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Monolayer borophenes tend to be easily oxidized, while thicker borophenes have stronger antioxidation
properties. Herein, we proposed four novel metallic boron crystals by stacking the experimentally syn-
thesized borophenes, and one of the crystals has been reported in our previous experiments. Bilayer units
tend to act as blocks for crystals as determined by bonding analyses. Their kinetic, thermodynamic and
mechanical stabilities are confirmed by our calculated phonon spectra, molecular dynamics and elastic
constants. Our proposed allotropes are more stable than the boron a-Ga phase below 1000 K at ambient
pressure. Some of them become more stable than the a-rh or y-B,g phases at appropriate external
pressure. More importantly, our calculations show that three of the proposed crystals are phonon-
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mediated superconductors with critical temperatures of about 5-10 K, higher than those of most super-
conducting elemental solids, in contrast to typical boron crystals with significant band gaps. Our study
indicates a novel preparation method for metallic and superconducting boron crystals dispensing with
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1. Introduction

Boron presents several complex crystal allotropes due to its
unique multi-center bonding as a result of its electron-
deficient nature. At normal pressure, boron has three typical
crystal allotropes: o rhombohedral (a-rh),' p rhombohedral
(B-rh)*> and P tetragonal (B-t) phases.> There is also a high-
pressure orthorhombic phase (y-B,s).* Generally speaking, all
these boron crystals are composed of B;, icosahedrons and
boron monomers/dimers, which leads to semiconducting be-
havior with significant band gaps.””
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In contrast to the semiconducting behavior of boron crys-
tals, boron nanomaterials (e.g., boron nanotubes and mono-
layers) behave quite differently. Almost all the single-walled
boron nanotubes preferably exhibit metallic behavior unless
curvature-induced buckling of certain atoms opens gaps for
very narrow nanotubes.®® It is quite different from the chiral-
ity-dependent transport behaviors in single-walled carbon
nanotubes. As for boron monolayers (referred to as boro-
phenes'®), whether they are already prepared (e.g., Pio,"" x5 '
or honeycomb &; *) or only theoretically predicted,*™** they
also preferably exhibit metallic behavior unless connected
network of hexagonal vacancies opens the gaps.'® Borophenes
have drawn a lot of attention due to their promising appli-
cations in batteries,'” high-speed electronic devices,'®'® flex-
ible devices,?® water splitting,* and so on.**

As is well known, graphite could serve as the precursor of
graphene in the process of mechanical exfoliation,>® while in
the reverse process, graphene could be stacked into graphite.
In contrast, there is no layered phase for boron crystals due to
severe electron deficiency. Thus mechanical exfoliation fails
for borophenes. Monolayer borophenes were successfully pre-
pared on silver,"** copper,”® aluminum”® and gold*® sub-
strates by the molecular beam epitaxy (MBE) method. Very
recently, borophene concentric superlattices® and bilayer
borophenes®®*° were also experimentally realized, and the
borophene island shapes could be controlled by the growth
temperature and deposition rate.*’ However, monolayer boro-
phenes tend to be easily oxidized,**** while the thicker boro-
phene has stronger antioxidation properties.”® What would
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happen when much more boron atoms are deposited onto the
borophenes, especially when stacking borophenes into thick
films or even crystals like graphite or B,O; polymorphs?**

In this paper, we proposed four novel metallic three
dimensional (3D) boron allotropes through stacking the
experimentally reported borophenes. It should be pointed out
that one of the crystals has been experimentally realized and
acts as efficient electrocatalysts for lithium-sulfur batteries.>
Their kinetic, thermodynamic and mechanical stabilities were
confirmed by our calculated phonon spectra, molecular
dynamics and elastic constants. As is well known, high
pressure is required for the nonmetal-metal transition in the
boron solid. For example, a-rh boron would transform into
the metallic a-Ga phase at 74 GPa from the thermodynamic
point of view;*® however, much higher pressure would be
required due to the high energy barriers for the destruction
of tightly bonded B,, clusters.’” Our results indicate a novel
preparation method for metallic boron crystals dispensing
with high pressure.

