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ABSTRACT

This work analyzes the thermal transport (TT) and mechanical properties (MP) of nanoporous graphene-
like BC N monolayer utilizing non-equilibrium molecular dynamics (NEMD) and molecular dynamic (MD)
simulations. Herein, the heat transfer and mechanical of nanoporous graphene-like BC.N membrane with
various circle-pore size defects are systematically reviewed and numerically examined. The results show that
the BC,N sheet has a balance on mechanical properties in two directions under biaxial tension as changing
pore size from D = 2.0 to D = 7.0 nm. Young’s modulus and ultimate strength of BC N monolayer with a
circle pore decrease when the pore size increases. The trending laws are also shown to predict the mechanical
parameters of the porous BC N sheet. Besides, the thermal conductivity (TC) of the monolayer BC.N with a
smaller pore size is much higher than that of the sample with a bigger pore size due to higher energy loss.
Changing pore size can adjust the TC and 2D temperature distribution around the circle-pore. Furthermore,
the pristine BC,N TC is more heightened than the defective ones. The study results confirm that 2D-BC N has
outstanding optical, electronic, thermal transport, and mechanical characteristics. It is particularly inspiring
for further experimental and theoretical works that advance different technological applications, such as gas
sensors, nanoelectronics, and optoelectronic devices. It helps for real-time monitoring, which is critical to
improving safety and efficiency in marine and air transportation infrastructure.
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I. INTRODUCTION

Graphene has attracted extensive interest
as a two-dimensional (2D) material with the
most stable structure of single-layer carbon
atoms, exhibiting extraordinarily high thermal
conductivity, mechanical strength, and exciting
electronic features [1, 2]. 2D Graphene-like
layered samples are formed from boron (B)—
carbon (C)-nitrogen (N) atoms to create
various BCN-layered materials [3]. They
have been shown to have novel chemical and
physical properties [4-6], which are effective
for energy storage applications. Recently, a
2D-graphene-like BC N sheet created by an
experiment-realized has attracted the special
attention of many theoretical investigations
based on their excellent thermal transport
and mechanical properties as well as their
semiconducting electronic nature [4]. Further,
the layered BC N with a tunable band gap over

an energy-wide range offers optoelectronic and
nanoelectronic device applications [5].
Nanoporosity in the atomic structure
promotes phonon scattering and can
substantially ~ suppress  lattice  thermal
conductivity, which has been theoretically
confirmed [6-9]. However, there are limited
studies on its intrinsic physical, mechanical, and
thermal properties. Even though nanoporous
2D-carbon nitride and BCN structures get
about three times lower TC than graphene [7-
9], their rigidity is outstanding due to carbon-
nitrogen bonds [10, 11], and their tensile
strength can be lower compared to graphene.
Inspired by the initial studies about BC,N,
Lammps is applied to obtain a circle pore
at a graphene-like BCN center to create
nanoporous structures with various pore sizes
and estimate their mechanical and thermal
characteristics. These values were analyzed
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via MD simulations and NEMD calculations.
Therefore, this work analyses the single-
layer BC,N mechanical properties, fracture
mechanism, and thermal transport. The final
results can be particularly inspiring for further
experimental and theoretical studies that
advance different technological applications,
such as gas sensors that are used for real-time
monitoring, which is critical to improving
safety and efficiency in marine and air
transportation infrastructure.
II. MATERIAL AND METHODS

First, under biaxial tension using MD
simulations, we analyze the mechanical
character of BCN with a circle pore defect
featured by changing its radii from 2 nm to
7 nm, given in Figure 1(a). Then, we use

@

NEMD simulations to investigate the relation
between these pore sizes versus thermal
conductivity, as shown in Figure 1(b). Figure
1(a) shows the BC N sheet with a circle pore
of 2.0/4.0/5.0/6.0/7.0 nm, corresponding
to relative densities of 0.973/0.891/0.830/
0.755/0.667. The BCN monolayer with
hexagonal unicell lattice constant is about 4.98
A [12]. The investigated BCN sheet has the
exact dimensions of (L X Ly) =(11.00 x 10.50)
nm. An open software, LAMMPS, is applied
to conduct all NEMD and MD simulations
[13, 14]. OVITO software [15] is then used to
analyze the study results. The interactions of
carbon-carbon atoms in graphene sheets are
described by AIREBO potential [16-18] with a
covalent-bonding cut-off of 2.0 A.
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Figure 1. Simulations models of graphene-like BC N with variable pore sizes (a) used for biaxial
tensions and (b) used for thermal transport calculations.

