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ABSTRACT: Two-dimensional (2D) B−C compounds possess rich allotropic structures with many applications. Obtaining new
2D B4C3 structures is highly desirable due to the novel applications of three-dimensional (3D) B4C3 in protections. In this work, we
proposed a new family of 2D B4C3 from the first-principles calculations. Distinct from previous observations, this family of 2D B4C3
consists of bonded 2D B4C3 bilayers. Six different types of bilayers with distinct bonded structures are found. The phonon spectrum
calculations and ab initio molecular dynamics simulations at room temperature demonstrate their dynamic and thermal stabilities.
Low formation energies suggest the high possibility of realizing such structures in experiments. Rich electronic structures are found,
and the predicted Young’s moduli are even higher than those of the previous ones. It is revealed that the unique electronic and
mechanical properties are rooted in the bonding structures, indicating the prompting applications of this family of 2D B4C3 materials
in photovoltaics, nanoelectronics, and nanomechanics.

1. INTRODUCTION

Three-dimensional (3D) B−C compounds have novel proper-
ties and applications, especially B4C3 in protections.1,2 For
miniaturizations and enhancing performances, lower-dimen-
sional B−C compounds have attracted growing interest
recently.3−7

Two-dimensional (2D) B−C compounds are rich in
configurations due to the diverse bonding patterns of the B
and C atoms6 because boron, known as a deficient atom, tends
to form a multicenter bond to share electrons. When it bonds
with C to form B−C systems, some peculiar bonding
characteristics, such as planar tetracoordinate and pentacoor-
dinate carbons, develop,4,5,8−12 giving rise to unique physical
and chemical properties. For example, B2C sheets are predicted
to be 2D phonon-mediated superconductors with a relatively
high transition temperature (Tc) due to the unique planar
tetracoordinate bonding manner.13

On the basis of the thickness of the reported 2D B−C
compounds, they can be classified as monolayer, bilayer, and
multilayer 2D B−C. The first synthesized stable and
metastable 2D BC3 honeycomb monolayers were reported by
Yanagisawa et al. by an epitaxial method on the NbB2

surface,14,15 and the phonon dispersion curves of such

materials were obtained.16 Using the hot filament chemical
vapor deposition (HFCVD) method, Jafari et al.17 also
synthesized BC3 honeycomb sheets. Apart from BC3, other
2D B−C systems have also been reported in experiments.18

These successfully fabricated B−C sheets inspired the
exploration of new 2D B−C compounds both experimentally
and theoretically.
Besides B2C and BC3, many new types of stable or

metastable 2D B−C systems with various B−C stoichiometric
compositions have been reported.19,20 These boron carbides
with finite thicknesses are predicted to be nonmagnetic
semiconductors, semimetals, or metals. Among these struc-
tures, there are two families of 2D B4C3, which are two types of
B4C3 monolayers21,22 and one type of a sandwich-like B4C3

multilayer.20 Interestingly, the graphene-like BC monolayer
(having a honeycomb structure) is known as a surface-like
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layer of 3D B4C3 with some atomic reorganizations that
happened due to existing dangling bonds. Thus, some
unexpected bonding patterns such as planar hexacoordinate
B and planar tetracoordinate B/C appear in the interlayer.20

However, the multilayer is composed of two surface-like
monolayers and an interlayer domain that is a bulk-phase-like
layer. Hence, it can be considered a triple-layer system, with
two surface-like layers and a sandwiched bulk-like layer. The
triple layer also contains mixed bonding characters, specifically,
sp2- and sp3-hybridized B atoms, unconventional tetracoordi-
nate sp3, and nonplanar hexacoordinate C atoms. It is well
known that the bonding nature of bulk-phase B4C3 is simple
and it only contains a B−C bond. When bulk-phase B4C3
changes to low-dimensional B4C3, delocalized multicenter
bonding patterns occur due to atomic reorganizations, leading
to some unexpected planar high-coordinated B/C atoms.
Moreover, the B atom can also form B−B bonds in low-
dimensional B4C3. Combined with the conventional bonding
characteristics, the bonding patterns in 2D B4C3 are more
complex, and the enriched chemical bonding characteristics
give rise to the diverse configurations of 2D B4C3.
Meanwhile, it is very possible to construct new types of 2D

