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ABSTRACT:

Two-dimensional boron monolayer (borophene) stands out from the two-dimensional
atomic layered materials due to its structural flexibility, tunable electronic and
mechanical properties from a large number of allotropic materials. The stability of
pristine borophene polymorphs could possibly be improved via hydrogenation with
atomic hydrogen (referred to as borophane). However, the precise adsorption
structures and the underlying mechanism are still elusive. Employing first-principles
calculations, we demonstrate the optimal configurations of freestanding borophanes
and the ones grown on metallic substrates. For freestanding P12 and y3 borophenes, the
energetically favored hydrogen adsorption sites are on the top of the boron atoms with
CN=4 (CN: coordination number), while the best absorption sites for o’ borophene
are on the top of the boron atoms with CN=6. With various metal substrates, the
hydrogenation configurations of borophene are modulated significantly, attributed to
the chemical hybridization strength between B p, and H s orbitals. These findings
provide a deep insight into the hydrogenating borophenes and facilitate the
stabilization of two-dimensional boron polymorphs by engineering hydrogen

adsorption sites and concentrations.
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Borophene has been attracting substantial interest in the field of two-dimensional
(2D) materials because of its enormous number of allotropes' and abundant
intriguing properties*3. The appealing electronics and mechanical characters of
borophenes are tunable for different borophene polymorphisms®’. For instance, the
structural fluxionality of borophenes favors structural phase transitions under tension,
resulting in small breaking strains yet highly ductile breaking behavior®. Previously,
Penev et al. investigated the polymorphism of 2D boron sheets, contributing to a
thorough exploration of the configurational space’. From the practical point of view,
the versatile properties of borophenes are very profitable for energy storage

1415 and biomedical applications'®!”. Due to the

materials'*'12, catalysis!?, battery
intrinsic phonon-mediated superconductivity induced by strong electron-phonon
coupling, 2D boron sheets could be utilized as superconductor with critical
temperature of 7. = 10-20 K'8. Liu er. al. theoretically investigated the possible
fabrication methods of 2D boron sheets on metal substrates for the first time,
proposing feasible approaches to synthesize 2D boron sheets'®. Recently, a number of
phases of the two-dimensional boron monolayers were successfully fabricated and
characterized on metal substrates (e.g., Ag, Au, and Cu) by several independent

groups?* 24, Interestingly, the energetically preferred polymorphs on substrates are

found to be sensitively dependent on metal substrates?>.

Notably, the pristine borophenes are susceptible and easy be oxidized in air,
hampering both characterization and practical use in electronic devices?*?%. To

improve the stability, chemical passivation provides an effective method to suppress
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ambient oxidation?3%, facilitating the separation of borophenes from metallic
substrates. Hydrogenated graphene has been explored based on the hydrogen surface
concentration and hydrogen passivation in graphene leads to a tunable bandgap’!.
Very recently, Li et al. successfully synthesized borophene polymorphs sheets by
hydrogenating borophenes with atomic hydrogen experimentally32, and proved low
oxidation rates after ambient exposure, pointing a promising route to low-dimensional
boron sheets*-4. Thereafter, Xu and coauthor investigated a variety of borophane
polymorphs on Ag substrates by first-principles calculations and revealed that the
stability of borophane polymorphs depends on hydrogen pressure’®. However, it is
still elusive about the role of hydrogenation in enhancing the stability of boron sheets

and the microscopic mechanism of substrate-modified borophane configurations.

In this work, we unravel the favored hydrogen adsorption sites of different
borophene allotropes (e.g., Pi2, 3, and o) with various element ratios of boron and
hydrogen atoms. Most importantly, our results establish a concrete link between the
optimal hydrogen adsorption sites and the chemical hybridization of borophane,
providing paramount insights for improving stability and reducing the oxidation rates
of borophenes. Our further results demonstrate that the metal substrates are capable of

modifying the optimal hydrogen adsorption sites significantly.

The configurations of borophene can be viewed as a triangular lattice with
varying concentrations of hollow hexagons®®, and different hollow hexagons of
borophenes are strongly correlated with coordination number (CN)?” of boron atoms.

To obtain the energetically favorable hydrogen adsorption sites of borophene, we
4



focus on several experimentally realized phases of 2D boron sheets: P12, 3, and o’ etc.
Among them, freestanding P12 and y3 borophenes are planar, while o’ borophene hosts
an out-of-plane buckled configuration. For clarity, we name the various absorption
sites as Hx and Hyy, where x indicates the sites where hydrogen atoms are adsorbed on
the top of boron atoms with CN=x and Hxy means the hydrogen atoms locates on the
top on the bridge sites between the boron atoms with CN=x and y. For instance, Has
represents that the hydrogen atom is adsorbed on the top of the bridge sites of two
boron atoms with CN=4 and 5. To obtain more accurate results, both the atomic
positions and lattice constants are fully relaxed for the optimal hydrogen adsorption

sites and concentrations.

