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Borophene has several configurations and shows many unique properties, such as the Dirac point, the
negative Poisson’s ratio, inherent metallicity, but it is oxidized easily. Recently, ordered chemical modulation
of β12 borophene grown on the Ag(111) substrate by hydrogenation was experimentally reported, and three
configurations of β12 borophane were proposed by scanning tunneling microscopy and spectroscopy [Science
371, 1143 (2021)]. In this paper, using first-principles calculations, we study seven configurations of hydrogen
atoms adsorbed on freestanding β12 borophene not only including the three adsorption structures in above
literature, but also other four possible configurations with one or two hydrogen atoms adsorbed on it per
unit cell. Among the seven configurations, we predict two stable β12 borophanes. They possess the dynamic
stability and different anisotropic metallicity from pristine β12 borophene and show superconductivity. Based
on the Eliashberg equation, the calculated electron-phonon coupling strength are about 0.82 and 0.52, and their
superconducting transition temperature Tc are 20.51 and 5.90 K, respectively. Thus, these borophanes provide
new platforms for two-dimensional superconductivity and antioxidation of borophene.

DOI: 10.1103/PhysRevMaterials.7.034004

I. INTRODUCTION

The discovery of graphene and its unusual properties have
made two-dimensional (2D) materials gain a widespread in-
terest due to their large surface area and novel physical and
chemical properties [1–10]. Boron (B), the neighbor of car-
bon (C), is in a special position of transition from metal
to nonmetal in group IIIA of the periodic table. The elec-
tron configuration of its atomic ground state is 1s22s22p1,
that is, three valence electrons in the outer layer to occupy
four orbits, i.e., 2s, 2px, 2py, 2pz, and it has electron-deficient
characteristics, which makes B have strong chemical activity
[11,12]. Therefore, B has a variety of allotropes including
metal, semimetal, and semiconductor, showing rich electronic
properties [13–17].

Borophene is a 2D material composed of single element
B and monolayer atom. Due to the electron-deficient nature
of B not only a two-center-two-electron bond can be formed
in borophene, but also a multi-center-two-electron bond, such
as the three-center-two-electron bond can be formed, leading
to the structural diversity of borophene [18,19]. There are
mainly two types of configurations predicted by theory: A
triangular close-packed and a triangular and hexagonal mixed
structure [20–22]. The first is nonplanar structure formed by
some buckling B, and the second is the structure in which
some B atoms are removed from the triangular dense lattice,
leaving some hexagonal holes. The buckling or holes in both
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structures can balance the electron-deficient character of the
planar structure of B and improve the stability of borophene
by enhancing electron delocalization [23,24].

In recent years, a variety of configurations of borophene
have been prepared successfully [17,25–28]. They were the-
oretically predicted to show peculiar properties, such as the
negative Poisson’s ratio [29], inherent metallicity [30], optical
transparency [31], high flexibility [32], and superconductiv-
ity [33–36]. The special physical and chemical properties of
borophene may broaden its potential applications, such as
hydrogen storage, battery, optically transparent electrode, etc.
[37–40]. However, the thermodynamic, kinetic instability, and
easy oxidation in air substantially limit its further develop-
ment [25,26,41–47].

Functionalizing borophene [48,49], namely, adsorbing
some atoms or groups, for instance, H, F, and OH on the
surface of it, can effectively adjust its electronic properties,
improve its stability and suppress ambient oxidation [15,50–
54]. Particularly, it was recently reported that β12 boro-
phane polymorphs can be synthesized by hydrogenated β12

borophene on an Ag(111) substrate under ultrahigh vacuum
with the H atoms adsorbed on the same side of borophene
[55]. Especially, three configurations of β12 borophane on the
Ag(111) substrate were proposed by the scanning tunneling
microscopy and spectroscopy. Their results reveal that hy-
drogenation provides chemical passivation of borophane and
reduces oxidation rates by more than two orders of magnitude
after ambient exposure. Inspired by this, we adsorb differ-
ent proportions of H atoms at different sites of freestanding
β12 borophene. It is anticipated to obtain the stable lattice
structure and electronic properties of β12 borophane through
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calculation, which can provide theoretical reference for
improving the physical and chemical properties of β12

borophene in experiments.
In this paper, by using the density functional theory (DFT),

we found two stable configurations of hydrogenated free-
standing β12 borophene. Their lattice structures, bonding,
electronic structures, phonon spectra, and superconductivity
were studied in detail. Our results show that they are no
longer pure planar structure but still maintain the anisotropy,
dynamic stability, metallicity, and superconductivity. Most
importantly, they should be antioxidants, compared with the
pristine β12 borophene according to the experimental results
of Ref. [55].

