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The In,SeS/g-C3sN,4 heterostructure: a new
two-dimensional material for photocatalytic
water splittingf
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In this work, the structural, electronic and optical properties of the In,SeS/g-CsN4 heterostructure are
investigated to explore a highly efficient and spontaneous water splitting photocatalyst by first-principles
calculations. The results show that the In,SeS/g-CzN4 heterostructure with a bandgap (Eg) of 2.03 eV is
a typical type Il semiconductor, which guarantees that the generated electrons and holes can be
effectively separated. The potential of the conduction band minimum (CBM) and the valence band
maximum (VBM) satisfies the requirements for photocatalytic water splitting. Meanwhile, the In,SeS/g-
CsN4 heterostructure has a strong light-absorption ability, and mainly absorbs purple and blue light. In
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addition, the changes of Gibbs free energy (AG) are calculated to understand the oxygen evolution
reaction (OER) process of water splitting. Under neutral conditions (pH = 7), the Gibbs free energy
continuously decreases during the OER process, verifying the thermodynamic feasibility of water
splitting through the In,SeS/g-C3N4 heterostructure. Hence, the In,SeS/g-CsN4 heterostructure is a kind
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| Introduction

At present, finding new types of pollution-free renewable energy
has become a hot topic."™ In recent years, since hydrogen gas
has the advantages of stable chemical properties at normal
temperature, high combustion heat value and no pollution of
the combustion product, it has gained more and more atten-
tion and is expected to replace traditional fossil fuels.’™®
Hydrogen in nature is mainly stored in water in the form of
compounds. Therefore, it is an effective way to produce hydro-
gen gas by photocatalytic water splitting.”® Currently, various
types of photocatalysts have been researched extensively,
mainly focusing on these two types: oxides represented by
TiO,,'®"” ZnO' and WO,;," and sulfides represented by
Cds?° and ZnS.*' However, most oxides have the disadvantages
of excessively wide bandgap (E;) and low light-absorption
efficiency. Although the sulfides have narrow E, values, it is
easily etched by light during photocatalysis. For example,
although CdS has a suitable E, and band-edge position, the
$*” in CdS is more easily oxidized by photogenerated holes
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of photocatalyst with excellent performance in the area of photocatalytic water splitting.

than the water molecule, which results in the production of S.2*
Moreover, the electrons and holes of these oxides and sulfides
are very easy to recombine. These disadvantages limit the
practical applications in the field of photocatalytic water
splitting.”® Therefore, it is necessary to explore a new type of
photocatalyst that can absorb sunlight efficiently and separate
the electrons and holes easily.

The polymeric graphite-like carbon nitride (g-C3N,) is a two-
dimensional (2D) layered semiconductor with non-toxicity,
chemical stability, low cost and high sensitivity to sunlight.**">°
Interestingly, g-C3N, has relatively large vacancies and enough
adsorption sites.””"*® Meanwhile, monolayer InM (M = S, Se) has
tunable E,, high sensitivity to sunlight and high carrier mobility
compared to most 2D materials.>**° Therefore, both g-C;N,
and monolayer InM (M = S, Se) have great potential for photo-
catalytic water splitting. However, the photogenerated electrons
and holes of g-C;N, and monolayer InM (M = S, Se) also
recombine easily, limiting their application in photocatalytic
water splitting. To date, the construction of van der Waals
(vdW) heterostructures is considered to be an effective way to
modify the atomic and electronic structures of the photocata-
lysts, which accelerates the separation and transmission of
the electrons and holes.>' For example, SnSe,/WSe, vdW hetero-
structures have been successfully applied to prevent the photo-
generated electrons and holes from recombining.*> Therefore, in
this work, we consider designing vdW In,SeS/g-C;N, heterostruc-
tures to effectively prevent the recombination of photogenerated

J. Mater. Chem. C, 2020, 8, 6923-6930 | 6923


http://orcid.org/0000-0002-6612-5346
http://orcid.org/0000-0002-9327-5761
http://crossmark.crossref.org/dialog/?doi=10.1039/d0tc00852d&domain=pdf&date_stamp=2020-04-27
http://rsc.li/materials-c
https://doi.org/10.1039/d0tc00852d
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC008020

Published on 27 aprel 2020. Downloaded on 19.02.2026 03:48:33.

