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Abstract: Hydrogenation provides a robust approach to both dramatically improve borophene’s ambient stability and
induce semiconducting behavior—two essential requirements for its integration into nanoelectronic and optoelectronic
devices. However, the vast configurational diversity of hydrogen adsorption patterns impedes the identification of a
definitive semiconducting hydrogenated borophene phase. In this work, we conducted systematic high-throughput searches
to investigate various hydrogen coverages on «’-borophene and determined that semi-hydrogenated configurations
constitute the most promising semiconducting candidates. Guided by these predictions, we synthesized semi-hydrogenated
borophene, «’'-BgH, via chemical vapor deposition. Subsequent extensive structural characterization and complementary
computational simulations provided compelling evidence for the formation of this stable semiconducting phase. In sharp
contrast to the previously proposed o'—4H model, the synthesized o'-BsH, undergoes hydrogenation-induced structural
reconstruction—stabilized by both two-center—two-electron B-H and three-center—two-electron B—H—B bonds—whose
ensuing out-of-plane buckling drives strong hybridization between in-plane and out-of-plane p orbitals, thereby opening a
band gap. This combined theoretical and experimental study identifies an air-stable semiconducting borophene and paves
the way for borophenes as next-generation electronic and optoelectronic materials.
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Introduction tronic anisotropy, optical transparency, and ultrahigh ther-
mal conductivity.'""*] Contrary to graphene, whose two-
Borophene has attracted considerable interest due to dimensional (2D) form is readily obtained by exfoliation
its exceptional properties, including anisotropic metallic- ~ from graphite, borophene has no bulk layered analogue.!'®!
ity, high mechanical strength and flexibility, broad poly- Instead, the electron-deficient nature of boron enables its
morphism, phonon-mediated superconductivity, optoelec- controlled epitaxial deposition on a variety of metal sub-
strates (e.g., Ag(111), Au(111), Cu(111), Al(111), Ir(111),
Ru(0001)) under ultrahigh-vacuum conditions.['’**] The
resultant borophene polymorphs—such as «, o', B12, B13, and
X3, comprise triangular boron lattices with periodic hexagonal
vacancies to satisfy the octet rule **] and possess an inherently
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metallic electronic structure, thereby impeding their integra-
tion into nanoelectronic and optoelectronic devices. Another
critical challenge is borophene’s poor ambient stability!!’!
as it undergoes rapid degradation outside ultrahigh-vacuum
conditions, severely hindering its incorporation into practical
devices.

Hydrogenation has been demonstrated to simultaneously
improve the chemical stability and tune the properties of
various 2D materials.’**1 Experimental studies have demon-
strated that hydrogenation reduces the ambient oxidation
rate of the vys and vy borophene phases by over two
orders of magnitude, thereby substantially boosting their
environmental stability.[*] Nevertheless, despite hydrogena-
tion, these polymorphs retain the metallic electronic character
of their parent borophene phases.[*] A semi-hydrogenated
o’-borophene—identified as the theoretically predicted
o'-4H structure—was synthesized experimentally.[*”! This
phase not only exhibits semiconducting behavior but
also demonstrates exceptional chemical resilience, retain-
ing stability in strongly acidic and basic environments,

© 2025 Wiley-VCH GmbH


https://orcid.org/0000-0001-6592-8975
https://orcid.org/0000-0002-9416-3753
https://orcid.org/0000-0003-4518-925X
mailto:wyc@calypso.cn
mailto:taiguoan@nuaa.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202516206&domain=pdf&date_stamp=2025-12-26

GDCh
A -

which has enabled its incorporation into prototype device
architectures.[*—]

The crystal structure constitutes the fundamental descrip-
tor of any 2D material, directly governing its physical and
chemical behavior; consequently, its unambiguous determi-
nation is essential for elucidating the relationship between
experimental observations and intrinsic material proper-
ties. Yet, hydrogen’s low scattering power generally pre-
vents direct localization by X-ray diffraction and electron
microscopy, so theoretical guidance is essential for reliable
structural assignment.[**%] Nevertheless, the enormous con-
figurational degrees of freedom in hydrogen adsorption,
arising from boron’s multicenter B—B bonding, pose a signifi-
cant challenge to the accurate determination of hydrogenated
borophene structures.

