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Screening and activation of two-dimensional 𝑀𝐴2𝑍4 for hydrogen
evolution reaction: A first-principles study
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Developing efficient and low-cost catalysts for the hydrogen evolution reaction (HER) is crucial for sustainable hydro-
gen production. This study focuses on the novel two-dimensional MA2Z4 material family (M = transition metal, A = Si/Ge,
Z = N/P/As). We systematically screened structurally stable MA2Z4 materials for HER activity and developed activa-
tion strategies for inert variants. Six compounds (ZrSi2N4, ZrGe2N4, NbSi2N4, TaGe2N4, NbGe2N4, HfGe2N4) exhibit
outstanding HER performance, characterized by near-zero hydrogen adsorption free energy and high exchange current
densities. Furthermore, doping inert WGe2N4 with specific elements (e.g., Ru, Re, Hf, Cu) effectively activates its HER
performance. This enhancement stems from strengthened N–H bonding due to N2pz

and H1s orbital hybridization in doped
configurations. The work provides strategies for designing high-performance two-dimensional (2D) MA2Z4 HER catalysts.
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1. Introduction
Hydrogen energy has garnered significant attention due

to its environmentally friendly nature, renewability, and high
energy density.[1–3] Electrochemical water splitting is an effi-
cient and sustainable technology for hydrogen generation, and
its key reaction is the hydrogen evolution reaction (HER).[4,5]

HER involves hydrogen chemisorption and the combination
of proton-electron pairs. Catalysts are employed to reduce
the HER energy barrier and promote HER activity, such as
Pt and Pt-based catalysts.[6–8] However, the low abundance
and high cost of such noble metals hinder their widespread
application. Thus, exploring low-cost and highly effective
catalysts is vital for HER. Two-dimensional (2D) materi-
als have attracted great attention due to their diverse chem-
ical properties and abundant active sites, such as transi-
tion metal dichalcogenides (TMDs),[9–11] transition metal car-
bides/nitrides (MXenes),[12–14] and g-C3N4.[15] Despite sig-
nificant efforts, few suitable 2D candidates satisfy all criteria
for practical applications. Therefore, it is of great importance
to explore suitable 2D HER catalysts.

Recently, a family of 2D MA2Z4 materials was discov-
ered in 2020,[16] where M represents a transition metal such
as Mo, V, W, etc., A is Si or Ge, and Z stands for N, P, or
As.[16,17] MA2Z4 crystal structures crystallize in the hexago-
nal system and consist of septuple Z–A–Z–M–Z–A–Z atomic
layers. MoSi2N4 and WSi2N4 have been successfully synthe-
sized using chemical vapor deposition.[16] These two materi-
als have drawn great attention due to their excellent stability

and high carrier mobility, exhibiting properties such as piezo-
electricity in MoSi2N4 and promising electrocatalysis in both
MoSi2N4 and WSi2N4.[18–22] Moreover, first-principles calcu-
lations have predicted properties and potential applications for
a series of MA2Z4 materials.[23–27] For example, Liu and co-
workers found that TiGe2P4 might be a potential HER catalyst
due to its near-zero Gibbs free energy for hydrogen adsorption
(∆G∗H).[28] However, the structural stabilities of these sys-
tems have not been fully explored. Moreover, few activation
strategies have been proposed for HER-inert MA2N4 materi-
als. Consequently, it is imperative to conduct an HER activity
screening among structurally stable MA2N4 materials and de-
velop modification approaches for catalytically inert variants.

In this work, a systematic study was conducted to screen
HER catalysts among structurally stable MA2N4 materials and
develop strategies to trigger HER activity in catalytically in-
ert materials. Six materials (ZrSi2N4, ZrGe2N4, NbSi2N4,
TaGe2N4, NbGe2N4, and HfGe2N4) stand out for their near-
zero ∆G∗H values and excellent exchange current densities.
Taking WGe2N4 as a representative material with inert HER
activity, its HER performance can be effectively activated
through doping with Ru, Re, Hf, Cu, Zn, Os, Cd, Fe, and Sc,
resulting in superior HER performance. Compared with the
pristine WGe2N4, the enhanced N–H bonding, resulting from
hybridization between N 2pz and H 1s orbitals in the doped
configurations, contributes to their outstanding HER activity.
These findings offer a pathway for the rational design of HER
catalysts and promote the potential applications of 2D MA2N4
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materials.

