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Due to mirror symmetry breaking, two-dimensional Janus transition metal dichalcogenides MXY (M =
Mo,W; X, Y = S,Se,Te) present charming electronic properties. However, there have not been many related
studies as of yet, and the intrinsic physical pictures are unclear. Here, we use first-principles calculations to
explore the universality of electronic characteristics and photocatalyst applications of Janus MXY , finding that
the induced dipole moment, vibrational frequency, Rashba parameters, and direct-indirect band transition of
monolayer MXY are deeply associated with the atomic radius and electronegativity differences of chalcogen
X and Y elements. The internal electric field renders Janus MXY the ideal photocatalysts. Moreover, the
stacking-dependent on/off switch of the dipole moment further confirms that asymmetric Janus MXY serves as a
promising candidate for highly efficient photocatalysts within a broad range from infrared, visible, to ultraviolet
light.
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I. INTRODUCTION

The discovery of graphene has motivated people to explore
new two-dimensional (2D) materials due to their novel proper-
ties [1–5]. In particular, monolayer transition metal dichalco-
genides (TMDC) MX2 (M = Mo,W; X = S,Se,Te) have di-
rect band structures, suitable gap values (approximately 1.0–
2.0 eV), high carrier mobility (>200 cm2 V−1 s−1), and high
ambient stability [6–8], which make them ideal materials
for optoelectronic devices such as photodetectors and field-
effect transistors (FETs) [9,10]. Additionally, TMDCs also
exhibit unconventional physics phenomena, e.g., strong cou-
pling between spin and valley degrees of freedom [6,11–13].
However, TMDCs still lack Rashba spin-orbit coupling (SOC)
and electric-controlled spin precession, which hinders their
potential applications in spin FETs.

More recently, through chemical vapor deposition (CVD),
the polar Janus MXY (M = Mo,W; X, Y = S,Se,Te) mono-
layer has been successfully synthesized by sulfurization in
MoSe2 or selenization in MoS2 [14,15]. Thus, the space group
D3h of 2H MX2 is also changed to C3v for Janus MXY [16–
18]. Moreover, Cheng et al. found that polar MXY presents
SOC-induced Rashba spin splitting [19]. Yao et al. also re-
ported that monolayer WSeTe has a large Rashba spin param-
eter of 0.92 eV Å, which is much larger than the values of
traditional heterostructures [20]. The giant Rashba SOC ren-
ders Janus MXY a promising candidate for future spintronic
devices.

In addition, it is well known that a highly efficient water-
splitting photocatalyst requires two fundamental elements:
(i) an appropriate band gap to straddling the reduction
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potential (−4.44 eV) and the oxidation potential (−5.67 eV);
(ii) effective separation of electrons and holes [21,22]. How-
ever, in recent studies Janus MXY created a dipole moment-
induced internal electric field [16,19], which indicates that the
internal electric field can induce a bend of the energy level and
a separation of electron-hole pairs. Thus, the traditional water
splitting mechanism may be broken in polar Janus MXY

[23–25].
In this work, we will present systematic studies on the

intrinsic physics properties of Janus MXY using the first-
principles method. We explore the universality of structural
parameters, phonon vibrations, and electronic properties with
respect to the atomic species. Moreover, the optical absorption
and water splitting activities indicate that Janus MXY could
be considered as an ideal photocatalyst.

II. CALCULATION METHOD

For the electronic structure calculation of all considered
Janus MXY materials, we use the Vienna Ab initio Simulation
Package (VASP) code based the density functional theory
(DFT) [26]. The generalized gradient approximation (GGA)
and projected augmented wave (PAW) are used to treat the
exchange correlation potential and ion-electron interaction
[27,28]. Due to the existence of dipole moment in Janus MXY

materials, the dipole correction is introduced. Also, during
the calculations, the kinetic energy cutoff of the plane wave
and the k-point meshes of the Brillouin zone (BZ) are set to
500 eV and 15 × 15 × 1 [29], respectively. To avoid the peri-
odic interaction, a vacuum layer thickness of 20 Å is added.
Moreover, the geometric convergence criteria for energy and
forces are set at 10−5 eV and 0.01 eV/Å, respectively. The
van der Waals (vdW) interlayer interaction is considered by