In this work, by integrating high-throughput first-
principles screening with comprehensive experimental char-
acterization, we discover a stable semi-hydrogenated o'-
borophene phase, referred to as o'-BgH,, that intrinsically
exhibits semiconducting behavior. Markedly distinct from
the previously proposed «’—4H model, o’'-BsHs undergoes
hydrogenation-induced structural reconstruction stabilized
by two-center—two-electron (2c-2e) B—H bonds and three-
center—two-electron (3c—2¢) B—H—B interactions. This recon-
struction induces out-of-plane buckling that fosters strong
hybridization between in-plane and out-of-plane p orbitals,
thereby opening a band gap in the otherwise metallic
a’-borophene.

Results and Discussion

First-Principles Screening

We began by randomly generating hydrogenated configu-
rations through the placement of hydrogen atoms on the
fixed unit cell of o’-borophene, with various B-H ratios
(BsH,, x = 1-6), using the CALYPSO method.[*>**] The
hydrogen atoms were positioned at top, bridge, and hollow
sites. Up to 2000, distinct configurations were generated for
each ratio. All candidate structures were fully optimized,
and a subset of low-energy configurations was selected for
electronic structure calculations. These calculations reveal
that the semi-hydrogenated BsH, composition is the optimal
hydrogenation ratio for achieving semiconducting behavior.

To further comprehensively explore the configurational
diversity of BsHy4, we systematically enumerated all possible
hydrogen adsorption patterns, yielding approximately 8500
distinct structures (Figure Sla, left panel). Only top and
bridge sites were considered as hydrogen adsorption at hollow
sites was found to be unstable. Among the enumerated
configurations, dozens of structures were identified that are
energetically more favorable than the previously proposed
o'-4H model (Figure Sla, right panel). After removing
redundant and symmetry-equivalent structures, 12 distinct
phases were obtained (Figure 1a). Notably, the ground state
structure is energetically more favorable than the «’'—4H phase
by approximately 69 meV/atom.
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We examined the effect of hydrogen coverage and
adsorption site preferences on the relative energetics of
o’-borophene (Figures S1b,c). Among these low-energy struc-
tures, symmetric adsorption patterns, such as two hydrogen
atoms on each side (2H top / 2H bottom), occur more
frequently than asymmetric ones, such as 1H top / 3H bottom
or 3H top / 1H bottom (Figure 1b). In contrast, configurations
in which all four hydrogen atoms are adsorbed on the
same surface consistently exhibit higher relative energies.
Unexpectedly, the ground-state structure adopts a 3H top /
1H bottom configuration. We also observe that configurations
with all four hydrogen atoms, or three out of four, adsorbed at
bridge sites are considerably less stable than those involving
only top-site or mixed-site adsorption (Figure 1c).

Crystal Structure of o' -BgH,

Figure 2a,b depict the crystal structure of the stable semi-
hydrogenated borophene phase, referred to as o'-BgHy,
which crystallizes in the Cm space group. The optimized
lattice parameters are a = b = 4.54 A and y = 101.4°. The
B—B bond lengths range from 1.64 to 1.79 A. Three hydrogen
atoms are adsorbed on top of the B3, B4, and BS atoms,
forming the 2c-2e B—H bonds, while an additional hydrogen
atom bridges the B1 and B2 atoms to form a 3c-2e B1—H—B2
bond (Figure 2a). The average bond lengths for the B-H top-
site and B-H-B bridge-site configurations are 1.20 and 1.34 A,
respectively.

