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Abstract

As the closest isoelectronic analogue of carbon, boron nitride (BN) shares a similar structure
with carbon from 1D nanotubes, 2D nanosheets, and 3D diamond structures. However, most
BN structures are insulators, which limits their application. In this work, under the inspiration
of the sp2 hybridized carbon honeycomb, we propose a hexagonal phase of BN consisting of
only sp2 bonds, which exhibits intriguingly intrinsic metallicity. First-principles calculations
confirm that this phase is both thermally and dynamically stable. Moreover, the calculations
on the band structure, partial density states and electron localization function suggest that the
metallic behavior is attributable to the delocalized B-2p electrons, leading to second-neighbor
interaction between the pz states of sp2-bonded B atoms in adjacent layers. Our findings not
only enrich the BN allotrope family with 3D structures but also stimulate further experimental
interest in applications of metallic BN in electronic devices.
Keywords: boron nitride, stability, metallicity, DFT calculations
(Some figures may appear in colour only in the online journal)

1. Introduction

B30N30 bucky balls, O-BN, Z-BN, P-BN, Pct-BN, H18-BN
and Rh6-BN [14–19]. However, without exception all these
BN allotropes are insulators, resulting in limitations to the
application of BN in electronic devices so far. Therefore,
band gap control of BN has been widely investigated. Zhang
et al reported that the energy gap of BN nanoribbons can
be completely eliminated by a transverse electric field, and
that the critical field decreases with increasing ribbon width
[20]. Lopez-Bezanilla et al introduced O and S atoms into
zigzag BN nanoribbons and observed metallic behavior [21].
However, 3D structures are preferable to 2D nanoribbons in
practical applications. To break this limitation, Zhang et al
proposed a tetragonal phase of BN consisting of a mixed sp2
and sp3 bonding network named T-B3N3 [22]. The results
of first-principles calculations show that T-B3N3 displays
intriguing metallic properties. Moreover, it was confirmed
to be both energetically and dynamically stable. T-B3N3 is
the first reported 3D BN structure that can display intrinsic

Over the last few decades, various new allotropes of carbon
such as fullerenes, graphene and carbon nanotubes have
attracted increasing attention as new functional materials
[1–5]. As an analog of carbon, boron nitride (BN) also has
a variety of allotropic structures, including one-dimensional
(1D) BN nanotubes, two-dimensional (2D) BN nanosheets and
monolayer hexagonal BN known as white graphene with sp2
bonding, and three-dimensional (3D) diamond structures with
sp3 bonding [6–10]. In spite of structural similarity, BN- and
carbon-based materials show drastically different mechanical,
thermal, optical and electronic properties [11–13]. The excellent properties of these BN nanostructures make them potential materials in harsh environments such as high temperature
and high pressures. In addition to the common BN allotropes
mentioned, more novel BN crystals have been fabricated or
predicted by experimental or theoretical methods, such as
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Figure 1. Atomic structures of (a) HCBN-1 and (b) HCBN-2 in which the black lines show the top view of the primitive cells. The side
views of the primitive cells of HCBN-1 and HCBN-2 are shown in (c) and (d), respectively. Here, the B and N atoms in the different
Wyckoff positions are numbered.

