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Study on the electronic and optical properties
of van der Waals heterostructures of blue
phosphorene and Janus-WSeS monolayers
for photocatalytic water splitting
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In this paper, we designed a series of heterostructures by assembling the blue phosphorene and
Janus-WSeS monolayers together and then selected a stable blue-P/Janus-WSeS van der Waals
heterostructure with type-Il band arrangement. Further exploration of the band edge shows that it is fit
to be the photocatalyst for water splitting. The results from tuning optoelectronic properties via biaxial
strain show that the strain is an effective method to adjust the size of the band gap and the band
alignment. According to the requirements, a suitable strain can be chosen to adjust the band of the
heterostructure. In addition, the absorption coefficient shows a considerable value in the UV region, and
the negative strain will enhance the absorption of UV light and weaken the absorption of visible light.
Due to the favorable band edge positions and strong absorption in UV light, the blue-P/WSeS
heterostructure can be considered as a potential visible and UV light irradiation catalyst for water
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1. Introduction

Since 2004 when K. S. Novoselov et al. obtained single-layer
graphene graphite,’ a large number of new 2D materials have
emerged.”” Among them, two-dimensional (2D) phosphorus
has been widely investigated, and four allotropes have been
found. They are black phosphorus, blue phosphorus (blue-P),
y-phosphorus, and §-phosphorus.® The successful preparation
of stable blue-P at room temperature by the epitaxial growth
method quickly attracted people’s attention® because it has
similar lattice parameters to TMDs, such as MoX, and WX,
(X =S, Se). Both 2D phosphorene and transition metal dichal-
cogenides (TMDs) MX, (M = Mo, W, Nb and V; X = S, Se, and Te)
have been widely studied in recent decades due to their
excellent physical and chemical properties.”* But single two-
dimensional structures usually have some shortcomings. For
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splitting, and the catalytic activity can be adjusted by strain.

example, the zero band gap of graphene limits its application in
optoelectronic devices;'” the high recombination rate of photo-
generated carriers of ultrathin CdS nanosheets greatly influ-
ences its performance in photocatalytic fields.'® Assembling
van der Waals (vdW) heterostructures by different 2D mono-
layers is an effective method to improve their performances.
Not only can heterostructures maintain the advantages of
single 2D structures, but they also make up for their disadvan-
tages in electronic and optical properties."””>' Thus, hetero-
structures have attracted the attention of scientists and
scholars in recent years. For example, Shahid et al.** designed
a boron phosphide-blue phosphorene vdW heterostructure by
boron phosphide and blue phosphorene monolayers, and
further studies show that this heterostructure is a potential
candidate for water splitting at low pH values. In addition, the
same research group> also reported several Mo(W)Te,-As vdW
heterostructures as promising photocatalysts for overall water
splitting.

Due to their similar lattice parameters, vdW heterostruc-
tures can be formed by assembling 2D phosphorene and TMDs
monolayers together. Sharma et al.>* studied the properties of
the blue-P/MoS, heterostructure, and the results show that
using this heterostructure as an interacting layer with the
analyte can greatly enhance the sensitivity of the surface
plasmon resonance sensor. Then, investigation by Bian
et al.>® showed that blue-P/MoS, vdW heterostructure with 3d
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transition metal absorption in the interlayer transitions from
semiconductor to spin-polarized metals. Thus, it can be con-
sidered a candidate for nanoelectronics and spintronics device
material. Huang et al?® explored the strain effect on the
electronic properties of blue-P/Janus-MoSeS and blue-P/Janus-
MoSSe van der Waals heterostructure by first-principles stu-
dies, and the results show that strain engineering provides an
effective avenue to tune the electronic properties of 2D vdW
heterostructures. Using the density functional theory, Wang
et al.”’ studied the electronic and photocatalytic properties of
WS, /blue-P and further sought the effect of uniaxial and biaxial
strains on the performances of these heterostructures. The
modulation of electronic structure and band offsets of blue-P/
WSe, vdW heterostructure via applied vertical compressive
strain have also been investigated through first-principles
calculations by Zhang et al.*®

As sister materials of MX, monolayers, Janus MSSe mono-
layers are formed by replacing the chalcogen anion layer with
another dissimilar chalcogen layer.>**° Because the symmetry
of the out of plane mirror image is destroyed, they provide a
new set of characteristics better than MX, monolayers. Com-
pared with the corresponding MX,, the Janus-MSSe can obtain
more possible heterostructures by combining them with other
2D monolayer materials. Moreover, heterostructure stacking by
Janus-MSSe and other 2D monolayers also shows excellent
photoelectric properties.’’**> However, to date, few studies of
vdW heterostructure stacking by blue-P and Janus-WSeS (or
WSSe) monolayers have been reported. In this study, we system-
atically designed the possible vdW heterostructures, investi-
gated their properties, and explored the effect of biaxial strain.
Through this study, it is expected to find new possible water
splitting catalysts.