II. METHOD

In this paper, we applied the Vienna ab initio simula-
tion package [56] within the framework of the DFT [57] to
perform the structural relaxation and electronic properties.
The electron-ion interaction was described by projector-
augmented-wave pseudopotention [58]. The Perdew-Burke-
Ernzerhof (PBE) functional theory under the generalized
gradient approximation (GGA) [59,60] was chosen for the
exchange-correlation function, and the plane-wave basis vec-
tor with the kinetic-energy cutoff of 400 eV was selected.
The Brillouin zone was sampled with 7 × 11 × 1 �-centered
Monkhorst-Pack grids [61], so as to ensure that the total
energy converges to 0.01 meV and the force converges to
0.03 eV/Å. A vacuum space of 20 Å was added to avoid
interactions between adjacent layers. The phonon spectrum
and electron-phonon interaction were calculated using the
QUANTUM-ESPRESSO package [62]. All structures were reop-
timized by the PBE functional and ultrasoft pseudopotential
of GGA. Energy cutoffs of 80 and 800 Ry were set for
the electronic-wave functions of a plane-wave basis and the
charge density, respectively. The convergence criteria for the
energy was set as 10−9 Ry. A 6 × 10 × 1 q-point grid was
set for calculating the phonon dispersion and phonon density
of states, and an accurate electron-phonon interaction matrix
was evaluated on a denser 24 × 40 × 1 k-point grid. When
estimating the superconducting critical temperature (Tc) using
the McMillan-Allen-Dynes formula [63–65], we selected a
typical value of the screened Coulomb repulsion constant
μ∗ = 0.1, which was used for estimating Tc of β12 borophene
[34,36].

III. RESULTS AND DISCUSSIONS

A. Structure and stability of hydrogenated β12 borophene

The primitive cell of the freestanding β12 borophene con-
tains five B atoms (as shown in Fig. 1), which is a pure planar
structure with a combination of closely arranged triangular
and hexagonal holes. The filled and empty hexagon distribute
along the zigzag direction. The optimized lattice constants
are 5.08 and 2.92 Å, respectively, with the Pmmm (No. 47)
space group. The results are consistent with the previous
calculations [24,34–36,66]. Obviously, there are many pos-
sible sites for adsorbing H on its surface. We have explored
multiple configurations of hydrogenated structures with one
or two H atoms adsorbed on it per unit cell. The various

FIG. 1. (a) Top and side views of β12 borophene. (b) Atomic
number and B-B bond lengths labeled in the primitive cell. The green
spheres represent the B atoms, and the red rectangle represents the
primitive cell of β12 borophene.

adsorbed structures after fully optimized are shown in Fig. 8
and their structure files are provided in the Supplemental
Material [67]. The configurations with H atoms adsorbed
on the same side can be synthesized by hydrogenating the
β12 borophene on the Ag(111) surface with atomic hydrogen
sources in ultrahigh vacuum [55], whereas the borophanes
with H atoms adsorbed on the opposite sides can be prepared
by hydrogenating β12 borophene via an in situ and three-step
thermal-decomposition process, such as Ref. [68] when the
freestanding β12 borophene can be produced. It can be seen
from Fig. 8 that the planar structure of β12 borophene will
fluctuate when it adsorbs H, which is an adaptive adjustment
made by the borophene to improve its structural stability. In
order to determine the stable configuration, we calculated the
formation energy and phonon spectra of these structures.

Formation energy is a basic judgment index for evaluating
the energy stability of materials. For AmBn-type material with
n B atoms adsorbed on the base material Am containing m
A atoms, its formation energy can be calculated by Eform =
EAmBn − EAm − nEB. Here, EAmBn is the total energy of fully
optimized AmBn, EAm is the total energy of fully optimized
base material Am and EB is the average monoatomic energy
of substances in nature composed of B atoms, respectively.
For the hydrogenated borophene, EAmBn and EAm are the to-
tal energies of β12 borophane and β12 borophene, and EB

is the average energy of the H atom in the H2 molecule.
The smaller the formation energy is, the more stable the
structure is. The obtained formation energies for the struc-
tures in Fig. 8 are Etop = 0.99, Ebridge 1 = −0.10, Ebridge 2 =

FIG. 2. (a) Top and side views of b1 borophane. (b) Atomic
number and B-B bond lengths labeled in the primitive cell. The green
and pink spheres represent B and H atoms, respectively. The red
rectangle represents the primitive cell of it.
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FIG. 3. (a) Top and side views of a hydrogenated t-b2 borophane.
(b) Atomic number and B-B bond lengths labeled in the primitive
cell. The green and pink spheres represent B and H atoms, respec-
tively. The red rectangle represents the primitive cell of it.

