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ABSTRACT

Supported bilayer a-borophene (BL-a borophene) on Ag(111) substrate has been synthesized in recent experiments. Based on
the experimentally observed quasi-planar Cg, Bsg (1), its monolayer assembly a*-borophene B,; (P6/mmm) (2), and extensive
global minimum searches augmented with density functional theory calculations, we predict herein freestanding BL-a*
borophenes B,, (Cmmm) (3) and B,, (C2/m) (4) which, as the most stable BL borophenes reported to date, are composed of
interwoven boron triple chains as boron analogs of monolayer graphene (5) consisting of interwoven carbon single chains. The
nearly degenerate eclipsed B,, (3) and staggered B,, (4) with the hexagonal hole density of n = 1/12 and interlayer bonding
density of u = 1/4 appear to be two-dimensional semiconductors with the indirect band gaps of 0.952 and 1.144 eV, respectively.
Detailed bonding analyses reveal one delocalized 12c-2e T bond over each hexagonal hole in both the B,, (3) and By, (4),
similar to the situation in monolayer graphene which contains one delocalized 6¢c-2e 1 bond over each C4 hexagon. Furthermore,
these BL-a* borophenes appear to remain highly stable on Ag(111) substrate, presenting the possibility to form supported BL-a*

borophenes.
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1 Introduction

Graphene, a honeycomb monolayer (ML) allotrope of carbon
composed of interwoven carbon single chains (CSCs), has played
an essential role in nanoscience and technology ever since its
experimental preparation [1]. As a typical Dirac material [2],
graphene has exhibited huge advantages to operate in electronic,
magnetic, optical, thermoelectric, catalysis, and energy storage
systems. Other ML two-dimentional (2D) materials such as
silicene [3-5], BN monolayers [6, 7], phosphorene [8], and MoS,
sheets [9,10] with particular properties and significant potential
applications have also been synthesized in recent years. As the
light neighbor of carbon in the periodic table, boron exhibits
strong propensity to adopt sp* hybridizations which result in
various planar boron clusters [11,12], cage-like borospherenes
[13,14], and low-dimensional boron nanomaterials [15-17]. In
particular, the experimentally observed quasi-planar boron cluster
Cs, Bsg (1) which is dually m-aromatic in nature analogous to
coronene C,,H, (6) has been employed as building blocks to form
the most stable ML a-boron sheet named borophene [18-20]. ML
a-boron sheet with a hole density of # = 1/9 appears to be n-
isovalent with that of ML graphene, with one 6c-2e 7 bond over
each By hexagonal hole and one 7c-2e m bond over each B-
centered B, hexagon [19,21-23]. The stability of ML borophenes
depends heavily on their hole density, preferably in a range of 7 =
1/9-1/7 [24-28]. Various supported ML borophenes like B, X3

and a-sheet have been synthesized in recent years on Ag, Au, Cu,
and Ni substrates which are known to be the thinnest metallic
materials ever reported [16,29-31]. However, there have been no
freestanding ML borophenes realized to date in experiments due
to their high reactivity in atmospheres, strong adhesion on
substrates, and tendency to form interlayer bonding interactions.

Previous theoretical investigations have shown that the
formation of bilayer (BL) borophenes passivated on the inner side
can effectively stabilize the systems [32-34]. Zhou et al. predicted
the BL borophene By (Pmmm) [32] made of buckled triangular
layers which appeared to be about 50 meV/atom more stable in
energy than the most stable ML a-sheet and its analogues. The
first supported BL semiconducting a-borophene By, (BL-a
borophene) deposited on Ag(111) substrate with a hole density of
# = 1/9 and interlayer bonding density of u = 2/9 was recently
realized in a molecular beam epitaxy (MBE) experiment [35].
However, such supported BL-a borophenes are expected to be
unstable when peeled off from the metal substrate (Fig. S1(a) in
the Electronic Supplementary Material (ESM)). Large-size, single-
crystalline bilayer borophene was also very recently synthesized on
Cu(111) surface by MBE [36] (Fig. S1(b) in the ESM). However, to
our best knowledge, stable, freestanding BL borospherenes of great
potential for applications in functional devices still remain elusive
in both experiments and theory.