Paper

electrons and holes and making them retain high sensitivity to
sunlight and high carrier mobility.

Herein, first, the most stable structure of the In,SeS/g-C3;N,
heterostructure is found through geometric optimization.
Then, we have analyzed the electronic and optical properties
of the In,SeS/g-C;N, heterostructure, and found that it is a
typical type II semiconductor, and mainly absorbs blue and
purple light. Furthermore, in order to investigate the thermo-
dynamic feasibility of photocatalytic water splitting, the
changes in Gibbs free energy (AG) are calculated during the
oxygen evolution reaction (OER) that occurred on the g-C3N,
layer side. The results show that the In,SeS/g-C;N, heterostruc-
ture is a kind of photocatalyst with excellent performance in the
area of photocatalytic water splitting.

Il Theoretical approach

The first-principles calculations were performed by the Vienna
Ab initio Simulation Package (VASP) with the projector aug-
mented wave (PAW), based on density functional theory
(DFT).**** The generalized gradient approximation (GGA) and
Perdew-Burke-Ernzerh (PBE) were adopted to treat the
exchange-correlation interaction of electrons.***® Because of
the underestimation of the PBE functional on the band gap of
the semiconductor, the HSE06>” hybrid functional was applied
for calculations of more accurate electronic properties. Mean-
while, the GW?*?° approximation combined with the Bethe-
Salpeter equation (BSE)*® was employed to predict the optical
properties. In addition, considering the vdW interactions
between the layers, the empirical correction scheme of the
DFT-D3 (D stands for dispersion) approach within the Grimme
scheme was adopted.** A vacuum spacing of 25 A was added
along the direction perpendicular to 2D nanosheets to avoid
the interlayer interactions caused by periodicity. A Monkhorst-
Pack k-point mesh of 7 x 7 x 1 was used to calculate the
properties of all studied samples in the 2D Brillouin zone. The
cut-off energy was set to 600 eV. The convergence tolerances for
energy, maximum force and displacement on each atom during
structural relaxation were set to 10> eV, 0.03 eV A~ and
0.003 A, respectively.

[1l Results and discussion

3.1 Structures and stabilities of In,SeS/g-C;N,

The calculated lattice parameters of g-C3N, (a = b = 7.06 A) and
monolayer In,SeS (a = b = 3.95 A) are in good agreement with
the other theoretical calculations and experimental result.***?
Meanwhile, the phonon spectrum of monolayer In,SeS is
shown in Fig. S1 (ESIt). There is no virtual frequency in the
phonon spectrum, which proves that the optimized structure of
monolayer In,SeS is stable. The In,SeS/g-C3N, vdW heterostruc-
ture is achieved by a 1 x 1 g-C;N, supercell and a v/3 x v/3
monolayer In,SeS supercell stacked in the vertical direction
with a lattice mismatch of about 3%. According to the different
stacking patterns of g-C;N, and monolayer In,SeS, twelve
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Fig.1 Top and side views of the In,SeS/g-CsN, heterostructure at
different stacking patterns: Seci, Seca, Secs, Sent Senz. Sens Sci Sca.
Scz. Sni Snz and Sys.

different heterostructures are constructed, as shown in Fig. 1.
When Se atoms are adjacent to the g-C;N, layer and C or N
atoms are located in the hexagonal ring center of the In,SeS
layer, the heterostructures are labeled as Seci, Seca, Secs, Sen1,
Sen, and Seys. When S atoms are adjacent to the g-C;N, layer
and C or N atoms are located in the hexagonal ring center of the
In,SeS layer, the heterostructures are labeled as Sci, Scz, Scs,
Sn1, Snz and Sys. To check the stability of the structure, the
binding energy (E,) of the 12 heterostructures are calculated
using the following formula:**

