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a b s t r a c t

The successful fabrication of H-phase Janus transition metal dichalcogenides (TMDs) has

received considerable interest due to its great potential in photocatalytic applications.

Here, new A0-XMoY (X/Y ¼ O, S, Se, Te) Janus-type structures belonging to the family of

TMDs were theoretically investigated for the first time in terms of photocatalytic water

splitting via DFT calculations. For all compounds, the Raman spectra were calculated. The

SMoO, SeMoO, SMoSe, SMoTe and SeMoTe compounds are dynamically stable and are

semiconductors. Among all considered structures SMoTe is the most promising candidate

for solar hydrogen production because valence and conduction bands perfectly engulf the

redox potentials of water at both neutral and acidic media, opposite to SMoSe, SMoO,

SeMoO suitable only in the acidic media, and SeMoTe e in the neutral media. Moreover, A0-
phystech.edu (E.V. Sukhanova), zipcool@bk.ru (Z.I. Popov).

ons LLC. Published by Elsevier Ltd. All rights reserved.

al., Novel Janus 2D structures of XMoY (X, Y ¼ O, S, Se, Te) composition for solar hydrogen
en Energy, https://doi.org/10.1016/j.ijhydene.2022.12.286

mailto:yekaterina.sukhanova@phystech.edu
mailto:zipcool@bk.ru
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2022.12.286
https://doi.org/10.1016/j.ijhydene.2022.12.286


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2
Transition metal dichalcogenides
H2 generation
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SMoTe demonstrates the outstanding values of the solar-to-hydrogen (STH) conversion

efficiencies of 54.0 and 67.1 for neutral and acidic media.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The new ways to produce clean energy and environmentally

friendly fuels belong to the idea of utilization of the widely

available energy of the Sun since all energy-dependent pro-

cesses on our planet indirectly or directly use the power of

solar irradiation [1]. The ongoing increase in energy con-

sumption, another issue with the current urbanization pro-

cess, has created a demand for the generation of green

hydrogen [1]. There is no doubt that sunshine and water, two

unadulterated, renewable natural resources, are suitable for

producing green hydrogen [2]. The photocatalytic splitting of

water is of interest because its usage can reduce emissions of

greenhouse gas, have the potential to meet growing global

energy demand, solve problems related to sustainable energy

supply, and mimic natural processes of solar energy effective

utilization [3,4]. The concept of water decomposition into

hydrogen and oxygen under solar light radiation was first

demonstrated by Fujishima and Honda using a photo-

electrochemical cell based on semiconductor catalysts (in

particular TiO2 electrode) [5]. An effective photocatalyst ma-

terial should satisfy some conditions among which is the

ability to absorb light in the visible and infrared range of the

spectrum since 90% of the solar radiation energy comes from

this area, it should meet the criterion of the “Hon-

daeFujishima effect” [3] - have a specific relationship between

the conduction band minimum (valence band minimum) and

the reduction potential (oxidation potential), and have an

effective separation of photogenerated electrons and holes

[4,6]. Despite all the benefits pristine TiO2 shows low efficiency

[5] namely due to a wide band gap (3.0e3.2 eV [7]), but its

characteristics can be improved by suchmethods as doping or

preparation of composites or heterojunctions [8e12]. Except

for TiO2-based materials, different nanoclusters [13], metal-

organic frameworks [14], nanotubes [15], and nano-

composites [16e18] were considered in terms of photo-

catalytic water splitting reactions but the search for new

technological materials for electrodes is still the primary task.

