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ABSTRACT: Developing stable metal-free materials with a highly
efficient hydrogen evolution reaction (HER) has received intense
research interest due to its renewable and environmentally friendly
properties. In this work, we systematically investigated the HER
catalytic activity of a new h-B2O monolayer based on first-principles
calculations. The results show the B site in the h-B2O structure is
energetically favorable for hydrogen with the calculated Gibbs free
energy (ΔGH*) of −0.07 eV, which is comparable to that of the Pt
catalyst (ΔGH* = −0.09 eV). Moreover, the catalytic activity of the h-
B2O monolayer is quite robust with increasing hydrogen coverages
(from 1/9 to 9/9). Interestingly, the HER activity of the h-B2O
monolayer is sensitive to the strains-driven. For example, applied
tensile strains (0−2%) could weaken the bonding between hydrogen
and the substrate, resulting in ΔGH* even close to 0 eV. However, the opposite trend is found for applied compressive strain. After
analyzing the density of states (DOS), we found the h-B2O monolayer with absorbed hydrogen retains the metallic property, still
exhibiting excellent electrical conductivity. These results reveal that the metal-free h-B2O monolayer is a promising candidate for
HER applications.

1. INTRODUCTION

Renewable energy especially for green hydrogen energy,
including H2 and hydrogen-containing compounds, is the
main candidate alternative to fossil fuels due to air pollution by
carbon/nitrogen dioxide emissions. Thus, the sustainable and
efficient hydrogen energy exhibits the potential applications in
energy storage, energy production, energy conversion,
electricity, and heating or cooling effect in building, which is
imperative for the current circular economy and ecological
environment. Among series of process production, water
splitting to generate H2 is gaining credibility, in which there are
two important reactions: (1) hydrogen evolution reaction
(HER) at the anode and (2) oxygen evolution reaction (OER)
at cathode.1−4 So far, Pt-based alloys or compositions have
shown extraordinary catalytic performance for driving the HER
to H2 generation due to the lower migration potential of the
electron−hole pair on the reaction surface.5,6 However, the
scarcity and nonrenewable property of Pt material with its high
cost limit its large-scale application in the industry. Up to now,
hydrogen energy accounts for less than 5% of annual energy
consumption, inciting the scientists to further study and design
more effective catalysts to promote the application of this
renewable energy.

Successful delamination of graphene brings the application
potential of low-dimension materials as photocatalysts, electro-
des, sensors, and photodetectors due to their unique physical
and chemical properties compared with those of conventional
bulk materials, such as high specific surface activity, novel
electronic, adjustable band gap, strong charge transfer, etc.7−19

Until now, series of two-dimensional (2D) materials have been
successfully synthesized including graphene oxides,13,20,21 g-
C3N4,

22−2622−26 borophene,7,27 traditional metal dichalcoge-
nides (TMDs),28,29 and MXenes,28−30 among which metal-
free-based materials appear as interesting options because of
their renewable and environmentally friendly properties. In
regard to 2D carbonaceous materials, doping engineering is the
dominant approach to improve the catalytic activity, such as
Au doping graphene,20 Cu/Co/Fe doping g-C3N4,
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to carbon according to the periodic table of elements, boron
monolayer or borophene has attracted abundant attention due
to its metallic feature with a strong complementary electronic
structure similar to that of graphene.33 As demonstrated by
several reports, borophene monolayer is competitive with Pt as
a catalyst in photocatalysis water splitting.7,34 However, the
stable borophene nanosheets should be grown on Ag surface
(111) under vacuum condition, since it is easily oxidized if
exposed to air, subsequently changing its initial structure and
decreasing the catalytic activity.35 To explore the possible
applications of boron-based 2D materials, B3S nanosheets with
a four-layer structure are synthesized by the method of Wu et
al.,36 where the S atoms are located at the top and the bottom
layers and the middle two layers are occupied by B atoms. This
stable B3S nanosheet shows a promising performance for
photocatalysis with desirable values (ΔGH*) of 0.30 eV with
hydrogen coverage θ as 1/8, revealing the intrinsically high
catalytic activity. Besides, several previous works reported the
oxidation processes of borophene materials, which were
controlled by the ratio of oxygen incorporated into the initial
borophene structure.35,37−41 A series of borophene oxide
compounds, such as B4O, B5O, B6O, B7O, and B8O structures,
were successfully proposed, in which it is found that the
structures of B5O, B7O, and B8O with metallic quality present a
strong conductivity anisotropy and the structure of B6O
exhibits a Dirac loop near the Fermi level.37 Very recently, a
novel h-B2O monolayer was proposed based on the honey-
comb borophene that was synthesized on the Al(111)
substrate.27,42 Under the prediction by first-principles calcu-
lations, the h-B2O monolayer is mechanically stable with
anisotropy property and also exhibits as a Dirac material,
unveiling that the oxidation process is a valid method to
stabilize the boron monolayer. Naturally, someone may
wonder how does oxidation stabilization engineering affects
the catalytic activity of the borophene monolayer?
Motivated by the above question, the purpose of this work is

