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A B S T R A C T

The strong bond energy and short bond length of N≡N triple bond make it a challenging target for synthesizing
nitrogen-rich compounds. However, recent research has successfully fabricated atomic-thick BeN4 layers under
high pressure (Bykov et al., 2021). Beryllonitrene, a new 2D material, consists of a Be atom and polymeric
nitrogen chains and has anisotropic Dirac cones located near the Fermi level. This distinguishes it from
graphene, which has isotropic Dirac cones, bulk PtTe2 and 2D borophene, which have Dirac cones located far
from the Fermi energy. The anisotropic Dirac cones in beryllonitrene result in ultrahigh carrier mobility and the
potential for direction-dependent quantum devices. In this study, we systematically investigated the hydrogen
evolution reaction (HER) catalytic activity of nitrogen-rich, non-precious BeN4 monolayer using first-principles
DFT calculations. Our results demonstrate that BeN4 monolayer is thermally stable, and Be vacancy is the most
energetically favorable site for hydrogen adsorption. We also found the Gibbs free energy (𝛥𝐺H∗ ) of H∗ coverage
can be tuned to an optimal value of |𝛥𝐺H∗ | ≤ 0.2 eV through strain engineering, significantly enhancing the
HER electrocatalytic activity of BeN4 monolayer. Furthermore, we examined both the homolytic Tafel reaction
and heterolytic Heyrovsky reaction for HER mechanism using reaction kinetics and AIMD simulations. These
findings can contribute to the development of high-performance, non-precious, and nitrogen-rich 2D catalysts
for HER in future research.
1. Introduction

The potential of nitrogen as a fuel or oxidizer in high-energy-
density materials (HEDMs) has been extensively investigated due to
its high heat of combustion and strong oxidizing ability [1]. However,
the synthesis of nitrogen-rich compounds is a challenging task due
to the inert nature of elemental nitrogen (N2), its extremely strong
triple bond, and the high reactivity of nitrogen-containing compounds.
The N≡N triple bond has one of the highest bond energies among
diatomic molecules, around 945 kJ/mol, and the bond length is rela-
tively short, approximately 1.10 Å [2]. As a result, a significant amount
of energy is required to overcome the strong attraction between the
two nitrogen atoms, making it energetically unfavorable. Furthermore,
nitrogen has low electronegativity and does not readily form stable
chemical bonds with other elements, except for hydrogen, carbon, or
oxygen, making it challenging to isolate and study the resulting prod-
ucts [3]. However, advances in high-pressure and high-temperature
synthesis techniques are providing new opportunities for synthesizing
and studying nitrogen-rich compounds [4–6].

Most recently, Bykov et al. reported the successful synthesis of
bulk layered BeN4 using the laser-heated diamond anvil cell technique
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under high-pressure, high-temperature conditions [6]. Specifically, the
chemical composition BeN4 was synthesized by laser heating of Be
and N2 at 85 GPa and ∼2000 K, further transformed into BeN4 layers
after decompression to ambient conditions, interconnected via weak
wan der Waals bonds [6]. The theoretical calculations reveal that
the electronic lattice of BeN4 monolayer is described by a slightly
distorted honeycomb structure and its electronic structure exhibits
anisotropic Dirac cones near the Fermi energy [6–8]. This is in stark
contrast to other materials, such as graphene [9], where Dirac cones
are isotropic, and bulk PtTe2 crystal [10] and 2D borophene [11],
where Dirac cones are located far from the Fermi energy. The presence
of strongly anisotropic Dirac fermions at the Fermi energy in BeN4
monolayer indicates the potential for realizing direction-dependent
quantum devices and motivates an intense search for other material
systems hosting anisotropic Dirac cones [6,12]. The Fermi velocities
studied by Bykov et al. are 8 × 105 m∕s along 𝑘𝑥 direction and
3.06 × 105 m∕s along 𝑘𝑦 direction, respectively [6]. Additionally, BeN4
monolayer has an anisotropic lattice thermal conductivity of 842.75 W
m−1 K−1 in the armchair direction and 615.97 W m−1 K−1 along the
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zigzag direction [8]. Moreover, BeN4 monolayer exhibits an ultrahigh
elastic modulus and mechanical strength, performing better than all
other carbon-free 2D materials [7]. These remarkable properties make
BeN4 monolayer a promising candidate for materials research, inspiring
researchers to explore its applicability as a catalyst for catalytic water
splitting to enable efficient hydrogen production.

With the increasing demand for sustainable energy and the pressing
environmental concerns, green hydrogen gas is considered to be the
ultimate replacement for harmful fossil fuels, due to its elevated-energy
density and zero carbon emissions during electrochemical combustion
in air [13,14]. Besides, hydrogen also plays a central role in trans-
forming CO2 into useful hydrocarbon fuels, such as methanol [15]. The
social demand on hydrogen is, therefore, expected to keep increasing
in the future. Recently, technological advancements have been focused
on developing viable methods for hydrogen production, with electro-
chemical water splitting being the simplest and most feasible way to
achieve this goal [14,16]. The water-splitting mechanism involves two
half-reactions: the hydrogen evolution reaction (HER), which is the
reduction half-reaction (2H+ + 2e− → H2 (g)), and the oxygen evolution
reaction (OER), which is the oxidation half-reaction (2H2O → 4H+