11 1. Tensile process

The graphene-like BCN sheet undergoes
an energy-minimized process by applying
a conjugate-gradient program to achieve
equilibrium. The Nosé-Hoover barostat and
thermostat are then applied to control the
pressure/temperature of the structure at 0 bar
and 300 K for 300 picoseconds in the XY-
plane. All directions of the model are set at
periodic boundary conditions (PBC). The
biaxial tensile process is performed using
the deform method with the expansion of the

simulation box in both directions. It is noted
that all loading processes are conducted via the
NPT approach with a 0.0005 ps time step and
a loading rate of 1x10°s!. The formula below
is used to estimate engineering strain, where
L, and L, are the initial and final lengths of the
BCN along two loading directions [19]:
L - Ly !
=L (1)

The following formula is used for
calculating the BC6N von Mises stress (VMS)
[20]:

1
UZVMS = E [6(szy + Jzyz + Uzzx) + (Uxx - Uyy)z + (Uyy - Uzz)z + (Uzz - Uxx)z] (2)
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where o, o,, O are normal stresses in
the x, y, and z-direction; 6,0, 0, are shear
strains in XY, YZ, ZX directions, respectively.

II1. 2. Thermal transport calculations

For thermal transport calculations, the
Steepest Descent algorithm is applied to
minimize the substrate, and the system particles’
initial velocity allocation is chosen by Gaussian
distribution. The BCN sheet is relaxed at 300
K temperature using NVT and NVE methods
within 500 ps and 0.0005 ps timestep, and
the heat flux approach is then applied. The
PBC applies on the x- and y-axis and the free
boundary condition applies to the z-axis. After
the equilibration stage, hot and cold slabs were
set at 320 K and 280 K with a 40 K temperature
difference to perform the heat flux along the
x-axis for six ns to obtain the steady-state
temperature gradient. The NEMD simulation
model is divided into 40 slabs perpendicular to
the x-axis. To keep the atom temperature at hot
slabs as T, = T(1 + 4) K and cold slabs as 7 =
T(1 — 4) K, we applied a Langevin thermostat,
in which 4 = (.05, and the averaged temperature
T =300 K. Separately temperature of each slab
is calculated as a following formula [21],

RSP

where n, is atom number £ in the slab k; &,
is the Boltzmann constant; 7, is temperature;
mass and velocity of atom i are v, and m..
III. RESULTS AND DISCUSSION

III. 1. Mechanical properties study
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This part analyzes the relation between pore
size and mechanical properties of graphene-
like BC)N nanosheets under biaxial tension
processes. Figure 2 shows the stress vs. strain
plots in ZZ and AC directions, compared to
a pristine one at ambient temperature and a
strain rate of 1x10° s!. The result indicates that
pore defect declines the failure strength of the
sample in both directions. However, its ultimate
strength changes with a decreasing trend when
the pore size is from 2.0 to 5.0 nm, while it
increases as the pore size increases from 6.0
to 7.0 nm. These trends agree with many
other nanoporous 2D materials’ mechanical
properties as changing pore size [19, 22].

Figure 3 shows the relationship between
MPs of graphene-line BCN and circle pore
radii. Generally, we can see a decreasing trend
for four parameters, which do not depend on
direction. Besides, the perfect BC,N MPs are
much higher than those of defect one. Moreover,
as pore size rises from 6.0 to 7.0 nm, the
toughness and failure strain slightly increase
and these values also differ in two directions. It
shows a similar trend to nanoporous GaSe and
graphene [19, 22].

Figure 4 shows the vMs distribution of
BC,N under biaxial loading. Overall, the vMs
of pore defect models are significantly smaller
than those of pristine ones. We can see that
the high-vMs region concentrates around the
pore edge at positions perpendicular to the
two opposite tensile directions. As it gets the
maximum value, the atom bonds are broken,
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Figure 2. Stress-strain relations of graphene-like BC N with variable pore sizes under biaxial tension.
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and fractures are formed and developed. The
performed fracturing tends to create chains of
BC N atoms around the defect circle, consistent

with a recent study [16].
Figure 5 reveals the shear strain and
structural evolution of the BC,N with various
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Figure 3. The mechanical parameters of graphene-like BC N with variable pore sizes under biaxial tension.
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Figure 4. Von Mises stress distribution and fracture mechanism of graphene-like BC.N with variable
pore sizes during the biaxial tension.
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pore radii under biaxial tension. It shows
that some high shear strain area appeared on
the membrane around the pore edge at the
first deformation stage. The crack forming is
initiated by breaking boron-carbon and boron-
nitrogen bonds. The performed cracks as the
strain values reach 30.62 % (for perfect model),
21% (for D = 2NM), 18.69% (for D = 4 nm),
and 17.98% (for D = 7 nm). Furthermore, the
BC,N atoms in red correspond to the highest
shear stress distributed along prolonged
ruptures.