2. Computational method
Density functional theory (DFT) calculations were per-

formed with the Vienna ab initio simulation package
(VASP).[29] The pseudopotentials of atomic cores were com-
puted using the projector-augmented wave (PAW) method,
and the exchange–correlation functional was calculated us-
ing the Perdew–Burke–Ernzerhof (PBE) functional.[30] All
MA2Z4 (M represents a transition metal, A stands for Si or
Ge, and Z is N, P, or As) models were built with 15-Å vac-
uum thickness to avoid interactions between layers. The
DFT + D3 method was applied to compute the energy cor-
rection term for van der Waals dispersion.[31] Spin-orbit cou-
pling (SOC) was taken into consideration during all structural
relaxation and electronic calculations. Transition metal dop-
ing was performed through the element substitution method,
and all doped systems were rigorously optimized. The cutoff
energy of the plane wave was set to 450 eV, and the thresh-
old values for energy and force convergence were 10−5 eV
and 0.01 eV/Å, respectively. The Brillouin zones were sam-
pled with 21×21×1 and 3×3×1 K-point meshes using the
Monkhorst–Pack scheme for unit cells and 3× 3 supercells,
respectively. The J. K. Nørskov model was employed to com-
pute the HER.[32] The Gibbs free energy of the species was
calculated by considering entropy and zero-point energy cor-
rections at 298 K. The Gibbs free energy of the H intermediate
was computed as half that of hydrogen (H2). The Gibbs free
energy of H adsorption was calculated with the following ex-
pression:

∆G∗H = ∆E∗H +∆EZPE−T ∆S∗H,

where ∆E∗H, ∆EZPE, T , and ∆S∗H represent the free energy of
H adsorption, zero-point energy, temperature, and entropy cor-
rection, respectively. The hydrogen evolution exchange cur-
rent density (i) was computed to evaluate the rate of hydrogen
evolution on the catalyst surface, using the following equation:

i =− ek0

1+ exp
(
|∆G∗H|

kBT

) ,
where e, k0, and kB stand for the elementary charge, rate con-
stant, and Boltzmann constant, respectively, and k0 was set
as 200 s−1 site−1.[32] The chemical bonding mechanism of
the H–N bond was analyzed with projection density of states
(PDOS) and crystal orbital Hamilton population (COHP)
methods.[33] The crystal structures were visualized with the
electronic and structural analysis (VESTA) software.[34] For-
mation energies were computed based on the energy difference
between MA2Z4 and competing structures. Density functional
perturbation theory (DFPT)[35] was used to calculate phonon

dispersion spectra with 4× 4× 1 supercells and 3× 3× 1 q
grids. The ab initio molecular dynamics (AIMD) simulation
at 300 K, lasting 5000 fs with a time step of 1 fs, was con-
ducted to verify the dynamic stability.

3. Results and discussion
3.1. Crystal structures of 2D MA2Z4

Since MA2Z4 monolayers with a septuple-atomic-layer
structure can be constructed by intercalating a MZ2 layer into
an A2Z2 monolayer, the types of phases for MZ2 and A2Z2 de-
termine the crystal structures of MA2Z4 monolayers. Based
on the hexagonal MZ2 and two phases (α and β ) of A2Z2,
the structures of MA2Z4 can be classified into four phases:
α , β , γ , and δ . A total of 48 compounds were identified
with both thermodynamic and dynamic stability from first-
principles calculations.[16] There are 13, 15, and 20 com-
pounds belonging to the α1, α2, and β2 phases, respectively.
Structural stability is an essential prerequisite for materials re-
search and serves as the physical and chemical foundation of
materials. Therefore, these 48 structurally stable compounds
were considered in this work.

