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Two-dimensional hexagonal MBenes (h-MBenes), derived from h-MAB phases, exhibit great potential for
electrochemical applications due to their unique electronic and catalytic properties. Using first-principles
calculations, we explored single-atom transition metals (TMs) supported on h-MBene HfBO (TM@HfBO)
as bifunctional catalysts for the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).
TM@HfBO structures demonstrated excellent thermal stability and high electrical conductivity, making
them suitable for electrocatalysis. For HER, Nb@HfBO showed outstanding activity with a near-ideal
hydrogen adsorption free energy (AGy = —0.01 eV), surpassing even platinum. For OER, ferromagnetic
TM@HfBO systems (TM = Fe, Co, Ni) exhibited high catalytic potential, with Ni@HfBO achieving the
lowest overpotential (nogr = 0.48 V), outperforming IrO, (nogr = 0.56 V). These results highlight
TM@HfBO as a promising alternative to noble-metal-based catalysts. Our findings provide a foundation
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1 Introduction

The search for clean and sustainable energy sources is a major
challenge but is crucial to address the issues around the scarcity
of fossil fuel resources and the increasing environmental
pollution.” Electrochemical water splitting using renewable
electricity is an efficient method to produce high-purity
hydrogen. Water electrolysis consists of two half reactions: the
hydrogen evolution reaction (HER) and oxygen evolution reac-
tion (OER).>***** The kinetics of these electrochemical reac-
tions are slow, resulting in a high water-splitting overpotential.
In addition, the high cost of using precious metals (platinum,
ruthenium, and iridium) as electrode materials for water split-
ting has limited the widespread commercialization of water
electrolysis.® Nowadays, the efficiency and stability of catalysts
are the key factors restricting the widespread application of
water splitting.

Two-dimensional (2D) electrocatalysts, such as transition
metal carbides/nitrides (MXenes),”® g-C3N,, and sulfides,>*
have received increasing attention owing to their high specific
surface area and unique electronic structure. In particular, 2D
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the potential of HfBO-based materials in sustainable energy applications.

transition metal borides, known as MBenes, have been exten-
sively studied. For example, FeB,," MoB,,"> and TiB, (ref. 13) are
expected to be excellent alternatives for metal-ion batteries,
magnetic devices, and, especially, electrocatalysts. MBenes are
known to have an abundance of ligand-unsaturated active sites,
which facilitate charge and mass transfer in catalytic processes.
In addition, MBenes are an ideal matrix for supporting single-
atom catalysts.

In 2019, Wang's group successfully synthesized'* the first
ternary hexagonal phase MAB (h-MAB) of Ti,InB,, wherein the
indium layer could be experimentally removed to form layered
TiB. Notably, h-MBs, the derivatives of h-M,AB,, can be formed
as diverse stable compounds, including 2D TiB, CrB, MoB, and
WB, according to theoretical calculations. These bare h-MBs
may be promising electrochemical nitrogen reduction reac-
tion (eNRR) electrocatalysts based on calculations of their Gibbs
free energy. Furthermore, Feng and co-workers systematically
investigated the effect of transition metal doping on the HER
electrocatalytic activity of the h-MBene Hf,BO, using first-
principles calculations and finally screened out V@Hf,BO,
and Cr@Hf,BO,, suggesting that they would exhibit excellent
HER electrocatalytic activity.">™” In 2023, Wang's group found,
through theoretical calculations, that ternary h-MAB was more
suitable as a precursor for MBenes than the orthorhombic
symmetric phase (ortho-MAB), and succeeded in synthesizing h-
MBene HfBO by the selective removal of In from h-MAB
Hf,InB,, which demonstrated good metallic electrical conduc-
tivity and excellent cyclic stability for lithium storage.'® There-
fore, we expect that HfBO would exhibit excellent
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electrocatalytic properties. To the best of our knowledge, water
splitting by HfBO has not been reported to date, either theo-
retically or experimentally.

In this work, we designed a series of transition metal cata-
lysts anchored to HfBO and systematically investigated their
catalytic activities for the HER and OER by density functional
theory (DFT) calculations. Efficient electrolytic catalysts for
water electrolysis were found by establishing volcano-type
activity maps for the HER and OER. In particular, Nb@HfBO
was found to have excellent catalytic activity for the HER.
Ni@HIfBO could also be expected to be a promising candidate as
a highly active OER electrocatalyst. The intrinsic descriptor ¢
involving the d-orbital electron number and electronegativity of
TM was applied to predict the ORR activity. This allowed pre-
dicting and revealing the origin of the OER activity, which
provides a cost-effective solution for the rapid screening of
highly efficient bifunctional catalysts based on TM@HfBO.