cells shown in figures 1(c) and (d), respectively. In recently
reported works, there are some other BN structures also made
of linked h-BN nanoribbons, which are similar to the HCBNn. However, in contrast to other structures containing sp2 and
sp3 hybridization, only sp2 bonded atoms exist in the present
HCBN-n structures [22, 25]. In this study, we mainly considered HCBN-1 and HCBN-2 structures. As a comparative
study, cubic BN (c-BN) and h-BN are also calculated since
they are the most popular BN allotropes.
The calculations were carried out by using a first-principles
methods based on the density functional theory (DFT) as
implemented in the Vienna ab initio simulation package
[26], with projector augmented wave potentials [27]. The
kinetic energy cutoff for the plane-wave basis set was chosen
to be 600 eV. The exchange-correlation of electrons was
treated by the generalized gradient approximation (GGA) in
the form of a Perdew–Burke–Enzelhof functional [28]. The
crystal structures were optimized by using the conjugate
gradient method, in which the convergence for total energy
and interatomic force was set to be 10‒6 eV and 10‒3 eV
Å‒1, respectively. These choices ensured that all the enthalpy
calculations converged well to less than 1 meV atom−1. The
k-point meshes 9  ×  9  ×  25 and 5  ×  5  ×  25 were used for
the Brillouin zone integration of HCBN-1 and HCBN-2,
respectively.
Based on the optimized structures, we calculated the elastic
constants of HCBNs using the strain–stress method. For hexagonal phase structures, there are six independent elastic constants: C11, C12, C13, C33, C44 and C66. The bulk modulus was
then derived from the Voigt–Reuss–Hill averaging scheme
[29]. The phonon frequencies for HCBNs were calculated
by using the direct supercell method, which uses the forces
obtained by the Hellmann–Feynman theorem calculated from
the supercell [30]. Phonon spectra were then obtained by diagonalizing the dynamical matrix using the Phonopy package
[31].

metallicity. Their findings give a new insight into the understanding of BN materials. However, to the best of our knowledge, T-B3N3 has not been synthesized experimentally.
Recently, a new kind of 3D carbon allotrope, named
carbon honeycomb (CHC), has been synthesized [23]. The
experimental results show that these carbon allotropes display
high levels of physical absorption of various gases. Using the
inspiration of CHC, we propose honeycomb BN (HCBN),
a hexagonal BN structure containing only sp2 bonds with
intrinsic metallicity. In this paper, first-principle calculations
are carried out to clarify the fundamental properties of HCBN.
Firstly, the thermodynamic, mechanical and dynamical stability are confirmed with respect to calculating the cohesive
energies, elastic constants and phonon dispersion. Secondly,
the electronic properties are studied by using the calculations
on the band structures, partial density of states and electron
localization function (ELF). It is found that the metallicity of
HCBN is mainly ascribed to the delocalized B-2p electrons.
Since the HCBN allotropes have porous structures with low
density and large surface area per unit mass, they may also
have potential application in hydrogen storage [24].
2. Model and methods
The suggested novel structures consist of single-layer hexagonal-BN (h-BN) nanoribbons. As shown in figure 1, every
three adjacent nanoribbons are linked together by a junction
of sp2-bonded N or B atoms, and each of them meets with
the other at an angle of 120°, forming a three-wing shape.
At the junctions, these nanoribbons are all connected at the
boundary forming periodic HCBN structures. This family of
BN allotropes is named after HCBN-n, where n is the width of
the h-BN nanoribbons, denoted by the number of zigzag lines.
In figures 1(a) and (b), we present a perspective view of the
bulk structure of HCBN-1 and HCBN-2, with their primitive
2
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Table 1. Lattice parameters, densities, cohesive energies and bulk

