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ABSTRACT: Hydrogen generation by photocatalytic water splitting has drawn
enormous research attention for converting sunlight and water into clean and green
hydrogen fuel. However, the search for a high efficiency photocatalyst for water splitting
is a key challenge. Two dimensional (2D) van der Waals (vdW) heterostructures as
photocatalysts exhibit many advantages over the stacked original materials. In this article,
we designed two novel 2D vdW heterostructures composed of WSSe and blue
phosphorene (BP) monolayers, SWSe-BP and SeWS-BP, which are thermodynamically
stable at room temperature. Using first-principles calculations, we found that the SWSe-
BP vdW heterostructure can act as a potential photocatalyst for water splitting due to its
robust stabilities, type-II band alignment, moderate bandgap, and suitable band edge
positions for the redox reactions of water splitting, strong optical absorption, and
excellent power conversion efficiency (PCE). Remarkably, the PCE of the SWSe-BP vdW
heterostructure can achieve approximately 19.4% under a 3% biaxial tensile strain.

1. INTRODUCTION
To solve the worldwide energy and environmental issues, one
of the effective ways is to develop renewable clean energy. For
example, converting the inexhaustible solar energy into green
H2 fuel is a wise strategy.

1 However, the key challenge of this
promising technology is to develop highly efficient photo-
catalysts for hydrogen production to improve the utilization
efficiency of solar photons. Therefore, finding an efficient
photocatalyst with excellent optical adsorption and high power
conversion efficiency (PCE) is essential for water splitting.
Two-dimensional (2D) materials have been proven to be
excellent photocatalysts for water splitting due to their large
surface-to-volume ratio, short carrier migration distance, and
abundant active sites.2−6 Typically, PdSeO3 monolayer,

7 Janus
monolayer,8,9 and covalent organic frameworks (COFs)10 have
been predicted as the potential candidates of photocatalysts for
water splitting. Recently, a new family of 2D vdW
heterostructure photocatalysts has been reported and imme-
diately garnered much attention due to its type-II band
alignment, suitable band edge positions, and strong optical
absorption.11−22

Janus monolayer, WSSe, is predicted to have suitable band
alignments and excellent light adsorption.23,24 More recently,
the WSSe monolayer has also been predicted to be a promising
photocatalyst for overall water splitting.8 On the other hand,
blue phosphorene (BP) has been successfully synthesized
experimentally by epitaxial growth25 and then quickly has
attracted much attention. A large number of studies have
shown that BP has excellent electronic and transport
properties.26−29 Especially, BP-based vdW heterostructures

have been extensively investigated to extend its applica-
tions.19,30−32 For example, the maximum PCE of the MoSe2/
BP and MoSSe/BP vdW heterostructures has recently been
predicted to achieve 14.3% and 12.9%, respectively.13,32

