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This study employs first-principles density-functional-theory (DFT) calculations and ab initio molecu-
lar dynamic (AIMD) simulations to investigate the stability, electronic properties, and oxygen-reduction
reaction (ORR) activity of M adatoms (M = Fe, Co) on free-standing bilayer borophene (BB) with differ-
ent coverages. Our findings indicate that metals strongly bind to the BB surface, particularly at the hollow
sites, inducing metallicity. We analyze the dissociation energy of O2 and OOH after the adsorption on the
metal center of BBM while ORR activity was assessed through the free-energy adsorption of their inter-
mediates. The stability of the systems at electrochemical conditions was investigated by Pourbaix analysis
as well as by AIMD simulations, which include explicit solvents. Our results suggest that BBCo in a low-
coverage adatom configuration would exhibit competitive ORR activity, with a theoretical overpotential
of around 1 V. However, this activity would only be feasible in alkaline environments where the stability
BBCo is preserved. Hubbard-U corrections and the hybrid functional approaches within DFT are taken
into consideration, and subsequent results are compared.

DOI: 10.1103/PhysRevApplied.21.034008

I. INTRODUCTION

Energy-conversion technologies like water electrolyz-
ers, rechargeable metal-air batteries, and proton-exchange
membrane fuel cells require high-performance catalysts
to minimize reaction kinetic barriers of key processes
like the oxygen-reduction reaction (ORR) [1–3]. The dif-
ficulties arise from the high energy needed to break O2,
of around 5 eV. Therefore, efficient electrocatalysts are
required to lower the dissociation energy barrier for ORR.
Currently, the most active ORR electrocatalysts are based
on Pt and other precious metals, which are expensive and
scarce [4,5]. Developments of low-cost and efficient ORR
electrocatalysts are fundamental to improving the cost-
effectiveness and large-scale commercial applications of
emerging energy-conversion technologies.

Single-atom catalysts (SACs) with highly active sites,
typically 3d transition metals dispersed on carbon sub-
strates, have shown electrocatalytic activity for ORR
[6–8]. From the pioneering work of Jasinski on the ORR
activity of transition-metal phthalocyanines [9], a large
number of studies on the subject have appeared [10–12],
becoming the inspiration for alternative catalyst materi-
als like FeN4 centers embedded in graphene or graphitic
carbon [3,13–21]. Fe/N/C-type catalysts have shown
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promising performances for the reduction of O2 [10,13]
and CO2 [22,23], close to those found on Pt-based cata-
lysts. It is worth noticing that the energy barriers for O2
dissociation on the highly reactive Pt(111) surface have
been theoretically estimated between 0.6–0.9 eV [18,24–
26]. Hence, the quest for suitable substrates that support
selected transition metals, thereby reducing the surface
work function and enhancing charge transfer, has emerged
as a key issue in electrocatalysis. This is particularly sig-
nificant due to the suggested link between work function
and catalytic activity [27–30].

Boron atoms have a unique electronic structure that
leads to various allotropes, including the two-dimensional
(2D) phases known as borophene. Unlike carbon in
graphene, the electron deficiency of boron results in com-
plex bonding, giving rise to different structural phases.
Monolayer borophene, the lightest 2D material known,
has been synthesized on Ag(111) and Au(111) surfaces,
under ultrahigh vacuum conditions, where boron was
deposited in a highly controlled dose using electron-beam
evaporation from a high-purity elemental source [31–
33]. In addition, several polymorphs of bilayer borophene
(BB) have been proposed through first-principles calcula-
tions [34–44]. Recently, BB structures have been synthe-
sized on Ag(111) and Cu(111) substrates [45,46]. One of
these structures is consistent with two covalently bonded
AA-staking α-phase borophene layers with P6/mmm
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space-group symmetry, containing isolated hollow hexagons,
which is characterized by an interlayer bonding density of
ν = 1/4 and a hollows density of η = 1/12 [42,47]. The
presence of hollows in the triangular lattice leads to sig-
nificant structural diversity for BB, which can be arranged
in different patterns giving stability. This structure is pre-
dicted to be a 2D semiconducting material [42]. Further
investigations pointed out not only the electronic proper-
ties of BB when compared with its monolayer counterpart
but also the stability and mechanical properties in its free-
standing form, mainly due to the interlayer covalent bond-
ing [38,42,47], making it an interesting functional material.
Indeed, suitable substrates for SACs require strong anchor-
ing of the transition metal to prevent demetallation while
preserving its electronic characteristics. In this respect,
two-dimensional materials like graphene and borophene
have emerged as promising substrates for SACs due to
the lack of 3d electrons, avoiding interfering with the
active site, namely the transition-metal atom [8]. Indeed,
transition-metal-doped single-layer borophene has been
theoretically explored as a single-atom catalyst for the
nitrogen reduction to ammonia [48,49], and for the oxygen
evolution reaction [50].

