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HIGHLIGHTS GRAPHICAL ABSTRACT

e a-BC,N exhibits a layer-like structure.

e Unlike the ordered arrangement in
crystalline BC,N, a-BCoN has a random
distribution of B, C, and N atoms within
each layer.

e a-BCyN is likely a semiconductor.

e a-BCoN displays mechanical properties
characteristic of layered materials, but
with an increased bulk modulus.

ARTICLE INFO ABSTRACT
Keywords: This study investigates the atomic structure and properties of amorphous boron carbon nitride (a- BC3N) using ab
Amorphous initio molecular dynamics simulations. Structural analysis reveals a layer-like topology with varied bonding

Boron carbonitride

Granhite ik environments. Unlike the ordered alternating C-C and B-N layers found in the lowest-energy crystalline BCoN
raphite-like

structure, a-BCyN features a solid-solution-like arrangement, with B, C, and N atoms randomly distributed within

;I;el;;;m each layer. This randomness gives rise to small, distinct C-rich and BN-rich domains and irregular short zigzag
chains of C-C and B-N bonds within each layer. Electronic structure analysis suggests that a-BCyN is likely a
semiconductor. Mechanically, a-BCaN displays properties typical of layered materials but with an enhanced bulk
modulus.

1. Introduction promising class of compounds with potential applications across

numerous fields, involving electronics, energy storage, and materials
Ternary boron carbon nitride (BCN) materials have emerged as a science [1-4]. These materials are notable for their tunable electronic
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properties and exceptional mechanical strength, especially in
diamond-like phases, which has attracted significant attention. Among
the diverse BCN compositions, BCoN stands out due to its unique prop-
erties. In particular, the diamond-like phase, d-BCyN, has been exten-
sively studied [5-19] for its potential to surpass the hardness and
chemical stability of both diamond and cubic boron nitride (c-BN).
However, determining the precise crystal structure of d-BCoN remains
challenging. The small and similar atomic masses of B, C, and N
complicate x-ray diffraction data interpretation, hindering accurate
crystallographic characterization. On the theoretical side, multiple po-
tential crystal structures for d-BCaN [10-20] have been proposed, yet no
consensus has been reached.

Hexagonal BCoN (h-BCoN) is considered a promising precursor for
synthesizing d-BCyN. Various experimental techniques have successfully
produced h-BCoN in phases that range in structural order, from amor-
phous and turbostratic to well-ordered configurations [21-29]. Several
theoretical researches have focused on understanding the stacking se-
quences within h-BCoN [29-36] and a structure with alternating C-C
and B-N layers was proposed as the most stable configuration with the
lowest total energy among the projected h-BCzN structures [30].

Conversely, research on amorphous or turbostratic forms of BCyN is
limited, and the properties of amorphous BCoN (a-BCyN) remain rela-
tively unexplored. The main purpose of this study is to offer insights into
the atomic structure and properties of a-BCoN. Through comprehensive
computational analyses, this study aims to expand understanding of a-
BC,N and explore its potential applications across various fields.

2. Methodology

We employed SIESTA program [37] to model a-BCzN and investigate
its properties of a-BCaN. Pseudopotentials were due to the
Troullier-Martins scheme [38], and calculations utilized double zeta
(DZ) basis sets with the I'-point for Brillouin zone sampling. The
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) functional [39] was used with Grimme’s dispersion correction
[40]. Ab initio molecular dynamics (MD) simulations were achieved in
the isothermal-isobaric ensemble (NPT) with a time step of 1.0 fs. In the
MD simulations, shear distortion was prohibited, and the supercell was
maintained as orthogonal. Temperature control was achieved through
velocity scaling, while volume adjustment was maintained using the
Parrinello-Rahman approach [41]. The initial configuration was
generated by a tetrahedrally coordinated p 4m2 crystal structure with
unit cell parameters a = b = 2.56 A, ¢ = 3.676 A and density of 3.3429
g/cm®, consisting of 384 atoms. This unrelaxed supercell was first
exposed to 5000 K for 20.0 ps to simulate melting, then cooled to 4500 K
and equilibrized for 50 ps. A gradual quenching process at a rate of 1 x
10'% K/s was employed, with an additional equilibration step at 4000 K
for 50 ps before further quenching to 300 K. Final structural relaxation
employed the variable cell conjugate gradient method till atomic forces
were minimized below 0.01 eV/A, allowing the atomic positions and
simulation cell volume to adjust freely. The density of final amorphous
structure is 2.3656 g/cm®. Partial structural analysis was performed by
means of the ISAACS package [42].