2. Computational methods and details

In this work, we performed first-principles calculations using
Vienna Ab initio Simulation Package (VASP) software with the
Projection Augmented Wave (PAW) method®*?* to study the
tuning of electronic properties of vdW heterostructure stacking
by blue-P and Janus-WSeS (or WSSe) monolayers via biaxial
strain. The conjugate gradient (CG) algorithm is chosen to
optimize the heterostructures. In addition, the vdW interaction
between layers plays an important role in determining the
structural and electronic properties of the heterostructure,
and hence Grimme’s DFT-D3 method is adopted to consider
this interaction.®>*® To obtain accurate band gaps for these 2D
structures, the Heyd-Scuseria-Ernzerhof (HSE) method is
employed to investigate their electronic properties.”” The Bril-
louin zone sampling was performed using a Monkhorst-pack
grid to set k points.*® We used a 12 x 12 x 1 point grid to
ensure calculation accuracy. The cut-off energy was set to
520 eV. For the structural optimization process, all the struc-
tures are optimized until the total energy is less than 10™° eV
per atom and the ionic Hellmann-Feynman force is less than
0.01 eV A™'. A biaxial strain parallel to the stacking layers of
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vdW heterostructure ranging from —6% to 6% is applied to
regulate its electronic and optical properties. To eliminate the
interaction of interlayer caused by periodic boundary condi-
tions, a 20 A vacuum layer is added in the z-direction.

The optical properties and absorption coefficient can be
calculated from the complex dielectric function by the follow-
ing relationship,

a(w) = \/5((0)\/\/812((1)) + &2 (w) — &1(w), (1)

While the imaginary part of the complex dielectric function
() can be expressed as the functional of the occupied and
unoccupied states matrix elements with the following formula,

4n2e?

e2(0) = Y IMIPS(L—f) x 8(Ey — Ei — o)dk (2)

in which M is the dipole matrix; i and j are the initial state and
final state, respectively; f; represents the Fermi distribution func-
tion of the i-th state, and E; is the electron energy of the i-th state.
The real part of the complex dielectric function &(w) is associated
with polarization and anomalous dispersion. It can be obtained
from the Kramers-Kronig relations as the following.>**°

2 wa’ez (o')de’

er(w) =1+4=P (3)
T Jo

w'?—ow

in which P is the principal value of the integral.

3 Results and discussion

3.1 Geometric structure and stability

Before investigating the blue-P/Janus-WSeS and blue-P/Janus-
WSSe vdW heterostructure, we optimized the geometric struc-
ture of blue-P and Janus-WSeS (WSSe) monolayers. Our calcu-
lated lattice constant of the WSeS (WSSe) monolayer is 3.25 A,
which is between the lattice constants of WS, (3.19 A) and WSe,
(3.34 A) from a previous report,** and the calculated lattice
constant of the blue-P monolayer is 3.28 A, which is consistent
with previous studies.*?

Due to the similar structure and lattice parameters, blue-
P/Janus-WSeS and blue-P/WSSe vdW heterostructures can be
constructed by the 1 x 1 primitive cells of blue-P and Janus-
WSeS (WSSe) monolayers. As shown in Fig. 1, we presented four
stacking configurations, AA, AB, AC, and AD stacking, for blue-
P/Janus-WSeS vdW heterostructures. The structures for blue-
P/Janus-WSSe vdW heterostructures are similar to blue-P/
Janus-WSeS vdW heterostructures. The positions of Se and S
atoms were swapped, so they are not presented here. Lattice
mismatch can be calculated by the following formula,

_ 2‘01 — dz‘

x 100% (4)
ay + ap

where a; and a, are the lattice parameters of the two mono-
layers in the heterostructure. It is easy to calculate the lattice
mismatch, which is approximately 0.9% between the blue-P
and Janus-WSeS (WSSe) monolayers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Top and side views of blue-P/Janus-WSeS vdW heterostructures with different stacking configurations: (a) AA stacking, (b) AB stacking, (c) AC

stacking, (d) AD stacking.

