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Many strategies have been developed to overcome the critical obstacles of fast recombination of
photogenerated charges and the limited ability of semiconductor photocatalysts to absorb visible light.
Considering all the novel properties of monolayered g-GaN and blue phosphorus (BlueP) which were
revealed in recent studies, first-principles calculations were used to systematically investigate the
structural stability, electronic energy, band alignment, band bending, and charge difference in the
heterostructure formed by these two layered materials. The g-GaN/BlueP heterostructure is constructed
by van der Waals (vdW) forces, and it possess a staggered band structure which induces electron
transformation because of the different Fermi levels of the two layered materials. By aligning the Fermi
levels, an interfacial electric field is built and it causes band bending, which can promote effective
separation of photoexcited holes and electrons; the band-bending phenomenon was also calculated
according to density functional theory (DFT). Moreover, effects of in-plane strain on the tuned bandgap,
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in the visible-light range can be improved. The findings reported in this paper are expected to provide

DO 10.1039/c8ra09378d theoretical support for the use of the g-GaN/BlueP vdW heterostructure as a photocatalyst for water
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oxidation potential (—5.67 eV) for O,/H,0,” which means the
bandgap of any qualified photocatalyst should be more than

Introduction

The increasing demand for energy has been intensifying as the
world population continues to grow unabated. Many strategies
have been put in place to advance “green” technologies, and the
development of photocatalysts for water splitting is considered
to be a promising measure because these catalysts can break
down water into hydrogen (H,) and oxygen (O,) under the illu-
mination of visible light to produce sustainable and renewable
energy.' As photoelectrochemical (PEC) water splitting by
semiconductors attracts more and more attention,>” it has been
reported that a crucial requirement for water splitting is a suit-
able band edge of the semiconductor,"® where the conduction-
band minimum (CBM) of the material should be greater than
the reduction potential (—4.44 eV) for H'/H,, and the valence-
band maximum (VBM) of the material should be less than the
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1.23 eV.® Fig. 1(a) shows the water-splitting mechanism of
a semiconductor photocatalyst. When the electrons (e™) in the
valence band (VB) of the semiconductor are illuminated by
photons and receive the energy of these photons, which is larger
than the semiconductor's bandgap, they will be driven to
transfer to the conduction band (CB) of the semiconductor,
leaving holes (h") in the VB. After the electrons and holes move
to the surface and meet the above chemical potential, the
electrons and holes can serve as the reductant and oxidant to

Reduction/H,

ReductionH,

hv

C Oxidation/0,

(@ C Oxidation/O, ()

Fig.1 Schematic illustration of transfer of photogenerated charges in
(a) a monolayered semiconductor and (b) a 2D vdW heterostructure of
two monolayered semiconductors for water splitting.

This journal is © The Royal Society of Chemistry 2019
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react with electron donors and electron acceptors, respectively,
which reside around the surface of the semiconductor.’
However, all of the photoexcited electrons and holes will accu-
mulate at the surface of the semiconductor, with oxidation and
reduction reactions occurring at the same time, thus resulting
in rather short lifetimes (about 3-10 ps) for the photogenerated
electrons and small diffusion lengths (about 2-4 nm) for the
holes," and allowing the photoexcited electrons and holes to
easily recombine. In addition, the photoexcited electrons and
holes can also can consume the energy of the photons by
heating and by emitting light.'* Therefore, it is quite difficult
and challenging to use monolayered semiconductors as pho-
tocatalysts for water splitting.

The most popular method to address the above obstacles is
the formation of a type-II (staggered) van der Waals (vdW) het-
erostructure of two-dimensional (2D) materials,> as shown in
Fig. 2(b). The photogenerated electrons can be driven from the
CB of semiconductor 2 (S2) to that of semiconductor 1 (S1),
while the photoexcited holes will migrate from the VB of S1 to
that of S2 under the assistance of the conduction-band offset
(CBO) and valence-band offset (VBO), respectively,'”” thus
extending the lifetimes of the photogenerated charges and
improving the efficiency of water splitting. The oxidation and
reduction reactions which take place at the surface of S2 and S1,
respectively, are helpful for separation of the photogenerated
electrons and holes. Ever since graphene (G) unlocked the field
of 2D materials because of its excellent properties,'** other 2D
materials, such as transition-metal dichalcogenides (TMDs)?*2*
and phosphorene,*>° have also attracted wide attention. In
particular, blue phosphorus (BlueP), a G-like material, has been
a subject of investigations owing to its wide fundamental
bandgap,* stable honeycomb structure,® high mobility,**** and
novel thermal and thermomechanical characteristics.®® The
magnetic and optical properties of BlueP have also been studied