III. 2. Thermal conductivity study

Figure 6 (a-b) reveals the gained energy, dE/
dT, released from and added to the hot and cold
slabs along the a-axis of the sample. Herein,
the sample length is 10 nm with a circle pore
of 2.0 nm used for NEMD calculation at room
temperature and temperature difference of 40
K. Correspondingly, Figure 6 (c-d) shows the
nanoporous BCN temperature profiles, dT/
dx, along the membrane length under two
directions. Energy balance status is performed
as thermal removed from the heat source equals
that added to the heat sink. Herein, we set a
temperature difference at 40K and an average
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temperature at 300K. Heat flux is established
based on the heat exchange mechanism of the
hotter and the colder atoms between the heat
sink and heat source, respectively. As the BC.N
sheet’s temperature profile gets a steady status,
the heat flux can be estimated in the x-axis
through the energy line’s slope [21]:
=
A dr

where, E depicts the received energy from
the thermostats, NEMD calculation time t, and
the BC N sheet’s cross-sectional dimension A.
The temperature gradient (07/0x) is estimated
by the temperature linear-fitting per unit slab
at the steady state, shown in the sky-blue and
red cut-lines of Fig. 6 (b). Therefore, TC is
obtained from heat conduction Fourier law

[21]: /A

gz
As a result, the exchanged energy by time
(dE/dT) is calculated as below formula (4).
The TC of BCN with circle pore 2 nm can
be estimated as an example, with 45.80 and
79.90 (W/mK) for the ZZ and AC orientation,
consistent with others [23].
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Figure 6. The exchanged energies vs. time (a-b) and temperature profile along the ZZ and AC direction
(c-d) for graphene-like BC N with pore size D = 2.0 nm.
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Figure 7 examines the pore defect impact
BCN TC, performed by NEMD simulations
as changing the pore size from 2.0 nm to 7.0
nm. All the samples have the same dimension
of (10.0x10.0) nm?. It is shown that the TC
of nanoporous BCN is much lower than the
pristine one and steadily decreases as the pore
size rises. It is said that the larger the pore size,

the higher the heat flux is halted after the pore
defect, resulting in a decrease in the TC due to
pore orientation and elongation. Besides, these
values in ZZ are higher than AC, especially for
the pristine one, indicating the anisotropic in
the TC of BC,N [23]. In conclusion, the TCs of
nanoporous BC N are sensitive to circle pore
defect engineering.
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Figure 7. Nanoporous graphene-like BC N TC as a function of pore sizes along two directions.

Figure 8 shows 2D temperature distribution
on the pristine and around the engineered circle
pores of the BCN membranes by NEMD
calculations. Herein, the temperature of fixed
layers ((as shown in Figure 1(b)) of the BCN
membranes was eliminated because these
layers do not have kinetic energy. The hotter
region is shown in red, and the colder region

Zigzag

is shown in blue. As we established, the heat
transport from the hot to the cold region, from
left to right of the sample length. However,
the transient temperature at some positions in
the center of the membranes can exceed the
temperature at the heat source boundary due to
the Fourier law phenomenon of 2D material, as
discussed in others [21].
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Figure 8. Temperature distribution around porous graphene-like BC N at ambient temperature and
temperature difference AT = 40 K.

126 o TRUONG DAI HOC NHA TRANG



Journal of Fisheries Science and Technology, No. 1/2024

IV. CONCLUSION

This work analyses MPs and TCs of the
graphene-like BCON sheets with various
circle pore sizes using MD and NEMD
calculations. We can conclude that the MP and
TC of nanoporous BC6N are weakened and
can be adjusted by applying the pore defect
technique. Young’s modulus and ultimate
strength of BCON monolayer with a circle
pore decrease when the pore size increases.
Besides, the thermal conductivity (TC) of the

monolayer BCON with a smaller pore size
is much higher than that of the sample with
a bigger pore size due to higher energy loss.
The study results confirm that 2D-BC6N
has outstanding optical, electronic, thermal
transport, and mechanical characteristics. It
is beneficial for gas sensors, nanoelectronics,
and optoelectronic applications. It helps for
real-time monitoring, which is critical to
improving safety and efficiency in marine and
air transportation infrastructure.
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