Figure 1(a) shows three representative crystal structures
of MA2Z4 (α1, α2, and β2 phases) within the hexagonal
crystal system. The hexagonal system and sequence of
atomic layers remain the same; however, there are some dif-
ferences in the atomic positions. According to the crys-
tal symmetry of the hexagonal lattice, three potential sites
for hydrogen adsorption were considered: Site I above an
A (Si or Ge) atom, Site II above the middle M atom, and
Site III above a surface Z (N, P, or As) atom (Fig. 1(b)).
For these 48 MA2Z4 compounds, they were numbered 1–
48 as VSi2N4, NbSi2N4, TaSi2N4, NbGe2N4, TaGe2N4,
VSi2P4, NbSi2P4, TaSi2P4, CrSi2N4, MoSi2N4, WSi2N4,
MoGe2N4, WGe2N4, VGe2P4, NbGe2P4, TaGe2P4, VSi2As4,
NbSi2As4, TaSi2As4, VGe2As4, NbGe2As4, TaGe2As4,
CrSi2P4, MoSi2P4, WSi2P4, CrGe2P4, MoGe2P4, WGe2P4,
ZrSi2N4, HfSi2N4, ZrGe2N4, HfGe2N4, TiSi2P4, ZrSi2P4,
HfSi2P4, TiGe2P4, ZrGe2P4, HfGe2P4, TiSi2As4, ZrSi2As4,
HfSi2As4, TiGe2As4, ZrGe2As4, HfGe2As4, MoSi2As4,
WSi2As4, MoGe2As4, and WGe2As4, respectively. First-
principles calculations show that Site III has the lowest ∆G∗H
among the three adsorption sites in the α1 and β2 phases,
while either Site II or Site III has the most favorable hydro-
gen adsorption energy (Fig. 1(c)). These results indicate that
hydrogen preferentially adsorbs on the surface Z atom rather
than above the Si or Ge atom, which could be attributed to
the stronger affinity between H and Z atoms than between H
and Si or Ge atoms. The lowest-energy configuration for each
compound was adopted for the subsequent studies.
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Fig. 1. (a) Crystal structures of α1-MA2Z4, α2-MA2Z4, and β2-MA2Z4. (b) Three potential H adsorption sites. (c) ∆G∗H for 48 MA2Z4
compounds. (d) Free energy diagram for HER. (e) Volcano curve of exchange current density versus ∆G∗H for 48 MA2Z4 materials. The
embedded figures display the top-performing and lowest-performing current density samples, respectively.

3.2. HER performance

Then, ∆G∗H and volcano curve calculations were con-
ducted to provide an intuitive depiction of the HER activity
of the catalysts. The HER process consists of two steps: the
first step involves hydrogen adsorption onto the catalyst sur-
face, followed by the second step of hydrogen gas evolution.
The ∆G∗H value was computed according to the chemisorp-
tion energy of hydrogen. The ∆G∗H values for electrocatalysts
below zero represent too strong chemisorption, while values
well above zero represent too weak chemisorption of hydro-
gen. Figure 1(d) shows the variation in ∆G∗H across different
MA2Z4 compounds. By comparison, only ZrSi2N4, NbGe2N4,
MoGe2As4, and WGe2As4, four MA2Z4 compounds, have

negative ∆G∗H values of −0.07 eV, −0.13 eV, −0.56 eV, and
−0.89 eV, respectively. Others have positive ∆G∗H values, in-
dicating relatively weaker hydrogen chemisorption energies.
Based on the Sabatier principle, ∆G∗H should be close to zero
to achieve favorable HER kinetics.[36] Among these 48 com-
pounds, ZrSi2N4, ZrGe2N4, NbSi2N4, TaGe2N4, NbGe2N4,
and HfGe2N4 exhibit the ∆G∗H values closest to zero, with
values of −0.07 eV, 0.08 eV, 0.08 eV, 0.10 eV, −0.13 eV, and
0.13 eV, respectively. These values are superior even to those
of representative HER catalysts, such as Pt,[37] MoS2,[38]

and C3N4.[39] These ∆G∗H values for NbSi2N4 (0.08 eV),
NbGe2N4 (−0.13 eV), and TaGe2N4 (0.10 eV) are consis-
tent with the literature values of NbSi2N4 (0.11 eV), NbGe2N4

(−0.09 eV), and TaGe2N4 (0.07 eV).[28] A ∆G∗H value close
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to zero promotes a thermodynamic equilibrium between hy-
drogen adsorption and desorption, facilitating a low overpo-
tential and a smooth HER reaction. These results indicate that
these six materials might have better electrocatalytic HER ac-
tivity than Pt and MoS2, suggesting their potential as candi-
dates for HER.

