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Based on the first-principles method, we predict two new stable BN allotropes: C12-BN and O16-BN, which belong
to cubic and orthorhombic crystal systems, respectively. It is confirmed that both the phases are thermally and dynamically
stable. The results of molecular dynamics simulations suggest that both the BN phases are highly stable even at high
temperatures of 1000 K. In the case of mechanical properties, C12-BN has a bulk modulus of 359 GPa and a hardness
of 43.4 GPa, making it a novel superhard material with potential technological and industrial applications. Electronic
band calculations reveal that both C12-BN and O16-BN are insulators with direct band gaps of 3.02 eV and 3.54 eV,
respectively. The XRD spectra of C12-BN and O16-BN are also simulated to provide more information for possible
experimental observation. Our findings enrich the BN allotrope family and are expected to stimulate further experimental

interest.
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1. Introduction

As the chemical analogue of carbon, novel boron ni-
tride (BN) allotropes have attracted extensive theoretical and
experimental attentions for their fascinating properties. BN
shares similar structures with carbon from zero-dimensional
(0D) buckyball,?! one-dimensional (1D) nanotubes and

341 two-dimensional (2D) nanosheets,®! to

nanoribbons, [
three-dimensional (3D) crystalline or amorphous BN.[®! For
the 3D crystalline structures, BN allotropes can be mainly di-
vided into two groups. One group includes diamond-like c-
BN and w-BN constituting the sp> bonding network,”! while
the other one is graphite-like h-BN and r-BN containing only
sp” bonds. It is generally recognized that c-BN is a thermo-
dynamically stable phase under ambient conditions and h-BN
becomes stable at much higher temperature over 1200 K. In
spite of the structural similarity between BN and carbon, their
physical and chemical properties are thoroughly different be-
cause of the ionic character in B-N bonding. Due to the differ-
ence in electronegativity, N and B atoms form strongly polar-
ized covalent bonds, leading their BN compounds to fascinat-
ing mechanical®! and thermal™®! properties and excellent tol-
erance under extremely harsh environment such as high tem-
perature and high pressures.

The similarity in structure with diverse properties com-
pared to carbon materials has attracted intensive experimental
and theoretical attentions to explore more novel BN structures.

fCorresponding author. E-mail: wang_h@cauc.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd
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Recently, based on the concept that all the carbon allotropes
predicted previously may have one-to-one counterparts in BN
allotropes, a lot of novel BN structures have been proposed
and studied, such as bct-BN, Z-BN, M-BN, P-BN, H;s-BN,
Rh6-BN, O-BN, T-B3N3, and HCBN, %161 corresponding to
Bct-C4, Z-carbon, M-carbon, P-carbon, H;g carbon, Rh6 car-
bon, 0C32 carbon, T6 carbon, and CHC,!'7-2%] respectively. In
addition, there are some other novel carbon and BN structures,
such as tP4o carbon, C48 carbon and B4Ny.[?-281 Among
those BN allotropes, Z-BN and O-BN are confirmed to be
novel superhard materials owing to the high bulk modulus and
Vickers hardness, based on the first-principles calculations.
One of these materials, i.e., T-B3N3, proposed by Zhang et
al., is the first reported 3D BN structure with intrinsic metal-
licity. It is a tetragonal phase consisting of a mixed sp> and
sp3 bonding network. Another BN structure, i.e., HCBN, a
hexagonal phase containing only sp> bonds, is also predicted
to exhibit intriguingly intrinsic metallicity in succession. In
addition, Xiong er al. proposed an sp> and sp’-hybridized
metallic monoclinic 3D BN structure, which is confirmed to
be the most energetically favorable structure among the pre-
viously predicted metallic BN structures./?’! However, to the
best of our knowledge, most of the BN allotropes and their car-
bon counterparts have not been synthesized experimentally.
Recent shock compression experiments of polycrystalline
graphite produced obvious evidence of a new carbon phase.
Li et al. have theoretically confirmed it to be a body-centered
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cubic carbon phase termed BC12.13%) Wang er al. identified
a novel topological semimetal carbon phase termed bco-C¢
in all sp? bonding networks by ab initio calculations.!) The
simulated x-ray diffraction spectrum matches well with the
measured XRD spectra of detonation and chimney soot, in-
dicating the presence of bco-Cig in the specimen. Under the
inspiration of BC12 and bco-C¢ carbon, we propose two new
BN allotropes termed C12-BN and O16-BN, which are anal-
ogous to the recently reported BC12 and bco-C¢ carbon, re-
spectively. In this paper, first-principles calculations are con-
ducted to illustrate the physical properties of C12-BN and
016-BN. Firstly, the energetic and dynamical stability are con-
firmed with respect to the volume-dependence of total energy
per atom, cohesive energy and phonon dispersion. Secondly,
the mechanical properties are studied based on the calculations
of the elastic constants. The Vickers hardness of C12-BN is
obtained to be 43.4 GPa, indicating that it is a superhard ma-
terial. The mechanical properties of O16-BN are relatively
poor. However, O16-BN has low density and porous structure,
which leads to potential applications in adsorption materials,
e.g., hydrogen storage. In addition, the analysis of electronic
properties reveals that both C12-BN and O16-BN are insula-
tors with direct band gaps of 3.02 and 3.54 eV, respectively.
Their XRD spectra are also provided for further experimental
identification.

