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Abstract

The relevant fundamental properties of Janus WSSe monolayers to photocatalytic water-splitting performance are presented
here and investigated using density functional theory. The Janus WSSe monolayer with a direct band gap of 1.75 eV is sub-
jected to biaxial strain, and related optoelectronic properties are investigated. The effect of strain is reflected in band gap
change from direct to indirect. Hydrogen evolution reaction (HER) is active all over, whereas oxygen evolution reaction
(OER) is active only at 4% and 6% compressive strains. The red- and blue-shifts under tensile and compressive strains, respec-
tively, substantiate possible control over exciton-phonon interaction making it suitable for the water-splitting application.

Graphic Abstract
Upon being irradiated by sunlight with sufficient energy, the biaxially strained Janus WSSe monolayer complying with HER/
OER requirement produces hydrogen gas along with oxygen as a secondary product.

monolayer
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Introduction

The energy crisis is currently the most common problem
experienced worldwide, and the increasing population
is enhancing the severity of this challenge to meet the
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continuously growing requirements.! The high consump-
tion of fossil fuels is a serious concern for the energy sector
since fossil fuels are not earth-abundant and are responsible
for causing environmental problems such as acid rain, ozone
layer destruction, and greenhouse gas emissions.” There-
fore, eco-friendly and cost-effective energy sources should
be explored to replace conventional ones.’ Hydrogen is
considered a clean and renewable energy source. A water-
splitting mechanism can generate hydrogen without caus-
ing any pollution as the technology generates only oxygen
in the gaseous form together with hydrogen.* Interestingly,
hydrogen has the highest energy density (142 MJ/kg) per
unit mass and, thus, a huge potential for clean energy.’ Water
splitting is an emerging technology for hydrogen production
that can rival conventional energy producers in the next few
decades.® Solar energy is an abundant source of energy and
is available without any cost. Photo-driven water splitting
is, therefore, an efficient, cost-effective method that can be
used for the production of hydrogen.>’® The challenge in
this particular technology is to find suitable photocatalysts
that are earth-abundant, cost-effective, and efficient. Noble
metals are recently reported as an efficient and stable catalyst
for water-splitting technology. Yet, these are not suitable
for industrial use because of their high cost and low earth
abundance.” TiO,is one of the first reported photocatalysts
operating in the UV spectral region because of its large band
gap (~ 3.2 eV).!” Nowadays, efforts are focused on finding
semiconducting photocatalytic materials, which can work in
the visible region of the solar spectrum.'!=14
Two-dimensional transition metal dichalcogenides
(2D-TMD) is a promising class of direct band gap semi-
conducting materials, with a potential impact in photovol-
taic devices, light-emitting diodes, lasers, and gas-sensing
devices.>™'7 The semiconducting behavior and high adsorp-
tion-like features of these materials make them suitable
for exploring their photocatalytic performance.'®!” High
surface-to-volume ratio, ultrathin thickness, tunable band
gap, and availability of dangling bonds in 2D-TMDs under-
line their excellent capability in performing overall water
splitting.*’Hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) are the basic reaction mechanisms
to understand the photocatalytic water splitting. These are
electrochemical process used to generate hydrogen and oxy-
gen from water. Hydrogen can be extracted from water by a
cathodic HER, while the anodic OER causes oxidation and

thus splitting water, releasing oxygen as:!

2H' +2e” — H, (1

2H,0 + 4h* - O, + 4H". 2)