In this work, we study Fe and Co adatoms on free-
standing bilayer borophene (BBFe and BBCo) as a
single-atom catalyst for ORR, considering different adatom
coverages. Our results reveal that both metal atoms
strongly bind to the BB surface, preferentially at the center
of the hollow hexagons, inducing metallicity and causing a
decrease in the work function. Following the four-electron
pathway, the ORR activity of BB and BBM systems is
addressed by the free-energy adsorption of the elemen-
tary ORR intermediates (O, OH, and OOH). Further, the
stability of BB and BBM in electrochemical conditions is
analyzed by Pourbaix diagrams and by considering explicit
solvents through AIMD simulations. Our results reveal
that BBCo shows both stability in alkaline media and ORR
activity comparable with those exhibited by Pt(111) and
FeN4 centers in graphene.

II. COMPUTATIONAL DETAILS

Spin-polarized density-functional-theory (DFT) calcu-
lations were performed using the Quantum Espresso
ab initio package [51,52]. We used the Perdew-Burke-
Ernzerhof (PBE) [53] generalized gradient approximation
to describe the exchange-correlation potential, including
van der Waals (vdW) interactions through the vdW DF
functional [54]. In addition, for Fe and Co adatoms we
include the Hubbard-U term (U = 3.0 eV) to account
for the on-site Coulomb repulsion between 3d electrons
(PBE+U), providing a more accurate description of the
electronic correlations [55]. Norm-conserving pseudopo-
tentials were used to describe the core-valence interaction
[56], considering energy cutoffs of 60 and 480 Ry for wave

FIG. 1. Top and side views of the bilayer borophene struc-
ture for a metal-adatom coverage of θ = 1/4. Gray and magenta
balls represent boron and metal atoms. Dark-gray balls repre-
sent boron atoms forming interlayer B—B bonds, and the shaded
areas indicate the hollow hexagons.

function and charge-density Fourier expansions, respec-
tively. M adatom (M = Fe, Co) on bilayer borophene was
simulated with a hexagonal (4 × 4) surface unit cell, con-
taining 88 atoms plus the M atom adsorbed on the hexagon
hollow, as shown Fig. 1. We consider a vacuum region
of 22 Å to ensure negligible interaction between images
in the z direction. Brillouin-zone integration was per-
formed using the 2 × 2 × 1 Monkhorst-Pack k-point grid.
All atoms were left free to relax until the residual force on
each atomic component was less than 0.025 eV/Å.

Possible ORR activity of BBM was initially estimated
by the O2 and OOH adsorption energy on the metal center
followed by the minimum energy path for their disso-
ciation, using the climbing image nudged elastic band
(NEB) formalism [57,58]. NEB is a minimum-energy-
path search method between initial and final local minima
allowing one to identify transition states or saddle points.
This method optimizes several intermediate geometries (or
images) along the reaction coordinate. Here, the O2 and
OOH dissociation energies were obtained by considering
six intermediate images. Both side-on and end-on geome-
tries were studied to find the equilibrium geometry of the
adsorbed molecule on the metal (the initial local mini-
mum). To find the equilibrium geometry of the dissociated
molecule (the final local minimum), we explored different
structures, looking for the most stable one. To establish a
reference for the adsorption and dissociation energies of
O2 and OOH on BBM, we conducted calculations on the
Pt(111) surface. This surface was represented by a (4 × 4)
surface unit cell with four monolayers, where the bottom
two layers were fixed in the bulk positions, considering a
vacuum region of 15 Å. The Brillouin-zone sampling was
performed with a 4 × 4 × 1 Monkhorst-Pack k-point grid.
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The other parameters were the same used throughout this
work.