2. Methods

All the calculations except superconducting properties were
carried out using the Vienna ab initio simulation package
(VASP 5.4)*®%° with the projector augmented wave (PAW) pseu-
dopotential method*®*' and Perdew-Burke-Ernzerhof (PBE)
functional.”> Both lattice parameters and atomic positions
were optimized using the conjugate gradient method, and the
convergence criteria for energy and force were 1 x 107° eV and
1 x 107 eV A™", respectively. The kinetic energy cutoff for
plane waves was set to 450 eV. A large vacuum spacing (more
than 15 A) was taken to prevent mirror interactions. The
Brillouin zones were sampled with 2z x 0.02 A~ spacing in the
reciprocal space by the Monkhorst-Pack scheme.** The primi-
tive cells and the corresponding high symmetry K-points for
the band structure, phonon dispersion and density of states
(DOS) were generated using the AFLOW package.** Grimme’s
DFT-D3 van der Waals (vdW) corrections with the Becke-
Jonson (BJ) damping®>*® was employed. Due to the well-
known underestimation of band gaps by Kohn-Sham DFT
methods, the Heyd-Scuseria-Ernzerhof (HSE06)*” screened
hybrid functional was employed for more accurate band struc-
tures. The phonon spectra were calculated by the density-
functional perturbation theory (DFPT) method implemented
in the Phonopy program®® interfaced with VASP. The Born-
Oppenheimer molecular dynamics (BOMD) simulations were
carried out with Nose-Hoover thermostat in the canonical
ensemble (NVT), the timestep for which was 1 fs. The crystal
structures and the charge densities were visualized using the
VESTA package.”” The X-ray diffraction (XRD) patterns were
simulated using wavelengths of 1.54059 A and 1.54432 A (rela-
tive intensities 1:0.5) using the VESTA package.*® The Elastic
constants were calculated using the VASP package, and the
bulk modulus B and shear modulus G were defined using the
Voigt-Reuss-Hill approximations.>
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The superconducting properties were calculated based
on Bardeen-Cooper-Schrieffer (BSC) theory’® and Migdal-
Eliashberg theory®>”® implemented in the Quantum
ESPRESSO package.’**®> The Perdew-Burke-Ernzerhof (PBE)
functional®® and optimized norm-conserving Vanderbilt pseu-
dopotentials (ONCVPSP)*® were employed. And 70 Ry and 280
Ry were used for the wavefunction and charge density cutoffs,
the same as those used in the previous superconductor calcu-
lation for borophenes.'® Methfessel-Paxton smearing with a
width of 0.02 Ry was used for the self-consistent calculations."
Both lattice parameters and atomic positions were reoptimized
before superconductor calculations. The k-meshes and
g-meshes for phonon (PH) and electron-phonon coupling
(EPC) are listed in Table S1.}

3. Results and discussion

Due to multi-center bonding, the borophene has a lot of allo-
tropes with nearly degenerate energies, no matter whether they
are in freestanding form'**>® or attached to a support.®>*> In
this study, we considered the stacking of four types of boro-
phenes with different hole densities (i.e., 7 = 0, 1/9, 1/6 and 1/3
for triangular 8¢, o, B;, and honeycomb &; borophenes,
respectively), which have been already prepared on Ag(111) or
Al(111) substrates in experiments.'"'*?%% Two layers of these
borophenes were stacked vertically in several modes like in
graphite, and fully relaxed. The most stable ones were selected
for further study, and the precursor layers were colored in red
and purple, as shown in Fig. 1.