In photocatalytic water splitting, when photons with
energy equal to or larger than the band gap are falling on the
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material, the number of electrons increases in the conduc-
tion band. These electrons are available for migration in the
lattice, which causes the generation of partial charge density
on the surface of the photocatalytic material. It is essential
for the adsorption and desorption of H,O molecules on the
surface of a photocatalyst. The Janus TMD monolayer exhib-
its out-of-plane asymmetry, thereby generating an intrinsic
dipole moment. It results in charge separation due to oppo-
site partial charges on both sides of the Janus TMD mon-
olayer. Thus, the electric field is set up to enable the pho-
togenerated electrons, upon light irradiation, to drift towards
Se atoms and holes toward S atoms.2’ Similarly, the water
molecule also exhibits a dipole moment due to the significant
difference in electronegativity between oxygen and hydrogen
atoms. The oxygen atom in the water molecule carries a
partial negative charge while the remaining two hydrogen
atoms develop a partial positive charge. These atoms with
certain partial charges get attracted toward corresponding
opposite partially charged atoms of Janus TMD monolayer.
In this way, adsorption of the water molecule occurs on the
surface of the Janus TMD monolayer. Thus, the material's
photocatalytic efficiency depends on the characteristics such
as high absorbance of sunlight, low recombination rate of
electron-hole pairs, and adsorption and desorption of OH.
The most suitable band gap for higher photocatalytic is ~
1.23 eV, lying in the visible spectrum. For HER and OER to
occur, conduction band minima and valence band maxima
should be located higher than H*/H,O potential and lower
than O,/H,0 potential, respectively.?? For enhanced photo-
catalytic efficiency, several strategies such as bilayer produc-
tion, strain-engineering, heterostructure construction, and
vacancy defect have been reported.?**

A new subclass of 2D-TMDs has emerged, namely ‘Janus
2D-TMDs’, with their unique properties such as excellent
catalytic properties, which enhance hydrogen generation.?’
Recently, the Janus MoSSe monolayer has been theoretically
reported as a good candidate for HER at 4% and 6% tensile
strain.?® Selenization or sulfurization can be used to fabri-
cate these Janus materials experimentally for their pristine
2D-TMDs monolayers. Janus 2D-TMDs have an intrinsic
dipole because of the out-of-plane asymmetry. Contra-
rily, conventional TMDs do not possess a dipole moment
owing to symmetry. Thus, they cannot effectively separate
charges which makes the material inefficient for hydrogen
production.?” This intrinsic dipole separates the conduction
and valence band extremum on the different sides of Janus
2D-TMDs, while in the conventional TMDs, valance and
conduction band extremum are located in the same area,
which favors recombination.?*2°

The lattice parameters (a, b, and/or c¢) of the materials
directly impact its physical/chemical characteristics when
interacting with external stimuli such as photons and an
oscillating EM field. Thus, electronic and optical properties
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become prone to any changes in structural parameters, and
therefore, variation in optical and electronic properties can
be attributed to the change in structural properties. Con-
sidering this, we aimed to study the impact of tensile and
compressive biaxial strains on the material’s properties.
The results corroborate that electronic properties such as
band gap, nature, optical properties, and band edge align-
ment change with structural parameters. Interestingly, we
noticed a direct to indirect band gap transition together with
blue- and redshifts in optical transitions. In this article, we
report the structural, electronic, and optical properties of
the Janus WSSe monolayer together with the impact of both
tensile and compressive strains on its photocatalytic per-
formance using density functional theory (DFT). We com-
puted the band gap, band edge alignments, density of states,
and imaginary part of the dielectric function to describe the
Janus WSSe monolayer’s photocatalytic properties. The
results reveal that the optoelectronic properties of the Janus
WSSe monolayer, when subjected to 4% and 6% biaxial
compressive strains, comply with HER and OER require-
ments, thereby making strain-engineered WSSe a suitable
photocatalytic water-splitting system.

Computational Approach

The structural properties of the Janus WSSe monolayer are
computed using DFT,?® with a plane-wave basis approach
as implemented in Quantum ESPRESSO.?° The Perdew-
Burke-Ernzerhof (PBE) in generalized gradient approxi-
mation (GGA)*° exchange-correlation functional is used to
describe the exchange-correlation functional. The projector
augmented wave (PAW) and norm-conserving pseudopo-
tentials are used to calculate the electronic properties. The
norm-conserving pseudopotentials®! are used for computing
optical properties, as implemented in Quantum ESPRESSO.
The kinetic energy cutoff used for expansion of plane waves
is ~50 Ry. Gaussian smearing is used with the broadening

(a)

of 0.01 Ry. A 12x12x1 k-point Monkhorst-Pack grid is used
to represent the Brillouin zone in our calculations. Further,
a 2x2x1 supercell is used for Bader charge density calcula-
tion. A large vacuum of 25 A along the Z-axis is introduced
to avoid the fictitious interaction of neighboring layers. We
fixed the Fermi level at hydrogen reduction potential to
understand the band edge alignment, which is -4.44 eV. The
CBM and VBM of the strained/unstrained Janus WSSe mon-
olayer are then inspected to check if they meet HER/OER
requirements and are then considered suitable or unsuitable
for photocatalysis.