to investigate whether the borophene oxide (h-B2O) can act as
a potential photocatalyst for HER. After comprehensive
calculations, we find that the h-B2O monolayer shows metallic
property with or without a hydrogen adatom. The B sites are
confirmed as the highly active sites for HER, and defect
engineering could reduce the pristine catalytic efficiency.
Importantly, the Gibbs free energy (ΔGH*) of −0.07 eV is
obtained through density functional theory (DFT) calcu-
lations, which is comparable to that of the Pt catalyst. We
further explore the influence of hydrogen concentration and
strains on HER activity. Applying tensile strains (1−1.5%) at
hydrogen coverages of 1/9 drive ΔGH* even close to 0 eV,
indicating that the h-B2O monolayer is a promising material for
photocatalysis.

2. COMPUTATIONAL METHOD
Our calculations were performed using density functional
theory (DFT) as implemented in Vienna ab initio program
package (VASP) code.43,44 We used the frozen-core projector
augmented wave (PAW) method45 to deal with nuclei and
core electrons, where B is 2s22p1, O is 2s22p4, and H is 1s1. The
generalized gradient approximation based on the Perdew−
Burke−Ernzerhof (PBE)46 functional was used to describe
exchange−correlation interactions.47 Besides, the van der
Waals interaction (vdW) was considered in all calculation
processes with the zero-damped DFT + D3 proposed by
Grimme.48 A 20 Å vacuum space in the z-direction is inserted

to prevent the interaction between repeated slabs. Plane waves
with a 540 eV cutoff energy is applied to explain the electron
wave functions. For the convergence tolerance in structural
relaxation, 0.001 eV/Å and 10−5 eV are set for the residual
forces and energy on per atom, respectively. The Brillouin zone
is sampled by 11 × 11 × 1 for the unit cell and 3 × 3 × 1 for 3
× 3 × 1 supercell for the total energy calculations. We set 0.01
eV for the smearing values based on the Gaussian smearing to
describe the electronic occupancy. To correctly describe the
band structures, the Heyd−Scuseria−Ernzerhof (HSE06)
method49 was performed in Band and DOS calculations.
Moreover, the charge distribution and transfer based on the
Bader charge approach were applied to understand the
interaction of hydrogen and the h-B2O monolayer. The
stability was investigated using the NVT ensemble at T =
300 K via the Nose−́Hoover method.50 Additionally, for
comparison with empirical vibrational energy, the average
kinetic energy was calculated via the following eq 151

E Nk T
3
2 B=

(1)

where N is the atom number in the system, kB is the Boltzmann
constant, and T is the absolute temperature defined by the
current calculation.
For the h-B2O monolayer with adatom hydrogen, the

binding energy (ΔEH*) is given according to the following
equation5
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Δ = − −* + *
(2)

where n denotes the number of hydrogen atoms on the h-B2O
monolayer. EBO+H* and EBO are the energy with and without
hydrogen atoms, respectively. The asterisk (*) is the active site
(the most stable adsorption position) on the h-B2O monolayer.
Subsequently, the Gibbs free energy can be calculated by eq 35

G E E T SH H ZPT HΔ = Δ + Δ − Δ* * * (3)

where ΔEZPT and ΔSH* are the differences of the zero-point
energy and the entropy between adsorption hydrogen and gas
phase (adsorption H2), respectively. Generally, ΔEZPT and
ΔSH* have small values. Specifically, ΔEZPT is defined as52

