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As a clean and renewable future energy source, hydrogen fuel can be produced via solar water
splitting. Two-dimensional (2D) black phosphorene (black-P) can harvest visible light due
to the desirable band gap, which promises it as a metal-free photocatalyst. However, black-P
can be only used to produce hydrogen since the oxidation potential of water locates lower
than the position of the valence band maximum. To improve the photocatalytic performance
of black-P, here, using black-P and blue phosphorene (blue-P) monolayers, we propose a 2D
van der Waals (vdW) heterojunction. Theoretical results, including the band structures,
density of states, Bader charge population, charge density difference, and optical absorption
spectra, clearly reveal that the visible light absorption ability is obviously improved, and the
band edge alignment of the proposed vdW heterojunction displays a typical type-II feature
to effectively separate the photogenerated carriers. At the same time, the built-in interfacial
electric field prevents the electron-hole recombination. These predictions suggest that the
examined phosphorene-based vdW heterojunction is an efficient photocatalyst for solar water
splitting.
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ers will reduce the photocatalytic efficiency. The conventional photocatalysts for solar water splitting, such
as TiO2 [7] and KTaO3 [8], exhibit a low efficiency in
utilizing visible light due to their wide band gaps. Other
photocatalytic materials, such as SnS2 [9] and CdS [10],
have appropriate band gaps, but the self-oxidation of
photogenerated holes has a negative influence on the
stability of those photocatalysts. Thus, it is high desirable to design efficient, stable, and environmentally
friendly semiconductor photocatalysts for solar water
splitting.
Various two-dimensional (2D) materials, such as
hexagonal boron nitride monolayers [11, 12], graphitic
carbon nitrides (g-C3 N4 [13], C2 N [14], and g-C6 N6
[15]), as well as transition metal dichalcogenides
[16−18], have recently triggered intensive scientific interest due to their versatile properties for applications
in sensors, photodetectors, photocatalysts, etc. In addition, the 2D materials provide large surface areas for
photocatalytic reaction, and a short migration distance
for photogenerated carriers which facilitates their migration to the surface. Among them, recently, black
phosphorene (black-P) has been successfully fabricated
in experiments via mechanical exfoliation from bulk
black phosphorus as a new monoelementary 2D layered
material [19−22]. We note that black-P exhibits some

I. INTRODUCTION

As a promising technology for conversing solar energy
into chemical energy, photocatalytic solar water splitting has attracted extensive attention during the past
decades [1−5]. There are two main steps in photocatalytic water splitting [2]: (i) under sunlight radiation,
electrons are excited from the valence band (VB) to the
conduction band (CB) of a semiconductor photocatalyst, and the electron-hole pairs form; (ii) photogenerated carriers (namely, electrons and holes) have to be
effectively separated, and then participate in the hydrogen evolution reaction as well as the oxygen evolution
reaction. To ensure the redox reactions can proceed
successfully, the redox potentials of photocatalytic water splitting reactions should locate within band gap of
photocatalyst. In addition, band gap of photocatalyst
is roughly 2.0 eV in order to effectively harvest the visible light [6]. Furthermore, electrons and holes must be
spatially separated in order to prevent recombination of
them since the recombination of photogenerated carri-
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remarkable optoelectronic properties [23], including
an direct bandgap of 1.6 eV, a high mobility of hole
up to 105 cm2 ·V−1 ·s−1 [19], a drain current modulation up to 105 [20], and a strong optical absorption of
sunlight [24], which are superior to other 2D materials. Therefore, black-P has been considered to be a
promising metal-free photocatalyst for solar water splitting [25]. However, the valence band maximum (VBM)
and conduction band minimum (CBM) band edge positions of black-P are both more positive than the oxidation potential of O2 /H2 O and the reduction potential of H+ /H2 , respectively. Thus, black-P can only
be used as the photocathode for hydrogen evolution
reaction in solar water splitting cells [25]. Till now,
various techniques, such as electrical bias, mechanical
strain, defect, doping, and pH, can be used to tune
its band edge positions. For example, Sa et al. predicted that strain-engineered black-P can be an effective water splitting photocatalyst at a given pH of 8
based on their first-principles simulations [26]. Hu et
al. predicted theoretically the enhanced photocatalytic
performance of black-P nanoribbons through modifying
their edges [27]. Actually, the formation of heterostructures is an effective way for band engineering, which
will enhance the separation of photogenerated carriers
and then improve the photocatalytic efficiency. So far,
several black-P based heterostructures have been proposed experimentally and theoretically as photocatalysts for water splitting, such as black-P/TiO2 [28, 29]
and black-P/MoS2 [30].
Based on density functional theory calculations, Zhu
et al. firstly predicted the existence of blue phosphorus (blue-P) [31], which is a new phase of phosphorus,
having layered honeycomb structure with high stability. Two years later, Zhang et al. obtained monolayer
blue-P on Au(111) by means of molecular beam epitaxial growth [32]. The band gap of blue-P on Au(111)
is measured to be about 1.10 eV. Theoretical calculations indicated that both VBM and CBM of blue-P are
lower than those of black-P monolayer, and the lattice
mismatch between the two monolayers is very small.
These observations stimulate us to design heterojunction based on black-P and blue-P monolayers since a
type-II band edge alignment can be expected.
Here, we explore the photocatalytic performance of
the proposed 2D van der Waals (vdW) black-P/blueP heterojunction by performing extensive hybrid functional first-principles calculations. The calculated band
structures, density of states, optical absorption properties, charge density difference, as well as the Bader
charge population, clearly reveal that the formation of
a type-II vdW heterojunction between the black-P and
blue-P monolayers facilitates the effective separation of
photogenerated carriers. The built-in interfacial electric
field further prevents the recombination of these photogenerated carriers. Moreover, we find that the predicted
band structure of the proposed vdW heterojunction is
not sensitive to the applied biaxial and vertical strains.
DOI:10.1063/1674-0068/cjcp1811244