Apart from the normal advantages of 2D materials, the 2D
vdW heterostructures may generate more fascinating proper-
ties than those of the original 2D materials; e.g., a 2D van der
Waals heterostructure may be more efficient than a single
semiconductor as the photocatalyst used for water splitting,
because the oxidation and reduction reactions of water splitting
will take place in different material layers, which will prevent
the reverse reaction of water decomposition.33 Therefore, in
this work, the WSSe/BP heterostructures have been designed,
and the stacking mode, electronic, and optical properties have
been studied by first-principles calculations. We found that the
SWSe-BP heterostructure exhibits an excellent photocatalytic
water splitting performance with suitable energy gap and band
edge positions and remarkable optical absorption and solar-to-
hydrogen energy conversion efficiency.
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2. COMPUTATIONAL DETAILS
First-principles calculations were performed by the Vienna Ab
Initio Simulation Package (VASP),34,35 and the projector
augmented wave method (PAW) was used to describe the
interaction between valence electrons and core ions36,37 with
the plane wave kinetic energy cutoff of 500 eV. The electron
exchange-correlation energy was described by the general
gradient approximation (GGA) with the Perdew−Burke−
Ernzerhof (PBE) functional,38 and the Heyd−Scuseria−
Ernzerhof (HSE06) hybrid functional was chosen to further
accurately assess the electronic structures.39 All the atomic
positions and the lattice parameters were fully relaxed until the
total energy converged to 1 × 10−5 eV and the force on each
atom was less than −0.01 eV/Å. The Monkhorst−Pack scheme
was applied with a 9 × 9× 1 k-point mesh for the optimizations
and a 18 × 18 × 1 k-point mesh for the energy and density of
states calculations.40 A vacuum spacing of 30 Å along the c
direction was employed to minimize the interactions between
periodic images. The DFT-D3 method with Grimme
correction is used to describe the long-range van der Waals
(vdW) interaction between layers.41,42 Meanwhile, a dipole
correction along the vertical direction of the cell is utilized to
obtain the converged electronic properties. The ab initio
molecular dynamics (AIMD) simulations with a 4 × 4 × 1
supercells and a 1 × 1 × 1 k-point mesh at the Γ-point were
conducted under the NVT ensemble.43 A Verlet algorithm was
integrated with Newton’s equations of motion at a time step of
1 fs for a total simulation time of 6 ps.

3. RESULTS AND DISCUSSION
3.1. Geometric and Electronic Structures of Janus

WSSe and BP Monolayers. First of all, the optimized
geometric structures of WSSe and BP monolayers and
corresponding electronic structures calculated at the HSE06
level are displayed in Figure 1. The lattice parameters, bond
lengths of W−Se, W−S, and P−P, and values of the bandgap of
SWSe and BP monolayers are listed in Table 1. For the Janus
WSSe monolayer, the optimized lattice constant of the
primitive cell is 3.25 Å, which is in good agreement with the
previous calculated value of 3.26 Å.8 Moreover, the bond
lengths of W−Se and W−S are 2.54 and 2.42 Å, respectively.
These results are in fair agreement with those reported values.8

For the BP monolayer, the optimized lattice constant and P−P
bond length are 3.27 and 2.26 Å, respectively, which are
comparable with the previous publications.18,25,44 In addition,
Figure 1 and Table 1 show that the Janus WSSe monolayer is a
direct bandgap semiconductor with HSE06 gap of 1.97 eV,
while the BP monolayer is an indirect bandgap semiconductor
with HSE06 gap of 2.89 eV. These calculated gaps are
consistent with the previous reports.8,18

3.2. Geometric and Electronic Structures of the
WSSe/BP vdW Heterostructures. Considering two sides
of the Janus WSSe monolayer, SWSe-BP and SeWS-BP were
employed to describe the primitive cell of WSSe/BP vdW
heterostructures. The SWSe-BP means that the interface of the
heterostructure is composed of a P atomic layer and Se atomic
layer, while the SeWS-BP means that the interface of the
heterostructure is composed of a P atomic layer and S atomic
layer. To obtain the optimal stacking mode for the SWSe-BP
and SeWS-BP vdW heterostructures, we broadly considered a
variety of stacking configurations. After structural optimization,
the best structure with the lowest energy is selected as the final

structure of the SWSe-BP and SeWS-BP vdW heterostructures.
As shown in Figure 2, evidently, both the SWSe-BP vdW
heterostructure and the SeWS-BP vdW heterostructure, top
view, show the honeycomb structure; the side view shows that

Figure 1. Top view and side view of optimized geometric structures
and HSE06 band structures of WSSe (a) and BP (b) monolayers,
gray, yellow, green, and blue spheres represent W, S, Se, and P atoms,
respectively.