Fig. 1 shows four 3D boron allotropes derived from the
staking of 8¢, @, 1, and &; borophenes. We use “Name,p-B,,”
to distinguish the allotropes, where Name,p, is the name of the
precursor 2D borophene,’® and n is the number of boron
atoms in the primitive cell. According to this definition, the
four allotropes are named 8¢-Bs, o-Bys, B12-Bs and 85-B,, the
space groups for which are C2/m, C2/m, P6m2 and C2/m,
respectively. Their lattice parameters and Wyckoff positions
for their conventional cells are listed in Table 1 and Fig. 1.
Besides, the data of a-rh, y-B,g and a-Ga phases are also listed
for comparison. Meanwhile, the primitive cells of the proposed
allotropes generated by the AFLOW package®* are displayed in
Fig. S11 and used for further calculations. Interestingly, bilayer
borophenes with strong inter-layer bonding and buckled
atoms (red and pink layers in Fig. 1) tend to act as building
blocks of 3D ecrystals, and their inter-layer distances are
smaller than those between bilayers (to be discussed in detail
later). They are similar to boron double chains, which act like
carbon single chains to balance the intrinsic electron
deficiency of boron atoms.®* The bilayer units in f;,-B; and 8-
B, showed much larger deformation than their freestanding
forms,* especially B;,-Bs had a hexagonal primitive cell
(Fig. 1c and Fig. S1ct) as reported in our previous experimental
study.® The phase transition from the free-standing bilayer p,,
borophene® to the B;,-Bs bilayer unit was investigated using
the solid state nudged elastic band (SS-NEB) method.®® It
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Fig. 1 Top and side views of the proposed allotropes (a) 8¢-Bs, (b)
a-Big, () P12-Bs and (d) 83-B4 with conventional cells. The lattice para-
meters are labeled in A. The precursor layers are colored in red and
purple.
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showed that a barrier of 1.62 eV had to be overcome (as shown
in Fig. S37), though they were almost degenerate in energy.
However, the barrier for multilayers may decrease as a result of
enhanced stability and synergetic effect. Besides, high prepa-
ration temperature would also promote the transition.

The densities of 85-B6, a-B1s and P1,-Bs allotropes are close
to the value of a-rh, while the density of §;-B, is close to that
of the a-Ga phase. The Vickers hardness is estimated using an
empirical model H, = 2.0(x*G)*** — 3.0,%” where k = G/B, B,
and G are Pugh’s modulus ratio, bulk modulus and shear
modulus in Voigt-Reuss-Hill (VRH) approximation,® respect-
ively. The calculated Vickers hardnesses (Table 1) for a-rh and
¥-B,g are very close to their experimental values,””*® which
confirmed the reliability of our calculations. The Vickers hard-
nesses of our four proposed allotropes, especially o-B,¢, indi-
cate that they are much softer than a-rh and y-B,g phases.
According to the Pugh rules®® and Frantsevich rules,* our pro-
posed allotropes and other allotropes are all categorized as
brittle materials because their Pugh’s modulus ratio and
Poisson’s ratio are smaller than 1.75 and 0.33, respectively
(Table S2t); meanwhile, our proposed allotropes are much
more ductile than other boron allotropes.

Then we focused on the stabilities of the proposed allo-
tropes. The average binding energy is defined as E, = (N x Eg —
E;3p)/N, where Ep and E;p are the energies of an isolated boron
atom in a vacuum and the 3D allotrope, and N is the number
of boron atoms in the unit cell. The average binding energies
of the proposed allotropes are 6.35-6.40 eV at the PBE + D3
level, which are a little smaller than those of a-rh (6.57 eV) and
¥-Bys (6.46 eV). But they are larger than those of the a-Ga
phase (6.33 eV), which was supposed to be the high-pressure
boron metallic phase in experiments.>*® Furthermore, their
stabilities were examined by phonon calculations and Born-

Table 1 The space group, lattice parameters (A), Wyckoff positions, average binding energy Ey, (eV), density p (g cm™), Vickers hardness H, (GPa),
Debye temperature 6 (K) and superconducting critical temperatures T, (K) for the proposed allotropes, a-Ga, a-rh and y-B,g phases

Allotrope Space group Lattice parameters Wyckoff positions Ey p H, Op T.
06-Be C2/m a=3.515bh=4.617 8j (0.478, 0.801, 0.844) 6.39 2.56 29.50 1472.54 10.15
¢=5.976 f=119.683° 47 (0.627, 0.000, 0.661)
o-Big C2/m a=>5.205 8j (0.572, 0.839, 0.671) 6.35 2.49 16.92 1215.69 —
b=28.679 8j (0.382, 0.675, 0.660)
¢=7.291 8 (0.853, 0.333, 0.836)
f =135.545° 47 (0.547, 0.500, 0.649)
4i (0.917, 0.500, 0.702)
B12-Bs P6m2 a=2.828b=2.828 2¢ (0.000, 0.000, 0.174) 6.40 2.59 32.08 1506.58 9.36
¢=5.003 2h (0.333, 0.667, 0.333)
7 =120° 1¢ (0.333, 0.667, 0.000)
03-By C2/m a=5.573 b=2.869 47 (0.768, 0.000, 0.826) 6.37 2.76 24.86 1426.82 5.65
¢=3.259 4i (0.592, 0.500, 0.703)
o-Ga*® Cmce* — — 6.33 2.88 59.38 1815.10 —
arh' R3m — — 6.57 2.53 37.02” 1532.54° —
¥-Byg? Pnnm — — 6.46 2.58 49.34° 1640.85 —

