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Prediction of Superhard BN, with High Energy Density
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Considering that pressure-induced formation of short, strong covalent bonds in light-element compounds can

produce superhard materials, we employ structure searching and first-principles calculations to predict a new
class of boron nitrides with a stoichiometry of BN2, which are stable relative to alpha-B and alpha-Ny at ambient
pressure. At ambient pressure, the most stable phase has a layered structure (h-BN3) containing hexagonal BN
layers between which there are intercalated N2 molecules. At 25 GPa, a three-dimensional P4;/mmc structure
with single N-N bonds becomes the most stable. Dynamical, thermal, and mechanical stability calculations reveal
that this structure can be recovered under ambient conditions. Its calculated stress-strain relations demonstrate

an intrinsic superhard nature with an estimated Vickers hardness of ~43 GPa. This structure has a potentially

high energy density of ~4.19kJ/g.
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Diamond is a typical superhard material, however
there exist various limitations to hinder its widespread
applications. It is brittle, easily oxidizes to carbon
dioxide at high temperature in air, and can react
with Fe-containing materials.!'-? Isostructural to di-
amond, c-BN is chemically stable and also superhard,
but the synthesis of large crystals has been a great
challenge.l”"] Therefore, the search for novel super-
hard materials with excellent mechanical properties
that are more stable than diamond or ¢-BN has been
a long-standing goal in physics and materials science.

Two types of materials are of special interest.[” %7
One concerns compounds of transition metals and
light elements that have high valence electron den-
sity and strongly directional covalent bonds, including
OsNjy, IrNy, W-N compounds, TiBs, ZrBg, and WB,.
The presence of metallic bonds and lack of orientation
of ionic bonds reduce the hardness of these materi-
als (<40 GPa). The other type includes light-element
compounds composed of B, C, N, and O with short
and strong covalent bonds, such as diamond-like BCg,
BC5, BCQN, BC4N, CgN4, O—CgN, B4CO4, BQCO, and
BCgN. The synthesis of these materials and determi-
nation of their atomic site occupation continue to face
challenges owing to being stabilized in narrow ranges
of pressure and temperature, and the similar atomic
sizes of their constituents.

Boron and nitride can easily form strong covalent
bonds at high pressure, and much research effort has
explored superhard boron nitride materials such as c-
BN7[C’).1] w_BN’[:M] p—BN,[;H] th—BN,P;S] O-BN,[:‘S‘:{G] M-
BN,B7 Pmn2; BN,P®! t-BN, ] em-BN, "] Z-BN, [*1]
Pbea-BN,*? and pet-BN, % which possess estimated
Vickers hardness values of 47-67 GPa. Recently re-
ported non-stoichiometric B-N compounds, such as
B6N7[-14.-13] B3N5’[4(S] B3N4,[47] B2N3’[4>€] B13N2’[4E)7355]
are potential new superhard materials. In contrast
to insulating BN, some of these compounds!*®~*%] are
narrow-band-gap semiconductors or even conductors,
making them potentially useful in electronic devices
at high pressure.

High pressure can efficiently break the strong in-
tramolecular triple N=N bonds for the formation of
single N-N bonds.l”*"’ The remarkable difference in
the average bond energy between single N-N bonds
and triple N=N bonds makes most high-pressure B—
N compounds high-energy density materials. This
work reports first-principles calculations that predict
the structures of BNy. A P4y /mmc-BNy structure
emerged as a superhard material with a Vickers hard-
ness of ~43GPa. It has a high energy density of
~4.19k]J/g.

Computational Methods. The structure of BNy
(1-4 formula units) was predicted at pressures of 0—
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50 GPa using particle swarm optimization as imple-
mented in CALYPSO code.[’9~ %] Structure optimiza-
tion and electronic properties were calculated using
density functional theory within the generalized gra-
dient approximation expressed by the Perdew—Burke—
Ernzerhof functional,l"” as implemented in the Vi-
enna ab initio simulation package.l’] The projector
augmented wave method!®!) was adopted for B and
N atoms with valence electrons of 2s22p' and 2s%2p3,
respectively. A kinetic cutoff energy of 520eV and
Monkhorst—Pack &k meshes with a grid spacing of
27 x 0.03 A1 were adopted to obtain converged to-
tal energies (~1meV per atom) and converged forces
(0.01eV-A~1 per atom). The dynamic stability of the
predicted structures with 3 x 3 x 2 supercells was iden-
tified from phonon calculation using the direct super-
cell method as implemented in PHONOPY code. (076
Thermal stability was confirmed by ab initio molecu-
lar dynamics simulations carried out with a time step
of 1fs and a total simulation time of 7 ps. The temper-
ature was maintained at 300 K using a Nosé Hoover
chain thermostat with 3 x 3 x 2 supercells. Bulk, shear,
and Young’s moduli were estimated in the Voigt—
Reuss-Hill approximation.[®”] The ideal tensile and
shear strengths in various lattice directions were es-
timated by calculating stress—strain relations using an
established method.l*?:%%%] As standard generalized
gradient approximation tends to underestimate band
gaps, we also employed the Heyd—Scuseria—Ernzerhof
(HSE) hybrid functional,["! which can reliably calcu-
late electronic structures, to evaluate band gaps.