Table 1. Lattice Parameters (a); Bond Lengths of W−Se
(dW−Se), W−S (dW−S), and P−P (dP−P); and HSE06
Bandgaps of the Janus WSSe and BP Monolayers

a (Å) dX‑Se (Å) dX‑S (Å) dP−P (Å) Eghse06 (eV)

WSSe 3.25 2.54 2.42 -- 1.97
BP 3.27 -- -- 2.26 2.89

Figure 2. Top view and side view of optimized structures of the
SWSe-BP (a) and SeWS-BP (b) vdW heterostructures.
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the upper P and lower P atoms are located directly under the
W atom and Se/S atom, respectively. In order to examine the
stabilities of these vdW heterostructures, we further calculated
the formation energy, which is defined as follows:

E E E Eform total WSSe BP= (1)

where Etotal, EWSSe, and EBP are the total energy of the
heterostructure, isolated WSSe and BP monolayer, respec-
tively. A negative formation energy enables easy formation of
heterostructure from the two original parts. Table 2 shows that

the formation energy of the SWSe-BP and SeWS-BP vdW
heterostructures are about −0.9 eV, indicating that these
heterostructures can form easily and are then energetically
stable. In addition, the optimized structural parameters are also
listed in Table 2, from which we can see that the bond lengths
of W−Se, W−S, and P−P are almost the same as they are in
the separate WSSe and BP monolayers, indicating that the
structures of the original parts will not be greatly affected by
the formation of heterostructures. On the other hand, the layer
spacing of about 3 Å in each heterostructure shows that there
is indeed vdW interaction between layers.
Considering that these vdW heterostructures have not been

experimentally synthesized, we carried out the AIMD
simulations to examine the thermodynamic stability. The
fluctuation of temperature and total energy as well as the
geometric structures of the SWSe-BP and SeWS-BP vdW
heterostructures are displayed in Figure 3, from which we can
see that after 6 ps simulations at room temperature, the
fluctuations of the total energy and temperature are very small,
and the structures of the SWSe-BP and SeWS-BP vdW

heterostructures have no obvious distortion, showing that the
heterostructures have good thermodynamic stability at 300 K
room temperature.
One of the key properties for photocatalytic water splitting is

the electronic structure of the photocatalyst, which controls the
first step of photocatalytic water splitting.5 As shown in Figure
4, the weighted band structure and the projected density of
states of the SWSe-BP and SeWS-BP vdW heterostructures are
displayed. It should be noted that the valence band maximum
(VBM) of the SWSe-BP and SeWS-BP vdW heterostructures
locates at the Γ point instead of the K point, indicating that the
VBM of the Janus WSSe monolayer shifts from the K point to
the Γ point due to vdW interaction when forming a
heterostructure. Additionally, the electronic structures of the
SWSe-BP vdW heterostructure indicate that the conduction
band minimum (CBM) and VBM are from the BP and Janus
WSSe monolayer, respectively. Therefore, the SWSe-BP vdW
heterostructure has typical type-II band structures with the
indirect bandgap of 1.59 eV, which is of great significance for
suppressing the recombination of photogenerated carriers, and
then meeting the requirements of low exciton recombination
rate as an effective photocatalyst. Leung et al.45 reported that
the bandgap of the photocatalyst must exceed the free energy
of water splitting of 1.23 eV and be smaller than about 3.0 eV
to enhance solar absorption. Then, our calculations show that
the SWSe-BP heterostructure can enhance solar absorption as
a photocatalyst, because its bandgap is in the range of 1.23−3.0
eV. On the contrary, the electronic structures of the SeWS-BP
vdW heterostructure indicate that both the CBM and the VBM
are from the Janus WSSe monolayer. Therefore, the SeWS-BP
vdW heterostructure has type-I band structure with the
indirect bandgap of 1.80 eV, and thus it is not suitable for
use as a photocatalyst and is no longer considered in the
following studies.
Then, we mainly discuss the electronic properties of the

SWSe-BP vdW heterostructure. Due to the asymmetric
structures in the vertical direction, there should be a vertical
dipole in the 2D heterostructure, such as Janus structures of
transition metal dichalcogenides,46 Janus group-III mono-
chalcogenide multilayers,47 metal chalcogenides Janus mono-

