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Chemical stability of hydrogen boride nanosheets
In water
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Boron-based two-dimensional materials are of interest for use in electronic devices and
catalytic applications, for which it is important that they are chemically stable. Here, we
explore the chemical stability of hydrogen boride nanosheets in water. Experiments reveal
that mixing hydrogen boride and water produces negligible amounts of hydrogen, suggesting
that hydrolysis does not occur and that hydrogen boride is stable in water, which is in
contrast to most boron hydride materials. First-principles calculations reveal that the sheets
interact weakly with water even in the presence of defects and that negatively charged boron
prevents the onset of hydrolysis. We conclude that the charge state of boron and the
covalent boron-boron bond network are responsible for the chemical and structural stability.
On the other hand, we found that proton exchange with hydrogen boride nanosheets does
occur in water, indicating that they become acidic in the presence of water.
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the development and deployment of devices; they must

withstand the thermal, mechanical, and chemical influ-
ences of the operating environment. In the past few decades,
theoretical studies have explored two-dimensional boron nano-
materials and predicted that different structures exist!~4 How-
ever, the difficulty of syntheses arises from the electron-deficient
nature of a boron atom where three valence electrons cannot fill
the valence shell through bonding. Despite this challenge, qua-
siplanar boron clusters have been synthesized>®, and a few pre-
dicted structures, such as P;,, 83, and x3, have been successfully
synthesized on metal surfaces by using a molecular beam epitaxy
in ultrahigh vacuum’-10. The resulting two-dimensional boron
nanosheets are inevitably confined on the metal surface, and their
removal may lead to an unstable free-standing form. As an
alternative, hydrogenation can be used as an electron-donor, in
exchange for the metallic surface, to form a pseudo-free-standing
product! b12. In a recent study, hydrogenation of a boron sheet on
a silver surface has shown remarkable improvements on its
chemical stability upon exposure to ambient condition!3. Another
advantage of this method is that the hydrogenation is a reversible
process via annealing at low temperatures.

Recently, two-dimensional hydrogen boride nanosheets (HB
sheets) were synthesized!4, which were derived from magnesium
diboride (MgB,) via cation exchange and liquid exfoliation at
room temperature (~298 K) and in N, environment. Unlike the
synthesis on metal surfaces, the fabrication method shows that a
low-temperature preparation of two-dimensional boron nanosh-
eets is possible. The atomic structure cannot be directly observed
with morphological characterization via microscopy techniques;
the structure can only be inferred from indirect observation
techniques such as the X-ray pair distribution function (XPDF).
Accordingly, a model was developed to best fit the experimental
XPDF data. The model consists of a slightly distorted honeycomb
boron sheet and passivating hydrogen atoms, which was found to
have semi-metallic electronic properties!>16, In addition, studies
have reported that HB sheets show promising performance in Li/
Na ion and H, storage!7-18. Despite the interest in HB sheets, the
studies conducted are still limited mainly due to their infancy.

For the development of HB sheet-based devices, the HB sheets
should be stable and not easily degraded in operating environ-
ments, specifically in water, which is present in common oper-
ating environments!®. To probe the stability property, we tried
exposing the HB sheets in air and found by visual inspection that
moisture was absorbed. This phenomenon poses the question of
whether HB sheets are reactive to water or hygroscopic. This is
especially concerning because some boron hydride materials are
reactive to water. For example, boranes react with water to form
hydrogen and boric acid (B(OH);) as a result of a sequential
hydrolysis reaction. Specifically, in the case of diborane (B,Hs),
the reaction is known to proceed as follows20:

B,H, < 2BH, (1)

The stability of materials, in general, is a crucial property in

BH; + H,0 — [BH; - Hzo]* — BH,OH + H, (2)
BH,OH + H,0 — [BH,0OH - Hzo]* — BH(OH), +H, ()

BH(OH), + H,0 — [BH(OH), - H,0] — B(OH), + H, (4)

The hydrolysis reaction was also reported to occur in the
degradation process of MgB,2!, which is the starting material for
the production of HB sheets. In addition, the hydrolysis reaction
forms B(OH); during the synthesis of HB sheets, and thus HB
sheets were prepared under nitrogen atmosphere!4. If the HB
sheets have a similar chemical reactivity, then the following

hydrolysis reaction can be expected:
HB + 3H,0 — B(OH), + 2H, (5)

Alternatively, if the hydrolysis reaction does not occur by
pouring water and if the HB sheets can be obtained again after
drying the sample, then they can be regarded to have chemical
stability against water.