2469-9950/2018/98(16)/165424(8) 165424-1 ©2018 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.98.165424&domain=pdf&date_stamp=2018-10-17
https://doi.org/10.1103/PhysRevB.98.165424


XIA, XIONG, DU, WANG, PENG, AND LI PHYSICAL REVIEW B 98, 165424 (2018)

FIG. 1. (a) The atomic structure of monolayer Janus MXY . (b)
The charge density difference of monolayer MoSTe with an isovalue

of 0.02 e/Å
3
. The arrow marks the direction of the net electric

field. Red and blue denote electron accumulation and depletion,
respectively. (c) Planar average electrostatic potential energy of the
monolayer MoSTe. �φ is the potential energy difference. (d) The
potential energy difference and dipole moment of monolayer Janus
MXY . (e) The first BZ of Janus MXY .

using a semiempirical DFT-D2 method [30,31]. The spin-
orbit coupling (SOC) effect is included in the self-consistent
calculations. In addition, the hybrid Heyd-Scuseria-Ernzerhof
(HSE) method is used to correct the band structures [32].

The PHONOPY code is used to confirm the thermal stability
and obtain the phonon vibration modes of monolayer Janus
MXY [33,34]. Based on the density functional perturbation
theory (DFPT) [35], the atomic displacements are treated as a
perturbation potential. We construct the 5 × 5 MXY supercell
and adopt the 5 × 5 k-point meshes to create accurate force
constants, the dynamical matrix, and the phonon spectrum.

The thermal stability of Janus MXY at room temperature
is examined by ab initio molecular dynamics (MD) simula-
tion [36,37]. And the constant particle number, volume, and
temperature (NVT) ensemble are simulated by adopting the
algorithm of Nose. The test sample is chosen as a 6 × 6
supercell, and the total time and time step are set as 5 × 10−12

and 1 × 10−15 s, respectively.
To evaluate the excitonic properties of the Janus MXY

monolayer, the quasiparticle energy is calculated within the
GW method. We use the 15 × 15 × 1 k-meshes to obtain
the accurate band structures through the WANNIER90 program
[38], and the exciton effect are calculated by solving the
Bethe-Salpeter equation (BSE) [39,40].

III. RESULTS AND DISCUSSIONS

A. Structure, stability, and phonon dispersion
of monolayer M XY

Figure 1(a) shows the atomic structure of Janus MXY

monolayer, in which we define the atomic radius of the X

atom as always smaller than that of the Y atom. Compared
with the space group D3h of 2H-MX2, the space group of
monolayer MXY is changed to C3v due to mirror symmetry
breaking. After the structural optimization, Table I shows the
calculated structural parameters, including lattice constants,
bond lengths, and angles. The related results are also plotted
in Fig. S1 (see the supplemental material [41]), which reveals
the following trends:

(i) As the XY atomic radius sum increases (SSe → STe →
SeTe), the lattice constants of MXY materials linearly in-
crease.

(ii) The difference of bond lengths (dM-X and dM-Y ) and
angles (θ1 and θ2) is directly proportional to the XY atomic
radius difference (SSe → SeTe → STe).

In Fig. 1, we further investigate the mirror-symmetry-
breaking–induced dipole moments of Janus MXY . As an
example, Fig. 1(b) plots the charge density difference of the
MoSTe monolayer. It can be seen that the electron aggregation
and depletion occur at S and Te atoms, respectively, which
are attributed to different atom electronegativity: S (2.58) and
Te (2.10). Thus, the charge redistribution can induce the net
electric field and dipole moment pointing from Te to S in the
MoSTe monolayer. Meanwhile, Fig. 1(c) shows that MoSTe
has an electrostatic potential difference �φ and a higher
potential at the S atom side. Moreover, in Fig. 1(d) we also
display the potential energy difference and dipole moment for
the Janus MXY materials. Obviously, the potential energy
difference is proportional to the dipole moment. Due to the
large electronegativity difference of S and Te atoms, the MSTe
material has the largest dipole moments, which are nearly
double those of MSSe and MSeTe.

