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ARTICLE INFO ABSTRACT

Keywords: A primary concern towards achieving a robust and sustainable water-splitting strategy consists in the devel-
Catalytic activity opment and designing of non-precious hydrogen evolution electrocatalysts capable of operating at relatively
T{le"mo‘iynam‘c properties high current densities. In the present density functional theory (DFT) based study, we explored and identified
Electrocatalysts

a-NbB,-based catalysts consisting of Borophene as graphene-like noble metal-free networks in Niobium-metal
based networks, as promising catalysts for the hydrogen-evolution reaction (HER). Our results unveiled that
Fe/Co covalent doping in a-NbB, {001} surface provides high-efficiency HER activity sites, namely, T, ,-sites in
Nb-terminated Fe/Co-NbB, {001} surface with the lowest AG. Gibbs free energy value of about 0.264/0.278
eV, which further drops to a very optimal value in the range of AG,. < + 0.10 eV upon the implementation
of an external electric field. Furthermore, it was also revealed that in contrast to the extensively used Pt-based
surface catalysts, both a-NbB, and Fe/Co-NbB, catalysts can sustain consistently high catalytic activity for
HER over a very large hydrogen coverage and thus ensure a large density of effective catalytic free sites.

Evolution reactions
Transitional metal Diboride

1. Introduction the sluggish kinetics of both hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER), the electrocatalytic efficiency of the

In recent years, the growing concerns about global warming and actual water splitting is limited by the high operating voltage (1.8-2.0
carbon footprint have urged researchers to investigate the possibility V), which is much larger than the theoretical minimum value of 1.23
of green energy. Hydrogen, as a clean and sustainable energy carrier, V [8]. The optimum catalysts for HER and OER require the lowering of
has attracted considerable attention due to its high gravimetric energy overpotential associated with these reactions. At present, we get more
density, and it could be a promising alternative to traditional fuels. than approximately 5% of the world’s hydrogen through this water-
However, hydrogen energy faces several bottlenecks, such as produc- splitting process generating hydrogen and oxygen, which needs sub-

tion and storage [1-4]. Hydrogen production by water splitting has
become a promising strategy to convert the large excess amount of
electrical energy from renewable energy resources to the form of a
clean fuel—hydrogen (H,). Clean fuel, because it produces only water
as a byproduct when H, is used as a fuel in fuel cell-based engines.
So, there is a global drive towards the development of the water-
splitting technique for hydrogen production [5,6]. In this context, the
development of efficient and cost-effective catalysts for water-splitting
has become a significant challenge. Therefore, the design of novel and
efficient catalysts is essential to enable sustainable hydrogen produc-
tion and storage, thus contributing to the development of a sustainable
energy system.

Electrocatalytic water splitting, 2H,O — 2H, + O,, is usually car-
ried out in either acidic or alkaline media [7]. During this process,
the two half-reactions can be expressed in different ways [7]. Due to N could easily lead to a highly oxidized state, which probably decreases

stantial improvement [9]. Transition metal-based catalysts have mostly
drawn significant attention, out of various other catalysts such as
precious metal-free catalysts for water splitting [5,6,10-12]. Unfortu-
nately, the solar-to-hydrogen conversion efficiency remains low though
many strategies, including structural and defect engineering, plasmonic
effects, and elemental doping, have been discussed to improve catalysts’
optical absorption and photo-induced charge separation and transport,
etc [13-16].

In this work, we are focusing on a member of transitional metal
borides (TMBs), NbB,-based catalysts for hydrogen evolution reaction.
As it is known, the electronic states of transition metals mostly depend
on their coordination environment. In general, the transition metals
coordinating with atoms composed of highly electronegative O, S, and
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the number of active sites [17]. TMBs have drawn our attention due
to their fascinating properties, including good chemical stability, high
thermal and electrical conductivities, as well as a variety of techno-
logical applications, such as metal-air batteries, CO, conversion, and
catalysis [18-23]. It is reported that transition metal and boron coordi-
nation results in partial electron transfer from B to the vacant d-orbital
of the transition metals, making the transition metals electron-rich
and the boron an electron-deficient center [24]. This electron-deficient
center can protect the transition metal from oxidation and preserve the
active species. We have previously explored 2D boron, i.e., borophene
with and without transition metal, as a bifunctional catalyst for water
splitting [7].