1.01, Etop+bridge 1 = 0.48, Etop+bridge 2 = 2.62, Etop−bridge 1 =
0.74, and Etop−bridge 2 = −0.30 eV. It can be seen that the
structures shown in Fig. 8(b) and 8(g) are relatively stable.
Consequently, we calculated the phonon dispersions and total
phonon density of states (PhDOS) of the hydrogenated con-
figurations of borophene in Fig. 8 with the results shown in
Fig. 9. According to the phonon spectra, the configurations
in Figs. 8(b) and 8(g) where one H atom is adsorbed on
the bridge site of B1-B2 (b) or two H atoms are adsorbed
on the opposite sides of the boropene, i.e., on the bridge
site of B4–B5 and the top site of B3 (g), are dynamically
stable. Therefore, in the next section, we discuss the electronic
properties of both borophanes, and focus on the analysis of
the similarities and differences between the borophanes and
the pristine β12 borophene. For discussion purposes, we name
them as b1 borophane and t-b2 borophane with the former
similar to that reported by the experiment [55] but in the
freestanding case.

The periodic structures of b1 borophane and t-b2 boro-
phane are shown in Figs. 2 and 3. Compared with Fig. 1, it can
be seen that the pure planar structure of borophene is changed.
For b1 borophane, B3–B5 atoms have a slight displacement
in the c-axis direction, whereas for t-b2 borophane, B4 and
B5 atoms have a small displacement in addition to the larger

FIG. 4. (a) Orbital-projected electronic band structure (left), and
total and partial electron density of states of b1 borophane (right).
The dotted line is the Fermi level (FL) set to zero. (b) The first
Brillouin region of b1 borophane. (c) The Fermi surface (FS) of b1
borophane.

FIG. 5. (a) Orbital-projected electronic band structure (left), and
total and partial electron density of states of t-b2 borophane (right).
The dotted line is the FL set to zero. (b) The first Brillouin region of
t-b2 borophane. (c) The FS of t-b2 borophane.

displacement of the B3 atom in the c-axis direction. The
lattice constant of b1 borophane is almost unchanged (a =
5.07 and b = 2.93 Å), and the length of a of t-b2 boro-
phane increases slightly (a = 5.12 Å) and its length of
b decreases slightly (b = 2.85 Å) compared with those
of the pristine borophene (a = 5.08, b = 2.92 Å). It can
also be seen from Figs. 2(b), and 3(b) that B bonds
with H, and the B-B bond length has changed accord-
ingly, and then the borophanes are anisotropic in the a-,
b-, and c-axis directions with space-group Pmm2 (No.
25). The bond lengths of B1-H1 in b1 borophane is
1.36 Å, whereas those of B3-H1 and B4(B5)-H2 in t-b2
borophane are 1.20 and 1.36 Å, respectively, which are close
to those in two-centers-two-electrons bond (1.19 Å) and
three-centers-two-electrons bond (1.31 Å) in Refs. [55,69],
indicating that H and B in the borophanes form a covalent
bond. As can be seen from Figs. 2(b), 3(b) and 1(b), the
adsorption of H also changes the corresponding B-B bond
length in the pristine borophene: The B4-B5 bond lengths of
b1 and t-b2 borophane become significantly shorter, the B3-
B4 bond lengths of b1 borophane become slightly longer, and
other bond lengths become longer. This adjustment will lead
to the redistribution of electrons. The difference of electron
distribution will be revealed in a later analysis.

