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Abstract 

In this study, we analyzed the mechanical properties of single-layers C3N doped with boron 

(B) atoms and BC3 doped with nitrogen (N) atoms, as well as hybrid C3N-BC3 nanosheets intra-

plate by forming covalent bonds using molecular dynamics simulation. The results show that 

the monolayer of C3N has higher mechanical properties than common materials, but adding B 

atoms and a single-layer of BC3 to it causes irreparable mechanical damage. However, the BC3 

sheets did not react similarly and the mechanical properties were not significantly reduced by 

adding nitrogen atoms and the C3N to it; in some cases, the mechanical properties of the 

structure did not increase. Therefore, by adding 5% of boron atom to the C3N structure in the 

armchair direction, Young’s modulus, failure stress, and strain were reduced by 6, 19, and 20 

percent, respectively. When we added a nitrogen atom to the BC3 structure, failure stress and 

strain reduced by 1.5 and 2 percent, respectively, but Young’s modulus increased by 1%. One 

of the reasons for such behaviors is stronger binding energy between N-C atoms compared to 

B-C. Consequently, these weak bonds cause BC3 failure in hybrid systems. The results provide 

a fundamental understanding of the design of hybrid structures used in the nanodevices based 

on advanced 2D materials. 
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1 Introduction 

In recent years, 2D materials have attracted the attention of many researchers and scientists 

due to their unique features and potential applications in nano-electronic and nano-

electromechanical devices [1] . Graphene monolayer is one of the most prominent of these 

materials, which was accidentally synthesized in 2004 using mechanical exfoliation [2  ,3] . 

Regardless of its remarkable properties, it has been associated with problems such aszero band-

gap and the inability to absorb sodium, lithium, and other metallic atoms. Researchers have 

offered approaches to solve these challenges. For example, hybriding graphene with other 2D 

materials,  creating controlled holes to open up the band-gap in the graphene structure,  and 

doping atoms such as nitrogen and boron in graphene. These approaches could solve the 

problem of absorbing different atoms on the surface of graphene and show the conversion of 

graphene to strong catalysts. However, each of these approaches have been challenging and 

demonstrate more interesting performance features [10-4] .  Due to the strong structural 

similarity of graphic structures such as C3N ]11[ and BC3 ]12[ , some of these problems have 

been solved as an anode [13 ,14]  and have been commonly used in many applications  (e.g.  

lithium batteries). The results demonstrate that C3N and BC3 are semiconductor with a band-

gap of 0.39eV and 0.54eV, respectively [11 ,15] . Therefore, they are expected to be suitable 

alternatives to graphene or hybrids to open the band-gap and build field-effect transistors based 

on graphene.  

Recently, some theoretical proposals for nano-electronic products, catalysts, magnetic 

applications, energy storage, and photocatalysts have been made for BC3 nanoparticles as an 

advantageous structure [18-16 ]  . Reports are available of doping of various atoms in these two 

structures to alter the chemical, electronic, and magnetic properties [22-19]  . In 2013, 

Beheshtian et al. studied the doping of aluminum (Al) and silicon (Si) atoms in a single layer 

of BC3. Their results show that the doping of these atoms makes the single layer more reactive 

and sensitive than the H2CO molecule. However, the doping of the Si atom is a better strategy 

for making chemical sensors due to the shorter recovery time and higher sensitivity of the Si-

doped sheet [23] . Using the first-principles calculations, Yang et al. (2012) examined high-

capacity hydrogen storage on the Li-doped BC3 sheet. The Li atoms can be strongly absorbed 

on the BC3 structure without clustering: each Li atom absorbed on the BC3 supercell can absorb 

four hydrogen molecules ]24[. Recently, Bingling et al. introduced a boron-doped C3N 

monolayer as a promising metal-free oxygen reduction reaction catalyst by using the first-

principle calculations. Their results suggest that the formation of the B-doped C3N monolayer 

