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Abstract. Carbon-based materials remain promising nanostructures for the development of efficient and
innovative nanotechnologies due to their outstanding properties. Among these nanostructures, bilayer nanoporous
graphene has been considered a good candidate for applications involving water desalination, energy storage,
among others. However, the remarkable mechanical properties of the pristine graphene sheets are strongly affected
by the presence of nanoporous. Thus, in this study, molecular dynamics (MD) were conducted to investigate
bilayer nanoporous graphene's mechanical response under several loading and constraints. Our results reveal that
the introduction of porosity in the graphene's layers decrease significantly their fracture strain. The idea of adding
a second, constrained layer or constrained patches of different sizes, to improve the mechanical tensile properties
of the upper layer yielded no significant modification of its mechanical properties. This behavior suggests that to
influence the mechanical properties of a defect or porous graphene layer by adding parallel layers or repair patches,
other kinds of bonds, not van der Waals, must be created among the layers.
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1 Introduction

Carbon-based materials, such as graphene [1], remain an excellent promise for the development of
efficient and innovative nanotechnologies due to their outstanding mechanical and electronic properties [2,3].
Nowadays, there is increasing interest in developing nanofluidic systems, molecular sieves, among others [4—6].
Bilayer nanoporous graphene has been considered a good candidate for such applications [7]. However, the
remarkable mechanical properties of the pristine graphene sheets are strongly affected by the presence of
nanoporous [8]. Therefore, a fundamental understanding of the mechanical response of bilayer nanoporous
graphene under different loading and constraint is crucial for future applications.

Several studies have been conducted to study the mechanical properties of carbon-based materials [9].
For instance, previous studies investigated the effects of chirality [8], temperature [10], topological defects [8,11],
nanoporous [12], and boundary conditions [13] on the mechanical properties of monolayer graphene. Other studies
investigated the same effects considering the carbon nanotubes [14—16] and nanoribbons [17—19], in which both
nanotubes and nanoribbons are obtained from graphene sheets. Several other studies [20,21] performed molecular
simulations and first-principles calculations to study the mechanical properties of bilayer and multilayer graphene.
Although there are many studies regarding the mechanical properties of graphene, little is known about the bilayer
nanoporous graphene.

In this study, molecular simulations (MD) were conducted to investigate the bilayer nanoporous
graphene's mechanical response. Different loading and constraints were considered to investigate the tensile
properties dependence in respect to these boundary conditions. Initially, we considered pristine mono and bilayer
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graphene. Later, the same study was performed for a bilayer nanoporous graphene considering different sizes for
the first layer.

2 Method and model

MD simulations were carried out based on the adaptive intermolecular reactive bond order (AIREBO) [22]
potential, using the LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) [23] package to
investigate the mechanical response of bilayer nanoporous graphene. AIREBO is one of the most appropriate
potential to simulate hydrocarbon systems since it considers both covalent and non-bonded interactions. This
potential is formed by the reactive empirical bond order (REBO) potential (EREE), Lennard Jones (LJ) (E-}), and
the torsional interactions (EL2}S)), as shown in eq. (1):

1 L
EAIREBO = EZa Zb$a[E§l€Bo + Eaé) + Zc$a,b Zd¢a,b,c Eggzsd (1)

where the indices a, b, ¢, and d refer to individual atoms. The AIREBO cut-off radii was set as 2.0 A, based
on the previous studies [24]. Periodic boundary conditions were considered in all directions and a timestep of 0.5
fs was considered in all simulations. Initially, it was conducted an energy equilibration followed by a pressure
equilibration at zero pressure through an isothermal-isobaric (NPT) ensemble. Then, the uniaxial tensile strain was
performed along the zigzag direction by applying strain at a rate of 0.001 ps-1 in the x-direction. All MD
simulations were carried out at a temperature of 10 K with the temperature controlled by the Nose-Hoover
thermostat. A graphene sheet with 1500 atoms with dimensions of approximately 61 A x 63 A, Figs. 1(a) and (b),
was used as the base model to create bilayer graphene, Fig. 1(c), and bilayer nanoporous graphene (See Figs. 3
and 4). The interlayer distance was considered 3.4 A.

Figure 1. (a) and (b) pristine monolayer graphene, and (c) bilayer graphene.

3 Results and discussion
3.1 Mechanical response of bilayer graphene

In Fig. 2(d), we present the stress-strain curves for all three cases shown in Figs. 2(a)-(c) under uniaxial
tensile strain along the x-direction (zigzag direction). No significant difference is observed in the mechanical
response of the mono and bilayer graphene. These results are in agreement with those reported in [21]. For both
cases (a) and (b), the fracture stress and strain are 111 GPa and 0.265, respectively. These results are in good
agreement with the ones reported in the literature for the monolayer graphene, ranging from 98—138 GPa and 0.12
to 0.28 in the zigzag direction [11,13]. For case (c), in which the lower graphene layer is constrained and the upper
one a tensile strain is imposed, there is only a small variation regarding the levels of strain fracture. In fact, the
introduction of a fixed second constrained graphene layer resulted in a slightly smaller fracture strain for the first
layer.
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Figure 2. Mechanical response of pristine (a) monolayer graphene, (b) bilayer graphene, and (c) bilayer graphene
with constraints, and (d) stress-strain curves of the systems shown in (a), (b), and (c).

