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Hydrogen boride (HB) sheets, a two-dimensional material composed of hexagonal boron (B) with bridging
hydrogen (H), have recently been synthesized and shown significant potential in electronic devices and catalytic
applications. Recent studies have shown that HB sheets are generally stable against water, in contrast to many
boron hydride materials which undergo hydrolysis. This stability is attributed to the interplay between the
negatively charged B and the strong B-B bond network. Despite this stability, experiments have shown that
hydrolysis still takes place, albeit minimally. It is possible that the source of this minimal hydrolysis is related to
regions with a less prominent B-B bond network; however, the microscopic details remain unclear. In this work,
we investigated the various configurations of HB nanoribbon edges as representative of regions with less promi-
nent B-B bond network and show their distinct region-specific behavior with water. We found that zigzag and
armchair nanoribbons were generally stable against water, whereas in the case of the hydrogen-vacant armchair
nanoribbon, an oxygen-boron bonding was observed, showcasing a chemisorption mechanism. Additionally, it
was found that water dissociation is easier to proceed near the edge as opposed to the surface, signifying the
more reactive nature of the edge. These results shed light on the mechanism of the partial hydrolysis observed in

the experiment.

DOI: 10.1103/PhysRevMaterials.8.114004

I. INTRODUCTION

A hydrogen boride (HB) sheet is a freestanding borophane
material characterized by a six-membered boron ring and
hydrogen atoms located on the bridge positions, maintaining
a 1:1 stoichiometric ratio of hydrogen to boron. It can be syn-
thesized from magnesium diboride (MgB,) via Mgt /H* ion
exchange and liquid exfoliation [1,2]. The electron deficiency
of the six-membered boron ring is resolved by the hybridiza-
tion of two boron p orbitals and one hydrogen s orbital to
form the three-center two-electron (3c-2e) bond, similar to
boron hydrides [3]. However, in contrast to born hydrides, the
HB sheet exhibits a negative boron charge state instead of a
positive boron charge state, justifying its nomenclature [4,5].

The HB sheet exhibits intriguing physical and electronic
characteristics that are applicable to a wide range of poten-
tial applications [6—11]. Unlike conventional boron hydrides,
they possess chemical stability against water [5]. Further-
more, their notably high hydrogen content (8.5 wt.%) and
ability to release these under ultraviolet irradiation [12—14]
or through electrochemical means [15] makes them suitable
for hydrogen storage applications [16—19]. In addition, they
demonstrate exceptional catalytic performance [20-23], as
evidenced by several studies showcasing their efficacy in fa-
cilitating the low-temperature conversion of ethanol (ethanol—
ethylene) [24,25] and CO, (CO,—methane/ethane) [26].
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Moreover, they possess the capability to reduce specific
metal ions, thereby facilitating the creation of nanocompos-
ites [27,28]. Research into the diverse properties of HB sheets
has paved the way for the development of new HB-based
materials [4,29-37] and a range of applications, including
batteries [38—41], sensors [42], and current limiters [43].

Initially, there were some concerns over its reactivity with
water due to the issues associated with MgB,’s interaction
with water during the fabrication process [44]. In our previous
study, HB sheet was found to be generally stable against
water [5]. The stability can be attributed to the nonreactive
negative charge state of boron which is protected by the co-
valent B-B bond network. Interestingly, on the first cycle of
the water exposure experiment, small amounts of H, gas were
recovered, signifying that some parts of the HB sheet sample
have undergone hydrolysis. However, on the second cycle
(after drying the sample at 393 K), the exposure no longer
yielded H, gas, suggesting that hydrolysis did not occur and
the reactive components of the samples were likely passivated.
This passivation mechanism was further developed by Ito
et al. [45] into a treatment method to produce pure HB sheet
samples with long-term stability. The primary determinant
of stability is the robust B-B bond network. Consequently,
regions with less prominent B-B bond networks, such as large
vacancy defects or edges, are expected to exhibit higher reac-
tivity. While there is a possibility of hydrolysis occurring in
these regions, microscopic details remain unclear.