The ORR electrocatalytic activity of BB and BBM sys-
tems was assessed through the computational hydrogen
electrode (CHE) model as proposed by Nørskov et al.
[59]. This model relied on the adsorption strength of
the ORR reaction intermediates OH*, O*, and OOH*
on the catalyst’s active site. The zero-point energy and
entropic terms are determined by calculating the vibra-
tional frequencies. Here, only the adsorbate vibrational
modes are explicitly computed, while the substrate remains
fixed. The entropy and vibrational frequencies of gas-
phase molecules are sourced from the NIST database.
These calculations were performed with the Vienna ab
initio simulation package (VASP), version 6.4.0, consider-
ing the projector augmented-wave method for the core-
valence interaction [60], and a plane-wave cutoff energy
of 500 eV. The exchange-correlation functional was mod-
eled by the screened hybrid functional of Heyd-Scuseria-
Ernzerhof (HSE06) [61,62], with 25% of exact exchange.
The integration in the Brillouin zone was performed with
the � point. The ORR activity of BB and BBM was
also calculated using the PBE+U approach to evaluate its
effectiveness.

The electrochemical stability of BB and BBM was
examined in both acidic and alkaline environments through
the generation of surface Pourbaix diagrams [63–66].
These diagrams serve as valuable tools to establish connec-
tions between the electrode potential and pH domains, pro-
viding insights into the thermodynamic stability of distinct
phases under electrochemical conditions. Additionally, we
assessed the stability of the systems considering explicit
solutions through ab initio molecular dynamic (AIMD)
simulations in specific alkaline and acidic environments.
To achieve this, we constructed a periodic cell containing
the BBM slab plus 64 H2O molecules, adjusting the acces-
sible volume to give the experimental density of water
of 1 g/cm3. The AIMD simulations were performed with
the VASP code, employing the PBE exchange-correlation
functional, including dispersion corrections due to the D3
method of Grimme et al. [67,68], other calculation parame-
ters are the same as previously described. The simulations
were performed in the canonical ensemble (NVT), using
the Nosé-Hoover thermostat approach at 300 K, during 6
ps of simulation time, after 4 ps of stabilization, with a time
step of 1 fs.

III. RESULTS AND DISCUSSION

A. Metal adatoms on bilayer borophene (BBM):
Structural and electronic properties

The bilayer borophene surface has two symmetrically
equivalent sites for metal adsorption, on the center of
the hollow hexagons and on the center of the hexagon
with interlayer B—B bonds at its center (see Fig. 1). We

calculate the binding energy of the metal atoms on these
two sites, considering the (4 × 4) surface unit cell. We
found an energetic preference for the hollow site with
a gain in energy of 0.63 and 0.73 eV for BBFe and
BBCo, respectively, where the metal adatom is projected
1.5 Å from the BB surface. Figure 1 shows the equilib-
rium geometry of BBFe with the Fe adatom adsorbed on
the hollow site represented in the 4 × 4 surface unit cell.
The stability of metal adatoms on BB was verified by the
calculation of the binding energy (Eb), defined as

Eb = Et(BBM) − Et(BB) − Et(M ),

where Et(BBM) is the total energy of BB with a metal
adatom; Et(BB) and Et(M ) are the total energies of pristine
BB and the isolated metal atom, respectively. Consider-
ing that BB has four hollow sites per (4 × 4) surface unit
cell, we examine two metal-coverage configurations: a full
coverage (θ = 1), that is, four metal per unit cell, and a
low coverage (θ = 1/4), that is one metal per unit cell,
where separation among Fe adatoms are 5.75 and 11.5 Å,
respectively. Our results for the binding energy Eb and
the equilibrium geometry of the M adatom on the hollow
site for the two coverage under study are summarized in
Table I.

The metal adsorption process for both coverages is
exothermic, with a gain in energy higher than 3 eV for
BBFe and 2 eV for BBCo, as shown in Table I. It is inter-
esting to note that the binding strengths are stronger than
on graphene [69], but weaker than that previously obtained
on the β12 borophene monolayer [70]. At the equilibrium
geometry, the M adatom is located at the center of the
hollow hexagon, with M—B distance close to the sum
of their covalent radii, suggesting covalent bonds. How-
ever, charge-density plots indicate an ionic interaction (see
Fig. S1 within the Supplemental Material [71]).

Figure 2 shows the electronic band structure of pris-
tine BB and the doped systems, BBFe and BBCo. We
find that BB is a semiconductor with a direct band gap of
0.7 eV, according to our PBE+U calculations [Fig. 2(a)].
Additional calculations with the hybrid functional HSE06
were performed to validate these results, giving a direct

TABLE I. Binding energy (Eb), shortest average M—B bond
distances (dM—B), M height (�z), and work function (	) of
M adatom on bilayer borophene for metal coverages θ = 1/4
(BBM1/4) and θ = 1(BBM1); m is the magnetic moment per M
atom.