3.2 Mechanical response of bilayer nanoporous graphene

In the second numerical example, the stress-strain properties of mono- and bilayer nanoporous graphene is
addressed. Figures 3(a) and 3(b) show the meshes with vacancy or porosity.
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Figure 3. (a) monolayer nanoporous graphene, (b) bilayer nanoporous graphene, (c) boundary conditions applied
on the system (a), (d) boundary conditions applied on the system (b), (¢) boundary conditions applied on the
system (b), (d) stress-strain curves of the pristine bilayer graphene (green curve), monolayer nanoporous
graphene (black curve), bilayer nanoporous graphene (red curve), and bilayer nanoporous graphene with the
constraints in (e) (blue curve).
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Figures 3(c)-(e) show the analyzed cases. A porous monolayer Fig. 3(c) and a porous bilayer Fig. 3(d) are
strained in the zigzag directions. For the case illustrated in figure 3(e), the degrees of freedom (atoms) of the lower
layer are restricted and the upper layer is strained. Results are shown in Fig. 3(f), where the stress-strain curves for
a pristine bilayer are also shown (green curve). The first striking point of these results is that the introduction of
the nanoporous in the graphene sheets causes a significant reduction of the fracture strain on the specimen. The
results for the porous monolayer (black curve) and the bilayer (red curve) are almost indistinguishable from each
other. This result is consistent with the analysis performed in the previous session (3.1). For the case of the strained
upper layer and a constrained lower layer, the results are given in the blue curve. Again, the constrained degrees
of freedom of the lower layer have no influence on the stress-strain behavior of the upper nanoporous layer.

3.3 Mechanical response of monolayer nanoporous graphene with repair patch

In this section, we investigated the mechanical response of a monolayer nanoporous graphene with repair
patches of different sizes. The first case (called 1) is shown in Fig. 4(c). Here the repair presents the same size as
the nanoporous graphene layer. In the second case (called 2), the repair is smaller compared to case 1, as shown
in Fig. 4(d), and the repair on case 3 is smaller compared to case 2, as shown in Fig. 4(e). For the three cases, the
repair layer is fully constrained.
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Figure 4. (a) and (b) Sample of a monolayer nanoporous graphene with a repair, (c) case 1: boundary conditions
applied on the monolayer nanoporous graphene with a large repair, (d) case 2: boundary conditions applied on
the monolayer nanoporous graphene with a smaller repair, (e) case 3: boundary conditions applied on the
monolayer nanoporous graphene with the smaller repair, and (f) stress-strain curves of the system shown in (c)
(purple curve), (d) (blue curve), (e) (black curve), bilayer nanoporous graphene (red curve), and pristine bilayer
(green curve).

An analysis of the results presented in Fig. 4 shows that the size of the repair patches does not influence the
mechanical stress-strain properties of the nanoporous upper layer.
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4 Conclusions

The simulations conducted on the mechanical stress-strain properties of the pristine and porous, mono- and
bilayer graphene arrangements suggest that the presence of the second, passive layer, does not influence the
behavior of the upper, strained, layer. The introduction of a vacancy or a porosity in the layers decreases
significantly the fracture strain of the specimen. The idea of adding a second, constrained layer or constrained
patches of different sizes, to improve the mechanical tensile properties of the upper layer yielded no significant
modification of its mechanical properties.

There is a plausible explanation for this behavior. The chemical bonds within the graphene layer are of the
covalent type. These bonds yield an in-plane elasticity modulus for the pristine layer of approximately 1TPa
(E=1TPa) according to the literature [21]. On the other hand, the interaction between the graphene layers is
controlled by van der Waals bonds. The in-plane shear modulus for two pristine graphene layers has been reported
to vary between 480 GPa to 600 GPa according to the loading direction (zigzag or armchair) [21]. So, the van der
Waal bonds between the layers yield elasticity moduli that are 3 orders of magnitude smaller than the one generated
by in-plane covalent bonds. The interaction of a second layer or patches of distinct sizes, based on van der Waals
interactions, cannot restore or improve the original mechanical properties of the pristine graphene layer, in which
a vacancy or a nanoporous has been introduced. This suggests that to influence the mechanical properties of a
defect or porous graphene layer by adding parallel layers or repair patches, other kinds of bonds, not van der Waals,
must be created among the layers.
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