B. Electronic properties of β12 borophane

To probe the influences of the structural change on the
electron distribution of borophene, we performed the Bader
charge analysis of borophene and borophanes as shown in
Figs. 10(a)–10(c). The figures show the estimated net charge
of per atom. Positive (negative) numbers represent the net
charge lost (gained) by the atom. Comparing Figs. 10(a)–
10(c), for the pristine borophene, the positively and negatively
charged B atoms are arranged alternately along the b-axis di-
rection of the primitive cell. After adsorbing H atoms, the net
charge transfers from B to H atoms, forming a stable covalent
bond between B and H atoms. Particularly, in t-b2 borophane,
the Htop atom is more negatively charged than the Hbridge atom.
Otherwise, Fig. 10 also shows that the electrons on B atoms
are redistributed after adsorbed H atoms, which should be the
reason why the borophane has antioxidation. The borophane’s
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FIG. 6. (a) Phonon dispersion weighted by the magnitude of electron-phonon coupling (EPC) λqν , total and projected PhDOS, the
Eliashberg spectral function α2F (ω), and EPC λ(ω) of b1 borophane. (b)–(s) The vibration modes at the � point.

antioxidation has been experimentally verified in Ref. [55].
In addition, there are many researches which have showed
that chemical passivation can suppress ambient oxidation for
electronic materials. For instance, monohydride termination
of the dangling bonds on silicon surfaces minimizes native ox-
ide formation [70,71], and covalent modification of 2D black
phosphorus improves morphological stability and preserves
electronic properties in ambient conditions [72]. In order to
clearly understand the bonding nature in β12 borophene and
β12 borophanes, we calculated the electron localization func-
tion (ELF) of them as illustrated in Figs. 11–13.

The value of ELF is between 0 and 1, which reflects the
degree of charge localization in the real space and helps to
understand the characterictics of the chemical bonds. 0 cor-
responds to the free electronic state, whereas 1 indicates a
perfect localization, and 0.5 indicates homogeneous electron
gas. As illustrated in Figs. 11–13, high ELF values are dis-
tributed between B atoms and around H atoms, indicating
the presence of B-B and B-H and B-H-B covalent bonds.
Therefore, Figs. 10(a)–10(c) show that the charge tends to

accumulate around the adsorbed H atoms in hydrogenated
borophene. Maybe, this peculiar bonding feature can make
the borophanes show antioxidant property as other kinds of
borophanes in Ref. [55].

Next, we analyze the influence of hydrogenation on the
electronic band structure of β12 borophene. For this purpose,
we calculated the orbital-projected electronic band structure
as well as total and partial electron density of states (PDOS)
of b1 and t-b2 borophane and borophene, which are shown
in Figs. 4, 5, and 14. The results of borophene shown in
Fig. 14 reveals that it is metallic, which is consistent with
previous results and is also mutually confirmed with the sig-
nificant DOS near its FL measured by scanning tunneling
spectroscopy [33–36]. Normally, the out-of-plane π bonds
originated from pz orbitals are weaker than the in-plane bonds
formed from sp2 hybridization, hence, a structure that opti-
mally filling the in-plane states should be the most desirable
[20]. Figure 14(a) shows that almost all states of the in-plane
orbitals are filled, and the remaining electrons fill in the π

state of the out-of-plane pz orbitals around the FL. The FL
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FIG. 7. (a) Phonon dispersion weighted by the magnitude of EPC λqν , total and projected PhDOS, the Eliashberg spectral function α2F (ω),
and EPC λ(ω) of t-b2 borophane. (b)–(v) The vibration modes at the � point.

passes through three bands filled with px, py and pz electrons.
Accordingly, the FS of borophene in Fig. 14(c) shows two
main features: (i) two small hole pockets at the � point (two
circulars) are composed of bonded boron px and py orbitals,
(ii) a large ellipselike electron pocket is centered on Y com-
posed of pz orbitals. When borophene adsorbs H atoms, its
electronic structure changes significantly (see Figs. 4 and 5).
Figures 4(a) and 5(a) show that b1 and t-b2 borophane are still
metallic, but the number of electronic bands passing through
the FL have changed from three to two, and the two bands
are partially filled with px- and pz- (for b1 borophane) or py-
and pz-orbital electrons (for t-b2 borophane). At the same
time, the electronic states related to the py or px orbitals
have been fully occupied, which is also verified by the PDOS
on the right side of Figs. 4(a) and 5(a). Meanwhile, the FS
shape has also changed greatly. The small hole pockets around
� disappears. Compared with borophene, b1 and t-b2 boro-
phanes show different anisotropies. Furthermore, as pointed
out in Refs. [20,50], the in-plane bond formed by overlapping
sp2 hybridization is stronger than the out-of-plane π bond
formed by pz-orbital electrons. Here, the electrons near the
FL occupy more py orbital and less out-of-plane pz orbital

in the borophanes. Besides, the adsorption of H atoms makes
the triple-center bonds and double-center bonds appear in the
borophanes, so it can be speculated that this is why b1 and t-b2
borophane are more stable and antioxidant than the pristine
borophene.