B4C3 structures by rational designing. Note that two families of
2D B4C3 that are a B4C3 monolayer21,22 and a sandwich-like
B4C3 triple layer20 are proposed previously. Logically, we are
heavily intrigued to know that whether there exist more 2D
B4C3 bilayer structures.
In this work, by performing structural designing and first-

principles calculations, we report the observation of a new
family of 2D B4C3 structures, that is, bonded 2D B4C3 bilayers.
It is revealed that the bonding structures formed in the
interface vastly reduced the energy, directly resulting in the
formation of bonded 2D B4C3 bilayers. Six different types of

bonded 2D B4C3 bilayers are found, classified by the bonding
characteristics. The phonon spectrum calculations and ab initio
molecular dynamics (AIMD) simulations demonstrate their
dynamic and thermal stabilities. The low formation energies
suggest the high possibility to realize them in experiments.
Moreover, it is found that their Young’s moduli are higher than
that of the monolayer,23 and the bonding characteristics enrich
the electronic characteristics. Thus, our findings suggest the
existence of bonded 2D B4C3 bilayer materials with unique
properties.

2. COMPUTATION METHODS

All of the computations were performed by the Vienna ab
initio simulation package (VASP) based on density functional
theory (DFT).24,25 The electron−ion interaction was
described by the projector augmented wave (PAW) method,26

and the exchange-correlation functional was adopted by the
Perdew−Burke−Ernzerhof generalized gradient approximation
(PBE-GGA) functional.27 The cutoff plane-wave kinetic energy
was set as 520 eV. The convergence of total energy for the self-
consistent wave function and the force between atoms was set
to 10−6 eV and 0.01 eV·Å−1, respectively. To avoid the
interaction between different layers, the vacuum thickness was
set as 20 Å along the c direction. The Brillouin zone sampling
was performed on Monkhorst−Pack meshes of 8 × 15 × 1 and
17 × 34 × 1 for structural optimization and electronic
structure calculations, respectively. The vdW-DF functional28

was adopted for the description of the van der Waals
interactions. Additionally, the phonon spectrum calculations
and ab initio molecular dynamics (AIMD) simulations were
employed to estimate the dynamic and thermal stabilities at
room temperature, respectively. The total simulation time was

Figure 1. Optimized geometric structures including the side view (upper) and top view (lower) of (a) B4C3-I, (b) B4C3-II, (c) B4C3-III, (d) B4C3-
IV, (e) B4C3-V, and (f) B4C3-VI. The red dash depicts the calculated unit cell, and the green and brown balls stand for the B and C atoms,
respectively.
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set to 21 ps with steps of 3 fs in the NVT ensemble for AIMD
simulations.
The formation energy (Ef) and cohesive energy (Ecoh) were

evaluated using the following formulas

E
E m n

m n( )f
t B Cμ μ

=
− −

+ (1)

E
mE nE E

m n( )coh
B C t=

+ −
+ (2)

where μB and μC are the chemical potentials of the α-B-sheet29

and graphene, respectively; Et is the total energy; EC and EB
represent the energy of a single C atom and a B atom,
respectively; and n and m represent the number of C and B
atoms.
The 2D Young’s moduli (Y2D) were evaluated using the

following formulas30
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where cxy represents elastic constants; and a and b represent
the direction of the crystal lattice, respectively.

3. RESULT AND DISCUSSION
3.1. Geometric Structure. We constructed many different

bilayer structures based on the unique structural and electronic
properties of the B4C3 monolayer.21,22 Meanwhile, the stacking
structures of two monolayers with distinct symmetries were
considered. We constructed 25 bilayer structures, and after
structural relaxations, we finally obtained six representative
bonded bilayer structures (see Figure 1, labeled as I to VI,
respectively) and nine vdW bilayer structures (see Figure S2).
Since these bonded bilayer structures are much more energy
favored than the vdW bilayer, we focus on the bonded bilayer
structures. As shown in Figure 1, each unit cell contains 28
atoms in total (16 B and 12 C atoms). The bonded bilayer is
different in the interface of the formed bond structures. It is
worth mentioning that they look like the sandwiched B4C3
triple layer, with some inner B atoms acting as the sandwiched
layer. Especially in B4C3-I, the inner B atom looks like an
additional embedded atom, and some B−B bonding forms
between them. Actually, we have not implanted any B or C
atoms. At the beginning of the structural relaxation, each of
them is a vdW bilayer system with different symmetries and
stacking structures. Doubtlessly, atomic reorganizations have
occurred due to the fact that the bonded bilayer is more
favorable than the vdW bilayer in energy. Subsequently, the
hybridization characteristics of some B atoms have changed,
making them move out of the plane and presented as the inner
atoms.
One can see that two types of B−B bonds are formed, the