+ 4e− + O2). The theoretical potential required for this mechanism
is 1.23 eV. However, due to substantial energy losses, commercial
electrolyzers must operate at higher voltages than the ideal, resulting in
overpotential [14,16,17]. Therefore, a good catalyst material is essen-
tial in reducing the overpotential of an electrochemical cell. Currently,
catalytic water splitting for efficient hydrogen production accounts for
only 4% of the world’s hydrogen, with noble metals such as platinum
(Pt) and its alloys, nickel (Ni) alloys, and other noble metals being
promising catalysts for HER activity, which are the most expensive
transition metals [18,19]. Therefore, the discovery of non-precious
alternative catalysts towards HER with equivalent or better activities
and stable durability has been a long-standing challenge [20,21].

All of the above-mentioned motivates us to study the catalytic
properties of the BeN4 monolayer by evaluating the hydrogen adsorp-
tion free energy, 𝛥𝐺H∗ , which is a key intermediate of HER, using
density functional theory (DFT) calculations. In detail, we carried out
a structural optimization to determine the lattice parameters of BeN4
monolayer, followed by a comprehensive exploration of its stability
and electronic properties, including the electronic band structure and
projected density of states. Of particular importance was our analysis of
the adsorption of H at both the top of host atoms and vacancy sites. Our
primary objective was to evaluate the catalytic potential of the BeN4
monolayer and to elucidate the catalytic mechanism of the hydrogen
evolution reaction (HER) by computing the Gibbs free energy of the
H∗ intermediate. Furthermore, we employed a series of biaxial strains
to modulate the catalytic performance of the BeN4 monolayer. Our
findings suggest that the BeN4 monolayer has the potential to serve
as an efficient electrocatalyst and that strain engineering represents an
effective approach for further enhancing its catalytic performance.

2. Computational details

2.1. Total energy calculations

First-principles calculations based on density functional theory
(DFT) [22] were performed using the Vienna Ab initio Simulation Pack-
age (VASP) [23,24]. The projector-augmented-wave (PAW) type pseu-
dopotentials [25] were utilized to simulate the interaction of core
electrons, while the Perdew–Burke–Ernzerhof (PBE) functional was
employed to account for exchange–correlation energy within the Gen-
eralized Gradient Approximation (GGA) [26]. The effects of spin-
polarization and van der Waals (vdW) interactions using the DFT-D3
method of Grimme [27] on the total energy of the 2D materials were
considered in all the calculations. The Kohn-sham pseudo wavefunc-
tions were expanded by plane waves with a cutoff energy of 550 eV.
The ionic relaxation step was continued until the energy was converged
2

within 1 × 10−3 eV. The electronic convergence criterion for the ground
state energy was set to 1 × 10−7. A vacuum space of 25 Å was intro-
duced to avoid interactions between images of the model system. The
integration over the Brillouin zone (BZ) for unit cell and the 3 × 3 × 1
supercell of the BeN4 monolayer were carried out using a 21 × 21 × 1
and a 7 × 7 × 1 Monkhorst–Pack 𝑘-point mesh [28], respectively. To
correctly describe the density of state (DOS), a 27 × 27 × 1 Monkhorst–
Pack 𝑘-point mesh was used. The dipole correction was included in
all calculations of slab models. Furthermore, the work functions of the
BeN4 monolayer with and without hydrogen adatoms were determined
using the equation, 𝛥𝛷 = 𝑉∞ − 𝐸𝑓 , where 𝑉∞ is the electrostatic
potential and 𝐸𝑓 is the Fermi energy level [29].

2.2. Differential charge density and electron localization function

In this study, the calculation of charge density difference (CDD)
involves the subtraction of the superimposed charge densities of ions
or atoms from the total electron charge density of a crystal. However,
due to the presence of different molecules absorbed on the layer BeN4,
he differential charge density was computed by subtracting the charge
ensity of the layer from the superimposed charge densities of the two
attices, which were computed separately while maintaining a fixed the
upercell geometry and the atomic positions. This approach enables
he extraction of information regarding the interaction between the
ubstrate and the molecule. Specifically, the charge density difference
CDD) is defined as follows,

𝜌 = 𝜌Layer+Gas − 𝜌Layer − 𝜌Gas. (1)

In addition to the aforementioned techniques, the electron localiza-
tion function (ELF) [30,31] can also be utilized to evaluate electron
localization in real space, and therefore, to provide insights into chem-
ical bonding. ELF is defined as the ratio of the excess of kinetic energy
density due to the Pauli exclusion principle, 𝑡p(r), and the Thomas–
Fermi kinetic energy density 𝑡h(𝜌) = 1

3 (3𝜋)
2∕3𝜌5∕3 of a homogeneous

electron gas with density 𝜌. Thus, the increase in kinetic energy due
to the Pauli principle can be determined by calculating,

𝑡p(𝑟) =
1
2
∑

𝑖
|∇𝜑𝑖|

2 − 1
8
|∇𝜌(r)|2

𝜌(r)
, (2)

in which, the first term corresponds to the kinetic energy that is derived
from the Kohn–Sham orbitals 𝜑𝑖, while the second term represents the
kinetic energy density associated with the same density distribution 𝜌(r)
in the absence of the Pauli exclusion principle.

