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ABSTRACT: The development and design of clean and efficient water splitting
photocatalysts is important for the current situation of energy shortage and environmental
pollution. A new type of isomorphic GaSe/InS heterostructure is constructed, and the
optoelectronic properties were studied through first-principles calculations. The results show
that GaSe/InS vdW heterostructure is a type II semiconductor with a band gap of 2.09 eV.
However, through the analysis of the energy band edge position and Gibbs free energy
change of water splitting, it is found that the GaSe/InS heterostructure is difficult to undergo
overall water splitting. Therefore, nonmetallic element P doping is considered, the
established P-doped GaSe/InS (P-GaSe/InS) heterostructure could maintain the type II
band arrangement, and under acidic conditions, P-GaSe/InS heterostructure could
spontaneously undergo overall water splitting thermodynamically. Furthermore, the low
exciton binding energy of P-GaSe/InS heterostructure highlights better light absorption
performance. Therefore, these findings indicate that P-GaSe/InS heterostructure is a
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promising photocatalyst in overall water splitting.

he industrial society created by human beings and the

earth’s ecosystem are corresponding to each other. With
the depletion of traditional fossil energy, the damage to the
earth’s ecosystem become more and more severe. For
coordinating the contradiction between energy and environ-
ment, exploring a renewable clean energy has become the top
priority.”” Hydrogen energy stands out because it is pollution-
free, transportable, and easy to store. Hydrogen energy, which
is a kind of secondary energy, has become the direction of
people’s efforts to extract it from water by using solar energy.””
In recent decades, a large number of semiconductor materials
have been explored as typical photocatalysts, such as TiO,,’
Zn0,%” and g-C;N,.*’ For the semiconductor photocatalytic
water splitting hydrogen production system, the electrons
migrate to the surface of the catalyst in order to reduce H" and
release H,. At the same time, an outstanding photocatalyst
needs to match the band edge position of semiconductor with
the redox potential of water, have excellent adsorption to H',
and easily desorb the generated H, from the catalyst
surface.'’™'? Therefore, the selection of efficient semi-
conductor catalysts is the key factor to improve the catalytic
efficiency.

The monolayer semiconductor photocatalyst has insufficient
light absorption and is prone to recombination after charge
separation, which severely reduces the photocatalytic effi-
ciency."”'* In this regard, the idea of forming a heterostructure
through the recombination of two or more semiconductors is
proposed to improve the catalytic efficiency.'>'® The
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constructed CoySg/Cd/CdS heterostructure by Zhang et al.
greatly promotes the redox activity and has a high hydrogen
production rate.'” Two-dimensional metal chalcogenides are
widely used as photocatalysts due to their ultrathin and high
specific surface area.'®>° InS as an In-based semiconductor,
which belongs to group III-VI, can be used as a typical
representative.””> In and S atoms are arranged in a S—In—S$
structure, and each layer is connected by van der Waals forces.
It has excellent light response characteristics, and the indirect
band gap of a monolayer is 2.73 eV.”> In order to easily
fabricate high-efficiency semiconductor catalysts, it is consid-
ered to use InS monolayer as a substrate, and another
isomorphic semiconductor is selected to construct a
heterostructure together. As another III-VI chalcogenide,
GaSe also shows great potential in the field of optoelec-
tronics.”*>° What’s more important is that InS and GaSe have
been successfully synthesized in experiments. Single crystal
GaSe can be prepared on a single crystal silicon substrate by
the chemical vapor deposition (CVD) or atomic layer
deposition (ALD) method.””*® Because of the same crystal
type and similar lattice parameters, GaSe and InS nanosheets
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Figure 1. (a) Top and side views of the optimized geometric structures, (b) band structures, (c) effective electrostatic potential profile and planar
average charge density difference along the Z-direction of the GaSe/InS heterostructure, and (d) schematic diagram of electron and hole transfers

and recombination of the type II heterostructure.