C12  =  177.3, C13  =  84.3, C33  =  511.9, C44  =  42.3, and
C66  =  33.4. Obviously, they satisfy the mechanical stability
criteria, which indicate the mechanical stability of HCBN-1.
Based on the elastic constants, we also obtained its bulk
moduli to be B0  =  188 GPa. The open porous structures of
the HCBNs lead to low densities, even lower than h-BN layer
structures. Although the B0 value for HCBN-1 is much smaller
than that of the c-BN, it is also higher than the bulk moduli
of steels (~160 GPa). Evidently, the HCBN-1 is mechanically
rather stable with respect to the bulk moduli.
The phonon dispersion plays a central role in determining
the stability of a structure. The appearance of imaginary frequencies in phonon dispersion curves represents a dynamical
instability. Therefore, we calculated the phonon dispersion
to ensure the dynamical stability of the HCBN-1 structure.
As shown in figure 2(a), the soft modes in the Brillouin zone
indicate that this structure reaches a minimum on the potential
energy surface. Since no imaginary frequency can be found in
the whole spectrum, this indicates a well-converged structure.
Therefore, the HCBN-1 structure is confirmed to be dynamically stable.
The electronic structure of the ground state is significant in
understanding the physical properties and the behavior of mat
erials. In order to explore the electronic properties of HCBN-1,
we have calculated its electronic band structure, as shown in
figure 3(a). It can be observed that two partially occupied bands
cross the Fermi level, the 16th band in the vicinity of the point
A and the 17th band in the vicinity of the points K and M from
the bottom. There is no energy band gap at the Fermi level,
which indicates that HCBN-1 is metallic. In order to investigate the dominant factor leading to metallicity, we calculated
the partial density of states (PDOS) of two groups of chemically
nonequivalent atoms in a primitive cell. The PDOS profiles in
figure 3(b) suggest that states near the Fermi level are mainly pz
orbitals on the N1 and B1 atoms, corresponding to the 16th and
17th bands, respectively. The contributions from s, px and py
orbitals of N1 and B1 atoms and all orbitals of N2 and B2 atoms
are negligible. We also performed a Bader charge analysis to
understand the charge transfer between these atoms. The results
are listed in table 2. It can be observed that charge transferred
from B2 atoms to neighboring N atoms is more than that from
B1 atoms, and N1 atoms obtain less charge than N2 atoms. This
suggests that electrons in B1 and N1 atoms are more delocalized than those in B2 and N2 atoms.
In order to further investigate the two occupied bands that
cross the Fermi level, the band decomposed charge densities
are plotted in figure 4. From figure 4(a), it can be seen that
the charge density of the 16th band is mainly contributed by
the N1 atoms, while in figure 4(b), the charge density of the
17th band is contributed by the B1 atoms. Hence, the results
obtained from calculations of band decomposed charge densities are consistent with previous results based on the PDOS
calculations. More interestingly, as shown in figure 4(b), the
charge density around a B1 atom overlaps with those of other
two most neighboring B1 atoms, forming a cylinder-shaped
distribution. Therefore, a conducting channel along the (0 0 1)
crystal line is formed by the delocalized electrons of B1 atoms
between two neighboring layers.

moduli for HCBN-n (n  =  1–3), c-BN and h-BN.

HCBN-1
HCBN-2
HCBN-3
c-BN

h-BN

ρ (g
cm−3)

Ecoh
(eV)

B0
(GPa)

6.40, 2.51
10.17, 2.51
13.98, 2.51
3.624
3.625
3.615

1.85
1.28
0.97
3.48

6.57
6.74
6.82
6.93

188
131
100
374
376
400

2.512, 7.68
2.511, 7.852
2.494, 6.66

1.96

7.01

51
13
37

Method

a, c (Å)

GGA
GGA
GGA
GGA
GGA [25]
Experiment
[11]
GGA
GGA [17]
Experiment
[11, 32]