2 Computational methods

Herein, all the spin-polarized density functional theory (DFT)
calculations were conducted using the Vienna ab initio Simu-
lation Package (VASP)."*° The projector-augmented wave
method was employed with a cut-off energy of 500 eV.”* The
Perdew-Burke-Ernzerhof (PBE) functional was adopted under
the generalized gradient approximation (GGA) to treat the
electronic exchange-correlation interactions.?” The total energy
and force convergence tolerances adopted for the calculations
used in this study were 10~° eV and 0.02 eV A%, The HfBO (3 x
3 x 1) monolayer supercell was adopted with a vacuum layer of
15 A, for which Brillouin zones were sampled with 2 x 2 x 1 and
4 x 4 x 1 Monkhorst-Pack meshes for geometry optimization
and for the electronic structure calculations, respectively.
Dispersion corrections in Grimme's scheme (DFT-D3) were
applied to describe the van der Waals interactions.”® The
climbing image nudged elastic band (CI-NEB) method was
adopted to determine the diffusion energy barriers for the
transition metal atoms of neighboring sites** and ab initio
molecular dynamics (AIMD) simulations were performed in the
NVT ensemble to examine the thermodynamic stability of the
TM®@HIBO systems.?® The adsorption energy (E,qs) for the TM
single-atom on the HfBO monolayer was studied using the
following equation:

E.4s = Erm@urso — Eumo — Etm (1)
where Erm@umo, Fumo, and Ery are the total energies of the
TM®@HfBO monolayer, bare HfBO, and isolated TM atom,
respectively.

The energy of the (H" + e7) pair could be substituted by half
of a H, molecule.”® To avoid calculating the free energy of O,
gas, the experimental reaction energy of 2H,0 — O, + 2H, (4.92
eV) was used. Based on each individual step, the free energy
change for the four elementary OER steps can be expressed as
follows:

AGI = AGOH* (2)
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AG, = AGo+ — AGoy+ 3)
AG3 = AGoon+ — AGo+ (4)
AGy =492 — AGoopn~ (5)

where AGoy+, AGo+, and AGoop+ are the binding free energies
of OH*, O*, OOH*, which are expressed as:

AGO* = GO* — G« — (GHZO — GHz) (6)
AGOH* == GOH - G* - (GH20 - I/ZGH) (7)
AGOOH* = GOOH* — G« — (2GH20 - 3/2GH2) (8)

where G+, Gop+, Go+, and Goop+ are the free energies of *, OH*,
O*, and OOH¥*, respectively. The Gibbs free energy (G) can be
determined as follows:

AG =AE+ AEZPE - TASH (9)

where AE is the adsorption energy of atomic hydrogen, AE,pg, is
the zero-point energy difference between the adsorbed-state and
gas-phase hydrogen, ASy is the entropy contribution of atomic
hydrogen adsorption, and T is room temperature (298 K).

We obtained the theoretical exchange current density (i) at
pH 0 based on Norskov's assumption,®® which can be can
defined as:

1
ok
0 ¢ 1+ exp(|AGy|/ksT)

(10)

where kg and k, are the Boltzmann constant and rate constant,
respectively. Herein, ko was set to 1.”” The difference between
the electrode potential and equilibrium potential is defined as
the theoretical overpotential (1), which can be calculated using
the following formula:

Nuer (MV) = —|AGyl/e x 10° (11)

3 Results and discussion
3.1 Structure and stability of TM@HfBO

The optimized HfBO possessed a hexagonal lattice witha = b =
3.124 A (Fig. 1a), which was in good agreement with the
previous results.”® The PBE band structure and projected
density of states (PDOS) diagrams in Fig. 1b show that the pure
HfBO monolayer (ML) had a band gap value of 0 V, with the
main contributions at the Fermi energy level being from the Hf-
5d and O-2p orbitals. To design efficient single-atom catalysts
for water electrolysis, we explored the catalytic properties of 19
TMs (TM =V, Cr, Mn, Fe, Co, Ni, Cu, Vb, Mo, Ru, Rh, Pd, Ag,
Ta, W, Os, Ir, Pt, Au) anchored on pure HfBO ML (TM@HfBO).
The adsorption configurations and adsorption energies were
investigated to determine the stability of the TM@HfBO
systems. Generally, the TM atoms had two distinct adsorption
sites: the hollow Hf site (blue circle) and the hollow B site
(orange circle), as shown in Fig. 1a. The results are illustrated in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Top and side views of the original HfBO monolayer and the adsorption sites (Hollow_B and Hollow_Hf) of various TM monoatoms. (b)

Band structure and density of states of HfBO calculated using the PBE function. (c) Binding energies (Ep;ng in €V) of various TM monoatoms on the

HfBO ML. (d) Comparison of the corresponding cluster energies.