E E E E
1
2

n n
ZPT ZPT

H
ZPT
( 1)H

ZPT
H2Δ = − −−

(4)

where EZPT
nH is the zero-point energy of n hydrogen atoms on

the h-B2O monolayer and the EZPT
H2 is the zero-point energy of

H2 molecule in the gas phase. ΔSH* is defined as3 TΔSH* =
TSH* − 1/2TSo, where TSH* is the vibrational entropy of the
hydrogen adatom on the h-B2O monolayer, which has been
confirmed to be 0.026 eV at 300 K.53 The So presents the
vibrational entropy of the H2 molecule, and the value of TSo is
given as 0.41 eV.5 Thus, the value of ΔEZPT − TΔSH* is 0.248
eV for hydrogen adsorption on the h-B2O monolayer. The
criterion of an ideal HER activity is ΔGH* approximately equal
to 0 eV. The positive value denotes relatively slow kinetics in
the process of hydrogen adsorption, while the negative value
presents relatively slow kinetics in the process of H2
release.5,21,54

The exchange current was analyzed based on Norskov’s
assumption.5 For ΔGH* < 0, the expression of exchange current
at pH = 0 is expressed as
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(5)

For ΔGH* > 0, the exchange current was calculated by

( )
i ek

1

1 exp G
k T

o o
H

B

= −
+ Δ *

(6)

where ko is the rate constant and kB is the Boltzmann constant.
Moreover, the effect of B/O defects on the catalyst efficiency

was also discussed in eqs 2−7. The formation energy of the B/
O vacancy defects is defined as

E E E u( )if BO ViΔ = − − − (7)

where EBO is the total energy of pristine B2O. EVi shows the
energy of the B2O monolayer with a B/O vacancy defect. ui is
the corresponding chemical potentials of B and O elements in
tetragonal boron (P42/nnm) and O2 gas, respectively. After
calculation, the formation energies of the B/O vacancy defect
are 1.3 and 5.8 eV, respectively.

3. RESULTS AND DISCUSSION
3.1. Structural Property and Stability. The primitive cell

of h-B2O comprises one O atom and two B atoms with the
Cmmm (No. 65) space group,42 as shown in Figure 1a. The
calculated lattice parameters are 2.806 Å for a and 7.127 Å for
b, respectively. The B−O bond length is obtained as 1.339 Å.

Three different angles are found in one honeycomb:
approximately 180° for ∠B−O−B, 110° for ∠B−B−B, and
125° for ∠B−B−O. Previous studies demonstrated that the
extraordinary physical and chemical properties of borophene
are derived from the highly anisotropic structure by triple
bonded B atoms.35,38 In the h-B2O monolayer, the buckled
structure is still exhibited. As presented in Figure 1a, the
buckled structure inherits from the parental borophene (h-B)
with a lower symmetry due to oxygen doping, which extends
the mechanical anisotropy of the (h-B) monolayer as reported
by a previous study.42

The dynamical stability of the h-B2O monolayer was
investigated by ab initial dynamics simulation (AIMD) based
on the Nose ́ thermostat algorithm with the 300 K isothermal
field. The calculated results are displayed in Figure 1b. One can
see the total energy tends to smoothen the fluctuation in the
energy region from −184.5 to −183.4 eV after 300 fs
relaxation. The average energy of per atom is approximate
0.03 eV in the h-B2O system, which agrees with the average
translational energy of per atom for bulk material deduced by
3kT/2. Responding to temperature effect, the h-B2O
monolayer distorted slightly with a maximum height difference
of 0.803 Å, implying it is dynamical stable with high toughness.
Notably, the thermal stability of the h-B2O monolayer has been
demonstrated based on the phonon spectrum, in which no
negative mode was observed for the whole Brillouin zone.42

The calculated sophisticated hybrid function (HSE) band in
Figure 1c shows that the h-B2O monolayer is a Dirac material

Figure 1. (a) Top view showing the h-B2O monolayer structure, where the green shadowed area and the orthogon stand for the primitive cell and
conventional cell, respectively. The side view showing the differential charge density of the primitive cell. (b) Total energy fluctuation of the h-B2O
monolayer at 300 K in ab initial dynamics simulation (AIMD) simulation. The bottom view showing the h-B2O configuration after 7 ps. (c)
Calculated band structure of the h-B2O monolayer based on HSE06 methods.