is highly exothermic, and the replacement of the B atom with carbon shows a lower catalytic 
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activity than the replacement with the N atom for the oxygen reduction reaction [25] . On the 

other hand, hybrids of 2D materials have been studied by many researchers because of the 

appearance of new properties and their use in some applications [26] . Extensive studies have 

been reported on the mechanical properties of 2D structures doped with different atoms and 

hybrids of them [31-27] . Using molecular dynamics simulation, Mortazavi et al. (2012), 

investigated  the mechanical properties of N-doped graphene, and showed that the ultimate 

strength and Young’s modulus of graphene with a concentration of 6% nitrogen atom  

respectively decreased and increased [32] .furthermore, the molecular dynamics research of the 

effect of B-doped graphene on the mechanical and thermal properties was studied. The results 

showed that by replacing the boron atoms with carbon atoms in graphene, Young's modulus 

and tensile strength decreased, while the reduction of tensile strength was more significant. On 

the other hand, it was observed that with only 0.75% concentration of boron atoms in graphene, 

the thermal conductivity decreased by 60% and led to a vanishing chirality effect [33] . The 

mechanical properties of pure BC3 and C3N have been studied and details of the results are 

available under different conditions [18 ,34 ,35] .  

In a study of molecular dynamics, the mechanical properties of C3N perfect sheets and 

those with defects, such as cracks and cavities, were examined [36] .  The crack length and 

diameter of the various holes have been studied and predicted at different temperatures for 

mechanical properties. Results show that cracks and cavities reduce the strength of nanosheets; 

moreover, increasing the temperature is a weakening effect on tensile strength. As the 

temperature rises from 200 to 900 Kelvin, Young's modulus decreases by 9% [36] . In 2019, 

using a simulation of molecular dynamics, Zahedi et al. studied the mechanical properties of 

BC3 with a focus on the effect of defects at different temperatures. The results show that the 

mechanical properties of BC3, such as C3N are decreased, and the temperature increases due to 

defects. The results of that work are compared with C3N and demonstrate that the mechanical 

properties of C3N under the same conditions are higher than BC3. Moreover,the values of elastic 

modulus are higher due to the role of stiffening in C-N bond compared with C-B bond ones 

[37] . The mechanical properties of the hybrid of 2D materials are available using the simulation 

of molecular dynamics [6  ,38  ,39] . Using the molecular dynamics simulation technique, in 

2013, Zhao et al. examined the mechanical properties of a hybrid graphene and hexagonal 

boron-nitride (h-BN) sheet with the concentration of BN ranging from 0% to 100%. Irrespective 

of the form and distribution of BN, the Young's modulus of the hybrid sheet decreases with 

increasing concentration of BN. However, adding a small amount of BN to graphene causes a 

noticeable drop in the strength of the hybrid sheet. 
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There have been no reports of the mechanical properties of BC3 and C3N doped with 

different atoms and hybrid C3N-BC3 structures. Due to the unique properties of these two 

structures, their potential applications in various industries, their structural similarity with 

graphene, and their ability to replace graphene in some electronic devicesdue to the weakness 

of graphene, more detailed studies of the mechanical properties of these types of graphene-like 

structures are important. Therefore, we use a molecular dynamics simulation technique to 

examine the mechanical properties of C3N and BC3, doped with both boron and nitrogen atoms. 

The effects of nitrogen and boron concentration on the mechanical and elastic properties of the 

two structures have been studied and compared in different conditions. The findings indicate 

that the outstanding mechanical properties of BC3 and C3N make them promising designers, 

and introduce them as new catalysts to design new nanoelectronics and 

nanoelectromechanical devices. 