In this study, we focused on determining the chemical stability
of HB sheets with water. We conducted experiments and deter-
mined that a hydrolysis reaction does not largely occur, when the
HB sheets are exposed to water. Furthermore, we investigated the
reaction of water at the atomic scale by characterizing the HB
sheets—water interaction from the perspective of structure, energy,
and bonding by means of density functional theory (DFT) cal-
culations. The results show that water reacts weakly with the HB
sheet and that boron in the HB sheet is negatively charged, which
prevents the onset of hydrolysis.

Results and Discussion

Reaction with water. To clarify the chemical stability issue, we
examined the reaction of HB sheets with water at room tem-
perature (~298 K). We placed HB sheets into distilled water, and
the volume of gas generated was measured by collecting it over
water. The collected gas was also frequently sampled and ana-
lyzed using a gas chromatograph. We found that only H, gas was
produced by mixing the HB sheets and water with an amount
corresponding to a small percentage of the expected H, yield
from Eq. (5). Figure 1a shows an example of H, production as a
function of time after mixing the HB sheets and water. In this
case, HB sheets (58.04 mg) and distilled water (20 mL) were
mixed at 400 rpm using a magnetic stirrer at room temperature
(~298 K). H, was then obtained with 2.8 mL as a saturated
amount, which corresponds to 1.3% of the expected H, amount
by the hydrolysis reaction. At 400 min, we added 50 mL of water,
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Fig. 1 Reaction of water and HB sheets. a H, amount as a function of time
from the mixture of HB (58.04 mg) and distilled water (20 mL), where
water (50 mL) was added at 400 min. b XPS Bls spectra after drying the
mixture of water (10 mL) with HB (1.2-21.9 mg). ¢ Bls (193 eV) peak
component as a function of the HB amount in the Bls spectra shown in (b),
inset shows the photograph of the sample after drying the mixture of HB
and water at 393 K.
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which did not cause any additional gas production, implying that
the saturation of H, was not due to the specific equilibrium
condition.

Analysis of reaction products. To examine the states of the HB
sheets after the interaction with water, we conducted X-ray
photoelectron spectroscopy (XPS) measurements on HB sheets
after drying the HB sheets—water mixture at 393 K, as shown in
Fig. 1b. Here, we first mixed distilled water (10 mL) and the HB
sheets in varying amounts (1.2-21.9mg) and then dried the
mixture by heating at 393 K on a hot-plate in air. In all cases, a
light-yellow powder was obtained, as shown in the inset in Fig. 1c,
and the XPS Bls shows the dominant peak at ~188 eV. The peak
corresponds to the negatively charged B and is consistent with the
peak obtained from the as-prepared HB sheets!4. In some cases,
an additional peak appeared at ~193 eV, which can be assigned as
an oxidized B peak!4. The percentage of the oxidized B peak is
plotted as a function of the HB amount in Fig. 1c. We found no
clear correlation between the amount of HB and the percentage of
the oxidized B peak. Moreover, the oxidized B peak is not as
significant as the peak at ~188 eV. The results indicate that the
charge state of B was maintained, and that the hydrolysis reaction
of HB did not occur even at 393 K in water. The small amount of
H, produced (Fig. 1a) may be due to the limited number of
reactive sites.