Results and Discussion
Structural Analysis

Catalytic properties of a material are strongly dependent on
the material’s structural stability and the resulting interaction
between absorbent and absorbate. Two-dimensional transi-
tion metal dichalcogenides are generally available in three
polymorphs as 1-T, 2-H, and 3-R.!7*? In 2D-TMDs, 2-H
polymorphs show the most stable characteristics as reported
in previous studies.’ We optimized the Janus WSSe mon-
olayer’s structural information, where W is sandwiched
between Se and S. We also computed its structural, elec-
tronic, and optical properties. The Janus WSSe monolayer
has a stable hexagonal structure with trigonal prismatic sym-
metry. After the complete relaxation, the computed lattice
constant and bond length of W-S(W-Se) are 3.23 A and2.42
A (253 A), respectively, and the bond angle between S-W-
Se is 82.13°. The consistency of these results with previous
reports confirms the reliability of the adopted approach.**
The optimized structure of the Janus WSSe monolayer is
illustrated in Fig. 1 (using XCrySDen)*>*°, which represents
a hexagonal structure (2-H), giving the appearance of trigo-
nal prismatic symmetry.

v

v v
(c

(b)

)

Fig. 1 Top, bottom, and side view of the Janus WSSe monolayer (from left to right).
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Electronic Properties

For photocatalysis, photogenerated charge carrier availabil-
ity is essential, and the difference between conduction band
(CB) minima and valence band (VB) maxima plays a vital
role in this regard which can be understood more clearly
by the electronic band structure of the materials. For this
reason, we examined the band structure of the Janus WSSe
monolayer and observed the effect of strain on the electronic
properties.?®

The unstrained band structure is plotted along
I'-K-M-T7; Fig. 2a. The band gap for the unstrained system
computed using GGA-PBE with PAW pseudopotentials is
~ 1.75 eV. Moreover, we also performed this calculation
using norm-conserving pseudopotentials and no significant
difference is observed in the band gap (~ 1.76 eV). These
results are consistent with the previous results.”**37 Gen-
erally, PBE underestimates the band gap values. However,
the PBE result (1.59 eV) for the Janus MoSSe monolayer
is in good agreement with its experimental band gap (1.68
eV).Z("27 Moreover, it should be noted that the HSE06
result (2.09 eV) for the Janus MoSSe monolayer is much
larger than the reported experimental band gap value. The
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Fig.2 (a) Band structure of the Janus WSSe monolayer with the total
density of states (b) Variation in band gap with tensile and compres-
sive strain.
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Janus WSSe monolayer is similar to the Janus MoSSe
monolayer except that Mo is replaced by W. The accuracy
(in view of the aforementioned 2D-TMDs) and require-
ment of relatively less computational power, we relied on
PBE XC functional-based calculations in our work.

The Janus WSSe monolayer is stable when unstrained
and over a range of compressive and tensile strains.’-*8
Therefore, after studying the unstrained system, we
applied a range of biaxial strains on the Janus WSSe mon-
olayer to investigate its impact on band gap and other elec-
tronic properties. The variation in the band gap with the
strain is also summarized in Fig. 2b. The band structures
at 2%, 4%, and 6% tensile and compressive strains are
plotted along the same high symmetry path, Fig. 3. The
strained Janus WSSe monolayer shows a direct to indi-
rect band gap transition under strains and rapidly lowers
the band gap values under tensile strains. On the other
hand, band gap values slowly decrease under compressive
strains. In addition, earlier research reports suggest the
band gap tunability and electronic transitions by applying
strain in WSSe.**** For the overall water-splitting reac-
tion, the semiconductor material should have a band gap
value larger than 1.23 eV.%?* Our results suggest that the
Janus WSSe monolayer has a suitable band gap for both
unstrained and strained cases, with wide tunability. The
2% tensile strained Janus WSSe monolayer is more suit-
able for photocatalytic application.