This study centers on examining the interaction between
water and HB sheets, particularly in regions with less promi-
nent B-B bond networks, such as the edges. We utilized

©2024 American Physical Society
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density functional theory (DFT) calculations to investigate the
edge regions by employing periodic HB nanoribbon (HBNR)
models. Notably, we found that the orientation and termina-
tion of the edges are key factors in the formation of stable
HBNRs. As for the interaction with water, unlike those ob-
served on the surface, we identified distinct region-specific
behaviors—both reactive and nonreactive. The small amount
of hydrolysis observed in prior experiments could potentially
be ascribed to the strong interaction seen in this work [5].

II. METHODOLOGY

A. Computational details

All calculations were conducted using DFT as imple-
mented in the QUANTUM ESPRESSO software package [46-50].
The pseudopotentials generated using the Perdew-Burke-
Ernzerhof formulation of the generalized gradient approxima-
tion were adopted from the GBRV ultrasoft pseudopotential
library [51,52]. The exchange correlation functional was ap-
proximated using rev-vdW-DF2 to effectively account for the
van der Waals interactions [53-55]. Kinetic energy cutoffs
of 60 Ry and 480 Ry were used for the wave functions and
augmentation charge, respectively. The HBNR edge direc-
tions and periodicity is oriented length-wise along the x axis.
The k points were generated using the I'-centered Monkhorst-
Pack scheme with meshes of 11 x 1 x 1 and 27 x 1 x 1 for
structural optimization and electronic structure calculations
of a HBNR unit length, respectively. When expanding the
nanoribbon into a supercell along its periodic direction, the
k-point meshes were adjusted accordingly to ensure a con-
sistent k-point density. The vacuum spacing of ca. 16 A was
added along the non-periodic directions. The force and energy
criteria for convergence in structural optimizations were set
to 10~* Ry-Bohr~! and 107> Ry, respectively. Lastly, small
random atomic displacements were introduced to prevent the
formation of symmetry-induced metastable configurations.

B. Nanoribbon structural model

All HBNR structures were generated from the optimized
HB sheet structure using rev-vdW-DF2, as provided in
Ref. [5]. In this study, we employed HBNRs with armchair
(ACNR) and zigzag (ZZNR) edges from the rectangular unit
cell as illustrated in Fig. 1. To investigate the stability of
HBNR with different edges and terminations, we built a
(4 x 5) HB supercell along x and y directions, respectively.
For simplicity, the edge directions and the periodicity were
realigned along the x axis. A supercell size of four along the
periodic direction effectively minimizes self-interactions for
both water adsorption and hydrogen vacancies (Fig. S1 [56]),
providing reliable energy values without excessive computa-
tional overhead. Lastly, we terminated it along the nonperiodic
y direction to create the ZZNR and ACNR models.

To investigate the interaction between water and HB
edges with different terminations, we employed “asymmet-
ric’ HBNR models, resembling the asymmetric slab, to
model a solid surface in which atoms in the bottom layers
are constrained to their bulk positions, thereby a ‘“con-
strained” nanoribbon model. The constructed constrained
ACNR (cACNR) comprises of four unit cells in the periodic
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FIG. 1. Model of the HB sheet. The green region indicates the
rectangular unit cell of the HB sheet. Edge directions for armchair
and zigzag nanoribbons are also indicated.

(x) direction and five atomic chains stacked along the non-
periodic y direction, while the constrained ZZNR (cZZNR)
comprised of four unit cells in the periodic (x) direction and
ten atomic chains in the non-periodic (y) directions.

In the HBNR models, we investigate the optimal amount
of hydrogen termination needed for each edge boron atom to
stabilize and passivate the dangling bonds at the edge of the
nanoribbons. The primary focus is identifying the most stable
structures among various edge terminations, determined by
their formation energy. This approach provides insights into
the configurations that are most likely to appear in experimen-
tal conditions. The formation energy is defined as

E;

R B N B Ny
= g NR ) MH, HB * LHB B MH, | |>
()

where Ly and py, denote the length of the nanoribbon su-
percell in the periodic direction and the chemical potential
of gas-phase H,, respectively. Exg and Eyp represent the
total energy of the HBNR and that of the HB sheet with
the rectangular unit cell (Fig. 1), respectively. Nyg, Ny, and
NITI correspond to the number of unit cells required to con-
struct the nanoribbon, the number of hydrogen terminating
the edge and the number of hydrogen removed to form a
non-H-terminated nanoribbon, respectively. The inclusion of
the corrective term involving NI'; is necessary for properly
referencing and aligning the formation energies to the non-
H-terminated structure. Further details on the derivation are
provided in Eq. (S2) [56].