These experimental results indicate that the HB sheets are
chemically stable toward water at room temperature (~298 K)
and that only some of the specific sites, such as defects and/or
edges with specific species (e.g., -OH or —-O) in the HB sheet, may
react with water. To gain an insight into the active site, we
conducted reaction cycle experiments. Figure 2a shows the
amount of H, as a function of time for the mixture of H,O (2.0
mL) and fresh HB sheets (100 mg) and for the mixture with
recycled HB sheets which were obtained by drying the mixture
with H,O at 353K after 1440 min (second cycle). In the first
cycle, 17.0mL of H, was collected after 1440 min, which
corresponds to 4.5% of the expected H, amount by the hydrolysis
reaction. The amount of H, was slightly larger than the value
shown in Fig. 1a (1.3 %), presumably because the sample contains
more reactive sites toward hydrolysis. On the other hand,
negligible amount of H, was generated from the recycled HB,
indicating that a limited number of the reactive sites for
hydrolysis inherently exist in the material, and they are not
newly created during the process, in which HB is mixed with
water and dried at 353 K.

Proton exchange in water. We measured the pH for the mixture
of HB sheets and water, and that for the mixture of recycled HB
sheets and heavy water (D,O) as a function of time (Fig. 2b). We
found that pH decreased immediately after mixing HB into distilled
water. The pH change was much faster than the hydrolysis reaction.
In sharp contrast to the hydrolysis reaction, the pH change was
reproduced in the second cycle, indicating that the proton exchange
with the HB sheets occurs in water. We measured pH as a function
of HB amount in water before and after mixing water with
HB sheets and estimated the acidity constant (pK,, K, is acid
dissociation constant) to be 3.5+0.2 (Fig. 2c) based on the pH
change and the following assumption: K, = [H*][B~]/[HB], where
[HT], [B~], and [HB] are molar density of Ht, B—, and HB,
respectively. We also conducted the Fourier transform infrared
absorption spectroscopy (FTIR) analysis of fresh and recycled HB
sheets (Fig. 2d). We found the B-D, B-D-B, and O-D vibrational
signatures in the spectrum of the HB sheets after the second cycle
with D0, indicating that D of D,0 was exchanged with hydrogen
of HB sheets even after the first cycle with H,O. These results imply
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Fig. 2 Proton exchange reaction and hydrolysis reaction of HB and
recycled HB sheets in water. a H, amount as a function of time for the
mixture of H,O (2.0 mL) and HB sheets (100 mg) and that for the recycled
HB (HB dried at 353K after 1440 min from the mixture with H,O). b pH
change as a function of time for the mixture of H,O (2.0 mL) and HB sheets
(100 mg) and that for D,O and the recycled HB (HB dried at 353K after
1440 min from the mixture with H,O). ¢ pKa derived from the pH change
after mixing water and HB sheets with various HB amount. d Fourier
transform infrared absorption spectroscopy results for the HB sheets, the
recycled HB sheets obtained by drying the mixture of HB and H,O after
1440 min after mixing (dHB), recycled HB obtained by drying HB in D,O
after 1440 min after mixing, and recycled dHB obtained by drying the
mixture of dHB and D,0 after 1440 min after mixing. The assignment of the
absorption peaks was based on the previous report?!. e Mass analysis of
produced gas after the mixing H,O and HB sheets. m/z denotes the mass-
to-charge ratio. f Mass analysis of produced gas after the mixture of D,O
and HB sheets. The horizontal axis in (e) and (f) indicates time after
injection of produced gas in the apparatus.

that proton release from the HB sheets occurs from the less-reactive
site to hydrolysis reaction.

If hydrogen at the active site for the hydrolysis reaction is
involved in the proton exchange reaction in D,0, the amount of D,
produced is expected to be larger than that of HD, because the
proton exchange is faster than hydrolysis reaction, and because the
amount of D in heavy water is larger than H in HB. To verify this
hypothesis, we examined the produced gas from the mixture of HB
and D,0 as well as that of HB and H,O by mass spectrometer
(Fig. 2e, f). In the case of HB-D,0O mixture, H,, D,, and HD gases
were detected with the intensity ratio of H,:D,:HD = 1:1:2. This
result indicates that the active site for the hydrolysis reaction in the
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Fig. 3 HB sheets model. a Model HB sheet crystal structure with labeled
measurements. b Semi-metallic band structure with electron and hole
pocket at Y and I" point.

Table 1 Lattice parameters of HB sheet calculated with PBE
and rev-vdW-DF2 exchange-correlation functionals.