The ideal photocatalytic material should show both HER
and OER for efficient splitting of the water molecule. The
CBM should be higher than H*/H, potential and VBM
should be lower than and O,/H,O potential to realize both
HER and OER simultaneously. The computed band edge
alignments for both unstrained and strained Janus WSSe
monolayers are summarized in Fig. 4, They show that the
unstrained system is suitable for HER only. Interestingly,
the Janus WSSe monolayer shows HER activity at 2%, 4%,
and 6% for both tensile and compressive strain, while OER
is active only at 4% and 6% compressive strain. For an ideal
photocatalyst, both HER and OER activity should be pre-
sent simultaneously with a suitable band gap value. Here,
4% and 6% compressive strains of Janus WSSe monolayers
show both HER and OER activity with a suitable band gap,
making it a relatively more promising photocatalyst for the
overall water-splitting application.

We also computed the projected density of states to
understand the orbital contribution to the VBM and CBM
of the Janus WSSe monolayer band structure. The results
are shown in Fig. 5a, suggesting that the tungsten d orbitals
mainly dominate the CBM. However, there is a considerable
overlap of S and Se p orbitals in the VBM formation. Similar
characteristics noted for CBM formation are mainly due to
the hybridization of W d-, S p-, and Se p-orbitals, causing a
covalent bond between W and S/Se atoms.



Enhanced Photocatalytic Activity in Strain Engineered Janus WSSe Monolayers

4+ (a) +2%

L
§2 =
s of-— =T 4— =
[=1]
3 ]
S .
=

i

1
(=]

._J
~
2
-

H

%@
v
A

Energy (eV)
(
/ |
|
\
|
i
i

8
A

6
r K M T

4} (e) >< -4%
2

e =

%)

Eﬁ op-—— - —-—- q-—— ==

é 2 ‘__\__/\

m
Nt
-6 \\ | —

r K M r

Energy(eV)
r . i . ’é

i

|

|

i
VY

|

i

i
/s
I %
=

K
M

-6
T K M r
al (@) >< -2%)
2F -/\@
= |
%)
= 0F————— q-—— ==
)
2}
=

i
A

_J
o
<
-

N
N

Energy (eV)
)

%
{

/\
M

1
(=]

-
~
—

Fig.3 Band structure of the strained Janus WSSe monolayer at tensile strain (a) 2% (b) 4% (c) 6% and compressive strain (d) 2% (e) 4% (f) 6%.

The optical response of the material, particularly the
photon absorption or emission process, is determined by
the number of available states for photon-matter interac-
tion. Joint density of states plot gives us this information
on the number of available states for the particular energy/
frequency and is calculated by,

where a and f are the respective states of conduction and
valence band, E, represents the eigenvalues of the Hamilto-
nian, V, and f(.) represent cell volume and Fermi distribu-
tion function, respectively. The trickier part of this equation,
the Dirac delta function, is made tractable by approximating
it using the Gaussian distribution function.*! The DOS plot

J@) =), Zﬂi (2‘;)3 /5(Ek,ﬂ = Epo = ho) = [f(Epo)~f (Eip)| - &k 3)
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Fig.4 Band edge alignments of the Janus WSSe monolayer with ten-
sile and compressive strain.

in Fig. 5 corroborates the redshift and blueshift in tensile
and compressive strain cases, as discussed later in the opti-
cal properties subsection. The DOS plot for the tensile case
shows peaks separated by larger energy differences than
those in the compressive case, which is consistent with the
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computed band gap variation under strain (Fig. 2b). Moreo-
ver, peaks for compressive cases are relatively sharper and
greater in amplitude than peaks of tensile systems. The DOS
(Fig. 5) results suggest the maximum optical activity in the
far IR-visible and UV regions for tensile and compressive
strained Janus WSSe monolayers.

