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Znln,S,, a typical n-type semiconductor, has received intensive attention due to its suitable bandgap, ex-
cellent visible light absorption performance, and simple and flexible preparation methods. However, its
application is curbed by photo-generated carrier recombination and photo corrosion. Although construct-
ing S-scheme heterojunctions by combining ZnIn,S, with other semiconductors can solve these prob-
lems, the photocatalytic activity of S-scheme heterojunctions can be further improved. Therefore, this

Keywords: short review summarizes modification strategies of Znln,S4-based S-scheme heterojunctions. This article
Photocatalysis also introduces the concept, design principles, and characterization methods of ZnIn,S4-based S-scheme
Znln, Sy heterojunction. Finally, current challenges and future research focuses related to Znln,S4-based S-scheme
S-scheme

heterojunctions are discussed and summarized, including the utilization of advanced in-situ characteriza-
tion techniques to further illuminate the photocatalytic mechanism, the DFT-assisted design of catalysts
to increase the selectivity of products during photocatalytic CO, reduction, and extending the photo-

Heterojunction
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response of Znln,S4-based S-scheme heterojunction to near-infrared range, etc.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The continuous growth of human demand for fossil fuels has
led to energy crises and severe environmental pollution. Therefore,
there is an urgent need to develop effective strategies to address
these issues [1-3]. Photocatalytic technology is considered to have
important application prospects in utilizing solar energy to solve
energy and environmental problems [4-6]. Since Fujishiman et al.
[7] discovered in 1972 that TiO, can be used as a photocatalyst to
split water to generate hydrogen gas under ultraviolet light irradi-
ation, photocatalysis technology and semiconductor photocatalyst
materials have been widely applied in various areas such as CO,
reduction [8-10], hydrogen production [11-13], and destruction of
toxic and harmful pollutants [14-16].

Researchers have developed various types of photocatalysts,
such as metal oxides [17-19], graphite nitride carbon (g-C3N4) [20-
22], metal sulfides [23-25], metal-organic frameworks (MOFs) [26-
29], covalent organic frameworks (COFs) [30-32]. Among them,
Znln,S4 (ZIS) has received intensive attention due to its unique
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layered structure, suitable bandgap, excellent visible light absorp-
tion, simple and flexible preparation methods, and good chemical
stability [33]. However, ZnIn,S,4, as a photocatalyst, suffers photo-
generated carrier recombination and photo-corrosion, which re-
strains its large-scale practical application [34]. Therefore, some
modification strategies have been adopted to improve the photo-
catalytic performance of ZnIn,S4, such as morphology regulation
[35-37], element doping [38-40], vacancy engineering [41-43], and
construction of heterojunctions [44-46]. Among them, constructing
heterojunctions can achieve spatial separation of photo-generated
carriers and effectively suppress photo-corrosion [47].

As shown in Fig. 1, various types of ZnIn,S4-based hetero-
junctions have been developed, such as Schottky heterojunction,
type-I heterojunction, type-II heterojunction, p-n heterojunction, Z-
scheme heterojunction, S-scheme heterojunction, ternary and qua-
ternary heterojunction [48]. Type-II and Z-scheme heterojunctions
have received great attention and extensive exploration. For type-
II heterojunctions, spatial separation of photo-generated carriers
can be achieved, but it reduces the redox ability of photocata-
lysts and is not conducive to photocatalytic reactions. In addition,
due to electrostatic repulsion, the transfer of electrons from the
conduction band of one semiconductor to that of another semi-
conductor and the transfer of holes from the valence band of
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Fig. 1. Illustration of (A) Schottky junction, (B) ZnIn,S4-graphene junction, (C) type I junction, (D) type II junction, (E) p-n junction, (F) indirect Z-scheme junction, (G) direct
Z-scheme junction, (H) S-scheme junction, (I) ternary junction, and (J) quaternary junction. RC and OC refer to reduction cocatalyst and oxidation cocatalyst, respectively.

Copied with permission [48]. Copyright 2022, EcoMat.

one semiconductor to that of another semiconductor is difficult to
achieve [49]. Z-scheme heterojunctions include indirect and direct
Z-scheme heterojunctions. As shown in Fig. 1F, in the case of in-
direct Z-scheme heterojunction, photogenerated electrons on the
conduction band of semiconductors and photogenerated holes on
the valence band of ZnIn,S, are expected to migrate to the con-
ductor for recombination. However, photogenerated electrons on
the conduction band of ZnIn,S4 and holes on the valence band of
semiconductor will preferentially migrate to the conductor due to
a larger potential difference between conductor and the conduc-
tion band of ZnIn,S4 than that between the conduction band of
semiconductor and conductor [50]. Therefore, the proposed charge
transfer pathway is incorrect and the mechanism of charge trans-
fer remains unclear. The proposed migration direction of photo-
generated carriers of direct Z-scheme heterojunctions developed
from indirect Z-scheme heterojunctions also remains in debate
[51]. In order to tackle the controversies in the aforementioned
heterojunctions, a new concept of S-scheme heterojunction was
proposed based on the direct Z-scheme heterojunction [52]. Since
then, there has been a surge in studies on new S-scheme hetero-
junctions, and many studies on Znln,S4-based S-scheme hetero-
junctions have been reported, such as g-C3N4/ZIS [53], Bi3TaO,/ZIS
[54], In,O3/ZIS [55], and TpPa-1-COF/ZIS [56]. However, S-scheme
heterojunctions still have some disadvantages, including poor lat-
tice matching, limited heterojunction contact interfaces, and small
Fermi-level differences [57].