Figure 2. (a) Binding energy of the hydrogen adsorbed on the possible sites for the pristine h-B2O monolayer and B/O defective models,
respectively. (b) HER volcano curve including the h-B2O monolayer and B/O defective models corresponding to the colored dots in (a). Besides,
the results of other boron materials,36,58,59 g-C3N4,

6060 graphene,61 and Pt catalysts5 are presented for comparison.
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with a Dirac cone located in the X → M path. The
corresponding band structure using the PBE method is
shown in Figure S1, which shows a similar track compared
with the HSE band. These results reveal the strong metallicity
of the h-B2O monolayer. The existential Dirac cone provides a
unique transporting path for the conduction band minimum
(CBM) to capture the excited electrons from valence band
maximum (VBM), which will reduce the combination rates of
holes and excited electrons on the VBM and further enhance
the catalytic performance for HER. More importantly, the
projected band of the h-B2O monolayer in Figure S2 reveals
that the Dirac cone is mainly contributed by s and pz orbitals of
the B atom and py + pz orbitals of the O atom. These orbitals
are saturated, leading to a relatively weak binding energy
between the h-B2O monolayer and adatoms. From the
projected density of states (PDOS) in Figure S3, one can
see that the stable px orbitals of the B and O atoms are mainly
located in the low-energy region (−10 to −5 eV) with a strong
hybridization with py and pz orbitals. By Bader analysis, it is
found O atom gains 2.04 e from the adjacent B atom. It clearly
elucidates that the compensated electrons in the low-energy
orbital of the O atom could stabilize the electronic structure of
the h-B2O monolayer.
3.2. HER Activity. To reveal the catalytic performance of

the h-B2O monolayer, we investigate the active site on the 3 ×
3 × 1 supercell with and without defect. Fourteen possible
adsorption sites for hydrogen are considered, as shown in
Figure S4, including the top sites of the B/O atom, top sites of
the B/O vacancy, and hexagonal center and bridge site
between B and B/O atoms (B−B, B−O). For the pristine h-
B2O monolayer, the calculated binding energy in Figure 2a

shows that the most advantageous site for HER is the top of
the B atom with the Gibbs free energy (ΔGH*) of −0.07 eV.
Besides, the B defect engineering shows a strong interaction
with the adsorbed hydrogen (ΔGH* = −0.74 eV), hindering
the release of H2. While the O defect structure is less favorable
to adsorb hydrogen with ΔGH* of −0.17 eV.
The Bader analysis in Figure 3 shows that the adsorbed

hydrogen atom gains 0.96, 0.47, and 0.59 e from the defect-
free, B, and O vacant h-B2O monolayer, respectively, which
suggests that charge transfer occurs in the adsorption process.
For the pristine monolayer, a larger number of electrons are
transferred from the h-B2O monolayer to H*, even close to the
chemical saturation charge of hydrogen (H+). Interestingly, the
obtained Gibbs free energy decreases with the increasing
charge transfer to H*, suggesting the intensity of charge
transfer is responsible for the catalytic activity in HER.
Importantly, it is worth mention that oxidation engineering not
only could improve the mechanical stability of boron
monolayer but also is an effective method to enhance the
catalytic activity of HER, as compared with the borophene
(ΔGH* = −0.35 eV)49 and B3S nanosheets (ΔGH* = −0.30
eV).30

The Heyrovsky and Tafel reactions for the HER process
under pH 0 environment were further investigated to
understand the reaction mechanism of producing H2 on the
h-B2O monolayer. Three states were considered in both
reactions, including the initial state (IS), transition state (TS),
and final state (FS). Specifically, the Heyrovsky and Tafel
reactions are presented by21

Heyrovsky: H H O e H H O3 2 2* + + → ++ −
(8)

Figure 3. Charge density difference for the advantageous location of the hydrogen atom in (a) pristine h-B2O monolayer, (b) B-defect monolayer,
and (c) O-defect monolayer. The yellow (cyan) area presents charge accumulation (depletion). The red arrows show the orientation and the value
of charge transfer of hydrogen.

Figure 4. Energy landscape of the Heyrovsky (a) and the Tafel (b) reactions on the h-B2O monolayer including the reaction coordinate structure
of the initial state (IS), transition state (TS), and final state (FS).
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Tafel: H H e H2* + * + →−
(9)

For the Heyrovsky reaction, H2 is produced when adsorbed
hydrogen (H*) interacts with H3O

+ clusters. The reaction
barrier is determined by the breaking away of a proton from
the H3O

+ cluster. As shown in Figure 4a, the calculated energy
barrier for the Heyrovsky pathway is 0.36 eV. Subsequently,
the generated H2 molecules move to the cavity center of the h-
B2O monolayer, which could accelerate the release rate. For
the Tafel reaction, the activation energy barrier is 0.53 eV.
Meanwhile, the ground state energy of FS is higher than that of
IS, which would decrease the H2 release rate. Thus, the HER
mechanism of the h-B2O monolayer may follow the
Heyrovsky-dominated Volmer−Heyrovsky reaction.
3.3. Effects of Hydrogen Coverage. Generally, the HER

activity characterized by Gibbs free energy (ΔGH*) is sensitive
to hydrogen coverage.34,55 Coverage control avails release the
hydrogen molecules from the surface of materials by turning
binding energy and then improve the catalytic efficiency. Thus,
a series of adsorption models with different hydrogen
coverages from 1/9 to 9/9 were investigated in this work.
The most stable adsorption sites are shown in Figure S6. The
calculated coverage-dependent ΔGH* is presented in Figure 5.