In the Janus MXY materials, the bonds between M and X

(Y ) atoms have covalent character. To assess the strength of
covalent bonds, we calculate the cohesive energy of MXY by
using the following equation:

Ecoh = μM − μX − μY − Etot, (1)

where μM , μX, and μY are the chemical energies of M , X, and
Y atoms, respectively. Etot is the total energy of monolayer
MXY . The related results are given in Fig. S1(d) and Table I,
showing that the cohesive energies decrease as the sum of the

TABLE I. Calculated lattice constants (a and b), bond length (dM-X) and (dM-Y ), bond length difference (�dX-Y ), the angle (θ1 and θ2),
cohesive energy (Ecoh), potential energy difference (�φ) and dipole moment (μ) of monolayer Janus MXY .

Pattern a = b (Å) dM-X (Å) dM-Y (Å) �dX-Y (Å) θ1 (deg) θ2 (deg) �θ (deg) Ecoh (eV) �φ (eV) μ (D)

MoSSe 3.250 1.528 1.704 0.176 39.2 42.2 3 2.44 0.76 0.188
MoSeTe 3.433 1.615 1.863 0.248 39.2 43.2 4 1.37 0.74 0.198
MoSTe 3.364 1.472 1.901 0.429 37.2 44.4 7.2 1.65 1.47 0.383
WSSe 3.247 1.535 1.713 0.178 39.3 42.4 3.1 2.17 0.72 0.174
WSeTe 3.432 1.623 1.870 0.247 39.3 43.3 4 0.86 0.7 0.187
WSTe 3.361 1.478 1.909 0.431 37.3 44.5 7.2 1.23 1.40 0.364
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FIG. 2. The total energies of Janus MXY as a function of the
time under the molecular dynamics simulations at 300 K.

X and Y atomic radii increases (SSe → STe → SeTe) (see the
supplemental material [41]). Thus, Janus MSSe materials are
energetically most favorable with the largest cohesive energies
among Janus MXY .

Meanwhile, the thermal stability of Janus MXY is qual-
itatively tested by MD simulation at room temperature.
Figure 2 shows the fluctuations of total energies for the MXY

monolayer, indicating the total energy oscillation persistently
remains at a fixed value. Moreover, Fig. S2 displays that after
the MD simulation, there is no bond-breaking and structural
distortion in the final configurations of the MXY monolayer
(see the supplemental material [41]). These results imply that
the Janus MXY materials can be experimentally feasible at
room temperature.

To further discuss the structural stability and phonon vi-
bration modes of Janus MXY , Fig. 3 shows that the phonon
dispersion of MXY has nine branches, including six optical
and three acoustic branches. Moreover, the three acoustic
branches have lower frequency and contain in-plane longitudi-

FIG. 3. The phonon dispersion of monolayer (a) MoSSe,
(b) MoSeTe, (c) MoSTe, (d) WSSe, (e) WSeTe, and (f) WSTe.

TABLE II. The vibration frequencies of monolayer MXY and
MX2.

MoSSe MoSeTe MoSTe WSSe WSeTe WSTe

A′
1 (cm−1) 286 200 227 276 199 214

E′ (cm−1) 345 255 326 323 220 310

MoS2 MoSe2 MoTe2 WS2 WSe2 WTe2

A′
1 (cm−1) 402 237 170 412 244 175

403 [39] 241 [40] 171 [42] 418 [41] 250 [43] 179 [44]
E′ (cm−1) 378 279 230 348 240 192

384 [39] [40] [42] 356 [41] 248 [43] 198 [44]

nal acoustic (LA), transverse acoustic (TA), and out-of-plane
acoustic (ZA) modes. For six optical branches, it consists
of two in-plane longitudinal optical (LO1 and LO2), two-in-
plane transverse optical (TO1 and TO2), and two out-of-plane
optical (ZO1 and ZO2) modes. Based on the irreducible repre-
sentations at the � point, the six optical modes are classified
as degenerate E′ (LO2 and TO2) and E′′ (LO1 and TO1) and
nondegenerate A′

1 (ZO1) and A′′
1 (ZO2). Figure 3 shows that

there is no negative acoustic branch found at phonon spectra
around the � point, which implies that the monolayer Janus
MXY could be favorably stable.