C. Interaction quantities

The interaction between the nanoribbon and water was
thoroughly examined, and two key quantities were calculated
to characterize it. The first quantity is the adsorption energy
defined as

Eads = ENR + Emolecule - ENR/moleculea (2)

114004-2
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FIG. 2. Formation energies of various HB nanoribbons as func-
tions of H, chemical potential. The main axis represents the chemical
potential relative to the to the total energy of gas-phase H,, denoted
as App, = iu, — En,. The bottom axes show corresponding H»
pressures (P’s) at different temperatures (7’s) normalized by P°
(P° = 0.1 MPa), which are obtained using the equation Auy, =
H°(T)—H°(0) —TS° + kgT In (P/P°) [57,58].

where Enr, Emolecule> a1d ENR /molecule TEPresent the total en-
ergies of the nanoribbon, molecule, and molecule adsorbed
on the nanoribbon, respectively. In this definition, a positive
E.qs indicates that the adsorbate undergoes an exothermic
adsorption process.

Second, the charge-related quantities, such as charge den-
sity and Lowdin charges, were utilized to analyze the resulting
changes in electron distribution following adsorption. The
charge density difference was investigated, which is defined
as

Ap = PNR /molecule — Pmolecule — ONR 3)

where PNR/molecule  T€presents the charge density of the
molecule-adsorbed nanoribbon, while pmolecule and pngr refer
to the charge densities of isolated molecule and nanoribbon in
their adsorbed geometries, respectively.

III. RESULTS AND DISCUSSION
A. Edge terminations

The diversity in edge terminations is a significant concern,
given the unknown stability of these structures; therefore, the
need to investigate their relative stability. We considered the
ratios of H/B = 0, 1, 2 at the edges referred to as OH, 1H, and
2H, for the ZZNR and ACNR, representing varying levels of
hydrogen saturation. Figure 2 illustrates the formation energy

as a function of chemical potential of H,, referenced to the
total energy of gas-phase H, at 0 K (Aupy,). The secondary
axes indicate the corresponding H; pressures at different tem-
peratures.

Herein, various edge terminations are compared to iden-
tify those with the lowest formation energy, signifying their
relative ease of formation. It was found that the ACNR — 1H
exhibits the lowest formation energy, specifically at Augy, ~
0. However, as the chemical potential deviates toward lower
and higher chemical potential regions, the preference shifts to
ACNR — OH and ACNR — 2H, respectively. For the zigzag
edge, the ZZNR — 2H configuration emerges as the most
favorable at Auy, ~ 0. However, as the chemical potential
decreases, preference transitions to ZZNR — 1H, followed by
ZZNR — OH at even lower chemical potentials. Among the
two edge types, ACNR demonstrates a strong preference at
all chemical potential ranges.

The reason for preference on the hydrogen-boron termi-
nation ratio is primarily related to the dangling bond. For
ZZNR, boron atoms, initially stabilized by two 3c-2e bonds,
require two electrons for bonding. Conversely, in the ACNR
case, the boron atoms were previously stabilized by another
covalently bonded boron, necessitating only one electron for
stabilization. In light of these findings, the ACNR — 1H and
ZZNR — 2H were selected to represent each class of edge
orientations, as they exhibit a strong preference in the region
near Auy, = 0 and will be used for further investigations,
particularly in exploring their interactions with water.

The optimized structures of ACNR — 1H and ZZNR — 2H
are illustrated in Fig. 3(a). All optimized structures are pre-
sented in Fig. S2 [56]. The structure of the ACNR — 1H
remained largely unchanged compared to the pristine HB
sheet surface. On the contrary, ZZNR — 2H underwent a
significant reconstruction, resulting in a fringelike structure
along the edge hexagonal ring. This fringelike structure has
not been observed in the previous literature on HBNRs [7,36],
possibly due to the limitation in the model size or symmetry-
induced metastability of an “ordered” edge configuration.
From the charge perspective, there were no shifts in charge
state along the fringelike edge despite the structural alter-
ations, meaning the edge remains stable (see Fig. S3 [56]).
Interestingly, the fringing was only localized to the outermost
ring and did not proliferate throughout the nanoribbon body.