Using the experimentally observed quasi-planar Cg, Bss (1) as
building blocks to form the self-assembled ML-a" borophene B,
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(Cmmm) (2) and based on extensive global minimum (GM)
searches and density functional theory (DFT) calculations, we find
in this work free-standing BL semiconducting o*-borophenes B,
(Cmmm) (3) and By, (C2/m) (4) consisting of interwoven boron
triple chains (BTCs) with 77 = 1/12 and u = 1/4, respectively. These
BL-a" borophenes as the most stable free-standing BL borophenes
reported so far possess a delocalized 12c-2e n-bond over each By
hexagonal hole, forming a unique m-system analogous to that of
the ML graphene which contains a delocalized 6c-2e n-bond over
each Cy hexagonal hole. Such BL-a* borophenes are found to be
obviously more stable than the previously reported BL-a
borophene on Ag(111) substrate [35].

2 Theoretical procedures

Extensive GM searches on BL borophenes with hole densities
between 7 = 0-0.25 were carried out using the alloy theoretical
automated toolkit (ATAT [37]) based on the cluster expansion
(CE) method [38], with the B¢ hexagonal vacancies (Vac) dealt as
dopants. Complementary structural searches were performed
using the CALYPSO code [39] with the local particle swarm
optimization (PSO) minimization scheme within the unit cells
containing 16, 18, 20, 22, 24, 26, 28, 30, 32, and 34 atoms,
respectively. Local structural relaxations were performed using
density functional theory within the Perdew—Burke—Ernzerhof
(PBE) parametrization of generalized gradient approximation
(GGA) [40], as implemented in the Vienna ab initio simulation
package (VASP) code [41,42]. The PBE functional has been
confirmed to perform well for boron systems [43]. A dispersion
correction of total energy (DFT-D3 method) [44] was used to
incorporate the long-range van der Waals interaction. A vacuum
slab of 20 A was selected and a plane-wave basis set with an energy
cutoff of 500 eV was used. The electron localization functions
(ELF) [45, 46] of optimized BL borophenes were calculated at PBE
level using the VASP code with Monkhorst—Pack k-point meshes
of 13 x 13 x 1, with their band structures and projected densities
of states (PDOS) obtained at the more accurate
Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional level [47].
To check the dynamical stability of the obtained B structures,
phonon dispersion analyses were performed using the finite
displacement method [48] as implemented in the Phonopy code
[49], interfaced with the density functional perturbation theory
[50] as implemented in VASP. In phonon calculations, a plane
wave energy cut-off of 500 eV was employed with more stringent
convergence criteria for energy (10 eV) and force (0.0001 eV/A).
Ab initio molecular dynamics (AIMD) simulations with canonical
ensemble were performed to evaluate the dynamic stability of the
systems [51, 52]. Bonding analyses were done using the solid state
adaptive natural density partitioning (SSAANDP) method [53]
which revealed both the localized and delocalized bonds in
concerned systems. The SSAANDP results were visualized using
the VMD 1.9.3 program [54].
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3 Results and discussions