For h-B2O with 1/9 coverage, ΔGH* is −0.068 eV, revealing a
prefect HER catalytic. When the hydrogen coverage further
reaches 3/9, the HER activity is clearly enhanced with ΔGH* of
0.039 eV. The hydrogen coverage of 5/9 gives rise to the
highest HER catalytic performance with ΔG* of −0.035 eV.
However, the ΔGH* is significantly decreased as hydrogen
coverage increases beyond 7/9 due to the strong binding with
substrate h-B2O. Notably, ΔGH* with hydrogen coverage of 2/
9, 4/9, and 6/9 ranges from −0.084 to −0.077 eV, which is
slightly lower than that of 1/9. We can conclude that the h-
B2O monolayer under 6/9 hydrogen coverage shows good
HER performance. The charge transfer based on the Bader
charge analysis can well explain the HER activity affected by
hydrogen coverage. As shown in Table S1, fewer electrons are
transferred to H* under 6/9 coverage, while more electrons
are transferred to H* under 7/9−9/9 coverage. It indicates
that a lower coverage gives rise to a relatively weaker B−H
binding energy, which could accelerate the H2 release from the
h-B2O monolayer. The overall ΔGH* ranging from −1.131 to
0.039 eV reveals that the h-B2O monolayer possesses a
superexcellent HER activity over a wide range of H coverage.

To understand the variation of binding energy affected by
hydrogen coverage, we investigated the total density of states
(TDOS) and projected density of states (PDOS) for the h-
B2O monolayer with absorbed hydrogen atoms, along with the
corresponding work functions. As depicted in Figure 6, the

TDOS peaks for all considered hydrogen coverage systems
distinctly cross the Fermi level with relatively strong intensity,
mainly benefitting from B atoms (as shown in Figure S7),
which thus should be rich in active sites for catalysis.
Moreover, we notice that the Fermi level moves toward the
lower energy in the range of −0.203 to −0.843 eV with
increasing hydrogen coverage, which agrees well with the B3S
monolayer affected by hydrogen coverage.36 As evidenced by
PDOS in Figure S7, the activity of H 1s mainly locates from
−4 to −1 eV with increasing hydrogen coverage. Specifically,
more electrons from the B atom move to these energy levels to
hybridize with hydrogen atoms with an increase in hydrogen
coverage. This trend strongly reveals the interaction between
hydrogen and the h-B2O monolayer. Interestingly, enhanced
interaction would result in the slow release of electrons from
the h-B2O monolayer surface, in accordance with the above
results in Figure 6b. Moreover, the work function of the h-B2O
monolayer slightly increases, ranging from 4.45 to 4.73 eV,
when the hydrogen coverage is less than 7/9.

3.4. Tuning HER Activity by Strain-Driven. Another
method to shift the redox band level with optimization of the
HER activity is to apply an external strain.56,57 Therefore, we
investigated the strain effects from −2 to 2% on the HER
activity of the h-B2O monolayer. The strain is defined as δ =
(λ1 − λ)/λ, where λ1 and λ are the lattice parameters of the
supercell with and without deformation, respectively. Hence,
−2 to 0% presents the compressive strain and 0 to 2% signifies
the tensile strain. The light blue background in Figure 7
presents the HER activity of Pt (−0.09 eV). Clearly, it is
observed that increasing the tensile strain results in a more
positive ΔGH* for the coverage ranging from 1/9 to 6/9, but it
decreases ΔGH* for the hydrogen coverage ranging from 7/9 to
9/9, as shown in Figure 7a. Interestingly, ΔGH* is close to 0 eV
for the θ = 1/9 structure under 1 and 1.5% tensile strain.
Moreover, it is important to mention that the θ = 9/9 structure
under 2% tensile strain has the minimum ΔGH* of −0.132 eV,
which is still comparable with lots of 2D catalysis for HER,

Figure 5. Calculated Gibbs free energy along the hydrogen coverage
by PBE methods. Hydrogen atoms adsorbed on an advantageous
location in the h-B2O monolayer.

