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A B S T R A C T

For the emerging MA2Z4 materials, most researches focus on their perfect trigonal-prismatic (H-phase) and
octahedral (T-phase) geometries, while the distorted octahedral (T′-phase) one is rarely studied. In this work,
we perform a first-principles study on the T′-phase MA2N4 (M=Mo/W, A=Si/Ge) nanosheets to investigate their
structural, mechanical, electronic and catalytic properties. As a metastable phase, the T′-MA2N4 nanosheets still
possess sufficient stability from the energetic, dynamical, thermal and mechanical points of view. Unlike the
semiconducting H-phase counterparts, the T′-MA2N4 nanosheets display a semimetallic or metallic behaviour
depending on the lattice constants. Interestingly, these T′-MA2N4 nanosheets exhibit highly efficient catalytic
performance for hydrogen evolution reaction (HER). The Gibbs free energy of hydrogen adsorption on the T′-
MoGe2N4 nanosheet is close to zero, which is even superior to the well-known Pt catalyst. Furthermore, all the
surface N atoms behave as active sites, giving rise to excellent basal HER activity. For these MA2N4 systems, the
T′-phase will become more favourable than the H-phase via a combined effect of electron injection and tensile
strain. Our study demonstrates that the T′-phase MA2N4 nanosheets possess peculiar electronic properties and
promising HER activity, opening up potential applications in nano-devices and renewable energy.
1. Introduction

Since the discovery of MoSi2N4 nanosheets [1], layered MA2Z4
(M=transition-metal, A=Si/Ge, and Z=N/P/As) materials have
attracted sufficient attention as a rising star in the field of physics,
chemistry and material sciences [2–7]. Since there are no parent
bulk structures for these MA2Z4 systems in nature, they are artifi-
cially fabricated by the chemical vapour deposition and reactive radio
frequency magnetron sputtering methods in the experiments [1,8].
For the MoSi2N4 one, it is composed of septuple N-Si-N-Mo-N-Si-N
atomic layers and can be regarded as a MoS2-like MoN2 nanosheet
sandwiched between two buckled SiN surface layers [2,3]. The MoS2-
like semiconducting behaviour is also present in this MoSi2N4 system,
which possesses a moderate gap size, high carrier mobilities and
valley-dependent optical properties [9–11]. The band edges of MoSi2N4
nanosheet are originated from Mo 𝑑 orbitals, which are localized in
the central MoN2 part [11,12]. Hence, these states will be protected by
the SiN surface layers and become robust to external interference from
foreign atoms and molecules [12,13]. Accompanied with the good air
stability, the MoSi2N4 nanosheet is expected to be a promising channel
material for sub-5-nm MOSFETs [14,15].

∗ Corresponding authors.
E-mail addresses: dingyi2001@tsinghua.org.cn (Y. Ding), wangyanli-04@tsinghua.org.cn (Y. Wang).

Besides the peculiar electronic properties, the MoSi2N4 nanosheet
also exhibit the exciting application potential in clean and renewable
energy industries. It is found that surface 𝑁 vacancies can trigger the
HER activity of MoSi2N4 nanosheet and the defective system exhibits a
comparable HER performance to the Pt surface [16,17]. Non-precious
transition metal atoms can be steadily anchored on the defect sites,
forming efficient single-atom catalysts (SACs) not only for the HER [18,
19], but also for the O2 [20], NO [21,22], CO2 [23] and N2 [24]
reduction reactions. It would be noted that the basal plane of MoSi2N4
nanosheet is inert to HER [16,17]. Thus, the number of activate sites
is limited by the concentration of defects, which is normally small
and hinders the practical catalytic applications. Utilizing the high-
throughput calculations and symbolic transformer technology, it has
been identified that pristine group-V𝐵 MSi2N4 (M=V, Nb, Ta) systems
possess basal catalytic activity for HER [25–27]. A detailed comparison
between MoSi2N4 and NbSi2N4 nanosheets show that the metallic be-
haviour in the MA2Z4 system will improve the HER performance [27].
This strategy is validated in the strained MoSi2N4 system, where a large
tensile strain can close its band gap and boost the HER activity [19].
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It is worth mentioning that the investigated MoSi2N4 system is
tructurally analogous to the H-phase MoS2 [6]. In addition to the H-
hase, there also exists a metastable T′-phase in the MoS2 system [28].

Such T′-MoS2 nanosheet has a distorted octahedral coordination, which
is formed by the dimerization of Mo atoms along the zigzag direc-
tion [29,30]. In the experiment, a large-scale preparation of T′-MoS2
anosheet has been reported [31]. Different from the H-phase, the T′-
oS2 nanosheet exhibits an intriguing quantum spin Hall state [32].
esides that, it also displays a good HER performance at the S atoms
hat connect the Mo dimers, where the hydrogen adsorption Gibbs
ree energy is less than 0.2 eV [33–36]. Such good HER activity of
′-MoS2 nanosheet has been demonstrated in the experiments, endow-

ng it promising catalytic applications [37,38]. Motivated by these
rogresses, we pay attention to the T′-phase geometry of MoSi2N4
nd analogous systems. In this paper, we conduct a first-principles
alculation to investigate the structural, mechanical, electronic, and
atalytic properties of the T′-MA2N4 (M=Mo/W, A=Si/Ge) nanosheets.
e find the T′-phase possesses sufficient stability and could exist

n these MA2N4 systems. Unlike the H-phase counterparts, the T′-
A2N4 nanosheets are semimetallic/metallic and exhibit promising
ER performance.

