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A B S T R A C T   

This study utilizes ab initio molecular dynamics simulations to explore the structure and properties of amorphous 
boron carbonitride (a-BC4N). A 432-atom model, generated via a conventional melt-and-quench technique, ex
hibits a graphite-like structure with all elements possessing an average coordination number of about 3.0. C 
atoms dominate within individual layers, interspersed with distinct BN domains. This atomic arrangement de
viates considerably from that proposed for crystalline BC4N structures. Despite this structural variation, the a- 
BC4N model is likely a narrow band gap semiconductor (0.15 eV), similar to its crystalline counterparts. In terms 
of mechanical properties, a-BC4N demonstrates similarities with various layered materials while exhibiting a 
notably larger bulk modulus.   

1. Introduction 

Significant efforts have been devoted to investigating ternary boron 
carbonitride (BCN) materials due to their diverse structures and prom
ising applications [1-3]. The structural topology and composition of 
these materials play a crucial role in defining their properties [1-3]. The 
hybrid BCN system, which combines graphite (a semimetal) and hex
agonal BN (a semiconductor), exhibits excellent semiconducting prop
erties [4,5]. In terms of bonding, BCN materials can be categorized into 
two main types based on their structure: sp2 bonded BCN materials 
possess graphite-like structures, characterized by trigonal coordination 
of atoms while sp3 bonded BCN materials have diamond-like structures, 
featuring tetrahedral coordination of atoms. 

Graphite-like BC4N crystal (g-BC4N) has acquired less research 
attention compared to other materials in the BCN family. The initial 
exploration into BC4N involved its synthesis through a chemical process, 
and analysis of the infrared spectrum led to the proposition of a "sand
wich" structure [6]. This hypothetical structure resembled a layered 
material with a central BN layer sandwiched between two flanking 
graphite layers. Later studies successfully produced BC4N with a 
graphitic structure, but this time through a different reaction process 
involving low surface area carbon and a mixture of urea and boric acid at 
high temperatures (930 ◦C) [7]. The resulting material possessed a 
composition close to the ideal BC4N formula. However, unlike the earlier 
proposition of a distinct BN core, this BC4N exhibited a layered structure 
with a key difference: a random distribution of B, C, and N atoms within 
these layers. The same study employed first-principles calculations to 
predict the electronic properties of g-BC4N and revealed that g-BC4N, 

regardless of the specific arrangement of B and N atoms, exhibits sem
iconducting behavior. The predicted band gap was found to range from 
0.17 to 1.1 eV depending on the specific atomic ordering. This finding 
highlights the potential of g-BC4N for various electronic applications. 

Building upon the experimental procedure outlined in Ref. 6, Solo
zhenko et al. investigated the thermal stability of g-BC4N under high 
pressure and temperature environments [8]. The study revealed that 
g-BC4N underwent decomposition into different phases depending on 
the applied pressure and temperature conditions. At specific conditions, 
g-BC4N decomposed into a mixture of BN and amorphous graphite 
(a-graphite) phases. Under different pressure and temperature settings, 
the decomposition yielded cubic BN and a-graphite structures. 

In a different study, first-principles calculations were conducted to 
predict the most stable structure and electronic properties of g-BC4N [9]. 
These calculations proposed that a specific BC4N structure, with one 
layer of B-N atoms stacked between two layers of C–C atoms, exhibited 
the lowest overall energy among various modeled configurations. The 
calculations also predicted semiconducting behavior for g-BC4N with a 
narrow band gap of approximately 0.05 eV. 

