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Abstract

The distinctive multi-ring structure and remarkable electrical characteristics of biphenylene
render it a material of considerable interest, notably for its prospective utilization as an anode
material in lithium-ion batteries. However, understanding the mechanical traits of biphenylene
is essential for its application, particularly due to the volumetric fluctuations resulting from
lithium ion insertion and extraction during charging and discharging cycles. In this regard, this
study investigates the performance of pristine biphenylene and materials embedded with various
types of hole defects under uniaxial tension utilizing molecular dynamics simulations.
Specifically, from the stress—strain curves, we obtained key mechanical properties, including
toughness, strength, Young’s modulus and fracture strain. It was observed that various
near-circular hole (including circular, square, hexagonal, and octagonal) defects result in
remarkably similar properties. A more quantitative scaling analysis revealed that, in comparison
with the exact shape of the defect, the area of the defect is more critical for determining the
mechanical properties of biphenylene. Our finding might be beneficial to the defect engineering
of two-dimensional materials.

Keywords: biphenylene, two-dimensional (2D) material, molecular dynamics,
mechanical properties, defects
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1. Introduction

A surge of research on two-dimensional (2D) materials [1-22]
has emerged following the successful synthesis of graphene in
2004 [23] due to their exceptional properties [24-27], such
as ultrahigh room-temperature carrier mobility, high elastic
modulus, and remarkable transparency, which promise great
potential in various applications [28], including electronics/-
optoelectronics, energy storage [29-32], and sensors.

Biphenylene, a nonbenzenoid 2D carbon allotrope, was
successfully synthesized by Fan et al [33] in 2021, through
dehydrogenation fluorination (HF-zipping) of an intersurface
polymer. Biphenylene exhibits the general characteristics of
2D carbon allotropes and has been extensively studied in terms
of its mechanical, thermal, optical, and electronic properties.
A variety of methods have been employed in this research,
including density functional theory (DFT) [34—-39], molecu-
lar dynamics simulations [34, 40, 41], and machine learning
techniques [42]. This intriguing 2D material exhibits a peri-
odic arrangement of four-, six-, and eight-membered rings [43,
44]. Owing to the presence of such large ring structures, which
could serve as hosts for storing lithium ions, biphenylene may
serve as a superior anode material for lithium-ion batteries
[45]. The mechanical properties of biphenylene are of para-
mount concern because the insertion and extraction of Li ions
during the charging and discharging processes would neces-
sarily induce volume changes, which in turn lead to internal
stress and strain. Therefore, in addition to fundamental mater-
ial properties, extreme conditions such as fracture are also of
great importance [46, 47]. In this regard, Luo et al analyzed
the structural, mechanical, electronic, and hydrogen evolu-
tion reaction properties of biphenylene via first-principles
calculations [34]. Pereira et al [48] employed reactive molecu-
lar dynamics simulations to explore the mechanical properties
and fracture patterns of non-defective and defective biphen-
ylene, showing distinct fracture processes and high mechan-
ical resilience. Samadian et al [41] used molecular dynamic
and DFT simulations to examine the pinhole effect on the
mechanical properties of biphenylene nanosheets, concluding
that biphenylene has more strength in the zigzag direction and
that multiple symmetrical pinholes lead to a greater decline in
strength.

However, to the best of our knowledge, there has not
been a comprehensive investigation into how defects of
various shapes affect the mechanical properties of biphen-
ylene. Gaining insights into this aspect would be highly
valuable for the practical deployment and performance of
biphenylene and analogous materials in various operational
and extreme conditions [49-62]. In this paper, we util-
ized molecular dynamics simulations to explore the mech-
anical properties of biphenylene under uniaxial tension. We
obtained the toughness, strength, Young’s modulus and frac-
ture strain of pristine biphenylene and those containing
defects. Furthermore, we examined the influence of the shape
and size of the defects on the mechanical properties of
biphenylene.