Fig. 1c, where the binding energy on the hollow H site and
hollow B sites are indicated by blue and orange bar graphs,
respectively. It could be observed that the adsorption energies
of all the TM atoms on the hollow H; and hollow O sites were
negative (except for V and Pd atoms), implying that the
adsorption of TM atoms on the HfBO surface was thermody-
namically favorable. In terms of the adsorption configurations,
all the TM atoms preferred to adsorb on the hollow B site, except
for Au and Pd, which preferred to adsorb on the hollow Hf site.

In order to examine the aggregation possibility of TM@HfBO
ML, i.e., the thermodynamic stability, we calculated the cluster
energies of TM@HfBO (AEclus = AFEpina — AEcoh)y where AEping
and AE., are the binding and cohesion energies of the TM
atoms, respectively. The binding energies (AEpinq) of the metal
atoms on HfBO, and the TM bulk cohesive energy (AE..) are
defined as AEping = Ermnrso — Eurso — Ermisingley aNd AEop =
Ermbulion — Etm-singles where Ervynrsos Enrsos Ermesingle and Eqy.
pulk are the total energies of the HfBO (with and without TM)
and TM (vacuum and bulk), respectively. According to Fig. 1d,
the calculations indicated that E.,s > 0 for all the structures,
except for W@HTBO, suggesting that these TM atoms were likely
to aggregate. However, even with a positive E.,s value, the TM
atoms were stable on the substrate when the diffusion energy
barrier (Eparrier) Was high enough to prevent aggregation, which
was attributed to the kinetic stability of the SAC.”® Therefore, we
subsequently calculated the Eparier for the migration of the TM
to sub-stable sites for TM@HfBO with E s > 0, as shown in
Fig. 2a, wherein the results indicated that the diffusion barriers

© 2025 The Author(s). Published by the Royal Society of Chemistry

for all the TM atoms, except Cu, Ag, Pt, and Au atoms, were
greater than 1.00 eV, which suggests that the TM atoms did not
have the potential to drift and aggregate into clusters. Finally,
we excluded the unstable structures, i.e., Pd, Cu, Ag, Pt, and Au
atoms, and investigated the catalytic properties of the remain-
ing 14 stable structures.

The thermal stability of TM@HfBO was further evaluated by
AIMD simulation, as shown in Fig. 3. The results show that the
TM@HfBO monolayer had good kinetic and thermodynamic
stability at 300 K.

3.2 Hydrogen evolution reaction activity

We first investigated the hydrogen reactivity of the TM@HfBO
systems using the hydrogen adsorption free energy (AGgx).
Generally, the closer AGy is to zero, the higher the hydrogen
reactivity of TM@HTfBO. The calculation results are shown in
Fig. 4a, in which for the studied TM@HfBO systems, the cata-
Iytic HER activity was superior to that of pristine HfBO (AGy« =
0.42 V) for Nb@HfBO, W@HfBO, Mo@HfBO, V@HBO,
Fe@HfBO, Ir@HfBO, Co@HfBO, and Mn@HfBO, which corre-
sponded to AGy+ values of —0.01, —0.02, —0.02, —0.26, —0.30,
0.32, 0.33, and 0.33 eV, respectively. In particular, the AGy~
value of Nb@HfBO was —0.01 eV, which was even better than
that of the Pt-based catalyst (—0.09 eV). For the remaining TM
atoms, the results imply that the O atoms of Ir@HfBO,
V@HfBO, and Fe@HfBO could act as the active sites for an
efficient HER. The adsorption properties of H on the O atoms of
M@HfBO were also investigated, as shown in Fig. S1.1 Except

RSC Adv,, 2025, 15, 19079-19087 | 19081
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Fig. 3 Temperature and energy variations of TM@HfBO in 3000 fs AIMD simulations at a temperature of 300 K.

for IT@HfBO (AGy+ = —0.05 V), RuU@HfBO (AGy+ = 0.11 €V),
and Os@HfBO (AGy+ = 0.35 eV), all the other systems had
|AGy+| values in the range of 0.55-0.72 eV, which were larger
than those of H on the TM atoms (Fig. 4a). It was noteworthy
that H preferred to adsorb on the TM atoms, and thus the TM
atoms were identified as the active sites. Fig. 4b displays the
volcanic curves drawn according to the theoretical exchange
current density (i) and overpotential (n). In general, the best
HER catalysts located near the peak of the volcano curve usually
have the highest i, and lower nygr. Notably, TM@H{BO (TM =
Nb, W, Mn, Ir) were closer to the peak of the volcano and