0-0-0-0-0-0-0-0-0-0

(c)

0-0-0-0-0-0-0-0-0-0

L T T B N
0 10 20 30 40 50

Pressure (Gpa) 0-0-0-0-0-0-0-0-0-0 0-0-0-0-0-0-0-0-0-0

(@) 0-60-00-00-00 (e>g° A 03 (f>8'0‘8"0‘8’0‘§
gg o0 0/

Q L) H

JHHH S

o, o c Eﬂ B’ gbgqgo g
bovovov

b-od

0-00-00-00-00 “‘“"b o 0

Fig. 1. (a) Enthalpy versus pressure for various BNg
structures relative to that of the P45 /mmec phase. Crys-
tal structures of (b)—(d) P1, (e) P4d2/mmec, and (f) I4m2.
Light grey and green spheres represent N and B atoms,
respectively. The f.u. stands for formula unit.

Results and Discussion. The structure search re-
sults in Fig. 1(a) show three low-energy layered struc-
tures for BNy (h-BNy) with space group P1 at am-

bient pressure. Similar to the layered structures pre-
dicted for various B-N compounds, such as ByNg!*!
and B3N5,[*! h-BNj has the same hexagonal BN lay-
ers, between which there are interstitial Ny molecules
[Figs. 1(b)-1(d)]. The N3 molecules are oriented dif-
ferently in the three energetically comparable layered
structures, indicating relatively weak interaction be-
tween them and the BN layers. The B-N bond length
in each BN layer is 1.45 A, as the same as in A-BN.["!]
The N=N triple bonds (1.11A) are slightly longer
than those (1.07 A) in pure N,.[™”] This work is aimed
at searching for superhard materials with high energy
density. The layered structures at ambient pressure
do not meet the requirements owing to weak van der
Waals interaction between the layers and to the exis-
tence of triple N=N bonds, thus we do not focus on
the layered structures.

At 25GPa, h-BN, transforms to a tetrago-
nal three-dimensional structure with space group
P45 /mme. Although this structure is also predicted
at ambient pressure, it has a greater enthalpy than
h-BNg. As illustrated in Fig.1(e), the triple N=N
bonds of the interstitial Ny transform to the single N—
N bonds at high pressure, and the nitrogen atoms also
bond with the neighboring BN layers, linking them
in a BNNB stacking sequence. At ambient pressure,
the B-N bond length is calculated to be 1.56 A in
P45 /mmec BNy, which is slightly longer than that in h-
BN. The structure’s N-N single bond length is 1.33 A.
Structure searching also finds a metastable BN5 phase,
akin to P4y/mmec BNg, which consists of BN blocks
connected by single N-N bonds [space group I4m2,
Fig. 1(f)]. Table 1 lists the information about both
structures.

Table 1. Lattice parameters of the P4s/mmc and T4m?2
structures at ambient pressure.

Space Lattice Atomic

group parameter (A) position

Pdy/mmec  a=b=3.655 Bl(4d) (0.5, 0, 0.25)
c=6.093 N1(85) (0.773, 0.227, 0.391)

T4m?2 a=b=2541 BI1(2d) (0, 0.5, 0.75)
c=6.224 N1(4e) (0, 0, 0.892)

The formation energies of BN systems (such as h-
BN and BgN) relative to alpha-B and alpha-Ny have
been calculated at ambient pressure. Although BN,
is unstable and will decompose into h-BN and Ns, it
has a negative formation energy (—0.29 €V /atom) re-
spective to alpha-B and alpha-Ns, implying the pos-
sibility of synthesis using alpha-B and alpha-N; as
precursors. Additionally, BNy is also stable with re-
spective to BgN which has been synthesized in ex-
periment and alpha-Ns5. The calculated phonon dis-
persions show an absence of any imaginary frequen-
cies in the whole Brillouin zone, confirming that the
P4y /mmec and 14m2 structures are dynamically stable
both at 0 and 30 GPa [Figs.2(a) and 2(b)|. The ther-
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mal stability of these structures is explored through
molecular dynamics simulations. Heating to 300 K for
7 ps revealed no structure distortions, indicating that
the structures are metastable under ambient condi-
tions [Figs. 2(c) and 2(d)].