2 Computational Methods 

All simulations in this study were done with the help of a large-scale atomic/molecular 

mass parallel simulator (LAMMPS) software package [40] . Image processing and analysis were 

completed by the OVITO visualization software [41] . The interaction between carbon-nitrogen 

atoms in C3N and carbon-boron in BC3 have been presented by Kinaci et al. ]43  ,42[. However, 

to investigate the mechanical properties of these two structures, the optimized potential of 

interatomic bonds has been used in previous reports [35 ,37] . In this potential, the relationship 

between the energy and the displacement of atoms with respect to each other is expressed as: 

(1)  

  

𝑈𝑖𝑗 = 𝑓𝑐(𝑟𝑖𝑗)[𝑓𝑅(𝑟𝑖𝑗) + 𝑏𝑖𝑗𝑓𝐴(𝑟𝑖𝑗)] 
 

Function 𝑓𝑅(𝑟𝑖𝑗) indicates the repulsion potential of two particles (e.g., in a nucleus-

nucleus interaction) and 𝑓𝐴(𝑟𝑖𝑗) denotes the attraction potential resulting from valence 

electrons. 𝑏𝑖𝑗 is a bonding strength term, which depends on the local atomic medium 

surrounding a specific bond. It is a decreasing function of atoms rearrangement number. 𝑏𝑖𝑗 

contains all the multi-particle effects of potential. These relations express existing functions in 

these potentials: 

(2)  

  

𝑓𝑅(𝑟𝑖𝑗)  =  −𝐴𝑖𝑗 𝑒
−λ𝑖𝑗𝑟𝑖𝑗  ,   𝑓𝐴(𝑟𝑖𝑗)  =  −𝐵𝑖𝑗  𝑒

−𝜇𝑖𝑗𝑟𝑖𝑗 
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(3)  

  

𝑓𝑐(𝑟𝑖𝑗)  =

{
 
 

 
 

1                                    𝑟𝑖𝑗 < 𝑅𝑖𝑗                 

1

2
+
1

2
cos [

𝜋(𝑟𝑖𝑗 − 𝑅𝑖𝑗)

𝑆𝑖𝑗 − 𝑅𝑖𝑗
]       𝑅𝑖𝑗 ≤ 𝑟𝑖𝑗 ≤ 𝑆𝑖𝑗

0                                                 𝑟𝑖𝑗 < 𝑆𝑖𝑗 }
 
 

 
 

 

 
The required constants are defined as follows: 

(4)  

 𝑏𝑖𝑗 = 𝑋𝑖𝑗(1 + 𝐵𝑖
𝑛𝑖𝜉𝑖𝑗

𝑛𝑖)−0.5𝑛𝑖   , 𝜉𝑖𝑗 = ∑ 𝑓𝐶𝑘≠𝑖,𝑗 (𝑟𝑖𝑘) 𝜔𝑖𝑘 𝑔(𝜃𝑖𝑗𝑘), 𝑔(𝜃𝑖𝑗𝑘) = 1 +

𝐶𝑖
2

𝑑𝑖
2 −

𝐶𝑖
2

𝑑𝑖
2+(ℎ𝑖+𝐶𝑜𝑠𝜃𝑖𝑗𝑘)

2 , 𝜔𝑖𝑘 =𝑒
[𝜇𝑖𝑘

3(𝑟𝑖𝑗−𝑟𝑖𝑘)
3
]
, 𝜆𝑖𝑗 =

(𝜆𝑖+𝜆𝑗)

2
  , 𝜇𝑖𝑗 =

(𝜇𝑖+𝜇𝑗)

2
, 𝐴𝑖𝑗 =

√𝐴𝑖𝐴𝑗   و  𝐵𝑖𝑗 = √𝐵𝑖𝐵𝑗,    𝑅𝑖𝑗 = √𝑅𝑖𝑅𝑗   ,  𝑆𝑖𝑗 = √𝑆𝑖𝑆𝑗   
Indices i, j and k specify the existing atoms in the ijk bond. rij and rik indicate the lengths 

of ij and ik bonds, respectively, with θijk being the angle between them. These coefficients have 

been used with regard to the coefficients presented above. 