The most energetically favorable hydrogen absorption sites of freestanding P12,
13, and o’ borophanes with different element ratios of hydrogen and boron have been
provided by comparing the adsorption energies of all possible adsorption
configurations (Figure S1-S6, S8-S10), which is defined as

Eags = (Etotal_Eprimitive_nXEH)/n (1)

where  Eigral > Eprimitive » and Ey  denote the total energies of borophanes, pristine
borophenes, and adsorbed hydrogen atoms, respectively; and n is the number of
hydrogen atoms.

For medium element ratios (0.2, 0.25, and 0.125 for B2, ¥3, and o’ borophenes,
respectively), associated with configurations of one hydrogen atom adsorbing on the
unit cell of borophenes, the optimal adsorption sites of the freestanding P12, x3, and o’

borophenes are H4, Hs, and He, with Ea. of -3.60 eV, -3.30 eV and -3.15 eV

5



respectively. For the borophene polymorphs, the hydrogen adsorption leads to
buckled structures, as exhibited in Figure 1. In the case of 12 and 3 borophenes, the
optimal hydrogen adsorption sites are at the top of the boron atoms with the smallest
CN. In contrast, for a’ borophene, hydrogen atoms are favored to be adsorbed on the
boron atoms with the largest CN, yielding Hps sites as the most stable configuration
(panel c).

Figure 1d-f depict the band dispersions of the three energetically stable
borophanes with medium element ratios. Obviously, there are several bands crossing
the Fermi level, suggesting that the metallic band features of P12, y3, and o’
borophanes are preserved after hydrogenation. Compared with the freestanding 12
sheet, the Dirac cone in the I'-X direction disappears when adsorbing hydrogen atoms.
It might originate from the intensity of chemical hybridization between boron sheets
and hydrogens. In addition, the Dirac points could be varied after being placed on
metal substrates to compensate for the electron deficiency of borophanes.

We next study the underlying mechanism of these borophane structures by
estimating the charge transfer between boron and hydrogen atoms through Bader
charge analysis?!3® (Table S1), which implies the strength of Coulomb interaction and
formation of the B-H bonds. In this regard, the number of transferred electrons, which
determines the strength of B-H bonds, are expected to be a quantity that dominates the
polymorph-dependent adsorption sites. The largest transferred electrons are found
when H atoms are adsorbed on Hj sites (0.39 and 0.43 e for Bi2 and y3 borophanes,

respectively). As for o’ borophene, the Hs configuration with higher absorption



energy is accompanied with the largest amount of charge transfer. Hence, there is no
obvious dependence of the optimal borophanes on the value of transferred electrons.

From Figure 2, we find that not the electron transfer but rather the intensity of
chemical hybridization’® between boron sheets and hydrogen atoms determines the
choice of the stable hydrogen adsorption sites. For 12 borophene, it is the out-of-plane
delocalized p, orbitals of boron atoms that participate considerably in hybridization
with s orbitals of hydrogens, as evidenced by resonance peaks in the vicinity of the
Fermi level®®. Especially, for the Hs structure, the B p, orbital features a substantially
larger overlapping with the H s orbital, resulting in stable hydrogen adsorption
structures with covalent boron-hydrogen bonding. To be more intuitive, we define a
physical quantity chemical hybridization to represent the strength of chemical
hybridization between B pz with H s orbitals, which is calculated by ratio of
integration of H s orbitals and integration of B pz orbitals. The chemical hybridization
of freestanding P12 borophanes are 0.218 for Hs structure, 0.147 for Ha4 structure, and
0.143 for Hys structure, respectively (Table S3). Therefore, the optimal hydrogen
adsorption sites of freestanding borophenes originate from the electronic
hybridization between B p, and H s orbitals. It should be mentioned that o’ and 3
borophanes precisely satisfy the similar underlying mechanism (Table S1 and S3).

To better understand the stable freestanding configurations, we investigate the
borophanes with different hydrogen concentrations by varying element ratios of
hydrogen and boron atoms. Compared with the lattice constant of pristine borophenes,

the fully relaxed lattice constants of hydrogenated borophenes only experience a



slight change (~1.4 % ) for a quite high element ratio, which leads to a negligible
difference in electronic properties. Therefore, we employ a larger supercell using the
lattice constant of pristine borophenes and consider different hydrogen densities,
accompanied with the reduced element ratio of hydrogen and boron atoms (0.1, 0.125,
and 0.0625 for P12, 3, and o’ borophene, respectively).