Measurement PBE rev-vdW-DF2
Lattice parameter (A) a 3.015 3.013
b 5.290 5292
Bond length (A) m 172 1.71
k 1.82 1.83
Bond angle (deg.) o 122.67 122.99
B 93.45 93.25

HB sheets is different from that for the proton-exchange,
presumably because of the different natures of B atoms at and/or
near these sites.

These experimental results indicate that HB sheets are stable
against hydrolysis reaction, whereas proton release can easily
occur via the proton exchange with HB in water.

Computational model. To further probe on the HB sheet-water
interaction at the atomic scale, we employed DFT calculations on
the model structure derived from the XPDF (Fig. 3a)!4. The
model structure considered here is the one originally proposed to
represent the local structure!* and to discuss the fundamental
nature of the HB sheet-water interaction, whereas the real sample
structure has no long-range order and consists of a distorted
hexagonal boron network structure with B-H and B-H-B
bonds?2. Both the calculated structural parameters (Table 1) and
semi-metallic band structure (Fig. 3b) are consistent with those in
similar studies!4-1623, Moreover, the generalized gradient
approximation (GGA) and van der Waals (vdW) inclusive den-
sity functional (rev-vdW-DF2) produced similar values, suggest-
ing that the vdW forces play a minor role in the HB sheet (see
Methods for computational details).

In addition to the pristine HB sheet, we considered a few
vacancy-defective HB sheets (e.g., H (Vy), B (V}), HB (Vip),
BH, (Vgy,), and H, (V) vacancies; see Supplementary Fig. 1 for
the structures) to examine if the defects lead to the creation of
highly reactive sites. The most likely vacancy to appear was
selected by comparing their corresponding formation energies, Eg,

defined as

Ef = Egp + El: it — Epert (6)
where Eger and E,e¢ represent the total energies of vacancy-
defective and pristine systems, respectively, and #; and y;
represent the number and chemical potential, respectively, of
the removed atomic species 242>, Herein, i is either H or B,
depending on which atom was removed from the pristine system.
The H and B chemical potentials are referenced to 1/2 of the total
energy of H, (Ey,) and 1/12 of the total energy of the a-
rhombohedral phase boron (Ejy ), and are denoted as Auy and
Apy, respectively. All the vacancy defects considered here have
the possibility to appear, as shown in the phase diagram (Fig. 4a).
Figure 4b shows the formation energy as a function of Ay at
App = 0 and that as a function of Ayy at Ay = 0. We can see
that at Aup =0 and Apy =0, HB sheets with Vi and Vy
(Fig. 4c) are the first and second most stable phases with the
formation energies of 0.99 eV and 2.14 eV, respectively.

Water adsorption. We studied the adsorption of a single water
molecule on pristine and vacancy-defective HB sheet models. A
water molecule was relaxed on top of the pristine and defective
HB sheets at different adsorption sites and configurations (see
Supplementary Figs. 2 and 3). The most stable adsorption
structures are shown in Fig. 5. We found no significant structural
deformation upon adsorption, suggesting that the HB sheet is less
reactive to water or that the activation energy is needed for water
dissociation. We simulated the dissociation of H,O on H-vacant
HB sheet and found that the dissociated state (OH-adsorbed
pristine HB sheet) is thermodynamically stable, but the process
requires an activation energy of 0.96 eV (see Supplementary Note
1 and Supplementary Fig. 4). Furthermore, the water molecule
prefers to have a tilted configuration in which one of the H atoms
of water is nearest to the B atom of HB sheet in all cases con-
sidered here. This response is consistent with the negatively
charged B atom in the HB sheet reported in Ref. 1 based on the B
1's core level position measured by XPS and evaluated by DFT.
Careful charge analyses were conducted and will be discussed in
more detail later.
We calculated the adsorption energy of water as