Optical Properties

Photocatalysis uses solar energy to split water molecules
into constituent hydrogen and oxygen molecules. Thus, the
absorption of solar energy becomes a critical factor, and
it is imperative to check the material’s optical response to
incoming light, i.e., optical properties. The optical proper-
ties are computed under the approximations when electrons
are assumed to respond merely to the perturbing external
potential, together with a single frequency oscillation and
the screening potential. This approximation is termed a
random phase approximation.*? This approach with a self-
consistent field method generates a dynamic dielectric func-
tion that depends on external perturbation frequency and
averaged total electric potential at the particular wave vector
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Fig.5 (a) Projected density of states of the Janus WSSe monolayer and the joint density of states of the Janus WSSe monolayer for (b)

unstrained (c) tensile strain (d) compressive strain position.
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k. The optical absorption data is complemented or strength-
ened by the imaginary part of the dielectric function.** Fig-
ure 6 displays the imaginary part of the dielectric constant
against energy for the unstrained and strained Janus WSSe
monolayers.

The first high peak is located at 2.79 eV for the unstrained
Janus WSSe monolayer system, which shifts towards higher
and lower energy depending on the type of strains. This first
high peak is located at 2.31, 2.17, and 1.74 eV for 2%, 4%,
and 6% tensile strained Janus WSSe monolayers, respec-
tively. Contrarily, the first high peaks for compressive 2%,
4%, and 6% strained Janus WSSe monolayers are obtained
at 3.01, 3.36, and 5.22 eV, respectively. Thus, a blueshift
and a redshift are ovbserved for compressive and tensile
strained Janus WSSe monolayers, respectively. A similar
trend has already been reported for the Janus MoSSe mon-
olayer.?® This similarity in the energy shift is attributed to
the similarity in the crystal class for both Janus WSSe and
MoSSe monolayers. Figure 6a represents the imaginary part
of dielectric function for unstrained Janus WSSe monolayer,
whereas Fig. 6b and ¢ shows the imaginary part for the ten-
sile and compressive strained WSSe monolayers. The results

(@)
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0 - el - -
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Energy(eV)

14
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12 —4%
—6%
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clearly indicate red- and blueshifts. The imaginary part of
the dielectric constant suggests the maximum possible
absorption or optical transitions in far IR and visible region
for tensile cases and UV region for compressive strains, in
accordance with the DOS results. Apart from the red- and
blueshift, there is another distinction between the imaginary
part of tensile and compressive strains, which is character-
ized by the amplitude and energetic distribution of peaks.

The absorption of solar light is also an essential factor
in enhancing solar-to-hydrogen (STH) efficiency. The effi-
ciency of sunlight absorption is defined as the output and
input ratio of solar energy flux as:

fg: P(hw)d(ho)

TR T PRI )
Sy P(ho)d(hw)

nabsorplion =

where E, is the band gap value of the semiconductor pho-
tocatalyst, and P(hw) is the solar energy flux of energy of
hw at AM1.5 G solar spectrum.?’ Table I presents the band
gap values of the Janus WSSe monolayer computed using
the above equation at the various strained and unstrained
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Fig.6 Imaginary part of the dielectric function of the Janus WSSe monolayer at (a) unstrained position (b) tensile strained system (c) compres-

sive strained system.
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Table | Energy band gap and corresponding wavelengths for the
Janus WSSe monolayer at different strains and at the unstrained con-
dition and the resultant calculated efficiency of sunlight absorption by
the Janus WSSe monolayer

Strain (%) Band gap (eV)  Wavelength (nm)  Sunlight absorp-
tion efficiency
(%)

-6 1.45 (indirect) 855 35

-4 1.58 (indirect) 785 42

-2 1.68 (indirect) 738 47

0 1.75 (direct) 708 51

2 1.39 (indirect) 892 32

4 0.97 (indirect) 1278 13

6 0.62 (indirect) 2000 3.7

conditions together with their corresponding wavelengths
and sunlight absorption efficiency.