. Computational details

The first-principles calculations are performed by the VASP code
39,40], which utilizes Perdew–Burke–Ernzerhof (PBE)
rojector-augmented wave pseudo-potentials and plane-wave basis sets
ith a cut-off energy of 500 eV. The Brillouin zone is sampled by a
isesa–McGill–Mueller k-grid with minimum period distances of 35

nd 50 Å in the relaxation and static calculations, respectively [41].
n order to simulate the isolated nanosheet, a vacuum layer of more
han 15 Å is used. All the structural parameters are fully relaxed until
he maximum residual force is less than 0.01 eV/Å. The post-processing
f VASP data is done by the vaspkit code [42], and the bands of hybrid
eyd–Scuseria–Ernzerhof (HSE) calculations are obtained from the

nterpolation of Wannier functions [43]. The corresponding topological
eature is further analysed by the Wanniertools code [44].

According to the computational hydrogen electrode model [45],
he Gibbs free energy of hydrogen adsorption (𝛥𝐺∗

𝐻 ) is evaluated as
𝐺∗
𝐻 = 𝐸∗

𝐻+𝛥𝐸𝑍𝑃𝐸−𝑇𝛥𝑆. Here, 𝐸∗
𝐻 is the binding energy of H adatom,

hich is calculated as 𝐸∗
𝐻 = 𝐸𝐻 −𝐸𝑃 − 1

2𝐸𝐻2
, where the 𝐸𝐻 is the total

nergy of 2D system after the H adsorption, the 𝐸𝑃 is the total energy
f pristine system, and the 𝐸𝐻2

is the energy of an isolated H2 molecule.
he 𝛥𝐸𝑍𝑃𝐸 and 𝑇𝛥𝑆 terms are the differences of zero point energy and
hange of entropy for the H atom between the adsorbed state and gas
hase, respectively. In order to precisely describe the bonding strength
f H adatom, the D4 London dispersion correction is considered in the
∗
𝐻 and 𝛥𝐸𝑍𝑃𝐸 calculations [46]. The entropy data of H2 gas at the
98.15 K is obtained from the CRC handbook [47].

. Results and discussion

eometrical structure and energetic stability

First, the geometric characteristics of T′-phase MA2N4 nanosheets
are investigated. The atomic structure of the T′-MoSi2N4 nanosheet is
displayed in Fig. 1(a) as an example. Different from the H-phase, the
T′-MoSi2N4 nanosheet has a rectangular lattice, which belongs to the
𝑃 21∕𝑚 space group. The corresponding lattice constants are 𝑎 = 5.07
nd 𝑏 = 2.92 Å, respectively, very close to the H-MoSi2N4 ones (𝑏 = 2.91
[11], and 𝑎 =

√

3𝑏 = 5.04 Å for a hexagonal lattice). The central MoN2
art of T′-MoSi2N4 nanosheet resembles the T′-MoS2 one, where the Mo

atoms are dimerized and form zigzag lines. Such metal dimerization
can be observed in the scanning tunnelling microscope (STM) image
as shown in Fig. 1(c). Under either negative or positive bias voltage,
the bright points always appear on top of Mo atoms. There is a short
2

Table 1
The structural parameters of T′-MA2N4 nanosheets. For the comparison, the data of
H-MoSi2N4, H-MoS2 and T′-MoS2 nanosheets are also listed.

𝑎 𝑏 𝑑1 𝑑2 𝑑1∕𝑑2 𝛥ℎ𝑖 𝛥ℎ𝐴 𝛥ℎ𝑜
(Å) (Å) (Å) (Å) (Å) (Å) (Å)

T′-MoSi2N4 5.07 2.92 2.68 3.18 0.84 0.16 0.14 0.05
T′-WSi2N4 5.09 2.92 2.67 3.20 0.83 0.19 0.15 0.05
T′-MoGe2N4 5.30 3.06 2.71 3.40 0.80 0.23 0.22 0.06
T′-WGe2N4 5.32 3.07 2.73 3.43 0.80 0.27 0.23 0.06
H-MoSi2N4 5.04 2.91 2.91 2.91 1 0 0 0
H-MoS2 5.51 3.18 3.18 3.18 1 0 – –
T′-MoS2 5.72 3.18 2.77 3.80 0.73 0.40 – –

Mo-Mo interatomic distance of 𝑑1=2.68 Å within the same zigzag line,
hile the distance is enlarged to 𝑑2=3.18 Å between different zigzag

ines. The ratio 𝑑1∕𝑑2 can be used as an index of structural distortion
n the T′-phase structures [48]. For the undistorted T-phase, the ratio
1∕𝑑2 is equal to 1, while it becomes less than 1 in the distorted T′-
hase geometry. The smaller the ratio 𝑑1∕𝑑2, the more pronounced
he structural distortion of system. Here, in the T′-MoSi2N4 nanosheet,
he ratio 𝑑1∕𝑑2 is 0.85, which is bigger than the value (𝑑1∕𝑑2=0.73)
f T′-MoS2. This indicates the structural distortion is weaker in the
′-MoSi2N4 nanosheet. It is consistent with the small buckling in the
′-MoSi2N4 nanosheet. For the inner 𝑁 layers, i.e. the 𝑁 atoms in the
entral MoN2 part, the buckling height (𝛥ℎ𝑖) is as small as 0.16 Å, which
s much less than that of S atoms (0.40 Å) in the T′-MoS2 system [29].
uch discrepancy between them is mainly attributed to the existence
f outside SiN surface layers in the MoSi2N4 nanosheet, which will
onstrain the buckling of central MoN2 part. In the surface SiN layers,
he buckling height of outer 𝑁 atoms (𝛥ℎ𝑜) is further reduced to merely
.05 Å for the T′-MoSi2N4 nanosheet. Such tiny value manifests that the
uter 𝑁 surfaces can be regarded as flat planes in the T′-MoSi2N4 one.