E.4s = Eng + En,0 — Eup_n,0 (7)

where Eyg, Ey o, and Eyg_y o, are the total energies of the HB

sheet with or without a defect, water molecule, and water
adsorbed HB sheet, respectively. Among the three phases
(pristine, H-vacant, and B-vacant), the pristine HB sheet had
the weakest interaction, whereas the B-vacant HB sheet had the
strongest interaction (Table 2). This trend is expected because B-
vacant HB sheet presents more reactive sites for water adsorption.
Despite the more reactive nature of B-vacant HB sheet, its
interaction with water is still considerably weak. This trend was
consistent when the adsorption energies were calculated with the
rev-vdW-DF2, but the adsorption energies were significantly
higher, indicating that vdW interaction plays an important role in
the HB sheet-water interaction. Nevertheless, the magnitudes of
the adsorption energies are still smaller than those of typical
chemisorption energies, suggesting that the interaction is more of
a vdW type. Note that the calculated adsorption energy serves as
the upper bound for the HB sheet-water interaction because only
one water molecule was introduced. If more water molecules were
introduced, then competitive water hydrogen bonding would
weaken the HB sheet-water interaction. We confirmed the
weakening of the HB sheet-water interaction by performing
calculations with an H,O dimer on H-vacant HB sheet (see
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Table 2 Calculated adsorption energies of water on the HB
sheet with PBE and rev-vdW-DF2 functionals.

Pristine H-vacant B-vacant

HB sheet HB sheet HB sheet
PBE 57 296 406
rev-vdW-DF2 147 405 513

The unit of energy is meV.

Supplementary Note 2, Supplementary Table 1 and Supplemen-
tary Fig. 5). To gain further insight into the HB sheet-water
interaction, we also calculated the density of states (DOS) of the
adsorbed systems and the molecular orbitals (MOs) of the water
molecule adsorbed on the HB sheets (see Supplementary Figs. 6
and 7). We found that, in all cases, the hybridization of MOs with
the wavefunctions of the HB sheet is negligibly small, and the MO

character of the water molecule is retained, implying that there is
no significant chemical bonding between water and the HB sheet.

Charge density difference analysis of HB sheet-water. We then
analyzed the interaction from the perspective of charges. We
calculated the charge density difference, Ap, defined as

Ap = Pads—sub — Psub ~ Pads (8)

where Padssubs Psubs ad Pags denote the charge densities of the
adsorbate on the substrate, substrate, and adsorbate, respectively.
The charge density difference of the HB sheet with its corre-
sponding slice position is presented in Fig. 6. In the pristine HB
sheet-water interaction, charge redistribution was observed
(Fig. 6a), which induced a dipole in the HB sheet and further
polarized the O-H bond in water, resulting in a complimentary
negatively charged region in the B atom of the HB sheet and a
positively charged region in the H atom of water. In the case of
H-vacant HB sheet, a negatively charged region was formed in the
H-vacancy region, which attracts the positively charged H atom
of water, as shown in Fig. 6b. Due to the lack of a B atom, the H
atom of B-vacant HB sheet closest to the water molecule created a
negatively charged region toward the water in the B-vacant HB
sheet-water interaction (Fig. 6¢), in contrast to the pristine HB
sheet case. The calculated Ap results indicate that the interaction
between the HB sheets and water is of the electrostatic type, in
addition to the vdW type. Note the fact that the electron being
accumulated in the vicinity of the B atom upon adsorption of the
water molecule does not necessarily explain the charge state of the
B atom nor its reactivity.

Lowdin population analysis of HB sheets and diborane. To
further explore the electronic states of the HB sheets, we con-
ducted a Lowdin population analysis to calculate the atomic
charges (Table 3). We found that the B atom of a pristine HB
sheet is negatively charged (3.14e¢), with its number slightly
higher than its total valency (3 e). The negatively charged B atom
of the pristine HB sheet agrees well with the experimental
observation of the negatively charged B atom in XPS, as men-
tioned above. This finding further explains the attraction of the H
atom of water to the B atom of the pristine HB sheet. If the B
atom is positively charged, then the O atom of water should be
the one closest to the B atom of the HB sheet. However, the H
atom of water is oriented toward B, indicating that the B atom is
negatively charged. In Ref. 11, the B atom in HB is suggested to be
positively charged based on Bader charge analysis. We also per-
formed Bader charge analysis and obtained similar results (see
Supplementary Table 2). However, this result cannot explain the
trend observed in the XPS measurements and the adsorption state
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Fig. 6 Charge density difference of water-adsorbed HB sheet. Charge
density difference Ap (right) and corresponding slice position (left) of
water-adsorbed on (a) pristine, (b) H-vacant, and (¢) B-vacant HB sheet.
Red (blue) indicates electron accumulation (depletion). The low/high
saturation limit for (a), (b), (c) are +0.014, +0.027, and +0.027 e A3,
respectively.