0000000
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Fig. 2 Top and side views of g-GaN/BlueP heterostructure with
different stacking configurations: (a) H1-stacking; (b) H2-stacking; (c)
H3-stacking; (d) H4-stacking. The blue, gray, and cyan spheres
represent P, Ga, and N atoms, respectively.
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in first-principles calculations.**** An interesting revelation is
that the Dirac cone can be built in BlueP by hydrogenation,
halogenation,* and four-fold-coordinated phosphorus atoms.*
The properties of BlueP can also be tuned by altering its struc-
ture,***> applying an electric field*® or strain,**** via doping,**
and by adsorption of certain species.”® All of these studies
indicate that BlueP is a promising candidate for anode mate-
rial,* component of heterostructures,**** and for application in
optoelectronics and nano-electronic devices.** Furthermore,
some works have demonstrated effective methods for the
growth of BlueP.”>** The 2D heterostructures formed by BlueP
can not only preserve its outstanding properties, but also extend
their application.”**%”

Graphene-like gallium nitride (g-GaN) is also considered to
represent a new generation of 2D materials because of its
remarkable properties.”™*® Studies show that g-GaN has a stable
2D structure and an indirect bandgap,*»** and it can remain in
high-temperature environments. The migration-enhanced
encapsulated growth method can be used to prepare 2D g-
GaN,* whose properties can also be moderated by applying an
external electric field or changing the stacking style.®> Moreover,
g-GaN sheets and nanoribbons with Ga imperfections are
considered promising candidates for application in spin-
tronics.® All of these investigations indicate that g-GaN is an
excellent 2D material which has the potential to be used in
photocatalytic, photovoltaic, and optical devices. There have
been also some works on BlueP-based or g-GaN-based hetero-
structures,>***® but there has been no attempt to elucidate band
bending in a g-GaN/BlueP heterostructure. Since g-GaN and
BlueP have the same hexagonal structure and a suitable lattice
mismatch exists between the two materials, a heterostructure
based on g-GaN and BlueP (g-GaN/BlueP) would be an ideal
photocatalyst for water splitting, and it makes sense to pursue
an investigation of said heterostructure. Considering that
monolayered black phosphorene, a well-known phosphorene
material, has been reported to exhibit remarkable optical
properties when under strain, the effect of strain on the optical
performance of a BlueP-based heterostructure was also inves-
tigated for comparison.®

This study focuses on the effects of band bending and strain
on vdW heterostructures of 2D semiconductors for photo-
catalysis. The g-GaN/BlueP heterostructure was designed to act
as a visible-light-driven photocatalyst for water splitting. The
structures of 2D g-GaN, 2D BlueP, and the g-GaN/BlueP vdW
heterostructure were optimized, and the most stable stacking
configuration was obtained by first-principles calculation. Their
band structures were then calculated to determine which band-
energy structure of the g-GaN/BlueP vdW heterostructure has
the ability to prevent recombination of photogenerated charges;
the calculated band edge of the g-GaN/BlueP vdW hetero-
structure also explains its ability to induce the redox reaction of
water splitting at a pH of 0. The band bending of the g-GaN/
BlueP vdW heterostructure induced by a built-in electric field
was then calculated and explained, and it was shown to be
favorable for water splitting. The charge-difference analysis and
potential drop across the interface of g-GaN/BlueP vdW heter-
ostructure were carried out. Finally, the responses of the

RSC Adv., 2019, 9, 4816-4823 | 4817
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bandgap, energy, band edge, and light-absorption characteris-
tics in the visible-light region of the g-GaN/BlueP vdW hetero-
structure to strain were investigated.