“Space group Cmce used to be referred to as Cmca. ® The experimental hardnesses for a-rh and y-B,s phases are 42 GPa (ref. 57) and 50 GPa,*®
respectively. ° The experimental Debye temperature for a-rh phase is 1430 K.>°
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Oppenheimer molecular dynamics (BOMD) simulations. As
shown in Fig. S4 and S5, the proposed allotropes are all kine-
tically stable as evidenced by the absence of any negative fre-
quency in the entire Brillouin zone. All the three acoustic
branches for the proposed allotropes are linearly dispersed
near the I' point, indicating strong covalent bonds between
boron atoms in the three directions. The root mean square
deviations (RMSD) for the proposed allotropes are very small
(~0.2 A) in the BOMD simulations (Fig. S5t), which suggests
that all the proposed allotropes are able to withstand high
temperatures up to 1000 K without any obvious structural
reconstruction. It confirms these allotropes are separated by
high barriers from other minima on the potential energy
surface. Finally, the mechanical stability criteria’®”" for the
four proposed allotropes are all satisfied (Table S2t), which
suggests that they are mechanically stable. The Debye tempera-
tures for the allotropes are calculated from elastic constants”>
as follows,

h [3nNap]i[2 /p\3 1 p\?
O = — |[Z=2AF (2 (BN o (2
P kg {47: M} [3(0) “3\Brag/3

where &, kg and N, are Planck’s constant, the Boltzmann con-
stant and Avogadro’s number, respectively, M is the molecular
weight of the solid and n = 1 is the number of atoms in the
molecule. As shown in Table 1, the calculated Debye tempera-
ture for a-rh agreed well with the experimental one (1430 K
(ref. 59)), and all the proposed allotropes except a-B;¢ have very
high Debye temperatures (~1500 K), indicating strong bonding
in these allotropes.

The free energies for the allotropes were also evaluated
using the quasiharmonic approximation (QHA) method
implemented in the Phonopy program.*® They were calculated
from 0 to 1000 K at ambient pressure as follows,

1
3

)

1
F = U(Vo) + quy flwqy

+ksT Y In [1—exp (—hag,/ksT)],
quv

where U(V,) is the ground state energy at the relaxed volume
Vo, T is temperature, and g, is the phonon frequency for the
band v at wave vector g. The free energies from the contri-
bution of electronic excitations”® of a-Ga and the proposed
allotropes were evaluated, and it was found that they were
smaller than 2 meV per atom below 1000 K, so they were neg-
lected in the calculations. As shown in Fig. 2a, the relative
stabilities of the proposed allotropes, a-Ga, a-rh and y-B,g do
not change, in other words, our proposed allotropes remain
more stable than the a-Ga phase up to 1000 K. The effect of
pressure on the stabilities of the allotropes were also evaluated
by calculating the enthalpies of relaxed structures under
different pressures (Fig. 2b). The proposed allotropes 8;-By, 8¢-
B¢ and a-B;s become more stable than the o-rh phase above
63, 155 and 173 GPa, respectively, though phase transition
occurs for 85-Bs and a-B; phases at high pressure (Fig. S67).
Our precited transition pressures from o-rh to y-B,g and from

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Free energies of the proposed allotropes, a-Ga, a-rh and
y-Bag phases as a function of temperature at ambient pressure and (b)
enthalpies of the proposed allotropes, a-Ga, a-rh and y-B,g phases rela-
tive to a-rh as a function of pressure.