On the contrary, there has been a growing interest in sp3-bonded 
diamond-like BC4N (d-BC4N) structures owing to their potential as hard 
materials with exceptional mechanical properties. Experimental syn
thesis of d-BC4N has demonstrated a high Vickers hardness ranging from 
68 to 85 GPa [10,11]. Moreover, theoretical investigations utilizing 
diverse algorithms have put forth several d-BC4N structures, some of 
which display remarkable mechanical characteristics [12-15]. Addi
tionally, these d-BC4N structures have been recognized as semi
conductors, broadening their potential applications beyond hardness 
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considerations. 
Amorphous BC4N (a-BC4N) has been successfully synthesized 

through various methods. One approach involved the thermal conver
sion of pyridine-borane [16]. a-BC4N ceramics underwent decomposi
tion into graphite and BN phases when subjected to temperatures of 500 
◦C and pressures ranging from 5 to 12 GPa [17]. The ball milling of BN 
and graphite has also been demonstrated to yield a-BC4N [10]. Indeed, 
experimental synthesis of d-BC4N was achieved through high-pressure 
and high-temperature treatment of the a-BC4N structure at 20 GPa 
and 2200 K [10]. 

To the best of our knowledge, the atomic structure, as well as the 
mechanical and electrical properties, of a-BC4N have not been investi
gated in existing literature. Therefore, the primary objective of this 
computational study is to provide insights into a-BC4N in order to 
address this gap in the current literature. By conducting comprehensive 
computational analyses, we aim to contribute valuable information 
regarding the atomic arrangement and properties of a-BC4N, thereby 
advancing the understanding of this 

2. Method 

Our investigation utilized an ab initio approach based on density 
functional theory (DFT) to explore the properties of a-BC4N [18]. The 
well-established Troullier-Martins scheme was employed [19] to con
tract pseudopotentials. We adopted double zeta (DZ) basis sets and 
performed calculations using the Γ-point. The widely used 
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation 
(GGA) functional [20] was employed in conjunction with Grimme’s 
dispersion correction [21] to account for weak interactions between 
atoms. A mesh cutoff energy of 150 Ry was chosen to determine the 
Hartree and exchange-correlation contributions to the total energy. 
Molecular dynamics (MD) simulations were conducted using a time step 
of 1.0 fs within the isothermal–isobaric ensemble (NPT). For tempera
ture control, velocity scaling was employed, while the 
Parrinello-Rahman technique [22] was utilized to maintain 
zero-pressure during the simulations. We used sp3 bonded orthorhombic 
(Imm2) crystal [14] as the initial structure and created a configuration 
with 432 atoms. This initial model was subjected to a high temperature 
of 7000 K for 5.0 ps to simulate a melting process, followed by cooling to 
4500 K, where the system was equilibrated for 50 ps. To verify that the 
structure exhibits characteristics of a melt at 4500 K, we performed an 
additional 1000 molecular dynamics (MD) steps and calculated the 

mean-square displacement (MSD) of the atoms. The calculated MSD is 
presented in Fig. 1. Beyond 200 femtoseconds (fs), the MSD exhibits a 
linear behavior, which is indicative of a diffusive state in the BC4N melt. 
To quantify the diffusion coefficient (D), we performed a linear fit on the 
MSD data between 200 fs and 600 fs. Using Einstein’s relation, 
〈
(r(t) − r(0))2〉

= 6tD the diffusion coefficient D was estimated to be 
approximately 7.8 × 10− 8 m2/s. This value suggests that the structure 
indeed exhibits the characteristics of a melt at this temperature. Sub
sequently, the system was gradually cooled using a quenching rate of 1 
× 1013 K/s. At 4000 K, the system underwent another equilibration step 
for 50 ps before being quenched to 300 K using the same quenching rate. 
During the MD simulation, no shear deformation was allowed and the 
simulation box was kept orthogonal. Finally, the system was relaxed 
using the variable cell conjugate gradient method until the forces acting 
on the atoms became negligible (less than 0.01 eV/Å). During this 
process, both the atomic positions and the volume, including the shape 
of the simulation box, were allowed to relax. The resulting volume of the 
structure is 3686.355 Å3, with supercell parameters a = 20.385 Å, b =
12.503 Å, and c = 14.465 Å. The cell angles are α = 91.06◦, β =

