Effect of vacancy distribution on the relaxation properties of graphene: a molecular
dynamics study
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Influence of vacancies on the relaxation properties of graphene nanoribbons has been investigated by molecular dynamics simulation in several
nanometre sizes. Moreover, three factors including vacancy size, number and distribution are taken into consideration. The results show
graphene nanoribbons present different kinds of deformation at different sites with various vacancy distributions. The effects of vacancy
distributions on the relaxation properties of graphene nanoribbons are discussed.

1. Introduction: Graphene, also called two-dimensional graphite, Large-scale atomic/molecular massively parallel simulator

is a new type of low-dimensional material following the
discovery of fullerenes and carbon nanotubes. In recent years,
graphene has attracted considerable interest because of its

(LAMMPS) is a versatile and open source code for performing
MD simulations of coarse-grained models. The adaptive inter-
molecular reactive empirical bond order potential (AIREBO),

extraordinary electrical, thermal and mechanical properties arising
from its unique structure [1, 2]. However, a variety of defects
including topological defects [3, 4], vacancy [5—10] and adatom
[11-14] are inevitably produced into graphene during the
preparation process. Ideally, researchers would like to determine
the physical properties of a single-layer graphene sheet by
experimental technology. However, graphene sheet must be
attached to the substrate, which affects the properties of graphene.
Molecular dynamics (MD) simulation enables us to follow and
understand the structure and dynamics with extreme detail where
motion of individual atoms can be tracked [15, 16]. The
relaxation properties of graphene have been a hot subject in many
investigations because the graphene sheets have undergone
significant distortion from the defects and vacancies, which could
influence its electronic and mechanical properties. The relaxation
is essential for understanding the morphological evolution,
dispersibility and interface compatibility in composites. Recently,
MD simulation has been a useful tool to study the relaxation
properties of graphene [17-19]. In this Letter, MD method has
been employed to simulate the evolution of dynamic equilibrium
of graphene with vacancies in the relaxation process. The
effect of defect type, number and location on the relaxation
properties of graphene was discussed.
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Fig. 1 Position and size of vacancies in graphene ribbons

2. Physical models and simulation methods: Position and size of
vacancies in graphene ribbons are shown in Fig. 1. Graphene is a
crystalline structure composed entirely of carbon atoms with a
honeycomb-like pattern. The length of the C—C bond is ~0.142
nm and the thickness is 0.335 nm. A typical vacancy is created
by removing carbon atoms at the corners of a hexagon and
subsequently by terminating the remaining six two-fold
coordinated carbon atoms with hydrogen atoms.

As shown in Fig. 2, the dimension of the simulation model was
around 79.54 A x 46.80 A. Three types of configurations and seven
different distributions of vacancies are named as follows: 7-D—N,
where T means the type of vacancies, including 1, 2 and 3; D
means the distribution of vacancies, including the bottom of the
x-direction (BX), the side of the y-direction (LY), the middle of
the x-direction (MX), the middle of the y-direction (MY) and a
wide distribution (#); and N means the number of the vacancies.
The relaxation properties of the perfect graphene and the graphene
with the vacancies were simulated.
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Fig. 2 Schematic showing the positions and the numbers of vacancies
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included in the LAMMPS software package was employed to
model the inter-atomic forces present in the covalent binding of
carbon in the graphene. AIREBO potential consists of three terms
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Periodic boundary condition is imposed on the x- and y-directions
without applying any external constraints and loads. The length
of C—C bonds is set at 1.30-1.54 A with a cut-off parameter of
1.7 A. The temperature is controlled at 0.01 K and the simulation
time step is 1 fs.

3. Results and analysis: Atomic configurations of graphene after
complete relaxation are shown in Fig. 3. The common undulating
surface morphology is observed at the edge of the model after
complete relaxation. Our data agree with other simulation results
with different boundary conditions and temperature [20]. The
largest normal displacement depends on the type, location and the
number of the vacancies. With widely distributed and large size
vacancies (such as 3W9, 3A21), the ripples not only occur at the
edges, but also on the internal of graphene, which is similar to
the results observed by transmission electron microscopy [21,
22]. This phenomenon could be attributed to the decrease of the
constraint force of carbon atoms around the C—C bonds.