can be prepared by replacing the reaction source gas and
forming films by CVD twice. Hence, the GaSe/InS
heterostructure is easier to be fabricated than other
heterostructures. Rawat et al. and Chen et al. have studied
the basic optoelectronic properties of the GaSe/InS hetero-
structure and verified that the GaSe/InS heterostructure is a
potential visible light water splitting photocatalyst. However,
there are some deficiencies in the analysis of the free energy
change of each step of the water splitting reaction and the
exciton binding energy of the GaSe/InS heterostructure.””*
Moreover, scientists have also conducted related studies on the
isomorphic heterostructure. Fan et al. have regulated the
concentration of vanadium dopant in monolayer WSe, by
CVD and vertically stacked on the SnSe, layer, demonstrating
the tunable multifunctional quantum tunneling diode.”"

In addition to the method of synthesizing heterostructures,
chemical doping is often used as one of the effective ways to
improve the efficiency of H, production, which could
introduce surface defects to better separate electron hole
pairs.’>** Tt is proved that doping metal atoms can greatly
expand the optical absorption range of semiconductor
materials.’* Different metal atoms have different carrier
transport and capture ability, so the effect of photocatalytic
performance is also different.’> Metal doping is not suitable for
industrial production because of its high cost, poor stability,
and troublesome preparation process. In addition, nonmetallic
atom doping can enhance the energy band position of
semiconductor materials, narrow the band gap or form a
new energy level to capture carriers, and further improve the
migration efficiency of photogenerated carriers.’”® Kim et al.
have studied the charge transfer mechanism of B-doped C;N,/
ZnO heterostructure from the Z-scheme to type II, and the
photocatalytic hydrogen evolution efficiency is 2.9 times than
that of the undoped.”” In recent years, it has been reported
that P atoms are often used to improve the activity of the
hydrogen evolution reaction (HER) electrocatalyst. Doping P
can reduce the free energy of hydrogen adsorption.”® P has a
kind of gaseous material phosphine, which is a common
material for vapor deposition and an excellent candidate for
doping in the semiconductor industry. In the preparation of
heterostructures, phosphine can be added into the gas source,
which can be decomposed into a P atom and H, by heating.
Based on the above factors, and considering the environ-
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mentally friendly and easy access of nonprecious metal
elements,” * P, N, and O elements are selected for doping,
which can be used as efficient dopants for isomorphous GaSe/
InS heterostructure.

In this work, density functional theory (DFT) is used to
investigate the structural model, band edge position, and
photoelectric properties of isomorphic stacking semiconduc-
tors GaSe/InS and P-doped GaSe/InS (P-GaSe/InS) hetero-
structures. The effect of doping on the water splitting reaction
is emphatically discussed. Related electronic properties verify
that heterostructures can be used for photocatalytic water
splitting reactions. In addition, the different reaction paths of
the water splitting reaction are studied. Through the analysis of
Gibbs free energy changes in the reaction steps, it is found that
GaSe/InS heterostructure can only carry out the overall water
splitting after P-doping. The optical properties of the GaSe/
InS heterostructure are also improved after P doping. These
studies have effectively confirmed that P-GaSe/InS isomor-
phous heterostructure can be used as a favorable candidate for
photocatalyst with excellent performance.

Based on the density functional theory, the Vienna ab initio
simulation package (VASP)*™ and the projected augmented
wave (PAW)* method are used for first-principles calcu-
lations. Because the generalized gradient approximation of the
Perdew—Burke—Ernzerh (GGA-PBE)* function underesti-
mates the band gap, the HSE06 hybrid function method*® is
used to calculate the electronic properties more accurately. At
the same time, optical properties such as absorption and
reflection are used in combination with the GW approx-
imation®”*® and the Bethe—Salpeter equation (BSE)*’ and are
compared with the GW approximation and random phase
approximation (RPA).°® The effect of van der Waals
interactions of heterostructures can be described by the
DFT-D3 correction method® in Grimme’s scheme. Subse-
quent calculations set the cutoff energy of the plane wave to
400 eV, the energy convergence tolerance to 1 X 1075 eV, the
maximum residual force to 0.03 eV/A, the maximum
displacement of each atom to 0.001 A, and addition of the
20 A vacuum zone. In addition, the Brillouin zone was sampled
by a Monkhorst—Pack k-point mesh®® of 4 X 4 X 1.