2. Methods

We had carried out molecular dynamics simulations using
LAMMPS [63] and visualized structures by ATOMSK and
VESTA softwares [64, 65]. As shown in figure 1, the ini-
tial structure of pristine biphenylene was replicated from
the unit cell containing six atoms. The interatomic poten-
tial is described by the AIREBO-Morse pair potential [66—
68], which is widely used and validated in simulating carbon-
based systems such as graphene, carbon nanotubes and organic
molecules[69]. The C—C bond distances are 1.46 Aand1.45A
(C1-C1 bond), 1.41 A (C1-C2 bond) and 1.45 A (C2-C2
bond), respectively, which agrees well with previous works
employed DFT [34], reaxFF potential [48], and AIREBO
potential (same as this study) [41]. The hole defects are posi-
tioned in the center of the system and are introduced through
systematic removal of the relevant atoms based on geometries
including the circle, square, hexagon, and octagon. Periodic
boundary conditions are applied to all three Cartesian dimen-
sions. Note that the size of the simulation box in the Z dir-
ection is as large as 10 nm, which ensures that there is no
interaction between two adjacent planes. All the tested sys-
tems are relaxed under the NPT ensemble with P = 0 atm and
T = 300 K for 40000 ps. Then the boxes are stretched along
the X direction (zigzag) for mechanical simulations, which
has been confirmed to be the direction of maximum strength
through molecular dynamics and DFT simulations [34]. In the
following, we first investigated the effects of size, temperature,
and strain rate on pristine biphenylene. The final box size used
to calculate the effect of the defect on the mechanical proper-
ties is the same as that in figure 1 with an equivalent defect
concentration of 0.025 nm~2. Afterward, the dependence of
the mechanical properties on the size and shape of the hole
defects was assessed.

To quantify the mechanical performance, we focused on
the stress—strain curves throughout the stretching process and
derived toughness, strength, Young’s modulus and fracture
strain. The Young’s modulus is defined by the initial slope of
the stress—strain curve; the strength corresponds to the max-
imum stress value during the tensile process, and the fracture
strain corresponds to the strain at the point of sharp stress drop,
indicating the onset of mechanical failure. Last, the tough-
ness corresponds to the area beneath the stress—strain curve,
which characterizes the total mechanical energy absorbed by
the material from the initial application of stretching to the
final failure.

3. Results

3.1. Size effect

The calculation results derived from molecular dynamics sim-
ulations may depend on the size of the system under exam-
ination, which is recognized as the size effect. We assessed
this effect by performing uniaxial stretching on pristine
biphenylene of various dimensions. Specifically, the size of the
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Figure 1. Schematic model of pristine biphenylene using a ball-and-stick representation. As an example, the depicted model measures

8.4 nm in the X direction and 4.8 nm in the Y direction, totaling 24 192 atoms. Note that biphenylene is composed solely of carbon atoms
and that there are square, hexagonal, and octagonal rings in its structure. The primitive cell is marked by black dashed lines, each containing
six carbon atoms. Bond length information is denoted in blue, while the lattice constant is indicated in green. The model was visualized

using ATOMSK and VESTA software.
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Figure 2. Size effect of simulation results on the mechanical performance of the pristine biphenylene under uniaxial stretching, where the
temperature, external pressure, and strain rate are set to 300 K, 0 atm, and 10°s71, respectively. The tested system sizes include 1512, 6048,
13608, 24 192, and 54 432 atoms. panel (a) shows the stress—strain curves, while panel (b) demonstrates the derived quantities including

toughness, strength, Young’s modulus and fracture strain.

system ranges from 2.1 nm X 1.2 nm to 12.6 nm x 7.2 nm,
where the number of atoms in the enclosure ranges from 1512
to 54 432. Note that the aspect ratio between the Y and X
dimensions is set to be fixed for the sake of simplicity. We set
the temperature to 300 K and the pressure to 0 atm and applied
a strain rate of 1 x 10 s~!. The derived calculation results are
depicted in figure 2, where panel (a) shows the stress—strain
curves and panel (b) shows the size dependence of the tough-
ness, strength, Young’s modulus, and fracture strain.