System Eb (eV) dM—B (Å) �z (Å) 	 (eV) m (μB)

BBFe1/4 −3.08 2.21 1.52 4.23 2.71
BBFe1 −2.83 2.22 1.56 3.54 3.26
BBCo1/4 −2.36 2.18 1.53 4.30 1.50
BBCo1 −2.13 2.18 1.52 3.61 2.12
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(a) (b) (c) (d) (e)

FIG. 2. Electronic band structures of free-standing bilayer borophene (BB) with Fe and Co adatoms at the hollow hexagon site. (a)
Pristine BB, (b) BBFe1/4, (c) BBCo1/4, (d) BBFe1, and (e) BBCo1. The zero energy is set at the vacuum level. Red and blue curves
indicate spin-up and spin-down bands. The dashed line indicates the Fermi energy.

band gap of 1.1 eV (see Table S1 and Fig. S2 within the
Supplemental Material [71]). Apart from the small differ-
ence of 0.4 eV in the BB band gap, similar band-structure
characteristics are observed, not only for BB but also for
BBM, suggesting that the PBE+U method can reasonably
address the on-site 3d electron-electron interaction.

After the Fe and Co adsorption on BB, both BBFe and
BBCo become metallic for the two metal coverages under
study, as shown in Figs. 2(b) and 2(c). The metal atom
induces a magnetization due to the unpaired M -3d elec-
trons, promoting the formation of spin-polarized metallic
bands close to the Fermi level. We also observe that the
magnetic moment of the system changes with the cover-
age; for BBFe1/4 and BBFe1, it increases from m = 2.7
to 3.3μB, indicating a spin coupling among Fe adatoms
due to its proximity. The same is observed for the Co
adatoms, where the magnetic moment of BBCo1/4 and
BBCo1 increases from m = 1.5 to 2.1μB. It is worth noting
that the host’s B-2p orbitals make the largest contribu-
tion to the metallic bands, with almost no contribution
from the metal adatoms. The total density of states (DOS)
and the DOS projected on the M -3d orbitals confirm the
above statement (see Fig. S3 within the Supplemental
Material [71]).

We also calculate the work function (	), which is the
energy needed to remove an electron from the Fermi level
and put it in the vacuum. According to Fig. 2(a), a work
function of pristine BB of 4.94 eV is found, in good agree-
ment with experimental results [45]. However, for BBM1/4
and BBM1 we found 	 values of around 4.3 and 3.6 eV,
respectively. We also note that the metal species has negli-
gible effects on the work function, with a slight increase for
BBCo concerning BBFe (see Table I). Therefore, BB with
full metal coverage would show a decrease in the work

function by around 28%, while for the low metal coverage,
it would be around 14%, indicating that the metal adatoms
would enhance the electron transfer property of bilayer
borophene.

B. O2 and OOH interaction with the metal center of
BBM

Next, we study the adsorption of O2 and OOH molecules
on the metal atom of BBM, hereafter referred to as O∗

2 and
OOH∗. Our results for both metal coverages are shown in
Table II, where results on the Pt(111) surface are included
for comparison. The first thing we notice is an increase in
the binding strength of the molecules for higher metal con-
centrations, which is accompanied by a stretching of the
O—O bond. For BBFe1/4, O2 attaches to Fe adatom in the
side-on configuration with a binding energy of −1.63 eV.
In contrast, the end-on configuration is unstable, evolving
to the side-on one after relaxation. A magnetic moment of
the Fe-O2 adduct of m = 4.1μB is found. Considering that
BBFe1/4 and gas-phase O2 have magnetic moments of m =
2.7 and 2.0μB, respectively, we infer that the Fe-O2 adduct
exhibits a high-spin coupling, that is O2 would adopt a par-
allel spin configuration. For the BBFe1, the binding energy
of O2 increases by around 0.34 eV, while the magnetization
of the Fe-O2 adduct decreases to m = 2.9μB. Because the
magnetization of BBFe1 is m = 3.3μB, we note that the Fe-
O2 adduct exhibits a low-spin coupling, that is O2 would
adopt an antiparallel spin configuration. Therefore, higher
metal coverage on bilayer borophene tends to increase the
O2 binding strength, changing the spin coupling of the Fe-
O2 adduct. Concerning the OOH molecule, the binding
strength also increases with the metal coverage, by 0.23
eV, but the spin coupling of the Fe-OOH adduct remains
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TABLE II. Binding energy (Eb), dissociation energy (Ea), and bond distances (d) of O2 and OOH molecules adsorbed on the M
adatom on bilayer borophene for metal coverages θ = 1/4 (BBM1/4) and θ = 1 (BBM1); m is the magnetic moment per M atom.
Results on Pt(111) surface are included for comparison.