89.708◦, and γ = 90.504◦ To achieve a more accurate estimation of the 
band gap energy, we employed GGA+U calculations. Using recent 
HSE06 hybrid functional calculations on d-BC4N with the Cmc21 crystal 
structure [15] as a reference, we determined a Hubbard potential (U) 
value of 3.75 eV for C-p, yielding a band gap energy of 5.68 eV for the 
Cmc21 crystal. This value closely aligns with the finding of 5.62 eV [15]. 
We applied this parameter across the amorphous configuration to pre
dict its electronic structure. It should be noted here that the GGA+U 
calculation was used solely to estimate the electronic structure of the 
amorphous configuration. Partial analysis of the structures was con
ducted using the ISAACS program [23]. The atomic-level visualization 
of the amorphous structure was conducted using VESTA software [24]. 

3. Results 

Fig. 2 illustrates a ball-and-stick model of the simulated BC4N ma
terial. This model reveals a layered structure, where a few atoms directly 
connect to these layers. The a-BC4N material appears to differ from the 
proposed sandwich-like arrangement or random distribution of B, C, and 
N atoms in crystal structures [6,7]. In amorphous network, C atoms 
dominate each layer, but there are also regions with BN domains. It 
seems that CN and BC domains are less prevalent in this structure. The 
average distance between adjacent layers is approximately 3.2 Å and the 
calculated density of the simulated amorphous structure is 2.3459 
g/cm3, which is in the range of 2.31–2.78 g/cm3 reported for g-BC4N [9] 

To gain further insights into the local structure of the amorphous 
configuration, partial pair distribution analysis is conducted, with the 
results depicted in Fig. 3. This analysis exposes bonding interactions 
among all species, excluding N–N bonds. Given the prevalence of C 

Fig. 1. Mean-square displacement at 4500 K.  

Fig. 2. Ball-stick representation of the a-BC4N model. Brown, green, and gray 
colors represent C, B, and N atoms, respectively. The supercell parameters a, b, 
and c correspond to the x, y, and z directions, correspondingly. 
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atoms in the structure, the initial focus is on C–C bonding, occurring at 
a distance of 1.42 Å. This measurement closely mirrors the 1.42 Å re
ported for a-graphite [25,26]. Regarding B-N bonds, the bond length is 
approximately 1.45 Å, aligning well with the 1.44 Å observed in BN 
structures [27]. The separation distance between C and N atoms is 
determined to be 1.39 Å, falling within the typical range of 1.30 Å to 
1.463 Å observed in crystalline and amorphous CN structures [28,29]. A 
B-C separation distance of 1.53 Å is observed, comparable to values in 
the BC5 (1.51 Å) [30] and BC3 (1.55) [31] crystals in theoretical studies. 
The B-B bond length is measured at 1.66 Å, notably shorter than the 1.76 
Å reported for a-BC5 [32]. 

A detailed analysis of the atomic bonding within the simulated a- 
BC4N model is conducted to understand the local atomic environment. 
Cutoff method is employed to determine the coordination numbers of 
each atom type. This method defines specific bond length thresholds for 
each atomic pair (B-B = 1.95 Å, B-C = 1.91 Å, C–C = 1.83 Å, B-N = 2.01 
Å and C–N = 1.81 Å) to identify bonding interactions. The analysis 
reveals interesting trends in the coordination preferences of each 
element. The majority C atoms (around 98.6 %) exhibit threefold co
ordination and the remaining small fraction (1.39 %) forms four bonds. 
On average, a C atom participates in 3.013 bonds, with a strong pref
erence for bonding with other C atoms (C–C: 2.347). However, some C 
atoms also bond with B (C-B: 0.329) and N (C–N: 0.336). Similar to C, 
most B atoms (around 97.2 %) exhibit threefold coordination, with a 
minor fraction (2.78 %) having four bonds. The average coordination 
number for B is 3.013. B atoms favor bonding with N (B-N: 1.611) and C 
(B-C: 1.319). Interestingly, there is very little B-B bonding observed (B- 
B: 0.083). N atoms follow a similar trend, with approximately 96 % 
exhibiting threefold coordination and the remaining 4.17 % having two 
bonds. The average coordination number for N is also 2.958. Like B, N 