Herein, we have investigated the catalytic properties of the Niobium
Diboride a-NbB, {001} surface, which has been previously synthesized
and observed to be preferentially exposed in «-NbB, thin films [25].
The {001} plane was selected as it is the most stable and commonly
studied surface of a-NbB,, with a well-defined crystallographic orien-
tation. We further examined the effect of doping with Iron (Fe) and
Cobalt (Co) on the hydrogen evolution reaction. We found that the
Fe/Co covalent doping can effectively tune the surface charge redis-
tribution of a-NbB, {001} surface, thus lowering the Gibbs free energy
to about 0.264/0.278 eV thereby facilitating the HER thermodynamic
performance. Additionally, we observed that the synergetic effect of an
external transverse electric field and Fe/Co doping can advantageously
boost the HER activity, with a Gibbs free energy of H* binding reaching
the catalyst’s optimal values of AGy; < + 0.10 eV. Furthermore, we
demonstrated that in contrast to the broadly studied Pt{111} catalysts,
the a-NbB, based catalysts can maintain and even increase the catalytic
activity for HER over a range of considerable hydrogen concentration.

2. Theoretical details
2.1. Mechanism and gibbs free energy of HER

HER is a conventional electrochemical half-cell reaction involving
the reduction of protons to hydrogen [26]. The HER is mainly per-
formed in acidic media by using Platinum (Pt) as catalyst material or
in alkaline media by using less noble metals such as Nickel (Ni). H*-
adsorption on the hydrogen evolution catalyst surface is the first step,
known as Volmer step, followed by Heyrovsky or Tafel steps. In this
context, the HER can occur through the three following elementary
reaction pathways:

Volmer : H'(aq) + e+ x— H* (€))
Tafel : 2H" — H,(g) +2 = 2)
Heyrovsky : H*+e” +H" - Hy(g)+ = 3)

wherein the asterisk (x) designates an active site on the catalyst surface
and H* designates hydrogen atom adsorbed on the catalyst surface.
The initial step in the HER is the Volmer process, in which a H*-e~
pair forms an adsorbed H-atom on the catalyst surface. During the
second step of the HER reaction, the H, molecule is produced by either
the Tafel or Heyrovsky reaction or both. In the case of Tafel reaction
(Eq. (2)), two adsorbed hydrogen atoms scatter initially on the catalyst
surface and then form a H, molecule by interacting. While in the case
of Heyrovsky reaction, (Eq. (3)), a H arising from the electrolyte
adsorbs directly onto a hydrogen atom already adsorbed on the catalyst
surface and is then reduced to form a H, molecule. Nevertheless, the
mechanism that dominates the adsorption process has proven to be
complex to elucidate [27]. Although this difficulty in understanding
the HER of all these reactions, it has been established that the adsorbed
hydrogen, H*, is the unique intermediate species in the whole process.
Furthermore, it is essential to note that a suitable HER catalyst always
binds H* very fast and releases the product. Hence, the electrochemical
HER facilitates the production of H, on a large scale.
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In order to determine the suitable candidate catalyst for HER, it is
necessary to calculate the adsorption energy of the hydrogen atom on
the catalyst surface. The adsorption energy is linked to the Gibbs free
energy according to the equation:

AGy+ = AEy« + AE,pp — TAS, @

where the adsorption of neutral hydrogen is undertaken on a specific
catalyst surface site, AEy. refers to the binding energy calculated for
intermediate hydrogen adsorbed on the surface of the catalyst, as
described below:

AEy. = (Eyye — Equoyye — %EHZ), n>1 (5)
where E,;;- denotes the total energy with n hydrogen atom adsorbed
on the catalyst surface, E,_;yy« is the total free energy of n-1 hydrogen
coverage system and Ey, is the gas-phase energy of H, molecule. In the
Eq. (4), AE ;pp, refers to the difference in zero-point energies correction
and has been computed to be 0.04 eV. The AS defines the difference
in entropy between the adsorbed hydrogen and the gas phase and
can be determined approximately as the entropy of H, gas at normal
conditions of temperature (T") and pressure (P), as shown below:

1 1
AS=(SH—§SH2)z—ESgZ (6)
2.2. Density functional theory calculations

All the calculations have been conducted through first-principles
calculations as implemented in the Vienna ab-initio simulation package
(VASP) [28]. Generalized Gradient Approximation (GGA) in the form
of Perdew-Burke-Ernzerhof functional (PBE) has been employed for an
exchange-correlation interaction [29]. The van der Waals interactions
with DFT-D3 were assessed by Grimme et al. [30]. The hydrogen ac-
tivity was explored on two distinct Nb- and B-terminated {001} surface
of a-NbB, and Fe/Co covalent doped a-NbB, modeled via a periodic
super-cell slab. For the plane-wave basis set, an energy cutoff of 500
eV and (7 x 7 x 1) k-meshes for (2 x 2 x 1) super-cell for Brillouin
zone integration within the Monkhorst-Pack scheme was chosen [31].
To describe the ion-electron interaction, we have used the Projected
augmented wave (PAW) method [32]. In addition, a vacuum of 20 A
has been used in the transverse directions to prevent any interactions
between the consecutive layers.

3. Results and discussion
3.1. Characterization of Niobium Diboride a-NbB,

a-NbB, bulk was identified and synthesized in a hexagonal lattice
structure that belongs to the space group P6/mmm with the number
191 [33-35]. As depicted in Fig. 1(a-b), the a-NbB, lattice structure can
be viewed as an interconnected “sandwich” configuration made by em-
bedding Boron monolayers in Niobium-metal based networks forming
three types of bonds, namely: (i) covalent B-B bonds in the graphene-
like boron sheets, (ii) metallic Nb-Nb and (iii) ionic Nb-B bonds. Thus,
the Niobium-atoms exhibit metallic bonding within 3D frameworks,
while the Boron-atoms exhibit covalent bonding within uncommon
two-dimensional graphene-like Borophene nanosheets which is not an
isolated stable lattice phase. The computed lattice parameters are a = b
=3.118 A and ¢ = 3.337 A in good agreement with prior theoretical and
experimental values (a =b =3.115 and ¢ = 3.265 10\) [36,371, the length
of B-B bond in the Boron layer of a-NbB, is about 1.801 A slightly
similar than the length of B-B bond in 2D Borophene nanosheets.
Also, the length of the Nb-Nb bond within the Nb metal structure is
found to be 3.118 A, which is in line with the Nb-Nb bond length
(3.12 A) within the Niobium structured in the hexagonal space group.
The present finding states that upon deleting the B atoms in «-NbB,,
all the remaining Niobium atoms can be incorporated into a 3D metal
structure. Accordingly, the a-NbB, structure can be characterized as
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Fig. 1. (a-b) Schematic illustration of bulk Niobium Diboride a-NbB, (P6/mmm, no 191) crystal. The unit cell is indicated by the red dashed line. (c) Irreducible Brillouin Zone
along with the high symmetry points, (d) 3D metallic Nb-Nb framework and 2D graphene-like borophene unit in a-NbB,, and (e) The calculated projected band structures. The
energy at the Fermi level was set to zero. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

an inter-connected sandwich-like pattern consisting of graphene-like
borophene nanosheets embedded in Niobium-based 3D networks as
illustrated in Fig. 1(d).

Additionally, the computed projected electronic band structure of
the diboride a-NbB, is displayed in Fig. 1(e), where quasi-degenerate
states having low effective masses can be noticed close to the Fermi-
level, particularly, the band crossing along the A-point, together with
states close to the K-point. The diboride a-NbB, is conductive and
endowed with metallic characteristics, thereby evincing that its Fermi-
level is crossed by the band lines derived from both 3D Nb-metal
structure and borophene sheets. Previous experimental reports reveal
that out of all the Nb-B based compounds, a-NbB, was deemed as
a prospective Ultra High-Temperature Composite (UHTC) for high-
temperature structural purposes owing to its unique mixture of propri-
eties including high thermal conductivity (17-23.5 W/m K), electrical
conductivity (1.54 x 10° S/m) and excellent chemical stability [25,
38-41], considerably higher than that of Pt. Its high conductivity is
owing to its distinctive Nb-frameworks and graphene-like borophene
nanosheets. Such characteristics, along with its unique crystal structure,
aids transfer of electrons uniformly in all directions through its lattice.