This project considers the dimensions of the structures 20×20 nm2. The total number 

of atoms present in the simulation is 16,044; the share of carbon atoms is 12,012; and the total 

share of boron and nitrogen atoms in BC3 and C3N structures is 4032 (Figure 1). Simulation in 

a state of equilibrium and system was subjected to tensile load with a strain rate of 108 s-1 that 

tensile in the X and Y direction are armchair (AC) and zigzag (ZZ), respectively. In all the 

cases, the Nose-Hoover algorithm at a constant temperature (300 K) and pressure (NPT) with 

time step 0.25 fs for 50 ps were used to equilibrate the system, and the velocity Verlet 

algorithm was used to integrate the Hamiltonian equations of the determined motion. The 

boundary conditions are periodic along the in-plane directions. 

 

Figure 1. The C3N (a) and BC3 (b) atomic configuration with a honeycomb structure includes carbon-

nitrogen and carbon-boron atoms, respectively. In their ideal structures, each boron and nitrogen atom is 

surrounded by three carbon atoms. In both structures, the unit cell with broken lines is visible. Carbon, 

nitrogen and boron atoms are presented in purple, green, and yellow, respectively. 
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The virial stress resulting from the tensile load was computed according to Eq. 6. 

(5)  

  

σαβ =
1

𝑉
(∑𝑚𝑣𝛼

𝑖 𝑣𝛽
𝑖

𝑁

𝑖=1

+
1

2
∑ ∑ 𝑟ⅈ𝑗.𝛼

𝑁−1𝐹𝑖𝑗.𝛽)

𝑁

𝑗=𝑖+1

𝑁−1

𝐼=1

 

 
In the above equation, V is the total volume of a simulated nanosheet, α and β are the 

indices of the Cartesian coordinate system, and m and vα
i are the mass and the velocity of 

component α in atom i, respectively. Furthermore, rij.α and Fij.β indicate the separation distance 

and separation force of components α and β, between atoms i and j, respectively. The volumes 

of C3N and BC3 sheets were obtained by assuming a thickness of 3.2Å for C3N ]35[  and 3.3Å 

for BC3 ]37[.   After the calculation of stress tensor on each individual atom, the equivalent stress 

of a sheet was calculated based on von Mises stress to better understand how to stress 

distribution in the present work structures, as illustrated in the following equation  

(6)  

𝝈𝑽−𝑴 = √
𝟏

𝟐
[(𝝈𝟏𝟏 − 𝝈𝟐𝟐) + (𝝈𝟏𝟏 − 𝝈𝟑𝟑) + (𝝈𝟐𝟐 − 𝝈𝟑𝟑) + 𝟔(𝝈

𝟐
𝟏𝟐 + 𝝈

𝟐
𝟐𝟑 + 𝝈

𝟐
𝟑𝟏) 

Where 𝜎1,2,3 represents the stress in three directions x, y and z. 

3 Results and discussion 

3.1 Validation 

To estimate the accuracy of the simulations, the results of mechanical testing and the 

stress-strain diagram of single layers C3N and BC3 in the direction of ZZ were compared with 

works by Shirazi and Zahedi under the same conditions. Figure 2 is a suitable guarantor 

ensuring the correctness of the simulations. In addition, the mechanical properties of C3N were 

higher than BC3. Nonetheless, in different applications, this difference can vary. 
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Figure 2. Comparison of C3N and BC3 stress-strain graphs with the results of Shirazi and Zahedi et al. 

works. The red and green circles are the results of this study, and the blue and purple squares are the 

results of previous works [36, 37]. 

Hereafter, for all mechanical tests, a strain rate of 109s-1 was used to reduce simulation 

time. Previous studies have shown that the strain rate parameter has significant effects on 

mechanical properties, so when the strain rate increases, the mechanical properties increase as 

well [44] . Considering the average strain rate of the previous works, the stress and strain curves 

of the desired systems have been reported in this work. From this point forward, the dimensions 

of the studied structures are considered 6 × 6 nm2. 