3.1 Structures and stability

By (1) is known to possess a perfect Cg, quasi-planar structure
with a B hexagon at the center surrounded by three concentric
boron rings: the inner By ring, middle B, ring, and outer B, ring
(Fig. 1). Using B; (1) as building blocks, the perfect planar ML-o
borophene By;(2, P6/mmm) composed of edge-sharing Bs
subunits in a honeycomb structure can be constructed. ML-a*
borophene (2) consists of interwoven BTCs shared by neighboring
B4 subunits, similar to the situation in ML graphene (5) which
consists of CSCs shared by neighboring C¢ hexagons. Although
ML-a borophene (2) itself with dangling bonds in vertical
direction is unstable both thermodynamically and kinetically, two
such ML-a* borophenes can be assembled to form highly stable
BL-a" borophenes: the eclipsed (A-A stacked) B, (3, Cmmm) and
staggered (A-B stacked) B,, (4, C2/m) with the interlayer B-B
distance of 1.76 A, which appear to be both thermodynamically
and kinetically stable with the cohesive energies of E ., = —6.235
and —6.238 eV/atom at GGA-PBE level, respectively (E, = (E, —
nEg)/n, where n is the number of boron atoms in the unit cell, E,,
the total energy of the unit cell, and Ej the energy of a free B atom
in vacuum). The two close-lying BL-a* borophenes are practically
iso-energetic in thermodynamics, with the slightly more stable A-
B stacked B,, (4) constructed from BL B,, (3) via shifting the
bottom layer by approximately one-third of the long diagonal of
the unit cell (v/3/3a, /3/3b), similar to the situation in the most
stable A-B stacked BL graphene which features weak interlayer
-7t stacking interactions. Both BL-a* borophenes B,, (3) and B,,
(4) with the hole density of # = 1/12 and interlayer bonding
density of u = 1/4 possess three interlayer B-B o-bonds between
six inward-buckled atoms in each unit cell which behave like three
“pillars” nailing the top and bottom layers together. Interestingly,
as indicated in Table 1, BL-a* borophenes B,, (3) and B,, (4) are
more stable than all the BL boronphenes reported to date in the
literature. The previously reported close-packed BL borophenes
By, (P6) [55], B, (P6mmm) [33], and Bg (Pmmm) [32] appear to
be 0.168, 0.129, and 0.050 eV/atom less stable in cohesive energies
than BL B,, (3) and B,, (4) at PBE level, respectively. B,, (3) and
B,, (4) also appear to be 0.031 and 0.034 eV/atom more favorable
in cohesive energy than the previously reported BL borophene B,
(Cmmm) constructed from the experimentally observed B,s™ [50,
51]. The BL-a borophene realized on Ag(111) substrate reported
in Ref. [35] is found to be relaxed to the freestanding BL-a By
(P6/m2) (Fig.S1(a) in the ESM) which has the low cohesive
energy of E_;, = —6.088 eV/atom, a hole density of # = 1/9, and a
halved interlayer bonding density of u = 1/9, while the supported
BL borophene (P1) on Cu(111) observed in Ref. [36] has an even
lower calculated conhesive energy of E,;, = —6.057 eV/atom when
peeled off from the metal substrate (Fig. S1(b) in the ESM).

More encouragingly, extensive ATAT GM searches with the
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Figure1 Top and side views of the optimized structures of quasi-planar Cy, By, (1), ML-a* borophene B, (P6/mmm) (2), eclipsed BL-o borophene B,, (Crmmm) (3),
and staggered BL-a borophene B,, (C2/m) (4), graphene C, (P6/mmm) (5), and coronene Dy, C,H, (6), with the lattice parameters and interlayer distances indicated.
The inward-buckled boron atoms forming the interlayer B-B bonds are highlighted in blue.
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Table1 Space groups, lattice constants a and b, number of interlayer B-B
bonds per unit cell (Nj_3), hole densities #, interlayer bonding density u, and
cohesive energies per atom E_y, of bilayer borophenes reported in literature at
GGB-PBE level. The most stable BL-a* B,, (3) and BL B,, (4) are tabulated in
the last two rows for comparison

Phase a(d) b(A) Ny 7 u  E.p(eV/atom)
B4 (P6) [55] 4.36  4.36 3 —  3/7 -6.070
B, BL a-sheet 5.00 5.00 1 1/9 1/9 —-6.088
By (P6mmm) [33] 2.86 2.86 1 — 173 -6.109
By, (C2/m) [33] 566 2.82 - — —-6.176
By, (P2/m) [56] 680 680 4 1/16 1/4 -6.178
Bg (Pmmm) [32] 2.86 3.24 2 — 1/4 —-6.188
B;, (Cmmm) [56,57]  6.60  6.60 4 1/16 1/4 -6.204
B,, (Cmmm)* 571 5.71 3 /12 1/4 —-6.235
B,, (C2/m)* 571 5.71 3 /12 1/4 —-6.238

Vac treated as dopants indicate that BL-a* By, (3) and BL B,, (4)
are the most stable BL borophenes obtained to date with the hole
density ranging from 7 = 0 to # = 0.25, as clearly shown in Fig. 2.
BL-a* B,, (3) and BL-a" B,, (4) have 2 vacancies in 24 lattice sites
(By(Vac),) in each unit cell with the hole density of # = 1/12,
while the third stable BL borophene B, (Crmmm) has 2 vacancies
in 32 lattice sites (B;y(Vac),) with # = 1/16. The lowest-lying BL
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Figure2 Average cohesive energies per atom E_y, of the bilayer borophenes
obtained as a function of hole density # at PBE level.
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configurations (Fig.S2 in the ESM) obtained via extensive
structural searches based on the PSO approach implemented in
CALYPSO appear to be in good agreement with the ATAT results
discussed above, providing further evidence that BL-a* B,, (3) and
BL B,, (4) are the most stable BL borophenes obtained to date.