Two-dimensional nanomaterials have a high potential to

be used in photocatalytic water splitting reactions [19e22]

because of a large surface area leading to short migration path

lengths of photogenerated carriers and due to electronic

properties tunable by stain or changing the thickness. Tran-

sition metal dichalcogenides (TMDs) have already shown

great potential to be used in water splitting with exceptional

stability and diversity of structures and chemical composi-

tions [23], however, TMDs are characterized by low carrier

mobility which hinders the efficiency of the catalytic process

[24], and only a few of themhave suitable band gap valuemore

than 1.23 eV (according to the Nernst equation) and less than

3.0 eV to efficiently utilize the solar energy [25].
l., Novel Janus 2D structu
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The Janus monolayers having different sorts of atoms on

the opposite atomic planes seem especially prospective for

photocatalytic water splitting [26e28] due to the breaking of

the out-of-plane structural symmetry [29] leading to the

appearance of intrinsic dipole moment in the transverse di-

rection which can improve the separation of photogenerated

carriers [30,31] and help to relieve the restriction on the band

gap values due to a different value of electronwork function at

opposite sides of the structures [32]. A lot of different Janus

structures are known today [33,34], among them monolayers

based on TMDs are of particular interest [28,34e37] and were

successfully fabricated [38,39]. The current theoretical results

demonstrate a wide range of possible structures besides H

phase in the TMDs family, for example, the square MXY

monolayers [40] as well as Janus T0 phases [41,42]. Besides

bandgap engineering which can be realized by applying in-

plane strain the properties of Janus heterostructures can be

tuned by the fabrication of different heterostructures based

on Janus TMDs [43e45]. Production of the Janus TMDs with a

novel crystal structure offers one more degree of freedom to

explore and extend their potential applications. Previously

performed crystal structure prediction of possible XMoY

monolayers revealed a broad variety of materials [46], among

which the proposed A0-SMoSe structure seems the most

promising ones due to dynamical stability and low formation

energy. However, the properties of this structure in terms of

photocatalytic applications have not been studied and

remained unclear. In this work, the novel 2D Mo-based A0-
phase of Janus TMD was examined as potential photocatalyst

material for water splitting reaction by comprehensive theo-

retical investigation including stability, electronic properties,

and optical characteristics.
Methods

Quantum chemical calculations were carried out within the

density functional theory (DFT) [47,48] implemented in the

VASP program package [49e51]. The exchange-correlation

functional was calculated via generalized gradient approxi-

mation (GGA) in Perdew-Burke-Ernzerhof (PBE) parameteri-

zation [52]. The projector-augmented wave (PAW) [53] basis

set technique was used. The energy cutoff of plane waves was

set to be equal to 520 eV. The first Brillouin zone was sampled

according to the Monkhorst-Pack scheme [54], and the k-point

mesh of 5 � 3 � 1 was chosen for structure optimization and

electronic properties investigation. A vacuum region of at

least 15 �A was chosen to avoid an artificial interaction be-

tween structures in a non-periodic direction. To obtain a

deeper knowledge of the electronic properties of Janus XMoY

(X/Y ¼ O, S, Se, Te) structures we employed screened hybrid
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functional of Heyd-Scuseria-Ernzerhof (HSE06) [55] to esti-

mate the bandgaps more accurately as the GGA-PBE func-

tional generally underestimates the bandgap [55]. For atomic

structure visualization, we used VESTA [56] software. The

phonon calculations were carried out using the PHONOPY

program package [57]. Charge redistribution in all considered

systems was studied by the Bader charge analysis [58,59]. The

climbing image nudged elastic band (CI-NEB) method [60,61]

was used to calculate the barrier values for the phase

transition.

The Cambridge Serial Total Energy Package (CASTEP code)

[62] based on density functional theory is employed to simu-

late Raman spectra [63] of investigated Aʹ Janus structures.

The local density approximationwas used and the planewave

cutoff energy for norm-conserving pseudopotentials was set

to 400 eV for SeMoTe, 650 eV for SMoTe and SMoSe, and 750 eV

for SeMoO and SMoO. The Brillouin zone was sampled using

the Monkhorst-Pack scheme with k-point sampling no more

than 0.05 2p/�A. All considered structures were optimized with

the next convergence criteria: maximum forces should be less

than 0.03 eV/�A, andmaximumstress is nomore than 0.05 GPa.