Table 2. Bond Lengths of W−Se (dW−Se), W−S (dW−S) and
P−P (dP−P), the Distance of the Interface (dL), the Lattice
Parameters (a), and the Formation Energy (Eform) of the
SWSe-BP and SeWS-BP vdW Heterostructures

dW−Se (Å) dW−S (Å) dP−P (Å) dL (Å) a (Å) Eform (eV)

SWSe-BP 2.54 2.42 2.25 3.22 3.24 −0.90
SeWS-BP 2.54 2.42 2.25 3.12 3.24 −0.89

Figure 3. Fluctuation of total energy and temperature as well as the snapshots of SWSe-BP (a) and (c), SeWS-BP (b), and (d) vdW
heterostructures obtained from AIMD simulations at 300 K.
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layers,48 and the 2D M2X3 (M = Al, Ga, In; X = S, Se, Te)
family.49 For the SWSe-BP vdW heterostructure, it is found
that the BP layer is positively charged and the WSSe layer is
negatively charged, which leads to an intrinsic dipole of 0.15 D,
which is in good agreement with that of GeSe (0.16 D).50 This
intrinsic dipole introduces an internal electric field in the
direction pointing from BP surface to the WSSe surface and
induces the electrostatic potential difference. Figure 5a shows

that the electrostatic potential difference between the WSSe
layer and the BP layer in the SWSe-BP vdW heterostructure is
0.58 eV, which is enough to cause band bending across the
junction surface. Figure 5b shows that the photogenerated
electrons in the CBM of WSSe could transfer to the CBM of
BP by the chemical potential difference of conduction band
offset (CBO), while the photogenerated holes in the VBM of
BP can migrate to the VBM of WSSe via the chemical potential
difference of the valence band offset (VBO). Therefore, the
excited electrons reside on the BP surface, while the holes stay
on the WSSe surface, and the internal electric field prevents the
electrons from going back to the WSSe surface. As a result, a
perfect spatial separation of the photogenerated electron−hole
pair can be achieved, which is consistent with the photo-
catalytic model proposed by Yang’s group.51 Then, the
hydrogen evolution reactions (HER) will occur on the BP
layer due to the accumulation of a large number of electrons,
whereas the oxygen evolution reactions (OER) will occur on
the WSSe layer due to the accumulation of a large number of
holes. Thus, the SWSe-BP vdW heterostructure is a potential
photocatalyst for overall water splitting.
3.3. Electronic Properties of the SWSe-BP vdW

Heterostructure under Biaxial Strains. Bandgap engineer-
ing is always the hottest topic. Various strategies have been
proposed to tailor the bandgap of materials. Typically, strain is
a convenient and powerful tool to adjust the bandgap of
materials. To evaluate the bandgap of the SWSe-BP vdW

heterostructure under strain, we examined the electronic
structures of the SWSe-BP vdW heterostructure with biaxial
strains from −3% to +3% with a step of 1%. Figure 6 evidently

shows that the SWSe-BP vdW heterostructure has direct
bandgap under compressive strain due to the shifts of both
CBM and VBM to the K point and indirect bandgap under
tensile strain. In addition, it is worth noting that the SWSe-BP
vdW heterostructure still maintains the type-II band structures
under up to 3% tensile strain and −3% compressive strain.
Furthermore, the bandgap decreases as the strain increases.
Specifically, the bandgap decreases from 1.47 to 1.25 eV under
tensile strain from 1% to 3%, and decreases from 1.59 to 1.41
eV under compressive strain from −1% to −3%. Fortunately,
the bandgap of 1.25 eV under 3% tensile strain is still in the
1.23−3.0 eV energy window.
In addition, for a good photocatalyst, apart from the

sufficient bandgap that must be satisfied, the band edges must
straddle the water redox potential. To further evaluate the
photocatalytic ability, the vacuum energy level is taken as the
reference, and the redox energy levels of SWSe-BP with respect
to the standard water reduction (−5.76 eV) and oxidation
potential levels (−4.44 eV) at PH = 0 have been aligned, as
shown in Figure 7. Obviously, the VBM and CBM of SWSe-BP
are located outside the reduction potential and oxidation

Figure 4. Weighted band structures and projected density of states of (a) SWSe-BP and (b) SeWS-BP vdW heterostructures calculated at the
HSE06 level.