The 3c-2e B—H—B bond exhibits weak hybridization
between B 2p, and H 1s orbitals, as evidenced by minimal
orbital overlap (Figure S2; top panel) and delocalized bonding
interactions (Figure S3a). This bonding character helps main-
tain local planarity (Figure 2b, top panel). In contrast, the
2c-2e B—H bonds involve strong B 2p,—H 1s hybridization,
indicated by significant orbital overlap (Figure S2; bottom
panel) and sharply localized electron density (Figure S3b)
between B and H atoms, leading to a pronounced out-of-
plane buckling of Az = 2.04 A. This buckling behavior
is consistent with trends observed in other hydrogenated
borophene phases.[46-0-8]

These bonding motifs and geometric distortions indicate
that «'-BgH,4 undergoes a hydrogenation-induced structural
reconstruction, distinct from o'-4H, where hydrogenation
preserves the borophene lattice. Specifically, the reconstruc-
tion involves breaking the original B2-B3 bond of pristine
a'-borophene and forming a new B1—B2 bond (1.74 A),
as illustrated in Figure 2c. Electron localization function
analysis supports this conclusion, showing the disappearance
of localized electron density between B2 and B3 and the
emergence of new localized electron density between B1 and
B2 (Figure 2d).

Consequently, BS becomes six-coordinated, forming a
pentagonal pyramidal geometry with an average /H—B—B
bond angle of 126.18° (Figure 2b, bottom panel). Meanwhile,
B3 and B4 become five-coordinated, adopting open pyramidal
configurations with average /H—B—B angles of 122.70°.
These angles are significantly larger than the ideal 109.5°
expected for sp® hybridization, highlighting the complex
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Figure 1. Relative energy analysis of semi-hydrogenated ’~borophene structures. a) Relative energies of various configurations referenced to the
ground-state structure with redundant or structurally similar variants removed; the «’—4H phase is indicated by blue short lines. b) Relative energy
distribution as a function of the number of H atoms adsorbed on the top (Hiop) and bottom (Hpoiom) surfaces. c) Relative energy distribution as a
function of the number of H atoms adsorbed on top (T) and bridge (B) sites.
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Figure 2. Evolution of crystal structure of global minimum semi-hydrogenated o’~borophene structure. a) Top view of the optimized «’-BgHj. b) Side
view of o’~BgHys, highlighting the out-of-plane buckling and local structural units. c) Top view of pristine o’~borophene. d) 2D electron localization
function maps of a’~BgHy, illustrating bonding rearrangements after hydrogenation.

and unconventional bonding environment in hydrogenated
borophene.

The hydrogenation-induced reconstruction yields a higher
adsorption energy for o'-BgH, than for phases that largely
preserve the pristine borophene lattice (Table 1), indicating
that the bonding energy gained from reconstruction out-
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weighs the lattice-distortion cost and thus favors a more
stable hydrogenated phase. The cohesive energy of o'-
BgHy is —4.30 eV/atom relative to isolated B atoms and
H, molecules, confirming its thermodynamic favorability.
Phonon calculations show no imaginary modes across the
Brillouin zone (Figure S4), evidencing dynamical stability.
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Table 1: Calculated adsorption energies (E,q in unit of eV/atom) of o’
BgHa, o’—4H and other hydrogenated borophene structures.

2D structures E.q (eV/atom) References
oa'-BgHy -1.25 This work
a'-4H -1.18 [47]
U]/ﬁ'Htop —0.40 [46]
V'I/G'Hbridge —0.58 [46]
V1/6-Hiop + Hbridge (C0.4-V1/6) —0.90 [46,50]
Colg-l)1/6 —-0.78 [50]

Ab initio molecular dynamics simulations at 300 K reveal
no significant structural degradation, demonstrating thermal
stability (Figure S5). The calculated elastic constants satisfy
the Born stability criteria for 2D systems,!®] indicating
mechanical stability (Table S1).

Synthesis, Structural Characterization, and Spectroscopy
Measurements of «’'-BsH,

We successfully synthesized large-area borophene nanosheets
on aluminum foil via in situ thermal decomposition of NaBHy,
using hydrogen as the carrier gas under a programmed
temperature profile (Figure S6). Details regarding the repro-
ducibility of our synthesis and the controlled experimental
conditions are provided in the Supporting Information
(Figures S7 and S8). X-ray photoelectron spectroscopy (XPS)
measurements show that the hydrogenated borophene layer
is physically adsorbed on the aluminum substrate without
forming detectable Al—B chemical bonds (Figure S9).