Table 3 Léwdin charges of diborane (B,H;), borane (BH3)
and the HB sheet.

Atom Type Diborane Borane HB sheet
1 Center H 0.7841 0.9443 0.7924

2 Center H 0.7841 0.9443 0.7924

3 B 3.1530 2.9833 3.1401

4 B 3.1530 2.9833 31399

5 Edge H 0.9300 0.9438

6 Edge H 0.9300 0.9438

7 Edge H 0.9300 0.9438

8 Edge H 0.9300 0.9438

The unit of charge is e. The total valency of H and B are 1 e and 3 e, respectively.

of water, in which one of the O-H bonds of water points to a B
atom. We also performed Lowdin population analysis of MgB,
and B(OH); and found that B atoms are negatively and positively
charged, respectively, a trend consistent with the XPS observa-
tions (Supplementary Table 3). Thus, we concluded that Léwdin
population analysis is more suitable for the current system and
that B atoms in a pristine HB sheet are negatively charged.

The negatively charged character of the B atoms may be
understood by the analogy with B,H¢?%-28. BH;, a constituent
molecule of B,H is purely electrophilic in its planar ground state.
However, the deformation of BH; fragments to the non-planar
configuration makes their highest occupied MOs active and
develop an electron donor character, alongside the acceptor
characteristic of the lowest unoccupied molecular orbital, forming
3-center-2-electron (3c-2e) B-H-B bonds?®. This condition
applies to the HB sheet in which the non-planar B-H-B bonds
are formed.

In the case of the H-vacant HB sheet, the B atom is less negatively
charged (3.03 ¢) compared with the pristine one, presumably due to
the less electron donation from the center H. The case of the B-vacant
HB sheet provides a more complex but interesting perspective on

water dissociation. The B atom nearest to the H atom of water is
negatively charged (3.52 e), but that nearest to the O atom of water is
positively charged (2.94 e), the latter being similar to the B atom in
borane (BH;). In the hydrolysis reaction, the formation of B(OH),
requires the attachment of (OH)~ of water to the B atom. In the case
of the HB sheet, the attachment of the O atom of water rarely occurs,
and thus, the hydrolysis reaction does not proceed. In the case of
B,Hs, the negatively charged B atom (Table 3) also suggests that B,Hg
has a similar adsorption phenomenon to that of the HB sheet. In fact,
a first principles molecular dynamics simulation of B,Hy in water by
Pietro et al.30 reported that the H atom of water is closer to a B atom
of B,Hg. We conducted a charge analysis of a dissociated B,Hg or
BH; and found that the B atom of BH; was positively charged
(Table 3), suggesting that the dissociation of B,Hy induces a change in
charge polarity. In the case of BHj, the attachment of an O atom of
water is now possible due to the positively charged B, indicating that
the dissociation of B,Hs and hence the formation of a positively
charged B is an enabling step in the discussed hydrolysis. This finding
also suggests that the HB sheets can undergo hydrolysis when a
positively charged B atom is created by the formation of a B vacancy
in the bulk or at the edge. However, considering the relatively large B
vacancy formation energy, the probability of this event is considerably
low. This factor may explain the partial hydrolysis reaction observed
in the experiment shown in Fig. la.