Ep = Eg»C3N4/InZSeS - Eg-(:3N4 - EInZSeS (1)
where Eg.c N /mn,ses) Egc,n, and Er, ses represent the total energy
of the In,Se/g-C;N, heterostructure, g-C;N, and monolayer
In,SeS, respectively. According to the definition, a negative
value of E}, indicates that the heterostructure system is energe-
tically stable. Meanwhile, the more negative the value of Ej is,
the more stable the heterostructure is. Therefore, as shown in
Table 1, the smallest Ep, (—2.21 €V) of the Sy, stacking pattern
means that it is the most stable among the twelve stacking
patterns. Moreover, to find the most suitable interlayer distance
(do) of the Sy, stacking pattern, Ej, of the Sy, stacking pattern is
calculated as a function of d,, which is shown in Fig. S2 (ESIT).
When d, = 3 A, E}, is —2.29 €V, and it is the most negative value
among them. Thus the Sy, stacking pattern with a d, of 3 A is
the most stable. As shown in Table S1 (ESIT), the convergence

Table 1 Interlayer spacing and binding energy of the In,Se/g-CsNg4
heterostructure

Type In,SeS/g-C3Ny

Stacking patterns Sec; Secy Secs Sent Sens Sens
Ey (eV) —2.161 —1.422 —2.044 —1.295 —1.505 —1.520
d, (A] 2.872 2.847 2.830 3.142 3.134 2.667
Stacking patterns Sc; Sca Scs Sn1 Snz Sn3

Ey (?V) —2.128 —2.108 —-2.092 —2.210 —1.462 —1.948
dy (A] 2.731 2.783 2.781 2.848 3.041 3.042
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test results also show that the Sy, stacking pattern is stable, so
it is chosen for further calculation.

3.2 Electronic properties of In,SeS/g-C;N,

In order to investigate the electronic properties of the In,SeS/g-
C;N, heterostructure, the charge distribution and charge trans-
fer are considered by analyzing the planar average charge
density (p(z)) and the planar average charge density difference
(Ap(2)). Ap(2) is given by the following formula:*®

Ap(2) = p(2)in,sesigc,N, — P)gc,N, — P(Z)n,ses (2)

where p(Z)IHZSeS/g-C3N41 p(@gc,n, and p(2)m,ses are p(z) of the
In,SeS/g-C3;N, heterostructure, g-C3N, and monolayer In,SeS,
respectively. In Fig. S3 (ESIY), p(z) values of g-C3N,, monolayer
In,SeS and the In,SeS/g-C3N, heterostructure are given. In
Fig. 2, we can see that charges accumulate in the In,SeS layer
and dissipates in the g-C;N, layer, indicating that electrons are
transferred from the g-C;N, layer to the In,SeS layer. Thus the
electrons and holes are effectively separated, which is condu-
cive to the water splitting of the In,SeS/g-C;N, heterostructure.
To further study the interfacial electronic properties, the inter-
face dipole moment yu(z) is also calculated using the following
formula:*®

() = [#p(z)az (3)

A 1(z) of —0.23 D from the g-C;N, layer to the In,SeS layer is found
by calculation, confirming the formation of a heterostructure-
induced interface dipole.

Moreover, the energy bands of g-C3N,, monolayer In,SeS and
the In,SeS/g-C3N, heterostructure are calculated, as shown in
Fig. 3. Both g-C3N, and monolayer In,SeS are indirect bandgap
semiconductors with E, values of 2.67 eV and 2.33 eV at the
HSEO06 level, respectively. Surprisingly, the In,SeS/g-C;N, hetero-
structure is a direct bandgap semiconductor with an E; of 2.03 eV,
which is in the energy range of visible light (1.6-3.2 e€V). Mean-
while, the top band of the valence band is mainly contributed by
the g-C;N, layer and the bottom band of the conduction band is
mainly contributed by the In,SeS layer, which indicates that the

Ap (10-3xe/A3)
1, (1072D)

Z(A)