FIG. 1 Top and side views of computational models:
(a) black-P monolayer, (b) blue-P monolayer, and (c) the
proposed phosphorene-based vdW heterojunction.

These theoretical findings imply that the vdW blackP/blue-P heterojunction is a metal-free photocatalyst
with enhanced photocatalytic performance for solar water splitting.

II. COMPUTATION METHODS AND MODELS

In this work, our density functional theory calculations are carried out by using the Vienna ab initio simulation package (VASP) [35], which is a projected augmented plane wave method [33, 34]. To accurately describe the weak interaction between the blackP and blue-P monolayers, we adopt the generalized
gradient approximation with London dispersion corrections (namely, PBE+D2) [36, 37]. To avoid interaction
between neighboring phosphorenes, a vacuum layer of
20.0 Å is used in our calculations. The kinetic energy
cutoff for plane-wave basis set is set to be 400 eV, and
the Monkhorst-Pack grid to sample the Brillouin zone
of the proposed heterojunction is 3×11×1. All atomic
positions are fully relaxed with a convergence threshold of 10−5 eV in energy and 0.02 eV/Å for the force
by using the conjugated gradient method. To obtain
accurate electronic structures, we employ the HeydScuseria-Ernzerhof (HSE06) hybrid functional in our
calculations [38].
The top and side views of black-P and blue-P monolayers are illustrated in FIG. 1 (a) and (b), respectively, while the proposed phosphorene-based vdW heterojunction is plotted in FIG. 1(c).