First, it is necessary to optimize the geometry of GaSe and
InS monolayers to understand their structural characteristics
and obtain the most stable structure. The lattice parameters of
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J. Phys. Chem. Lett. 2021, 12, 7892—7900


https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02040?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02040?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02040?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02040?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c02040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

___________________

E,=-1.744 ¢V

E, =-1.726 eV

Figure 2. Different optimized geometries of the P-GaSe/InS heterostructures. Ey, is marked below the structure.

GaSe and InS monolayers after structural optimization are 3.77
and 3.89 A, respectively, which are similar to the results of
previous studies.””>* The symmetry space groups of them are
both P3m1 (no. 156). The band structures of GaSe and InS
monolayers are calculated by the HSE06 functional. As shown
in Figure S1, they are both indirect band gap semiconductors
with band gaps of 2.90 and 2.73 eV, respectively. Since the
lattice parameters of GaSe and InS monolayers are similar,
within the allowable range of lattice mismatch, GaSe
monolayer with 1 X 1 supercell and InS monolayer with 1 X
1 supercell are stacked into the GaSe/InS heterostructure. The
newly combined heterostructure is optimized to obtain a lattice
parameter of 3.83 A, and the corresponding lattice mismatch is
calculated to be 3.13%. Considering the element doping in the
later stage, it is necessary to expand the heterostructure into a 3
X 3 supercell with the number of 72 atoms, thereby reducing
the atomic doping percentage, and the geometry of 3 X 3
GaSe/InS heterostructure is obtained. The stacking structure is
shown in Figure la. Ga and In atoms are vertically
symmetrical. Se and S atoms are correspondingly placed in
the hexagonal hole positions of the substrate, which is the most
stable stacking pattern of GaSe/InS heterostructures.

Next, the electronic properties of the GaSe/InS hetero-
structure are further discussed. According to the HSEO06
functional calculation, the band structure of the GaSe/InS
heterostructure is shown in Figure 1b. The position of VBM is
between the I" and M points, while CBM is located at the I'
point, which shows that GaSe/InS heterostructure is an
indirect band gap semiconductor with a band gap of 2.09 eV.
In addition, relative to the vacuum energy level, the energy
levels of GaSe/InS heterostructure CBM and VBM are —4.12
eV and —6.21 eV, respectively. At the same time, the red and
blue lines in Figure 1b have clearly distinguished the
contribution of the two materials to the energy band of the
GaSe/InS heterostructure, highlighting the typical type II
energy band alignment. In the GaSe/InS heterostructure, CBM
is contributed by the InS monolayer, while VBM is contributed
by the GaSe monolayer. Figure lc shows the average
electrostatic potential and charge density of the GaSe/InS
heterostructure. The difference in electronegativity of each
element leads to the difference in electrostatic potential and
charge density difference on both sides of the GaSe/InS
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heterostructure. The charge density difference in the Z
direction is defined as

Ap =r heterostructure

pmonolayerl - pmonolayer?, (1)

Among them, pyerostructare T€Presents the charge density of
the GaSe/InS heterostructure, and pponolayer refers to the
charge density of the GaSe or InS monolayer. The cyan area
represents the dissipation of electrons, while the yellow area
refers to the accumulation of electrons. It is observed that the
available charges dissipate in the GaSe monolayer and gather
near the InS monolayer. Bader charge analysis shows that the
amount of charge transfer between the GaSe and InS
monolayers is about 0.03 e. From the charge density difference,
the charge dissipation and aggregation mainly occur in the
interface region and the side of S atom. Figure 1d shows a
schematic diagram of the transition of photogenerated
electrons and holes. The electrons and holes generated by
the absorbing energy are located in two different monolayers.
The above results show that a certain amount of charge
transfer occurs at the interface and surface of the GaSe/InS
heterostructure compared with the monolayers, and this charge
transfer behavior can further help the separation of photo-
generated electrons and holes, thereby effectively improving
the photocatalytic efficiency.