Fig. 2 Planar average charge density difference (blue line) and interfacial
dipole moment (red line) along the Z-direction for the In,SeS/g-C3Ny4
heterostructure.
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Fig. 3 (a) Band structure of g-Cs3N4. (b) Band structure of monolayer
In,SeS. (c) Band structure of the In,SeS/g-C3sN4 heterostructure.

electrons and holes are separated after the formation of the
heterostructure and the In,SeS/g-C;N, heterostructure is a type-II
heterostructure. Meanwhile, the total density of states (TDOS)
and the projected density of states (PDOS) for the In,SeS/g-C3N,
heterostructure are calculated. As shown in Fig. 4, the peak
with the highest energy below the Fermi level is basically
provided by the N-p orbit while the peak with the lowest energy
above the Fermi level is basically provided by the In-s orbit,
which implies that the positions of N and In atoms are better
adsorption sites and also illustrates the separation of electrons
and holes.

Furthermore, the carrier mobility (1) of the In,SeS/g-C;N,
heterostructure is also calculated using the formula*®~*°

6’3 C2D

ky, T(m*)z(Eli)2 @

Hop =

where e is the electron charge, /i is Planck’s constant divided by
21 and ky, is Boltzmann’s constant. T is the temperature, which
is set to 298.15 K in our calculation to simulate room tempera-
ture. m* is the effective mass of an electron or hole, which is
calculated using the formula

1 10%E(k)

mt W2 k2 (5)
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——TDOS of g-C N,
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Fig. 4 (a) TDOS of the In,SeS/g-CsN, heterostructure, PDOS of the
g-C3Ny layer in the In,SeS/g-C3N4 heterostructure and PDOS of the In,SeS
layer in the In,SeS/g-CsN4 heterostructure. (b) PDOS of C and N atoms in
the g-C3Ny4 layer. (c) PDOS of In, Se and S atoms in the In,SeS layer.
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where E is the total energy and k is the wave vector. Then, C,p, is
the 2D elastic modulus, which is calculated using the formula
E—E,

2
S5 =Cop (Alélo) (6)

where E and E, are the total energy of the crystal with and
without deformation and S, is the lattice volume of the equili-
brium state. Al and [, are the variation of the lattice length and
the initial lattice length, respectively. Then, Ei is the deforma-
tion potential constant of the valence band maximum (VBM)
for holes or the conduction band minimum (CBM) for electrons
along the transport direction, which is calculated using the
formula

N7
B 57, @

where AV; is the energy change of the ith band under compres-
sion and tension. According to the above formula, the effective
mass of the electrons and holes are 0.114m, and 1.36my,
respectively. Energy changes of the In,SeS/g-C;N, heterostruc-
ture with strains in the X-direction and the Y-direction are given,
as shown in Fig. S4 (ESIf). C,p values are both 87.89 J m >
along the X-direction and the Y-direction by calculation, and
the electron and hole mobilities are 1665 cm®> V™' s and
12 cm® V! s, respectively. The electron mobility is a relatively
large value compared to other 2D materials, which is conducive
to photocatalytic water splitting. Meanwhile, we have calculated
the effective mass and carrier mobility of the In,SeS/g-C;N,
heterostructure with a strain (from —3% to 3%) applied in
the X-direction and the Y-direction, respectively, as shown in
Table S2 (ESIt). It is found that the strain has little effect on the
carrier mobility of the In,SeS/g-C;N, heterostructure.