3.2. Electronic and chemical bonding of a-NbB, {001} surface

The {001} surface of a-NbB, has been simulated in order to probe
the hydrogen evolution reaction activity of diboride a-NbB,. By cleav-
ing the 3D bulk a-NbB, along the z-direction, two distinct terminations,
i.e., B- and Nb-terminated a-NbB, {001} surface are derived as illus-
trated in Fig. 2(a-b). The derived B- and Nb-terminated surfaces with
a supercell of 2 x 2 and six Nb/B-layers along the z-direction are
considered. In the optimization process, on both surfaces, the top two
Nb and B layers have been completely optimized with no symmetry
or direction-related constraints, while the remaining layers have been
fixed to represent the bulk part.

Subsequently, the electron localization function analysis has been
performed to provide a deeper understanding of the chemical bonding
characteristics of the a-NbB,-terminated Nb/B surfaces by cutting out
the planes which involve the Nb-Nb and B-B bonds, as illustrated
in Fig. 2(b—c). As is well-known, the electron localization function
may be analyzed in terms of a 2D contour plot within an interval

between 0 and 1. The area near 1 denotes the existence of covalent
or single-pair electrons; the area of about 1/2 denotes a homogenous
and uniform electron state; while the area near zero refers to an area
with small electron distribution. The wide electron localization function
value ranging between 0.75-0.85 achieved across two neighboring B -
atoms, as can be seen in Fig. 2(b), signifies the presence of a strongly
covalent B-B bond with -type o-type sp2-hybridization, similar to that
found in graphene-like borophene. Meanwhile, for the metallic bond
between Nb-atoms, the electron localization function ranging approx-
imately between 0.3-0.5 appear to be well distributed throughout
the surface, thus revealing the “electronic jellium” characteristic of
the metallic compounds. Also, the differences in electron localization
function around the Nb-B bond are highlighted as illustrated in Fig.
S1, which indicates that the bond between Nb- and B-atoms has a pure
ionic nature. These results were confirmed with the computed Bader
charger analysis, revealing approximately 0.85 |e| is transferred from
the Nb-atoms into its surrounding B-atoms. Furthermore, the simulated
scanning tunneling microscopy (STM) pattern is computed through DFT
calculations for the slice cut through the B-B bond so as to offer a clear
guide for further experimental investigations. From Fig. 2(c), one can
clearly distinguish the B-terminated a-NbB, {001} surface, in which the
B-atoms are more bright than the Nb-atoms.

The electronic characteristics of the « —NbB, {001} surface, through
the projected band structure and the corresponding distributed density
of states are shown in Fig. 2(d). One can obviously notice the presence
of at least three so-called “Dirac cones” in the vicinity of the Fermi-
level E,, showing the semi-metal behavior of the {001} surface as in
the case of bulk a-NbB, structure. Through the distributed density of
state depicted in Fig. 3, it is obvious that the three Dirac bands consist
mainly of the p-orbitals of B-atoms and the d-orbitals of Nb-atoms. More
accurately, they are derived as a result of the coupling of the px/py/pz
orbitals of the B-atoms and the dz?/dx?/dxy/dyz/dxz of the Nb-atoms.