Three kinds of nonmetallic elements (P, N, O) are selected
for doping. When doping X (X = P, N, O) atoms, consider that
there are reactions at the upper and lower interfaces of the
GaSe/InS heterostructure, and the doping of one or two X
atoms hardly changes the energy band properties of the
heterostructure. Therefore, the upper and lower layers of the
GaSe/InS heterostructure are doped with a X atom,
respectively. The total atom numbers in the GaSe/InS
heterostructure are 72. The doping concentration of X is 1/
17, which is the ratio of X atoms to Se atoms or S atoms. Thus,
the doping percentage is 2.78%. For GaSe/InS heterostruc-
tures, it is believed that doping in the middle of the two layers
is difficult to adsorb and desorb, and the ALD method can
accurately control the preparation and doping of the atomic
layer for heterostructure. Based on the above consideration,
nine different doping structures are constructed as shown in
Figure 2 and Figure S2. The stability of the three doping
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Figure 3. (a) Band structure and (b) effective electrostatic potential profile and planar average charge density difference along the Z-direction of

the P-GaSe/InS heterostructure.

structures is calculated and analyzed from the perspective of
binding energy (E,). The E, calculation formula is as follows:

(2)

where Ey pcerostructure Fefers to the energy of the GaSe/InS
heterostructure doped with two X atoms, while Ey_;onolayer
refers to the energy of a monolayer of GaSe or InS doped with
one X atom. It can be seen from Figure 2 and Figure S2 that Ey,
of the first P doping structure is the lowest, which is —1.745
eV, and the stacking pattern is the most stable structure. That
is, a P atom replaces the S atom directly below the hexagonal
cavity of the GaSe layer, and another P atom replaces the Se
atom diagonally next to the hexagonal cavity of the InS layer,
which is labeled as the P-GaSe/InS heterostructure. The
subsequent performance analysis will apply on the P-GaSe/InS
heterostructure. The band structure of P-GaSe/InS hetero-
structure is calculated by the HSE06 functional and shown in
Figure 3a. The red and blue lines are still the bands provided
by the P-GaSe monolayer and the P-InS monolayer. The only
difference is the black band provided by the doping P. The P-
GaSe/InS heterostructure also exhibits a type II energy band
arrangement structure. It can be found that the energy band
provided by P is mainly distributed at VBM, but the
proportion is very small. In order to distinguish the different
elements in the energy band structure diagram obviously, the
result is shown in Figure 3a that the proportion of the P
element in the energy band is increased by three times; that is,
the proportion of other elements is 1 and P is 3. The band gap
of the P-GaSe/InS heterostructure is 2.05 eV. Carrier mobility
is also one of the most important factors for determining an
outstanding photocatalyst. The effective mass is negatively
correlated with the carrier mobility. Therefore, the effective
mass of electrons (m,) and the effective mass of holes (m,,) of
the P-GaSe/InS heterostructure are calculated. The m, and m,,
are 0.1056m, and —0.7612m,, respectively, which highlights
the advantage of the P-GaSe/InS heterostructure in carrier

E, = Ex heterostructure — EX—monolayerl - EX—monolayerZ
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mobility. Figure 3b shows the planar average electrostatic
potential and charge density difference of the P-GaSe/InS
heterostructure. The calculation method of the charge density
difference is consistent with the above method. Compared with
the GaSe/InS heterostructure, it is found that the trend of
electrostatic potential and charge density after doping P atoms
is the same, but the value changes slightly. The charge density
difference of the P-GaSe/InS heterostructure shows a very
obvious boundary between the cyan region and yellow regions.
The P-GaSe layer shows the dissipation of charge, and the P-
InS layer shows the charge accumulation. This result can
accurately determine that the charge is transferred from the P-
GaSe layer to the P-InS layer. The profile also reflects that the
electron hole pair separation of the P-GaSe/InS hetero-
structure is excellent.