To analyse the models more accurately, we track the atom that
occurs at the position of maximum displacement. Absolute dis-
placement of the tracking atom in the normal direction was
shown in Fig. 4. With the vacancies on the short edge (LY),
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Fig. 3 Atomic configuration of graphene after relaxation

694
© The Institution of Engineering and Technology 2015

model 1-LY-3 has the maximum displacement of 6 A (Fig. 4a).
The displacement decreases when the vacancies move to the
middle of the y-direction (Fig. 4b). When the vacancies occur at
the bottom of the x-direction, the maximum normal displacements
of model 1-BX-3 and 2-BX-3 are approximately the same value
(Fig. 4c). With the increase of size and number in the middle of
the x-direction, same trend is obtained (Figs. 4d and e). The
maximum displacement reaches ~6 A with the vacancy number
of 9, and then it increases to ~9 A with the vacancy number of
21 (Figs. 4f'and g). For all the three types of the vacancies, the dis-
placements of model 1-W-9, 1-W-21, 1-LY-3, 2-W-9, 2-BX-3,
3-W-21 and 3-CX-7 are all larger than 5 A (Figs. 4i and j). It
was found that the morphology, location and size of the
maximum displacement are affected by the types, positions and

a —
——S:5LGS . —— S:SLGS
< [—1:1LY3 3 [—11cY3
B 6p——2:21Y3 g 6f——2:2CY3 - =
£ I e O N
g E |—a3cys) - -
2 £
1 g
3 3
F 2t E2
£ 5
E =
o i i A e :
o 50 100 150 200 o 50 100 150 200

relaxation time, ps relaxation time, ps
a

—— S:5LGS

@

< <
= 4 1:1BX3 E .
g |——22BX3 g \
£ g
I & /5
= 2 —
2 22
: :
% 50 100 150 ) % 50 100 150 200
relaxation time, ps relaxation time, ps
c
W 8
—— Si5LGS ——S:5LGS
—— 1:1MX7 - 1:1W9 e
6 —— 2:2Mx7 / N Eeb—22me
—— 3:3MX7 33w

T /
S

"
normal displacement/ A

7

normal displacement, A

o

20 50 100 150 200
relaxation time, ps

100 150
relaxation time, ps

e f
10 8
< 3
28 Ze
H £
g6 g
H =
g 2
24 2
2 E2r
g g |
0 ; o " " . J
o 50 100 150 200 0 50 100 150 200
relaxation time, ps relaxation time, ps
g

)
[

-

e

"
n

normal displacement, A
normal displacement/ A
o

=
o

o

50 100 150 200

1 1
g o o sl 0 relaxation time, ps

relaxation time, ps

i i

Fig. 4 Absolute displacement in the normal direction at different relaxation
time. Model 1-LY-3, 2-LY-3 and 3-LY-3(a); Model 2-CY-3, 2-CY-3 and 3-
CY-3(b); Model 1-BY-3 and 2-BY-3(c); Model 1-MY-3, 2-MY-3 and 3-
MY-3(d); Model 1-MX-7, 2-MX-7 and 3-MX-7(e); Model 1-W-9, 2-W-9
and 3-W-9(f); Model 1-W-21, 2-W-21 and 3-W-21(g); Models with first
type of vacancy (h); Models with second type of vacancy (i); Models with
third type of vacancy (j)
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the number of the vacancies in the graphene. For lower distribution
density, the normal displacement becomes smaller. Introduction of
the vacancies should increase the energy of the system. The
bond-length variation cannot remove the effects and out-of-plane
displacement occurs.

4. Conclusion: The relaxation properties of graphene nanoribbons
with different types of vacancies have been studied by MD
simulation. In a natural state, graphene is not perfectly flat with
corrugated wrinkles appearing at the edge, but not obvious in the
inner of graphene. In the case of large size vacancies, the ripples
can be observed both at the edge and inner of graphene. The
maximum normal displacement increases with the increase of size
and the number of the vacancies.
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