¥-B,g to a-Ga are 13 and 82 GPa at the PBE + D3 level, respect-
ively, agreeing well with previous calculations (19 and 89 GPa
at the PBE level, respectively).”> The 8;-B, allotrope remains
more stable than the a-Ga phase below 40 GPa, and becomes
more stable than p-rh and T-192 phases above this pressure.’
It should be pointed out that all the transition pressures were
predicted from a thermodynamic perspective, which would be
delayed when considering kinetic factors, such as the destruc-
tion of strong covalent bonds.>®

Different electronic properties are expected compared to
typical boron crystals due to the absence of B;, icosahedrons.
As shown in Fig. 3, many bands (at PBE and HSEO06 levels) are
crossed by the Fermi level, which suggests they are metallic,
further confirmed by the non-zero density of states (DOS) at
the Fermi level (Fig. S7%). They are quite different from typical
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Fig. 3 Band structures of (a) 85-Be, (b) a-Bie, () P12-Bs and (d) 83-B4
allotropes at PBE and HSEOG6 levels.
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boron crystals, which are semiconductors with significant
band gaps.>” As shown in Fig. $7,1 generally speaking, s orbi-
tals make little contribution to the transport, while p orbitals
parallel and perpendicular to the basal plane of precursor bor-
ophenes make major contributions. The conductibility of the
proposed allotropes would be better than that of a-Ga due to
their relatively higher values of DOS at the Fermi level (Ny).>

As is well known, higher DOS (Nr) and higher Debye temp-
erature (fp) both are beneficial for higher superconducting
critical temperatures.”* Furthermore, several monolayer boro-
phenes (e.g. 8¢ and p;,) were predicted to exhibit intrinsic
phonon-mediated superconductivity with critical temperatures
of about 10-20 K." In the present study, the superconducting
properties of the proposed allotropes are investigated using
the Bardeen-Cooper-Schrieffer (BSC) theory®’ and Migdal-
Eliashberg theory®>>® implemented in the Quantum
ESPRESSO package.>”® The critical temperatures T, are esti-
mated by Allan-Dynes modified McMillan’s approximation of
the Eliashberg equation:”*””

_ Wlog 10401 +4)
cT 1.2 A— (14 0.622)

where y;, is the effective screened Coulomb repulsion constant
(typically ~0.1),”® 4 is the total electron-phonon coupling
strength computed from the frequency-dependent Eliashberg
spectral function and wyg is the logarithmic average of
frequency.

Our calculated electron-phonon coupling (EPC) constants
for 8¢-Be, B12-Bs and 85-B, allotropes are 0.52, 0.53 and 0.46
(Fig. 4 and Table S1f), respectively, which are reasonably
strong EPC for normal s-p metals and much larger than that

| T
0

RN
U)

(

— A(0)
o’F(o) [

0 I
0 500 1000

o (cm™)

Fig. 4 Calculated Eliashberg spectral functions a?Flw) and cumulative
frequency-dependent electron—phonon coupling A(w) for (a) 8¢-Bs, (b)
B12-Bs and (c) 83-B, allotropes.
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of the a-Ga phase (0.38 at 160 GPa).”” The EPC constant for
a-Bye is not calculated due to its much lower Debye tempera-
ture and much larger cell. The superconducting critical temp-
eratures for 84-Bg, f12-Bs and 83-B, allotropes are estimated to
be 10.15, 9.36 and 5.65 K (Table 1 and Table S17), a little lower
than that of B;, monolayer borophene (~16 K),"® but higher
than those of most superconducting elemental solids.”® They
are classified as abnormal superconductors’® with critical
temperatures lower than corresponding monolayer allo-
tropes.®’ Given the positive dependence of critical temperature
on the pressure in a high-pressure bulk boron allotrope,®” the
superconductivities of the proposed allotropes may be
enhanced under high pressure. For example, the critical temp-
erature of the f;,-Bs; phase increased by about 4 K under 100
Gpa (Table S17). The calculated Eliashberg spectral functions
o”F(w) free of pressure are shown in Fig. 4, which was rather
unevenly distributed over the frequency for the allotropes. The
phonon branches with w,, between 200 and 800 cm™" contrib-
uted about 90% of the EPC of our proposed allotropes. In con-
trast, about half of the EPC of the monolayer f;, borophene
came from low-frequency phonons @, < 200 cm™",'” which
made negligible contributions to our proposed allotropes.
Furthermore, the higher frequency optical branches with out-
of-plane A, and in-plain B, modes for the 84-Bg, in-plane A’y
mode for B1,-Bs, and out-of-plane A, mode for 5;-B, have sig-
nificant EPC at I point (Fig. S87).