Bonding analysis. Finally, to gain further insights into the
bonding nature of the HB sheets, we calculated the maximally
localized Wannier functions (MLWFs) of HB sheet and B,Hjg
(Fig. 7). We obtained MLWFs and the corresponding Wannier
function centers (not shown) at the B-B bonds, indicating the
covalent bonding between B atoms. The stability of the HB sheet
can be attributed to the B-B bond (Fig. 7a), which is further
stabilized by forming the B-B bond network within the sheet,
unlike the H-B bonds of B,Hj at the edge (see the corresponding
MLWEF in Fig. 7c). We suppose that if a B-terminated edge is
formed in the HB sheet, which is not supported by the B-B bond
network, it may be susceptible to dissociation, like B,Hs, and the
edges can be a cause of the partial hydrolysis observed in the
experiment. While the calculated MLWFs of the 3c-2e bond of
B,H; (Fig. 7d) agree well with the classical view?!, the MLWF of
the 3c-2e bond of HB sheet (Fig. 7b) shows contrasting char-
acteristics. In the case of B,H,, only occupied orbitals contribute
to the MLWF, whereas in the case of the HB sheet, unoccupied
states are also included to construct the MLWFs because of the
metallic nature of the HB sheet. This factor could be the main
reason for the difference in the MLWFs of the two cases. The
contribution of the unoccupied states also suggests that the
B-H-B bonding mechanism of the HB sheet is different from the
conventional 3c-2e bond in boron hydrides. Likewise, the dif-
ferent B-H-B bonding mechanism of HB sheet and boron
hydrides are partly responsible for the difference in chemical
stability. We also performed calculations of KB;Hg, a crystal
composed of a stable B;Hg™ unit, which is shown to be stable in
water32. We obtained MLWTFs for the terminal H and 3c-2e bond
of B;Hg™, similar to B,Hg, as well as that for the B-B bond (see
Supplementary Fig. 8). The latter MLWF is similar to that of the
B-B bond of the HB sheet, and further supports our conclusion
that the B-B bond network stabilize the HB sheet.

Conclusion

We have experimentally shown the chemical stability of HB
sheets against water. The hydrolysis reaction, which is typical in
boron hydrides, largely did not occur when the HB sheets were
mixed with water. In addition, the HB sheets—water solution can
be dried without damaging the HB sheets. This finding shows that
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Fig. 7 MLWFs on the HB sheet. The isosurfaces of the MLWFs on the HB

sheet (a, b) and B,Hg (¢, d) are shown. Only the inequivalent MLWFs are
shown. Blue (red) surfaces indicate positive (negative) isovalue.

the HB sheets can be reversibly wetted or dried without sig-
nificant damage to the sample. On the other hand, we found that
proton exchange with HB occurs in water with the estimated pK,
of 3.5+ 0.2, even after reactive sites for the hydrolysis reaction are
terminated. Thus, for the practical application, one should keep in
mind that HB sheets have a chemical stability against hydrolysis
reaction, but become acidic in the presence of water.

We also studied the HB sheet-water interaction at the atomic
scale by using DFT calculations. The results show that pristine,
H-vacant, and B-vacant HB sheets have a very weak interaction
with water, which can be referred to as a vdW-type interaction.
The hydrolysis reaction did not proceed for the HB sheets
because of the negatively charged B, which prevented the
attraction of the O atom of water. We investigated the electronic
structure and bonding nature of the HB sheets and concluded
that the strong covalent B-B bond network mainly explains the
distinct stability of the HB sheets. We anticipate that the current
study will help the development of HB sheet-based devices.

Methods

Materials. HB sheets were prepared as reported previously!'4. Specifically, MgB,
powder (60 mg, 99%, Rare Metallic Co., Ltd., Tokyo, Japan) was added to 200 mL
of acetonitrile (99.5%, Wako Pure Chemical Industries Ltd., Osaka, Japan) or
methanol (99.8%, Wako Pure Chemical Industries Ltd., Osaka, Japan), followed by
ultrasonication for 30 min. The prepared suspension was then added to another
acetonitrile (or methanol) suspension (100 mL) containing the sulfur-containing
ion-exchange resin (30 mL, Amberlite IR120B hydrogen form, Organo Corp.,
Tokyo, Japan) under nitrogen at room temperature (~298 K). After being stirred
(250 rpm) for 3 days, the supernatant or filtrate was filtered through a 1.0 or 0.2 um
pore filter (Omnipore Membrane Filters, Merck Millipore, Billerica, MA) and
evaporated on an oil bath at 343 K under nitrogen, to yield the product as a yellow
powder.