Therefore, the ELF can be derived at any point 𝑟 as the following
expression,

ELF = {1 + [
𝑡p(𝑟)

𝑡h(𝜌(𝑟))
]2}−1. (3)

The electron localization function (ELF) is commonly presented as
a contour plot that ranges between 0 and 1, with the upper limit
indicating the highest degree of electron localization. Specifically, a
low electron density region is observed near 0, while a homogeneous
electron gas is represented by 0.5. Conversely, the region close to 1
is indicative of the presence of covalent electrons or lone-pair elec-
trons. Moreover, to better understand the interaction between hydrogen
and the BeN4 monolayer, the Bader charge approach is employed to
investigate the charge transfer [32].

2.3. AIMD simulations

To analyze the structural and energetic properties of the BeN4
monolayer at finite temperature, we conducted ab initio molecular
dynamics (AIMD) simulations in the canonical ensemble, employing
constant volume and constant temperature (NVT) conditions [33]. The
simulations were performed on 3 × 3 × 1 supercell containing 45
atoms, and a temperature of 500 K was maintained using the Nosé
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thermostat [34]. A time step of 1 fs was used for the AIMD calculations,
which were carried out for 20000 ps to ensure adequate sampling of the
thermal stability. Additionally, AIMD simulations were conducted at 𝑇
= 300 K to verify the feasibility of hydrogen adsorption and desorption
on the BeN4 monolayer, based on the calculated hydrogen adsorption
energies using DFT.

2.4. Gibbs free energy

Under conditions of standard state with pH = 0, p(H2) = 1 bar, and
U = 0 VSHE], the variation in Gibbs free energy for the adsorption of
hydrogen (𝛥𝐺H∗ ) can be computationally estimated as follows [29,35,
36],

𝛥𝐺H∗ = 𝛥𝐸H∗ − 𝑇𝛥𝑆H∗ + 𝛥𝐸ZPE, (4)

where 𝛥𝐸H∗ represents the adsorption energy that is gained upon the
addition of a single hydrogen atom to the BeN4 monolayer. 𝛥𝑆H∗ and
𝛥𝐸ZPE correspond to the differences in entropy and zero-point energy
(ZPE), respectively, between the adsorption of the hydrogen atom and
hydrogen in the gas phase. Notably, 𝛥𝐸H∗ can be computed using the
following equation,

𝛥𝐸H∗ = 𝐸Layer+nH∗ − 𝐸Layer+(n−1)H∗ − 1
2
𝐸H2

, (5)

n which the variable 𝑛 denotes the number of hydrogen atoms ad-
orbed on the BeN4 monolayer. 𝐸Layer+nH∗ and 𝐸Layer+(n−1)H∗ represent
he total energy of the BeN4 monolayer with 𝑛 and 𝑛−1 hydrogen atoms
dsorbed, respectively. The asterisk (*) identifies the active site, which
orresponds to the most stable adsorption position of hydrogen on the
eN4 monolayer.

Additionally, the impact of vacancy effects of Be and 𝑁 atoms on the
atalyst efficiency was taken into account in this study. The formation
nergy of a vacancy defect is denoted as,

𝐸𝑑𝑒𝑓 = 𝐸Vi
− 𝐸Layer + 𝛥𝜇𝑉𝑖 , (6)

n which 𝐸Vi
is the ground total energy of BeN4 monolayer with a Be (or

N) vacancy defect, while 𝐸Layer is the total energy of the defect-free
eN4 monolayer. 𝛥𝜇𝑉𝑖 denotes the corresponding chemical potentials of
e and 𝑁 elements in the hexagonal close-packed 𝛼 phase with the axial
atio 𝑐∕𝑎 = 1.571 and N2 gas, respectively. The calculated formation
nergies of Be and 𝑁 vacancies are 4.226 eV and 2.606 eV, respectively.

𝑆H∗ is defined as,

𝛥𝑆H∗ = 𝑇𝑆H∗ − 1
2
𝑇𝑆o, (7)

here 𝑇𝑆H∗ is the vibrational entropy of the hydrogen adatom on the
eN4 monolayer, which has been previously established as 0.026 eV
t 300 K. The 𝑆o presents the vibrational entropy of the H2 molecule,
nd the value of 𝑇𝑆o is calculated as 0.41 eV. Consequently, 𝑇𝛥𝑆H∗ is
stimated to be approximately −0.179 eV [37].