To explore the stability of these possible vdW heterostructures,
their formation energies (E) are calculated. The formation energies
Ef can be obtained by the formula Ef = Eneter — Elayer1 — Elayer2s
where Epeery Elayert; and Ejagers are the total energies of the
heterostructures, blue-P monolayer, and Janus-WSeS (WSSe)
monolayer, respectively. In Table 1, we present the optimized
lattice parameter, formation energy, and layer distance of different
configurations of the heterostructure stacking by blue-P and

Table 1 Lattice parameter, formation energy, and layer distance of
various configurations of the heterostructure stacking by blue-P and
Janus-WSSe monolayers

Heterostructure a (&) d (&) E¢

blue-P/Janus-WSeS AA 3.241 3.813 —0.830
AB 3.242 3.200 —0.901
AC 3.245 3.382 —0.873
AD 3.241 3.778 —0.833

blue-P/Janus-WSSe AA 3.241 3.700 —0.825
AB 3.242 3.124 —0.893
AC 3.244 3.103 —0.892
AD 3.244 3.123 —0.891

© 2022 The Author(s). Published by the Royal Society of Chemistry

Janus-WSeS monolayers. Results show the AB stacking configu-
ration is the most stable mode for both blue-P/Janus-WSeS and
blue-P/Janus-WSSe vdW heterostructure from the perspective of
energy, and their lowest formation energies are —0.901 and
—0.893 €V per unit cell, respectively. To further verify the stability
of the structures, we calculated their phonon dispersion curves. As
shown in Fig. 2, the phonon spectra of AB stacking structures for
blue-P/Janus-WSeS and blue-P/Janus-WSSe vdW heterostructure
almost have no negative frequencies in the whole first Brillouin
zone. This further indicates these configurations are dynamically
stable. Therefore, in the following work, we only focus on the
AB-stacked blue-P/Janus-WSeS and blue-P/Janus-WSSe vdW
heterostructure and refer to them as blue-P/WSeS and blue-P/
WSSe heterostructure for short, respectively. The equilibrium
distances between the two monolayers for blue-P/Janus-WSeS and
blue-P/Janus-WSSe heterostructures are 3.200 and 3.124 A, respec-
tively, and the equilibrium lattice parameters are 3.242 A for both.

3.2 Optoelectronic properties

The band gaps of blue-P/WSeS and blue-P/WSSe heterostruc-
tures are 1.623 eV and 1.849 eV, respectively. The valence band

Mater. Adv., 2022, 3, 9063-9070 | 9065
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Fig. 2 Phonon dispersion curves of vdW heterostructures with AB stacking configurations. (a

heterostructures.

maximum (VBM) and conduction band minimum (CBM) of
these two heterostructures are located at different high sym-
metry points, showing indirect band gaps. According to the
projected density of states shown in Fig. 3(a), it can be seen that
the CBM is mainly contributed by P atoms in the blue-P layer,
and the VBM is mainly contributed by W and a small amount of
Se in the Janus-WSeS layer for the blue-P/WSeS heterostructure.
This staggered gap indicates that the blue-P/WSeS heterostruc-
ture exhibits a typical type-1I band arrangement, which is very
beneficial to photocatalysis, photoelectric detection, and photo-
voltaic devices. This is because good charge separation can
effectively prevent the recombination of electrons and holes
and improve catalytic efficiency. But for the blue-P/WSSe het-
erostructure, it can be seen from Fig. 3(b) that both the VBM
and CBM are contributed by P and W atoms, neither a strad-
dling gap nor a staggered gap. So, it is hard to say whether it is a
type-I or type-II band arrangement. If it is used in the catalytic
field as a type-II band arrangement, the recombination of
electrons and holes will affect the catalytic efficiency because
they are not well separated. While if it is considered a type-I
band arrangement and used in LED or laser, it will lead to
leakage; because the conduction band setoff (CBO) and valence
band setoff (VBO) are almost 0 eV, in which the CBO is the
energy difference between the minimum of conduction band
contributed by blue-P and Janus-WSeS layers, and the VBO is
the energy difference between the maximum of valence band
contributed by two layers of the heterostructures. Therefore,
compared with blue-P/WSSe, the blue-P/WSeS heterostructure

i
:
:

r M K T
)

blue-P/Janus-WSeS; (b) blue-P/Janus-WSSe

has better photoelectric characteristics and is more suitable for
optoelectronic devices, so we will focus on this kind of hetero-
junction in the following work.