For the characteristics of the phonon spectrum, Table II
summarizes the vibration frequencies of A′

1 and E′ modes
from Fig. 3. We see that for the MoSSe monolayer, the
calculated out-of-plane A′

1 and in-plane E′ modes are 286
and 345 cm−1, agreeing well with the Raman peaks of 287
and 355 cm−1 [14,15]. Moreover, the frequencies of the A′

1
and E′ modes are inversely proportional to the sum of the
M , X, and Y atomic radii. Therefore, we find that for the
MoSSe monolayer, the sum of the Mo, S, and Se atomic radii
is smallest, and thus it has the largest frequencies of A′

1 and E′
modes. Additionally, in Fig. S3, we also calculate the phonon
dispersion of MX2 and summarize its vibration modes in
Table II, which are consistent with previous results [42–47].
It can be seen that compared with the MX2 monolayer, the
vibration modes A′

1 and E′ have a frequency shift in the Janus
MXY monolayer. The shifts of out-of-plane A′

1 and in-plane
E′ peaks are mainly attributed to the change of lattice constant
and out-of-plane symmetry-breaking, respectively.

B. Electronic properties of monolayer M XY

Now we study the electronic characteristics of the Janus
MXY monolayer. In Fig. 4, we present the band structures
of Janus MXY considering the SOC interaction. The results
show that monolayer MSSe and MSeTe have direct band
structures because their conduction-band minimum (CBM)
and valence-band maximum (VBM) are located at the same
K point. However, the CBM and VBM of monolayer MSTe
lie at the K and � points, respectively, inducing the indirect
band structures in Janus MSTe. These behaviors are differ-
ent from the direct band structures of monolayer MX2 [6].
Additionally, to support our calculated results, Fig. S4 also
shows the calculated band structures of monolayer MXY

using Perdew-Burke-Ernzerhof (PBE) and HSE methods, and
the SOC effects are not considered. It can be found that the
SOC interaction and calculation methods only decrease the
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FIG. 4. The band structures of monolayer Janus MXY are given
by HSE and SOC methods. The insets denote an enlarged view of the
band structures.

band-gap values while maintaining the band-structure types
(direct or indirect).

Moreover, Fig. S5 summarizes the gap values of MXY

and MX2 obtained using the HSE method, and it is found
that the order of band-gap values is MS2 > MSSe > MSe2 >

MSeTe > MSTe > MTe2. Thus, we can conclude that the
band-gap values of 2H MX2 can be modulated by forming
Janus MXY structures. The modulation strategy is similar to
the alloy doping in MX2 [48–50], which provides a rational
design for tunable optoelectronic properties of the 2D TMDC
materials.

Table III reveals that the SOC splitting at the VBM is one
or two orders of magnitude higher than that at the CBM. Due
to the heavier metal atoms, the VBM of WXY has larger
SOC splitting than that of MoXY and reaches nearly 640
meV. Meanwhile, we also observe the dz2 orbital-involved
Rashba spin splitting in the MXY materials. To calculate
the Rashba parameter αR = 2ER/kR [19], Fig. 4 shows the
magnified Rashba energy ER and momentum offset kR at the
� point. The related results are summarized in Table III, which
illustrates that the parameters ER , kR , and αR are directly
proportional to the sum of X and Y atomic radii. Particularly,
the Rashba coupling parameter αR of MoSeTe and WSeTe
exceeds 1.3 eV Å, which is much larger than that of tradi-

tional heterostructures InGaAs/InAlAs and LaAlO3/SrTiO3

[51,52]. The Janus MXY with large Rashba spin splitting
is expected to stabilize spin, which is desired in spintronics
devices.