paralleled one with a bond length of 1.70 Å in B4C3-I and the
vertical one with a bond length of 1.66 Å in B4C3-III. The bond
length values are close to the reported B monolayer (1.71 and
1.70 Å),29,31,32 suggesting that such bilayer structures are really
chemical-bonded systems. In other types of bilayer structures,
the two layers are connected together with B−C bonds. The
B−C bond lengths are found in the range from 1.56 to 1.68 Å,
which are close to the reported value in BC3 (1.58 Å),33

indicating a similar binding strength of the formed B−C
covalent bond.
Interestingly, the inner B in B4C3-V is four-coordinated and

the formed four B−C bond lengths are 1.68, 1.76, 1.76, and
1.75 Å. Generally, the bond length is consistent with the
hybridization types. As for traditional sp3 hybridization, the
four bonds should have a similar bond length. Noted that the
bond lengths for the four B−C bonds are very close to 1.7 Å,
which indicates an sp3 feature. For surface B, it adopts a three-
coordinated sp2 feature, and the formed three B−C bond
lengths are 1.54, 1.54, and 1.58 Å, which is also consistent with
the hybridization types. Apart from this, there are some other
unexpected bonding features such as hexacoordinate B and
planar tetracoordinate C found in this new family of 2D B4C3
systems.
The lattice constants, the thickness of the interlayer, the

formation energy, and the cohesive energy of the six bilayer
systems are summarized in Table 1. The calculated lattice
constants a and b in the B4C3 monolayer are 8.08 and 4.66 Å,
respectively.

As shown in Table S3, the lattice constants of bonded B4C3
bilayers are smaller (<2.9%) than that of the monolayer,
indicating the effects of atomic reorganizations on the lattice
constants. Meanwhile, the atomic reorganization induces the
thickness of the bilayer change in the range from 3.25 to 4.50
Å.

3.2. Stabilities. One can see in Table 1 that the lowest
formation energy is found in B4C3-IV (−0.083 eV per atom),
while the largest one is for B4C3-I (−0.055 eV per atom).
Anyway, the formation energies of such bilayer systems are less
than zero, indicating that they are energetically stable and are
possible to be obtained in experiments. For comparison, we
also calculated the formation energies of all of the considered
bonded bilayers using the energies of boron in the most stable
boron solid (Table S2), and the same conclusion is reached.
To evaluate the thermodynamic stability, we calculated the

cohesive energy. Table 1 shows that the cohesive energy is
about 6.659−6.687 eV per atom in this system. For
comparisons, we calculated the cohesive energy and formation
energy of the reported sandwich-like B4C3 triple layer,

20 B4C3
monolayer,21,22 and homogeneous vdW B4C3 bilayer (see
Figure S1). The obtained results are given in Table S1. One
can see that the cohesive energies of our B4C3 bilayers are close
to the reported B4C3 triple layer (6.707 eV) and are relatively
higher than those of the two types of B4C3 monolayer
structures (6.55 and 6.58 eV), suggesting the stability of our
system. Interestingly, the binding strength of bonded bilayers is
higher by 0.59−1.13% than that of the vdW bilayer. Such
differences suggest that the bonded bilayers are much easier to
be prepared than the vdW bilayer and the monolayer.