19082 | RSC Adv, 2025, 15, 19079-19087

exhibited superior HER activity, outperforming the state-of-the-
art Pt catalyst (—0.09 eV).*®

The HER process consists of two reaction steps: H adsorp-
tion and H, formation. In order to gain a deeper understanding
of the HER kinetic mechanism of the Nb@HfBO catalyst, we
further investigated the second step (H, formation), as shown in
Fig. 5. The HER formation of H, has been reported to mainly
occur through Heyrovsky mechanism (H*+H' +e~ — H, + *) or
Tafel reaction (H* + H* — H, + *). The results herein showed
that the kinetic potential for the Heyrovsky reaction of
Nb@HfBO (0.89 eV) was much lower than that of the Tafel

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reaction (3.11 eV). Therefore, Nb@HfBO preferred the Tafel
reaction to the Heyrovsky reaction.

3.3 OER catalytic activity

For the OER, we calculated the Gibbs free energy change for
each of the basic reactions of the TM@HfBO systems, as shown
in Fig. 6 and S2.f From the free energy plots, it could be seen
that for V@HfBO, Ir@HfBO, Nb@HfBO, Mo@HfBO, Ta@HfBO,
W@HfBO, Rh@HfBO, Co@HfBO, Cr@HfBO, Os@HfBO and
Ru@HfBO, Mn@HfBO the fourth step in the formation of O,
from the OOH* species was the potential determining step
(PDS) in the whole OER, with AG, values of 5.64, 6.85, 4.38, 8.08,
6.66, 8.64, 7.70, 1.80, 1.79, 4.28, 3.07, 3.17, 3.31 €V, respectively,
and the poor performance of these catalysts was attributed to
the fact that the adsorption energy of the OOH intermediate
OOH* was too strong for the desorption of O,. For Ni@HfBO
and Fe@HfBO, OOH* formation was identified as the PDS of
the OER process, with AG; values of 1.71 and 1.99 eV, respec-
tively. In addition, we calculated the overpotential of
TM®@HT{BO, which is the most important factor in determining
the OER performance. The overpotential of the OER process is
determined by the PDS. The results showed that Ni@HfBO had
the lowest overpotential (nogr = 0.48 V), which was significantly
lower than that of pristine HfBO (nogr = 0.78 V), and even better
than the catalytic activity of the state-of-the-art IrO, (nogr ~ 0.56
eV). In addition, the nogr of RR@HBO and Fe@HBO were 0.48
and 0.76 V, respectively, and the corresponding PDSs were

© 2025 The Author(s). Published by the Royal Society of Chemistry

OOH* species forming O, and OOH* species forming O,,
respectively. The other TM@HfBO systems had larger 7nogr
values (3.05-3.31 V), and the PDSs were the OOH* species
forming O,, respectively. Except for Ni@HfBO, Co@HfBO also
showed a relatively low OER overpotential of 0.56 V, which
suggests its good catalytic performance for the OER.

In previous studies, the Gibbs free energies of the three
intermediates (AGop+, AGox, and AGoon+) were considered as
possible descriptors of the strength of binding between the
active atoms of the catalyst and the intermediates. If there is
a simple linear relationship between the adsorption strengths
of these reaction intermediates, the descriptor-based approach
can greatly reduce the evaluation of complex OER/ORR catalytic
activities. Previous studies have shown that similar TM-O
bonding between TMs and the intermediates (OH*, O*, OOH*)
may lead to similar trends in the adsorption energies of the
oxygenated intermediates on the catalysts.>**® Moreover, the
Gibbs free energy diagram above shows that most of the
TM@HIBO systems had excess adsorption energy for OOH*,
leading to the PDS being the last step, so we explored the rela-
tionship between AGoyu+ and AGoon+ As shown in Fig. 7a,
AGou+ and AGoon+ showed a high linear correlation, which
could be described by the following expression: AGoou+ =
AGop+ + 0.74 eV, with a coefficient of determination (R*) of
0.972. Volcano plots are widely considered to be a powerful
guide for the selection of efficient catalysts. According to the
scaling relationship, a volcano plot for the OER overpotential

RSC Adv, 2025, 15, 19079-19087 | 19083
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Fig. 7 (a) Linear relationship between AGon+ and AGoon+ of the HfBO catalytic systems. (b) Volcano plot for the OER for TM@HfBO.