Computational methods

All calculations in our research were carried out using the first-
principles method based on density functional theory
(DFT).**® Using the Vienna Ab Initio Simulation Package
(VASP), the exchange correlation functional was expressed by
the Perdew-Burke-Ernzerhof (PBE) functional with generalized
gradient approximation (GGA).*”* To obtain more accurate
bandgap values and results, the hybrid Heyd-Scuseria-Ernzer-
hof (HSE06) functional was also adopted.””® More specifically,
the cut-off energy was set at 550 eV, and the atoms in the first
Brillouin Zone (BZ) was conducted via 7 x 7 x 1 and 17 x 17 x
1 Monkhorst-Pack k-point grids for relaxation and static
calculations, respectively. An energy of less than 1 x 10> eV
was set as the convergence criterion, while 0.01 eV A™* was set
for the residual force on each atom. The DFT-D2 method of
Grimme64 (ref. 77) was considered for the van der Waals
interactions in all simulations. A vacuum layer thickness of 20 A
was used to avoid interaction between adjacent atomic layers.
The binding energy (E},) of the heterostructure is defined

as78780

total total
Ey, = EZGanBlueP—EBlucp+g-GaNs (1)

where Eqgan/Bluepy Epiuep aNd Eg.gan are the total energy of the
heterostructure, energy of pristine BlueP, and energy of g-GaN,
respectively.®* The charge-density difference (Ap) on the iso-
surface was used to demonstrate the charge transferred
between the heterostructure, and it can be calculated by using

Ap = Pg.GaN/BlucP — PBlucP — Pg-GaN> (2)

where pg.Gan/Bluep, PBlucp, aNd pg.can are the total charge density
of the heterostructure, charge density of monolayered BlueP,
and charge density of g-GaN, respectively.® For the investigation
on the optical-absorption ability of the heterostructure, the
absorption coefficient was calculated using

- @{ [e1*(w) + &°(w)] Vr 81(0))}1/2.‘ 3)

()

where &,’(w) and &,’(w) are the real and imaginary parts,
respectively, of the dielectric constant.*

Results and discussion

The geometric structures of the two monolayered materials
were first optimized via DFT, and the lattice constants of BlueP
and g-GaN were calculated to be 3.275 and 3.255 A, respectively;
as reported in previous investigations, these values represent an
acceptable lattice mismatch.?**® An optimized lattice parameter
of 3.265 A was obtained for different stacking configurations of
the heterostructure based on g-GaN and BlueP. When BlueP is
placed on g-GaN, four high-symmetry structures can be
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Fig. 3 Top and side views of (a) BlueP and (c) g-GaN. Band structures
obtained by HSE06 of (b) BlueP and (d) g-GaN. The blue, gray, and
cyan spheres represent P, Ga, and N atoms, respectively; the Fermi
level is represented by the gray dashed line.

obtained (Fig. 2), and they are referred to as H1, H2, H3, and H4
stacking. The binding energies were calculated to be 0.218,
0.128, 0.205, and 0.125 eV A~ for H1, H2, H3, and H4 stacking,
respectively, indicating that the heterostructures are formed by
vdW forces.'®”® With the highest binding energy, H1 is the most
stable stacking configuration, and the following discussions on
the g-GaN/BlueP vdW heterostructure refer specifically to the
structure with H1 stacking.

The band structures of the two monolayers were calculated
using the HSE06 functional (Fig. 3). The BlueP monolayer
exhibits semiconducting characteristics, with an indirect
bandgap of 2.768 eV. The VBM of BlueP is located between
points K and I', while the CBM exists between points I' and M.
The inset in Fig. 3 shows the path of points K, M, and I' in the
first BZ. The g-GaN monolayer also possesses an indirect
bandgap of 3.203 eV, and its CBM appears at point I' whereas its
VBM is located at point K. These results are all in good agree-
ment with those in previous reports.”***® Fig. 4(a) shows the
staggered band structure of the g-GaN/BlueP vdW hetero-
structure obtained by HSE06 calculations; the black and red
marks represent the contributions from BlueP and g-GaN,
respectively. It can be seen that the g-GaN/BlueP vdW hetero-
structure is also a semiconductor with an indirect bandgap of
1.890 eV; the CBM and VBM of the heterostructure originate
from BlueP and g-GaN, respectively. A break down of the charge
density of the g-GaN/BlueP vdW heterostructure in Fig. 4(b) can
further explain the contribution of P and N atoms to the CBM
and VBM, respectively. The bandgap of the g-GaN/BlueP vdW
heterostructure is larger than the required value of 1.23 eV,
which indicates that it is a promising candidate for a photo-
catalyst in water splitting.