Therefore, in this review, we not only introduce the design prin-
ciples and characterization methods of Znln,S4-based S-scheme
heterojunction photocatalysts, but also the improvement strategies
of ZnIn,S,-based S-scheme heterojunction photocatalysts (Fig. 2).
Finally, based on current research progress, we propose the chal-
lenges and future researches focuses of Znln,S4-based S-scheme
heterojunction.

2. ZnIn2S4-based S-scheme heterojunctions
2.1. The concept and design principles of S-scheme heterojunctions

S-scheme heterojunctions are composed of oxidation photocat-
alysts (OP) and reduction photocatalysts (RP) [58]. As shown in Fig.
3, RP has a smaller work function and a higher Fermi level com-
pared to OP. When the two are in close contact, electrons in RP
are spontaneously transferred to OP through the interface until the
Fermi levels are the same. Therefore, at the interface, RP is posi-
tively charged due to the loss of electrons, while OP is negatively
charged, thus naturally generating an internal electric field from RP
to OP. Meanwhile, RP and OP exhibit upward and downward band
bending at the interface, respectively. When the composite cata-
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Fig. 2. The improvement methods of ZnIn,S4-based S-scheme heterojunction.
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Fig. 3. Charge-transfer processes in an S-scheme heterojunction. (A) before contact,
(B) after contact, (C) photogenerated charge carrier transfer process in S-scheme
mode. Copied with permission [51]. Copyright 2020, Elsevier Inc.

lyst is illuminated, the electrons of RP and OP are excited from the
valence band (VB) to the conduction band (CB), leaving holes in
their VB, resulting in the generation of photo-generated electron-
hole pairs, respectively.

The co-operation of internal electric field, band bending, and
Coulombic force accelerates the recombination of photo-generated
electrons in OP and photo-generated holes in RP, thereby suppress-
ing the recombination of photo-generated electron-hole pairs in RP
and OP, and retaining the powerful photo-generated electrons in
the CB of RP and holes in the VB of OP [51]. Jiao et al [59] se-
lectively synthesized different types of g-C3N4 homojunctions, in-
cluding CN/4ACN (type-II), CN/8PCN (S-scheme) and 4ACN/8PCN
(S-scheme), by adjusting the doping amount of Ag and P. Due to
the high redox potential of S-scheme homojunctions, CN/8PCN and
4ACN/8PCN exhibited HER and degradation of tetracycline (TC). In
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Fig. 4. (A) Atomic force microscopy image of CP composite, (B, C) corresponding surface potential distribution of CP in darkness (B) and under light irradiation (C). (D) The
line-scanning surface potential from point A to B. (E) The schematic illustration of photoirradiation KPFM. Copied with permission [64]. Copyright 2021, Wiley-VCH GmbH.

addition, the hydrogen production rate of 4ACN/8CN was 2.1 times
that of CN/4ACN. Therefore, the S-scheme heterojunction not only
achieves charge separation but also exhibits the higher redox abil-
ity than type-1I heterojunction, greatly improving photocatalytic
performance.

As an n-type reduction photocatalyst, Znln,S4 needs to combine
with another lower Fermi level oxidation photocatalyst to con-
struct an S-scheme heterojunction in order to improve the redox
ability of the composite photocatalyst [60]. In addition, ZnIn,S,
with different morphologies from OD to 3D can be synthesized;
the unique S-Zn-S-In-S-In-S layered structure of Znln,S4 makes its
stacking structure easy to peel off and combine with another ox-
idation photocatalyst to construct heterojunctions [61]. Therefore,
the design of Znln,S4-based S-scheme heterojunction photocata-
lysts has attracted growing interests.

2.2. Characterization methods of S-scheme heterojunctions

2.2.1. In situ irradiated X-ray photoelectron spectroscopy

The change in elemental binding energy indicates the change in
electron density. The decrease in electron density after losing elec-
trons leads to an increase in binding energy, while the increase
in electron density after obtaining electrons leads to a decrease
in binding energy [62]. Therefore, when RP and OP are in close
contact, if an S-scheme heterojunction is successfully constructed,
due to the difference in their work functions, the electrons of RP
will transfer to OP until the Fermi level is the same, manifested
as the binding energies of RP shifting toward higher energy lev-
els, while the binding energies of OP moving toward lower en-
ergy levels. When illuminated, the photogenerated electrons in the
OP conduction band will migrate to RP and recombine with the
photogenerated holes in the RP valence band, manifested as the
binding energies of RP shifting toward lower energy levels, while
the binding energies of OP shifting toward higher energy levels
[63]. The change in the binding energy of in-situ XPS suggests
the transfer direction of charge carriers in heterojunctions, pro-
viding direct evidence for the successful construction of S-scheme
heterojunctions.