We have performed additional electronic band structure calcula-
tions using the HSE06 hybrid functional to more accurately check
the electronic nature and confirm the existence of Dirac cones. Our
results as depicted in Figure S6 of supporting information, confirm
the semimetallic behavior of a-NbB, {001} surface, consistent with our
findings as elaborated above. Particularly, the existence of Dirac cones
in the band structure indicates the presence of linear dispersion of
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Fig. 2. (a) Schematic representation of the «—NbB, {001} surface with (b) the electron localization function by cutting out the planes which involve the Nb-Nb and B-B bonds and
(c) the simulated scanning tunneling microscope image of the B-terminated surface. (d) The projected electronic band structure along with the corresponding resolved electronic
density of states of «a —NbB, {001} surface. The energy at the Fermi level was set to zero and the shadow blue-light circles denote the Dirac cone near the Fermi level. (e) schematic
illustration of d—sp orbital hybridization. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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electronic states near the Fermi level. The HSEO06 hybrid functional
[42,43], which includes a fraction of exact exchange, is well-known and
proven to provide a more accurate description of electronic properties
than PBE-GGA methods, particularly for strongly correlated systems.
Therefore, the use of HSE06 provides additional confirmation and
strengthens our conclusions regarding the semi-metallic behavior of
a-NbB, {001} surface.

To investigate the thermal and dynamic stability of a-NbB, {001}
surface, we performed Density Functional Perturbation Theory (DFPT)
calculations [44,45] to obtain the phonon spectrum and confirm the dy-
namical stability. The phonon dispersion analysis illustrated in Fig. 4(a),
revealed no imaginary frequencies in the spectrum, indicating that the
structures are dynamically stable. In addition, we carried out ab-initio

(For interpretation of the references to color in this

molecular dynamics simulations (AIMD) [46,47] to further validate the
stability of a-NbB, {001} surface at finite temperatures of about 300
and 1000 K (See Fig. 4(b,c,d)). The simulations demonstrated that the
structure remains stable and maintains its structural integrity even at
elevated temperatures of about 1000 K, suggesting their potential for
practical applications. Importantly, the a-NbB, {001} surface studied
in this work has been previously experimentally synthesized [25,48—
50], and we compared structural properties obtained within our study
with experimental results to ensure the accuracy and reliability of our
calculations. The combination of phonon dispersion analysis and AIMD
simulations thus provided rigorous proof of the stability of the surface
under different thermal conditions, thereby confirming their suitability
for practical applications.
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3.3. Hydrogen evolution reaction activity on a-NbB, {001} surface are mainly involved in the catalytic process were determined through
the catalytic activities of the HER with respect to the respective {001}-

Electrocatalytic activity of both Nb- and B-terminated «—NbB, {001} surface. As a means of further comparison, the HER activity on the

surface with respect to hydrogen evolution reaction are evaluated and
presented in this section. The computed Gibbs free energy (4Gy.) at
a chosen active site is commonly considered as a robust determinant
of the catalytic activity of that particular site relative to hydrogen
evolution reaction, where a smaller absolute value of AGy. typically
indicates a more active catalyst [11,51].

From the previously conducted studies on the active sites of the
HER, it is demonstrated that the active sites in the group-VI transition
metal dichalcogenides MX, (e.g., NbS,, FeS, and MoS,) [52-57], that

a-NbB, {001} surface with two terminations as outlined above, i.e., Nb-
and B-terminated surface has been investigated within the framework
of this study. The HER Gibbs free energy AGy. has been derived on
various potential active H* binding sites on Nb- and B-terminated a-
NbB, {001} surface, as illustrated in Fig. 5. It can be clearly noticed
that there are three active H* binding sites, namely T- (Top of the
Nb-atom), B- (Bridge Nb-Nb bond), and H-site (Hollow site) on the Nb-
terminated a-NbB, {001} surface, and that all of these three potential
sites demonstrate catalytic activity for HER, of which their AGy. are
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Fig. 6. 2D Contour plot of electron location function and projected band structure of Nb-terminated (a-b) Fe- and (c-d) Co-NbB, {001} surface, respectively.

respectively found to be about 0.393, —0.897, and —1.151 eV. On the
other hand, on the B-terminated a-NbB, {001} surface, the H* can be
potentially adsorbed on the top of the B-atom (T), bridge B-B bond
(B), and hollow site (H), with free energy AGy- of about —0.673,
—0.889, and —0.647 eV, respectively, indicating their low catalytic
activity for HER. Such results provide clear evidence suggesting that
the Nb-terminated «-NbB, {001} surface ought to provide a suitable
and optimal HER catalytic activity. Therefore the Nb-terminated {001}
surface will be taken as a basis for further research on the strategies to
boost the HER activity.