The structural parameters of other T′-MA2N4 systems are listed in
able 1. It can be seen that the inorganic A element plays a more

mportant role on the geometrical structures than the metal M one.
or the same A component, the T′-WA2N4 nanosheets have analogous
attice constants, M-M distances and buckling heights to the T′-MoA2N4

ones. Whereas with the same M component, noticeable structural dif-
ferences occur between T′-MSi2N4 and T′-MGe2N4 systems. Owing to
the larger atomic radius of Ge atom than the Si one, the T′-MGe2N4
systems possess larger lattice constants and more pronounced structural
distortions. The 𝛥ℎ𝑖 rises to 0.23 and 0.27 Å in the T′-MoGe2N4 and T′-
WGe2N4 nanosheets, respectively. Their 𝛥ℎ𝑜 are still small to 0.06 Å as
shown in Table 1, indicating the outer 𝑁 surfaces of T′-MA2N4 systems
are always flat regardless of the components.

To measure the energetic stability of T′-MA2N4 nanosheets, the
ohesive energies (𝐸𝑐𝑜ℎ) are calculated as 𝐸𝑐𝑜ℎ = −(𝐸𝑀𝐴2𝑁4

−𝐸𝑀−2𝐸𝐴−
𝐸𝑁 )∕7. Here, 𝐸𝑀𝐴2𝑁4

is the total energy of MA2N4 nanosheet, and
𝑀 , 𝐸𝐴, and 𝐸𝑁 are the atomic energies of M, A, and 𝑁 atoms at the

spin-polarized state, respectively. Following this definition, the more
positive the 𝐸𝑐𝑜ℎ value, the more energetically favourable the structure.
As shown in Fig. 1(d), among the four T′-phase systems, the T′-WSi2N4
one has the largest 𝐸𝑐𝑜ℎ of 6.27 eV/atom, which is even bigger than
that of H-MoSi2N4 system (6.12 eV/atom from the calculation with the
ame parameters). Although T′-MoSi2N4 and T′-WGe2N4 nanosheets

have smaller 𝐸𝑐𝑜ℎ values of 5.98 and 5.30 eV/atom, respectively, these
data are still bigger than the H-MoS2 one (5.11 eV/atom). The T′-
MoGe2N4 system has the smallest 𝐸𝑐𝑜ℎ of 5.01 eV/atom among the
investigated systems, but it still exceeds the data of the T′-MoS2 system
(4.93 eV/atom). Since the H-MoSi2N4, H-MoS2 and T′-MoS2 nanosheets
have already been fabricated in the experiments [1,31], the T′-MA2N4
nanosheets with comparable energetic stability are also experimentally

accessible from the energetic point of view.
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Fig. 1. [(a), (b)] The lateral and top views of T′-MoSi2N4 nanosheet. (c) The simulated STM images of T′-MoSi2N4 nanosheet under the negative/positive bias voltage of −0.5/0.5
V. The scanning distance is fixed to 2 Å above the surface. (d) The comparison of cohesive energies of T′-MA2N4 nanosheets and experimentally synthesized H-MoSi2N4, H- and
T′-MoS2 systems.
Dynamical and thermal stabilities

Now, we pay attention to the dynamical and thermal stabilities
of T′-MA2N4 nanosheets. Phonon calculations are performed by the
Phonopy code [49], which utilizes the force constants from the VASP
calculations as the input. For the T′-MoSi2N4 nanosheet, both the finite
displacement (FD) and density functional perturbation theory (DFPT)
methods are used to obtain the force constants. The corresponding
phonon dispersions based on the FD and DFPT results are displayed
in Fig. 2(a). Two methods show the consistent phonon band structures
with each other. Thus only the FD method is used for other T′-MA2N4
systems. It is worth mentioning that the smearing value (𝜎) in the
FD/DFPT calculations will affect the lowest acoustic branch of the
T′-MoSi2N4 nanosheet. When a small 𝜎 of 0.1 eV is adopted, small
imaginary frequencies of about −30 and −60 cm−1 appear in the 𝑆 −𝛤
and 𝑆 −𝑋 lines. While as shown in Fig. 2(a) the imaginary frequencies
are completely eliminated when 𝜎 is increased to 0.4 eV. In the litera-
ture, similar phenomenon has been reported in the 2D PbN nanosheet,
where a large 𝜎 of 0.5 eV is required to obtain positive vibrational fre-
quencies throughout the whole Brillouin zone [50]. Since the smearing
value corresponds to an effective temperature for electrons [51], the
imaginary frequencies in the small 𝜎 case implies that there will be
a possible charge density wave (CDW) state at low temperature [50].
However, because the location of imaginary frequencies deviates from
high symmetry points, a large supercell is needed to accommodate the
CDW state, which will cost too many computational resources. On the
other hand, all the vibrational frequencies become positive when a
bigger 𝜎 value is used. This indicates a finite temperature will suppress
the CDW state and enhance the stability of regular T′-phase geometry.
Similarly, for other T′-MA2N4 systems, there are also no imaginary
frequencies under the 𝜎 = 0.4 eV case. Therefore, it can be expected
that the T′-phase geometrical structure will be present in the MA2N4
nanosheets at finite temperature.

To confirm the structural stability at finite temperatures, ab ini-
tio molecular dynamics (AIMD) simulation is further performed. It is
carried out on a 2 × 3 supercell with a Nose thermostat at 500 K.
3

The step time is set to 1 fs and the total simulation time is 10 ps,
i.e. 104 steps. The variations of total energy and temperature during the
AIMD simulations are displayed in Fig. 3 and the final configurations
after the AIMD simulations are depicted in the insets. It can be seen
that the energies are fluctuated around the equilibrium values without
any sudden changes. Taking T′-MoSi2N4 as an example, the energy
fluctuation during the last 5 ps is about 0.04 eV/atom, which is just
comparable to the thermal fluctuation energy at 500 K (𝑘𝐵𝑇 ∼ 0.043
eV). The structural integrity is well kept in the final configuration
without any broken bonds, and the mean squared displacements of Mo,
Si and 𝑁 atoms are only 0.08, 0.02 and 0.03 Å2, respectively. Similar
AIMD results are also obtained for other T′-MA2N4 systems as shown
in Figs. 3(b)–(d), for which no structure destruction is observed. Thus,
these T′-MA2N4 nanosheets can be inferred as stable 2D materials that
maintain the free-standing state above room temperature.