To further study the optoelectronic properties of the blue-P/WSeS
heterostructure, the work function @ of sublayers is calculated to discuss
the charge transfer between these two layers. According to the definition
of &, it can be calculated by the formula @ = Eyyc — Eypy; Where Fyac
and Eygy are the energies corresponding to the vacuum potential and
VBM, respectively. Our calculated @ for the blue-P and Janus-WSeS
monolayer are 6.112 and 5.692 eV, respectively. The corresponding work
function differences A® across the interface is about 0.42 eV, which
results in the electrons transfer from the Janus-WSeS layer to the blue-P
layer and an intrinsic built-in electric field (£;,) established in the blue-P/
WseS interface. The builtin electric field will further facilitate the
separation of photoexcited electron-hole pairs in the blue-P/WSeS
heterostructure. In addition, the planar average electrostatic potential
of the blueP/WSeS along the caxial direction was calculated and is
presented in Fig. 4(a). It can be seen that there exists an electrostatic
potential difference across the interface. Due to the higher electronega-
tivity of the blue-P layer, the depth of potential for the blue-P layer is
deeper than that of the Janus-WSeS by about 1.4 eV.

As shown in Fig. 4(b), we also present the schematic plot of
the migration of photogenerated electrons and holes at the
blue-P/WSeS interface. It can be seen that, if irradiated by light,
there would be three significant paths for charge carrier flow at
the interface of the heterostructure:

(1) the photoexcited holes transit from the blue-P to WSeS
layer between their VBMs (process A in Fig. 4(b)); (2) the
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Fig. 3 Band structures and the projected density of states for heterostructures. (a) blue-P/WSeS; (b) blue-P/WSSe heterostructures.
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two layers in blue-P/WSeS and the migration of photogenerated electrons and holes at the interface.

photoexcited electrons transit from the Janus-WSeS to blue-P
layer between their CBMs (process B in Fig. 4(b)). These two
paths result in charge separation, and the last path leads to
carrier recombination. The built-in electric field formed at the
blue-P/WSesS interface will further promote these two processes.
These two paths for charge carriers and the existence of the
built-in electric field make the blue-P/WSeS heterostructure a
potential photocatalyst. Then, we studied whether it could be
used as a catalyst for water splitting. For this reason, we
calculated its band edges.

Calculated results show that the band edges of the blue-P/
WSeS heterostructure relative to the vacuum level are located at

strain - 6%

—4.17 eV (CBM) and —5.79 eV (VBM), respectively. Those wholly
straddle the water reduction potentials (Ey+m,: —4.44 €V) and
oxidation potential (Eq 1,0: —5.67 €V) at pH = 0.** So, the redox
reaction of water splitting can occur in different layers of the blue-
P/WSeS heterostructure: water oxidation occurs in the Janus-WSeS
layer (the photoexcited holes collected in the WSeS layer drive the
generation of oxygen by the reaction: 2H,0 + 4h" — O, + 4H"),
meanwhile water reduction takes place in the blue-P layer (the
photoexcited electrons collected in the blue-P layer drive the hydro-
gen reduction reaction generating hydrogen by 4H' + 4¢~ — 2H,).
Thus, the blue-P/WSeS heterostructure could be considered a
potential photocatalyst for water splitting.

Energy(eV)
Energy(eV)

(d) strain +2%
o -

(b) strain - 4%

Energy(eV)

Energy(eV)

Energy(eV)

Fig. 5 Band structures of blue-P/WSeS heterostructure under different strains.
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3.3 Tuning of optoelectronic properties via biaxial strain