C. Superconductivity of β12 borophane

References [34–36] have proved that β12 borophene shows
superconductivity, which is also verified by our calculation.
In order to analyze the influence of H adsorption on its su-
perconductivity, we calculated the superconducting transition
temperature of the borophene and borophanes. The results
are shown in Figs. 6, 7, and 15. Figure 15(a) shows the
phonon dispersion, the projected PhDOS, the Eliashberg spec-
tral function α2F (ω), and electron-phonon coupling λ(ω) of
the pristine borophene. The phonon dispersion in Fig. 15(a)
is consistent with that in Ref. [36] except for the appearance
of small imaginary phonon frequency of the transverse branch
near �, which was also found in two other Refs. [33,35]. The
occurrence of the imaginary frequency was usually attributed
to the numerical difficulties in accurate calculation of rapid
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FIG. 8. Top and side views for various configurations of H ad-
sorbed by β12 borophene on the same or different sides of bridge
and top positions: (a) top site; (b) bridge 1 site; (c) bridge 2 site;
(d) top+bridge 1 site; (e) top + bridge 2 site; (f) top-bridge 1 site;
(g) top-bridge 2 site. Where “+” means on the same side, “−” means
on different sides. The green and pink spheres represent B and H
atoms, respectively. The black rectangle is the primitive cell of each
structure.

decaying interatomic forces and is not a sign of structural
transition [73].

As shown in the rightmost figure of Fig. 15(a), the vibration
mode below 400 cm−1 contributes to the main EPC, and the
EPC strength accounts for about 80% of the total EPC strength
(total λ = 0.82). The logarithmic average of the phonon fre-
quencies ωlog is 298.64 K and the superconducting transition
temperature Tc is 14.59 K using μ∗ = 0.1. Specifically, the

FIG. 9. Phonon dispersions and total PhDOS of the hydro-
genated configurations of β12 borophene in Fig. 8.

out-of-plane vibrations of B atoms below 400 cm−1 are re-
sponsible for the Eliashberg spectral function α2F (ω) and the
PhDOS [Figs. 15(b)–15(p)].

FIG. 10. Estimated net charge on B (green) and H (pink) atoms
based on the Bader charge analysis for (a) β12 borophene, (b) b1
borophane, and (c) t-b2 borophane. The black (red) numbers repre-
sent the net charge on B (H) atoms.
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FIG. 11. Electron localization functions on crystal planes in dif-
ferent directions in β12 borophene. The Arabic numbers in the violet
box are the serial numbers of the corresponding sections.

After hydrogenation, for b1 borophane as shown in Fig. 6,
the frequency range of the phonon spectra is greatly expanded
(from 0 to 1117.8 cm−1 of the pristine borophene to 0 to
1834.3 cm−1) and the high-frequency branches come entirely
from the contribution of H atoms, but the electron-phonon
coupling is still mainly contributed by the lower-frequency vi-
bration modes. The EPC strength in the range of 0–400 cm−1

accounting for 74% and its out-of-plane vibrations below
400 cm−1 are responsible for the Eliashberg spectral function
α2F (ω) and the PhDOS [Figs. 6(b)–6(s)]. The calculated λ

and ωlog are 0.82 and 414.61 K, respectively, which are the

FIG. 12. Electron localization functions on crystal planes in dif-
ferent directions in b1 borophane. The Arabic numbers in the violet
box are the serial numbers of the corresponding sections.

FIG. 13. Electron localization functions on crystal planes in dif-
ferent directions in t-b2-borophane. The Arabic numbers in the violet
box are the serial numbers of the corresponding sections.

same and higher than those of the pristine case. According
to the McMillan-Allen-Dynes formula, the calculated Tc is
20.51 K, which is higher than that of the pristine borophene.

For t-b2 borophane, its phonon spectrum is also dra-
matically increased (from 0 to 1117.8 cm−1 of the pristine
borophene to 0 to 2543.1 cm−1) with the high-frequency
branches contributed by the vibrations of H atoms. However,
the EPC still mainly originates from the lower-frequency
vibration modes, and the EPC strength in the range of
0–400 cm−1 accounts for 64% of the total λ. Meanwhile, from
Figs. 7(b)–7(v), one can see that the low-frequency in-plane
and out-of-plane vibration modes compete with each other.
And then the calculated λ and ωlog are 0.52 and 429.95 K,
respectively, which are lower and higher than those of the pris-
tine case. According to the McMillan-Allen-Dynes formula,
the calculated Tc is 5.90 K, which is smaller than that of the
pristine borophene.