In addition to possessing the appropriate bandgap, the band
edge of a photocatalyst for water splitting must also be at an

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Projected band structure of g-GaN/BlueP vdW hetero-
structure, obtained by HSEO6 calculations. (b) Charge densities of CBM
and VBM in g-GaN/BlueP vdW heterostructure; the Fermi level is
represented by the gray dashed line; the blue, gray and cyan spheres
represent P, Ga, and N atoms, respectively; the charge difference
represented by the isosurface is set at 0.015 e A=>,

appropriate position. Fig. 5 shows the band alignment of BlueP,
g-GaN, and the g-GaN/BlueP vdW heterostructure with respect
to the potentials of oxidation (0,/H,0) and reduction (H'/H,)
for water splitting. As reported in an earlier study, the band
edges of monolayered BlueP and monolayered g-GaN are suit-
able for water splitting.*® However, their respective bandgaps
are too large (>2.20 eV), thus limiting the ability of the two
monolayered materials for optical absorption. On the other
hand, the band edge of the g-GaN/BlueP vdW heterostructure is
closer than the band edges of monolayered BlueP and g-GaN to
the potentials of oxidation and reduction, indicating that the
heterostructure is a more efficient photocatalyst than the indi-
vidual monolayers for water splitting.

When the g-GaN and BlueP monolayers are in contact with
each other, electrons can migrate between the two materials
because of the different work functions. The work function of
a material is defined as ¢ = E,,. — Eg, where @, E,,., and Ep
represent the work function, vacuum energy level, and Fermi
level, respectively. Here, we use @;, ®,, and @; to represent the
work functions of monolayered g-GaN, monolayered BlueP, and
the g-GaN/BlueP vdW heterostructure, respectively. Because @,
is larger than @, electrons will flow from g-GaN to BlueP until

Vacuum
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§ S E =2.77
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|
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Fig.5 Band-edge alignment, obtained by HSEO6, of BlueP monolayer,
g-GaN monolayer, and g-GaN/BlueP vdW heterostructure. The
potentials of oxidation (O,/H,0) and reduction (H*/H,) at pH = 0 for
water splitting are also shown.
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the Fermi levels and the vacuum levels of g-GaN (E;r and Ejyac)
and BlueP (E,r and E,.,.) are aligned under equilibrium
according to Anderson's rules,**** as shown in Fig. 6. With the
electrons flowing from g-GaN to BlueP and owing to the elec-
trostatic induction effect, the g-GaN layer is positively charged
while the BlueP layer is negatively charged near the interface,
which can induce a built-in electric field.?® Therefore, the elec-
trons in the g-GaN layer are repelled by the negative charges in
the BlueP layer, and the potential energy rises, resulting in the
g-GaN band bending upward near the interface; for the same
reason, the BlueP band near the interface bends downward.®¢-%®
The region of band bending induced by the built-in electric field
is called the space-charge layer.' The calculated CB energy of
pristine BlueP is —3.975 eV, and it becomes more negative and
reaches —4.180 eV in the heterostructure; the VB energy of g-
GaN changes from —6.066 to —5.814 eV after it makes contact
with BlueP, which can further explain the band bending in the
g-GaN/BlueP vdW heterostructure.