3.4. Hydrogen evolution reaction activity on Fe/Co-NbB, {001} surface

With the aim of improving the HER electrocatalytic performance,
we separately considered Fe and Co doping on the Nb-terminated a-
NbB, {001} surface. To determine the position of the doping atoms,
we substituted the Nb atom with the Fe/Co atom on the surface and
then optimized the system by minimizing the total energy. The resulting
doped surfaces are referred to as Fe/Co-NbB, {001} surfaces, as shown
in Figs. 6(a,c) and 7 with Nb- and B-terminated surfaces, and we
evaluated their effectiveness for improving HER electrocatalytic perfor-
mance as an optimized scheme. Furthermore, as can be clearly seen in
Fig. 6(a—d) and Fig. S1 of supporting information, under Fe/Co doping,
the relative electron density has been lowered, and also the surface
charge has been re-distributed, which can be explained by the relative
displacement of the Nb 4d orbital towards the Fermi level, leading
to the further lowering of the adsorption-free energy of hydrogen.
Accordingly, a covalently Fe/Co-doped NbB, {001} surface with an
Nb-termination is expected to significantly boost the catalytic perfor-
mance.

As in the case of pure a-NbB, {001} surfaces, different stable H*
binding sites for the Nb-terminated surface on Fe/Co-NbB, {001} in-
clude two top sites (marked T, ¢, and Tyy), hollow site (H) and two
bridge sites characterized Nb-Nb (B,) and Nb-Fe/Co (B,), and the B-
terminated of Fe/Co-NbB, {001} surface comprises of one B-B bridge
site (B), top site of B-atom (T), and a hollow site (H) (see the schematic

view in Fig. 7). A very optimum HER catalyst displaying optimal HER
performance should have a AGy. value close to zero as stated above.
Among all the active sites investigated, the Gibbs free energy of the
Typ-site in Fe/Co-NbB, {001} is 0.264/0.278 eV, which is closer to zero
than the Gibbs free energy of the Tr./c,-site (4Gy. = —0.542/-0.332
eV) and B2 site (4G« = —0.663/-0.501 eV), showing a more increased
catalytic activity from the thermodynamic perspective. On the other
hand, the B-terminated surface exhibits a slightly lower Gibbs free
energy of about —0.712/-0.579 eV on the top site of Fe/Co-NbB2 {001}
surface.

Additionally, the synergetic effect of Fe/Co doping and an external
transverse electric field ranging between 0.05 and 0.55 V/A on the
electrocatalytic activity has been probed in order to boost the HER
activity on the Nb-terminated Fe/Co-NbB, {001} surface. It can be
clearly observed how applying a transverse electric field considerably
boosts HER activity, as depicted in Fig. 8. The presence of an effective
external electric field of 0.30 to 0.45 V/A can advantageously improve
the HER process, with a Gibbs free energy of hydrogen adsorption
reaching the catalyst’s optimal threshold AGy: < + 0.10 eV. These
results reveal that the Fe and Co covalent doping a-NbB, {001} surface
under an average value of the external electric field would provide a
very optimal HER activity.

3.5. Steric effect on the HER activity during hydrogen coverage

Next, we have examined the AGy. with respect to the varying
hydrogen concentration (6y+) on the Nb-terminated {001} surface of
a —NbB, and Fe/Co-NbB,. For the sake of comparison, the AGy: at the
respective hydrogen coverage on the Pt (111) surface is correspond-
ingly examined, as it is the most common model surface of Pt that
has been extensively investigated for this purpose [58]. Throughout
our study, to provide an analogous description to the widely studied
Pt(111) surface, AGy: is characterized by the Eq. (4). Furthermore,
the hydrogen catalytic stability is described through the hydrogen
chemisorption energy AGy- as given in Eq. (5).