The favored configurations of Bi2 borophene with low element ratios are shown
in Figure 3. The most energetically favorable adsorption sites are Hs4, Hs, and He of P12,
13, and o’ borophenes, respectively, which is consistent with the medium element ratio.
Note that the interactions between the two adsorbed H atoms have been taken into
account in calculating E.q through subtraction of En, which is the total energy of the
simulation cell containing two H atoms fixed at the identical sites of borophanes.
Moreover, the favored borophanes are obviously dependent on the intensity of
chemical hybridization between B p, and H s orbitals (Table S3 and Figure S7),
regardless of the element ratios.

With the decrease of the element ratio, the metallic behavior is retained as the
several bands clearly crossing the Fermi level, as shown in Figure 3d-f. Notably, for
the second favored P12 borophane (Figure 3e), a near linear band crossing point occurs
at the Fermi level near the M point, indicating a near massless fermion. The Dirac
cone-like electronic structures of borophane can be tuned through varying the element
ratio of boron and hydrogen atoms. Although, the special Dirac core-like structure
comes from the secondly stable structure, its energy is only 49 meV higher than that

of the most favored structures, suggesting large probability of simultaneous observing



these two configurations in experiments. Besides, phase transition from the most
stable structure to metastable structure could be realized by light, electric and heat
manipulation, in favor of exploration and utilization of this particular electronic
property.

We then examine borophane configurations with higher hydrogen densities (i.e.,
the higher element ratios of 0.4, 0.5, and 0.25 for Pi2, 3, and o’ borophenes,
respectively), which correspond to configurations of two hydrogen atoms bonding on
the unit cell. Due to the strong interaction between adsorbed H atoms, the H
adsorption patterns change obviously with the increased element ratio, where two H
atoms prefers to adsorb on opposite sides of borophenes. The optimal adsorption sites
are H4Hs, Ha4Hs, and Hs for Pi2, %3, and o’ borophenes, respectively. One of the
favored adsorption sites (H44) of P12 borophane is in excellent agreement with the
previous work of Yu et al.**. Additionally, electronic structure (Figure S11) and Bader
charge analysis (Table S1) indicate that the contribution of chemical hybridization
takes the leading role, which accords closely with the results of low and medium
element ratios.

To evaluate the thermodynamical stability of borophanes, 2 ps adiabatic
molecular dynamics simulations of P12 borophane at 300 K were carried out in the
microcanonical ensemble (NVE) with timestep of 1 fs. Figure 4a-c exhibit snapshots
of B12 borophane with adsorption of Hs at = 0, 1 and 2 ps, implying that the hydrogen
atoms stick firmly to boron sheet and the entire structure is overwhelmingly stable at

room temperature. To be prudent, migration barrier for single hydrogen atoms to



diffuse from Hs to Has has been calculated using the climbing image nudged elastic
band method*!. Figure 4d shows the energy barrier of in-plane diffusion path of
freestanding P12 borophane. The high diffusion barrier (~0.43 eV) makes H atom
hardly diffuses from Hj4 to other sides at room temperature, thus enabling extremely
thermodynamical stable configurations.

In recent experiments, Ag(111) is reported to be an excellent substrate to support
the metallic borophene growth*? and B> borophene is the most frequently observed
phase. Despite such a small charge transfer between borophanes and Ag substrate, the
favorable hydrogen adsorption site is modulated significantly. Interestingly, the
hydrogen atoms tend to adsorb on Hs and Hj sites (in the sequence of relative energies)
of Ag supported P12 borophene, and the minimum hydrogen adsorption energy of
-3.15 eV is reached for the He structure (Figure 5 a and b, respectively). The obtained
adsorption energies are shown in Figure S12, where the Hg site is found to be the most
favorable H adsorption site. Additionally, when H atoms continue to be placed on Ha,
with the B-H bond already formed at Hs sites, the strong repulsion between the two H
atoms has a significant influence on the chemical hybridization between H atoms and
borophene, resulting in spontaneous diffusion of hydrogen from Hs to Ha4 site during
geometrical optimization (Figure 5¢), which coincides well with previous findings®>.
In stark contrast, the recent work by Li ef al.’> demonstrated the lowest-energy
configuration is the Has site, and He 1s the second most favorable site by keeping the
initial Hs44 atom fixed on Bi2 borophane, which is attributed to the structural
optimization limited in the out-of-plane direction.
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As further discussed in more detail in Figure S12 and Table S4, the energetically
stable P12 borophane structures are associated with chemical hybridization on Ag
substrate, which are 0.234, 0.220, and 0.219 for Hs, H4, and Hs sites, respectively.
Interestingly, Ag substrate leads to the interfacial charge transfer to boron sheets,
resulting in distinct hybridization of B p, with H s orbitals and new borophane
configurations. Thus, the substrate is a strong driving force towards the mediation of
favored borophanes. For a broader picture, we extend our investigation to Au and Cu
substrates. In the previous studies, experimental scientists investigated the fabrication
mechanism of P12 borophene on Au(111) substrates*® and a new single-crystal
borophene on Cu(111) surfaces**. Due to the specific rotation of boron sheets on
substrates, large supercells were employed to match the interfacial interactions, which
is beyond the scope of our work. Hence, we replace Ag substrate with Au and Cu to
illustrate the optimal adsorption sites and mechanism, aiming to confirm the effect of
different metal substrates. The stable borophanes on metals have similar features in H
adsorption configurations and energetically favored sites (Hs, Hs, and Hs). From the
decomposed orbital-resolved density of states, we find that the chemical hybridization
contributed by B p, and H s orbitals is not affected greatly upon different metal
substrates (See Figure S14 and Table S4), confirming the microscopic mechanism.