System Eb (eV) Ea (eV) dO—O (Å) dM—O (Å) m (μB)

(BBFe1/4)–O2 −1.63 0.98 1.38 1.97 4.10
(BBFe1)–O2 −1.97 1.33 1.44 1.87 2.91
(BBFe1/4)–OOH −2.38 0.57 1.49 1.86 3.28
(BBFe1)–OOH −2.61 0.47 1.50 1.89 3.29
(BBCo1/4)–O2 −1.41 1.36 1.38 1.87 1.56
(BBCo1)–O2 −1.72 1.30 1.41 1.87 1.71
(BBCo1/4)–OOH −2.08 0.53 1.49 1.84 2.01
(BBCo1)–OOH −2.21 0.81 1.52 1.84 2.02
Pt(111)–O2 −0.51 0.60 1.37 2.08 0.00
Pt(111)–OOH −1.10 0.03 1.46 2.03 0.00

unchanged. The same trend is observed for the O2 and
OOH adsorption on the Co adatom. Details of the results
can be found in Table II.

The most probable reaction pathway for ORR initiates
with the O2 adsorption on the active site followed by the
capture of a proton forming OOH∗. Therefore, the OOH*
stabilization and further dissociation are relevant to eluci-
date ORR activity on BBM. Thus, we calculate the dissoci-
ation energy of O∗

2 and OOH* using the NEB method [57,
58], considering six intermediate images, where transition
states were verified by vibrational frequency calculations.

Figure 3 shows the minimum energy path for the
OOH dissociation on BBFe1/4, BBCo1/4, and on the
Pt(111) surface. Our findings reveal dissociation energies
of around 0.5 eV, whereas on Pt(111) the dissociation pro-
ceeds almost barrierless. These results contrast with those
obtained for O∗

2, where dissociation energies are much
larger, as shown in Table II and Fig. S4 within the Sup-
plemental Material [71]. It is worth noting that the metal
coverage of BBM also induces changes in O∗

2 and OOH*
adsorption strength and dissociation energies.

Several works have reported experimental evidence of
a correlation between the nanoscale work function and the
catalytic activity in doped and defective nanocarbon elec-
trocatalysts [28–30]. However, according to other results,
the influence of the work function varies from one sys-
tem to another [72,73]. In our study, we found that work
function decreases with the Fe and Co concentration on
BB by around 0.7 eV (see Table I). However, the O∗

2 and
OOH* dissociation energies, which we associated with the
ORR activity, tend to increase for BBFe1 and decrease
for BBCo1 (see Table II). Therefore, we cannot establish
a correlation between BBM work function and adsorbate
dissociation energies.

C. Oxygen-reduction reaction activity on BB and BBM

According to our results, the O∗
2 dissociation energy

is found to be relatively high as compared with OOH*,

almost doubling its value, suggesting that ORR would
not evolve from the direct O∗

2 dissociation, requiring the
capture of a proton. Therefore, a probable pathway that
has been considered for the O2 reduction on BBM would
involve the OOH∗, O∗, and OH∗ intermediates, according
to the reactions:

O2 + BBM � O∗
2 (1)

O∗
2 + H+ + e− � OOH∗ (2)

OOH∗ + H+ + e− � O∗ + H2O (3)

O∗ + H+ + e− � OH∗ (4)

OH∗ + H+ + e− � BBM + H2O (5)