One sees that the size dependence is rather weak. In panel
(a), all the stress—strain curves almost collapse together at
low strain; there is a discernible deviation between the vari-
ous curves around the vicinity of the sharp stress drop. In
panel (b), although the derived parameters tend to exhibit
small fluctuations in response to variations in the system
size, they appear to converge quickly beyond twenty thousand
atoms. Furthermore, in addition to the size effect, statistical

fluctuations may also contribute to the variation in these
observed quantities. Hence, we consider that the system cor-
responding to 24 192 atoms should suffice to suppress the
size effect and thus be employed for the remainder of this
study.

3.2. Temperature effect

The mechanical performances of pristine biphenylene at vari-
ous temperatures ranging between 200 K and 600 K are illus-
trated in figure 3. The strain rate is fixed at 1 x 10° s=1.
In panel (a), one sees that the stress—strain curves system-
atically shift toward the left with increasing temperature. In
panel (b), the derived quantities, including toughness, strength,
Young’s modulus, and fracture strain decrease monotonic-

ally in response to increasing temperature. These observations
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Figure 3. Temperature effect on the mechanical performance of the pristine biphenylene under uniaxial stretching, where the external
pressure and strain rate are set to 0 atm and 1 X 10°s71, respectively. The test temperatures include 200, 300, 400, 500, and 600 K. panel
(a) shows the stress—strain curves, while panel (b) demonstrates the derived quantities including toughness, strength, Young’s modulus and

fracture strain.
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Figure 4. Strain rate effect on the mechanical performance of the pristine biphenylene under uniaxial stretching, where the external
pressure and temperature are set to 0 atm and 300 K, respectively. The concerned strain rates include 0.1, 0.5, 1.0, 1.5, and 2.0 x 10° s™!.
panel (a) shows the stress—strain curves, while panel (b) demonstrates the derived quantities including toughness, strength, Young’s

modulus, and fracture strain.

suggest that an increase in temperature leads to mechanical
softening of biphenylene.

3.3. Strain rate effect

The dependences of the mechanical properties on the strain
rate are demonstrated in figure 4. The considered strain rates
range from 0.1 x 10° s7! to 2.0 x 10° s~'. In panel (a), the
stress—strain curves shift to the right in response to increas-
ing strain rate. In panel (b), the derived quantities, including
toughness, strength and fracture strain, monotonically increase
with increasing strain rate; nonetheless, Young’s modulus
seems to converge at strain rates greater than 1.0 x 107 s=!.
It is understandable that the experimentally accessible strain
rates are outside the scope of molecular dynamics simula-
tions and are orders of magnitude lower than those from the
present study. Hence, one can infer that the simulation results
presented herein may overestimate the mechanical properties
of pristine biphenylene at the experimental scale [70-72].

3.4. Impact of hole defects

We investigated the impact of the shape and size of hole defects
on the mechanical properties of biphenylene. The shapes under
examination include circles and several polygons, namely,

Figure 5. The dimensions of the different shapes of biphenylene are
indicated as follows: L. represents the diameter of the circular hole,
L, represents the side length of the square hole, Ly, represents the
distance between the two farthest points of the hexagon, and (L
represents the opposite side distance of the octagonal hole.

squares, hexagons, and octagons. Figure 5 shows the dimen-
sional description of biphenylenes with different shaped holes:
L. is the diameter of the circular hole, L is the side length of
the square hole, Ly is the distance between the two farthest
points of the hexagon hole, and L, is the distance between the
opposite sides of the octagonal hole.