III. RESULTS AND DISCUSSION

Before examining the hybrid black-P/blue-P heterojunction, we perform benchmark calculations for the
isolated black-P and blue-P monolayers. The optimized
lattice constants of black-P are a=4.62 Å, b=3.35 Å,
while the lattice constants of the hexagonal blue-P
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monolayer are a=b=3.31 Å. At the HSE06 hybrid functional levels, the band gap of the free black-P layer is
predicted to be 1.51 eV, while for the blue-P layer is
about 1.94 eV, according to the calculated band structures. These results are consistent with the previous
reported values [31]. It means that the adopted computational method and the corresponding parameters
ensure us to suitably describe the phosphorene-based
heterostructures in the following calculations.
Here, a phosphorene-based heterojunction is modeled
by a supercell, in which
√ a (5×1) unit cell of black-P
layer is covered on a (4 3×1) unit cell of bule-P layer,
as shown in FIG. 1(c). The mismatch of lattice constants between the black-P and blue-P layers is very
small, namely, in the direction of x and y axes the mismatch is about 0.64% and 1.11%, respectively. The
optimized vertical distance of two different monolayers
is predicted to be 3.11 Å. This relative large value implies that this system is a typical vdW heterojunction.
The interaction between the black-P and blue-P layers
is weak, and the covalent bonding do not form at the
hybrid interface.
To describe the interaction between the black-P and
blue-P layers more clearly, the calculated band structures are shown in FIG. 2(a). It is clear that the proposed vdW heterojunction exhibits a direct semiconductor characteristic because the conduction band minimum (CBM) and valence band maximum (VBM) locate at Γ point. The band gap is predicted to be about
1.45 eV for the heterojunction, which is less than that
of the free black-P and blue-P monolayers. This reduced band gap enables the vdW heterojunction can
harvest broad spectrum of sunlight to excite more electrons from the VBs to CBs. FIG. 2(b) shows the calculated total and partial density of states (DOS). Clearly,
the 3pz orbitals of the black-P layer give mainly the
contribution to the VBM of the proposed vdW heterojunction, while the CBM mainly originates from these
3s, 3px , 3py , and 3pz orbitals of the blue-P layer.
According to these obtained electronic structures, as
shown in FIG. 2, the proposed vdW heterojunction
displays a typical type-II band alignment feature as
expected. The VBM of the black-P layer is 0.37 eV
higher than that of the blue-P layer, whereas the CBM
of the blue-P layer is 0.13 eV lower than that of the
black-P layer. This is to say, the VB and CB offsets
of the black-P and blue-P monolayers are about 0.37
and 0.13 eV, respectively. This is the first prediction
to explore the photoactivity of the proposed vdW heterojunction, which will be discussed in more details in
below context.
To characterize the charge transfer process in the
proposed vdW heterojunction, we calculate the charge
density difference, which is obtained by subtracting the
charge density of the vdW heterojunction from that of
the free black-P and blue-P layers, and plot them in
FIG. 3(a). Here, the red and blue regions stand for
the accumulation and depletion of charge, respectively.
DOI:10.1063/1674-0068/cjcp1811244
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FIG. 2 (a) Calculated band structures, and (b) total and
partial density of states of the vdW black-P/blue-P heterojunction at the hybrid functional HSE06 level. Here, the
red and blue dots stand for the contribution from the blackP and blue-P layers, respectively, while the vertical black
dashed line denotes the Fermi level.

It is clear that the charge redistribution occurs at the
interface region between the black-P and blue-P layers. The holes slightly accumulate close to the blueP layer, while the electrons accumulate close to the
black-P layer. To illustrate the charge transfer more
clearly, FIG. 3(b) shows the z-direction planar-averaged
charge density difference, in which the positive and negative values represent electron accumulation and depletion, respectively. Again, the charge density rearranges
around the interface region. Using the Bader method,
further charge analysis shows that only about 0.04 e
transfer from the blue-P to black-P layer. This observed
interfacial charge transfer results in a built-in interfacial electric field, which can enhance the photogenerated
electron-hole separation.
Based on the above presented band structures and
DOS results of the proposed vdW heterojunction, the
band edge alignment is illustrated in FIG. 4. Clearly,
this hybrid system is a type-II heterojunction. The positions of CB and VB of the black-P layer are more positive than those of the blue-P layer. When the sunlight
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FIG. 5 Optical absorption spectra of the free black-P layer,
blue-P layers, and the examined black-P/blue-P vdW heterojunction.

FIG. 3 (a) Charge density difference in the examined vdW
heterojunction with an isosurface value of 0.00022 e/Å3 .
Here, the blue and red areas represent electron depletion
and accumulation, respectively. (b) The z-direction planar
averaged charge density difference of the vdW heterojunction.