Mechanical properties

Here, we investigate the mechanical properties of T′-MA2N4
nanosheets. The elastic moduli are calculated by the energy-vs.-strain
method, where the elastic energy per unit of area (𝑈) accumulated
upon strain is expressed as 𝑈 = 1

2𝐶11𝜀2𝑥𝑥 + 1
2𝐶22𝜀2𝑦𝑦 + 𝐶12𝜀𝑥𝑥𝜀𝑦𝑦 +

2𝐶44𝜀2𝑥𝑦 [52]. Through applying the uni-axial strain deformation along
the armchair and zigzag directions (i.e. 𝑥 and 𝑦 directions), the 𝑈
values can be simplified as 𝑈 = 1

2𝐶11𝜀2𝑥𝑥 and 𝑈 = 1
2𝐶22𝜀2𝑦𝑦, respec-

tively. Thus, 𝐶11 and 𝐶22 of T′-MoSi2N4 nanosheet can be obtained
from the 𝑈 − 𝜀 curves in Fig. 4(a), which are 491 and 449 N/m,
respectively. These values are a little smaller than the H-MoSi2N4 one
(𝐶11 = 𝐶22 = 533 N∕m [6]) but they are much larger than the T′-
MoS2 case (𝐶11=108, 𝐶22=109 N/m [53]). When the biaxial strain
deformation is applied to the T′-MoSi2N4 nanosheet, the 𝑈 values can
be expressed as 𝑈 = 1

2 (𝐶11 + 𝐶22 + 2𝐶12)𝜀2𝑥𝑥 and the 2D stiffness
(𝐶2𝐷 = 𝐶11 + 𝐶22 + 2𝐶12) is also obtained from the 𝑈 − 𝜀 curve,
which is as large as 1180 N/m. This suggests the T′-MoSi2N4 nanosheet
also possesses high stiffness akin to the H-phase counterpart. Based on
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Fig. 2. The phonon dispersions of (a) T′-MoSi2N4, (b) T′-WSi2N4, (c) T′-MoGe2N4, and (d) T′-WGe2N4 nanosheets.
Fig. 3. The variations of total energies and temperatures versus the AIMD simulation steps for (a) T′-MoSi2N4, (b) T′-WSi2N4, (c) T′-MoGe2N4, and (d) T′-WGe2N4 nanosheets
during the AIMD simulations. The final geometry after the AIMD simulation is also depicted in the insets.
the calculated 𝐶2𝐷, the 𝐶12 is obtained as 120 N/m and the gravity-
induced out-of-plane deformation (ℎ𝑑) can be further estimated as
ℎ𝑑∕𝐿 = 3

√

𝜌𝑔𝐿∕𝐶2𝐷, where 𝜌 is the density of 2D systems and 𝐿 is
the typical size of samples [54]. Following the convention of previous
work [54,55], 𝐿 is adopted as 100 μm and the ℎ𝑑∕𝐿 is estimated as
1.57×10−4 in the T′-MoSi2N4 nanosheet. This value is close to the H-
MoSi2N4 one (1.50×10−4) [6], indicating the T′-MoSi2N4 nanosheet
would also withstand its own weight at the free-standing state. Finally,
through applying shear deformation, the 𝑈 values can be simplified
as 𝑈 = 2𝐶44𝜀2𝑥𝑦 and the 𝐶44 of T′-MoSi2N4 nanosheet is calculated to
170 N/m. For the T′-MoSi2N4 nanosheet, these obtained elastic moduli
satisfy the Born–Huang criteria for an orthogonal lattice, i.e. 𝐶11, 𝐶22,
𝐶12, 𝐶44 > 0 and 𝐶11𝐶22 − 𝐶2

12 > 0 [56,57]. For other T′-MA2N4
nanosheets, their calculated elastic moduli are listed in Table 2, which
4

also satisfy the Born–Huang criteria. Thus, it can be concluded that all
the investigated T′-MA2N4 nanosheets are mechanically stable.

Utilizing the obtained elastic moduli, orientation dependent Young’s
modulus (𝑌 ) and Poisson’s ratio (𝜈) of T′-MA2N4 nanosheets are eval-
uated as

𝑌 (𝜃) = 𝛥
𝐶11𝑠4 + 𝐶22𝑐4 + (𝛥∕𝐶44 − 2𝐶12)𝑐2𝑠2

,

𝜈(𝜃) = −
(𝐶11 + 𝐶22 − 𝛥∕𝐶44)𝑐2𝑠2 − 𝐶12(𝑐4 + 𝑠4)
𝐶11𝑠4 + 𝐶22𝑐4 + (𝛥∕𝐶44 − 2𝐶12)𝑐2𝑠2

,

where 𝛥 = 𝐶11𝐶22 − 𝐶2
12, 𝑐 = 𝑐𝑜𝑠𝜃 and 𝑠 = 𝑠𝑖𝑛𝜃 (𝜃 is the angle relative

to the 𝑥 axis, i.e. the armchair direction) [52]. The calculated 𝑌 and 𝜈
data are illustrated in Figs. 4(b) and (c). For the T′-MoSi2N4 nanosheet,
𝑌 is varied in the range of [420, 459] N/m with the minimum and
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Fig. 4. (a) The variation of elastic energies with respect to the different types of strain deformations on the T′-MoSi2N4 nanosheet. (b) The orientation dependent Young’s modulus
(𝑌 ) and (c) Poisson’s ratio (𝜈) of T′-MA N nanosheets. (d) A comparison of the mechanical properties between the T′-MA N and H-MoSi N nanosheets.
2 4 2 4 2 4
Table 2
Mechanical properties of T′-MA2N4 nanosheets.