The Raman spectra for all compounds were simulated by a

10 cm�1 Lorentzian broadening. A similar scheme was suc-

cessfully used before for the reproduction of the H-SMoSe

structure Raman spectrum [64].
Results and discussions

The atomic structure of the considered A0 phase was earlier

proposed in Ref. [46]. There are 6molybdenum atoms, 6 atoms

of X-type, and 6 atoms of Y-type in the unit cell of Janus A0

phase (see Fig. 1a). The corresponding unit cell parameters of

the examined monolayers are presented in Table S1. Consid-

ered A0 phase is characterized by the triclinic symmetry (see
Fig. 1 e (a) The top and side views of the atomic structure of th

yellow/orange colors molybdenum and different chalcogen (S, Se

black solid line. (b) The energy difference between the A′ (violet

Janus XMoY per formal unit (eV/f.u.). (For interpretation of the ref

to the Web version of this article.)
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Fig. 1a) and Mo atoms are arranged similarly as nodes in the

Kagome lattice. The Mo-X and Mo-Y bond lengths (see Table

S2) correlate well with ionic radii increasing in the row from

O to Te.

To estimate the thermodynamic stability of considered

monolayers we compared the energies of A0 Janus structures

with the energies of other TMDs Janus structures in well-

known H, T, and T0 phases with the same chemical compo-

sition as DE ¼ EXMoY � EH�XMoY, where EXMoY is the energy of

considered phase of XMoY Janus structure, EH�XMoY is the

energy of H-XMoY Janus structure (see Fig. 1b and Table S3).

The obtained values of DE for well-known Janus phases cor-

relates well with previously reported results [36,42,65]. Janus

structure of the H phase was found to be the most energeti-

cally favorable for most considered chemical compositions

except for OMoTe for which T0 phase is the most energetically

favorable. Our calculations showed that the energy of the 1A0

Janus phase is close to the energy of the T-phase with the

same chemical composition, and the energy difference is less

than 0.2 eV/f.u [42].

The dynamic stability of the A0 Janus structures was

investigated through the calculations of phonon dispersion

spectra. Based on obtained results only the OMoTe structure

does not demonstrate dynamic stability due to the essential

contribution in the imaginary part of phonon spectra (Fig. S1).

Other considered structures have small bulges in the vicinity

of the G-point (Fig. S1) which can be attributed to the lack of

rotational invariance consideration [66,67], for example,

because of using insufficient size supercell in phonon calcu-

lation. Therefore, we carried out additional calculations

within the Hiphive program [68] which proved the dynamic

stability of all considered structures except for OMoTe

monolayer (see Fig. S2).

We also studied the mechanical properties of Janus XMoY

(X/Y ¼ S, Se, Te, O) TMDs by considering the elastic modulus
e A′ phase of Janus XMoY (X/Y ¼ S, Se, Te, O). By purple,

, Te, O) atoms are depicted. The unit cell is highlighted by a

), T′ (green), and T (orange) phases and the H phase of TMD

erences to colour in this figure legend, the reader is referred
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constants using the stress-strain relations (see Supporting

information section SIII). The values obtained (see Table S4)

allow us to additionally estimate the stability of Janus struc-

tures within Born elastic criteria: C11 > 0, C11C22 > C12
2, C66 > 0

[69,70]. We found that all considered Janus structures except

for OMoTe satisfy the elastic stability condition. Therefore,

based on phonon spectra analysis and elastic criteria we do

not further consider the A0-OMoTe Janus structure. Using ob-

tained values of Cij constants we calculated the values of 2D

Young's moduli in the Cartesian [10] and [010] directions

which is the measure of in-plane stiffness, and the corre-

sponding Poisson's ratios describing the mechanical response

of the structure to the applied external load [71]. The angular-

dependent results for Young's moduli and Poisson's ratios are

shown in Fig. S3. Obtained results showed that A0-SMoSe, A0-
SeMoTe, and A0-SMoTe structures have significantly aniso-

tropic atomic structure, while A0-SeMoO and A0-SMoO mono-

layers display very small anisotropy. The 2D linear elastic

constants calculated for A0-Janus structures are lower than

those of the H and T0 phases with the same chemical

composition due to the less dense structure of A0 Janus TMD

leading to a much softer nature compared with other Janus

phases (see Table S4) which is good for flexible electronics due

simplicity to achieve in-plane strains of high magnitude. The

largest value of 2D Young's moduli corresponds to the A0-
SMoO structure (74.28 and 43.38 Nm�1 for the Cartesian [10]