The calculated elastic constants of both the struc-
tures identify their mechanical stability (Table 2).
The set of elastic constants must satisfy the following
mechanical stability criteria for a tetrahedral crystal:
Cii >0 (Z =1, 3,4, 6), (CH — 012) > 0, (011 +
C33—2C13) > 0, and [2(C11 4 C12) + C33 +4C43] > 0.
The calculated results verify the mechanical stability
of both the structures. Their Cs33 values are both
greater than those of diamond[®”! or ¢-BN,["%] indi-
cating high incompressibility along the c-axis. The
independent elastic constants can be used to derive
the bulk (Bp) and shear (Gp) moduli, whose values
are 338 and 274 GPa, respectively, for the P4y /mmc
phase and slightly lower (299 and 218 GPa, respec-

=

50

tively) for the I4m2 phase. Although these values
are less than those of diamond, they are compara-
ble to those of B-N superhard compounds, owing to
the similar bond configurations: for example, C'2221-
B3N5 (B, 328 GPa; Gy, 289 GPa)l*’l and t-ByN3 (B,
337 GPa; Gy, 300 GPa).l*!] Furthermore, the Go/By
ratio of the P4s/mmec phase (0.86) is close to those
(0.9-1.2) of typical superhard materials,|” indicating
that it is a potential superhard material. In contrast,
the Go/By ratio of I4m2 phase is only 0.73, which
suggests that it is hard rather than superhard. The
Pugh ratio (By/Gyp) is defined as a quantitative index
for assessing the brittle or ductile behavior of crystals.
According to Pugh, By/Gq values of >1.75 and <1.75
represent ductile and brittle, respectively. The Pugh
values of P4y/mmc and I4m2 phases are calculated
to be 1.23 and 1.37, respectively, demonstrating they
are brittle.
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Fig. 2.
and 30 GPa (orange dotted lines).
P45 /mme and (d) I4m2-BN3 at 0 GPa and 300 K.

Table 2.

Phonon dispersion curves of (a) P42/mmc BNz and (b) I4m2 BNy at both 0 GPa (black solid lines)
Energy fluctuations during molecular dynamics simulations up to 7ps for (c)

Calculated elastic constants Cj; (GPa), bulk modulus By (GPa), shear modulus Go (GPa), Go/Bo,

Young’s modulus Ey (GPa), and Poisson’s ratio (P;) of P42/mmc BN2, I4m2 BNg, diamond, and c-BN.

Phases Cii Co2 C33 Caa Cs5 Ce¢ Ci2 Ciz Co3 Bg Go Go/Bo Ep Py
P4y/mme 421 1077 285 319 235 118 338 274 0.86 639 0.16
Idm2 552 1143 274 76 58 129 299 218 0.72 526 0.21
Diamond 1050 561 124 434 564 1.3 1181 0.05
c-BN 779 443 190 373 388 1.04 913 0.12
Stress—strain relations for the P45 /mmc phase cal-  age planes. The results in Fig.3(a) show that the

culated along different directions provide some in-
sight into the mechanisms of local bond deformation
and breaking, which underlie the intrinsic mechanical
properties of a material. Tensile stresses along high-
symmetry directions are first examined to find the
weakest tensile directions that determine easy cleav-

P45 /mme phase has strong stress responses in the
(100) and (001) directions, with a peak tensile stress
between 110 and 165 GPa. The (111) direction is the
weakest tensile direction; its ideal strength of 48 GPa
is comparable to that of 0-CN (41 GPa) and C3Ny4
(45 GPa).[09]
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We next evaluate the shear stress response in the
(111) easy cleavage planes of the P4y/mmc phase.
An ideal shear strength of 43 GPa is obtained in the
(111)[302] direction |Fig. 3(b)]; though lower than that
of diamond, it is still higher than the typical thresh-
old for superhard materials (40 GPa), and is compara-
ble to that of -BsNy (42.5 GPa)l'"l and €222, B3Nj
(44 GPa),l"’l confirming the superhard nature of the
P45 /mme phase.