As discussed earlier, the g-GaN/BlueP vdW heterostructure
shown in Fig. 1(b) can sufficiently extend the lifetime of
photoexcited charges when it is used as a photocatalyst for
water splitting. After absorbing the energy of incident photons,
the photoexcited electrons will migrate from the VB of g-GaN
and BlueP to their CB, leaving holes in the VB. With the assis-
tance of the CBO and VBO, the electrons can move from the CB
of g-GaN to that of BlueP, while the holes are constantly driven
from the VB of BlueP to that of g-GaN.***" Some reports also
claim that the photogenerated electrons and holes can directly
recombine from the VB to the CB of the heterostructure, thus
reducing the accumulation of charges and improving the effi-
ciency of photocatalysis with or without electron shuttles, i.e.
the Z-scheme of the water-splitting system.®®%"8891-9 In
general, the built-in electric field plays a vital role to separate
the photogenerated charges. Oxidation and reduction of water
on the surface of the g-GaN/BlueP vdW heterostructure can be
represented by the following reactions:*

hy

Oxidation : H,O + 2h* 5 2H" + 1/20,,

EV&C
g-GaN BlueP g-GaN/BlueP
:
Ec Ec _15 =
——————— P
®1 (D3 | space charge layer
P, Ex |
Eqr TTTTTTTT |
________ E2F _J|
EV1 _________ If_
Eyv, ]

Before contact After contact

Fig. 6 Energy-band diagrams of BlueP and g-GaN; schematic
diagram of vdW heterostructure of BlueP and g-GaN.
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Fig. 7 (a) Isosurface with charge difference of 0.0004 e A=3. (b)
Potential drop across the interface of the g-GaN/BlueP vdW hetero-
structure. The yellow and cyan regions represent the gaining and
losing, respectively, of electrons; the blue, gray, and cyan spheres
represent P, Ga, and N atoms, respectively.

hy

Reduction : 2H" 4 2™ — H,,

Overall reaction : H2Oﬂ> H, +1/20;.

The charge difference in the g-GaN/BlueP vdW hetero-
structure was calculated using Bader charge-population anal-
ysis."*?*% As shown in Fig. 7(a), the Ga atoms always act as
a donor of electrons, and the charge transferred from the g-GaN
layer to the BlueP layer is 0.0197 |e|, which causes a potential
drop across the interface of the g-GaN/BlueP vdW hetero-
structure. In Fig. 7(b), the drop in electrostatic potential from
the BlueP layer to the g-GaN layer is 7.754 eV, which favors the
separation of photogenerated charges. In addition, even though
the g-GaN/BlueP vdW heterostructure has aligned Fermi levels,
the g-GaN and BlueP layers retain their own electron affinities
and work functions, which means that there are slight varia-
tions in the vacuum energy level across the interface of the g-
GaN/BlueP vdW heterostructure. As shown in the inset of
Fig. 7(b), the electron affinity of the BlueP layer is stronger than
that in the g-GaN layer of the heterostructure, and the vacuum
energy level slightly declines from the BlueP layer towards the g-
GaN layer. Because the BlueP layer and g-GaN layer contribute
to the CBM, VBM, and vacuum energy level of the hetero-
structure, the band energy of the g-GaN/BlueP vdW hetero-
structure can be obtained from the CBM and VBM by
comparing the vacuum energy levels of the individual BlueP and
g-GaN layers. To focus on the band bending of the g-GaN/BlueP
vdW heterostructure under equilibrium, the small change in
vacuum energy level across the interface is not shown in
Fig. 6(a).

In this study, we also utilized strain to tune the electronic
structure and optical-absorption performance of the g-GaN/
BlueP vdW heterostructure. As shown in Fig. 8(a), the band
level of the VBM slowly increases as the strain changes from 5%
compressive stress to 10% tensile stress, while the CBM
increases to the peak value at 1% compressive stress and
decreases with increasing tensile strain. When the redox
potentials of water splitting at a pH of 0 are compared with the
band alignment of the g-GaN/BlueP vdW heterostructure, it can

4820 | RSC Adv., 2019, 9, 4816-4823
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Fig. 8 Effect of strain, calculated by HSEO6 functional, on (a) band-
edge position, (b) bandgap, and (c) optical absorption of g-GaN/BlueP
vdW heterostructure. The redox potential at pH of O for water splitting
is represented by the cyan dotted line.