Figure 5. Electrostatic potential difference (a) and band alignment
(b) of the SWSe-BP vdW heterostructure.

Figure 6. Weighted band structures of the SWSe-BP vdW
heterostructure under strains from −3% to 3% calculated at the
HSE06 level.
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potential of water, respectively. Specifically, the energy
difference between VBM and the water oxidation potential is
0.22 eV, and the energy difference is 0.14 eV between CBM
and water reduction potential, which are large enough for
water splitting into H2 and O2. When applying a biaxial strain
on the SWSe-BP heterostructure from −3% to +3%, its
geometric structure has not been damaged, and the band edge
positions relative to the redox potential of water are also shown
in Figure 7. It is clear that the SWSe-BP vdW heterostructure
could ensure a suitable band alignment under compressive
strain and tensile strain up to ±3%. Moreover, the position of
VBM (CBM) increases (decreases) linearly when the strain
increases from 1% to 3%. The band edges of all the strained
systems are proper for the photocatalytic redox reactions of
water, indicating that a strain tolerance of the photocatalytic
water splitting abilities.
3.4. Optical Properties of the SWSe-BP vdW

Heterostructure under Biaxial Strains. In order to evaluate
the utilization efficiency of sunlight, we also calculated the
power conversion efficiency (PCE) of the SWSe-BP vdW
heterostructure under strains from −3% to 3% at the HSE06
level, which was developed by Scharber et al.52,53

J V
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E E
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0.65( 0.3) d( )

( ) d( )

d
E

P

FF sc oc

solar

g c
( )

0

d
g= =
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where the band-fill factor βFF is assumed to be 0.65, Jsc is short
circuit current expressed as (Egd − ΔEc − 0.3), in which Egd and
ΔEc are the bandgap of the donor and the CBO, respectively.
VOC is the open circuit voltage expressed as d( )

E
P( )

g
,

in which P(ℏϖ) is the AM 1.5 G solar flux at the photon
energy ℏϖ. Psolar is the total incident solar power per unit area
equal to ∫ 0∞P(ℏϖ) d(ℏϖ). The values of CBM, VBM,
bandgaps, bandgaps of the donor, CBO, and PCE of the
SWSe-BP vdW heterostructure under strains from −3% to 3%
are summarized in Table 3. It is clear that the PCE of the
SWSe-BP vdW heterostructure decreases under the compres-
sive strain, while it increases under the tensile strain.
Specifically, the SWSe-BP vdW heterostructure without any
strain has a PCE of ∼9.1%, which is comparable to the
proposed PCBM/C1(BN)7 (11%),

52 Al2C/ZnO (12.6%),54

AsP/CdSe heterostructure (13%),55 and recently predicted
MoSSe/BP heterostructure (12.9%)13 Remarkably, the PCE of
the SWSe-BP vdW heterostructure can be enhanced to
∼19.4% under a 3% tensile strain, as shown in Figure 8a.

Besides, the ability to utilize visible light is one of the
important requirements for a 2D vdW heterostructure as a
photocatalyst. Therefore, we calculated the absorption
coefficient of the SWSe-BP vdW heterostructure under biaxial
tensile strain (0%, 1%, 2%, and 3%) using the HSE06 method,
which is defined as8

