum
inner-layer registry angle 6;" and outer-layer registry angle 6, for
the curved AR = 0.334 nm graphene sheets, with the curvature
radius R for different 6,. (b) The threshold energy E, and the
minimum interlayer energy E, with curvature radius of the
curved AR = 0.334nm graphene sheets. (c) The corresponding
energy difference AE between the threshold interlayer energy and
the minimum interlayer energy (colour online).

interlayer distance AR = 0.334 nm is drawn in Figure 5(a).
For 6, = 0°, the minimum interlayer energy locates at the
point of 6™ = 6, =0° when the sheets are curved,

so the AB stacking remains the stacking of optimum
energy. The cylindrical graphene sheets of 6" = 6, = 0°
are similar to a part of a zigzag multi-walled carbon
nanotube. This minimum interlayer energy state is
consistent with previous study that zigzag multi-walled
carbon nanotubes have the minimum interlayer energy
[20]. For other cases, the best matching inner-layer registry
angle 0" equals to 6, when the radius of curvature R is
larger than about 20 nm. However, when the sheets are
further curved to a curvature radius smaller than 20 nm, the
best matching 6" becomes larger than 6, and the
difference 6" — 6, increases sharply with decreasing
curvature radius. It can be also seen from Figure 5(a) that
the difference 6" — 6, increases with increasing 6.
Larger curvature deformation not only alters the interlayer
interaction but also leads to the change of the best
matching registry angle for the graphene layers.

As mentioned above when the graphene sheets are
curved into cylindrical shape, the curvature deformation
changes the original distances between stacked atoms in
the adjacent sheets. As a result, the interlayer atomic
stacking for 6, =8, 16 and 24° cases in the curved
graphene sheets is different from that in the flat sheets.
A stacking with shifted angles may have the minimum
interlayer energy in the curved sheets. This can be seen as
the main contribution for the change of best matching
registry when the graphene sheets are curved. For 6, = 0°,
the graphene axis is the same as the curving axis, and the
interlayer stacking 6" = 6, = 0° remains the minimum
interlayer energy.

For the given outer layer angle 6,, itis found that excepta
small range of the inner layer registry angle 6, with lower
interlayer potential energy, all other 6; have a higher and
similar interlayer potential energy, as shown in Figures 2 and
3. Here, we define the average value of the interlayer
potential energies of which 6, is 5° away from 6", as a
threshold interlayer energy E;. The threshold energy reflects
the average interlayer interaction between two adjacent
graphene layers with arbitrary stacking. While the minimum
interlayer energy E,,, shown in Figures 2 and 3 can be seen as
interlayer cohesive energy of the graphene sheets. Figure
5(b) presents the variations of the threshold energy E, and the
minimum interlayer energy E,, with the radius of curvature
R. The threshold energy E has the same value for different 6,,
and it decreases with increasing radius R. When the radius R
is larger than 20 nm, the threshold energy approaches to a
constant value of —40.3 meV/atom. The minimum inter-
layer energy E,, decreases more sharply with increasing
curvature radius. When the radius R is large enough, E,,
approaches to the limit value of —45.1 meV/atom in the AB
stacking flat graphene sheets. This is in the range of
experimental values of natural graphite layers [24—26].

The energy difference AE between the threshold energy
and the minimum interlayer energy (AE = E, — E,) is
plotted in Figure 5(c). The energy difference AFE for larger
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curvature radius is much higher than that for smaller
curvature radius. Higher energy difference means that the
structure of the best matching outer/inner layers is more
stable and energetically favourable. The curvature defor-
mation changes the interlayer interaction, and the energy
difference AE gradually decreases with decreasing curvature
radius of the curved graphene sheets. So the stability of such
interlayer energy-minimum sheet decreases with the
decreasing curvature radius as well. As a result, the AB or
ABC planar stacking graphene sheets are most stable, while
the probability of obtaining curved graphene sheets with the
interlayer energy-minimum registry becomes lower when it
is curved into smaller curvature radius.