𝛥𝐸ZPE is expressed as [38],

𝐸ZPE = 𝐸𝑛H
ZPT − 𝐸(𝑛−1)H

ZPT − 1
2
𝐸H2
ZPT, (8)

here 𝐸𝑛H
ZPT and 𝐸H2

ZPT are the zero-point energy of 𝑛 hydrogen atoms
n the BeN4 monolayer and single H2 molecule in the gas phase. The
ibration frequencies of hydrogen adsorption on the BeN4 monolayer
re determined to be 2724.128 cm−1, 709.431 cm−1 and 673.096 cm−1,
hile the calculated frequency of H2 is 4334.0 cm−1. Therefore, the
q. (4) can be expressed as follows,

𝐺H∗ = 𝛥𝐸H∗ + 0.419 eV. (9)

Based on the Sabatier principle, the ideal HER activity criterion
s the proximity of the reaction Gibbs free energy for H∗ adsorption
𝐺H∗ to zero [21,35,39]. Catalysts with a positive 𝛥𝐺H∗ exhibit sluggish
inetics in the process of hydrogen adsorption, while a negative 𝛥𝐺H∗

implies that the kinetics of H release are relatively low [35,39–41].
3

2

2.5. The exchange current

Previously, the exchange current was analyzed based on N≇rskov’s
assumption, which assumes that the rate-determining step of the hy-
drogen evolution reaction occurs via the Volmer step [35]. When the
reaction Gibbs free energy for hydrogen adsorption (𝛥𝐺H∗ ) is less than
zero, the expression of exchange current (𝑖o) at pH = 0 can be written
as follows,

𝑖o = −𝑒𝑘o
1

1 + exp(− 𝛥𝐺H∗
𝑘B𝑇

)
. (10)

When 𝛥𝐺H∗ < 0, 𝑖o at pH = 0 is evaluated as,

𝑖o = −𝑒𝑘o
1

1 + exp( 𝛥𝐺H∗
𝑘B𝑇

)
, (11)

where 𝑘o and 𝑘B are the rate constant and the Boltzmann constant,
respectively.

3. Results and discussion

3.1. Structural property and stability

The nitrogen-rich Dirac material, beryllonitrene (BeN4) has been
successfully synthesized using high-pressure synthesis techniques [6].
The rhombic primitive cell of the BeN4 monolayer comprises one Be
atom and four 𝑁 atoms with the P2/m (No. 10) space group and
point group of C2 h. Fig. 1(a) displays top and side views of the BeN4
monolayer, along with its corresponding in-plane lattice vectors (𝑎 and
�⃗�), which are topographically flat. The BeN4 monolayer consists of
armchair-shaped polymeric 𝑁 chains (N∞), which are bonded together
by Be atoms from both sides, leading to an anisotropic network ex-
clusively made of BeN4 and Be2N6 [6,8,42]. At the same time, each
𝑁 atom is triply connected to two 𝑁 atoms and one Be atom, while
Be exhibits a slightly distorted square-planar coordination. Specifically,
the optimized lattice parameters are |𝑎|=3.661 Å, |�⃗�|=4.271 Å, and
𝛾=64.628 ◦, with two kinds of N-N bond lengths (𝑙N−N) of 1.343 Å and
1.338 Å, a Be-N bond length (𝑙Be−N) of 1.747 Å. All these parameter
values are consistent very well with previous results [6–8,42,43].

Furthermore, the electron localization function (ELF) results, with
an isovalue of 0.7 are depicted in Fig. 1(b) to study the electrostatic
interaction of Be-N bonds in the BeN4 monolayer. The ELF is a function
that ranges from 0 to 1 at each point of the space. The results are in
agreement with other DFT results [7,8], indicating that electrons are
strongly localized on the 𝑁 chains between neighboring N-N atoms
and each 𝑁 atom, pointing towards the Be atom. The ELF values
between Be and 𝑁 bonds are small, indicating a relatively strong
ionic character. The electron cloud of anionic N∞ is strongly attracted
o the Be metal, resulting in a relatively high covalent character of
e-N bonds. Additionally, Bader charge analysis was performed to
xamine the nature of the interaction between Be and 𝑁 atoms in BeN4

monolayer. Intriguingly, approximately 1.670 electrons are transferred
from the Be atom to the 𝑁 atom.

The electrostatic potentials of the BeN4 monolayer under different
strain-driven conditions along the 𝑍-axis are shown in Fig. 2. Strain-
driven variations to some extent affect the electrostatic potential of
the BeN4 monolayer, leading to a shift in the vacuum level. The
charge redistribution induced by the strain-driven causes the electro-
static potential difference across the BeN4 monolayer to decrease from
23.771 eV under 4% tensile strain to 26.824 eV under −4% compressive
strain. Therefore, the surface state across the BeN4 monolayer is altered
by the strain-driven, which may extend the applications of monolayer
BeN4 in catalytic water.

The electronic properties of the BeN4 monolayer are calculated
using the PBE functional. The resulting band structure, total density
of state (DOS) and projected density of states (PDOS) are shown in

Fig. 1(c), which are found to be in good agreement with those reported
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Fig. 1. (a) Top and side views of the optimized structure of BeN4 monolayer. (b) Isosurfaces of the electron localization function (ELF) of BeN4 monolayer with an isovalue of
0.7. (c) PBE band structure and total density of states (TDOS) as well as the corresponding projected density of states (PDOS). (d) The variation of the total energies of BeN4
monolayer as a function of time under AIMD simulations at 500 K. Inner panel: top and side views of the snapshots are taken from the initial and final configurations of AIMD
simulations at 500 K for BeN4 monolayer, respectively.
Fig. 2. Macroscopic electrostatic potential energies along the direction perpendicular
to BeN4 monolayer under different strains.

in previous studies [6–8,42,43]. The BeN4 monolayer is observed to
be a semimetal with a Dirac cone crossing at an off-symmetry 𝑘-
point (𝛴) located between the high symmetry points of 𝛤 and 𝑋.
It is widely recognized that Dirac cone band dispersion may lead to
ultrahigh carrier mobility [7,44,45]. Mortazavi et al. [7] had previ-
ously predicted that the carrier mobility of the BeN4 monolayer is
6.04 × 105 m∕s (+25 eV/Å) along the 𝜅𝑥 direction and 2.92 × 105

m/s (±12.06 eV/Å) along the 𝜅𝑦 direction. These findings suggest
that the BeN4 monolayer may be advantageous for separating charge
carriers and achieving high performance in water splitting [46].