Although the band gap and energy band arrangement of the
GaSe/InS heterostructure and P-GaSe/InS heterostructure
meet the requirements of the photocatalyst, it is necessary to
determine whether the band edge position of the hetero-
structure meets the occurrence of HER and OER. The
standard potentials of H*/H, (Ey'u,) and H,0/0,

)56'57 with different pH values can be calculated

(EHzO/ 0,
from the standard potentials under acidic conditions at pH = 0

(Ey'/m, = —444 eV, Ey )0, = —5.67 V), the formula is as

follows:>®

Egep, = — 444 + 0.059 pH (3)

Ey,0/0, = — 5:67 4+ 0.059 pH (3b)

In order to carry out the water splitting reaction smoothly,
the band edge of the GaSe/InS and P-GaSe/InS hetero-
structures need to contain Ey/y, and Ey /o, under different
pH values. If pH = 0, it is necessary to ensure that CBM of the
heterostructure is higher than —4.44 eV and VBM is lower
than —5.67 eV. Figure 4 is the arrangement diagram of the
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Figure 4. Potential band edge position of the GaSe/InS and P-GaSe/
InS heterostructures.

energy band structure of the GaSe/InS and P-GaSe/InS
heterostructures. The standard redox potential of the water
splitting reaction at pH = 0 has been marked by a blue dotted
line. The driving potential for the water splitting reaction is
marked by U, and Uj, in Figure 4. The GaSe monolayer and
InS chalcogenides are not stable under alkaline conditions but
exhibit high stability under acidic conditions. Therefore, the

and the P-GaSe/InS heterostructure are —4.12 eV and —4.18
eV, while the VBMs are —6.21 eV and —6.23 eV, which meet
the water splitting redox potential requirements. In addition,
compared with the energy levels of HER and OER, in the
GaSe/InS heterostructure, the InS layer performs HER, and
because the CBM is provided by the InS layer, electrons are
generated here. Similarly, the GaSe layer generates OER.
Therefore, theoretically, H, is generated in the InS layer, and
O, is generated in the GaSe layer. The above analysis proves
that after P doping, the effect on the energy band of the P-
GaSe/InS heterostructure is not significant, and it still
maintains as the type II heterostructure and the position of
the band edge suggests the possibility of the water splitting
reaction.

It is crucial for the study of photocatalyst performance to
understand the adsorption of water on the catalyst surface. The
above discussion has confirmed that the GaSe/InS and P-
GaSe/InS heterostructures are suitable for the water splitting
reaction. Next, the reaction process is determined by adsorbing
water molecules. The water splitting reaction can be divided
into two half reactions. HER: 2H" + 2e™ = H, at the cathode
and OER: H,0 = 1/20, + 2H" + 2e™ at the anode. OER can
be divided into more complex multistep single electron transfer
paths as follows:**

water splitting reaction of the heterostructure under acidic H,0 + * = OH* + (H* + ¢7) (4a)
conditions is emphatically discussed. For the GaSe/InS
heterostructure, the energy bands are only provided by OH* + H + e” = O* + 2(H + &) (4b)
monolayers of GaSe and InS, so it shows that the two
monolayers in the heterostructure provide the band edge - -
notay P . & O* + H,0 + 2(H" + ¢7) = OOH* + 3(H" + ¢)
position of the energy bands, respectively. It is found that the
positions of CBM and VBM of the two heterostructures are (4¢)
slightly changed. Compared with the standard hydrogen . s - oo
electrode (NHE), CBMs of the GaSe/InS heterostructure OOH* + 3(H" +¢7) =0, + 4(H" +¢7) + (4d)
(a) (b)
0.8
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Figure 5. (a) Gibbs free energy (AG) diagram of HER occurring on the surface of GaSe/InS and P-GaSe/InS heterostructures. (b) AG diagram of
three reaction paths in OER (U = 1.23 V). (c) Schematic diagram of the elementary reaction of HER and the path 2 OER process. (d) AG diagram
of OER under the condition of U = 1.23 V. AG diagrams of OER occurring on the surface of (e) GaSe/InS and (f) P-GaSe/InS heterostructures.
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Figure 6. Optical absorption spectra of monolayers (a) GaSe and (b) InS and (c) GaSe/InS and (d) P-GaSe/InS heterostructures.