and [010] directions, respectively) which is nearly two and four

times less than the value for the H-SMoO [72,73]. We can also

notice that the exchange of one surface of the A0 phase by S or

Se atoms leads to the Mo-Mo bonds strengthening and thus

the in-plane stiffness is enhanced compared with surfaces

formed by O or Te atoms. Regarding the Poisson's ratio, we

find that in the case of the Cartesian [10] direction the values

for all considered A0 Janus XMoY are significantly larger than

0.5 meaning that they are very soft in the [10] direction due to

the porous structure which additionally indicates the aniso-

tropic nature of the phase. Such significantly large Poisson's
ratios suggest a sensitive structural response to the applied

external stress, which can be useful for band gap engineering

or, for example, piezoelectricity.

To assess the possibility of A0 Janus structures fabrication

we considered some of the possible phase transition path-

ways from the known H and T Janus phases by examining the

SMoSe chemical composition as an example (see Supporting

information section SIV). We estimated the energies of phase

transitions from H- and T-SMoSe structures to A0-SMoSe and

the values are 1.589 eV and 0.674 eV per formula unit,

respectively.We found that the transition from theH-phase to

the A phase is endothermic, while from the T phase to A0 is
exothermic. The barrier value for the transition from H to A0-
SMoSe phases is comparable to the value for the transition

from the H to the T phase of MoS2 (1.5 eV [74,75]). At the same

time, the energy for the reverse transition (from T to H phase)

is 0.68 eV [76], which is also comparable to the transition

barrier from the T to A0 phase. It should be noted that the

phase transition barrier in 2D TMDs can be lowered by doping

with electrons by charge transfer [74,75]. Moreover, it was

shown that the transition from the T to the H phase can be

induced during in situ scanning transmission electron mi-

croscopy experiments [77]. The above facts provide
Please cite this article as: Sukhanova EV et al., Novel Janus 2D structu
production, International Journal of Hydrogen Energy, https://doi.org
prerequisites for the experimental production of the new A0

Janus phases.

Raman spectroscopy method is a powerful tool for the

investigation and identification of different nanomaterials

including 2D ones [78]. The interpretation and analysis of

experimental Raman spectra can be significantly simplified by

comparison with the theoretically calculated spectra within

quantum-chemical methods. Therefore, to facilitate of the

process of experimental identification and search of novel A0

Janus structures we additionally studied theoretically pre-

dicted Raman spectra for dynamically stable A0 Janus struc-

tures. Previously proposed computational model and

parameters showed an excellent agreement with known

experimental data for H-MoSSe structure (see Ref. [64]),

therefore in this paper we applied themodel to investigate the

features of A0 Janus structures Raman spectra (see Fig. 2). The

conventional cell of the Aʹ phase has 18 atoms (similar to the

Hʹ phase considered in Ref. [64]) and is described within the C1

crystallographic space group, thus it has 54 vibrational modes

represented by A. Three of these modes are related to acous-

tical vibrations while the remaining modes should be Raman

active. The position and intensity of spectral bands depend on

chemical composition. For the convenience of presentation,

the spectral profiles shown in Fig. 2 were similarly rated ac-

cording to the most intense peak in each spectrum. Spectral

ranges for A0-SeMoTe, A0-SMoTe, A0-SMoSe, A0-SeMoO and A0-
SMoO may be listed as 44e333 and 47e443 cm�1 (Fig. 2a),

51e457 cm�1 (Fig. 2b), 35e749 and 49e763 cm�1 (Fig. 2c),

respectively. A side-by-side comparison of all spectra up to

800 cm�1 is presented in Fig. 2d.

The low-wavenumber part of the A0-SeMoTe Raman spec-

trum (below 100 cm�1) is related to vibrations of Se/Mo/Te

atomic groups and corresponding spectral lines have low in-

tensity (Fig. 2a). The weak bands at 107 and 128 cm�1 are

associated with Te and Se in-plane translation, respectively.