From Table I, it is clear that unstrained Janus WSSe
monolayer exhibits maximum 7,y 00 around 51%. This
absorption efficiency starts decreasing with increasing
compressive and tensile strains. The tensile strain exhibits
a relatively more adverse effect on #,p.pi0n as it rapidly
drops and reaches around 3.7% for 6% tensile strain. The
Janus WSSe monolayer appears to tolerate compressive
strain relatively better and maintains absorption efficiency
up to 35% for a maximum even at 6% compressive strain.
Thus, together, the unstrained and compressively strained
Janus WSSe monolayer may show better prospects for
enhanced photocatalytic activity.

For water splitting, the adsorption of water molecules
on the surface of photocatalytic material is necessary. The
efficacy of the Janus WSSe monolayer is influenced by
the basal planes.** Therefore, we worked out the adsorp-
tion energy and charge transfer on the basal plane of the
Janus WSSe monolayer. To ensure the adsorption of water

molecules, the adsorption energy (E,;,) is computed as, ¥

E

ads = Ltotal ~

E adsorbate —E adsorbent (®)]

where E,,, is the energy of the whole system, E,
energy of WSSe, and E,

adsorben

dsorbate 15 the

. is the energy of the H,O mol-
ecule. A negative value of E, 4 indicates good adsorption,
whereas positive E,,, favors weak adsorption. The computed

adsorption energy E,, is — 0.021eV, thus substantiating the
good adsorption and desorption on the surface site of the
adsorbent.** The adsorption picture becomes clearer using
Bader charge density distribution. A 2x2x1 supercell of the
Janus WSSe monolayer was also considered to model the
water molecule's adsorption on the Janus WSSe monolayer
and to compute Bader charge density. The computed Bader
charge density is thus plotted using VESTA and shown in
Fig. 7.9

@ Springer

» 8

»
R CET ¢

Side View

Charge density
in Side View

Top View

Fig.7 Adsorption of water molecule on the Janus WSSe monolayer
described by charge density distribution (here positive and negative
isosurfaces are shown in red and green, respectively) (Color figure
online)

The charge transfer mechanism between the adsorbent
Janus WSSe monolayer and adsorbate H,O can be investi-
gated from the electronic charge isosurface analysis using
the Bader charge density difference between the adsorbate
and the adsorbent. In Fig. 6, red and green indicate the
positive and negative isosurfaces for the charge density.
The charge density difference (CDD) is calculated as,

CDD = charge density ywsse,n,0)—charge density s,

—charge density g, o,

The calculated value of Bader charge density is +0.0001e.
The charge transfer may be or may not be possible here due
to the smaller Bader charge density. However, the previ-
ous adsorption results favor the charge transfer with a small
value of Bader charge density.*>*’ This small value indicates
the poor charge transfer due to the poor activity of the basal
plane in the Janus WSSe monolayer. A positive value for
the Bader charge density difference indicates the release of
electrons from the adsorbed water molecule. Also, there is
an accumulation of charge on the WSSe surface for H,O,
denoting charge-donor properties of water molecules, as
shown in Fig. 6.

Conclusion

We investigated the structural and optoelectronic proper-
ties of the Janus WSSe monolayer using DFT to understand
the impact of strain on its photocatalytic characteristics for
water-splitting application. The Janus WSSe monolayer
exhibits a suitable band gap for water-splitting applica-
tion together with probable HER activity. We noticed
HER activity for 2%, 4%, and 6% compressive and tensile
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strained Janus WSSe monolayers, whereas an OER activ-
ity is observed for 4% and 6% compressive strained Janus
WSSe monolayers. Further, red- and blueshifts are noted
with tensile and compressive strains, respectively. The 4%
and 6% compressive strained Janus WSSe monolayer with
suitable band gap and relative band edge positions shows the
potential for hydrogen generation. Thus, the observed results
suggest that strain can be used as an external parameter for
modulating the electronic properties in such a way that both
HER and OER activities can be realized efficiently in a Janus
WSSe monolayer.
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