Then, the electrostatic potentials of g-C;N,, monolayer
In,SeS and the In,SeS/g-C;N, heterostructure are calculated.
Moreover, their work function (¢) is also calculated, which is
given by the formula

¢ = Eyae — E¢ (8)

where E,,. is the electrostatic potential in a vacuum near to the
surface. Er is the electrostatic potential at the Fermi level. As
shown in Fig. 5, ¢ values of g-C;N,;, monolayer In,SeS and the
In,SeS/g-C3N, heterostructure are 5.38 eV, 6.19 eV and 5.93 eV,
respectively, which means that the g-C;N, layer is easier to lose
electrons than the In,SeS layer. Moreover, the standard oxidation
potential of O,/H,O can be calculated using Eg jy,0 = —5.67 €V +
PH x 0.059 eV and the standard hydrogen potential of H'/H, can
be calculated using Eyyysy, = —4.44 eV + pH x 0.059 eV.*>*! To
satisfy the requirements for photocatalytic water splitting, the
potential of the CBM for photocatalysts should be higher than the
standard hydrogen potential and the potential of the VBM for
photocatalysts should be lower than the standard oxygen
potential.>® Therefore, based on the value of ¢, we have obtained
the potentials at the Fermi level for g-C;N,, monolayer In,SeS and
the In,SeS/g-C;N, heterostructure. Their values are —5.38 eV,
—6.19 eV and —5.93 eV, respectively. Then, based on the relative
positions of the CBM, the VBM and the Fermi level (obtained
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Fig. 5 (a) Electrostatic potential of g-C3N4. (b) Electrostatic potential of
monolayer In,SeS. (c) Electrostatic potential of the In,SeS/g-C3N4 hetero-
structure. The red and pink dashed lines denote the Fermi level and the
vacuum energy level, respectively.

according to Fig. 3), we have calculated the potentials of band-
edge positions for g-C;N,;, monolayer In,SeS and the In,SeS/g-
C;N, heterostructure, as shown in Fig. 6. The values of potential at
CBM and at VBM for g-C;N, are —3.25 eV and —5.92 eV,

Vacuum
0.0 q==-==== === === qmemmmemmeemofoeesoeoeeooeeoeoeooooos --
-0.12[p=5.38¢V | 9=6.19eV 9=5.93eV
Electric
S| 32sev Ficld
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Fig. 6 Potential of band-edge positions for g-CsN4, monolayer In,SeS
and the In,SeS/g-C3sN4 heterostructure.
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respectively. The values of potential at the CBM and at the VBM
for monolayer In,SeS are —4.12 eV and —6.45 €V, respectively.
After the heterostructure is formed, the value of the potential at
the CBM for the In,SeS/g-C;N, heterostructure is 3.97 eV, which is
higher than the standard hydrogen potential (4.44 eV at pH = 0
and 4.01 eV at pH = 7). In addition, the value of the potential at the
VBM for the In,SeS/g-C;N, heterostructure is 6.00 eV, which is
lower than the standard oxygen potential (5.67 eV at pH = 0 and
5.26 eV at pH = 7). Therefore, in terms of potential, the In,SeS/g-
C3N, heterostructure meets the requirements for photocatalytic
water splitting. Part electrons are transferred from the g-C;N,
layer to the In,SeS layer, which leads to the formation of an
internal electric field from the g-C;N, layer to the In,SeS layer. The
2-C3N, layer is similar to the anode when electrolyzing water and
the oxygen evolution reaction (OER) occurs. The In,SeS layer is
similar to the cathode of electrolyzing water and the hydrogen
evolution reaction (HER) occurs.

Besides, the In,SeS/g-C;N, heterostructure is applied with
biaxial strain. We find that the In,SeS/g-C;N, heterostructure
can withstand the biaxial strain from —6% to +6% without
damaging its structure. As shown in Fig. 7, when the values of
biaxial strain are —6%, —4%, —2%, 2%, 4% and 6%, the E,
values of the In,SeS/g-C;N, heterostructure are 3.16 eV, 3.01 eV,
2.64 eV, 1.83 eV, 1.51 eV and 1.19 eV, respectively. It is
concluded that E, increases with the decrease of biaxial strain
and E, decreases with the increase of biaxial strain. Among
them, when the value of biaxial strain is 2%, the In,SeS/g-C;N,
heterostructure is still a direct bandgap semiconductor. When
the tensile stress is greater than 2% or compressive stress is
applied, the In,SeS/g-C3N, heterostructure will have a transi-
tion from a direct bandgap semiconductor to an indirect
bandgap semiconductor. The potentials of band-edge positions
under different biaxial strain conditions are shown in Fig. 8.
When —6%, —4%, —2% and 2% biaxial strains are applied, the
potentials of the VBM and the CBM still satisfy the require-
ments for photocatalytic water splitting. When 4% and 6%
biaxial strains are applied, the potentials of the VBM and the
CBM cannot satisfy the requirements for photocatalytic water
splitting. It is noted that the larger the E, of the heterostructure
is, the greater the driving force for photocatalytic water splitting
is. However, once E; is too large, the energy required for
electronic transition from the valence band to the conduction