Analysis of the DOS and PDOS reveals that the band in the energy
range of −2 eV to 3 eV is predominantly composed of the 𝑁 (N-𝑝𝑧)
state with a small contribution from Be (Be-𝑝𝑧) states. The positive slope
band near the Fermi level is mostly contributed by 𝑁 atoms to form a
4

𝜋(N-N) state. In contrast, Be and 𝑁 atoms almost equally contribute to
the negative slope band, which displays hybridized states by 𝜋 ∗(N-N)
and 𝜋(Be-N) states.

Moreover, in order to investigate the thermal stability of the BeN4
monolayer, 𝑎𝑏 𝑖𝑛𝑖𝑡𝑖𝑜 molecular dynamics (AIMD) simulations were
conducted at a temperature of 500 K for a period of 20000 fs. The
outcomes of these simulations are presented in Fig. 1(d), which clearly
indicate that the total energies of the system remained relatively con-
stant around a fixed average value throughout the entire simulations.
Notably, the inner panel of Fig. 1(d) reveals that the monolayer did
not undergo any bond-breaking, but exhibited only slight structural
distortion in the final configuration. Based on these findings, it can be
inferred that the BeN4 monolayer exhibits excellent thermal stability
even at high temperatures.

3.2. HER activity

In order to study the catalytic performance of the BeN4 monolayer,
we have considered twenty-five possible adsorption sites of H∗ on a
3 × 3 × 1 supercell with and without defects. These sites include the
top sites of the Be and 𝑁 atom, the top sites of B and 𝑁 vacancies,
the hexagonal center, and the bridge site between 𝑁 and Be (or N)
atoms, as depicted in Figure S1. The Gibbs free energies (𝛥𝐺H∗ ) of these
sites for HER were calculated and the most favorable positions for HER
are presented in Fig. 3(a). The most favorable position for HER in the
defect-free BeN4 monolayer is the top Be site with a 𝛥𝐺H∗ of 0.535 eV.
The 𝛥𝐺H∗ values obtained for Be vacancy and 𝑁 vacancy are −0.112 eV
and 0.118 eV, respectively. The volcano top has a minimum value,
implying the catalytic performance is optimal for HER. The volcano
curve in Fig. 3(b) indicates intrinsic point defect significantly enhances
the catalytic performance for the HER of the BeN4 monolayer.

To investigate the charge transfer process following hydrogen ad-
sorption on the BeN4 monolayer, the Bader charge approach was
utilized and the finding are presented in Fig. 4. The results demonstrate
that the adsorption process leads to charge transfer between the hy-
drogen atom and the monolayer. Specifically, after adsorption on the
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Fig. 3. (a) Adsorption free energy diagram for hydrogen evolution reaction on pristine and Be as well as 𝑁 defective BeN4 monolayer. (b) HER volcano curve including the
BeN4 monolayer and Be as well as 𝑁 defective systems. The data for a variety of metals [47], MoS2 [13], some boron materials [41,48–50], g -C3N4 [51] and graphene [52] are
presented for comparison.
Fig. 4. Charge density difference (CDD) for the most advantageous position of a hydrogen atom on (a) defect-free BeN4 monolayer, (b) Be vacancy monolayer, and (c) 𝑁 vacancy
monolayer, respectively. The yellow and cyan areas present charge accumulation and depletion, respectively. The red arrows show the orientation and the value of the charge
transfer of hydrogen.
defect-free BeN4 monolayer and N vacancy monolayer, the hydrogen
gains 0.585 𝑒 and 0.684 𝑒, respectively. This suggests that charge
transfer occurs during the H2 release process. In contrast, the hydrogen
atom loses 0.590 𝑒 on the BeN4 monolayer with a Be vacancy defect,
indicating that the charge transfer occurs during the adsorption process.
Notably, both defective and defect-free BeN4 monolayers facilitate the
transfer of a significant number of electrons to H∗, ultimately approach-
ing the chemical saturation charge of hydrogen (H+). In the case of
N vacancy, it is noteworthy that the 𝛥𝐺H∗ value decreases with an
increasing charge transfer to H∗, which is consistent with the charge
transfer phenomenon observed on ℎ-B2O monolayer. It implies that the
intensity of charge transfer plays a crucial role in the catalytic activity
of HER [41]. Overall, the results demonstrate that defect engineering
on BeN4 monolayer is an effective approach for significantly enhancing
the catalytic activity of HER compared to the defect-free monolayer.