3.4.1 Circular hole.  The size of the circular hole is quanti-
fied by the hole diameter, denoted as L., which ranges from
0.6 nm to 2.2 nm. The simulation results are illustrated in
figure 6. In panel (a), one sees that the stress—strain curves
systematically become shorter and narrower with increasing
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Figure 6. Mechanical performance of biphenylene embedded with circular hole defects under uniaxial stretching, where the temperature,
external pressure, and strain rate are set to 300 K, 0 atm, and 1 x 10° s’l, respectively. The hole diameters of interest are 0.6 nm, 1.0 nm,
1.4 nm, 1.8 nm, and 2.2 nm. panel (a) shows the stress—strain curves, while panel (b) shows the derived quantities, including toughness,

strength, Young’s modulus and fracture strain.
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Figure 7. Mechanical performance of biphenylene embedded with square defects under uniaxial stretching, where the temperature, external
pressure, and strain rate are set to 300 K, 0 atm, and 1 x 10” s~!, respectively. The relevant square dimensions, denoted L, are 0.4 nm,
0.7 nm, 1.0 nm, 1.3 nm, and 1.6 nm. panel (a) shows the stress—strain curves, while panel (b) shows the derived quantities, including

toughness, strength, Young’s modulus and fracture strain.

hole diameter, suggesting a gradual deterioration of the mech-
anical properties. Specifically, Young’s modulus, reflected by
the slope of the stress—strain curves, decreases almost lin-
early with increasing hole diameter. However, the evolution
of toughness, strength and fracture strain shows nonlinear
dependences: there is a sharp decrease in these quantities
when the hole diameter is smaller than 1.4 nm, after which
the changes subsequently become sluggish. The inner edge of
the circle transitions from ‘rough’ to ‘smooth’. At the atomic
scale, smaller circles are polygons, and only become approx-
imately circular as they increase in size, hence the mechanical
properties show a segmented performance. For instance, the
fracture strain decreases from 0.165 to 0.115 when the hole
diameter increases from 0.6 nm to 1.4 nm, whereas it decreases
from 0.115 to 0.110 when the hole diameter increases from
1.4 nm to 2.2 nm. The evolutions of toughness and strength
are qualitatively similar to that of fracture strain.

3.4.2. Polygonal hole.  The polygonal holes under consid-
eration include squares, hexagons, and octagons. The size of
the square is measured by the side length, denoted s, L which
ranges from 0.4 nm to 1.6 nm; the dimension of the hexagon

is quantified by the farthest distance between any two vertices,
denoted Ly, which ranges from 0.8 nm to 2.4 nm; and the size
of the octagon is represented by the distance between two par-
allel sides, denoted L,, which ranges from 0.6 nm to 2.2 nm.

The simulation results are presented in figures 7-9. The
evolutions of the stress—strain curves and the derived quantit-
ies, namely, toughness, strength, Young’s modulus, and frac-
ture strain, in response to the variation in defect size are qualit-
atively similar to those from circular defects. The stress—strain
curves become increasingly shorter with increasing defect
size. Moreover, the Young’s modulus shows a linear depend-
ence on the dimension of the defect. In contrast, the toughness,
strength, and fracture strain exhibit nonlinear dependences.
Taking the fracture strain as an example, for square-shaped
defects, it decreases from 0.160 to 0.131 when L, increases
from 0.4 nm to 0.7 nm, whereas it decreases from 0.131 to
0.126 when L increases from 0.7 nm to 1.0 nm; for hexagon-
shaped defects, it decreases from 0.147 to 0.122 when Ly
increases from 0.8 nm to 1.2 nm, whereas it decreases from
0.122 to 0.112 when L;, increases from 1.2 nm to 1.6 nm; for
octagon-shaped defects, it decreases from 0.14 to 0.12 when
L, increases from 0.6 nm to 1.8 nm, whereas it decreases from
0.12 to 0.1 when L, increases from 1.8 nm to 2.2 nm.
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Figure 8. Mechanical performance of biphenylene embedded with hexagonal defects under uniaxial stretching, where the temperature,

external pressure, and strain rate are set to 300 K, 0 atm, and 1 x 10°s71, respectively. The hexagon dimensions, denoted Ly, are 0.8 nm,
1.2 nm, 1.6 nm, 2.0 nm, and 2.4 nm. panel (a) shows the stress—strain curves, while panel (b) shows the derived quantities, including

toughness, strength, Young’s modulus and fracture strain.
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Figure 9. Mechanical performance of biphenylene embedded with octagonal defects under uniaxial stretching, where the temperature,

external pressure, and strain rate are set to 300 K, 0 atm, and 1 x 10° s~!, respectively. The octagon dimensions, denoted Lo, are 0.6 nm,
1.0 nm, 1.4 nm, 1.8 nm, and 2.2 nm. panel (a) shows the stress—strain curves, while panel (b) shows the derived quantities, including

toughness, strength, Young’s modulus and fracture strain.