atoms primarily bond with B (N-B: 1.611) and C (N–C: 1.347). 
While the coordination analysis provides a general picture of 

bonding preferences, a more detailed analysis of the local atomic ar
rangements is available from the chemical environment investigation 
presented in Table I. This investigation identifies the most prevalent 
bonding configurations surrounding each element type. For C atoms, the 
analysis reveals that C–C3 is the most common configuration (51 %), 
followed by C-BC2 at 17 % and C–NC2 at 14 %. This suggests that nearly 
half (49 %) of C atoms form bonds with either B or N atoms. The analysis 
of B environments provides a more nuanced picture: B-N2C is the most 
prevalent configuration at 33 %, followed by B-NC2 at 17 %. It is crucial 
to note the presence of B-N3 at around 15.28 %, emphasizing the pref
erence of B for N neighbors. Similarly, the analysis of N environments 
reveals N-B2C at 45 % and N-BC2 at 32 % as the prevalent configura
tions. Like B, the analysis highlights the dominance of N-B3 at around 
12.50 %. The chemical environment analysis and visualization of the 
model offers valuable insights into the local atomic arrangements within 
a-BC4N. It exposes distinct regions rich in C and BN domains, based on 
the prevalence of bonding motifs like C–C3, B-N3, and N-B3. However, 
the analysis does not show significant BC or CN domains within the 
structure, suggesting these specific arrangements are less favorable. 

The analysis of the atomic structure extends to the examination of 
bond angle distribution functions. Several distributions are depicted in 
Fig. 4, each displaying a principal peak near 120◦, indicating prevalent 
trigonal symmetry. Additionally, the presence of five-, seven-, and eight- 
membered rings, akin to those found in a-graphite, results in angles near 
the hexagonal angle. This observation is further supported by the ring 
statistical analysis presented in Fig. 5, which highlights the abundance 
of six-membered (hexagonal) rings, followed by five and seven- 
membered rings. 

The electron density of states (EDOS), a crucial indicator of elec
tronic properties, is calculated using the GGA+U method. Fig. 6 depicts 
the resulting EDOS for the simulated a-BC4N model. In the figure, the 
Fermi level is shifted to zero-eV and a Gaussian broadening of 0.085 eV 
is used to plot the EDOS. The EDOS for the amorphous structure lacks a 
clear forbidden gap, indicating a semimetallic nature of the EDOS. 
However first-principles calculations suggest that g-BC4N can be a nar
row band gap semiconductor and exhibit band gap values ranging from 
0.05 to 1.1 eV, depending on the arrangement of C, B, and N atoms [7,9]. 
Therefore, the band gap energy of a-BC4N can be as small as in the 
crystals, making it challenging to clearly represent in the EDOS due to 
Gaussian broadening. Therefore, attention shifts to the energy difference 
between the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) states, revealing a difference of 
0.15 eV. This value closely aligns with the range observed in the BC4N 
crystals, suggesting that despite structural disorder and the formation of 
various bond types in the amorphous network, the electronic properties 
remain relatively consistent. For comparison, the electronic structure of 
a-BC5, another material with a similar EDOS profile but classified as a 
semimetal (see Fig. 6), is presented [32]. Notably, the EDOS intensity for 

Fig. 3. Partial pair distribution functions (PPDFs) of the amorphous 
configuration. 

Table I 
Chemical identities around each species in the amorphous configuration.  