3.2 Mechanical properties of N-doped BC3 and B-doped C3N sheets 

The entrance of specific impurities into semiconductors can alter their electrical, 

chemical, and even mechanical properties. Doping is the primary process used in the 

microelectronics industry to make significant components such as diodes and transistors. In 

nanotechnology, doping has other uses, including forming piezoresistors for mechanical 

converters or creating etch stop-layers.  In this section, the doping effects of B and N atoms in 

C3N and BC3 are investigated due to the high consumption of boron and nitrogen atoms in 

different semiconductors and the emergence of new properties, discussed in detail in the 

introduction. In the following section, we used the potential of Tersoff modified by Zhang et 

al. [45 ]  for the emergence of BNC two-dimensional structures in the studied systems. We studied 
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the mechanical properties in both AC and ZZ directions by atomic doping in structures and the 

formation of covalent bonds. The weight percentages of added atoms were considered to be 1 

to 5 percent and were compared. Often, the atom is doped in two separate ways, such that the 

doped atom is replaced only by the carbon atom in the structures, and then the doped atom is 

considered randomly instead of both the carbon and nitrogen atoms in C3N and carbon and 

boron in BC3. 

 

Figure 3. MD model of Boron-doped C3N (left panel) and Nitrogen-doped BC3 (right panel) sheets with 

three wt. % in concentration. 

Figure 4Figures 3 and 4 show the stress-strain curves under different conditions for C3N and 

BC3, respectively. Accurate and comparable results of Young's modulus, stress, and strain 

failure are listed in Table 1.    The highest and lowest results for atomic doping in different 

conditions are represented by green and red highlights. The results show that by adding B atoms 

to the structure of C3N, the mechanical properties were greatly reduced; however, when the N 

atom was doped in BC3, the mechanical properties did not significantly reduce, and in some 

cases, even improved. Young’s modulus is more than the failure of stress and strain. Various 

mechanisms can be envisioned to increase mechanical properties. The increase in Young’s 

modulus can be attributed to the higher bond energy between N-C compared to B-C. Another 

reason could be the removal of the stress concentration from the structure. Consequently, atom 

B may create a higher stress concentration in the BC3 structure around it. Removing and 

replacing it with nitrogen atom eliminates this concentrated stress and changes the failure 

mechanism. Adding a nitrogen atom to the structure does not necessarily reduce the mechanical 
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properties. The mechanical properties increase during the emergence of new properties under 

ideal conditions. 

 

Figure 4. Stress-strain curve of B-doped C3N sheet in an armchair (a, c) and zigzag (b, d) directions, 

determined by empirical MD simulation with different weight percentages. a, b: C3N-Boron doped 

instead carbon. c, d: C3N-Boron doped instead of carbon and nitrogen. 
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Figure 5. Stress-strain curve of N-doped BC3 sheet in an armchair (a, c) and zigzag (b, d) directions, 

determined by empirical MD simulation with different weight percentages. a, b: C3N-Boron doped 

instead carbon. c, d: C3N-Boron doped instead of carbon and nitrogen. 

 Comparison of Young's modulus, failure strength, and strain of C3N-B doped and BC3-

N doped in the different weight percentages and modes using molecular dynamics simulations. 
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2 118 115 -11 -20 15.7 14.7 -12 -28 932 933 -3 -3 

3 111 114 -16 -21 14.4 14.6 -20 -28 929 937 -3 -2 
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C3N-B doped 

instead C&N 

(wt. %B) 

1 115 118 -13 -18 15 14.8 -16 -27 957 940 -0.2 -1.7 

2 105 116 -20 -19 13.3 14.7 -26 -28 929 946 -3 -1.1 

3 110 101 -17 -30 14.6 12.3 -18 -39 899 930 -6.2 -2.8 

4 106 101 -20 -30 14.1 12.5 -21 -38 891 927 -7 -3.1 

5 99 102 -25 -29 13.2 12.9 -26 -36 903 901 -5.8 -5.8 

BC3-N doped 

instead C 

(wt. %N) 