Generally, the hydrogen evolution reaction (HER) process involves a
two-electron transfer mechanism, that can follow the Volmer-Heyrovsky
and Volmer–Tafel mechanisms [36,40]. Specifically, the initial step is
5

the adsorption of hydrogen, regardless of the mechanism being fol-
lowed. This process is known as the Volmer reaction, wherein a proton
receives an electron from the catalyst to form adsorbed hydrogen, and
can be described as follows,

Tafel ∶ H+ + 𝑒−+ ∗→ H∗. (12)

In the context of catalysis, the asterisk symbol (∗) is often used to
represent an active site on the surface of the catalyst material.

For the subsequent step, two possible reactions are known to occur,
namely the homolytic Tafel reaction and the heterolytic Heyrovsky
reaction. Under standard conditions of pH = 0 and U = 0, the homolytic
Tafel reaction is expressed as [36,40],

H∗ + H∗ + 𝑒− → H2. (13)

The energy barrier for the reaction was calculated to be 0.351 eV, as
illustrated in Fig. 5(a). Furthermore, the ground state energy of the final
state is lower than that of the initial state, which can accelerate the
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Fig. 5. Energy landscape of (a) homolytic Tafel reaction and (b) heterolytic Heyrovsky reaction on BeN4 monolayer including the reaction configurations of the initial state (IS),
transition state (TS), and final state (FS), respectively.
desorption of H2. It is worth noting that the generated H2 can swiftly
move to the hexagonal centre of the BeN4 monolayer, as depicted in
the right panel of Fig. 5(a), indicating rapid H2 release.

On the other hand, the heterolytic Heyrovsky reaction involves the
generation of H2 through the reaction of adsorbed H∗ with H3O+, as
expressed [36,40],

H∗ + H3O+ + 𝑒− → H2 + H2O. (14)

The calculated reaction energy barrier for the heterolytic Heyrovsky
reaction is found to be 0.875 eV, as shown in Fig. 5(b), upon breaking
away of a proton from the H3O+.

To validate the accuracy of the hydrogen adsorption energies ob-
tained from DFT calculations and to investigate the feasibility of hy-
drogen adsorption and desorption, we performed Ab initio molecu-
lar dynamics (AIMD) simulations at𝑇 = 300 K on the BeN4 mono-
layer. The AIMD simulations clearly demonstrate that hydrogen can
spontaneously adsorb on the BeN4 monolayer at 300 K, consistent
with the DFT results (video clips in supplementary information). The
specific AIMD simulations of hydrogen adsorption and desorption at
300 K, along with a schematic illustration of the BeN4 monolayer are
presented in Fig. 6

3.3. Effects of hydrogen coverage

Moreover, it is imperative to investigate the HER performance with
respect to varying H∗ concentration. In this subsection, we have eval-
uated the Gibbs free energy (𝛥𝐺H∗ ) by incrementally adding hydrogen
atoms onto the defect-free BeN4 surface. Specifically, for each added
H atom, there are 18 equivalent binding sites (i.e., binding with Be
atoms). Thus, we denote the H∗ coverage, 𝜃, as 𝑛/18 (𝑛=1-18), and have
presented the most favorable configurations for different H∗ coverages
in Fig. S2. The calculated Gibbs free energies (𝛥𝐺H∗ ) for a range of ad-
sorption configurations with H∗ coverage from 1/18 to 1 are presented
in Fig. 7 after full relaxation. At H∗ coverages (𝜃) of 1/18, 1/6, 1/3, 1/2,
2/3, and 1, the calculated 𝛥𝐺∗

H are 0.535, 0.647, 0.527, 0.547, 0.288
and 1.216 eV, respectively. These results suggest that the chemical
adsorption of H∗ on the defect-free BeN4 surface is challenging due
to the weak binding of H∗ with the defect-free BeN4 surface. Notably,
Onlyat a coverage of 5/6, 𝛥𝐺H∗ is significantly decreased to 0.075 eV,
leading to the best HER catalytic performance. Furthermore, it is worth
noticing that when an even number of H atoms are adsorbed on the
defect-free BeN4 surface, the entire system can be more stabilized by H∗

binding due to the higher symmetry. Consequently, 𝛥𝐺 at 𝜃 = 1/3,
6

H∗
2/3 is slight lower than at 𝜃 = 1/18, 1/6 and 1/2. Correspondingly,
the HER activity affected by hydrogen coverage can be explained by
the charge transfer based on the Bader charge analysis. As indicated
in Table S1, fewer electrons are transferred to H∗ under 𝜃 > 1/18
compared to 𝜃 = 1/18, which suggests that a higher coverage could lead
to relatively stronger Be-H bonding, and subsequently accelerate the H2
adsorption on the defect-free BeN4 surface. Nevertheless, it is worth
mentioning that all 𝛥𝐺H∗ under different 𝜃 are positive, indicating that
the defect-free BeN4 monolayer exhibits relatively slow kinetics in the
process of hydrogen adsorption [35,39–41].