be seen that the heterostructure is still a promising photo-
catalyst for water splitting at strains from —4% to 3% (positive
values represent tensile strain, and negative ones represent
compressive strain). As shown by the strain-induced changes in
energy of the g-GaN/BlueP vdW heterostructure (Fig. 7(b)), the
heterostructure has the lowest energy when there is no strain,
and the energy quickly increases under tensile or compressive
stress. On the other hand, the bandgap sharply increases with
decreasing compressive strain (down to 1%). The bandgap then
quickly drops, indicating that an excessively high tensile strain
is not favorable for water splitting by the g-GaN/BlueP vdW
heterostructure. The extremely narrow bandgap induced by
a large tensile strain may not be appropriate for the right band
edge, while a wide bandgap may limit the ability of the heter-
ostructure to absorb light. Therefore, it is necessary to study the
response of the optical-absorption ability of g-the GaN/BlueP
vdW heterostructure to variations in strain.

Light absorption by the g-GaN/BlueP vdW heterostructure
was calculated in the wavelength range of visible light, and the
results are shown in Fig. 8(c). The peak values of absorption for
the g-GaN/BlueP vdW heterostructure with strain of —4%, —2%,
0%, 1%, and 3% are 5.26 x 10°, 4.33 x 10>, 3.80 x 10>, 0.98 X
10°, and 0.96 x 10° cm, respectively, and they take place at
wavelengths of 377.362, 396.406, 427.286, 442.135, and
474.136 nm. These results reveal that the g-GaN/BlueP vdW
heterostructure has excellent ability for absorption of visible
light. As the applied strain is changed from 3% to —4%, the
performance in optical absorption slowly improves. When the g-
GaN/BlueP vdW heterostructure is subjected to compressive
strain, the best optical absorption performance is observed far
from the visible-light region, which also agrees with the effect of
awide bandgap on the light-absorption ability. Therefore, the g-
GaN/BlueP vdW heterostructure can be considered as a reason-
able and ideal visible-light-driven photocatalyst for water split-
ting, and it can even be used in photocatalytic, photovoltaic,
and optical devices.

In addition to simple bilayers of dissimilar 2D materials,
multilayered structures can also be prepared as van der Waals
heterostructures. Therefore, the number of layers is another
important factor of the optical properties. For example, it has
been reported that a multilayered structure can exhibit better
performance in the absorption of visible light.*®

This journal is © The Royal Society of Chemistry 2019
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Conclusions

The structures of monolayered g-GaN and BlueP were optimized
by DFT, and a g-GaN/BlueP heterostructure can be formed by
vdW interaction. The most stable structure of the g-GaN/BlueP
vdW heterostructure was obtained from four stacking configu-
rations. At the same time, the band structure calculated by the
HSEO06 functional reveals that the heterostructure is a semi-
conductor with a bandgap of 1.890 eV, and the CBM and VBM
are contributed by BlueP and g-GaN, respectively. Compared
with the redox potentials at a pH of 0, the calculated energy of
the band edge of the g-GaN/BlueP vdW heterostructure shows
that it is a better photocatalyst than monolayered g-GaN and
monolayered BlueP for water spitting. The generation of a built-
in electric field in the g-GaN/BlueP vdW heterostructure and
how it induces the band bending were demonstrated, which
further illustrate the operating principle of the heterostructure
as a photocatalyst for water splitting. The band-bending char-
acteristic is also demonstrated by first-principles calculations.
The charge difference given by Bader charge-population anal-
ysis shows that the g-GaN layer donates 0.0197 |e| to the BlueP
layer when the g-GaN/BlueP vdW heterostructure is in equilib-
rium, which causes a potential drop of 7.754 eV. Furthermore,
the evolution of the band edge, bandgap, and total energy of the
g-GaN/BlueP vdW heterostructure with strain shows that the
bandgap of the heterostructure increases under compressive
strain, but it drops with tensile strain, and the heterostructure
maintains its ability to split water at a strain of —4% to 3%. The
2-GaN/BlueP vdW heterostructure under strain in this range
also shows the ability for optical absorption in the visible-light
region. All these results reveal that the g-GaN/BlueP vdW het-
erostructure is a promising candidate for a water-splitting
photocatalyst in the visible-light range.
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