0 83 89 - - 14.1 15.3 - - 721 718 - - 

1 81 88 -1.6 -1.2 13.7 14.9 -2.8 -2.6 719 725 -0.2 +1 

2 79 87 -4.3 -2.8 13.1 14.5 -7 -5.2 726 745 +0.6 +3.7 

3 78 89 -5.5 -0.3 12.7 15 -10 -1.9 734 727 +1.8 +1.2 

4 79 87 -4 -2.7 13.1 14.4 -7 -5.8 679 750 -5.8 +4.4 

5 81 85 -1.5 -4.3 13.8 14 -2 -8.5 723 721 +0.2 +0.4 

BC3-N doped 

instead C&B 

(wt. %N) 

0 83 89 - - 14.1 15.3 - - 721 718 - - 

1 77 87 -6.6 -2.5 12.6 14.5 -11 -5.2 714 739 -1 +3 

2 78 87 -6 -2.8 12.8 14.3 -9.2 -6.5 727 750 +1 +4.4 

3 82 87 -1 -2.8 13.5 14.2 -4.2 -7.1 712 730 -1.2 +1.6 

4 74 84 -11 -5.5 11.8 13.6 -16 -11 726 755 +0.7 +5.1 

5 76 83 -8.4 -7 12.3 13.2 -13 -14 734 736 +2 +2.5 

 

3.3 Mechanical properties of the hybrid C3N–BC3 sheet 

In recent years, due to the emergence of new physical and chemical properties, several 

experimental and theoretical studies in the hybrid of two-dimensional materials with different 

configurations have been reported  [38  ,46] . Therefore, we investigated the mechanical 

properties of hybrid C3N-BC3 sheets with different weight percentages (1.6, 5.4, 9.9, 21.4 and 

45.6%, respectuvely). The configurations considered in this study are shown in Figure 6. Our 

hybrid structures are inside the plate to place a circular BC3 within the C3N. We examined the 

effect on mechanical properties of increasing the weight percentage. Figure 7 shows the stress-

strain curves of all the different states in this study. Fracture stress and strain, as well as Young's 

modulus, decreased significantly with increasing BC3 concentration embedded in C3N in both 

AC (Fig. 7 a) and ZZ (Fig. 7 b) directions. The results show that by increasing this 
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concentration, the mechanical behavior of the system moves towards BC3 sheets, and finally, 

the mechanical properties of BC3 2D nanosheet are revealed. However, when C3N was 

embedded in BC3, the mechanical parameters, including failure stress and strain, did not 

decrease significantly and for some cases increase with increasing concentration for both AC 

(Fig. 7 c) and ZZ (Fig. 7 d) directions. In general, the Young’s modulus also increased at this 

stage. Changes in failure stress and strain, as well as Young's modulus, can be seen in Figure 8 

for various configurations. The increase of C3N concentration within BC3 did not follow a 

particular order, but in general, the Young’s modulus increased, and if the concentration 

increased, the system moved toward improving the mechanical properties. The exact values and 

the percentage of mechanical parameters fluctuation in this section are clearly shown in Table 

2. 

 

Figure 6. Different configurations of the hybrid C3N–BC3 sheet in this study to calculate the mechanical 

properties. The concentrations of BC3 atoms are (a) 1.6%, (b) 5.4%, (c) 9.9%, (d) 21.4% and (e) 45.6%. 
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Figure 7. Stress-strain curve of BC3 sheet embedded into the C3N in both armchairs (a) and zigzag (b), 

and C3N sheet embedded into the BC3 in both armchair (c) and zigzag (d). 
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Figure 8. The dependence of Young’s modulus, failure strength, and failure strain on the concentration 

of BC3 sheet embedded in C3N in both armchairs (a) and zigzag (b) directions and concentration of C3N 

sheet embedded in the BC3 in both armchair (c) and zigzag (d). 