3. Results

The atomic configuration of the simulated a-BC;N material, shown in
Fig. 1 using VESTA software [43], reveals a layer-like structure with
some atoms bridging between layers. Unlike the ordered C-C and B-N
alternating layers of the lowest-energy h-BCoN, a-BCoN adopts a
solid-solution-like arrangement, where B, C, and N atoms are randomly
distributed within each layer. This randomness results in small, distinct
C-rich and BN-rich domains, a feature previously discussed in BCoN
systems [1,36]. Furthermore, the disordered arrangement forms irreg-
ular short zigzag chains of C-C and B-N bonds, resembling the zigzag
configurations characteristic of the most stable BCoN sheet [35]. The
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Fig. 1. Atomic configuration of the simulated a-BC;N material and two distinct
layers extracted from the model. Brown, green, and gray colors characterize C,
B, and N atoms, correspondingly. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

interlayer spacing in a-BC2N is manually measured using VESTA pro-
gram, yielding an average value of approximately 3.07 A. This spacing is
slightly narrower than the 3.31-3.43 A typically observed in h-BC,N
[24,27,29]. The closer interlayer spacing observed in a-BCoN may result
from the interconnection between layers.

The partial pair distribution function analysis (Fig. 2) offers a
detailed view of the local atomic structure in a-BCzN, capturing bonding
interactions among all elements. The mean C-C bond length is found to
be 1.42 A, consistent with the 1.42-1.44 A bond lengths determined for
h-BC2N [30,31] and amorphous graphite (a-graphite) [44,45]. The
average B-N bond distance is detected around 1.45 A, closely associ-
ating with the 1.42-1.45 A in h-BC,N [30,31] and the 1.44 A in BN [46].
The C-N separation is measured at 1.39 A, within the 1.38-1.51 A range
reported for h- BCoN [30,31] and the 1.30-1.463 A range typical of
crystalline and amorphous CN [47,48]. The B-C bonds, with a mean
length of 1.53 A, also align well with theoretical values in h-BCoN
(1.37-1.51 A) [30,31] and BC crystals (1.51-1.55 A) [49,50]. Notably,
the B-B bond in the amorphous phase is shorter, at 1.66 A, compared to
1.70 A in h-BC.N crystals [31].

To further characterize the atomic environments and coordination
trends in a-BCyN, we perform a detailed bonding analysis. Bonding in-
teractions were identified using specific cutoff distances for each atomic
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Fig. 2. Partial pair distribution functions (PPDFs) for a-BCyN, illustrating local
structural characteristics.

pair: B-B (1.90 A), B-C (1.76 A), C-C (1.86 A), B-N (1.73 A), and C-N
(1.80 [o\). These parameters allowed us to determine coordination
numbers and examine elemental bonding patterns within the amor-
phous network. Most C atoms (~99 %) present threefold coordination,
with an insignificant subset forming four bonds, resulting in an average
of 3.01, predominantly C-C bonds (1.958). C atoms also participate in
bonds with B atoms (C-B: 0.52) and N atoms (C-N: 0.53), showing a
significant role for C-B and C-N bonding. B atoms consistently display
threefold coordination with an average coordination number of 3.0.
They preferentially bond with N (B-N: 1.916) and C (B-C: 1.04), while
B-B bonding is minimal (B-B: 0.041). N atoms exhibit 98 % threefold
coordination, with 2 % forming two bonds and an average coordination
number of 2.97. They predominantly bond with B atoms (N-B: 1.916)
and C atoms (N-C: 1.062). Overall, B-N and C-C bonds dominate the
bonding environment, with B-C and C-N bonds contributing additional
connectivity.