The ORR performance on the metal center of BBM was
assessed through the adsorption free energy of the reac-
tion intermediates OOH∗, O∗, and OH∗ within the CHE
model [59]. We have included in this analysis the pristine
BB surface to elucidate its possible ORR activity. From
the thermodynamics point of view, all elementary reduc-
tion reaction steps proceed spontaneously at zero potential
relative to the reversible hydrogen electrode (U = 0 V).
At the equilibrium potential (U = 1.23 V) the free energy
is downshifted by the number of (H+, e−) pairs involved
in each elementary step. The potential at which all the
reaction steps are downhill in free energy is defined as
the onset potential (Uonset). The theoretical overpotential
(ηtheo) can be obtained from the difference between the
equilibrium potential and the Uonset, which is a measure
of the ORR electrocatalytic performance [74]. Calculation
details are given within the Supplemental Material [71],
here Table S2 summarizes adsorption free energies of the
ORR intermediates and the ηtheo calculations for pristine
BB and BBM for both coverages, which were performed
with the hybrid HSE functional. In these calculations, we
include correction by solvation effects, which involve the
addition of 0.3 eV to the adsorption free energy of OH∗ and
OOH∗, weakening their strength. This correction takes care
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(a)

(b)

(c)

FIG. 3. Minimum energy path for the OOH∗ dissociation on
(a) the Fe adatom of BBFe1/4, (b) the Co adatom of BBCo1/4,
and (c) the Pt(111) surface. Inset figures display the initial and
final equilibrium geometries.

of the solvent interaction, according to previous studies on
similar single-atom catalysts [75–77].

Figure 4 shows the reaction free-energy diagrams of
the ORR on pristine BB, BBFe1/4, and BBCo1/4 for dif-
ferent electrode potentials. The red lines represent the
onset potential at which all reaction steps are downhill in
free energy. Results for BBFe1 and BBCo1 are shown in
Fig. S5 within the Supplemental Material [71]. Our find-
ings reveal rate-determining steps at O∗ → OH∗ for BB
and at OH∗ → H2O for BBFe and BBCo. The theoreti-
cal onset potential on BB, BBFe1/4, and BBFe1 are quite
large, indicating no or limited ORR activity. However, on
BBCo1/4 and BBCo1 they are found of 0.26 and 0.03 V,
with theoretical overpotentials of ηtheo = 0.97 and 1.20 V,
respectively. These results are close to those reported for
Pt(111) of 0.4 V [74], and for the FeN4 center in graphene
of 0.42 V [77], using the same methodology. Based on our

(a)

(b)

(c)

FIG. 4. Reaction free energy diagrams for the ORR interme-
diates at different electrode potential versus reversible hydrogen
electrode for (a) pristine BB, (b) BBFe1/4, and (c) BBCo1/4. The
red lines represent the onset potential at which all reaction steps
are downhill in free energy.

findings, only BBCo would show competitive ORR activ-
ity. This is contingent upon the metal coverage, which can
be linked to variations in the adsorption strength of the
OH* intermediate, suggesting a mechanism to improve the
overpotential.

The above results were obtained with the hybrid HSE06
functional, which is known to be more accurate for a
broader range of materials, including those with strongly
correlated electrons like 3d transition metals. We also con-
sider the PBE+U approach to test its accuracy. In Fig. S6
within the Supplemental Material [71], the reaction free-
energy diagrams for ORR intermediates on BBM calcu-
lated with both HSE06 and PBE+U functionals, consider-
ing the same solvent correction, are given. We observe that
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the HSE06 functional tends to describe the ORR interme-
diates more strongly bound to the metal than the PBE+U
functional, with energy differences reaching around 0.8 eV
for O∗. The case of OH∗ is the exception, exhibiting sim-
ilar adsorption free energy for both functionals, especially
for BBFe.

D. Stability of BB and BBM in solution through
Pourbaix analysis

To gain insight into the electrochemical stability of pris-
tine BB and BBM systems in acidic and alkaline environ-
ments, we constructed Pourbaix diagrams for the electrode
potential considering O, OH, and H adsorbates as a func-
tion of the pH, according to the Nerst equation. Details of
calculations are presented within the Supplemental Mate-
rial [71]. The standard potentials for BBM dissolution and
BB corrosion, which are independent of pH, were obtained
from the calculated electronic work functions, using the
linear correlation between work functions and the stan-
dard reduction potential, recently reported by Li et al. [78].
In the Pourbaix diagrams, the stable phases were identi-
fied following the rule that the most stable oxidized phase
had the lowest equilibrium potential, while the most stable
reduced phase had the highest equilibrium potential [66].