With the ACNR — IH and ZZNR — 2H structures as a
base, the constrained version of the structures were con-
structed to further evaluate the edge’s interaction with water.
The constrained ACNR (cACNR) and constrained ZZNR
(cZZNR) is shown in Figs. 3(b) and 3(c). In addition, a
single hydrogen vacancy was created to induce a possible
reactive site. Upon optimization, the hydrogen vacant con-
strained ZZNR (Hy-cZZNR) did not change much, however,
the hydrogen vacant constrained ACNR (H,-cACNR) led to
a collapse of the outer hexagon. This is primarily caused by
inadequate passivation for the electron-deficient boron atom
which is a recurrent issue in the formation of borophene poly-
morphs, where many synthesis methods often used an ion or
metal substrate as an electron donor to stabilize the borophene
sheet [59]. The structure was further examined using Lowdin
charges. As shown in our previous study [5], the charge
state of B atoms changes from negative to positive upon the
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FIG. 3. Optimized structures of the HB nanoribbons. (a) Struc-
tures of the most stable configurations for ACNR — 1H and
ZZNR — 2H. (b) Structures of cACNRwithout and with hydrogen
vacancy (H,). (c) Structures of ¢ZZNR without and with H, .

dissociation of BoHg (diborane) to BHj3 (borane). This shift
to a positive charge state precipitates the onset of hydrolysis
by favorably attracting the oxygen atom of water. At the HB
sheet surface, the charge states do not easily change, even
with small vacancy defects, due to the B-B network present in
the system. However, in the case of H,-cACNR, the Lowdin
charge of one of the edge B atoms was found to be 2.917 e
(less than three) as compared with that of a B atom at the HB
sheet surface (3.140 e [5]), suggesting a positive charge state
(see Fig. S4 and Table S1 [56]). The manifestation of positive
charge state is likely associated with the less prominent B-B
network near the edges.

B. Water interaction with armchair and zigzag edges

A water molecule was introduced at various edge sites in
different initial rotational configurations. The calculated ad-
sorption energies for each adsorption systems are summarized

TABLE 1. Adsorption energies for water on various HB nanorib-
bons. The unit of energy is eV.

Edge structure E.q

cACNR 0.2263
¢ZZNR 0.3555
H,-cACNR 1.0307
H,-cZZNR 0.3243

in Table I. The adsorption energies for cACNR, ¢ZZNR, and
H,-cZZNR fall within the range of physisorption. In contrast,
the adsorption energy for the H,-cACNR is 1.03 eV, which
lies within the chemisorption energy range, suggesting the
occurrence of chemical bonding.
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FIG. 4. (a) Optimized structures of water adsorption on armchair
and zigzag HB nanoribbons, in both pristine and hydrogen-vacant
cases. (b) Density of states projected onto the water molecular or-
bitals which were calculated as the sum of those onto the atomic
orbitals of hydrogen and oxygen.
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FIG. 5. Detailed electronic structure of water-adsorbed
H,-cACNR. (a) Densities of states projected onto the atomic orbitals
of B of HB at which water is adsorbed, H (H1,H2) and O of the
water molecule. An inset showing the corresponding label on the
structure was included. (b) Charge density difference.

The adsorption structures in Fig. 4(a) reveal consistent
trends. For ¢cACNR, ¢ZZNR, and H,-cZZNR, the water
molecule is positioned at a distance from the nanoribbon, with
the molecule oriented such that the hydrogen atom serves
as the primary point of interaction. In contrast to the afore-
mentioned systems, the H,-cACNR shows that the oxygen
atom of water is directly bonded to the edge B atom. This
particular edge B atom is the collapsed one with a positive
charge state as previously discussed. It is worth noting that
the adsorption of water on H,-cACNR resulted in the recovery
of the hexagonal boron that was previously collapsed by the
hydrogen vacancy.