High-resolution transmission electron microscopy
(HRTEM) image confirmed that the hydrogenated
borophene is single crystalline (Figure 3a). A magnified
HRTEM image extracted from the orange rectangular region
in Figure 3a was reconstructed by masking the 2D fast Fourier
transform pattern (Figure 3b), revealing a rhomboidal lattice
with one bright protrusion per unit cell. The measured
lattice spacing (4.40 A) and intersection angle (75.2°) are in
good agreement with the theoretically predicted structure
of o'-BgH,. Furthermore, the simulated TEM image based
on the o'-BgH,; model (Figure 3c) closely reproduces the
experimental HRTEM features, providing the support to the
proposed structural model.

The selected-area electron diffraction (SAED) pattern
was acquired from the same region as TEM, showing distinct
diffraction spots with rhombohedral symmetry, indicative
of high crystallinity (Figure 3d; top panel). The simulated
SAED pattern (Figure 3d; bottom panel), derived from the
a’'-BgHy model, reproduces the experimental spot positions
and symmetry. These structural characterizations collectively
provide compelling evidence for the successful synthesis of
the predicted «’'-BgH, phase.

The comparison of B 1s XPS spectra of o'-BgH,4 before
and after one week of exposure to air confirms its good
ambient stability, as evidenced by nearly unchanged charac-
teristic peaks with only slight broadening and minor shifts
in binding energy (Figure S10). To further assess chemical
robustness, the sample was immersed in 1 mol L' sodium
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hydroxide, 1 mol L™! hydrochloric acid, and 5% hydrofluoric
acid solutions for 48 h, followed by centrifugation to recover
the sheets for XPS characterization (Figure S11). The primary
spectral features remain intact in all cases, with only negligible
signs of degradation, demonstrating the remarkable chemical
stability of «’-BgHj.

Raman spectroscopy measurements show that the vibra-
tional frequencies of B—H bonds reach up to 2528 cm™!,
significantly higher than those of B—B bonds, which
lie below 1200 cm~' (Figure 3e). Similar hydrogenation-
induced bond strengthening has also been observed in other
borophene phases.[*7>°] The point group of a’-BgH, at the
I' point is Cs. The vibrational representation at I' point is
Cyvip = 24A’ + 12A”, including acoustic modes I'yeoustic = 2A"
+A" and the optical modes I"gpiical = 18A’ + 15A” (Table S2).
Owing to the absence of inversion symmetry, both A’ and
A” are Raman active. As shown in Figure 3e, the calculated
Raman modes show agreement with the experimentally
measured data. In particular, the peak near 2528 cm™! arises
from the vibration of 2c-2e B—H bonds, corresponding to out-
of-plane vibrations involving the B5—H, B3—H, and B4—H
bonds (Figures 2b,c and S12). The features observed below
1200 cm™! are attributed to various B—B bond vibrations.

Although theoretical simulations predict two vibrational
modes near 1990 and 1550 cm™! corresponding to the 3c-
2e B—H—B bond (Figure S12), these peaks are not clearly
observed in the experimental Raman spectra. This discrep-
ancy may arise from the intrinsically low Raman activity
of these modes or the low abundance of B—H—B bonds
within the structure. Overall, the observed Raman features
are consistent with the theoretical vibrational fingerprints
of B—B and B—H bonding, providing strong evidence that
the synthesized hydrogenated borophene corresponds to the
o'-BsH,4 phase.

The optical properties of hydrogenated borophene were
investigated using photoluminescence (PL) spectroscopy
(Figure 3f). A pronounced emission peak was observed
at 493 nm, corresponding to a photon energy of 2.52 eV.
The PBEO hybrid functional has been shown to provide
reliable bandgap predictions for borophene systems, often
yielding results in closer agreement with experimental
measurements.°!! Therefore, we employed the PBEO func-
tional to investigate the electronic properties of the o'-BgH,
phase. The results reveal that o'-BgH, is a semiconductor
with an indirect band gap of 2.54 eV (Figures 3g and S13),
in excellent agreement with the experimental value. The
projected density of states shows that the valence band
maximum is primarily composed of B py orbitals, while the
conduction band minimum is dominated by B p, orbitals.
Moreover, a significant hybridization between the p, and p,,
orbitals is evident in both the occupied and unoccupied states.