C B N 

C3 51.39 % N2C 33.33 % B2C 44.44 % 

BC2 17.36 % NC2 30.56 % BC2 31.94 % 
NC2 14.24 % N3 15.28 % B3 12.50 % 
BNC 7.64 % C3 8.33 % C3 6.94 % 
N2C 4.17 % BNC 4.17 % BC 2.78 % 
B2C 1.39 % BN2 2.78 % C2 1.39 % 
BN2 1.39 % NC 1.39 %   
BC3 0.69 % BC2 1.39 %   
B3 0.69 % NC3 1.39 %   
B2N 0.35 % N4 1.39 %   
BNC2 0.35 %     
C4 0.35 %      
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a-BC5 near the Fermi level is higher, and its HOMO-LUMO difference is 
only about 0.04 eV. Based on this comparison and the observed 
HOMO-LUMO gap value, we can reasonably conclude that a-BC4N ex
hibits characteristics of a narrow-band semiconductor. 

To estimate the bulk modulus (K) of a-BC4N, we examine its energy 
(E) as a function of volume (V) using a variable cell optimization 
method, as illustrated in Fig. 7. To elucidate the energy-volume (E-V) 
relationship in a-BC4N, the structure is studied under hydrostatic con
ditions ranging from − 3 to 20 GPa, allowing both cell parameters, 
including shape changes, and atomic coordinates to adjust accordingly. 
The resulting data are subsequently fitted to the third-order Birch- 
Murnaghan equation of state 

E(V) = E0

+
9V0K
16

{[(
V0

V

)2
3
− 1

]3

Kʹ+
[ (

V0

V

)2
3
− 1

]2 [

6 − 4
(

V0

V

)2
3
] }

.

This approach yields a bulk modulus of approximately 61.81 GPa for 
a-BC4N, along with a pressure derivative (K’) of 7.67. For a compre
hensive understanding, Table II presents a comparison between the 
obtained bulk modulus and other mechanical properties of a-BC4N, 

Fig. 4. Distribution of bond angles in a-BC4N.  

Fig. 5. Analysis of ring statistics in a-BC4N. Here P(n) represents the fraction of 
nodes in a network that are part of at least one cycle of size n. 

Fig. 6. Electron density of states (EDOS) of a-BC4N and a-BC5. The EDOS for a- 
BC5 is calculated for a supercell having 432 atoms as well. 

Fig. 7. Energy variation plotted against volume.  
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alongside existing data for various layered structures [8,32-44]. This 
comparison reveals a significantly higher bulk modulus for a-BC4N 
compared to all reference materials. The observed discrepancy in bulk 
modulus values could be attributed to the distribution of individual el
ements within the amorphous structure of BC4N. This unique arrange
ment might contribute to a stronger resistance to compression when 
compared to the more ordered crystalline structure. 

To calculate Young’ modulus (E = σaxial/εaxial ), controlled axial strains 
(εaxial) are applied along the material’s principal axes (x, y and z). The 
resulting stress (σaxial) experienced by the material is recorded. The 
relationship between the applied stress and strain (σaxial vs εaxial) is 
depicted in Fig. 8. By analyzing the slope of these stress-strain curves, 
the average Young’s modulus for a-BC4N is estimated to be roughly 29 
GPa. This value closely aligns with the projected range of 21–32 GPa for 
various layer-like materials, suggesting a similar level of stiffness be
tween a-BC4N and them. 

The investigation extends to two further parameters that charac
terize a material’s elastic behavior: Poisson’s ratio (ν) and shear 
modulus (μ). They can be straightforwardly calculated from the 

following two equations, 

v =
1
2
−

E
6K  

μ =
E

2(1 + ν).

Theoretical predictions suggest a Poisson’s ratio of around 0.42 for a- 
BC4N. This value is significantly higher than the range observed in 
similar graphite-like structures (0.17–0.28). However, it aligns more 
closely with the Poisson’s ratio of graphite or a-BC5. The estimated shear 
modulus (μ) for a-BC4N is nearly 10.12 GPa. This value falls within the 
expected range for similar materials, indicating that a-BC4N’s resistance 
to shearing forces is comparable to its counterparts. 