4. Discussion

First, we compare the mechanical properties of biphenylene
against those of other common 2D materials [73-80]. The
comparisons are illustrated in figure 10. Biphenylene has
excellent mechanical properties among all the listed 2D mater-
ials and is comparable to graphene.

Second, we investigated the fracture mechanism by mon-
itoring the stress evolution at the atomistic level throughout
the stretching process. The calculation results are illustrated
in figure 11, where each row corresponds to one type of defect
with an exemplary size, while each column corresponds to a
specific strain state. Note that the first three columns are at the
same strain states, namely, 0, 0.05, and 0.1, respectively, while
the fourth and fifth columns are at the immediate onset and
aftermath of the stress drop for each specific case. The stress
gradually increases with increasing strain. Furthermore, stress
is concentrated on the perimeter of the hole along the direction
that is perpendicular to that of stretching. In the fourth column,
one sees the emergence of a small crack emanating from the
stress-concentrated perimeter, and the crack becomes wider in
the fifth column, signifying the failure of the material. Hence,
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Figure 10. Comparison of mechanical properties among 2D carbon
allotropes, B-C-N materials, and biphenylene, where the blue
column represents Young’s modulus (GPa), the green column
represents tensile strength (GPa), and the red column represents
fracture strain. (Reference: Graphene [74, [75], Amorph [75],
Phagraphene [76], CEY [77], NHG [78], BC3 [79], BCsN-1 [79],
BCsN-2 [79], BCioN> [80]).
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Figure 11. The evolution of stress at the atomic level throughout the stretching process. Each column corresponds to a strain state marked on
the lower-left corner of each panel. Each row corresponds to the biphenylene embedded with one specific type of hole defect: the first row is
for a circular hole with a diameter of 13 A; the second row corresponds to a square hole with a side length of 13 A; the third row represents a
hexagonal hole with the farthest vertex distance of 20 A; and the fourth row is for an octagonal hole with an opposite edge distance of 18 A.
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the fracture mechanism seems to be independent of the shape
of the hole defect under study.

Third, we investigated the impact of the defect dimensions
on the mechanical properties. Because defects are character-
ized by various shapes, we employed the area rather than the
length defined for each kind of defect previously. The results
are superimposed together in figure 12. The derived quantit-
ies exhibit an almost consistent dependence on the area of the
hole. To quantify the spread among curves, we define

Xmax (A) - Xmin (A)
Xmax (A) + Xmin (A)

D y(A) =2 x

where X represents the relevant mechanical properties at
a given area of the hole defect regardless of the hole
shape, denoted A. For Young’s modulus and strength,
the spread among the superimposed curves is relatively
small, with ®yx(A) values less than 10%. In contrast,
for toughness and fracture strain, the spread among the
superimposed curves is noticeably greater; however, with
increasing hole size, the spread gradually decreases. These
observations suggest that Young’s modulus and strength
depend only on the area of the hole, whereas toughness
and fracture strain also depend on shape in addition to
area.
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5. Conclusions

In the present study, we have investigated the mechanical
performance of pristine biphenylene and that embedded with
various shapes and sizes of hole defects under uniaxial ten-
sion through molecular dynamics simulations. The pristine
biphenylene has excellent mechanical properties. Moreover,
we revealed that Young’s modulus and strength depend only
on the area of the defect, whereas fracture strain and tough-
ness also depend on the shape of the hole in addition to its
area. Furthermore, Young’s modulus decreases linearly with
increasing hole dimension, whereas the toughness, strength
and fracture strain all exhibit nonlinear dependences. It would
be interesting to investigate how these observations would
evolve if different 2D materials were examined or if the shape
and distribution of the hole defects were changed.
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