£, 301V

Energy (¢V)
©
Energy (V)
- =
Energy (eV)

K M G K K M G K K M G K

(b) Biaxial strain (-4%)

=
=

Txow G K K M G

(¢) Biaxial strain (-2%)

Energy (eV)
'

L
Energy (eV)
i‘. 9 >

(f) Biaxial strain (6%)

(d) Biaxial strain (2%) (e) Biaxial strain (4%)

Fig. 7 Band structure under different biaxial strain conditions.
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band increases and the wavelength range of sunlight that can
provide sufficient energy reduces, which is not conducive to
photocatalytic water splitting. Therefore, when —2% biaxial
strain is applied, the effect of the In,SeS/g-C3;N, heterostructure
for photocatalytic water splitting is the best in theory.

3.3 Optical properties of In,SeS/g-C;N,

In addition, the optical properties of the In,SeS/g-C;N, hetero-
structure are predicted by using the GW+BSE approach. The
real part (¢,) and the imaginary part (¢,) describe the dielectric
properties and light-absorption ability of the material, respec-
tively. The imaginary part (¢,) can be determined using the
formula®*>®

2¢? )
o(0) = S il iy Po(E - B B) 9)
ke,

where w represents the frequency of the electromagnetic radia-
tion in energy units. Q and ¢, represent the cell volume and the
dielectric constant in free space, respectively. ¢ and v represent
the conduction and valence band states, respectively. u and r
represent the vector defining the polarization of the incident
electric field and the position vector, respectively. As shown
in Fig. 9, the light-absorption ability of the In,SeS/g-C3;N,

photon energy (eV)

Fig. 9 Absorption spectrum of light.
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heterostructure is relatively strong. The highest light-absorption
peak is between blue and purple light (corresponding to a
photon energy of about 3 eV, and E, of the In,SeS/g-C3N,
heterostructure is 2.03 eV), which indicates that after the
In,SeS/g-C3N, heterostructure absorbs the photons, there is
enough energy to promote the electron to transit from the
valence band to the conduction band.

3.4 Thermodynamic feasibility of the In,SeS/g-C;N,
heterostructure for photocatalytic water splitting

Finally, we have explored the thermodynamic feasibility of the
In,SeS/g-C;N, heterostructure for photocatalytic water splitting.
The reaction of water splitting can be divided into two half
reactions: the HER in the cathode and the OER in the anode.
The reaction step of the HER is:*®

2H" +2¢” - H, (10)

and the OER is divided into 4 small steps:>®>’

HO+* - OH*+ H' + e~ (11a)
OH*+H' +e” - O*+2(H +¢7) (11b)
O*+H,0+2(H " +e7)=O00H* + 3(H' +e”) (11c)
OOH* +3(H ' +e7)=0,+4(H +e7)+* (11d)

where * indicates the In,SeS/g-C3N, heterostructure substrate.
OH*, O* and OOH* indicate that OH, O and OOH are adsorbed
on the substrate, respectively. AG is calculated using the

formula®®*°
AG = AE + AZPE — TAS — AGy — AGprr  (12)

where AE represents the change in total energy. AZPE represents
the change in zero point energy. ZPE could be calculated by

(d)

N7
4b— u=ov ‘ f [— U=0v a
— U=1.23V ’ — —
— U=1.56V i 2p— u=197v. P
=2} ' ~ '
Z >
N2 y & S
(G — 5] R
30 % — I o
2f -
H.0 OH* O* OOH* 0, 6 H,0 OH* o+ OOH* O,