Following the thermodynamic analysis, we conducted ki-
netic investigations. The current intensity is defined as the
electric charge passing through any cross-section per unit time.
Thus, the current (i) can be computed as the following equa-
tion:

i =−er,

where r is the net rate of HER. The adsorption of one H+ ion
requires the concomitant transfer of one electron, with hydro-
gen adsorbing onto active sites. Therefore, the quantity of ad-
sorbed electrons can be determined by calculating the active
site density. It means that the net rate r can be computed as

r = k · (1−θ) · c,

where k, θ , and c represent the rate constant, hydrogen cov-
erage, and proton concentration on the catalyst, respectively.
Based on statistical mechanics principles, hydrogen adsorp-
tion and desorption maintain quasi-stable equilibrium. There-
fore, we can derive quantitative relationships through statisti-
cal thermodynamic calculations

θ =
K

1+K
,

where K = exp(−∆G∗H/(kBT )), kB is the Boltzmann constant,
and T is the temperature. Thus, by quantifying ∆G∗H, the ex-
change current density of the HER can be calculated as

i =−ek0
1

1+ exp
(
|∆G∗H|

kBT

) ,
where k0 is the rate constant.[32]

As depicted in Fig. 1(e), there are two branches of the
volcano curve as a function of ∆G∗H. For the left branch, the
HER rate increases toward the maximum and then decreases
with increasing ∆G∗H toward zero, which can be attributed
to the difficulty in the recombination of hydrogen (the sec-
ond step of HER) and the reduced hydrogen release caused
by excessively strong chemisorption of hydrogen. For the
right branch, the HER rate decreases with increasing ∆G∗H
due to excessively weak hydrogen chemisorption (the first
step of HER). First-principles calculations show that ZrSi2N4,
ZrGe2N4, NbSi2N4, TaGe2N4, NbGe2N4, and HfGe2N4, six
MA2Z4 compounds, have excellent exchange current densities
due to their high HER rates and exchange current densities.
In contrast, WGe2N4, CrSi2N4, and MoGe2N4 demonstrate

poor exchange current densities due to their weak hydrogen
chemisorption and large positive ∆G∗H values. Overall, most
MA2Z4 compounds exhibit relatively low HER current densi-
ties, primarily constrained by either the first (the right branch)
or second (the left branch) reaction step of the HER process.
Consequently, enhancing the HER performance of 2D MA2Z4

compounds is imperative to advance their practical deploy-
ment in hydrogen evolution applications.

3.3. Structural stability

The stability of a material is a prerequisite for its syn-
thesis and catalytic application. Therefore, the stability of
ZrSi2N4, ZrGe2N4, HfGe2N4, NbSi2N4, NbGe2N4, TaGe2N4,
and WGe2N4 is investigated by first-principles calculations.
Formation energies were computed according to the energy
difference between MA2N4 materials and competing struc-
tures. As shown in Table S1, NbSi2N4, TaGe2N4, and
HfGe2N4, three MA2N4 materials, exhibit negative formation
energies of −0.756 eV, −0.030 eV, and −0.045 eV per atom,
respectively, indicating their thermodynamic stability. Al-
though ZrSi2N4, ZrGe2N4, NbSi2N4, and WGe2N4 show pos-
itive formation energy values, their small values (< 0.24 eV)
imply that these materials can still be successfully synthesized
under proper conditions. Then, phonon dispersion spectra cal-
culations were conducted to confirm their dynamic stability.
The absence of imaginary frequency modes for these seven
MA2N4 materials confirms their dynamic stability (Figs. 2 and
S1).

3.4. Electronic structure

The electronic structure, referring to the distribution and
energy states of electrons within a material, determines its
conductivity and physicochemical properties. Therefore, elec-
tronic band structures and density of states calculations were
performed to evaluate the electronic properties of these 2D
materials. The calculations reveal that ZrSi2N4, ZrGe2N4,
HfGe2N4, and WGe2N4 exhibit semiconducting properties
with an indirect bandgap of 1.03 eV, a direct bandgap of
1.20 eV, a direct bandgap of 1.17 eV (Fig. 3), and an indi-
rect bandgap of 1.13 eV (Fig. S2), respectively. However,
NbSi2N4, NbGe2N4, and TaGe2N4 display half-metallic char-
acteristics (Fig. 3). These results are consistent with previous
work.[17] Notably, the bandgaps of β -ZrSi2N4 and β -ZrGe2N4