Furthermore, in order to comprehensively understand the variation
of 𝛥𝐺H∗ with the hydrogen coverage, we conducted an investigation
on the total density of states (TDOS) as well as the projected density of
states (PDOS) for the defect-free BeN4 monolayer with the adsorbed
hydrogen atoms. As depicted in Fig. 8, the TDOS peaks for all the
hydrogen coverage models apparently cross the Fermi level. This result
is primarily dominated by the N-p orbital, as demonstrated in Fig. S3.
It is interesting to notice that the model with higher 𝛥𝐺H∗ exhibits a
relatively stronger intensity, such as 𝜃 = 1/18, 1/6, and 1. On the
contrary, the intensity peak of 𝜃 = 5/6 configuration is the lowest,
and the corresponding 𝛥𝐺H∗ is the smallest with 0.075 eV. Besides, we
notice that the Fermi level shifts from −2.747 eV to −4.677 eV with
an increase in hydrogen coverage, which is consistent well with the
results obtained for ℎ-B2O and B3 monolayers affected by hydrogen
coverage [41,48]. As evidenced by PDOS in Fig. S3, the activity of H-s
mainly locates from −3 eV to −1 eV for 1≤ 𝜃 ≤ 5/6. Additionally, it
can be observed that when the orbital hybridization between Be and H
atoms is stronger in the range of −3 eV to −1 eV, the value of 𝛥𝐺H∗

is also slightly smaller, such as 𝜃 = 2/3 and 5/6, as shown in Fig. 7(a)
and Fig. S3. This phenomenon is due to the transfer of electrons from
the Be atom to these energy levels to hybridize with hydrogen atoms.
The results adequately reveal the interaction between hydrogen and
the BeN4 monolayer. However, it is worth noting that the release of
electrons from the BeN4 monolayer is slow, as illustrated in Fig. 7(a).
This observation is consistent with the interaction of Be and H atoms in
the range of −3 eV to −1 eV, ultimately leading to the slow adsorption
of hydrogen on the BeN4 monolayer.

3.4. Tuning HER activity by strain-driven

Strain engineering has been demonstrated as an efficient approach
to modifying the physical and chemical properties of two-dimensional
(2D) materials, such as altering the redox band level [46,53]. There-
fore, applying external strain may potentially affect the performance
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Fig. 6. Ab initio molecular dynamics simulation of (a) hydrogen adsorption and (b) desorption at 300 K on BeN4 monolayer. AIMD simulations were carried out during 800 fs.
Fig. 7. (a) The free energy diagram of hydrogen evolution and (b) work functions on defect-free BeN4 monolayer at different coverages of adsorbed hydrogens, respectively.
of the hydrogen evolution reaction. In this study, we systematically
investigate the influence of small compressive/tensile strain (−4% to
4%) on the HER performance of the defect-free BeN4 monolayer. The
strain (𝛿) is defined as 𝛿=(𝑙1 − 𝑙)/𝑙, where 𝑙1 and 𝑙 are the lattice
parameters of the 3 × 3 × 1 supercell with and without deformation,
respectively. Specifically, compressive strain is defined as −4% ≤ 𝛿 <0,
and tensile strain is defined as 0< 𝛿 ≤4%. The variation of 𝛥𝐺H∗

with compressive/tensile strain on the BeN4 monolayer is presented
in Fig. 9, where the light yellow background area presents the HER
activity of −0.2 eV ≤ 𝛥𝐺H∗ ≤ 0.2 eV to judge whether a reaction site
is HER active, as any undesirable thermodynamic condition within this
specific set point can be reasonably compensated by a small applied
potential in the electrochemical HER process or/and by a slight increase
7

in thermal energy through heating the electrochemical cell above room
temperature [54,55].

Remarkably, both compressive and tensile strains can effectively
enhance the HER performance for the system with weak H binding
strength. It is observed that 𝛥𝐺H∗ decreases with the increase of com-
pressive and tensile strain, as depicted in Fig. 9. Interestingly, |𝛥𝐺H∗ |

remains smaller than 0.2 eV over a relatively large strain range under
−2% ≤ 𝛿 ≤ 4% at H∗ coverage of 𝜃 = 1/3, 1/2, and 5/6, indicating high
catalytic stability under realistic conditions. However, it is important to
note that 𝛥𝐺H∗ exhibits an unusual tendency at H∗ coverage from 𝜃 =
1/18 to 1 under the compressive strain of 𝛿 = −4%. It is attributed
to the highly anisotropic mechanical response of BeN4 monolayer
compared to other MN4 (M = Mg, Ir, Rh, and Pt) materials, as reported
previously [7]. Under 𝛿 = −4%, the minimum 𝛥𝐺 is −0.594 eV with
H∗
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Fig. 8. Density of states of the defect free BeN4 monolayer with adsorbed hydrogens. The black dashed line denotes the Fermi level position.
Fig. 9. Variation of the free energies of hydrogen adsorption with applied biaxial strain. The criteria as |𝛥𝐺H∗ | ≤ 0.2 eV is set to judge the HER performance, which is highlighted
in a light yellow area.
𝜃 = 2/3, indicating the poor HER activity due to strong hydrogen
adsorption on the BeN4 monolayer. Similarly, the maximum value of
𝛥𝐺H∗ is 1.032 eV under 𝛿 = −4%, indicating that hydrogen adsorption
is blocked. The results indicate that only configurations of 𝜃 = 1/6 and
1/3 under 𝛿 = −4% exhibit proximity to the thermoneutrality criterion
based on 𝛥𝐺 . These findings suggest that the value of 𝛥𝐺 for BeN
8
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monolayer at different H∗ coverages can be manipulated to achieve a
desired value by applying compressive or tensile strain.