Therefore, hydrogenation can not only improve the elec-
tronic structure of borophene, but also change its supercon-

FIG. 14. (a) Orbital-projected electronic band structure and total
and partial electron density of states of β12 borophene (right). The
dotted line is the FL which is set to zero. (b) The first Brillouin region
of β12 borophene. (c) The FS of β12 borophene.
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FIG. 15. (a) Phonon dispersion weighted by the magnitude of EPC λqν , total and projected PhDOS, Eliashberg spectral function α2F (ω),
and EPC λ(ω) of β12 borophene. (b)–(p) The vibration modes at the � point.

ductivity. The different adsorption sites make the vibration
modes of borophanes significantly different. When hydrogen
atoms are only adsorbed on the bridge site (for b1 borophane),
the low-frequency out-of-plane vibration modes of borophane
make a greater contribution to the EPC of b1 borophane.
However, when hydrogen atoms are adsorbed on both sides
of the bridge and the top (for t-b2 borophane), although
hydrogen adsorption makes the borophene more stable, the
lower-frequency in-plane and out-of-plane vibration modes
compete with each other, which, in turn, makes the supercon-
ductivity of borophane weaker.

IV. CONCLUSION

To summarize, we have studied the properties of the
two stable configurations of hydrogenated freestanding β12

borophene in detail. We analyzed their dynamic stability,
electronic structure, and superconductivity then found the fol-
lowing conclusions: (1) The adsorption of H atoms has little
effect on the lattice constant of borophene, but it wrinkles the
planar structure of pristine borophene, so the bond length of
some B-B bonds increases or decreases; (2) in b1 borophane

and t-b2 borophane, the H obtains electrons from its nearest
B neighbors, and a large number of electrons are localized
around the H, which changes the bonding mode of pristine
borophene and forms strong B-H and B-H-B bonds. The
two-center-two-electron and three-center-two-electron cova-
lent bonds play an important role in stabilizing the structure
and antioxidation of borophanes; (3) the two borophanes are
still in metallic state, but the band structure and the FS are
significantly changed compared with those of β12 borophene;
(4) the calculated electron-phonon coupling strength are about
0.82 and 0.52, and the superconducting transition temperature
Tc are 20.51 and 5.90 K, respectively. Thus, the predicted
borophane provides a new platform for realizing 2D super-
conductivity and antioxidation of borophene.
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APPENDIX A: MULTIPLE STRUCTURES OF
HYDROGENATED β12 BOROPHENE

In Ref. [55], the properties of hydrogenated β12 borophene
on the Ag(111) substrate was experimentally investigated,
which is not enough to characterize the features of the free-
standing sample after hydrogenation. Therefore, we study
the properties of several hydrogenated configurations of β12

borophene, which are shown in Fig. 8.

APPENDIX B: STABILITY
OF HYDROGENATED β12 BOROPHENE

The phonon dispersions and the total PhDOS of the hy-
drogenated configurations of β12 borophene in Fig. 8 are
calculated and shown in Fig. 9. The results reveal that the
configurations bridge 1 and top-bridge 2 in Figs. 8(b) and
8(g) where one H or two H atoms are adsorbed on the side
of the bridge B1-B2 or opposite sides of the bridge B4-B5
and top B3, respectively, are the dynamically stable in all the
configurations that we have proposed.

APPENDIX C: CHARGE DISTRIBUTION AND CHARGE
LOCALIZATION

The Bader charge analysis of β12 borophene, β12 b1 and
t-b2 borophane are shown in Fig. 10. Meanwhile, the ELF of
them are illustrated in Figs. 11–13.

APPENDIX D: ELECTRONIC BAND STRUCTURE AND
TOTAL AND PARTIAL ELECTRON DENSITY OF STATES

OF β12 BOROPHENE

Figure 14, showing that borophene is metallic, is consis-
tent with the previous results [33–36]. Meanwhile, Fig. 14(a)
shows that almost all states of in-plane orbitals are filled, and
the remaining electrons fill in the π state of the out-of-plane
pz orbitals around the FL. The FL passes through three bands
filled with px, py, and pz electrons.

APPENDIX E: PHONON DISPERSION
OF β12 BOROPHENE

Figure 15 shows the projected PhDOS, the Eliashberg
spectral function α2F (ω), EPC λ(ω), and the vibration mode
with greater contribution to the EPC of borophene. The
phonon dispersion of Fig. 15(a) is consistent with that in
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