Table 1. Predicted Lattice Constants (a and b), Cohesive
Energy (Ecoh), Formation Energy (Ef), and the Thickness of
the Interlayer (d) of the Bonded B4C3 Bilayers

a (Å) b (Å) Ecoh (eV) Ef (eV) d (Å)

I 8.10 4.65 6.659 −0.055 3.93
II 8.05 4.66 6.682 −0.077 3.25
III 7.84 4.67 6.683 −0.078 3.26
IV 8.06 4.63 6.687 −0.083 4.50
V 8.06 4.63 6.683 −0.079 3.65
VI 8.01 4.68 6.676 −0.072 3.64
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To further evaluate the dynamic and thermal stabilities of
the new structures, we performed phonon spectrum calcu-
lations and AIMD simulations at 300 K, respectively. As an
example, we have shown the phonon band structure and
AIMD results of B4C3-II in Figure 2. One can see that there is
no imaginary frequency (IF) for B4C3-II, and the bonded
structure keeps very well after 21 ps MD simulations,
suggesting that B4C3-II can really exist and the structure is
stable at room temperature. For other systems, the results are
given in Figures S2 and S3. Except for B4C3-I, all of the
proposed structures are dynamically stable. Notably, the AIMD
results demonstrated that such structures are stable at 300 K
and thus suitable for applications at room temperature.
Meanwhile, the highest frequency of B4C3-II reaches 1311
cm−1, which is slightly lower than the frequency of BC3 (1500
cm−1)34 but much higher than that of B2C (1167 cm−1),35

indicating that strong B−B and B−C bonds are formed in the
bonded bilayer systems.
Interestingly, previous works have shown that in the B4C3

monolayer, the conduction band minimum (CBM) and the
valence band maximum (VBM) are mainly contributed by the
B and C atoms, respectively.21 Our finding demonstrated that
when two B4C3 monolayers are stacked together, the CBM of
one layer can fit exactly with the VBM of the other layer.
Electrons exchange between them and atomic recombinations
occur naturally, giving rise to the formation of some bonds at
the interface region and directly resulting in the bonded B4C3
bilayer with largely reduced energy (0.077−0.107 eV per
atom).
3.3. Mechanical Properties. For mechanical stability and

applications, we calculated the in-plane stiffness of each
bonded bilayer system. There are five nonzero 2D elastic
constants for the rectangle lattice, which are c11, c22, c66, c12, and
c21 (using the standard Voigt notation: 1 − xx, 2 − yy, 6 −
xy).30 As listed in Table 2, the elastic constants of each bonded

bilayer system meet the mechanical stability criterion,36 i.e.,
c11c22 − c12c21 > 0 and c66 > 0. For the structures connected by
B−C bonds, they possess relatively higher in-plane Young’s
moduli than those connected by B−B bonds. It is worth noting
that the calculated values of the in-plane Young’s moduli of
B4C3-II (B4C3-V) along the a- and b-axes are 382(401) and
417(388) GPa·nm, respectively, which are higher than those of
the B4C3 monolayer (356.8 GPa·nm)22 and graphene (340
GPa·nm,23 338 GPa·nm from our calculations). It is well
known that graphene is a very strong 2D material. This means
that such bonded 2D B4C3 bilayers can be used as thin-layer
materials, for instance, buffer layer protection materials in
nanomechanics. Meanwhile, it should also be noted that
Young’s moduli for B4C3-III and B4C3-VI along the a-axis are
around 100 GPa·nm smaller than those along the b-axis,
indicating a strong anisotropic mechanical property. Such
findings can enrich the growing anisotropic 2D materials.

3.4. Electronic Properties. The electronic properties of
each bilayer are calculated using the GGA-PBE method. The
obtained band structures and PDOS are plotted in Figure 3.
Interestingly, B4C3-I and B4C3-III exhibit metallic properties,
while the others are semiconductors. One can see in Figure
3a,c that there exist three well-delocalized bands crossing the
Fermi level. So many delocalized bands right at the Fermi level
result in high DOS at the Fermi level,37 demonstrating very
high conductivity and thus great applications in nano-
electronics. This can be well understood by the fact that
B4C3-I and B4C3-III contain B−B bonds at the interface region.
It is noted that B tends to form a multicenter bond to share
electrons. The formed B−B bonds are responsible for the high
conductivity of such two bilayer types. It also suggests that
creating some B−B bonds in other materials could be a perfect
strategy to obtain high conductivity characteristics.
To further understand the high conductivity, in Figure S4,

we have given out the partial charge distribution of the two
bilayer systems in a small energy window near the Fermi level
(blue region, as shown in Figure 3a,c). For B4C3-I, one can see
that the charge densities are distributed among each of the sp2-
hybridized C atoms and the B−B dimer region. For B4C3-III,
the charge densities are distributed among each C atom. It is
known that B is a deficient atom, it tends to form a multicenter
bond to share electrons. When the protruding B atom bonds
with its adjacent B atoms, it changes the hybridization type of
C atoms, which originally bond with the abovementioned sp3-
to sp2-hybridized B atoms, releasing some pz electrons, and
accordingly improves the number of electronic states at the
Fermi level. The increased delocalized bands right at the Fermi

Figure 2. Calculated phonon band structure (a) and AIMD results (b) for B4C3-II, and the inset shows the snapshot of B4C3-II at 21 ps.