Reaction coordinate
Fig. 10
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ZPE = 1/2) hv (13)

where v represents the vibrational frequency. Then, TAS
represents the change in entropic contributions (7 is set to be
298.15 K). TS could be calculated by

hv
Z In < eflw/kb T) Z kb T (ehy/ka 1) +1
(14)

where e represents the electron charge, # represents Planck’s
constant and kj, is Boltzmann’s constant. Then, AGy represents
the effect of electrochemical potential on AG, which is
calculated by:

TS =koT

AGy = —eU (15)

where U represents the potential difference from the standard
hydrogen electrode potential. Then, AG,y; represents the effect
of the pH value on AG, which is calculated by:

AGpy = —k, TIn10 x pH (16)

Here, pH = 0 and pH = 7 are considered. Theoretically, the HER
is relatively easy under the action of the potential and thus we
only need to consider the feasibility of the OER in thermo-
dynamics. Fig. 10(a)-(c) show the most stable adsorption site
of OH, O and OOH on the g-C;N, side of the In,SeS/g-C;N,
heterostructure, respectively. In Fig. 10(d), when pH=0,U=0V,
AG increases every step to 4.55 eV eventually. When pH = 0 and
U = 1.23 V (minimum potential difference required for water
splitting), AG declines in the first and third reactions while it
increases in the second and fourth reactions. The actual electro-
chemical driving force of the OER is 1.56 eV at pH = 0 (potential
difference between the potential of the VBM and the standard
hydrogen potential). When pH = 0 and U = 1.56 V, AG declines in

Reaction coordinate

(a)—(c) Optimized geometries of OH, O and OOH on the In,SeS/g-C3N,4 heterostructure during OER. (d) The changes of Gibbs free energy at

pH = 0 and at different potential differences (0 V, 1.23 V and 1.56 V). (e) The changes of Gibbs free energy at pH = 7 and at different potential differences

(0V,123Vand 197 V).
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the first, third and fourth reactions while it increases in the
second reaction. In all, when pH = 0, the existence of the increase
of AG leads to the failure of water splitting for the In,SeS/g-C3N,
heterostructure in thermodynamics. In Fig. 10(e), when pH = 7
and U= 0V, AG increases every step to 2.86 eV eventually. When
pH =7 and U = 1.23 V, AG declines in the first, third and fourth
reactions while it increases in the second reaction. Therefore,
when pH =7, U= 0 or 1.23 eV, it is also impossible to split water
for the In,SeS/g-C3N, heterostructure in thermodynamics.
The actual electrochemical driving force of the OER is 1.56 eV
at pH =7. When pH =7 and U = 1.97 V, AG declines every step of
the OER, which indicates that the In,SeS/g-C;N, heterostructure
for photocatalytic water splitting becomes feasible in thermo-
dynamics under this condition.

IV Conclusions

Twelve structures of the In,SeS/g-C3;N, heterostructures are
constructed according to different stacking patterns. Through
the first-principles calculations, we find that the Sy; stacking
pattern of the In,SeS/g-C;N, heterostructure with a d, of 3 Alis
the most stable, and the In,SeS/g-C;N, heterostructure is a
typical type-II semiconductor with a direct bandgap of 2.03 eV,
whose CBM and VBM are contributed by the In,SeS layer and
the g-C;N, layer, respectively. The potentials at the CBM and
the VBM satisfy the requirements for photocatalytic water
splitting. The electron mobility is 1665 cm> V™' s, which is
a relatively large value compared to other 2D materials. Mean-
while, the In,SeS/g-C3;N, heterostructure has a strong ability to
absorb light, mainly absorbing blue and purple light. In addition,
when pH =7 and U= 1.97 V, AG goes down every step of the OER,
which verifies the feasibility of photocatalytic water splitting in
thermodynamics. In short, the In,SeS/g-C;N, heterostructure
is expected to be a good candidate for photocatalytic water
splitting.
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