are 1.03 eV and 1.20 eV, respectively, showing an increasing
trend from Si- to Ge-based systems. In contrast, α-WSi2N4

and α-WGe2N4 exhibit an opposite trend in bandgap evolu-
tion compared to the Zr-based materials. This can be attributed
to the different crystal phases. The half-metallic character or
narrow-bandgap semiconductor properties suggest that these
materials possess excellent electronic conductivity, which fa-
cilitates rapid kinetics in electrocatalytic reactions.
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Fig. 2. Calculated phonon dispersion curves of (a) ZrSi2N4, (b) ZrGe2N4, (c) HfGe2N4, (d) NbSi2N4, (e) NbGe2N4, and (f) TaGe2N4.
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Fig. 3. Electronic band structures and density of states of (a) ZrSi2N4, (b) ZrGe2N4, (c) HfGe2N4, (d) NbSi2N4, (e) NbGe2N4, and (f) TaGe2N4,
respectively.

3.5. Activating HER performance of inert MA2N4

To activate HER catalytic activity, a doping strategy
was adopted by introducing transition metal (TM) dopants.
WGe2N4 was selected as the representative MA2N4 material
due to its inert HER activity. In WGe2N4, there are four dis-
tinct atomic sites, each with a different coordination environ-
ment. The variation in atomic sites can influence the electronic
structure and physicochemical properties. To gain a more
comprehensive understanding of how doping affects the HER
performance of MA2Z4 materials, we conducted doping at all
four atomic sites. As shown in Fig. 4(a), a total of 28 transi-
tion metals (3d, 4d, and 5d) were doped into four sites: Site I
(a W atom position), Site II (a Ge atom position), Site III (a

middle-layer N atom position), and Site IV (a surface-layer N
atom position). The corresponding configurations are named
WGe2N4-I@TM, WGe2N4-II@TM, WGe2N4-III@TM, and
WGe2N4-IV@TM, respectively. The structures of H adsorbed
on TM-doped WGe2N4 are shown in Fig. S3. Figure 4(b)
shows that ∆G∗H values for all WGe2N4-I@TM configura-
tions are positive, and their corresponding exchange currents
lie in the right portion of the volcano curve (Fig. 4(c)). The
most favorable configuration among them is WGe2N4-I@Sc
with a ∆G∗H value of 0.11 eV. For WGe2N4-II@TM, the dis-
tribution of ∆G∗H values is relatively balanced between posi-
tive and negative values (Fig. 4(d)). This might be attributed
to the fact that shallow doping at Site II exerts a greater influ-
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ence on the surface N atoms than deep doping at Site I, thus
exerting a stronger modulating effect on HER activity. The
∆G∗H value closest to zero for this site is 0.18 eV for WGe2N4-
II@Tc, slightly larger than that for WGe2N4-I@Sc (0.11 eV).

Most ∆G∗H values for WGe2N4-II@TM are obviously devi-
ated from zero. A ∆G∗H value deviating significantly from
zero results in a lower exchange current, which is detrimental
to HER catalytic activity (Fig. 4(e)).
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Fig. 4. (a) Schematic structure of WGe2N4 with four doping sites. (b) Free energy diagram for HER on WGe2N4-I@TM. (c) Calculated
volcano curve for WGe2N4-I@TM. (d) Free energy diagram for HER on WGe2N4-II@TM. (e) Calculated volcano curve for WGe2N4-II@TM.
(f) Free energy diagram for HER on WGe2N4-III@TM. (g) Calculated volcano curve for WGe2N4-III@TM. (h) Free energy diagram for HER
on WGe2N4-IV@TM. (i) Calculated volcano curve for WGe2N4-IV@TM.