2. Computational methods

The structural optimization and properties of two new
BN allotropes are calculated using the density functional the-
ory (DFT) as implemented in the Vienna ab initio simulation
package (VASP),3?! with projector augmented wave (PAW)
potentials. 33! The exchange—correlation of electrons is treated

within the generalized gradient approximation (GGA) in the
form of Perdew—Burke—-Enzelhof (PBE) functional.’**! Plane
waves with kinetic energy cutoff of 600 eV are adopted to ex-
pand the wave function of valence electrons (2s>2p! for B and
2522p° for N). The crystal structures are optimized using the
conjugate gradient method, in which the convergence criteria
for the electronic and the ionic relaxation are set to 10~ eV
and 107> eV/A for energy and force, respectively. These
choices ensure that all the enthalpy calculations are well con-
verged to less than 1 meV/atom. The Brillouin zone sample
meshes for all mentioned systems are set to be dense enough
(9 x9 %9 for c-BN, 19 x 19 x 9 for h-BN, 11 x 11 x 11 for
BC8-BN, 9 x9 x 9 for C12-BN, and 7 x 11 x 17 for O16-BN).
The energetic and thermodynamic stabilities of these BN al-
lotropes can be evaluated by comparing their total energies and
cohesive energies. Based on these optimized structures, we
calculate their elastic constants using the strain-stress method.
The bulk modulus, shear modulus and Vickers hardness are
then derived from the Voigt—Reuss—Hill averaging scheme. 3!
The phonon frequencies for C12-BN and O16-BN are calcu-
lated using the direct supercell method, which uses the forces
obtained by the Hellmann—Feynman theorem implemented in
the supercell. Phonon spectra calculations are then carried
out by diagonalizing the dynamical matrix using the Phonopy
package.!?®! Electronic band structures are calculated using
the Heyd—Scuseria—Ernzerhof hybrid functional (HSE06).137]

3. Results and discussion

As shown in Table 1, we first present the structural char-
acters of the two new BN phases. The crystal structure of C12-
BN belongs to the 143d space group.

Table 1. The calculated lattice parameters a, b, and c, density (p), cohesive energies (E.qp), bulk modulus (B), shear modulus (G) and Vickers

hardness (Hy) for C12-BN, O16-BN, BC8-BN, c-BN and h-BN.

Phase Space group Method Lattice parameters (A) p (g/cm3) E.on (eV) B (GPa) G (GPa) H, (GPa)
CI12-BN 143d GGA a=5238 3.44 6.23 359 303 434
016-BN Ima2 GGA a=4.939, b =3.256, 2.55 6.78 183 122 17.6
c=8.040
BC8-BN Pa3 GGA a=4.552 3.49 6.31 305 348 68.6
LDA[3I a=4.495 3.63
¢-BN Fi3m GGA a=3.624 3.48 6.93 374 383 63.7
GGAPI a=3.625 3.46 376
LDADSI a=3.583 3.58 403
Expt!®! a=3.615 400
h-BN P63/mmc GGA a=2.512,b="7.650 2.28 7.01 130 88.9 14.7
GGAl21 a=2511,b=7.852
LDA[3I a=2.489, b=6.501 2.39 145
Expt[40] a=12.494, b = 6.660