FIG. 4 Band edge alignment of the phosphorene-based vdW
heterojunction. Here, the dashed red lines stand for the
redoxs potentials of water.

sheds on the proposed vdW heterojunction, the electrons can be photoexcited from the CBs of both of the
black-P and blue-P layers. Usually, these photoexcited
electrons in the CB tend to return to the VB, and the
photoexcited carriers recombine, which is extremely unfavorable to the photocatalytic reactions. Fortunately,
due to the predicted typical type-II band edge match,
DOI:10.1063/1674-0068/cjcp1811244

the photogenerated carriers (electrons) move from the
CB of the black-P layer to the CB of the blue-P layer,
while the photogenerated carriers (holes) transfer from
the VB of the blue-P layer to the VB of the black-P
layer. Then the blue-P and black-P layers provide the
corresponding chemical potentials for the electrons and
holes to produce hydrogen and oxygen in solar water
splitting, respectively. In other words, the oxidation
and reduction reactions could occur on the black-P and
blue-P layers.
It should be pointed out that the polarized field
(pointing from the blue-P to black-P layer) between two
phosphorene layers in the vdW heterojunction further
promotes the photoexcited electrons and holes accumulating on the blue-P and black-P layers, respectively.
This observation is similar to the g-C3 N4 /SnS2 heterostructure [39], but totally different from the built-in
interface polarized field in the g-C3 N4 in nanocomposite
[40]. In other words, the combination of the interfacial
polarized field and the type-II band alignment is helpful for the electron-hole separation. Then, the e− -h+
recombination is greatly reduced.
In general, the optical absorption property, one of
the determination indices for describing the photocatalytic performance of a semiconductor photocatalyst, is
always related to its electronic structure. According to
the relation: ε(ω)=ε1 (ω)+iε2 (ω), one can convert the
complex dielectric function to the absorption coefficient
αabs , then obtain the optical absorption spectra. In our
calculations, by summing over a large number of empty
states, the imaginary part of ε2 (ω) is chosen to represent
the optical absorption efficiency. The optical absorption
curves of the examined vdW heterojunction and the free
black-P and blue-P layers are calculated, and plotted in
FIG. 5 with the black, red, and blue lines, respectively.
It is clear that, compared with the free black-P and
blue-P layers, the proposed hybrid vdW heterojunction
harvests more ultraviolet light, and the low-energy visible light response is significantly enhanced. This enc
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FIG. 6 Band structures of the phosphorene-based vdW heterojunction with the biaxial strain of (a) −4.0%, (b) +4.0%, and
the vertical strain of (c) −4.0%, (d) +4.0%.

hancement of the optical absorption is expected to be
caused by the interlayer coupling between the black-P
and blue-P layers.
Note that the electronic structures and optical properties of 2D materials can be effectively modulated
through introducing strain [41−43]. In experiments, the
tensile or compressive strain has been demonstrated to
be feasible by various strategies including external load,
bending, and lattice mismatch [44]. Here, to explore the
strain effect, we calculate the band structures of the proposed vdW heterojunction under the biaxial and vertical strain of −4.0% and +4.0%, respectively, and plot
them in FIG. 6. The strain is simulated by changing
the lattice constant, which is defined by the equation
of ε=[(a − a0 )/a0 ]×100%, where a and a0 represent the
lattice constants with and without strains, respectively.
As shown in the FIG. 6, the direct band gaps of the
vdW heterojunction just changed slightly with the applied biaxial and vertical strains, and the band gaps are
predicted to be 1.44 and 1.43 eV for the biaxial strain of
−4.0% and +4.0%, while they are 1.48 and 1.45 eV for
the vertical strain of −4.0% and +4.0%, respectively. It
indicates that the band structures of the vdW heterojunction are not sensitive to the external strain, which
is highly desirable for designing photocatalyst in future
experiments.
IV. CONCLUSION

at the hybrid HSE06 functional level, theoretical results
including the band structures, density of states, Bader
charge, and charge density difference clearly reveal that
the heterojunction can effectively harvest visible light,
and also have the desired VBM and CBM band edge
positions to form a type-II band alignment. The photogenerated carriers can be effectively separated since the
electrons and holes accumulate on the black-P and blueP layers, respectively. On the other hand, the built-in
interfacial electric field restrains the electron-hole recombination, and then enhances the photocatalytic efficiency. Moreover, we find that the band structure of
the proposed vdW heterojunction is almost inert to the
applied biaxial and vertical strains. These theoretical
findings suggest that this phosphorene-based vdW heterojunction is a metal-free efficient photocatalyst for
water splitting.
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In summary, we propose a phosphorene-based vdW
heterojunction. Based on extensive DFT calculations
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