To further understand the geometries and properties of
these allotropes, electron localization function (ELF)*' and
solid state adaptive natural density partitioning (SSAANDP)®?
were carried out for the proposed allotropes. As shown in
Fig. S9a-c,} there are only ¢ bonds (i.e., 2c-2e, 3c-2e or 5c-2e¢)
in these allotropes, which agrees well with their electronic
localization function (ELF) analyses. It may be the reason for
their high bulk modulus and Debye temperatures. Compared
to 85-B,, both 84-Bg and P4,-Bs had additional more delocalized
5c-2e bonds, which may account for their higher critical temp-
eratures. The lack of contribution from = electrons may be the
reason why their critical temperatures were lower than mono-
layer p;, borophene®* and MgB, bulk.?* Bilayer blocks for -
B, B12-Bs and a-B, allotropes were connected by 2c-2e bonds
between positively charged boron atoms (Fig. S9f) with bond
orders of 0.80-0.85 from density derived electrostatic and
chemical (DDEC6) atomic population analysis,®> while the
bilayer blocks for 6;-B, allotrope were linked by two 3c-2e
bonds.

Infrared (IR) spectroscopy is widely used to identify a phase
from other allotropes in experiments, so the vibration pro-
perties for the proposed allotropes are simulated. As shown in
Fig. 5a, the most characteristic IR peaks of the proposed allo-
tropes locate at 679.70 cm™' (B,), 994.63 cm™' (B,),
660.22 cm™' (A”,) and 912.91 cm " (A,), respectively, the
vibrational modes for which are labeled near their peaks.
Besides IR spectroscopy, X-ray diffraction (XRD) patterns were
also often used to distinguish allotropes. The XRD patterns
were collected and all the peaks were indexed with interplanar
distances for ease of comparison with experiments. As shown

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Simulated (a) infrared (IR) spectroscopy and (b) X-ray diffraction
(XRD) patterns of the proposed allotropes. The symmetries for two
highest IR peaks and vibrational modes for the highest IR peak are pre-
sented. The interplanar distance for typical XRD peaks were also labeled.

in Fig. 5b, all the proposed allotropes have significant peaks
with interplanar distances of about 5.0-5.2 A and 2.45-2.55 A
except 8;-B,, which does not have significant peaks with inter-
planar distances larger than 3.26 A.

4. Conclusion

In summary, four novel boron crystals were proposed by
staking experimentally realized borophenes with different hole
densities. Phonon dispersion curvatures confirmed their
kinetic stabilities, and BOMD simulations suggested that all
the proposed allotropes were able to withstand high tempera-
tures up to 1000 K, which confirmed their high thermo-
dynamic stabilities. These allotropes were also mechanically
stable. Our proposed allotropes are more stable than the boron
a-Ga phase below 1000 K at ambient pressure, and most of
them would become more stable than o-rh or y-B,g phases at
appropriate pressure. All the proposed allotropes are metallic
in contrast to the semiconducting behaviors of typical boron
crystals, due to their quite different construction modes. The
multi-center ¢ bonding accounts for their high bulk modulus
and Debye temperatures. Bilayer borophenes with a strong
inter-layer bonding tend to act as building blocks of 3D crys-
tals and are connected by 2c-2e/3c-2e bonds. More impor-
tantly, our calculations showed that three of the proposed crys-
tals are superconductors with critical temperatures of about
5-10 K, higher than those of most superconducting elemental
solids. Infrared (IR) spectroscopy and X-ray diffraction (XRD)
patterns were simulated for the ease of recognition of these
allotropes in experiments. Our study suggests a novel prepa-
ration method for metallic and superconducting boron solid
dispensing with high pressure.

This journal is © The Royal Society of Chemistry 2022
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