As indicated in Fig. 3, both BL-a* B,, (3) and BL-a* B,, (4)
exhibit no imaginary phonon modes on their phonon dispersion
curves in the first Brillouin zones, indicating the high dynamic
stability of these BL-o borophenes. The calculated band structures
in Fig. 3 show that they are semiconductors with the indirect band
gaps of 0.952 and 1.144 eV at HSEQ, respectively. For BL-a* B,,
(3), the conductance band minimum (CBM) is located at the C
point while the valence band maximum (VBM) is slightly deviated
from the I' point; whereas for the BL-o" B,, (4), the CBM is shifted
to the Y point, while the location of VBM remains essentially
unchanged. For both the bilayer borophenes, the CBM is
primarily contributed by the B p, orbitals, while the VBM is
derived from a hybridized state of the B p, and p,,, orbitals (Fig. 3,
right) as a result of the interlayer bonding formed in the two
bilayers.

We also assess the dynamic stability of BL B,, (3) by performing
AIMD simulations at 1,000 K with a time step of 1 fs. The
structural snapshot of a 2 x 2 supercell at 10 ps (Fig. S3 in the
ESM) reveals that the semiconducting BL borophene is
dynamically stable at high temperatures. In addition, we calculate
the elastic constants, Young’s modulus, and Poisson’s ratios of the
BL B,, (3). The elastic constants of BL B,, (3) ¢;;, ¢5, and ¢, are
407.80, 463.91 and 47.48 N/m, respectively. The Young’s moduli
along the a- and b-directions are 402.94 and 458.38 N/m,
respectively. Compared with isotropic graphene (5) [58], the BL
B,, (3) is mechanically anisotropic with direction-dependent
elastic properties. Its calculated Poisson ratios along the a- and b-
directions are 0.10 and 0.12, respectively, slightly lower than the
corresponding values of ML graphene (Table S1 in the ESM).

3.2 Bonding analyses

To better comprehend the high stabilities of these BL borophenes,
we perform detailed bonding analyses using both the ELF and
SSAANDP approaches. ELF surfaces can be viewed as a contour
picture in real space with ELF values ranging from 0 to 1. The top
and side views of the ELF isosurfaces of BL B,, (3) are displayed in
Figs. S4(a) and S4(b) in the ESM with ELF = 0.8. There exist two
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Figure 3 Calculated phonon dispersion spectra (at DFT-PBE) and band structures and projected densities of states (at HSE06) of the (a) eclipsed BL B, (3) and (b)

staggered BL B,, (4). The Fermi level is set to 0 eV.

TSINGHUA
N UNIVERSITY PRESS

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2022, 15(6): 5752-5757

electron localized areas in Figs. S4(a) and S4(b) in the ESM. One
represents the delocalized in-plane o-bonding interactions around
the hexagonal holes on the top and bottom layers (Fig. S4(a) in the
ESM), while the other shows the localized B-B o-bonds on the B,
pillars in between (Fig.S4(b) in the ESM). The sliced ELF
distribution in Fig. S4(c) in the ESM again indicates that high ELF
distributions exist at the middles of the pillars, corresponding to
strong B-B o-bonding interactions between the top and bottom
layers. It is found from Fig. S4(d) in the ESM that ELF with 0.6
takes up most of the sliced plane at the bottom of the top layer.
Figure S4(e) in the ESM again exhibits obvious electron
delocalized areas around the hexagonal holes on both the top and
bottom layers.

The SSAANDP bonding patterns depicted in Figs. 4(a) and 4(b)
provide a clearer and more specific description of the bonding
interactions in BL B,, (3) and B,, (4). In each unit cell of BL-a* B,,
(3) (Fig. 4(a)), there exist 3 localized B-B 2c-2e 0 bonds with ON
= 1.81-1.85 |e| on three B, pillars, 20 delocalized 3c-2e o bonds
with ON = 1.80-1.89 |e|, and 8 delocalized 4c-2e ¢ bonds with ON
= 1.80-1.85 |e| evenly distributed on the top and bottom layers,
forming a o-framework with an overall point symmetry of Dy, in
the unit cell. More interestingly, there have 2 delocalized 12c-2e ©t
bonds with ON = 1.64 |e| symmetrically distributed around the
two hexagonal holes on the top and bottom layers in each unit
cell. BL-a* B,, (3) thus possesses one 12c-2e m bond over each
hexagonal hole, similar to the situation in ML graphene (5) which
contains one delocalized 6c-2e m bond over each Cq hexagonal
hole (Fig. 4(c)). The difference is that each 12c-2e m bond in
semiconducting BL-a* B,, (3) shares one B atom with its neighbor,
leaving two-thirds of the B-filled B, hexagons uncovered by
delocalized 1 bonds, while each 6¢-2e 1 bond in semimetallic ML
graphene shares a C, edge with its neighbor, forming an even and
continuous m-electron distribution over ML graphene (Fig. S5 in
the ESM). Similar o and n bonding patterns exist in BL-o" B,, (4)
as shown in Fig. 4(b) where the delocalized 12c-2e m bond at the
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Figure4 Comparison of the SSAANDP bonding patterns of (a) BL-a' By, (3), (b) By, (4), and (c) ML graphene (5), with the occupations numbers (ONs) indicated.
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bottom layer is shifted by one-third of the long diagonal of the
unit cell, with the associated o-framework shifted simultaneously
in a concerted mechanism.