𝐶11 𝐶22 𝐶12 𝐶44 𝐶2𝐷 ℎ𝑑∕𝐿 Y𝑚𝑖𝑛 Y𝑚𝑎𝑥 𝜈𝑚𝑖𝑛 𝜈𝑚𝑎𝑥
(N/m) (N/m) (N/m) (N/m) (N/m) 10−4 (N/m) (N/m)

T′-MoSi2N4 491 449 120 170 1180 1.57 420 459 0.24 0.27
T′-WSi2N4 512 508 119 177 1250 1.73 452 485 0.23 0.28
T′-MoGe2N4 411 431 99 128 1040 1.80 343 407 0.23 0.34
T′-WGe2N4 414 340 125 132 1004 1.98 303 368 0.30 0.37
maximum values appearing in the 𝜃 = 90◦ and 0◦, respectively. Due to
he smaller elastic moduli, the T′-phase structure has a smaller Young’s
odulus than the H-phase MoSi2N4 (𝑌 =490 N/m) [6]. In comparison to

the Mo-based system, the T′-WSi2N4 nanosheet has a larger 𝑌 with the
maximum (minimum) value of 484 (452) N/m in the 𝜃 = 0◦ (𝜃 = 45◦)
direction. For the T′-MGe2N4 nanosheets, the elastic moduli are smaller
than the Si-based ones. As a result, the T′-MoGe2N4 and T′-WGe2N4
anosheets have smaller 𝑌 values of [343, 407] and [303, 368] N/m,
espectively. Note that the variations of 𝑌 in the T′-MGe2N4 nanosheets

are much prominent than the T′-MSi2N4 ones, indicating the anisotropy
s more pronounced in these Ge-based systems. Similar results hold true
or 𝜈, which varies more evidently in the T′-MGe2N4 nanosheets than

the T′-MSi2N4 ones as shown in Fig. 4(d).

Electronic properties

Now, we focus on the electronic properties of T′-MA2N4 nanosheets,
for which both the PBE and HSE band structures are depicted in Fig. 5.
Different from the semiconducting H-phase ones [58], the T′-MSi2N4
nanosheets exhibit a semimetallic feature in their PBE bands. The
valence band maximum is slightly higher (lower) than the conduction
band minimum in the M=Mo (W) case. Analogous band dispersions
are present in the HSE bands as shown in Figs. 5(a) and (b), where
only a tiny band gap of 0.06 and 0.13 eV is present in the T′-MoSi2N4
and T′-WSi2N4 systems, respectively. Such gap sizes are much narrower
than the H-phase counterparts (H-MoSi2N4: 2.29 eV, H-WSi2N4: 2.66
eV) [6], which makes these T′-MSi2N4 nanosheets can be viewed as
semimetals. Moreover, the band gaps of T′-MoGe2N4 and -WGe2N4
nanosheets are completely closed in both PBE and HSE bands. As shown
5

in Figs. 5(c) and (d), their bottom conduction and top valence bands are
overlapped and become partially occupied, which gives rise to a typical
metallic behaviour in these T′-MGe2N4 systems.

To shed light on the semimetallic/metallic behaviours of T′-MA2N4
systems, the partial density of states (PDOSs) and orbital-projected fat-
band analysis are performed on the T′-WSi2N4 nanosheet. As shown in
Figs. 6(a) and (b), the states around the Fermi level are primarily from
the W and 𝑁 atoms, while the contribution of Si atoms is marginal. The
W 𝑑𝑥𝑧 and 𝑑𝑧2 orbitals dominate the top valence and bottom conduction
bands around the 𝛤 point, respectively. It is found that the band gap
of T′-WSi2N4 nanosheet depends strongly on the lattice constants. As
displayed in Fig. 6(c), the compressive strain, which shortens the lattice
constants, can enlarge the gap size, while the tensile strain will reduce
it. For the T′-WSi2N4 nanosheet, when the lattice constants are enlarged
under a tensile strain of 0.04, the top valence and bottom conduction
bands are overlapped, which leads to a metallic band feature analogous
to the T′-WGe2N4 one. The band structures of other T′-MA2N4 systems
are displayed in Fig. S2 of supplementary material. It can be seen that
the metallic behaviours become more pronounced when tensile strains
are applied. Contrarily, under the compressive strain, small band gaps
of about 0.01∼0.03 eV are opened in the T′-MoSi2N4, T′-MoGe2N4
and T′-WGe2N4 nanosheets under strains of −0.02, −0.06 and −0.05,
respectively. Thus, akin to the H-phase MoSi2N4 and analogous sys-
tems [59], the relative energies of different 𝑑 orbitals can be modulated
by changing the lattice constants of T′-MA2N4 nanosheets. With smaller
lattice constants, the T′-MSi2N4 systems exhibit a semimetallic feature,
and the T′-MGe2N4 ones with bigger lattice constants will present a
metallic behaviour.

It has been reported that the T′-MoS2 nanosheet is a topological
insulator with a non-trivial band gap near the 𝛤 point when the spin-
orbital coupling (𝑠𝑜𝑐) effect is considered [32]. To examine whether