Figure 6. Density of states (a) and work functions (b) for the h-B2O
monolayer with adsorbed hydrogens. The black dashed line denotes
the Fermi level position.
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revealing that the h-B2O monolayer maintains excellent
catalytic performance even under tensile strain.
As depicted in Figure 7b, compressive strain drives ΔGH* to

move toward a more negative value, which could reduce the
HER activity. Specifically, only ΔGH* of θ = 1/9, 4/9, 5/9, and
6/9 configurations under −0.5% strain are very close to the
thermoneutrality criterion. For the θ = 8/9 case, it has a
relatively poor HER activity with ΔGH* = −0.141 eV. With
regards to −1% compressive strain, the evolution of the HER
activity shifts distinctly. The maximum value of ΔGH* is
−0.108 eV with θ = 5/9. As the compressive strain increases to
−2%, the change of ΔGH* can be ignored compared with the
results under −1% strain. In detail, the values of ΔGH* of θ =
9/9 are −0.128 and −0.152 eV under −1.5 and −2% strain,
respectively.
To get an insight into the adsorption action caused by

strains, we calculated their DOS. For the h-B2O monolayer
with a low H coverage (θ = 1/9), the Fermi level shifts up with
the increasing strain, as shown in Figure S8a. Subsequently, the
orbital hybridization between B and H atoms is to be reduced
in the area between −4 and −1 eV, weakening the strength of
the B−H bond. However, for the θ = 9/9 case in Figure S8b, it
is clear that the electrons under the Fermi energy shift are
mainly located in the area of − 4 to −1 eV, which could
increase the interaction between B and H atoms, resulting in
the lower ΔGH* as observed in Figure 7. Besides, we also
explore the variation of work function (ΔΦ) under strains for
the hydrogen-adsorbed h-B2O monolayer. It is shown that
increased hydrogen coverage could decelerate the release of
electrons from the h-B2O monolayer, as shown in Figure 8.
Moreover, with the θ ≤ 6/9 cases, the release of electrons is
easier with the transformation from compressive strain to
tensile strain. However, the tensile strain results in a larger ΔΦ
than the compressive strain for the θ ≥ 7/9 cases. For example,
the value of ΔΦ of the θ = 9/9 configuration is 5.19 eV at −2%
strain but 5.3 eV at 2% strains. This evolution can be
concluded from the Fermi shift as well (Figure S8), in which
the Fermi level moves to lower energy when the strain-driven
shifts from compressive strain to tensile strain.

4. CONCLUSIONS
In summary, based on the first-principles calculations, we have
systematically investigated the ground structural property,
electronic property, and photocatalytic performance of the h-
B2O monolayer. Besides, the effects of hydrogen coverages and
strains-driven on the HER catalytic activity has been studied.
First, we confirmed that the B site of the h-B2O monolayer is a
highly active site for HER compared with other possible active
sites on the h-B2O monolayer and the B/O defective model.
The calculated Gibbs free energy (ΔGH*) of the pristine h-B2O
monolayer is −0.07 eV with the adsorbed hydrogen, which is
more favorable compared with the Pt catalyst (−0.09 eV). The
predicted catalytic activity of the h-B2O monolayer is quite
robust with increasing hydrogen ratio, in which ΔGH* is −0.03
eV at the coverage θ = 5/9, revealing that the h-B2O
monolayer is quite suitable for HER catalysis even with high
coverage. Additionally, we found that the tensile strains (0−
2%) have a positive effect on the HER activity of the h-B2O
monolayer, resulting in ΔG* being close to 0 eV at low
hydrogen coverage. However, the applied compressive strain
could strengthen the bonding of hydrogen with the h-B2O
monolayer, leading to lower values of ΔG*. After analyzing the
DOS, we found that the hydrogen-absorbed h-B2O monolayer
retains the metallic property, while increasing the hydrogen

Figure 7. Variation of the free energies of hydrogen adsorption with applied biaxial strain. The free energy with catalytic activity comparable to that
of Pt is highlighted in light blue.

Figure 8. Evolution of the work function of the h-B2O monolayer
driven by hydrogen coverage under different strains.
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coverage drives the Fermi level move toward the lower energy
level. Moreover, the reaction kinetics suggest that the HER
mechanism of the h-B2O monolayer should follow the
Heyrovsky-dominated Volmer−Heyrovsky reaction.
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