OH* + O* + 3(H " +e7) = 0, + 4(H" + &™) + 2%

(4e)
OH* + H,0 + (H" + ¢7) = HOOH* + 2(H" + ¢7)

(4f)
HOOH* + 3(H" +e7) =0, + 4(H" + 7)) + *  (4g)

In this reaction, * refers to the GaSe/InS or P-GaSe/InS
heterostructure substrate. According to the above single
electron transfer situation, OER can fall into three paths.
The flowchart is shown in Figure S3. When the heterostructure
adsorbs oxygen and hydrogen atoms, chemical bonds occur. At
this time, it is chemical adsorption, and the rest is physical
adsorption. The Gibbs free energy (G) corresponding to each
step is exhibited, and the change of free energy (AG) of each
path is calculated in the reaction.

AG = AE + AZPE — TAS — AGy — AGy )

Among them, AE and AZPE represents the change of total
energy and zero point energy of each step. The expression of
ZPE is as follows:

1
ZPE = = Y hu,
22’4 (6)

Among them, v; is the vibration frequency. At a room
temperature of 298.15 K, AS is considered to be the entropy
contribution, TS can be expressed as

ZIn _ +
1 - ehu/ka

K

TS = k,T

) -
ka ehv/ka -1

K

(7)
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where ky, is the Boltzmann constant, e is the electron charge,
and h is Planck’s constant. AGy is regarded as the effect of
electrode potential U on the reaction, which can be expressed
as

AGy = —eU (8)

In HER, the value of U is set to the heterostructure CBM
position and Ey o0, is the position difference. In OER, it is set

as the VBM position of the heterostructure and Ey*y,. Again,

AG,y is viewed as the influence of pH on the reaction. In
different reactions, it is calculated in different ways, and the
corresponding values in HER and OER can be written as

AG,y = —kyT In 10 X pH (9a)

(9b)

First, the feasibility of HER is analyzed. Figure Sa shows the
free energy diagrams of the GaSe/InS and P-GaSe/InS
heterostructures at pH = 0 and different driving potentials.
For the GaSe/InS heterostructure, U = 0.32 V, while for the P-
GaSe/InS heterostructure, U = 0.26 V. It can be concluded
that AG of the HER reaction is greater than 0 when U=0V
and U = 0.32 V without doping. Theoretically, the occurrence
of HER is very difficult, which seriously hinders the
photocatalytic reaction, so this is also the main reason for
applying doping. The AG of the doped GaSe/InS hetero-
structure will be negative, which means that HER could
proceed spontaneously. Then OER is discussed. The three
possible OER paths of the P-GaSe/InS heterostructure are
screened, and the conditions are set as pH = 0, U = 123 V
equilibrium potential. AG of each step in different paths are
calculated, as shown in Figure Sb. The small molecule model
marked with adsorption in the figure is used to visualize the
reaction steps. According to G, path 2 has the lowest overall G
and OER is the easiest to proceed. Therefore, path 2 is selected

AG,y = k,T In 10 X pH
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to analyze AG of OER under acidic conditions and different AG f © P(hw)d(ho)
driving potentials. Taking path 2 of OER and HER as Eqg ho

examples, Figure Sc gives a detailed flowchart of the P-GaSe/
InS heterostructure adsorbing small molecules. Since GaSe and
InS are more stable under acidic conditions, the condition of
pH = 0 has been studied in detail. Since the catalyst that meets
the photocatalytic conditions has an OER driving potential of
at least 1.23 V, for OER in Figure 5d, the four step AG of the
GaSe/InS and P-GaSe/InS heterostructures are compared
under the conditions of U = 1.23 V and pH = 0. The G after
doping is significantly reduced, which is conducive to the
reaction. Figure Sef displays the AG diagram of the
heterostructure at pH = 0 and different driving forces for
OER. When U = 0V, G of each step of the heterostructure
increases, which means OER needs to overcome a large energy
barrier. At a driving potential of 1.77 V, the first step G of the
GaSe/InS heterostructure goes up slightly, while the rest of the
steps decrease, indicating that OER is relatively reluctant.
When U = 1.79 V, G of all the steps involved in the reaction is
reduced, which implies that the OER process can continue in
thermodynamics. It can be seen that doping promotes the
smooth progress of HER and OER for the P-GaSe/InS
heterostructure.