3. Results and discussion
The structural properties of HCBN-n are shown in table 1. For
comparison, the corresponding properties of c-BN and h-BN
are also illustrated. The HCBN-1 structure has a hexagonal
primitive cell (space group P6m2, no 187) with optimized lattice parameters a  =  b  =  6.40 Å and c  =  2.51 Å. In the cell,
there are two groups of chemically nonequivalent atoms,
labeled as (N1, N2) and (B1, B2) in figure 1(c). The N1 and
B1 atoms are also referred to as junction atoms. The bond
lengths between these four atoms are obtained as 1.475 Å,
1.450 Å and 1.494 Å, respectively, which are comparable with
the h-BN sp2 bond lengths (1.45 Å) but shorter than that in sp3
bonded c-BN (1.57 Å).
Firstly, we investigated the thermodynamic stability of
HCBNs with respect to their cohesive energies. As one of
the most important parameters for measuring the thermodynamic stability, the cohesive energy is defined as ntotalEcoh  =  E(BN)  −  nBE(B)  −  nNE(N), where E(BN) is the total
energy of the BN-based material, nB (nN) is the number of B
(N) atoms in the unit cell, and E[B/N] is the total energy of a
single B/N atom in its pure elementary form. The calculated
results are summarized in table 1, where the data for h-BN
and c-BN are also listed. We find that the cohesive energy Ecoh
of HCBN-1 is the smallest, being 0.36 eV smaller than c-BN
and 0.44 eV smaller than h-BN. However, the energy difference decreases with the increase in the honeycomb crosssection. For HCBN-3, the cohesive energy is 0.11 eV smaller
than c-BN. The cohesive energies indicate that the HCBNs are
almost as stable as other stable allotropes of BN.
To determine the mechanical and dynamical stability of
HCBN-1, we calculated its elastic constants and phonon dispersion curves. The elastic constants can measure the structural response to external strain. The mechanical stability
requires the strain energy to be positive, which indicates that
all elastic constants Cij should satisfy the Born–Huang criteria [33]. For hexagonal phase structures, the independent
elastic stiffness tensor can be reduced to six components of
C11, C12, C13, C33, C44, and C66, and the mechanical stability
criteria is given by C44  >  0, C11  >  |C12|, and (C11  +  2C12)
2
C33  >  2C13
[34]. In our results, the calculated six independent
elastic constants (GPa) of HCBN-1 are given as C11  =  244.2,
3
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Figure 2. Phonon dispersions of (a) HCBN-1 and (b) HCBN-2 structures. The high symmetry point path in the Brillouin zone is chosen as:
Γ (0, 0, 0)  →  A (0, 0, 1/2)  →  H (−1/3, 2/3, 0.5)  →  K (−1/3, 2/3, 0)  →  Γ (0, 0, 0)  →  M (0, 0.5, 0)  →  L (0, 0.5, 0.5)  →  H (−1/3, 2/3, 0.5).

Figure 3. Electronic structure of HCBN-1. (a) Band structure and (b) PDOS of N1 and B1 atoms in HCBN-1. The Fermi level is set to zero
and denoted by a dashed line. The units of PDOS are arbitrary.

The ELF is also a useful tool for revealing electron delocalization behavior in real space. The value of the ELF is
normalized to range between 0 and 1. The case of ELF  =  0
corresponds to a vacuum or very low charge density, ELF  =  1
refers to a fully localized electron, while the case of ELF  =  0.5
indicates a fully delocalized free electron gas. To better visualize the electron delocalization character, we calculated the
ELF of HCBN-1. In figure 5, we display the EFL results
from the view of a slice parallel to the (1, −1, 0) crystal face
crossing the B1 atoms. The reference bar for the ELF value
is given at the bottom. It can be observed that the electrons
near the B1 atoms are delocalized and form a cylinder-shaped
conducting channel, which is consistent with the results mention above. The ELF value in the region near and between B1
atoms is close to 0.5. As previous works on the ELF of the
compounds (CrB2)nCrAl have suggested [35], this confirms
the existence of delocalization around B1 atoms. Therefore,
this further validates that the metallicity is generated by the
delocalized states owing to the special crystal structures of
HCBN-1.
As shown in figure 1(b), compared to the HCBN-1,
the HCBN-2 has a larger hexagonal structure (space group
P6m2, no 176). The lattice parameters are optimized to be
a  =  b  =  10.17 Å and c  =  2.51 Å. The cohesive energy of

Table 2. Bader charge and volume of two groups of atoms in a

primitive cell of HCBN-1.
Atom

Charge (e)

Volume (Å3)

N1
N2
B1
B2

7.10
7.23
0.89
0.77

13.99
20.79
2.38
2.69

HCBN-2 is calculated to be 6.74 eV, which is 0.17 eV higher
than that of HCBN-1 and 0.19 eV lower than that of c-BN.
The phonon dispersion curves of HCBN-2 are calculated
and shown in figure 2(b), with no imaginary frequencies
throughout the entire Brillouin zone, indicating that HCBN-2
is also dynamically stable. The six independent elastic constants of HCBN-2 are given as C11  =  143.9, C12  =  130.5,
C13  =  52.3, C33  =  424.4, C44  =  27.6, and C66  =  67.6. The
bulk modulus is then obtained to be 131 GPa. They obviously
satisfy the mechanical stability criteria to verify that the structure is mechanically stable at ambient conditions.
The electronic band structure and ELF of HCBN-2 are
given in figures 6 and 7, respectively. The energy gap between
the minimum of the conduction band and the maximum of the
valance band is 0.01 eV, confirming that the HCBN-2 structure
4
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Figure 4. The band decomposed charge density distribution of (a) the 16th band and (b) the 17th band of HCBN-1 from the bottom. The
isosurface level of the electron density is set to 0.025 e Å−3.