The projected density of states (pDOS) of water is illus-
trated in Fig. 4(b). The pDOS of water positioned furthest
from the nanoribbon is included as a reference to an iso-
lated water molecule. Here, it is important to compare the
peaks for water which represents its molecular orbitals. Devi-
ations in peak shapes from the isolated case signify potential
hybridization between the water molecule and the HBNR.
For the ¢ZZNR and cACNR, the peak shape was preserved
after adsorption, indicating that there is no significant bond-
ing between water and both nanoribbons. The pDOS for
the Hy-cZZNR features small peaks around —4 eV, suggest-
ing that partial hybridization has started to develop, albeit
very minimally. Further structural deterioration may result
in a more reactive edge, thereby stronger hybridization. On
the other hand, the pDOS of water on H,-cACNR displays

significant alterations, including the emergence of new peaks
and a considerable decrease in the magnitude of the distinct
peaks for the molecular orbitals of water, demonstrating hy-
bridization between water and H,-cACNR.

Further investigations were conducted to delve deeper into
the interaction between water and H,-cACNR. Figure 5(a)
presents the pDOS for specific atomic orbitals (i.e., the H
and O atoms in water and edge B atoms) in order to further
elucidate the nature of interaction. The overlap between O p
and B p orbitals is evident in several broad peaks spanning
from —8.5 eV to —6 eV, indicative of the electronic states
that facilitate the O-B chemical bond. Additional support for
this concept is presented in Fig. S6 [56]. In addition, a cross
sectional plot of the Ap is provided in Fig. 5(b). Situated
near the midpoint of O and edge B atoms, a charge gain
region developed upon adsorption. This charge distribution
profile is indicative of covalent bonding, as opposed to the
dipole-dipole interactions previously observed in less reactive
interactions on the HB sheet surface [5]. This interaction
closely resembles the attachment of the OH to a boron atom
in borane, initiating the hydrolysis process.

The various indicators provides strong evidence that
H,-cACNR chemically bonds with the oxygen of water. In
particular, the bonding mechanism can be attributed to the
hybridization between the O p and B p orbitals. This chemical
bonding of water to the B edge may be considered to be an
onset of the partial hydrolysis resulting to the creation of boric
acid and hydrogen gas appearing in the previous experimental
work [5].

C. Near edge water dissociation

Chemisorption of the water molecule at H,-ACNR with
significantly large adsorption energy reported in the previ-
ous section motivated us to further investigate possible water
dissociation at the edge. We assumed that a dissociated H
atom of water terminated the terminal B atom and explored
possible adsorption sites and configurations of OH on the
pristine ACNR.

In the search for the dissociated final state, the most stable
configuration found features an OH adsorbed on a B atom near
the edge, as presented in Fig. 6(b). This adsorption caused
the localized buckling of B atoms and resulted in an energy
0.3 eV lower than the (intact) water edge-bonded structure
reported earlier. In the experiments, the pH initially decreased
immediately after mixing HB with distilled water but then re-
mained nearly unchanged. B-O peaks appeared in the Fourier
transform infrared spectra, indicating that the OH group does
not dissolve in water but instead forms B-OH bonds during
hydrolysis and remained intact even after drying [5,45]. This
behavior aligns with the structure identified in our calcula-
tions.

To further investigate the possible water dissociation mech-
anism near the HB edge, we examined H,-ACNR near the
edge and adsorption of intact water on it. We then performed
nudged elastic band (NEB) [60,61] calculations starting from
a water molecule adsorption on a stable H,-ACNR near the
edge [Fig. 6(b)] and obtained the activation energy of 0.86 eV
for water dissociation [Fig. 6(a)]. On the reverse side, the
water reformation requires 1.53 eV, suggesting that it is easier
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FIG. 6. Near edge water dissociation pathway on H-vacant HB
sheets. The (a) energy profile illustrates the energy barriers associ-
ated with both forward and backward reactions. The energy baseline
is referenced from the initial state, which corresponds to the water
adsorbed on H-vacant HB sheets. The forward and backward reaction
barrier are 0.86 eV and 1.53 eV, respectively. The (b) structures of
the initial, transition and final states are shown from top and side
perspectives. In addition, a focused view that incorporates x and y
rotations are provided, displaying exclusively the atoms within the
focused region (green) to enhance clarity.

to proceed with water dissociation than water reformation
near the edge. Further analysis on the transition state revealed
that the OH group is not isolated but is instead interacting
significantly with the B atom underneath. This interaction
is reflected in the pDOS by the delocalization of the O 2p
states and their strong overlap with the B 2p states (see
Fig. S11 [56]). Additionally, the comparison of the charge
density difference profile with previous calculations [62] in-
dicates that the OH group in the transition state behaves
similarly to that of an OH™ (see Fig. S12 [56]). However,
since the OH group is not isolated, its impact on the system’s
energetics is expected to be insignificant when considering
beyond standard DFT methods.