Figure 5 shows the Pourbaix diagrams for pristine BB,
BBFe1/4, and BBCo1/4. For BB our results reveal oxi-
dation at any pH, where O* would be the species ener-
getically favorable, covering the surface while preserv-
ing its integrity. For and BBFe1/4, OH* would saturate
the Fe adatom, preserving the BBFe integrity. Whereas,
BBCo1/4 would suffer demetallation in acidic media, while
for pH > 8, it would be stable. Therefore, the ORR activ-
ity of BBCo1/4 would be only possible in alkaline media.
Pourbaix diagrams for the full metal coverage BBFe1 and
BBCo1 are given in Fig. S7 within the Supplemental Mate-
rial [71]. Our results reveal that BBFe1 would preserve
its integrity for pH > 2, being saturated by OH* species,
while BBCo1 would be demetallized for a wide pH range
(pH < 12). Therefore, according to surface Pourbaix dia-
grams, BBCo1/4 would exhibit ORR activity but only in
alkaline media, while the BB surface surrounding the Co
adatom would be oxidized by O and OH species.

E. Stability of BB and BBM in solution through AIMD
simulations

To study the stability of BBFe and BBFe-O2 systems
in solution at operational conditions, we added explicit
water molecules to our system at the experimental den-
sity (1 g/cm3) and performed AIMD simulations at 300
K. The characterization of liquid water was examined
within a box containing 100 H2O molecules by plotting the
radial distribution function and comparing it with avail-
able experimental data [79,80]. Our findings suggest a

(a)

(b)

(c)

FIG. 5. Surface Pourbaix diagram of the electrode potential
versus the standard hydrogen electrode (SHE) as a function of
pH for (a) pristine BB, (b) BBFe1/4, and (c) BBCo1/4. The
area between the black lines represents the water-stability region
(upper H2O/O2, lower H+/H2). The dashed line indicates the
dissolution potential and the yellow area is the unstable region of
metal dissolution.

satisfactory description, detailed within the Supplemental
Material [71].

We consider two initial geometries for the AIMD sim-
ulation: (i) with the O2 molecule far from the Fe cen-
ter surrounded by water molecules, and (ii) with the O2
molecule attached to the Fe center (O∗

2). Our results indi-
cate that in both cases the BBFe structure maintains its
integrity throughout the simulation. In case (i), a snapshot
taken at 6 ps indicates that three H2O weakly attach to
the Fe center while O2 remains far away surrounded by
water molecules. In case (ii), O∗

2 captures a proton form-
ing OOH∗, and subsequently a H2O weakly joints to the
OOH∗. This configuration is maintained during the rest of
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the simulation time. The snapshot at 6 ps and the free-
energy evolution are shown in Figs. S8 and S9 within the
Supplemental Material [71].

Our simulation of BBFe-O2 in water can be interpreted
as being in alkaline media, given the absence of protons.
However, improved ORR activity is anticipated in acidic
media. In acidic conditions, there is a higher probability
that O∗

2 captures a proton, transforming into OOH∗. This
expectation is grounded in the fact that OOH∗ exhibits sig-
nificantly lower dissociation energy compared to O∗

2, as
demonstrated by our static results. To verify this, we sim-
ulate a specific acidic medium, adding hydrochloric acid
into water (an HCl molecule), resulting in a concentration
of around 1 M, as shown Fig. 6(a). As this AIMD simu-
lation starts, HCl dissociates rapidly, where Cl− becomes
surrounded by water molecules and H+ jumps from H2O
to H2O, forming hydronium (H3O+). The free-energy evo-
lution is shown in Fig. 6(c), where numbers in parenthe-
ses indicate key reaction steps. Once H+ approaches O∗

2,
an OOH∗ is formed, which rapidly dissociates expelling
an OH− radical [step (1)], somehow corroborating the

(a)

(c)

(b)

FIG. 6. AIMD simulation at 300 K of BBFe-O2 in hydrochlo-
ric acid solution. (a) Initial geometry with Cl− surrounded by
water plus the OOH∗ adsorbate. (b) Snapshot at 6 ps of simu-
lation time. (c) Energy evolution during 6 ps of simulation time.
The numbers in parentheses indicate key reaction steps described
in the text.

proposed mechanism for ORR in our simplified model.
As the AIMD simulation continues, O∗ captures two pro-
tons consecutively, becoming OH∗ and then H2O∗ [step
(2)]. Finally, a second H2O molecule approaches the Fe
atom, forming the 2(H2O)∗ adsorbate [step (5)]. In the
meantime, an O atom and an OH radical attach to the BB
surface [steps (3) and (4)], respectively. This configuration
is achieved within the first 2.5 ps and is maintained during
the rest of the simulation time. A snapshot at 6 ps shows
the geometry, which is displayed in Fig. 6(b). Hence,
our AIMD simulation suggests that BBM systems would
exhibit stability in solution under standard conditions for
this specific acidic medium, thereby demonstrating ORR
activity.