′
such non-trivial topological feature exists in the semimetallic T -MSi2N4
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Fig. 5. The PBE and HSE band structures of (a) T′-MoSi2N4, (b) T′-WSi2N4, (c) T′-MoGe2N4, (d) T′-WGe2N4 nanosheets.
Fig. 6. (a) The partial densities of states and (b) orbital-projected fat bands of T′-WSi2N4 nanosheet. (c) The band structures of strained T′-WSi2N4 nanosheet by the PBE calculation.
d) Both the PBE+𝑠𝑜𝑐 and HSE+𝑠𝑜𝑐 band structures of strain-free T′-WSi2N4 nanosheet. The corresponding evolution of Wannier charge centres based on the HSE+𝑠𝑜𝑐 result is
epicted in the inset.
t
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anosheets, the PBE+𝑠𝑜𝑐 and HSE+𝑠𝑜𝑐 calculations are carried out. As
isplayed in Fig. 6(d), the PBE+𝑠𝑜𝑐 and HSE+𝑠𝑜𝑐 bands resemble the
nes without 𝑠𝑜𝑐. Based on the HSE+𝑠𝑜𝑐 result, the Wannier charge
entres (WCCs) calculation is further performed as shown in the inset
f Fig. 6(d). The evolution of WCCs shows that an arbitrary horizontal
eference line crosses the WCCs zero or even times, which indicates
he Z2 invariant is 0 for the T′-WSi2N4 nanosheet. The same result
as also been obtained for the T′-MoSi2N4 nanosheet. Thus, the T′-
Si2N4 and T′-MoSi2N4 systems only have a trivial topological feature,
hich is different from the T′-MoS2, T′-WS2, T′-WSi2P2 and T′-WSi2As2
nes [32,60]. However, similar trivial feature has also been reported in
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w

he free-standing T′-MoN2 and T′-WN2 nanosheets [61]. This is mainly
ttributed to the greater electronegativity of 𝑁 element than the S and
ones and the 𝑁 𝑝 states locate in the deep valence bands of the N-

ased systems. As a result, the 𝑑 − 𝑝 band inversion is absent around
he Fermi level and the T′-MA2N4 nanosheets are ordinary semimetals
r metals.

atalytic properties

For the T′-MA2N4 nanosheets, the absolute energies of band edges,
hich adopt the vacuum level as the zero point, are calculated as
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Fig. 7. (a) The absolute energies of band edges in the T′- and H-MA2N4 (M=Mo/W, A=Si/Ge) nanosheets. The gap region and the energies of lowest unoccupied state (𝐸𝐿𝑈𝑆 ) are
also marked. (b) The Gibbs free energy diagram of HER processing on the T′- and H-MA2N4 nanosheets as well as the T′-MoS2 one. (c) The relation between the 𝛥𝐺∗

𝐻 and 𝐸𝐿𝑈𝑆 .
(d) The densities of states of T′-WGe2N4 nanosheet before and after the H adsorption.
shown in Fig. 7(a). It can be seen that in comparison to the H-phase
ones, the absolute energies of the lowest unoccupied state (𝐸𝐿𝑈𝑆 ),
i.e. the conduction band minimum of semiconductors or the Fermi level
of metals, are much lower in the T′-MA2N4 systems. The PBE/HSE
calculations indicate the 𝐸𝐿𝑈𝑆 of T′-MA2N4 ones are in the range of
[−5.6, −5.3]/[−6, −5.3] eV, which are very close to the valence band
maximum of H-phase counterparts. Moreover, these 𝐸𝐿𝑈𝑆 values are
below the redox potential of H+/H2 (−4.44 eV), which is a good signal
for the high HER activity [27]. Hence, we further investigate the HER
catalytic behaviour of T′-MA2N4 nanosheets.

For sake of comparison, the Gibbs free energies of hydrogen ad-
sorption (𝛥𝐺∗

𝐻 ) are firstly calculated for the H-phase MA2N4 systems.
The obtained 𝛥𝐺∗

𝐻 values are 2.39 and 2.80 eV on the H-MoSi2N4
and H-WSi2N4 nanosheets, respectively, which agree well with previ-
ous studies (H-MoSi2N4: 2.27–2.51 eV [16–19] and H-WSi2N4: 2.79
eV [16]). Smaller 𝛥𝐺∗

𝐻 data of 1.27 and 1.80 eV are obtained for the
H-MoGe2N4 and H-WGe2N4 nanosheets, respectively, but they are still
too big for an effective HER catalyst that should satisfy the condition
of |𝛥𝐺∗

𝐻 | < 0.2 eV [26,27]. This means the H atoms are weakly
bound on the H-phase MA2N4 systems, which only exhibit an inertial
HER activity. For the T′-MA2N4 nanosheets, it is found that the H
atoms prefer to bind with the surface N atoms akin to the H-phase
systems [16]. Fig. 7(b) further displays 𝛥𝐺∗

𝐻 of T′-MA2N4 systems,
which are much smaller than the H-phase ones. Owing to the low
symmetry of T′-phase structure, there will be two inequivalent surface
𝑁 sites for the H adatoms, i.e. N1 and N2 ones as illustrated in Fig. 8(a).
For the T′-MoSi2N4 and T′-WSi2N4 nanosheets, their 𝛥𝐺∗

𝐻 data are
0.44/0.45 and 0.63/0.64 eV at the N1/N2 site, respectively, and the
values drop to −0.04/−0.02 and 0.18/0.20 eV in the T′-MoGe2N4 and
T′-WGe2N4 systems. It demonstrates that the T′-MGe2N4 systems satisfy
the criterion of |𝛥𝐺∗

𝐻 | < 0.2 and will exhibit good HER performance. In
particular, the 𝛥𝐺∗

𝐻 of T′-MoGe2N4 nanosheet is close to the ideal zero
point, which is even superior to the well-known Pt catalyst (𝛥𝐺∗

𝐻 =
−0.09 eV). Therefore, the T′-MoGe2N4 nanosheet will be a promising
candidate for the highly efficient HER catalyst.