For WGe2N4-III@TM and WGe2N4-IV@TM, the tran-
sition metal atom substitutes for the N atom. Figure 4(f)
shows that most ∆G∗H values are positive, with a small pro-
portion being negative. Among all WGe2N4-III@TM config-
urations, WGe2N4-III@Zn possesses a ∆G∗H value closest to
zero of −0.04 eV, superior to those of both WGe2N4-I@TM
and WGe2N4-II@TM configurations. Notably, this value is
even better than those of commercial catalysts, such as Pt and
Ir.[40,41] Figure 4(g) shows that the exchange current density
of WGe2N4-III@Zn is close to the peak of the volcano curve,
ensuring its performance advantage for HER. As depicted in
Fig. 4(h), ∆G∗H values for WGe2N4-IV@TM exhibit a simi-
lar distribution to those of WGe2N4-III@TM. Notably, ∆G∗H
values for some WGe2N4-IV@TM configurations, such as
WGe2N4-IV@Ru (0.01 eV) and WGe2N4-IV@Re (0.02 eV),

are generally closer to zero than those for WGe2N4-III@TM
configurations. As a result, exchange current densities for
more WGe2N4-IV@TM configurations are closer to the vol-
cano peak, suggesting their excellent HER activity (Fig. 4(i)).
This effect might be attributed to doping at the surface N site
influencing HER activity by modifying the electronic prop-
erties of subsurface Ge atoms and thus neighboring surface
N atoms. In short, TM doping can effectively activate the
HER catalytic activity of WGe2N4, and the top ten perform-
ing systems based on ∆G∗H are WGe2N4-IV@Ru (∆G∗H =

0.01 eV) > WGe2N4-IV@Re (0.02 eV) > WGe2N4-IV@Hf
(0.03 eV) > WGe2N4-IV@Cu (−0.03 eV) > WGe2N4-
III@Zn (−0.04 eV) > WGe2N4-IV@Os (−0.05 eV) >

WGe2N4-IV@Cd (0.09 eV) > WGe2N4-IV@Fe (0.10 eV) >
WGe2N4-IV@Zn (−0.10 eV) > WGe2N4-I@Sc (0.11 eV). It
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should be noted that different dopants can induce local elec-
tronic structure variations, which may in principle influence
the preferred adsorption site and the resulting HER perfor-
mance. A detailed, site-specific investigation of the dopants
is necessary for future research.

3.6. Chemical bonding mechanism

On the surface of MA2Z4 materials, nitrogen undergoes
chemisorption with hydrogen. According to molecular orbital
theory, this primarily involves hybridization between nitro-
gen’s orbitals and hydrogen’s molecular orbitals (Fig. 5(a)).
The characteristics and degree of orbital hybridization can elu-
cidate the specific mechanism of this chemisorption reaction.
Hence, projection density of states (PDOS) and crystal orbital
Hamilton population (COHP) calculations were conducted to
further reveal the chemical bonding mechanism between the
surface N and H atoms for the top ten configurations. For
WGe2N4-IV@Ru, the formation of the N–H bond is primar-
ily due to hybridization between the N2pz and H1s orbitals, as
evidenced by their large PDOS overlaps, while the N2s or-

bital contributes little (Fig. 5(b)). Similarly, the N–H bond
in the other nine configurations originates from hybridization
between the N2pz orbital and H1s orbital (Fig. S4). However,
little overlap between the N2pz and H1s orbitals is observed
for pristine WGe2N4, implying extremely weak hybridization
(Fig. 5(c)). Moreover, integrated COHP (ICOHP) calculations
were performed to quantify the strength of the N–H bond. Fig-
ure 5(d) shows that the –ICOHP values for these ten systems
range from 3.61 to 3.77, significantly larger than that for pris-
tine WGe2N4 (0.03), in accordance with the PDOS results.
Additionally, COHP calculations show that pristine WGe2N4

exhibits negligible bonding states compared with these ten
systems (Fig. 5(e)). The extremely weak N–H bond in pris-
tine WGe2N4 leads to difficult hydrogen atom chemisorption
and a large HER energy barrier. In contrast, these ten systems
exhibit a remarkable improvement in hydrogen chemisorption,
which facilitates HER and results in superior exchange current
densities. These results are consistent with the PDOS, ICOHP,
∆G∗H, and exchange current density data.
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of states of WGe2N4-IV@Ru. (e) Bandgaps for these ten configurations.