To gain more insight into the orbital contribution of band
structures, Fig. S6 shows the d orbital-resolved projected
band structures. We can find that for monolayer MXY , the
electronic states near the CBM and the VBM mainly stem
from the d orbitals of transition metal atoms, which are similar
to previous studies on MX2. Also, Fig. S6 shows that for
Janus MXY , the highest (lowest) valence (conduction) band
at K originates from the dxy + dx2−y2 (dz2 ) orbital. The strong
hybridization between dxy and dx2−y2 orbitals of M atoms also
causes the large SOC splitting of the VBM at the K point.
For the highest valence band at �, the electronic states are
attributed to the dz2 orbital. However, the dyz + dxz orbital
appears at a deep energy level above and below the Fermi level
2 eV, which does not directly involve into the interplay near
the CBM and the VBM.

To estimate the exciton binding energy of the Janus MXY

monolayer, Fig. S7 plots the band structures obtained using
GW methods, and Fig. S8 presents the absorption spectrum
obtained by the GW+BSE methods. Moreover, the exciton
binding energy is defined as the difference between the GW

band gap and the first absorption peak of the GW+BSE
absorption spectrum. Thus, we can calculate the exciton bind-
ing energy of the Janus MXY monolayer, and the related
values are summarized in Table III. It can be seen that the
scaling values of exciton binding energies range from 0.308 to
0.469 eV, which are a little lower than that of the conventional
2H MX2 range from 0.47 to 0.55 eV [53], which results from
the internal electric field in the 2D Janus MXY material.
In addition, it is well known that exciton states are formed
via the electron-hole Coulomb interaction. Thus, compared to
MX2, the Janus MXY materials have smaller exciton binding
energy, which are ideal for photocatalysis because of the
effective separation of electron-hole pairs in these materials.

Next we calculate the high-frequency dielectric constants
ε∞ via density functional perturbation theory (DFPT). To
verify the rationality of this model, we first take monolayer
MoS2 as a sample and calculate its high-frequency dielectric
functional ε∞. The obtained value of 4.66 is consistent with
reported values of 4.44 and 5.00 [54,55]. Then, the high-
frequency dielectric constants ε∞ of Janus MXY are listed
in Table III, implying that the ε∞ is proportional to the sum of
XY atomic radii.

TABLE III. The conduction and valence band splitting (�C and �V ), obtained band gap from PBE (EPBE
g ), HSE methodS without SOC

(EHSE
g ) and with SOC (EHSE+SOC

g ), the Rashba energy ER , momentum offset kR , Rashba parameter αR , exciton binding energy (Ebind) and
high-frequency dielectric constant (ε∞) for monolayer Janus MXY .

Pattern �C (meV) �V (meV) EPBE
g (eV) EHSE

g (eV) EHSE+SOC
g (eV) ER (meV) kR (Å−1) αR (eV Å) ER (meV) ε∞

MoSSe 34 246 1.56 2.01 1.98 1.4 0.012 0.239 0.426 4.93
MoSeTe 61 314 1.27 1.71 1.51 35.8 0.052 1.382 0.469 5.78
MoSTe 53 282 1.02 1.47 1.45 4.2 0.019 0.44 0.447 5.73
WSSe 25 584 1.70 2.18 1.85 3.9 0.016 0.5 0.347 4.54
WSeTe 9 637 1.35 1.79 1.40 29.4 0.041 1.434 0.308 5.38
WSTe 7 579 1.23 1.71 1.60 10.7 0.023 0.93 0.431 5.25
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FIG. 5. The atomic structures of bilayer MXY with different
stacking models (a) AA1, (b) AA2, (c) AA3, (d) AB1, (e) AB2,
and (f) AB3.