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑc

( )
2

( ) ( ) ( )1
2

2
2

1

1/2
= +

(3)

where ω is the angular frequency, c is the speed of light in
vacuum, and ε1 and ε2 are the real and imaginary parts of the
dielectric function, respectively. The optical absorption
spectrum for the SWSe-BP vdW heterostructure under biaxial
tensile strain are shown in Figure 8b, from which we can see
that the SWSe-BP vdW heterostructure under tensile strain of
0%, 1%, 2%, and 3% has an absorption peak in the visible light
and near-ultraviolet light regions, which can greatly improve
the utilization of sunlight. The maximum absorption intensities
are 3.40 × 105/cm, 3.98 × 105/cm, 3.68 × 105/cm, and 3.56 ×
105/cm for 0%, 1%, 2%, and 3% tensile strain, respectively;
corresponding wavelengths are 394.2 nm, 358.0 nm, 376.5 nm,
and 406 nm, respectively. Therefore, the SWSe-BP vdW
heterostructure is an efficient light harvesting photocatalyst.
To deeply understand the photocatalytic mechanism and

higher PCE under tensile strain, we further examined the
project density of states of the SWSe-BP vdW heterostructure
under strains of 0%, 1%, 2%, and 3%. As shown in Figure 9,
with the increase of the tensile strain from 0% to 3%, the
lowest unoccupied orbitals of the W atom rapidly decrease,
whereas the lowest unoccupied orbitals of S/Se atoms decrease
very slowly. Therefore, the CBM of SWSe is mainly
contributed by a W atom. Moreover, the lowest unoccupied
orbitals of the W atom approach that of a P atom under a 3%
tensile strain, which results in the small value of CBO (0.18

Figure 7. Band edge positions of the SWSe-BP vdW heterostructure under biaxial strains from −3% to 3% relative to the redox potential of water
calculated at the HSE06 level at pH = 0.

Table 3. CBM, VBM, Bandgaps (Eg
HSE), Bandgaps of the

Donor (Eg
d), CBO (ΔEc), and PCE under Strains from −3%

to 3%

Strain
(%)

CBM
(eV)

VBM
(eV) EgHSE(eV)

Egd
(eV)

ΔEc
(eV)

PCE
(%)

−3 0.99 −0.42 1.41 2.27 0.86 6.8
−2 1.07 −0.42 1.50 2.31 0.81 6.9
−1 1.19 −0.40 1.59 2.35 0.76 6.9
0 1.17 −0.42 1.59 2.19 0.60 9.1
1 1.06 −0.41 1.47 1.93 0.46 12.4
2 0.96 −0.40 1.35 1.63 0.28 16.8
3 0.86 −0.40 1.25 1.44 0.18 19.4
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eV) causing the high PCE value. On the other hand, with the
increase of the tensile strain, the bandgap of the donor (WSSe)
also decreases due to the decrease of the lowest unoccupied
orbitals of the W atom. Specifically, the bandgap of the donor

decreased to 1.44 eV under a 3% tensile strain. Therefore, both
the CBO and the bandgap of the donor are decreased with
increasing tensile strain due to the decrease of the lowest
unoccupied orbitals of W, and they are two critically important
factors for PCE value.
3.5. Gibbs Free Energy Profiles for HER and OER. The

HER and OER catalytic activity is critically important for
overall water splitting photocatalysts, which can be evaluated
by the Gibbs free energy change of each step for HER and
OER.56 Since the CBM and VBM of the SWSe-BP vdW
heterostructure are mainly contributed by the BP and SWSe
layer, respectively, the HER performance on BP layer and the
OER catalytic activity on SWSe layer are examined. For HER,
three hydrogen adsorption sites including top site, bridge site,
and hollow site have been considered, and results show that
the hydrogen atom adsorbed on the top of P atom is the most
stable in thermodynamics, with the H−P bond length of 1.44
Å, as shown in the inset of Figure 10a. Using the standard
hydrogen electrode (SHE) as the reference, the Gibbs free
energy with different hydrogen coverages on BP layer is shown
in Figure 10a, from which we can see that the ΔG of the third
hydrogen could achieve as low as 0.42 eV, indicating that the
SWSe-BP vdW heterostructure is a potential catalyst for the
HER at an appropriate H coverage.
Then the OER performance on the SWSe layer was