Table 2. Calculated Elastic Constants (cij) and Young’s
Moduli (Ya and Yb) (Unit: GPa·nm)

c11 c22 c66 c12 Ya Yb

I 313 355 102 76 295 335
II 396 432 161 77 382 417
III 279 380 146 88 258 352
IV 340 383 181 63 329 371
V 415 402 178 74 401 388
VI 384 442 87 87 336 422
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level result in high DOS at the Fermi level, demonstrating the
high conductivity. Additionally, B4C3-I exhibits a magnetic
moment of 0.45 μB per unit cell, and the spin density is mainly
located at the sp2-hybridized C atoms and the B−B dimer
region (see Figure S5), suggesting potential applications in
spintronics.
For the other four types of bilayers, they are semiconductors

with a band gap in the range from 1.33 to 1.68 eV, suggesting

potential applications in photovoltaics. B4C3-V and B4C3-VI
are direct band gap semiconductors, and B4C3-II and B4C3-IV
are indirect band gap semiconductors. The main difference
between B4C3-II and B4C3-IV is that the CBM and the VBM of
B4C3-II are very close to the Γ position; thus, it is highly
possible to turn into a direct band gap semiconductor. For
each of them, the DOS shows clearly that the CBM and the

Figure 3. Calculated band structures and PDOS of (a) B4C3-I, (b) B4C3-II, (c) B4C3-III, (d) B4C3-IV, (e) B4C3-V, and (f) B4C3-VI. The black
dashed line represents the Fermi level.

Figure 4. Calculated deformation charge distribution including the side view (upper) and top view (lower) of (a) B4C3-I, (b) B4C3-II, (c) B4C3-III,
(d) B4C3-IV, (e) B4C3-V, and (f) B4C3-VI. The upper and down are the side view and top view, respectively. The isovalue is 0.13 eV Å−3. Blue and
yellow indicate charge reduction and accumulation, respectively.
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VBM are contributed by the coupled B 2pz and C 2pz
electrons, inducing the π bond nature.
Our above analysis indicates that the formed bond structures

at the interface play a decisive role in determining the stability
and properties of such a system. To further understand the
bond nature, we calculated the deformation charge density
Δρ(r) using Δρ(r) = ρ(r) − ∑μρatom(r − Rμ), where ρ(r) is
the total charge density and ∑μρatom(r − Rμ) stands for the
superposition of independent atomic charge densities. The
results are given in Figure 4. One can see that the charge
around the B atom is reduced, while the charge around the C
atom is accumulated. This is understandable by noting the
different electronegativities of C and B atoms. Also, there is a
large amount of charge accumulation between the B and C
atoms in the B−C layer, indicating a strong B−C covalent
bond in the plane. For the interlayer domain, charge
accumulations are found between the B−B dimers in B4C3-I
and B4C3-III, implying that a B−B covalent bond is formed
exactly.

4. CONCLUSIONS
In summary, we predict the existence of bonded 2D B4C3
bilayers. The structures, stability, and electronic and
mechanical properties are evaluated using the first-principles
methods. The main findings are as follows (1) The bonded 2D
B4C3 bilayer is a new type of 2D B4C3 structure. (2) Six types
of bilayer systems featured by the bond structures at the
interface region are found. (3) Stabilities are verified by
phonon spectrum calculations and ab initio molecular
dynamics simulations at room temperature. (4) Two types of
bilayers (B4C3-I and B4C3-III) contain some B−B dimer
structures, and they are metallic materials with high
conductivity. The other types are semiconductors with a
band gap suitable for photovoltaic applications. (5) B4C3-II
and B4C3-V possess ultrastrong in-plane stiffness, which is
more extensive than graphene. B4C3-III and B4C3-VI show a
strong anisotropic mechanical property along with the axial
directions. (6) The formed bonding structures at the interface
region play a decisive role in determining the properties of
such a system.
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