For the 2D semiconductor systems, the carrier mobility μ

can be evaluated by deformation theory on the basis of the
effective-mass approximation [56], which is expressed as

μ = 2eh̄3C

3kBT |m∗|2E2
1

, (2)

where C = [∂2E/∂δ2]/S0 is the elastic modulus, in which
E is the total energy, δ is the applied uniaxial strain, and
S0 is the area of the MXY . The m∗ = h̄2(∂2E/∂k2)−1 is the
effective mass of the electron or hole (h̄ is Planck’s constant
and k is the wave vector in momentum space). E1 is defined
as E1 = �E/(�l/ l0), in which �E is the band-edge shift
with respect to the lattice change. And the kB and T are the
Boltzmann constant and temperature (300 K), respectively.
During the calculations, we build the rectangle supercell and
apply the uniaxial strain. Table S2 presents the mobility of
the electron and hole under room temperature. It can be
seen that the carrier mobility along the x and y directions
is not exactly equal, implying a slightly anisotropic feature.
Moreover, the carrier mobility of WSSe is larger than that of
MoSSe due to the larger elastic modulus and smaller effective
mass. Especially for WSSe, it has the highest hole mobility
of 627 cm2 V−1 s−1. However, for the WSTe and MoSTe
cases, they have lower hole mobility because of a larger hole
effective mass.

C. Structural and electronic properties of bilayer M XY

Here, we investigate the characteristics of the Janus MXY

bilayer. Figure 5 depicts six kinds of MXY bilayer stack-
ing models, denoted AAn and ABn (n = 1, 2, 3). For AAn

(ABn) stacking, the XY atom lies over the XY (M) atom,
while the M atom is located over the (M) XY atom. Mean-
while, AB1 stacking is obtained by rotating each layer 180◦ in
AA1 stacking. Reversing each layer in AA1 (AB1) stacking
can form AA2 and AA3 (AB2 and AB3). In the AA2 and
AB2 (AA3 and AB3) stacking models, two Y (X) atom
layers are combined face to face. Moreover, the point groups
of AA1, AA2, AA3, AB1, AB2, and AB3 stacking models

FIG. 6. The band structures of bilayer MoSeTe with various
stacking models are given by HSE (red solid line) and HSE+SOC
(blue dashed line) methods.

are C3v , D3h, D3h, C3v , D3d , and D3d , respectively. Thus, in
the following, we will further study the stacking-dependent
stability, dipole moment, and electronic properties of bilayer
MXY materials.

First, we calculate the binding energy of bilayer MXY

based on the equation

Eb = 2Emonolayer − Ebilayer, (3)

where the Emonolayer and Ebilayer are the total energies of
monolayer and bilayer MXY , respectively. It can be seen from
Table S1 that all bilayer models are energetically stable. The
ABn pattern has a larger binding energy than that of AAn

stacking, and AB2 stacking MXY has the largest binding
energy among all stacking models.

Then we investigate the stacking effects on the internal
electric field and dipole moment of the Janus MXY bilayer.
Taking the MoSTe bilayer as an example, Fig. S9 plots
the planar average electrostatic potential of AAn and ABn

stacking patterns. We can see that AA1 and AB1 models have
the electrostatic potential difference �φ. However, for AA2,
AA3, AB2, and AB3 patterns, the �φ becomes zero because
they heal the out-of-plane symmetry breaking in monolayer
form. Moreover, Table S1 shows that the potential difference
�φ of AA1 and AB1 is nearly the same, implying that the net
electric field is immune to the in-plane rotation. Moreover,
the potential difference and dipole moments of AA1 and AB1
are almost double that of the MXY monolayer due to the
out-of-plane asymmetric stacking.

To study the electronic properties of the MXY bilayer,
Fig. 6 plots the band structures of bilayer MoSeTe with
various stacking models. For AA1 and AB1 models, the CBM
and VBM are still located at the K point, indicating they
possess the characteristics of direct band structures. However,
the AA2, AA3, AB2, and AB3 models form the indirect
band structures. In particular, AA3 and AB3 models can
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FIG. 7. Optical absorption coefficients of monolayer (1L), bi-
layer AB1, AB2, and AB3 MXY calculated by the HSE+SOC
method.

pull down the VBM at the K point, inducing the direct-
indirect gap transition. Moreover, Table S1 shows that the
high-symmetry stacking effectively tunes the band-gap values
of bilayer MoSeTe from 1.46 eV (1.6 eV) to 0.93 eV (1.12 eV)
with (without) the SOC interaction. In addition, another Janus
MXY bilayer also presents the stacking-dependent band-gap
values.