evaluated, and the Gibbs free energy of each elementary
reaction (ΔG1−ΔG4) was calculated. The overall Gibbs free
energy profiles for OER elementary reaction steps at external
potential (U = 0 V), equilibrium potential (U = 1.23 V), and
the potential of the VBM relative to the SHE (U = 1.64 V)
under the extreme conditions of pH = 0 are shown in Figure
10b. Obviously, at U = 0 V, ΔG of the first three steps is
positive, while the last step is negative, and the first step is the
rate-determining step with ΔG1 of 2.57 eV. The largest ΔG for
the first step indicates that the dissociation of H2O to OH* is
hindered and leads to sluggish OER kinetics. At the
equilibrium potential of water oxidation U = 1.23 V, the first
and third steps are uphill, while the second and last steps are
downhill. The ΔG1 of the rate-determining step will decrease
to 1.34 eV, which is comparable to that of many TM@C
catalysts or metal oxides.57 When an operating potential of
1.64 V is applied, the ΔG1 and ΔG3 are less positive and ΔG2
and ΔG4 are more negative, the ΔG1 of the rate-determining
step will then continue to decrease to 0.93 eV. This indicates
that the OER becomes easier under the driving force of the
VBM of the SWSe-BP vdW heterostructure.58,59

It is noted that in the present work, we have only evaluated
the possibility of a defect-free SWSe-BP vdW heterostructure

Figure 8. (a) PCE contour and (b) optical absorption of the SWSe-BP vdW heterostructure under biaxial tensile strain of 0%, 1%, 2%, and 3%
calculated at the HSE06 level.

Figure 9. Projected density of states (PDOS) of the SWSe-BP vdW
heterostructure under strains of 0%, 1%, 2%, and 3%.
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as a photocatalyst for water splitting. However, the PCE of
19.4% may be challenging to reproduce with a defect
heterostructure, and it is unknown whether the defects will
render the heterostructure unsuitable for photocatalyst, and
the effects of defects on the stability and electronic structure of
heterostructure need to be further evaluated. Providing that
the defects are crucially significant to the heterostructure as a
photocatalyst for water splitting, undoubtedly, more efforts
need to be made to study these issues in the future.
Simultaneously, the role the defects play in the heterostructure
are of great value in scientific research, which makes it
worthwhile to conduct a series of experiments coupled with
simulations.

4. CONCLUSIONS
In summary, we systematically investigated the structural,
electronic, and optical properties of the SWSe-BP and SeWS-
BP vdW heterostructures by first-principles calculations. The
negative formation energies (about −0.9 eV) and AIMD
simulations show that the two vdW heterostructures are
energetically stable and have thermodynamic stabilities. The
calculated electronic structures indicate that the SWSe-BP
vdW heterostructure is a type-II band alignment semi-
conductor with indirect bandgap of 1.59 eV; the VBM and
CBM are from the WSSe and BP monolayer, respectively.
However, the SeWS-BP vdW heterostructure is a type-I band
alignment semiconductor with indirect bandgap of 1.80 eV. In
addition, the bandgaps of the SWSe-BP vdW heterostructure
under strains from −3% to 3% are examined, which exceed the
free energy of water splitting of 1.23 eV and smaller than 3 eV,
indicating that the SWSe-BP vdW heterostructure under
strains up to ±3% can enhance sunlight absorption as
photocatalysts. Furthermore, the calculated band edge energies
show that the band edge positions of the SWSe-BP vdW
heterostructure under strains up to ±3% straddle the redox
potentials of water, indicating that they can act as an effective
photocatalyst for water splitting. Besides, the SWSe-BP vdW
heterostructure has strong optical absorption in the near-UV
and visible light, and possess significantly high PCE, e.g.,
∼9.1% for the SWSe-BP vdW heterostructure and extraordi-
narily high PCE of ∼19.4% under a 3% tensile strain. In short,
the results of our calculations evidenced that the SWSe-BP
vdW heterostructure can be considered a promising photo-
catalyst for water splitting due to its type-II band alignment,
suitable energy gap, band edge positions, remarkable optical
absorption, and solar-to-hydrogen energy conversion effi-
ciency.
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