The chemical environment analysis, detailed in Table 1, comple-
ments the coordination findings by highlighting the specific bonding
configurations most common to each element within the amorphous
network. This analysis categorizes the most common bonding arrange-
ments for each element in the amorphous network. For C atoms, the
most prevalent configuration is C-Cs, comprising 26.56 % of carbon
environments. This is followed by C-CzN at 25 %, and C-C:B at 22.4 %.
For B atoms, the analysis reveals a dominant presence of B-NzC at 43.75
%, followed by B-NC: and B-Ns, each representing 25 % of B environ-
ments. This trend indicates that B atoms favor bonding with N while also
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Table 1

Chemical characteristics surrounding each species in a-BC,N.
C B N
Cs 26.56 % NoC 43.75 % B,C 38.54 %
CoN 25.00 % NC, 25.00 % B3 29.17 %
CyB 22.40 % N3 25.00 % BC, 25.00 %
CBN 8.85 % Cs 2.08 % Cs 521 %
CN, 6.25 % NBC 2.08 % BC 2.08 %
CB, 5.31% N.B 1.04 %
BoN 2.60 % C-B 1.04 %
BN, 1.56 %
Co,BN 0.52 %
B3 0.52 %
CB3 0.52 %

forming mixed bonds with C. For N atoms, the most common configu-
ration is N-BzC at 38 %, with N-Bs at 29 % and N-BC: at 25 %.

The bond angle distribution analysis in Fig. 3 reveals a prominent
peak around 120°, suggesting a dominant trigonal symmetry within the
atomic structure. The network is composed of four-to eight-membered
rings, with a predominance of six-membered rings as shown by the ring
statistics analysis in Fig. 4. Rings other than the hexagonal introduce
bond angles that deviate from the typical hexagonal angle.

The electron density of states (EDOS) for a-BCyN, as depicted in
Fig. 5, does not exhibit a well-defined band gap. This finding aligns with
the experimental band gap of a-BCyN, measured at 0.11 eV [23], which
is too small to be distinctly captured in the EDOS representation.
Consequently, we focus on the energy difference between HOMO and
LUMO, determining a value of about 0.08 eV. This result is reasonably
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Fig. 3. Bond angle distribution for the amorphous configuration of BC;N.
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Fig. 5. Electronic density of states (EDOS) for a-BCN.
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close to the experimental value of 0.11 eV [23], especially considering
the known tendency of DFT-GGA to underestimate band gaps. Based on
these observations, we propose that a-BCyN is likely a narrow band gap
semiconductor, although uncertainties remain due to inherent approx-
imations within the computational model.

To determine the bulk modulus (Kj) of the model, we examine its
energy (E)-volume (V) relationship under hydrostatic pressure, as shown
in Fig. 6. Using variable-cell optimization, we obtain comprehensive E-V
data, which is then fitted to the third-order Birch-Murnaghan equation
of state (EOS). This widely used model describes the relationship
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Fig. 6. Energy-volume (E-V) relationship for a-BC,;N, obtained through hy-
drostatic pressure simulations.

between E, pressure (P), and V in materials under isotropic compression.
The energy form of the equation is given as:

E(V)=E,
VoK, ACEERE ANIRE Vo3
R IO RN O
where E(V) is the total energy at a given volume V, Ej is the energy at
equilibrium volume V),

Kp is the bulk modulus zero pressure and K, is the pressure derivative
of the bulk modulus.

This fitting procedure yields an estimated bulk modulus of 54.4 GPa
for a-BC2N. Table 2 compares this bulk modulus and other mechanical
properties of a-BC2N against reference materials [51-63], showing that
a-BC2N has a considerably higher bulk modulus than many related
materials, except a-BCaN.

To further characterize the mechanical properties of this material,
we calculate the Poisson’s ratio (v) by applying uniaxial stress along the
diagonal elements of the simulation cell vectors, while simultaneously
allowing for relaxation of the remaining stress components. This process
involves simultaneous optimization of atomic positions and cell di-
mensions. The relationship between lateral strain (gjaera) - applied
strain (gqpplied), as shown in Fig. 7, is then utilized to derive the Poisson’s
ratio:

Elateral
V= — ———

Eapplied
By averaging six different values, we obtain a Poisson’s ratio of 0.37,
surpassing the typical range (0.17-0.28) observed for most related
materials but comparable to that of graphite (0.31-0.36).

Young’s modulus (E), a crucial measure of stiffness, is subsequently
calculated using the following relationship:

E=3K(1-20).