(b) ——(111)[322]
——(111)[554]
—e—(111)[302]

1
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6

Tensile strain Shear strain

Fig. 3. (a) Calculated tensile stress—strain relations for
P45 /mmec BNy in various directions. (b) Calculated shear
stress—strain relations for the (111) easy cleavage planes of
P45 /mmec BNa.
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Fig. 4. (a) Bond lengths under (111)[302] shear strain,
and (b)—(d) related structural snapshots with 3D electron
localization functions (isovalue =0.8) at shear strains of
(e) 0.2 and (f) 0.3.
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Fig. 5. (a) Calculated tensile stress—strain relations for
I4m?2 BNy in various directions. (b) Calculated shear
stress—strain relations for the (011) easy cleavage planes
of I4m2 BNa.

The mechanisms of local bond deformation and
breaking are explored by considering the evolution of
bond lengths in the P45 /mmc phase under (111)[302]

shear strain. The plots in Fig.4(a) show a sharp
increase in B1-N2 bond length at a strain of 0.23,
corresponding to the peak shear stress. The B2-N2
bond length suddenly decreases simultaneously, be-
cause each N2 atom connects with both Bl and B2
atoms, and the N2 atoms will inevitably be closer to
the B2 atoms once the B1-N2 bonds break. Struc-
tural snapshots and the corresponding electron lo-
calization function before and after the shear insta-
bility under (111)[302] shear strain are exhibited in
Figs. 4(b)—4(f). The B1-N2 bonds clearly break after
the strain reaches 0.23 given the absence of any elec-
tron localization, indicating that the B1-N2 bonds are
the main load-bearing component.

To quantify the hardness of I4m2 phase, we also
calculated the stress—strain relations. As seen from
Fig.5(a), the (011) direction is the weakest tensile
direction and its ideal strength is 66 GPa. We next
evaluate the shear stress response in the (011) easy
cleavage plane, and its ideal shear strength of 35 GPa
is obtained in the (011)[032] direction. Therefore, the
estimated Vickers hardness of I4m2 phase is 35 GPa,
suggesting that it is hard rather than superhard.
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Fig. 6. Band structures and PDOS [in units of
states/(eV-f.u.)] of (a) P4z/mmec BN2 and (c) I4m2
BNy at 0 GPa at the HSEO06 level. The band decomposed
charge density of (b) P4s/mmec BN2 and (d) I4m2 BNa
(marked by the red dashed rectangular frame).

The calculated band structures and projected den-
sity of states (PDOS) of the P4y/mmec and [4m?2
structures in Fig. 6 show that, in contrast to the large
band gaps of h-BNy and the various crystalline forms
of BN, P45/mmc BNs is a semiconductor with a small
band gap of 0.5e¢V at the HSE06 level, and I4m2
BN exhibits metallic properties. We have calculated
the band decomposed charge density to confirm the
conductive direction in I4m2 BNsy. The calculated
charge density of I4m2 phase is from four bands across
the Fermi level (highlight in the red dashed rectangu-
lar frame). As seen from Fig.6, the charge density
across the Fermi level of I4m2 phase is entirely con-
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tributed by the 7 orbitals of N-N band spreading in
a—b planes, indicating that it is two-dimensionally con-
ductive. A small metallic component generally lessens
the hardness of covalent crystals strongly, due to elec-
tron delocalization,!”™ and the present hardness cal-
culations follow this trend. We calculated the energy
involved in the BNy decomposed into h-BN and alpha-
N5 at ambient pressure. The reason we choose h-BN
and alpha-Ns as decomposition product is that they
are stable at ambient pressure and have been synthe-
sized in experiment. The energy difference is calcu-
lated to be 1.69€eV, which corresponds to an energy
density of 4.19kJ /g, indicating that P4s/mmc BNy is
a promising high-energy-density material.

In summary, we have calculated crystal structures
of BNy at 0-50 GPa using CALYPSO code. A tetrag-
onal three-dimensional P45 /mmc-BNy structure con-
taining single N-N bonds is predicted to be energeti-
cally most stable above 25 GPa. Furthermore, it could
be recovered under ambient conditions. Its calculated
electronic band structure shows that it is a semicon-
ductor with a narrow band gap of 0.5 eV. Significantly,
P45 /mme BNy is a multi-role material combining su-
perhardness (Vickers hardness of ~43 GPa) and high-
energy density (~4.19kJ/g).

The calculations were performed in the School of
Physics and Electronic Engineering of Jiangsu Normal
University.
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