It is inevitable to consider the optical absorption perform-
ance of the photocatalyst. The exciton binding energy is related
to the separation of photogenerated carriers. The calculation
method can be carried out according to the Wannier—Mott
model of two-dimensional materials or related calculation
formulas.®"** However, Figure 6 exhibits the calculation results
of optical properties using GyW +BSE and GyW+RPA in this
paper. The GyWy+RPA calculation does not consider the
influence of exciton binding energy on optical absorption,
while the GyW+BSE calculation results are more accurate
because it refers to the optical absorption capacity corrected by
BSE exciton. The purpose of comparing whether to add BSE
exciton binding energy correction is to compare their exciton
binding energy, which affects the recombination of electrons
and holes.**®* The greater the energy, the easier it is for
electrons and holes to recombine, which is negative for
photocatalysts. The distance between the light absorption
peaks calculated by the two methods is the material exciton
binding energy. The blue dotted line in Figure 6 shows the
light absorption peak given by the GyW +RPA method, the
cyan shaded area shows the light absorption peak calculated by
the GyW,+BSE method, and the red arrow is used to mark the
exciton binding energy. The exciton binding energy of
heterostructure is much smaller than that of the monolayer,
and the exciton binding energy of the doped P-GaSe/InS
heterostructure is the smallest, 0.32 eV, which also suggests
that electrons and holes are the least likely to recombine, and
the catalyst performance is more outstanding. In Figure 6,
there is no absorption peak in the visible region for the
monolayers of GaSe and InS, but there is an obvious
absorption peak in the visible region for the GaSe/InS
heterostructure. The optical absorption range becomes larger,
which indicates that the optical absorption ability of the GaSe/
InS heterostructure has been significantly improved. For the P-
GaSe/InS heterostructure, a higher peak appears in the visible
region, and the optical absorption capacity is also strengthened
for the undoped heterostructure. The photocatalytic perform-
ance of the catalyst can also be judged by studying the solar-to-
hydrogen (STH) efficiency. STH efficiency can be approx-
imately estimated by the following expression:*>%°
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M= o . <1,
STH [ P(ho)d(ho) (10)
Among them, AG is approximately regarded as a free energy
difference of 1.23 eV, P(Aw) refers to the solar flux of AML.5,
and E, is equivalent to the band gap corresponding to the
photon energy of water splitting. By calculation, the STHs
efficiency of the GaSe/InS heterostructure and the P-GaSe/InS
heterostructure are 15.25% and 16.36%, respectively, which
manifests excellent STH performance of the GaSe/InS and P-
GaSe/InS heterostructures.

Density functional theory is used to study the electronic
structure and optical properties of the GaSe/InS and P-doped
GaSe/InS heterostructures. The band gaps of the GaSe/InS
and P-GaSe/InS heterostructures are 2.09 and 2.05 eV,
respectively. The energy band arrangement of type II promotes
the separation of electrons and holes in the heterostructure and
can effectively enhance the photocatalytic efficiency. The band
gap and edge position of the heterostructure meet the
requirements of the water splitting reaction. By analyzing the
free energy changes of HER and OER, it is found that the P-
doped GaSe/InS heterostructure has an overall spontaneous
water splitting at pH = 0. Finally, the exciton binding energy of
the P-GaSe/InS heterostructure is 0.32 eV, and it is verified
that the P-doped GaSe/InS heterostructure has more marvel-
ous optical absorption performance.
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