Furthermore, we assess the stability of pristine BB in
explicit acidic and alkaline environments through AIMD
simulation. In the alkaline medium, we examine its behav-
ior in pure water, whereas, for the acidic medium, we
investigate its response in a hydrochloric solution at
approximately 3 M by including 4 HCl molecules in our
system. In both environments, the surface of BB remains
undamaged after 6 ps of simulation time, as illustrated in
Figs. S10 and S11 within the Supplemental Material [71].
Nevertheless, we observe the presence of O∗ and OH∗

species on the BB surface, indicating an ongoing oxida-
tion process. This observation aligns with the BB-O and
BB-OH potential in the Pourbaix diagram of pristine BB,
as depicted in Fig. 5(a).

F. BB and BBM interaction with the Ag(111) substrate

Finally, we investigate the interaction of the substrate
supporting the BBM structures and its effect on the adsor-
bates. We consider the Ag(111) substrate, which is where
BB was grown experimentally [45]. Ag(111) was simu-
lated with a (4 × 4) surface unit cell with four monolayers,
using the same methodology as Pt(111) described above.
We found a mismatch between Ag(111) and BB of 4.5%,
which was resolved by compressing the BB structure. We
found that BB is weakly attached to the Ag(111) surface
by van der Waals interaction, as shown in Figs. S13 and
S14 within the Supplemental Material [71], with a binding
energy of −43 meV/Å2, in close agreement with previous
results [45,81]. This finding strongly supports the possi-
bility of successfully exfoliating BB from the Ag(111)
surface [82].

Furthermore, we introduced Fe and Co atoms into the
hollow site of BB, following the BBM1/4 coverage pattern.
Interestingly, we observed a slight decrease in the binding
energy of BBM1/4 on Ag(111) compared to pristine BB,
approximately by 2 meV/Å2. Then, we investigated the
adsorption of O2 on the M adatoms of Ag(111)-supported
BBM1/4. Here, we found a binding energy roughly 0.1 eV
lower than that observed on free-standing BBM1/4. Conse-
quently, we can conclude that the presence of the Ag(111)
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substrate has minimal effect on the binding strength of
adsorbates on BBFe1/4 and BBCo1/4, suggesting that the
catalytic activity for the ORR would be unaffected by the
BBM substrate.

IV. SUMMARY AND CONCLUSIONS

In summary, we have studied the stability, electronic
properties, and ORR catalytic activity of Fe and Co
adatoms on free-standing bilayer borophene, using DFT
calculations and AIMD simulations. The electronic band
structures indicate that BB is a two-dimensional semi-
conductor with a direct band gap of 1.1 eV. However,
after the metal incorporation, it becomes metallic, facil-
itating charge transport. The metal adatoms reduce the
work function of pristine BB by around 14% for the low
metal coverage (BBM1/4), and by 28% for the full metal
coverage (BBM1), thereby enhancing the electron trans-
fer with the metal coverage. Regarding the strength of
adsorbate species, the low dissociation energy observed
for OOH* as compared with O∗

2 suggests that the ORR
activity would likely proceed after a proton capture by
O∗

2. The energetics of key ORR intermediates suggest that
only low-coverage metal adatom would exhibit competi-
tive ORR activity, particularly BBCo1/4, which shows the
best results with a theoretical overpotential of around 1 V.
However, this activity would be only possible in alka-
line environments where the BBCo1/4 structure remains
stable. Additionally, the high-coverage structure BBCo1
also exhibits ORR activity but it would be unstable in a
wide range of pH. We attribute this behavior to the lower
work function exhibited by the full-coverage BBM struc-
tures, promoting easy charge transfer and dematallation.
Molecular dynamics simulations confirm the stability and
ORR activity for specific acidic and alkaline environments.
Ultimately, the results obtained using the PBE+U func-
tional were compared with those obtained through the HSE
functional whenever possible. Our findings suggest that
DFT+U yields reasonably accurate results in specific sys-
tems; however, it does not represent a general trend and is
contingent upon the particular system under study.
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