Finally, all three borophanes with the lowest E.q supported by Ag substrate
display different Hg sites adsorption for the element ratio of 0.1 (Figure S15),
considering typical adsorption sites (Hs and Hs). The chemical energy of orbital
hybridization, which constructs a strong B-H bond, dominates the favorable
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borophanes (Figure S16). Therefore, we reveal that metal substrates can effectively
mediate the favored borophane configurations and the optimal borophane
configurations are not sensitively affected by the difference of metal substrates.

In summary, we investigated the energetically favored configurations of
borophane with various hydrogen densities for the cases of freestanding
configurations and on different metal substrates. Based on DFT calculations, the
optimal Pi2 borophanes on Ag substrates exhibit distinct configurations from
freestanding borophenes. Besides, we demonstrated the energetically favored
hydrogen adsorption sites under different element ratios of hydrogen and boron atoms.
We revealed that it is the chemical energy of orbitals hybridization between B p, and
H s orbitals that determines the lowest-energy borophane configurations. The
underlying mechanism of hydrogen adsorption could be generalized on other
substrates and element ratios. Moreover, this work provides an effective strategy to
rationalize the identical underlying mechanism, enabling boron-based nanoelectronic

materials in high-speed electronic transport and switching devices.
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Figure 1. The most energetically stable structures of freestanding borophanes
with element ratios of 0.2, 0.25 and 0.125, respectively. Top and side views of the
most stable (a) B2, (b) x3, and (¢) @’ type boron monolayer sheets with hydrogen
adsorption sites of Ha, H4, and Hg, respectively. Calculated electronic band structures
of (d) Bi2 borophane, (e) y3 and (f) a’ borophanes, respectively. Dashed black lines in
panels a-c indicate the unit cells of freestanding borophane. Boron and hydrogen
atoms are distinguished with pink and cyan circles, respectively. The Brillouin zones

and high-symmetry paths are denoted in panel d-f. The Fermi energy is set as zero.
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Figure 2. Mechanism of orbitals hybridization dependence of borophane
structures. Projected density of states (PDOS) of energetically stable freestanding P12
borophanes with the element ratio of 0.2, denoted as (a) Ha, (b) Has, and (c) Has,
respectively. PDOS of energetically stable freestanding 3 borophene with element
ratio of 0.25, denoted as (d) H4, (¢) Has, and (f) Hs, respectively. PDOS of
energetically stable freestanding o’ borophane with the element ratio of 0.125,
denoted as d) a’-He, e) a’-Hs, and f) o’-Hss, respectively. The dotted line at zero

energy represents the Fermi level.
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Figure 3. Energetically stable structures of freestanding i borophane with the
element ratio of 0.1. Top and side views of (a) the most stable freestanding P12
borophane, (b) the secondly favored freestanding P12 borophane and (c) the thirdly
favored freestanding P12 borophane. (d-f) Calculated electronic band structures of top
three energetically stable freestanding Pi> borophane with element ratio of 0.1. The

Fermi energy is set as zero in (d-f).
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Figure 4. Thermal dynamical stability of freestanding Pi2 borophanes with
element ratio of 0.1. Snapshots of top and side views of Bi2 borophane at (a) 0 ps, (b)
1 ps, and (c) 2 ps during the 2 ps NVE simulations at 300 K. (d) The energy barriers
for the diffusion of one hydrogen atom from Ha to Has sites. Insets indicate the initial,

transition, and final states of freestanding 12 borophanes.
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Figure 5. Stable configurations of Ag supported Bi2 borophanes. Top and side
views of the most energetically favorable Bi> borophane on Ag substrate with the
element ration of 0.2, in which the H atom adsorbs on (a) He¢ and (b) Hs sites. (c) Top
and side views of the most energetically favorable 12 borophane on Ag substrate with
the element ratio of 0.4, in which the H atoms adsorb on Hs and Has sites. The dashed
rectangles indicate the unit cells of borophane on Ag substrate. Cyan, pink, and grey

balls indicate hydrogen, boron, and silver atoms, respectively.
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