The Mo-Te stretching-like vibrations with a small contribu-

tion of Se movements appeared via strong lines at 181, 211,

and 272 cm�1. The remaining three strong bands at 289, 313

and 333 cm�1 are Mo-Se stretching, see Fig. 2. The A0-SMoTe

spectrum up to 225 cm�1 (Fig. 2a) is similar to A0-SeMoTe. The

weak band at 122 cm�1 related to S (with a small contribution

of Mo ions) translation. A group of strong bands from 180 to

258 cm�1 is Mo-Te stretching mixed with S translations. The

strong lines from 288 to 416 cm�1 are Mo-S vibrations. A single

strong peak at 442 cm�1 can be described as sulfur out-of-

plane vibration.

The most complex spectral profile is obtained for the Aʹ
phase of SMoSe. Nevertheless, individual high-intensity

spectral bands are observed in the spectrum. The Mo-S

stretching-like vibrations are located from 345 to 391 cm�1

(Fig. 2b). The strongwide band between 442 and 456 cm�1 is an

out-of-plane vibration of sulfur ions. The several combina-

tions of in-plane and in-plane/out-of-plane S/Se vibrations

appeared via remaining intensity peaks as marked in Fig. 2b.

The intensity of low-wavenumber lines for the studied phase

of A0-SMoSe is very low.

The simulated Raman spectrum of A0-SeMoO is dominated

by oxygen vibration peaks at 490 and 655 cm�1, see Fig. 2c,

which are a combination of oxygen out-of-plane/in-plane and

oxygen out-of-plane movements, correspondingly. The
res of XMoY (X, Y ¼ O, S, Se, Te) composition for solar hydrogen
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Fig. 2 e Calculated Raman spectra for Aʹ phase for (a) SeMoTe and SMoTe, (b) SMoSe, (c) SeMoO and SMoO. A comparison of

all obtained spectra is presented in (d). The “oop” subscript corresponds to the designation of out-of-plane vibrations.
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medium intensity spectral bands from 325 to 445 cm�1 are in-

plane/out-of-plane vibrations of O atoms. The medium peak

at 312 cm�1 is aMo-Se stretching-like vibration combinedwith

in-plane O translations. Group of weak lines below 275 cm�1

related to out-of-plane Se/O vibrations. The Raman spectrum

of A0-SMoO, see Fig. 2c, is dominated by the strongest line at

301 cm�1, which is related to Mo-S stretching-like vibration

with an admixture of O movements. As can be seen from Fig.

2c, the range of out-of-plane and out-of-plane/in-plane O vi-

brations is a bit shifted to the higher wavenumbers, while the

middle part of spectra is a S/O out-of-plane translation.

Spectral bands between 200 and 250 cm�1 are translations of

sulfur and sulfur/oxygen ions. The spectral profile in the low-

wavenumber part has very weak spectral peaks similar to A0-
SeMoO.

Variation of simulated Raman spectra of A0-XMoY Janus

monolayers concerning chemical composition (X/Y ¼ S, Se,

Te, O) is shown in Fig. 2d. It is seen that a decrease in the

atomic weight of chalcogen atoms shifts spectral lines to the

high-wavenumber region. The spectrum of each studied

structure has a unique profile that is more complex in com-

parison with known H, T, and T0-XMoY Janus types [64]. This,

in turn, makes it possible to make an unambiguous identifi-

cation of the structures obtained experimentally by the

Raman scattering method.
Please cite this article as: Sukhanova EV et al., Novel Janus 2D structu
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To study the electronic properties of considered structures

we calculated the electronic band structures for dynamically

stable A0 phases. The electronic band structures calculated via

HSE06 hybrid functional are presented in Fig. 3. All considered

A0-XMoY structures exhibit nonmagnetic semiconducting

electronic properties: SeMoO, SMoO, and SMoSe are indirect

semiconductors with band gap (Eg) of 1.15, 1.50 and 1.54 eV,

respectively. The conduction band minimum (CBM) is on the

GX-path for SeMoO and SMoSe and the XM-path for SMoO

structure. The valence band maximum (VBM) lies at the X, X

and G points for SeMoO, SMoO, and SMoSe. Janus SeMoTe, and

SMoTe are direct semiconductors with a band gap of 0.84 and

0.78 eV, respectively (see Fig. 3), and with the CBM and VBM

lying at the G point. The corresponding to CBM and VBM charge

densities spatial distribution are presented in Fig. S6.