In order to understand the physical origin for the excellent HER
performance, the density of states (DOSs) of T′-MoGe2N4 systems be-
fore and after the H adsorption are displayed in Fig. 7(d). It can be
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seen that the DOSs of T′-MoGe2N4 nanosheet are not disrupted by
the H adatoms, which just upshift the Fermi level slightly. By the
Bader charge analysis [62], it is found that the H adatom transfers
about 0.3 𝑒 to the T′-MoGe2N4 nanosheet, which will fill the lowest
unoccupied states. Hence, the 𝐸𝐿𝑈𝑆 data of pristine system will be a
key factor for the binding strength of H adatom [27]. To confirm this
speculation, the functions of 𝛥𝐺∗

𝐻 versus 𝐸𝐿𝑈𝑆 are depicted in Fig. 7(c).
There is a linear relationship between them, which can be fitted as
𝛥𝐺∗

𝐻 = 1.16 × 𝐸𝐿𝑈𝑆 + 6.55 (𝛥𝐺∗
𝐻 = 0.98 × 𝐸𝐿𝑈𝑆 + 5.90) for the PBE

(HSE) result. According to this equation, when the PBE (HSE) 𝐸𝐿𝑈𝑆
value is around −5.7 (−6.0) eV, the corresponding 𝛥𝐺∗

𝐻 data will touch
the ideal zero point. Here, among the investigated T′-MA2N4 systems,
the T′-MoGe2N4 nanosheet possesses the optimal 𝐸𝐿𝑈𝑆 value, which is
responsible for its excellent HER performance.

For the T′-MoGe2N4 nanosheet, the influence of H concentration on
𝛥𝐺∗

𝐻 is further examined by changing the size of supercell. As shown
in Fig. 8(b), the 𝛥𝐺∗

𝐻 values are slowly raised with the increase of H
concentration. When the H concentration reaches up to 25%, the 𝛥𝐺∗

𝐻
of T′-MoGe2N4 nanosheet still satisfies the condition of |𝛥𝐺∗

𝐻 | < 0.2 eV.
Comparing to the data of defective H-MoSi2N4 system [17], the valid
H concentration for the HER activity is much wider in the T′-MoGe2N4
nanosheet as shown in Fig. 8(b), indicating it will be more suitable for
real applications. Besides that, the 𝛥𝐺∗

𝐻 difference between the N1 and
N2 sites is always less than 0.01 eV regardless of the H concentration. It
means all the surface 𝑁 atoms of T′-MoGe2N4 nanosheet will behave as
active sites for the HER. This is superior to the T′-MoS2 system, where
only half of the surface S atoms are active to the HER [36]. Consistent
with previous study [36], our calculation shows that the S atoms that
connect the Mo dimers (S1 site) has a moderate 𝛥𝐺∗

𝐻 of 0.18 eV, while
𝛥𝐺∗

𝐻 is raised to 0.85 eV at the S atoms that link adjacent Mo zigzag
lines (S2 site). The big difference between S1 and S2 sites is attributed
to the remarkable buckling in the surface S layers (0.40 Å). Whereas in
the T′-MoGe2N4 nanosheet, the buckling of outer N layers is negligible
and both N1 and N2 atoms possess similar HER performance. Thus, the
T′-MoGe2N4 nanosheet possess a promising basal catalytic activity for
HER.
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Fig. 8. (a) The distribution of the 𝛥𝐺∗
𝐻 on the different surface sites of T′-MoGe2N4 and T′-MoS2 nanosheets. (b) The variations of 𝛥𝐺∗

𝐻 versus the used supercell sizes of
T′-MoGe2N4 and defective H-MoSi2N4 nanosheets. (c) The variations of 𝛥𝐺∗

𝐻 of T′-WGe2N4 T′-MoSi2N4 and T′-WSi2N4 systems under the homogeneous tensile strains. The inset
depicts the variations of 𝛥𝐺∗

𝐻 versus the p-band centre of 𝑁 atoms (𝜖𝑁−2𝑝). (d) The volcano curve of 𝑙𝑜𝑔(𝑖0) versus 𝛥𝐺∗
𝐻 for the investigated T′- and H-phase materials.
For other T′-MA2N4 systems, we find their HER performance will
be improved by the strain engineering. Fig. 8(c) displays the variation
of 𝛥𝐺∗

𝐻 versus the tensile strain (𝜀) for T′-phase MoSi2N4, WSi2N4, and
WGe2N4 nanosheets. It can be seen that 𝛥𝐺∗

𝐻 of T′-WGe2N4 will drop
to the zero point under a strain of 𝜀=0.04. For the T′-MoSi2N4 and T′-
WSi2N4 systems, their 𝛥𝐺∗

𝐻 values can also be modulated, which are
below 0.2 eV when 𝜀 is larger than 0.04 and 0.06 and reach the zero
point under the stain of 𝜀=0.06 and 0.08, respectively. Note that all
the T′-MA2N4 nanosheets with good HER activity are metallic, which
will be desirable for the HER applications. It would be mentioned that
the reduction of 𝛥𝐺∗

𝐻 in these strained T′-MA2N4 nanosheets can be ex-
plained by the up-shift of p-band centre of the surface 𝑁 atoms (𝜖𝑁−2𝑝).
A linear relationship between the 𝛥𝐺∗

𝐻 and 𝜖𝑁−2𝑝 can be visualized in
the inset of Fig. 8(c) and more detailed data are present in the Fig.
S1 of supplementary material. Based on the calculated 𝛥𝐺∗

𝐻 data, the

exchange current density (𝑖0) is evaluated as 𝑖0 = −𝑒𝑘0∕(1 + 𝑒
|𝛥𝐺∗

𝐻 |

𝑘𝐵𝑇 ).
Following the previous work [16,18], the rate constant 𝑘0 is set to 1
and 𝑘𝐵 is the Boltzmann constant. The corresponding volcano curve
of 𝑙𝑜𝑔(𝑖0) versus 𝛥𝐺∗

𝐻 is depicted in Fig. 8(d). Clearly, the strain-free
T′-MoGe2N4 and strained T′-MA2N4 nanosheets appear at the volcano
peak, which demonstrates they possess the best HER activity. There-
fore, these T′-MA2N4 nanosheets will be promising candidate catalysts
for the HER, which have potential applications in the renewable and
green energy fields.