From the above description of the hydrogen coverage 6j; on Nb-
terminated {001} surface, it can be concluded that the hollow (H) and
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Fig. 7. Schematic view of distinct active H* binding sites on Nb- and B-terminated Fe/Co-NbB, {001} surface and their corresponding HER free energy diagrams. Hydrogen is
unstable in both H- and Bj-site of the Nb-terminated surface and optimizes to Tyy/r./co Site.
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Fig. 8. The effect of the external transverse electric field ranging from 0.0 V/A to 0.55 V/A on Gibbs free energy in the case of Nb-terminated Fe/Co-NbB, {001} surface.

Nb-Nb bridge sites show the strongest interaction with H* in the case on the H-sites on the Nb-terminated {001} surface of « — NbB,. Once
of a-NbB,. Therefore, when the hydrogen coverage is small with a 6y the hydrogen coverage rises above 6} = 1-2, hydrogen then moves to
between 0 and 1, hydrogen initially has been found to be adsorbed occupy the top of the Nb-atoms, instead of staying on the initial active
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Fig. 9. The fully optimized structures of hydrogen adsorbed on (a) Nb-terminated {111} surface of a-NbB,, (b) Nb-terminated {001} surface of Fe-NbB,, and (c) Pt {001} surface
at two different hydrogen coverage. (d) Their corresponding variation in hydrogen chemisorption energy AGy. as a function of hydrogen coverage 6,;..

sites. Likewise, it is confirmed that the B,-site on the Nb-terminated
{001} surface of Fe/Co-NbB, has the highest interaction with hydrogen.
As a result, it initially occupies the B,-site for up to 6. = 1 hydrogen
coverage, and subsequently, moves to other active sites for 6y from 1
to 2.

As illustrated in Fig. 9, upon the rise of hydrogen coverage Oy
from O to 1, the Gibbs free energy fluctuates smoothly within the
above-mentioned coverage range of —1.159 to —0.921 eV for the pris-
tine Nb-terminated {001} surface of a-NbB,, while the Gibbs free
energy linearly decreases throughout the range of —0.681/-0.501 to
—0.241/-0.097 eV for the Nb-terminated {001} surface of Fe/Co-NbB,.
From these findings, it can be concluded that within a narrow interval
up to 6y = 1, the pristine and Fe/Co-doped «-NbB, yield a lesser
number of HER-active catalytic sites compared to the Pt{111} surface,
owing to the fact that the Gibbs free energy for Pt{001} surface are in
the catalyst’s optimal threshold 4Gy« < + 0.10 eV. Nevertheless, it is
shown that the increase of 6. leads to poor adsorption of hydrogen
on the Pt{111} surface, resulting in a significant increase of AGy. up
to 0.579 eV at the highest hydrogen concentration, which can be ex-
plained by the high steric effect once the hydrogen coverage is greater
than 1 i.e, 6y« >1. Thus, our above computational findings strongly
reveal that both Nb-terminated {001} surface of a-NbB, and Fe/Co-
NbB, ought to display a large density of high-efficiency HER-catalytic
sites.

4. Conclusion

In conclusion, we have systematically investigated electronic prop-
erties and chemical bonding of a-NbB, {001} surface and Fe/Co cova-
lent doping a-NbB, {001} surfaces through first-principles calculations.
Both Nb- and B-terminated Fe/Co-NbB, {001} surfaces have been exten-
sively explored as promising catalysts for HER from a thermodynamic
point of view via free energy corresponding to hydrogen chemisorption.
Fe/Co-NbB, {001} surface shows outstanding HER activity with a lower
H*-adsorption energy AGy: of about 0.264/0.278 eV. Additionally, the
H*-adsorption free energy of Nb-terminated Fe/Co-NbB, {001} surface

catalyst reaches very low values in the range of 4Gy« <+ 0.10 eV in the
presence of an external electric field, which is the interval of optimal
catalysts. Also, the synergistic effect of hydrogen coverage has been
explored and revealed that Nb-terminated Fe/Co-NbB, {001} exhibit
an increased catalytic activity for HER for a large hydrogen coverage.
Thus, the results of this study expand not only the understanding of
the effect of covalent doping on the enhancement of the overpotential
related to the HER performance but also offers a new perspective for
designing cost-effective transition metal boride-based catalysts.
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