(nogr) was constructed, as shown in Fig. 7b, which was
described by AGoy+. On the left side of the volcano plot, it can
be seen that the catalytic activity of the OER gradually increased
with the increase in AGoy+, and when AGgy+ reached 0.48 eV,
the catalytic activity of the OER is the highest. On the right side
of the volcano plot, it can be seen that the catalytic activity of the
OER gradually decreased with the increase in AGoy+, Obviously,
in the studied TM@HfBO systems, Ni@HfBO was located at the
top of the OER volcanic map, with the lowest overpotential of
0.48 eV, followed by Co@HfBO (0.56 e€V) and Fe@HfBO (0.76

19084 | RSC Adv, 2025, 15, 19079-19087

eV). In summary, the ferromagnetic system TM@HfBO (TM =
Ni, Fe, Co) would be highly promising as electrocatalysts for the
OER. In particular, the catalytic activity of Ni@HfBO for the
OER was even lower than that of the state-of-the-art IrO, (nogr ~
0.56 eV).

For SACs, the interaction between the metal and substrate is
a significant factor affecting the catalytic activity of the catalysts.
This is because anchoring a metal atom will cause charge
redistribution. Thus, we calculated the charge transfer for all
the TM@HfBO candidates. As shown in Fig. 2b, Bader charge

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analysis was carried out to understand the valence states of the
TM atom, wherein charge transfer from the TM atom to HfBO
left the TM atom positively charged, indicating a strong inter-
action between the TM atom and HfBO. In each cycle, the
amount of charge transfer decreased from left to right, which
was in good agreement with the electronegativity trend. Ta
demonstrated a charge transfer of 1.55e with a lowest electro-
negativity of 1.50, while Au had a reduced charge transfer of
0.47e and an electronegativity of 2.40. Furthermore, the positive
charges on the TM atoms are particularly suited to adsorbing
OER intermediates, which can effectively promote the OER.

In order to better understand the significant differences in the
OER catalytic activity of the various catalysts, we further explored
the possibility of using the charge transfer of the TM as
a descriptor to predict the OER activity. From the above, it is clear
that AGoy+ can describe the OER activity of a material alone, so
we first explored the relationship between the Bader charge
transfer of the TM and the OH adsorption energy. As shown in
Fig. 8a, there was a clear linear relationship between the charge
transfer and the AGoy+ adsorption energy of the TMs (3d ~ 5d),
indicating that the larger the charge of the TM atoms, the
stronger the adsorption of the OH intermediates, and thus the
worse the OER activity. V, with the most positive charge of 1.75e,
showed the largest AGoy+ of 1.48 eV among the 4d metals, while
Co lost 0.82e with a AGoy+ of 0.51 eV. The relationship between
the charge transfer of the TMs and the oxygen-hydrogen (OH)
adsorption energy was linear, with a high correlation coefficient.
This indicates that an increased positive charge on the TM atom
would result in a stronger adsorption of the oxygen reduction
reaction (ORR) intermediates.

Through the above, we found that the amount of charge
transfer of the TM affects the catalytic OER activity of TM@HfBO,
therefore, we propose the descriptor (p) to predict the OER
activities of the TM@HfBO system considering the number of
electrons in the d orbital (f4) and the electronegativity of the TM
atoms (Ery) as determined by the following equation:

P = 0d'ETM (12)

As shown in Fig. 8b, the linear relationship between the
multiplication and AGoy+ was quite good (R* > 0.85). This
shows that the adsorption strength of OH and other
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intermediates can be easily determined by basic characteriza-
tion, which provides a cost-effective solution for the rapid
screening of efficient bifunctional catalysts based on
TM@H{BO.

4 Conclusion

We systematically investigated 19 potential TM-doped HfBO
catalysts as HER and OER electrochemical catalysts by first-
principle calculations. All the TM@HfBO catalysts had excel-
lent thermal stability due to their large binding and agglomer-
ation energies. In particular, Nb@HfBO exhibited remarkable
catalytic activity in the hydrogen evolution reaction with a AGy«
value of —0.01 eV, which even exceeded the performance of
platinum (Pt), while Ni@HfBO showed the highest activity in
the OER with an overpotential (nogg) of 0.48 V, which was even
better than that of IrO, (noer = 0.56 V). In addition, based on
the proportionality between the adsorption energies of the OER
intermediates, we propose that AGoy+ can be used as an energy
descriptor to reflect the OER activity of the TM@HfBO system.
In addition, the product of the number of electrons on the
d orbitals and the electronegativity of TM atoms was used as
a descriptor (¢) to predict the OER performance of TM@HfBO
catalysts. In summary, this study provides a promising
approach for the screening and use of high-performance cata-
lysts based on HfBO for the electrolysis of water.
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