 Comparison of Young's modulus, failure strength and strain of concentration of BC3 

sheet embedded in C3N. Concentration of C3N sheet embedded in the BC3 in both AC and ZZ 

direction with different weight percentages and modes using molecular dynamics simulations. 
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21.3 104 110 -22 -25 14.6 15.2 -18 -24 741 776 -20 -17 

45.6 97 98 -28 -33 14.9 14.3 -23 -29 691 778 -26 -17 

Concentration 

of C3N 

embedded in 

BC3 (%) 

0 83.7 92.2 - - 13.8 15.5 - - 734 760 - - 

1.6 79.5 89.4 -5 -3 12.6 14.5 -8.7 -6.4 752 748 +2.4 -1.5 

5.4 79.3 87 -5.2 -5.6 12.4 13.6 -10 -12 736 749 +0.2 -1.4 

9.9 79.5 85 -5 -7.8 13 13.2 -5.8 -15 758 730 +3.2 -3.9 

21.3 79.8 86.6 -4.6 -6 12.5 13.5 -9.4 -13 746 790 +1.6 +3.9 

45.6 81.5 83.2 -2.6 -9.7 12 12.1 -13 -22 730 776 -0.5 +2.1 

 

To better understand the failure behavior and to observe the stress distribution in this 

part of the work, the von Mises stress for two similar states of weight percentage (9.9% in AC 

direction) is shown in Figure 9. Stress distribution in both hybrid structures must be regarded. 

The better performance of C3N in stress distribution is apparent, so failure occurs in BC3, and 

strong C-N bonds prevent  rupture of the C3N area. The results also illustrate that although there 

are maximum stresses in the C3N regions, the C3N structure is more resistant. As the strain 

increases, these maximum stresses transferred to the interface between the two structures and 

failure occurs in the BC3 regions. Various mechanisms also govern these behaviors in 

nanoscale. For example, factors such as atomic lattice, edge structure, the concentration of 

defect, ripples, and out-of-plane and residual strains in the structure affect fracture behavior and 

other properties of 2D materials [47  ,48] .  

 
Figure 9. Von Mises stress distribution for hybrid structures of C3N/BC3 with wt. %9.9 concentration. 
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The mechanism of graphene failure is influenced by the lattice structure, which includes 

a fracture path, and alternately changes the rotation and rupture of the bonds. The shape of the 

edges and the concentration of defects in the two-dimensional material can change the failure 

modes from brittle to flexible under tensile loads. Graphene exhibits brittle behavior under 

tensile loads, however, when it is combined with other two-dimensional materials, it shows a 

stable plastic behavior. For instance, when the concentration of the defects in graphene 

increases, the graphene exhibits ductile behavior. This behavior has been observed in other 2D 

materials as well. In phosphorene, the stress distribution is almost uniform, except in the 

presence of defects, when the stress is concentrated around these defects. But here the two pure 

and hybrid structures of C3N and BC3 have brittle behavior which, in this case, did not act 

similarly to the graphene and did not show a new mechanical behavior. 

3.4 The effect of strain rate and defect 

In this section, the effect of strain rate and the presence of defects in the hybrid structure 

were investigated. Regarding figure 5, the effect of strain rate on the stress-strain curve is 

negligible, and, therefore ignored. On the other hand, in two-dimensional materials, various 

types of defects can interact in the structure constructively or destructively. Their effects on 

material failure behavior would, therefore, be different[49]. In 2-D materials, mechanical 

properties are generally sensitive to defects and failure behaviors in these materials are 

evident[50]. Since the various types of defects at the intersection of C3N and BC3 are likely to 

happen, in this study, different types of defects were considered such as single vacancy and 

double vacancy for BC3 embedded in C3N at a concentration of 9.9%. 