In cubic representation depicted in Fig. 1(a), its equilib-
rium lattice constant derived from GGA is a = 5.238 A with
N atoms occupying 12b (0.5, 0.25, 0.125) and B atoms oc-
cupying 12a (0.75, 0.125, 0) Wyckoff positions. Figure 1(b)
shows the primitive unit cell of C12-BN, in which there are

12 atoms with lattice parameters optimized to be a = 4.536 A,
a =B =y=109.47°. All the B-N bonds in C12-BN are sp?
bonded and have equal length of 1.604 A, which is slightly
larger than that of diamond-like c-BN (1.570 A). However,
there are two kinds of bond angels, i.e., 131.81° and 99.59°
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in C12-BN, which are also found in a body centered cubic
phase BC8-BN as 115.74° and 102.09°, respectively. The
new orthorhombic phase O16-BN belongs to the Ima2 space
group. At zero pressure, its equilibrium lattice constants are
a=4939 A, b=3.256 A and ¢ = 8.040 A. There are 16
atoms in the orthorhombic unit cell of O16-BN, in which two
nonequivalent N atoms occupy the 4a (0.0, 0.0, —0.4096)
and 4b (0.25, —0.6259, —0.1757), and two nonequivalent B
atoms occupy the 4a (0.0, 0.0, —0.5882) and 4b (0.25, 0.1256,
—0.3265) Wyckoff positions. As shown in Fig. 1(d), only sp?
configuration exists in the O16-BN structure, which is dif-
ferent from the all sp> B-N bonding characters in C12-BN.
There are four inequivalent bonds in O16-BN, with their bond
lengths of 1.457 A, 1.463 A, 1.480 A, and 1.436 A, respec-
tively. The average bond length is 1.459 A, which is compara-
ble with the sp? bond length in h-BN (1.45 A).

Fig. 1. (a) The cubic crystal structure of C12-BN in /43d symmetry. (b)
The primitive cell of C12-BN containing twelve atoms. (c) A hexagonal
representation of C12-BN. (d) The orthorhombic unit cell of O16-BN.

To understand the energetic stabilities of C12-BN and
016-BN, we calculated their total energies as a function of
volume using the GGA scheme. Figure 2 shows the calcu-
lated total energy per atom versus its volume for C12-BN
and O16-BN, together with those of other reported BN al-
lotropes. It is interesting to see that the E-V curve of C12-
BN is very close to that of BC8-BN, and the equilibrium vol-
ume per atom is comparable with that of sp> bonded c-BN
and BC8-BN. Further, we can see that C12-BN is more stable
than M-BN. Therefore, the C12-BN phase is almost as stable
as BC8-BN. However, it can be obviously found that O16-
BN is less stable than the most three stable phases of c-BN,
h-BN and Z-BN, but more stable than other BN structures.
The equilibrium volume is larger than that of c-BN and closer
to that of h-BN, which is reasonable due to the sp2 bonding
characters in O16-BN. To further investigate the thermody-
namic stabilities of C12-BN and O16-BN, we calculate their

cohesive energies, which are the main parameters to measure
thermodynamic stability. The cohesive energy is defined as
Econ = [E(BN) —ngE(B) — nNE(N)] /Ao, where E(BN) is
the total energy of the unit cell of BN structure, n(g/y) is the
number of B/N atoms in the unit cell, and E(B/N) is the en-
ergy of a single pure B/N atom. The results are summarized in
Table 1, with those of c-BN, h-BN and BC8-BN also provided
for comparison. The cohesive energy of C12-BN is obtained
to be 6.23 eV, being only 0.08 eV slightly less than BC8-BN.
For O16-BN, the cohesive energy is 0.47 eV larger than BCS8-
BN and 0.15 eV less than c-BN. Therefore, both the results of
total energy and the cohesive energy indicate that C12-BN and
016-BN have similar stabilities as other stable BN allotropes
reported before.
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Fig. 2. Total energies as a function of volume per atom for C12-BN and
016-BN in comparison with other reported BN structures.