098801-7

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae2bf1


Chin. Phys. B 35, 098801 (2026)

3.7. Improving electronic conductivity

Then, the electronic structures of the top ten systems
were analysed using first-principles calculations. As shown
in Fig. 5(f), WGe2N4 exhibits a semiconducting charac-
teristic with a bandgap of 1.13 eV. In contrast, WGe2N4-
IV@Ru (Fig. 5(g)), WGe2N4-IV@Re, WGe2N4-IV@Hf,
WGe2N4-IV@Cu, and WGe2N4-III@Zn exhibit metallic be-
havior, as evidenced by bands crossing the Fermi level
(Fig. S5), demonstrating superior electronic conductivity.
However, WGe2N4-IV@Os, WGe2N4-IV@Cd, WGe2N4-
IV@Fe, WGe2N4-IV@Zn, and WGe2N4-I@Sc are semicon-
ductors with bandgaps of 1.28 eV, 0.10 eV, 0.88 eV, 0.11 eV,
and 0.68 eV, respectively (Figs. S5 and 5(h)). Compared
with pristine WGe2N4, the bandgaps of nine systems (except
WGe2N4-IV@Os) are reduced, suggesting better electronic
conductivity. In contrast, the bandgap of WGe2N4-IV@Os
increases, which might be attributed to enhanced band hy-
bridization between the W and N atoms induced by the Os
dopant.

3.8. Stability of dopants

To verify the dynamic stability of dopants, we performed
AIMD simulations for three representative dopants (WGe2N4-
I@Sc, WGe2N4-III@Zn, and WGe2N4-IV@Ru) with differ-
ent doping sites, namely the W site, inner N site, and sur-
face N site. The total mean squared displacements (MSDs)
from AIMD at 300 K for 5000 fs show that the MSDs for W,
Ge, N, and Sc atoms approach zero, indicating the dynamic
stability of WGe2N4-I@Sc (Fig. 6(a)). However, WGe2N4-
III@Zn shows obvious MSDs for Ge and Zn atoms, imply-
ing dynamic instability (Fig. 6(b)). For WGe2N4-IV@Ru,
the MSD of the Ru atom exhibits a small displacement and
then stabilizes, while no significant MSD is observed for other
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Fig. 6. The total MSDs for (a) WGe2N4-I@Sc, (b) WGe2N4-III@Zn, and
(c) WGe2N4-IV@Ru from AIMD simulations at 300 K for the last 5000
steps with 1 fs per step. The initial and final states for (d) WGe2N4-I@Sc,
(e) WGe2N4-III@Zn, and (f) WGe2N4-IV@Ru before and after AIMD
simulations. The left is the initial state, and the right is the final state.

atoms, suggesting its dynamic stability (Fig. 6(c)). The ini-
tial and final structures for WGe2N4-I@Sc, WGe2N4-III@Zn,
and WGe2N4-IV@Ru are shown in Figs. 6(d), 6(e), and 6(f),
respectively. For WGe2N4-III@Zn, a Ge atom diffuses from
the subsurface to the surface, while the Zn atom migrates from
the inner N site to the Ge vacancy site, resulting in the large
MSD. The other two material atoms show no significant dis-
placement. This observation is consistent with the MSD re-
sults. Based on the above results, doping transition metals at
Site I is the most stable, followed by doping at Site IV, while
doping at Site III is unstable. This finding provides valuable
reference and guidance for studying transition metal doping in
MA2N4 materials for material modification.

4. Conclusion
In summary, this work presents a systematic screening of

potential HER catalysts from among 2D MA2Z4 materials and
proposes activation strategies for inert systems. Six promis-
ing systems were screened from 48 candidates based on their
excellent HER activity, as indicated by ∆G∗H and exchange
current density. Doping strategies can effectively activate the
HER activity of the inert material WGe2N4, and ten systems
were identified with ∆G∗H values close to zero. In particular,
the ∆G∗H value for WGe2N4-IV@Ru is only 0.01 eV. Addi-
tionally, the N–H bonding mechanism has been elucidated to
deepen the understanding of HER on these materials. These
results significantly advance the study of 2D MA2N4 materials
as HER catalysts and promote their potential applications. A
deeper mechanistic understanding of how atomic composition,
crystal structure, and electronic structure collectively govern
catalytic performance remains a vital goal for subsequent re-
search. Unravelling these complex interactions is key to trans-
lating fundamental knowledge into practical design rules for
the screening and engineering of high-performance MA2Z4

catalysts.
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