 

Figure 10. The initial configuration of the hybrid nanosheets (C3N-AC-9.9 wt %BC3) containing (a) single 

vacancies , (b) divacancies at the interface. The purple, green, pink, and yellow bonds represent the 

carbon atoms (in C3N), nitrogen, carbon (in BC3), and boron, respectively. Here, the defect area is 

shown with red bonds. 
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Figure 10 demonstrates the variations of mechanical characteristics in the presence of vacancy 

defects. The results show that by increasing the number of single defects at the intersection of 

system, the stress, failure strain, and Young’s modulus reduced by 20, 30, and 50%, 

respectively. While embedding the double defects at the intersection reduces the stress, failure 

strain, and Young's modulus by 60, 40, and 60% , respectively. It is clear that the effect of the 

DV fault is greater and will cause a system failure. However, the presence of a vacancy defect 

does not always reduce the mechanical properties and in some cases may lead to the removal 

of atoms in the structure where the stress concentration was high, so the result can be reversed. 

It should be noted that Griffith's theory cannot be used to describe the mechanics of failure 

criteria because this theory does not take into account factors in the nanostructure, such as 

atomic lattice, defective concentration, and inherent residual strain. Structural mechanics, on 

the other hand, predict failure in 2D materials by analyzing bond deformation, which depends 

on the length and angle of the bond. Therefore, the study of mechanical properties in such 

materials can be concluded based on the maximum criterion of bond tension.  

Unlike C3N and BC3, which were flawless, the main source of cracking in such structures was 

the rupture of bonds in the vicinity of vacancy. As a result, the possibility of creating nanopores 

around broken bonds increased. At low concentrations of vacancy, the corresponding 2D 

materials, such as graphene, exhibited brittle behavior under tensile loads, whereas when these 

concentrations increase, they exhibited ductile behavior. In other 2D materials, this behavior 

has been observed so that the stress distribution in phosphorene is almost uniform, except in 

cases where in the presence of a defect, the compensating stress will be concentrated around 

these defects. Stress concentrations caused broken bonds to form in defective areas during the 

deformation process. We observed that the presence of vacancy and fracture of the bond lead 

to the creation of gaps around it and perpendicular to the direction of tension, ultimately leading 

to the spontaneous failure of the structure.  It should be emphasized that the reduction of 

mechanical properties also depends on the load and the type of defect. 
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Figure 11. (a),(b) and (d) The Stress–strain curve of hybrid system (BC3 embedded in C3N with wt. %9.9 

concentration)  with different strain rate (0.01 to 0.0001 ps-1) and in the presence of SV and DV, 

respectivity. The Young's modulus, fracture strength, and strain are shown by increasing the number of 

defects for SV (c) and DV (e). 
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4 Conclusions 

This study investigated the mechanical properties of the C3N and BC3 single-layer doped 

with atoms of boron and nitrogen by using molecular dynamics simulation techniques. It 

demonstrated that by adding 5% of boron atom to the C3N structure in the armchair direction, 

Young’s modulus, failure stress, and strain reduce by 6, 19, and 20 percent, respectively. And, 

when we added nitrogen atom to the BC3 structure, failure stress and strain reduced by 1.5 and 

2%, respectively, but Young’s modulus increased by 1%. The hybrid of these two nanosheets 

were studied and it  was revealed that monolayer C3N increases the mechanical properties of 

BC3 due to strong bonds between C-N, but adding BC3 to C3N significantly reduces the 

mechanical properties of C3N. The results show that the combined structure of C3N- 9.9 wt. % 

BC3 in the AC direction are associated with a decrease of 6, 20, and 24 percent for Young's 

modulus, failure stress, and strain. While in the hybrid structure of BC3- 9.9 wt. % C3N in the 

AC direction, fracture stress and strain decreased by 5 and 6 percent Young's modulus increased 

by 4 percent. Moreover, we analyzed the von Mises stress distribution behavior to create two-

dimensional nanoparticles composed of C3N and BC3. The C3N structure has a better stress 

distribution than BC3. The findings show the outstanding mechanical properties of BC3 and 

C3N, which can introduce them as new catalysts for designing new nanoelectronics and 

nanoelectromechanical devices. 
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