In reality, the interlayer spacing of graphene sheets
may be varied from the equilibrated distance because of
environmental influence and external loading. To under-
stand the effect of interlayer distance change, Figure 6
shows the difference between the best matching registry
angle 0™ and 6, for the bilayer graphene sheets with
different interlayer distance AR. When the curvature
radius R is smaller than 18nm, the best matching
outer/inner registry angle difference increases with
decreasing curvature radius. Slight differences are found
in the variations of 6" — 6, as the interlayer distance AR
decreases from 0.36 to 0.32 nm. The effects of interlayer
distance in the curved graphene sheets slightly change the
registry and its curvature-dependence. However, smaller
or larger interlayer distance significantly changes the
energy value, as shown in Figure 7. Both the threshold
energy E; and the minimum interlayer energy E,, of the
distance 0.334nm are much lower than that of other
interlayer distance. Moreover, the energy difference AE
between E; and E,, at the same curvature radius increases
with the interlayer distance decreasing. The probability

1.0 R
0.8 i
R 6,=16°
8 o6F , _ ]
% ’ “\ --8-- interlayer distance 0.32 nm
3 N\X % interlayer distance 0.334 nm
© 04r B! —A— interlayer distance 0.36 nm
E._
I 02Ff i
0.0 W % u
-0.2 Il Il Il Il
10 20 30 40 50

Curvature radius R (nm)

Figure 6. The difference between inner and outer energy-
minimum matching registry angles with the curvature radius R of
the curved graphene sheets, for different interlayer distance
(colour online).
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Figure 7. The threshold energy E, and the minimum interlayer
energy E,, of the curved graphene sheets with interlayer
distance AR of (a) 0.32nm, (b) 0.334nm and (¢) 0.36nm
(colour online).

of obtaining curved graphene sheets with the optimum
registry strongly depends on the energy difference AE.
Therefore, smaller interlayer distance will lead to a higher
probability of realising the best matching registry for the
curved graphene sheets.
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In our calculations, the boundaries of the circular
graphene sheets are free. Carbon atoms in the boundaries
have dangling bonds, which may affect the interlayer
energy. The boundary effects are then mainly determined
by the dangling bonds. The number of dangling bonds
depends on the size of the graphene sheets, and it increases
with increasing the diameter D. To study the effects of
boundary conditions, we have compared the interlayer
interaction of four bilayer graphene sheets with different
diameter D. Figure 8 plots the relative angle between the
best matching registry angle 6" and 6,, 6" — 6, for the
curved graphene sheets of D = 17, 16, 15 and 12 nm. For
D = 12nm, the best matching inner-layer registry angle
6" is different from that of larger diameters when the
curvature radius is smaller than 18 nm. On the contrary, the
curves of D =15, 16 and 17nm are almost the same.
Figure 9 shows the effects of different boundaries on the
interlayer energy. There are only slight differences found
in the variations of the threshold energy and minimum
interlayer energy when the sheet diameter is larger than
15nm. The contribution of dangling bonds in the
boundaries to total interlayer energy gradually decreases
with increasing the sheet size. This indicates that the free
boundaries in large size graphene sheets will slightly
influence the interlayer interaction. According to the
results shown in Figures 8 and 9, the graphene sheet
diameter of 16nm chosen in our calculations is large
enough to avoid the boundary effects. We have also
studied other cases of 6, = 8° and 24°, and found that the
main results are similar to that of 6, = 16°.

1.0 T T T T
0.8 _
T 06f _
o
2 1 6,= 16°
R2) _ —
= Y ~¥—D=17nm
- i LR --m--D=16nm
£._ NI
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: '\ Ciz ~&= D=12nm ]
0.0 AR08 B—A —
-0.2 L 1 s 1 n 1 s | s
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Curvature radius R (nm)

Figure 8. The difference between inner and outer energy-
minimum matching registry angles with the curvature radius R of
the AR = 0.334 nm curved graphene sheets for different diameter
D (colour online).
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Figure 9. (a) The threshold energy E, and (b) minimum
interlayer energy E,, of the curved AR = 0.334nm graphene
sheets with the diameter D = 12, 15, 16 and 17nm (colour
online).

4. Conclusion

In summary, the registry structure between two adjacent
graphene sheets is immune to slight mechanical distortion
according to the present interlayer interaction energy
analyses. The AB stacking orientation is always
energetically favourable when the sheets are curved
along the zigzag direction. However, when the sheets are
curved along other direction to a curvature radius smaller
than about 20 nm, the initial AB stacking orientation is no
longer interlayer energy favourable. The interlayer relative
angle between the inner and outer energy-optimum
registry angles increases with decreasing curvature radius.
Variation in the interlayer distance between two adjacent
graphene layers can significantly change the interlayer
energy but has very weak influence on the energy-
minimum matching registry. The energy difference
between the interlayer energy with the optimum registry
and the interlayer energies for arbitrary registries
decreases with decreasing curvature radius. This means
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that the registry structural stability becomes weaker for
smaller roll of the graphene sheets. These curvature-
related registry structures may provide some new insights
into fundamental properties of few-layer graphene sheets
of nanometre dimensions.
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