The resulting value, 42.4 GPa, exceeds the typical range for layered
materials (21-32 GPa), indicating enhanced stiffness in a-BCz2N.
To assess shear resistance, the shear modulus (¢) is computed using:
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Table 2

Bulk (K), Young (E) and shear (1) moduli and Poisson ratio (v). and Vickers hardness (H). The notations

and monolayer structures.
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[PNEISu

a,” ‘g, and ‘m’ respectively denote amorphous, graphite-like,

Structure K (GPa) E (GPa) n (GPa) v H (GPa) Reference
a-BCoN 54.4 42.4 15.48 0.37 1.53-2.69 This Study
m-BCoN 14.63 22.81 9.20 0.24 [51]
a-BC4N 61.81 28.8 10.12 0.42 0.027-1.53 [52]
g-BC4N 18.1 £ 0.2 [53]
g-BCz.14N 19.270.3 [54]
g-BCy 26N 20.4%0.4 [54]
g-BC 23(2) [55]
BN 36.7 £ 0.5 [56]
graphite 33.8 [57]
25.5 9.7 0.31 [58]
36.3 29.8 10.9 0.36 1.3 [59]
a-graphite 37.9 [60]
23-32 10-13 0.12-0.15 [61]
2-3 [62]
a-BCs 33.9 29.2 10.8 0.35 1.63-1.85 [63]
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Fig. 7. The relationships between lateral strain (€jateral) and applied strain
(eapplied) for the uniaxial compressions.

The estimated shear modulus of 15.4 GPa is consistent with values
observed in comparable materials, reflecting moderate resistance to
shearing forces.

Finally, we evaluate Vickers hardness (H) using three empirical
formulas:

H=0.151p
1 1.137

H=0.92 <7> (ﬂ)0.708
n

H = 0.0635 E.

These formulas estimate Vickers hardness in the range of 1.5-2.7
GPa, consistent with values reported for comparable materials.

4. Discussion

This study provides new insights into the structural, electronic, and
mechanical properties of a-BCzN, contributing to a more comprehensive
understanding of BCN compounds. The atomic structure of a-BCaN,
characterized by a layer-like topology and a solid-solution distribution
of B, C, and N atoms, represents a significant deviation from the lowest-
energy crystalline structure with ordered C-C and B-N layers. In
contrast, a-BC2N displays a random atomic arrangement, resulting in
small distinct C-rich and BN-rich domains. This unique feature, previ-
ously discussed theoretically for BCoN systems [1,35], is here confirmed
experimentally for the first time in an amorphous structure. Further-
more, the disordered arrangement forms irregular short zigzag chains of
C-C and B-N bonds, reminiscent of the zigzag motifs found in stable
BCoN sheet [35]. These zigzag configurations suggest that each layer
retains partial structural characteristics of the ordered BCyN sheet.

The electronic structure analysis reveals that a-BCaN is likely semi-
conductor with a HOMO-LUMO gap of approximately 0.08 eV, closely
aligning with the experimentally observed value of 0.11 eV. Although
this bandgap is narrow, the semiconducting nature of a-BCyN suggests
applications in fields where materials with low electronic bandgaps are
advantageous, such as in devices requiring moderate electronic
conductivity.

Mechanically, a-BCyN exhibits a high bulk modulus, indicating high
resistance to compression. This robust bulk modulus may stem from
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increased interlayer connectivity and the heterogeneous arrangement of
B, C, and N atoms within the amorphous structure. However, its Young’s
modulus and shear modulus suggest moderate stiffness and shear
resistance.

While the current 384-atom model offers valuable insights into a-
BCyN, limitations in model size may affect the generalizability of these
findings. Specifically, potential size effects could influence observed
bonding patterns, the distribution of fourfold coordination motifs, and
the formation of C- and BN-rich domains in larger systems. Future
studies with larger simulation models or experimental validation are
encouraged to confirm these preliminary observations. Such research
could elucidate variations in domain size, improve the understanding of
structural stability, and provide further insights into local bonding en-
vironments, particularly within larger C- and BN-rich clusters. These
steps would lead to a more complete understanding of a-BCoN’s poten-
tial, paving the way for applications in electronics, flexible materials,
and composite systems where both structural resilience and electronic
tunability are desirable.

5. Conclusion

In summary, this ab initio study provides the first in-depth analysis of
the atomic structure and properties of a- BCoN. The results indicate that
the disordered atomic arrangement of a-BCyN, with its diverse bonding
configurations, forms a solid-solution-like structure rather than the or-
dered C-C and B-N layers observed in the crystalline form. The elec-
tronic structure analysis reveals narrow-band semiconducting behavior,
suggesting potential applications in electronics, particularly in devices
where low-bandgap materials are advantageous. Mechanically, a-BCoN
exhibits characteristics typical of layered materials but with a higher
bulk modulus than many similar structures, indicating enhanced resis-
tance to compression. These distinct structural, electronic, and me-
chanical properties make a-BC2N a promising candidate for further
research and potential applications.
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