Mechanism of the Semiconducting Behavior of o' ~BsH,

To elucidate the underlying mechanism of the semiconducting
behavior in o'-BgHy, we calculated the orbital-resolved band
structures of pristine o'-borophene and hydrogenated o'—
BsH, (Figure 4). In o’-borophene, a triply degenerate state
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Figure 3. Characterization and simulation of the hydrogenated o’~borophene phase. a) Experimental HRTEM image of the hydrogenated
o’-borophene structure. b) HRTEM image by masking the fast Fourier transform pattern extracted from the orange rectangular region in (a). c)
Simulated HRTEM image based on the «’~BgH, structure. d) Experimental and simulated SAED patterns. e) Comparison of experimental and
calculated Raman spectra; vertical lines mark the computed peak positions of the Raman active A" and A” modes at the T point. f) PL spectrum
displaying a characteristic emission peak. g) Projected density of states (PDOS) calculated using the PBEOQ hybrid functional.

appears at the I" point near the Fermi level, primarily derived
from B p, orbitals (Figure 4a). Due to the nearly planar
geometry of o’-borophene, the p, orbitals are orthogonal to
the in-plane p, and p, orbitals, resulting in minimal orbital
hybridization.

Upon hydrogenation, significant structural buckling is
induced, with several boron atoms displaced out of the
plane due to the B—H interactions (Figure 2b). This distor-
tion breaks the orbital orthogonality, enabling hybridization
between p, and py, orbitals (Figure 4b). The resulting orbital
interaction lifts the degeneracy and induces a bandgap in
a'-BgHy. To further confirm the essential role of buckling-
induced orbital hybridization, we computed the band struc-
ture of a hypothetical flat «’'-BsH, structure (Figure S14).
The absence of p,—p,, hybridization and the persistence of
metallic nature in this model confirm that the semiconducting
behavior of o'-BgH, originates from hydrogenation induced
orbital interactions mediated by lattice buckling.

Beyond o'-BgH4, we identified ten additional phases that
are both dynamically stable and energetically more favorable
than o'-4H (Figures S15 and S16). These structures retain
lattice geometries closely resembling that of «'-4H, with
varying degrees of out-of-plane buckling. As a result, their
simulated TEM images are nearly indistinguishable from
one another (Figure S17). Notably, nine of the ten low-
energy configurations exhibit semiconducting behavior, with
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several displaying band gaps comparable to that of the «’—4H
phase (Figures S18 and S19). The semiconducting behavior of
these newly identified semi-hydrogenated borophene phases
originates from the same mechanism as that of the o’'-BgHy
phase. These findings raise important questions regarding the
structural assignment of the —4H phase and suggest that a
re-evaluation or refinement of its experimental interpretation
may be warranted.

Conclusion

Integration of high-throughput first-principles screening with
chemical vapor deposition has led to the discovery of an
air- and chemically stable semi-hydrogenated «’'-borophene
phase, o'-BgH,, which exhibits intrinsic semiconducting
behavior. Experimental verification via the high-resolution
transmission electron microscopy, the selected-area electron
diffraction, Raman spectroscopy, and photoluminescence
spectroscopy confirm the structure of the synthesized phase,
featuring a hydrogenation-driven structural reconstruction
stabilized by two-center—two-electron B—H and three-center—
two-electron B—H—B bonding motifs. Electronic structure
analysis shows that hydrogenation-induced out-of-plane
buckling fosters strong hybridization between B 2p, and
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Orbital-decomposed band structures of a) pristine «’~borophene and b)
hydrogenated a’'~BgHj. The projected contributions from B py, py, and
p; orbitals are shown.

2pyy orbitals, opening a bandgap of ~2.52 eV. These results
not only deepen our understanding of chemically engi-
neered semiconducting borophene phases but also establish
a versatile approach for designing two-dimensional materials
tailored for nanoelectronic and optoelectronic applications.
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