To evaluate Vickers hardness of a material, several empirical re
lations have been proposed in the literature. Three separate equations 
are employed for this estimation: 

H = 0.151 μ  

H = 0.92
(

1
n

)1.137

(μ)0.708  

H = 0.0635 E.

These equations result in a predicted Vickers hardness range for a- 
BC4N between 0.027 and 1.53 GPa, falling below the value typically 
observed for a-graphite but aligning well with the range observed for 
graphite. 

4. Conclusions 

An a-BC4N model is generated using ab initio MD simulations, and its 
atomic structure, mechanical, and electrical properties are investigated. 
Structural analysis reveals that a-BC4N possesses a layered structure 
with an average layer spacing of 3.2 Å, yielding its density comparable 
to those reported for g-BC4N. The configuration exhibits some coordi
nation defects, with fourfold coordination for C and B atoms and twofold 
coordination for N atoms, resulting in an average coordination number 
of about 3.0 for all species. Further analysis suggests that a-BC4N does 
not demonstrate a sandwich-like arrangement or random distribution of 
B, C, and N as proposed for the crystal structures, indicating a signifi
cantly distinct local structure. While C atoms dominate within each 
layer, there are also BN domains present. BC and CN domains appear less 
favorable. Despite the structural differences (distribution of atoms, co
ordination and structural defects etc.) from crystal structures, electronic 
structure calculations indicate that a-BC4N likely behaves as a narrow- 
band semiconductor with band gap energy of 0.15 eV, potentially of
fering advantages over materials like a-graphite. In terms of mechanical 

Table II 
Bulk modulus (K), Young’s modulus (E), shear modulus (μ), Vickers hardness (H) and Poisson ratio (ν).  

Structure K (GPa) E (GPa) μ (GPa) ν H (GPa) References 

a-BC4N 61.81 28.8 10.12 0.42 0.027–1.53 This study 
g-BC4N 18.1 ± 0.2     [8] 
g-BC2.14N 19.2±0.3     [33] 
g-BC1.28N 20.4±0.4     [33] 
g-BC2N 14.63 22.81 9.20 0.24  [34] 
g-BC 23     [35] 
BN 36.7 ± 0.5     [36] 
graphite 33.8     [37]   

25.5 9.7 0.31  [38]  
36.3 29.8 10.9 0.36 1.3 [39] 

a-graphite 37.9     [40]   
28    [41]   
21    [42]     

0.28  [43]   
23–32 10–13 0.12–0.15 2–3 [44] 

a-BC5 33.9 29.2 10.8 0.35 1.63–1.85 [32]  

Fig. 8. The stress-strain relationship. The data points represented by circles, 
squares, and triangles correspond to compression along the x, y, and z axes, 
respectively. Notably, the observed lower stress required for compression along 
the y-axis aligns with the presence of stacked layers oriented in this direction, as 
evident in Fig. 2. 
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properties, a-BC4N shows characteristics comparable to other layered 
structures, with the notable exception of its bulk modulus. This signifi
cantly higher resistance to compression highlights a unique aspect of a- 
BC4N that warrants further exploration. Overall, this study provides 
valuable insights into a-BC4N’s structure and properties. While it may 
not necessarily surpass existing graphite-like materials in all aspects, its 
distinct atomic configuration, semiconducting behavior, and excep
tional bulk modulus suggest potential for future research and develop
ment. It is important to acknowledge that all observations are based on a 
432-atom model. While this size is considerable for ab initio simulations, 
potential size effects cannot be entirely discounted. To achieve a 
comprehensive understanding of the local structure and properties of a- 
BC4N, high-fidelity simulations on larger models are crucial. In larger 
systems, discrepancies in the population of bonds and the prevalence of 
fourfold coordination motifs can be anticipated. Additionally, the for
mation of small BC and/or CN domains within the network might be 
observable. 
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