Figure 5. The ELF of HCBN-1, viewed from the [1 ‒1 0] direction.

Figure 6. Electronic band structure of HCBN-2. The Fermi level is
set to zero and denoted by a dashed line.

also shows metallic properties. These results are similar to
previous works on the electronic properties of single wall
carbon nanotubes (SWCNTs). Deshpande et al first found that
metallic armchair SWCNTs have a band gap of 0.01–0.10 eV
[36]. Qiu et al studied the uniaxial strain on the electronic
properties of 20BN@CNT and found that the 3% compressive strain can reduce the band gap from 0.27 eV to 0.01 eV,
leading to the transition from semiconductor to metal [37]. As
shown in figure 7, in the regions near B1 atoms, the ELF value
is close to 0.5, suggesting the existence of electron delocalization. The cylinder-shaped conducting channel formed by these
delocalized electrons is clearly observed from the view of a
slice parallel to the (1, −1, 0) crystal face of HCBN-2, as also
observed in HCBN-1. To further understand this character, we
focus on the bonding properties of B1 atoms, in other words,
the junction B atoms. The B1 atoms and three neighboring
N atoms form a trident flat parallel to the x–y plane with sp2
hybridization, leading to the pz orbitals unhybridized perpend
icular to the x–y plane. The distance between two nearestneighbor B1 atoms is 2.43 Å, which is much shorter than
that in 2D h-BN structures. The shorter distance enhances
the second-neighbor interaction between the pz states of sp2bonded B1 atoms in adjacent layers parallel to the x–y plane
crossing the B1 atoms. This induces electron delocalization in
the region near B1 atoms and then leads to metallicity.
As discussed above, the new 3D BN structures can display intrinsic metallicity without exceptional electric field
or foreign atoms. This particular metallic property makes

it a potential candidate material for applications in the field
of electronic devices. To provide more characterization for
possible experimental observation, we also conducted simulation on the x-ray diffraction (XRD) spectrum of c-BN,
h-BN, HCBN-1 and HCBN-2 with a wavelength of 1.54 Å.
As shown in figure 8, the characteristic peaks of c-BN are
located at 2θ  =  43.4° and 74.3°, while the most intense peak
of h-BN is located at 2θ  =  26.7°. It can also be obviously
found that HCBN-1 possesses three main peaks with the
most intense one at 2θ  =  16.7°, and the other two peaks at
2θ  =  33.7° and 40.9°. For HCBN-2, the most intense peak is
located at 2θ  =  10.0°, together with other characteristic peaks
at 17.4°, 20.2°, 26.8° and 37.2°, respectively. The simulated
results of XRD spectra are anticipated to be helpful in distinguishing HCBN-1 and HCBN-2 structures in future experiments. To synthesize this new phase of BN experimentally,
it is worth referring to the recently successful synthesis of
carbon honeycomb [23], a new type of 3D carbon allotrope
with similar crystal structures of HCBN. In addition, exper
imentalists may refer to previous works on the synthesis of
BN nanotubes and BN nanosheets, using borazine (B3N3H6)
as a precursor [38, 39]. Moreover, the synthetic procedure
for molecular structures has been reported recently by Ayme
et al [40]. Therefore, we expect that the new phase of BN can
be achieved by using borazine and hope that the predicted
intriguing metallic property of the new BN structures can
attract experimental interest.
5
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expect that HCBNs could also be useful for energy carriers
such as hydrogen storage.
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