H-to-T′ phase transition

Currently, for the MA2N4 systems, only the H-phase geometry has
been experimentally fabricated [1,8]. Thus, we further explore the
possible H-to-T′ phase transition in the MA2N4 (M=Mo/W, A=Si/Ge)
nanosheets. According to the previous work of MoS2 systems, the H-
to-T′ phase transition will be triggered by the electron injection of
about 0.6 𝑒 per formula unit (𝑒/f.u.) [63,64]. To this end, we also
calculate the energy difference between the T′- and H-MA2N4 systems
(𝐸(𝑇 ′)−𝐸(𝐻)) versus the amount of additional electrons (𝛥𝑄). Here, a
8

positive (negative) 𝐸(𝑇 ′) − 𝐸(𝐻) value means the H(T′)-phase is ener-
getically favourable. It would be noticed for the T′-MA2N4 nanosheets,
the structural distortions not only occur in the central MN2 part but
also appear in the surface AN layers. The Si/Ge atoms, which directly
connect to the inner 𝑁 atoms, are also buckled with a buckling height
(𝛥ℎ𝐴) of about 0.14∼0.23 Å in Table 1. Thus, the energetic cost of
H-to-T′ phase transition will be larger in the MA2N4 nanosheets than
the MoS2 one. Since the 𝐸(𝑇 ′) − 𝐸(𝐻) values are large at the neutral
state as shown in Fig. 9(a), the required 𝛥𝑄 for the H-to-T′ phase
transition in the MA2N4 systems will be high. For the MoGe2N4 and
WGe2N4 nanosheets, the critical 𝛥𝑄 of 𝐸(𝑇 ′) − 𝐸(𝐻) = 0 is as large as
1.25 and 1.45 𝑒/f.u., which are about twice the value of MoS2 system.
For the MoSi2N4 and WSi2N4 nanosheets, the critical 𝛥𝑄 value is even
beyond 1.5 𝑒/f.u. as indicated in Fig. 9(a). Such high electron injection
concentrations will be hard to be achieved in the experiment. Thus,
in the current experiments, the T′-MA2N4 nanosheets have not been
observed yet.

It has been reported that in addition to the charge doping, the
strain engineering also facilitates the synthesis of metastable T′-phase
structures [65]. Here, the MoGe2N4 nanosheet, which has the smallest
𝐸(𝑇 ′) −𝐸(𝐻) and best HER performance, is chosen as a representative
to investigate the strain effect on the H-to-T′ phase transition. Fig. 9(b)
displays the variation of 𝐸(𝑇 ′)−𝐸(𝐻) as a function of lattice constants
for the MoGe2N4 systems. It can be seen that the 𝐸(𝑇 ′)−𝐸(𝐻) values are
declined with the increase of lattice constants. The T′-phase structure
will become energetically preferred to the H-phase one under sufficient
long 𝑎 or 𝑏 lattice constants. It implies that the required electron
amount for the H-to-T′ transition will be diminished in presence of
tensile strain. Actually, when a 10% biaxial tensile strain is applied
to the MoGe2N4 nanosheet, the critical 𝛥𝑄 for the 𝐸(𝑇 ′) − 𝐸(𝐻) = 0
is substantially lowered to 0.4 𝑒/f.u. as shown in Fig. 9(a), which is
only 1/3 of the strain-free value. Such required additional charges in
the strained MA2N4 systems are comparable to the MoS2 case. For
the H-MA2N4 systems, previous theoretical works have suggested they
will endure the large biaxial tensile strains up to 18 ∼19.5% [66,67].
Thus, for the largely strained H-phase MA2N4 systems, a certain small
amount of charge injection will bring the H-to-T′ phase transition. The
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Fig. 9. (a) The variations of energy differences between the T′- and H-MA2N4 nanosheets versus the amount of electron injection. (b) The contour map of the energy differences
between the T′- and H-MoGe2N4 nanosheets with different lattice constants.
T′-MA2N4 systems will be possibly fabricated via a combined effect of
electron injection and tensile strain on the H-phase ones.

4. Conclusion

In summary, we have performed a comprehensive study on the
structural, mechanical, electronic and catalytic properties of T′-phase
MA2N4 (M=Mo/W, A=Si/Ge) nanosheets. We find that (1) owing to
the constraint of the surface layers, the dimerization-induced structural
distortion is weaker in the T′-MA2N4 nanosheets than in the common
T′-phase TMDs. Sufficient stability is confirmed in these T′-MA2N4
nanosheets from the energetic, dynamical, thermal and mechanical
points of view, which can maintain the free-standing form at room tem-
perature. (2) Compared to the H-phase MA2N4 ones, these T′-MA2N4
nanosheets are slightly softer and have an anisotropic mechanical be-
haviour. Different from the semiconducting H-phase counterparts, the
T′-MA2N4 nanosheets will exhibit a semimetallic or metallic behaviour
depending on the lattice constants. (3) Excellent HER performance is
revealed in these T′-phase systems. The Gibbs free energy 𝛥𝐺∗

𝐻 is close
to the ideal zero point in the strain-free T′-MoGe2N4 nanosheet, and for
other T′-MA2N4 systems, the 𝛥𝐺∗

𝐻 values can also be tuned to zero by
the strain engineering. Moreover, all the surface 𝑁 atoms of T′-MA2N4
nanosheets are active sites for the HER and the HER activity can be
maintained over a wider range of H concentrations, which is superior
to the MoS2 system. (4) Possible H-to-T′ phase transition has been
examined for the MA2N4 nanosheets. Unlike MoS2, the phase transition
will be hardly triggered by the electron injection alone, but the T′-phase
will become energetically preferred to the H-phase via a combined
effect of electron injection and tensile strain. Our study demonstrates
that the T′-phase MA2N4 nanosheets exhibit peculiar electronic prop-
erties and excellent HER performance, which endows them promising
applications in nanoelectronics, nano-devices, and renewable energy
fields.
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