To compare the reactivity of surface and edge, a similar
NEB calculation on water dissociation was performed on the
HB sheet surface (Fig. S13 [56]). On the surface, the activa-
tion energy for the water dissociation is 0.96, which is higher

than on the edge, meaning that water dissociation is easier
to proceed near the edge as opposed to on the surface. This
is due to the reduced prominence of the B-B bond network.
While water dissociation is less favorable on the surface,
hydrogen vacancies form more easily there, followed by the
near edge and the terminal hydrogen site (Fig. S14 [56]). For
a more accurate description of the reaction barrier, we per-
formed single-point calculations at initial, transition, and final
states using a range-separate hybrid van der Waals density
functional [63]. These calculations showed an increase in the
reaction barriers to 1.02 eV for edge reaction and 1.05 eV
for the surface reaction (Fig. S15 [56]). Despite this increase,
the overall trend remains consistent, with the edge reaction
exhibiting a lower barrier than the surface reaction.

In the experiment, the reaction occurs in water, making
it valuable to explore the effect of solvation on the reaction.
The introduction of solvation effect, either explicit or implicit,
is expected to lower the energy level of the transition state.
The nucleophilic anion (OH™) may be surrounded by lay-
ers of solvent molecules connected through hydrogen bonds,
stabilizing the transition state, thereby lowering the reaction
barrier [64]. Simulations that account for solvation effects
may provide more quantitative insights into the reaction bar-
riers and mechanism of the hydrolysis reaction, as well as the
reactivity of the HB sheet, which remains a subject for future
investigation.

Finally, we considered adsorption (binding) of an addi-
tional water molecule to OH of the dissociated water molecule
(see Fig. S16 for the structure [56]). We obtained the progres-
sive adsorption energy of 0.43 eV, which is larger than the
binding energy of a water dimer (0.20 eV) and the interaction
energy of a water dimer on a Hy HB sheet [5] (0.18 eV),
suggesting that the B-OH site provides a reactive site, which
may attribute to the onset of hydrolysis.

IV. SUMMARY AND CONCLUSIONS

This work examined two aspects of HB sheet nanoribbons:
the relative stability of edge terminations and their reactivity
with water. The ACNR was found to be more stable at all
H; chemical potential range than the ZZNR. Additionally, the
armchair edge preferred a 1:1 H/B termination ratio, while the
zigzag edge leaned toward a 2:1 termination ratio. The opti-
mization of the ZZNR — 2H structure resulted in a fringelike
edge that was previously not observed. The removal of a hy-
drogen termination did not significantly affect edge structure
of ¢ZZNR, however, cACNR resulted in the collapse of the
outer hexagon, with the collapsed boron showing a positive
charge state.

Water was found to be physisorbed on various nanorib-
bons, except for the Hy-cACNR, which exhibits a chemisorp-
tion behavior. The strong chemical interaction of water with
the HB sheet may be one of the reasons for the partial hydrol-
ysis reaction observed in the previous experiments.

Lastly, water dissociation was found to proceed on both
edge and surface with significant activation energy, the latter
requiring more. Thermodynamically, the water dissociated
near the edge is more stable than the intact water adsorbed
on the edge. This means that OH can terminate the near edge
boron atoms, leading to an increase in reactivity that may have
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an impact on applications that exploits the reactivity of HB
sheets. In particular, catalytic behavior can change depending
on the degree of passivation of the HB sheet.

The optimized structures of the HB sheet, along with sam-
ple input files referenced in this study, are accessible through
the Materials Cloud Archive [65]. Additional data supporting
the study’s findings can be obtained from the corresponding
authors upon reasonable request.
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