Semiconducting properties suggest the possible applica-

tion of A0 Janus structures in photocatalytic water splitting

reactions. To verify this ability, first, we considered optical

properties, because an excellent optical absorption is a

necessary condition for the application of a 2D photo-

catalyst because the first step of water-splitting is the

appearance of electron-hole pairs due to photon absorption.

For these aims we considered wavelength-dependent com-

plex dielectric function εðlÞ ¼ ε1ðlÞ þ iε2ðlÞ, in which the real

part was calculated by Kramers-Kronig relation and the
res of XMoY (X, Y ¼ O, S, Se, Te) composition for solar hydrogen
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Fig. 3 e Electronic band structures for A′ Janus XMoY (X/Y ¼ O, S, Se, Te) structures within HSE06 hybrid functional.
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imaginary part was determined by the sum over empty

states [79,80]. The extinction coefficient which is the mea-

sure of how strong the material absorb the incident light

was found as: KðlÞ ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε
2
1ðlÞþε

2
2ðlÞ

p
�ε1ðlÞ

2

�1=2
, and the absorption

coefficient which indicates describes the intensity attenua-

tion of the light passing through a nanostructure was found

as aðlÞ ¼ 2
ffiffi
2

p
p

l

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
1ðlÞþε

2
2ðlÞ

p
�ε1ðlÞ

2

�1=2
. The calculated wavelength

dependence of the extinction coefficient and the absorption

coefficient in the direction parallel and perpendicular to the

surface of A0 Janus monolayers are shown in Fig. 4. For

comparison, we also calculated the same dependencies for

the H-SMoSe monolayer (Fig. 4, grey), and the wavelength

dependence of the absorption coefficient in the transverse

and perpendicular to the surface directions for the H-SMoSe

monolayer agrees well with the data presented in Refs.

[81e83].

It should be noticed that both the extinction and absorp-

tion spectrum of A0-Janus phases exhibit strong anisotropy

among two directions of polarization. Calculated spectra for

different chemical compositions have generally the same

forms and are different in intensities and peak positions.With

the irradiation of A0 Janus structures by the light with parallel

polarization, the maxima absorption peak is observed at

210e350 nm (UV region). The peak next in intensity is

observed at 450e600 nmwhich corresponds to the visible light

range. It should be noted that themaximumvalue of the Kk for
A0-MoSeTe exceeds the corresponding value for H-MoSSe

monolayer. The irradiation of considered A0 structures by the

light with normal polarization results in the maxima at

150e220 nm (UV region) like H-MoSSe which has one more

peak at 100e120 nm. The calculated wavelength dependence

of the absorption coefficient in the direction parallel and

perpendicular to the surface of A0 Janus monolayers is shown

in Fig. 4c and d. A0-XMoY Janus structures are characterized by

strong absorption intensity in a visible light region which is
Please cite this article as: Sukhanova EV et al., Novel Janus 2D structu
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nearly 50% of solar light power (see Fig. 4c and d). Moreover, in

the case of irradiation by the light with parallel polarization

the maximum value for A0-SeMoTe (see Fig. 4c, black line)

exceeds the value for H-MoSSe structure (see Fig. 4, grey line).

The absorption coefficients peak in visible and ultraviolet light

region are more than 105 cm�1 which indicates high efficiency

of the solar energy utilization comparing to the values of other

conventional optical-absorber materials like CdTe, CIGS, and

hybrid halide perovskites [84,85]. Therefore, A0 Janusmaterials

are promising to be applied in photocatalytic water splitting

and optoelectronic devices.