Reaction with water. HB sheets were mixed with distilled water at room tem-
perature (~298 K). The volume of gas generated was measured by collecting it over
water. The collected gas was frequently sampled and analyzed using a gas chro-
matograph (GC-8A, Shimadzu Corporation, Ltd., Kyoto, Japan), equipped with
Molecular Sieves 5 A (60—80 mesh, GL Sciences, Inc.) and a Porapak Q (50—80
mesh, Waters Chromatography Ireland Ltd.) column. Independently, the variation
in pH of the aqueous solution was measured using a pH meter (HI 2002-01,
HANNA Instruments Japan Ltd.).

XPS measurements. XPS measurements were conducted at room temperature
(~298 K) using a JPS 9010 TR (JEOL, Ltd., Japan) with an ultrahigh vacuum
chamber and an Al Ka X-ray source (1486.6 eV). The pass energy was 10 eV, the
energy resolution (estimated from the Ag 3d5/2 peak width of a clean Ag sample)
was 0.635 eV, and the uncertainty in the binding energy was +0.05 eV. The sample
was placed on the sample holder with graphite tape and introduced to an ultrahigh
vacuum chamber for measurement. The Shirley background was subtracted from
the spectrum using SpecSurf software (version 1.8.3.7, JEOL, Ltd., Japan). The
charge buildup in the sample caused higher binding energy shifts for those spectra.
Thus, we calibrated the charge-up amount based on the Cls peak of graphite tale as
to be 284.6 eV.

FTIR measurements. Infrared spectra were acquired using a Bruker Alpha spec-
trometer augmented with a diamond attenuated total reflection setup in a N,
glovebox.

Mass analysis. Mass analyses were conducted by a home-build mass spectrometer
system. The gas was injected in the system by syringe with 1.0 mL, where the gas
was introduced in the ultrahigh vacuum chamber via the differential pumping
system, and analyzed by the quadrupole mass spectrometer (ANELVA Quadrupole
mass spectrometer M-200QA, CANON ANELVA CORPORATION Ltd.) after
passing through the capillary tube (Fused Silica Inertness Tubings, GL Science Inc.).

Computational details. Structural optimization and electronic structure calcula-
tions were performed under the framework of DFT as implemented in Quantum
Espresso®>34 with GBRV ultrasoft pseudopotentials?>3¢. The plane-wave basis set
was used to expand the wavefunction and augmentation charge density with cutoff
energies of 60 and 480 Ry, respectively. Pseudopotentials are based on the
Perdew-Burke-Ernzerhof (PBE) formulation of GGA37. To account for the vdW
forces, rev-vdW-DF2 exchange-correlation functionals were mainly used alongside
PBE38-42, We examined different vdW inclusive density functionals and found that
the calculated adsorption energies and geometries were similar regardless of the
functional used (see Supplementary Fig. 9). Monkhorst-Pack k-point meshes*? of
4 x 4 and 16 x 16 were employed for the Brillouin zone integration in the structural
optimization and DOS calculations, respectively. Lattice and ionic minimizations
used the force and energy convergence criteria of 104 Ry Bohr—! and 10~° Ry,
respectively. A (4 x 4) supercell was adopted for the water adsorption calculations.
With the use of the periodic boundary condition (PBC), the surface was infinitely
projected along the x-, y-, and z-axes, thus simulating an infinite surface along the
x-y plane. A vacuum spacing of ~15 A was used to separate the repetition along the
z-axis. This model imitates the center of an HB flake where edge effects are neg-
ligible. We confirmed that the artificial electrostatic interaction with the image
sheets due to PBC is negligible by performing the calculations with an effective
screening medium method*4*>. MLWFs were generated using Wannier9046-48,

Data availability

The optimized structures of the bare and the water-adsorbed pristine, H-vacant, and B-
vacant HB sheets obtained in the XCrySDen49 structure format, as well as the
corresponding input files for Quantum Espresso33-4 are available on the Materials Cloud
Archive®). Other data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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