The phonon dispersion plays an important role in exam-
ining the dynamical stability of a structure. The appearance of
imaginary frequencies in the phonon dispersion spectra leads
to unstable structures. Therefore, we examined the dynamical
stability of C12-BN and O16-BN by calculating their phonon
dispersion curves at zero pressure. As shown in Fig. 3, no
imaginary frequencies were observed throughout the whole
Brillouin zone, confirming the dynamical stabilities of both
C12-BN and O16-BN.
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Fig. 3. Calculated phonon band structures of C12-BN (a) and O16-BN
(b) at zero pressure.
In order to investigate the mechanical stabilities and prop-
erties of C12-BN and O16-BN, we calculate their elastic con-
stants C;;. To ensure mechanical stability, all elastic con-

stants should satisfy the well-known Born—Huang stability
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criteria. As a cubic crystal, the three independent elastic
constants (Cj; = 725.4 GPa, Cjp = 176.7 GPa and Cyy =
322.8 GPa) of C12-BN satisfy the stability criteria (Cy; > 0,
Cy4 > 0, Cy1 > |Cy2| and Cyy + 2Cyp > 0), suggesting that
the C12-BN phase is mechanically stable. For orthorhom-
bic phase structures, the mechanical stability criteria is given
by Ci1>0,Cn>0,C33 >0, Cqq >0, Cs55 >0, Cg > 0,
C11+Cn+C33+2(C124+Ci13+Ca3) >0,C11+Crp—2C12 >0,
C11+C33 —2C13 > 0, Cyp + C33 — 2Cp3 > 0. In our results, the
calculated nine independent elastic constants for O16-BN are
given as C1; = 624.7 GPa, Cy; = 789.4 GPa, C33 = 107.0 GPa,
C44 =171.5 GPa, C55 =73.1 GPa, C66 = 277.7 GPa, C12 =
231.6 GPa, C3 = 131.2 GPa, and Cp3 = 61.9 GPa. Obvi-
ously, they satisfy the mechanical stability criteria. Based
on the elastic constants, we can also evaluate the bulk mod-
ulus (B), shear modulus (G) and Vickers hardness (H, ), where
H, = 2(G?/B?)%3% — 3. As for the C12-BN phase, it is ob-
tained that B = 359 GPa, which is slightly lower than that of c-
BN (376 GPa) and higher than that of BC8-BN and h-BN. The
value of Vickers hardness is 43.4 GPa, indicating that C12-
BN is a potential superhard material (H, > 40 GPa). Although
the bulk modulus and Vickers hardness of O16-BN are lower
than those BN allotropes consisting of sp> bonds, they are still
higher than that of h-BN. Due to the low density and porous
structure, O16-BN may have potential applications in adsorp-
tion materials.
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Fig. 4. MD simulations on the potential energy fluctuations of (a) C12-
BN and (b) O16-BN at 1000 K. Insets show the crystal structures at
certain time steps.

The thermal stabilities of C12-BN and O16-BN are exam-
ined by means of MD (molecular dynamics) simulations with

the NVT ensemble. The temperature is set as 1000 K. The
simulated system is 2 x 2 x 2 supercell and the time step is
chosen to be 1 fs. The MD simulations are carried out on the
supercell of both C12-BN and O16-BN for 3000 time steps,
which is long enough to reach steady state. As shown in Fig. 4,
the structures of C12-BN and O16-BN are still kept intact at
1000 K with 3000 time steps. There is also no drastic trans-
formation in the potential energy fluctuation curves, indicating
that no structure transformation happens. The results suggest-
ing that both C12-BN and O16-BN are highly stable even at
high temperatures of 1000 K. Therefore, the thermal stabilities
of C12-BN and O16-BN are confirmed.
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Fig. 5. Calculated electronic band structures and density of states
(DOS) in arbitrary units for C12-BN (a) and O16-BN (b). The Fermi
level is set to zero and denoted by the dashed line. The valence band
maximum and conduction band minimum of C12-BN and O16-BN are
both located at the I" point with a direct band gap of 3.02 and 3.54 eV,
respectively.