To analyze the high-symmetry stacking effect, Fig. S10
plots d orbital-resolved projected band structures of bilayer
MoSeTe. Compared with the MoSeTe monolayer in Fig. S6,
the bilayer stacking makes no difference to the d orbital
dispersion at the first BZ. The dz2 orbital dominates the lowest
conduction band at K and the highest valence band at �,
while the orbital dominates the highest valence band at K . For
AA1 and AB1 models, the out-of-plane asymmetry breaks
the conduction-band (dz2 ) and valence-band (dxy + dx2−y2 )
degeneracy at K . However, the AA2, AA3, AB2, and AB3
models recover the out-of-plane symmetry and degeneracy
band at K .

D. Optical properties

To examine the stacking effects on the optical properties
of Janus MXY , we calculate the absorption coefficients α(E)
through the equation

α(E) = 4πE

hc

√
0.5

((
ε2

1 + ε2
1

)0.5 − ε1
)
, (4)

where ε1 and ε2 are the real and imaginary parts of the dielec-
tric function [57], respectively. Figure 7 presents the optical
absorption coefficients for monolayer, bilayer AB1, AB2, and
AB3 MXY materials. We find that the Janus MXY allows
the high absorption coefficients (approximately 105 cm−1)
and broad wavelength range of optical absorption from near-
infrared to ultraviolet. For all MXY materials, the absorption
coefficients of the MXY bilayer have larger values than that of
the MXY monolayer, indicating the optical absorption of the
MXY bilayer is remarkably enhanced under the visible and
ultraviolet light ranges. The strong visible and ultraviolet light

FIG. 8. Band alignments of monolayer Janus MXY with respect
to the redox potentials of water. Eint denotes the internal electric field.

absorption will provide obvious advantage for Janus MXY as
the ideal photocatalyst.

E. Photocatalyst

To further check the possible applications of Janus MXY

in the photocatalyst, Fig. 8 plots the band alignments of the
Janus MXY monolayer with respect to the redox potential of
water using the HSE+SOC method. On the X atom layer side,
the VBM is lower than the oxidation potential (−5.67 eV) by
�EV , indicating that the holes are readily transferred from the
VBM to H2O and oxidize it to O2:

4h+ + 2H2O → O2 + 4H+. (5)

On the Y atom layer side, when the CBM is higher than the
reduction potential (−4.44 eV) by �EC , the electrons can
flow to H2O and catalyze it to H2:

4e− + 4H2O → 2H2 + 4OH−. (6)

Meanwhile, the dipole moment-induced internal electric field
spontaneously separates photo-generated electrons and holes,
and localizes the holes and electrons on both the X and Y

sides, respectively.
The photocatalytic ability of Janus MXY is evaluated as

follows. The photocatalyst absorbs solar energy to convert
energy into H2 and O2. Moreover, the kinetic overpotentials
(�EC and �EV ) are needed to drive the redox reaction.
Table S3 gives the potential difference �EC (�EV ) between
the CBM (VBM) and the reduction potential (oxidation po-
tential). Compared with the potentials of H+/H2 and H2O/O2,
the WSeTe monolayer has enough �EC of 1.26 eV to produce
H2, while its potential of the VBM fails in producing oxygen.
However, the other five materials have enough energy differ-
ence (�EC and �EV ) from 0.01 to 1.43 eV to achieve water
splitting. In particular, the MSTe materials have the largest
dipole moments and electrostatic potentials, which induce
the electron and hole to be separated effectively and create
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FIG. 9. Band alignments of bilayer Janus MXY for (a) AB1 and
(b) AB2 stacking models with respect to the redox potentials of
water. The Eint denotes the internal electric field.

larger �EC and �EV . Generally, the photocatalytic efficiency
is proportional to the potential difference between the CBM
(VBM) and the reduction (oxidation) potential and the num-
bers of electrons and holes. Therefore, the MSTe materials can
be proposed as the more preferred photocatalysts under the
broad range from near-infrared, visible, to ultraviolet light be-
cause they have a larger potential than the reduction/oxidation
potential and a stronger internal electric field.