3.3 Supported BL-a borophenes and three-dimensional
borophites

Based on the most stable BL-a* B,, (3) and B,, (4) obtained, we
explore the possibilities of forming supported BL-a* borophenes
and three-dimensional (3D) a'-borophites (TD-a" borophites). As
shown in Fig. 5, both BL-a" B,, (3) and B, (4) exhibit marginal
mismatch with the Ag(111) substrate in unit-cell geometries. The
optimized lattice parameters of a = b = 5.78 A in the supported BL-
a* borophenes match well with the experimentally measured a = b
= 5.7 A for supported BL borophenes [35]. Such supported BL-a*
borophenes possess the average cohesive energies per boron atom
(defined as Ey, = (Ei = Epga1ny — Ep)/n, where By stands for
the total energy of the Ag(111) substrate) of E ., = —6.340 and
—6.343 eV/atom, respectively. The average absorption energy per
boron atom on the substrate is E,, = 0.105 eV/atom. With the
calculated B-Ag distances of 22 A and slightly elongated
interlayer B-B bond length of 1.8 A, the supported BL-a'
borophenes are significantly more favorable in thermodynamics
than the previously reported BL-a borophene [35] on Ag(111)
which has E_;, = —5.737 eV/atom at the same theoretical level.
These results present the possibility to form supported bilayer BL-
a* borophenes on Ag(111) under suitable experimental conditions
from which free-standing bilayer borophenes can be exfoliated
from the substrate without obvious structural relaxations.
Extending BL-a" By, (3) in vertical direction, the eclipsed TD-a
borophites B,, (Crmmm) (a) and staggered B,, (C2/c) (b) can be
constructed which have the calculated cohesive energies of E, =
—6.254 and —6.262 eV/atom respectively, suggesting that weak n—t
stacking interactions (0.019 eV and 0.024 eV/atom, respectively)
exist between neighboring BL-a* borophenes in these 3D
structures (Fig. S6 in the ESM). The interlayer distance of 3.36 A
in the slightly more stable staggered TD-a* By, (b) is close to that

avVaVaVaVa\
A'A'Ae 2 \VaVAVAY
"'%'%?$'%"'

2*1 12c¢-2¢ nt bonds
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Figure5 Top and side views of the supported (a) bilayer B,, (3) and (b) By, (4)
on Ag(111) substrate, with the inward-buckled boron atoms forming interlayer
B-B ¢ bonds colored in blue and interlayer distances indicated in A.

of 340 A in graphite. However, AIMD simulations indicate that
both these 3D TD-a' borophites are dynamically unstable at
300 K. They appear to be considerably less stable than the well-
known a-rhombohedral boron which has the cohesive energy of
E., =—6.573 eV/atom at PBE.

4 Conclusions

Based on extensive first-principles theory calculations in
combination with extensive GM searches, we have presented in
this work the two most stable BL-a" borophenes B,, (3) and B,,
(4) reported to date which are indirect band gap semiconductors
in nature. Chemical bonding analyses unveil the fact that strong
interlayer B-B 2c-2e o bonds help to stabilize these bilayer systems
effectively and the delocalized 12¢-2e 1 bonds over By hexagonal
holes in these semiconducting BL materials function similar to the
delocalized 6¢-2e m bonds over C; hexagons in semimetallic ML
graphene. Such BL-a" borophenes match well with the Ag(111)
substrate in lattice to form highly stable supported BL borophenes.
These results offer new insights into structural chemistry of low-
dimensional boron beyond the single-atomic-layer limit.
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