In addition, to explore the electronic properties of C12-
BN and O16-BN, we calculate their electronic band structures
and densities of states. As shown in Fig. 5, the calculated
energy gaps for C12-BN and O16-BN are 3.02 and 3.54 eV,
respectively, indicating that both C12-BN and O16-BN are in-
sulators. Interestingly, the insulating character of C12-BN is
different from the semiconducting property of BC12 carbon,
which has the structure similar to C12-BN. Also, O16-BN and
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bco-C16 carbon, with similar crystal structures, show differ-
ent electronic properties. The bco-C16 has been reported to
be a topological node-line semimetal before. Moreover, from
the DOSs of C12-BN and O16-BN, it is seen that the con-
duction band minimum (CBM) is mainly originated from the
B atoms, while the valence band maximum (VBM) is mostly
contributed by the N atoms.

To provide more characterization and information for fur-
ther experimental observation in future, the x-ray diffraction
(XRD) spectra are calculated for C12-BN and O16-BN with
a wavelength of 1.54 A, together with those of existing c-BN,
h-BN and BC8-BN phases. As shown in Fig. 6, each phase
has its own characteristic peaks. Specifically, the characteris-
tic peaks of c-BN are located at 20 = 43.4° and 74.3°, consis-
tent with both experimental values and other simulated results.
The strongest peak of h-BN is located at 20 = 26.7°. For BC8-
BN, four main XRD peaks are located at 39.7°, 44.6°, 49.0°
and 78.8°, respectively. The most intense peak of C12-BN is
located at 26 = 42.3°, together with other characteristic peaks
at 49.3°, 66.8° and 82.5°, respectively. However, there are
much more peaks for O16-BN, i.e., 29.6°, 32.9°,40.1°, 42.9°,
43.7°,45.1° and 47.6°. The simulated XRD spectra predicted
here are expected to be helpful in distinguishing C12-BN and
016-BN phases in future experiments.

c-BN
)
I h-BN
> N L
h=4
Z l BCS-BN
£ |, |
= I C12-BN
| \ I
x 016-BN
I ! lh A

0 10 20 30 40 50 60 70 80 90
20 ()

Fig. 6. Simulated XRD spectra of c-BN, h-BN, BC8-BN, C12-BN and
016-BN. The x-ray wavelength is set as 1.54 A.

To synthesize this new phase of C12-BN experimentally,
it is interesting to note that C12-BN can be viewed as a poly-
merized form of BN nanotubes, as shown in Fig. 1(c), which
is similar to the case of BC12 carbon that can be viewed as
a polymerized form of (3, 0) carbon nanotube. The structural
relations suggest that C12-BN may be synthesized by the poly-
merization of selected BN nanotubes. For the synthesis of
016-BN, it is worth referring to a recently reported Cco-Cg
carbon, ™ which can be obtained by (4,4) carbon nanotube
under nonhydrostatic pressure. Since borazine (B3zN3Hg) has
been recently used in the synthesis of BN nanotubes and BN
nanosheets, *?! we anticipate that borazine will be a poten-
tial starting material to synthesize both C12-BN and O16-BN.
Moreover, the synthetic procedure for molecular structures has

been recently reported by Ayme et al.[*?]

4. Conclusion

In summary, we have predicted two new BN allotropes
C12-BN and O16-BN by means of first-principles calcula-
tions. C12-BN is a cubic BN structure in /43d symmetry con-
taining purely sp> hybridized six-membered rings. O16-BN,
belonging to Ima2 space group, is an orthorhombic phase con-
taining only sp? bonds. Based on the results of total energy
and cohesive energies, the energetic stabilities of both C12-BN
and O16-BN are confirmed as well as their dynamical stabil-
ities, since no imaginary phonon frequencies appear through-
out the whole Brillouin zone. Molecular dynamics simulations
are carried out to verify the thermal stabilities of C12-BN and
O16-BN. Further electronic band structure calculations reveal
that C12-BN and O16-BN are insulators with direct band gaps
of 3.02 and 3.54 eV, respectively. The C12-BN structure pos-
sesses excellent bulk modulus and Vickers hardness, making
it a potential incompressible and superhard material. The me-
chanical properties of O16-BN are relatively poor. However,
O16-BN has low density and porous structure, which leads
to potential applications in adsorption materials, e.g., hydro-
gen storage. The XRD spectra of C12-BN and O16-BN are
also provided for possible experimental observation. There-
fore, our findings not only enrich the existing allotropes family
of BN-based material, but also stimulate further experimental
research.
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