According to the above studies on the values of dipole
moments, the MXY bilayer can be classified into two types:
AA1 and AB1; AA2, AA3, AB2, and AB3 patterns. The
former type has almost a double dipole moment of the MXY

monolayer, while the latter type has a zero dipole moment.
Thus, we select AB1 and AB2 stacking models as the target
materials, and we study their photocatalytic ability in Fig. 9.
Moreover, for the AB1 stacking, Table S3 shows that bilayer
MoSSe, MoSTe, WSSe, and WSTe have a large potential
difference �EC and �EV for the reduction and oxidation
reaction. The bilayer MoSeTe and WSeTe with AB1 stacking
have large �EC to achieve H2 reduction, while their VBM is
higher than the oxidation potential and fails to produce O2.

However, the AB2 stacking models are compelled to
conform to the conventional photocatalytic rule due to the
zero dipole moment, and the water reduction and oxidation
potentials must lie between the CBM and the VBM. It can
be seen that only MoSSe, MoSeTe, and WSSe with AB2
stacking are strictly compliant with this rule. Although they
meet the basic requirement, the potential differences �EC

and �EV are smaller than 0.6 eV, which will present very
low efficiency in splitting water. Moreover, MoSTe, WSeTe,
and WSTe with AB2 stacking are even harmful to the redox
reaction. Therefore, the recovering of out-of-plane symmetry
in the MXY bilayer may not be beneficial to the water
splitting. Based on the strength of the dipole moment and
the internal electric field, the AA1 and AB1 MXY bilayer,

especially MSTe, can be proposed as the high-efficiency and
broad wavelength photocatalysts for water splitting from near-
infrared, visible, to ultraviolet light.

It should be noted that in this work, we only consider
the redox potentials of H+/H2 and H2O/O2 at an aqueous
solution pH = 0. Meanwhile, the water splitting efficiency
is closely related to the aqueous solution pH. According to
the Nernst equation [58–60], water redox potentials at room
temperature vary as a function of the pH,

EpH = EpH=0 − 0.059 × pH, (7)

where EpH is the redox potential. Using this equation, we can
obtain the redox potentials of H+/H2 and H2O/O2 for any
pH. As the pH value increases from 0 to 14, the corresponding
redox potentials (H+/H2 and H2O/O2) will shift upward. The
kinetic overpotential �EC (�EV ) is the difference between
the CBM (VBM) and the reduction (oxidation) potential. If
the redox potentials of H+/H2 and H2O/O2 lie between the
CBM and the VBM, the rise of pH will decrease (increase)
overpotential �EC (�EV ). For monolayer WSTe, it is ca-
pable of producing H2 and O2 from an aqueous solution
with pH >5.8. Therefore, Janus MXY presents the aqueous
solution pH-related water splitting efficiency.

IV. CONCLUSIONS

In summary, we investigated theoretically the structural
stability, phonon vibration, band structures, carrier mobility,
exciton states, optical absorption, and photocatalyst properties
of 2D Janus MXY materials, and we explored the relationship
between the intrinsic physics mechanisms and structure pa-
rameters. The dipole moment, vibrational frequency, Rashba
parameters, and direct-indirect band transition of monolayer
MXY are deeply associated with the atomic radius and elec-
tronegativity differences of chalcogen X and Y elements. The
internal electric field facilitate Janus MXY to become ideal
photocatalysts because of the separation of electron-hole pairs
and the bending of energy levels. Moreover, the stacking-
dependent on/off switch of the dipole moment further con-
firms that asymmetric Janus MXY serves as a promising
candidate for highly efficient photocatalysts within a broad
range from infrared, visible, to ultraviolet light.
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