One of the features of Janus monolayers is the existence

of intrinsic vertical dipole moment. Different sorts of atoms

on the opposite atomic planes result in structure polarity

and the appearance of dipole moment leading to a build-in

electrical field that may enhance the separation between

the electrons and holes (see Fig. S7) [86,87]. The calculated

values of dipole moments are presented in Table S5. The

resulting values of the perpendicular to the x-y plane dipole

moments correlates well with the electronegativity differ-

ence of chalcogen atoms in the Janus structure. The largest

value of the dipole moment corresponds to the A0-SMoO

structure (0.71 D per unit cell), while A0-SMoTe has the

lowest dipole moment (0.11 D per unit cell). It should be

noted that the dipole moments of A0 Janus structures are

comparable with the values for H Janus phases (Table S5).

The existence of intrinsic dipole moment results in an

electrostatic potential difference leading to different values

of work functions of each side of the Janus monolayer. The

obtained values are presented in Table S6.

An important parameter characterizing the possibility of

monolayer application in photocatalytic water splitting reac-

tion is the ratio between the band edge (VBM and CBM) posi-

tions and the redox potentials of water [30] (see Fig. 5) which

are pH-dependent [88]. To be suitable for photocatalyst VBMof

thematerial must be lower than the level of O2/H2O to provide

OER while CBM must be higher than the Hþ/H2 to ensure HER.
res of XMoY (X, Y ¼ O, S, Se, Te) composition for solar hydrogen
/10.1016/j.ijhydene.2022.12.286
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Fig. 4 e (a, b) Wavelength dependence of the extinction coefficient and (c, d) energy dependence of the absorption coefficient

in the (a, d) transverse and (b, c) perpendicular to the surface directions of A′ Janus XMoY (X/Y ¼ O, S, Se, Te) and H-SMoSe

structures calculated with a HSE06 functional.

Fig. 5 e Band edge positions of 1A′ Janus XMoY (X, Y ¼ O, S, Se, Te) structures compared with the redox potentials of water

based on results obtained by HSE06 functional. The values are given concerning the vacuum level (in eV). The redox

potentials of water are denoted as the violet and pink dashed lines for pH ¼ 0 and pH ¼ 7 [88]. (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of this article.)
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As follows from Fig. 5, the A0-SeMoTe monolayer is a perfect

candidate in photocatalytic applications because its band gap

positions correlate with water splitting potential at both

neutral and acidic (pH ¼ 0) media. However, other considered
Please cite this article as: Sukhanova EV et al., Novel Janus 2D structu
production, International Journal of Hydrogen Energy, https://doi.org
structures are suitable not in all media: SMoSe, SMoO, and

SeMoO structures are promising candidates for both HER and

OER only in the case of acidic media, while SeMoTe e in the

neutral media.
res of XMoY (X, Y ¼ O, S, Se, Te) composition for solar hydrogen
/10.1016/j.ijhydene.2022.12.286
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Table 1e The energy conversion efficiency of light absorption (habs), carrier utilization (hcu), the influence of intrinsic electric
field (hf ), the STH (hSTH,) and the corrected STH (h0STH) values for dynamically stable A’ Janus XMoY (X, Y ¼ O, S, Se, Te)

structures for photocatalytic process in neutral and acid media.

h, % Media A0-SMoTe A0-SMoSe A0-OMoS A0-OMoSe A0-SeMoTe

habs pH ¼ 7 92.0 59.4 61.4 61.0 e

pH ¼ 0 92.0 e e e 89.4

hcu pH ¼ 7 58.6 51.4 57.9 57.7 e

pH ¼ 0 72.9 e e e 45.2

hf pH ¼ 7 63.5 87.4 69.5 69.9 e

pH ¼ 0 58.4 e e e 82.8

hSTH pH ¼ 7 54.0 30.6 35.6 35.2 e

pH ¼ 0 67.1 e e e 40.5

h0STH pH ¼ 7 34.3 26.7 24.7 24.6 e

pH ¼ 0 39.2 e e e 33.5
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We also studied the solar-to-hydrogen (STH) conversion

efficiencies within the method proposed by Yang et al. [89],

according to which assuming 100% efficiency of the catalytic

reaction the STH efficiency (hSTH) can be estimated as the

product of the efficiency of light absorption (habs) and carrier

utilization (hcu):

hSTH ¼habs � hcu

habs ¼

Z∞

Eg

PðhuÞdðhuÞ

Z∞

0

PðhuÞdðhuÞ

hcu ¼
DGH2O

Z∞

E

PðhuÞ
hu

dðhuÞ

Z∞

Eg

PðhuÞdðhuÞ

where PðhuÞ is the AM1.5G solar energy flux at the photon

energy hu; DGH2O is the free energy of water splitting, E is the

photon energy that can be utilized in the catalytic reaction

defined as:

E¼

8>><
>>:

Eg;cðH2Þ � 0:2;cðO2Þ � 0:6
Eg þ 0:2� cðH2Þ;cðH2Þ< 0:2;cðO2Þ � 0:6
Eg þ 0:6� cðO2Þ;cðH2Þ � 0:2;cðO2Þ<0:6

Eg þ 0:8� cðH2Þ � cðO2Þ;cðH2Þ<0:2;cðO2Þ< 0:6

where cðH2Þ, cðO2Þ are over potentials for Hydrogen and Oxy-

gen Evolution Reactions, respectively. Considering the

intrinsic electric field existing in Janus monolayers the

modified STH efficiency of the photocatalytic water splitting

reaction can be estimated as:

h0
STH ¼habs � hcu � hf

hf ¼

Z∞

0

PðhuÞdðhuÞ

Z∞

0

PðhuÞdðhuÞ þ DF

Z∞

Eg

PðhuÞ
hu

dðhuÞ
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where DF is the work function difference of the opposite

surfaces of Janus structure. The obtained values of the STH

efficiencies are presented in Table 1 while the values of cðH2Þ,
cðO2Þ, DF are presented in Table S7. A0-SMoTe which is the

most promising structure meet the standard for commercial

applications because the values of the STH and corrected STH

efficiencies are more than commercialization limit of 10% [90]

and, moreover, the values obtained for A0-SMoTe Janus

structure exceed the corresponding values for H-SWSe

monolayer [91] and other considered structures [92]. However,

it should be noted that the obtained values of hSTH and h0
STH are

larger than the conventional theoretical limit (18%) and are

comparable with the experimentally obtained values [93].

Strain-engineering is a powerful tool to modulate the

electronic properties of the nanomaterial [94,95], moreover,

external strain can significantly impact the catalytic proper-

ties of the material [96,97], for example, cause the shift of the

band edge positions and changing the band gap value. We

examined the effect of monodirectional and bidirectional ex-

pansions and compressions on the catalytic properties of A0

Janus structures (see Supporting information section SVI: Figs.

S8eS12). Performed quantum-chemical calculations showed

that A0-SMoTe Janus structure preserves catalytic character-

istics either in acid or neutralmedia evenwhen stretched both

in one and both directions (see Fig. S8) which indicate a high

potential of this structure. It should be noted that A0-SMoSe

Janus monolayer could be used for overall photocatalytic

water splitting under, for example, compressed by 5% (see

Fig. S10).
Conclusion

The comprehensive theoretical investigation of novel Mo-

based Janus A0 TMDs revealed that the A0-SMoTe have

outstanding values of solar-to-hydrogen (STH) conversion

efficiencies of 54.0% and 67.1% for neutral and acidic media,

which makes this material a perfect candidate for photo-

catalytic water splitting. The ratio between the band edge

(VBM and CBM) positions of A0 Janus SeMoTe and the redox

potentials of O2/H2O and Hþ/H2 make the structure suitable in

both neutral and acidic media. Besides, other considered

structures: SMoSe, SMoO, and SeMoO are suitable for acidic

media, while SeMoTee is for the neutralmedia and the values
res of XMoY (X, Y ¼ O, S, Se, Te) composition for solar hydrogen
/10.1016/j.ijhydene.2022.12.286
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of STH exceed the conventional theoretical limit (18%). The

predicted Raman spectra can be useful for future experi-

mental verification of proposed structures which can be

potentially fabricated from known H and T phases, for

example, via strain-induced structural phase transition. We

showed that the family of TMDs can still contain some new

dynamically stable structures with outstanding properties for

practical application.
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