To gain deeper insight into the effects of strain on the adsorption
reaction, we calculated the density of state (DOS) of the BeN4 mono-
layer with 𝜃 = 1/2 and 1 adsorbed hydrogens. For low H∗ coverage 𝜃 =
1/2, the Fermi level was observed to shift downwards with increasing
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Fig. 10. Evolution of the work function of the defect free BeN4 monolayer driven by
hydrogen coverage under different strains.

compressive and tensile strain, as depicted in Fig. S4(a). Moreover, the
hybridization between Be and H atoms slightly increased in the range
of 0 eV and −3 eV, and the TDOS peaks crossed the fermi lever with
minor contribution, which could potentially weaken the strength of
N-H bond. On the contrary, for 𝜃 = 1 case in Fig. S4(b), we observed a
clear shift of electrons near the Fermi level towards the energy range
of −4 eV to −2 eV, and larger electrons were also found to cross the
Fermi level, thereby reducing the interaction between Be and H atoms
and leading to higher 𝛥𝐺H∗ , as observed in Fig. 9.

To our knowledge, the work function of a material is highly suscep-
tible to changes in surface morphology and the presence of impurities,
which can greatly influence its HER activity [29]. Hence, in this study,
we investigate the effect of strain on the variation of work function
(𝛥𝛷) for different hydrogen-adsorbed BeN4 configurations. Our results
reveal a notable increase in 𝛥𝛷 with increasing hydrogen coverage,
especially for H∗ coverage from 𝜃 = 1/2 to 2/3, as illustrated in Fig. 10.
This suggests that the release rate of electrons from BeN4 monolayer
becomes more rapid. Notably, we observe that tensile strain induces
a larger 𝛥𝛷 than compressive strain for configurations with 𝜃 ≥ 1/6.
For example, for 𝜃 = 1/2 configuration, 𝛥𝛷 is 4.263 eV under −4%
strain-driven, whereas it sharply increases to 4.916 eV under 4% strain-
driven. This trend is consistent with the Fermi level shift shown in Fig.
S4, where the Fermi level shifts to a lower energy position under tensile
strain compared to compressive strain.

4. Conclusion

Through the use of DFT calculations and AIMD simulations, the
present study undertook a comprehensive investigation of the structural
stability, electronic properties, and catalytic activities (active sites,
adsorption, and reaction free energy diagram) of BeN4 monolayer
for the hydrogen evolution reaction (HER). The results confirm the
thermal stability of BeN4 monolayer. Besides, BeN4 monolayer exhibit
anisotropic Dirac cones in their electronic structure. Active sites on
defective and defect-free configurations were thoroughly explored in
order to evaluate their HER activity. The Gibbs free energy (𝛥𝐺H∗ ) was
subsequently calculated using the active site with the lowest energy.
Furthermore, the effects of hydrogen coverage and strain engineering
on HER activity were studied. The volcano curves revealed that Be
vacancy is the most favorable site for electrochemical reaction. The
calculated 𝛥𝐺H∗ for the defect-free configuration was found to be
0.535 eV, indicating that the process of hydrogen adsorption requires
energy. The reaction kinetics and AIMD simulations conducted at 300 K
9

suggest both homolytic Tafel reaction and heterolytic Heyrovsky reac-
tion for HER mechanism can occur on BeN4 monolayer. As increasing
in H∗ coverage to 𝜃 = 5/6, 𝛥𝐺H∗ is predicted as 0.075 eV, which
has superior HER activity, indicating the HER activity is affected by
hydrogen coverage. Moreover, 𝛥𝐺H∗ could be tuned to almost |𝛥𝐺H∗ | ≤
0.2 eV at coverage 𝜃 = 1/3, 1/2, and 5/6 by both compressive and
tensile strains. However, the hydrogen adsorption is hindered with 𝜃 =
1 under strain-driven. Upon comparing the DOS of 𝜃 = 1/2 and 1, it was
found the high catalytic activity of 𝜃 = 1/2 configuration under strain
engineering is attributed to the strong orbital hybridization between
Be and H atoms in the range of 0 to −3 eV. However, with an increase
in hydrogen coverage to 𝜃 = 1 under strain-driven, the corresponding
orbital hybridization shifts to the lower energy area of −2 to −4 eV,
leading to weaker interaction between Be and H atoms. This founding
can offer valuable insights into the rational design of high-performance,
non-precious, and nitrogen-rich 2D catalysts for HER.
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Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.nanoen.2023.108557. Supporting Infor-
mation Figure S1 The possible adsorption sites for a hydrogen atom
on (a) pristine BeN4 monolayer, (b) Be-defective monolayer, and (c) N-
defective monolayer. Figure S2 The table sites of hydrogen adsorbed
on the defect-free BeN4 monolayer with 3 × 3 × 1 supercell. Figure S3
Projected density of states (PDOS) of the defect-free BeN4 monolayer
with adsorbed hydrogens. The black dashed line denotes the Fermi
level position. Figure S4 The density of state of the defect-free BeN4
monolayer with (a) 𝜃 = 1/2 adsorbed hydrogens and (b) 𝜃 = 1 adsorbed
hydrogens under strain driven. The black dashed line denotes the
Fermi level position. Supplementary movie 1 Adsorption process.
Supplementary movie 2 Desorption process.
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