To understand the effect of strain on the blue-P/WSeS hetero-
structure, a biaxial strain parallel to the stacking layers is
applied on the heterostructure from —6% to 6% to investigate
the evolution of structure and optoelectronic properties. In
Fig. 5, the energy bands under different strains have been
presented. Compared to the case without strain (as shown in
Fig. 3(a)), it can be seen that not only can strain affect the size of
the band gap, but also the positions of VBM and CBM, i.e., the
band alignment. A small negative strain leads to a decreased
direct band gap, but a small positive strain only reduces the
indirect band gap while the corresponding high symmetry
points of VBM and CBM remain unchanged. The strain with
a larger absolute value will result in the band alignment of the
blue-P/WSeS heterostructure change from type-II to type-I.
According to the requirements, we can choose a suitable strain
to adjust the band of the heterostructure. In Fig. 6, we present
the band edges of the blue-P/WSeS heterostructure relative to
the vacuum level at different strains. It can be seen that its
band gap spans the potential of oxidation (O,/H,0O) and
reduction (H'/H,) reactions under a stress from —2% to 2%.
In this strain range, the energetically favorable band edge

strain:-4% -2% 0 +2% +4%
0 [pr= =x= mim =ap mze il exgueneimssramne frrmae mucliske mip mas e S = g
KRS
5.59%V| 5.64eV| 5.59eV| 5.46eV| 5.37eV

2k
gt (a)
>
=]
o 4 -
b -[- ,,,,,,,,,,,,,,,, -, -, |-|’/|-q2

gL

Fig. 6 The band edges of the blue-P/WSeS heterostructure relative to the
vacuum level at different strains.
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positions for the blue-P/WSeS heterostructure make them a
potential catalyst for water splitting at pH = 0.

In Fig. 7(a), we present the total energy and band gap of the
blue-P/WSeS heterostructure as a variation of strain. The total
energy reaches the global minimum when no strain is applied
to the heterostructure, which is consistent with previous
studies.>*" The band gap decreases with the increase in the
absolute value of the applied strain. In addition, we explore the
optical absorption coefficient and band edges of the blue-P/
WSeS heterostructure under different strains. In Fig. 7(b), it can
be seen that it has a considerable light absorption coefficient in
the visible and ultraviolet regions. The absorption coefficient
reaches its maximum at the ultraviolet (UV) region under
different strains. Investigations of optical properties under
strain show that negative strain will enhance the absorption
of UV light and weaken the absorption of visible light; with
positive strain, it is the opposite case. Combined with Fig. 6 and
7(b), the energetically favorable band edge positions and strong
absorption in UV light for the blue-P/WSeS heterostructure
make the blue-P/WSeS heterostructure a potential UV irradia-
tion catalyst for water splitting at pH = 0.

4. Conclusion

To sum up, we designed several blue-P/Janus-WSeS and blue-P/
Janus-WSSe vdW heterostructures and selected the one with the
more stable structure and better performance—the AB stacking
blue-P/Janus-WSeS heterostructure. Then, first principle calcu-
lations were carried out to investigate the electronic and optical
properties of this heterostructure. Results show that this het-
erostructure presents an intrinsic type-II band alignment. The
analysis of the band alignment shows this heterostructure is a
potential photocatalyst material for water splitting. Irradiated
by light, the photoexcited holes collect and water oxidation
occurs in the Janus-WSeS layer; meanwhile, the photoexcited
electrons collect and water reduction takes place in the blue-P
layer. Then, we further explored the effect of biaxial strain on
optoelectronic properties. Results show it is an effective

Absorption coefficient(105cm'1)
>

+6% strain

08 +4% strain |

06 - +2% strain |
——0 strain

04 -2% strain ||

02+ ——— -4% strain ||

—— -6% strain |

0.0 : : ! -

0 1 5 6 7 8

Energy(eV)

(a) The total energy, band gap, and (b) the optical absorption coefficient of blue-P/WSeS heterostructure changed as strain.
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method to regulate the energy band of the heterostructure.
A small negative strain will lead to a decreased direct band gap,
but a small positive strain only reduces the indirect band gap
while the corresponding high symmetry points of VBM and
CBM remain unchanged. The strain with a larger absolute value
will result in the band alignment of this blue-P/WSeS hetero-
structure change from type-II to type-I. At the end of this work,
we investigated the absorption coefficient of the heterostruc-
ture at different strains. Results show that the AB stacking
blue-P/Janus-WSeS heterostructure has a considerable light
absorption coefficient in the visible and ultraviolet regions,
and the maximum absorption coefficient occurs in the UV
region. Negative strain could enhance the absorption of UV
light, while positive strain would weaken the absorption of
UV light. Favorable band edge positions and strong absorption
in UV light make this blue-P/WSeS vdW heterostructure a potential
visible and UV light irradiation catalyst for water splitting.
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