2.2.2. Atomic force microscope (AFM)

Kelvin probe force microscopy (KPFM) is a derivative of AFM,
which can scan the morphology of AFM while detecting its surface
potential and can be used to evaluate the charge transfer process

[13]. Yu et al. [64] constructed inorganic/organic heterojunctions
by in-situ growth of CdS nanocrystals on the surface of pyrene-alt-
triphenylamine (PT), and demonstrated the charge transfer mecha-
nism of S-scheme heterojunctions between CdS/PT through KPFM,
with PT serving as a reducing photocatalyst and CdS as an oxidiz-
ing photocatalyst. As shown in Fig. 4, when CdS and PT come into
close contact, electrons will transfer from PT to CdS. Therefore, un-
der dark conditions, the surface potential difference between PT
(point A) and CdS (point B) is about 100mV, indicating the for-
mation of an internal electric field from point A to point B. When
illuminated by light, the surface potential of point A decreases sig-
nificantly, while the surface potential of point B increases, indicat-
ing the transfer of photo-generated electrons from CB of CdS to
VB of PT. Therefore, KPFM characterization technology can also be
used to characterize the charge transfer pathway in S-scheme het-
erojunctions.

2.2.3. Electron paramagnetic resonance (EPR)

Since the successful construction of S-scheme heterojunctions
leads to the recombination of photo-generated carriers with weak
redox ability, and the strong redox ability of composite photocat-
alysts is retained, the formation of S-scheme heterojunctions can
be confirmed by EPR detection of free radicals generated during
the photocatalytic process, such as hydroxyl and superoxide radi-
cals [65]. Yu et al. [66] designed a heterojunction with a core-shell
structure of TiO,@ZnIn,S, for efficient photocatalytic reduction of
CO,, and the type of heterojunction was determined through EPR
test. As shown in Fig. 5A, based on the band structures of TiO, and
Znln,S,, the electrons on the CB of ZnIn,S, can reduce O, to "0,
but the holes on the VB of ZnIn,S, cannot oxidize H,O to "OH;
while the electrons on the CB of TiO, cannot reduce O, to "O,~,
but the holes on the VB of TiO, can oxidize H,0 to "OH.

Therefore, as shown in Figs. 5B and C, the DMPO-"OH signal
and the extremely weak DMPO-"0,~ signal over TiO,, as well as
the DMPO-"0,~ signal over Znln,S,4, can be observed in the EPR
spectra, while the DMPO-"OH signal over ZnIn,S4 cannot be de-
tected. In the case of TiO,@ZnIn,S,, the intensity of DMPO-'OH
and DMPO-"0,~ signals is stronger than that over the sole-TiO,
and sole-Znln, Sy, respectively. If TiO,@ZnIn,S, is a type-II hetero-
junction as shown in Fig. 5D, both "OH and *0,~ cannot be gener-
ated. Therefore, as shown in Fig. 5E, TiO,@ZnIn,S, is an S-scheme
heterojunction, retaining strong oxidation and reduction capability
of both, resulting in the production of both *OH and ‘O, ".



H. Zhang, M. Cui, Y. Lv et al.

Chinese Chemical Letters 36 (2025) 110108

J

|

|

A
o ~.-wmﬂ4w
\

©

TiO,@Znln 8,

DMPO—-OH D.\II’O—-OI'

Intensity (a.u.)

YV —

TiO,

PO P (S —

Y

~
2l . (B)
14 " 0,/-0;(-0.33V)
= -0.22 P _C0/CO(0.12V) ~ |Ti0,@Znln,s,
g 0 H'/H, (0V) =
"0,/CH,OH (0.03V) <

z Znin,S; “SCOUCH, 0.17) :?’
& 2.43eV i
> --- H,0/0,(1.23V) g

E |
z 2 TiO, T; g TiO, )
= 3.20eV H,0/-0H(2.37V) - W\ﬁ' [l
"«é N - — OH/-OH(2.69V) Y
8 2.98 ZnlnS,
&

4 T
3350 3400

Magnetic field (G)

3400 34

iy v
r.1D) o
= 14 P X i
E -0, 4
" 0,/-0,(-0.33V)
04
§ ZnIn,S
nin,
% 4 ) 4 “Type-II”
< TiO, OH o
z 3] ¥*F* - H,0,0H
:; H,0/-0H(2.37V)
‘E OH7-OH(2.69V)
I
°
=

Potential (V vs. NHE, pH=0)

3450 3500 3350 50 3500
Magnetic field (G)
vaAe
(E) o
14 b _ 0, ¥
1t 0,/-05(-0.33V)
04
ZnIn,S, < ™
14 10, S-scheme
24
H,0/-OH(2.37V)
OH/-OH(2.69V)
3 T ||1(),:;||
OH
4

Fig. 5. (A) Band structures of samples. Electron paramagnetic resonance (EPR) spectra of (B) DMPO-'OH adducts (in aqueous solution) and (C) DMPO-'0,~ adducts (in
methanol solution) over TiO;, ZnIn,S4, and TiO,@ZnIn,S,4 under illumination for 2 min. Schematic diagrams of (D) conventional type-Il and (E) S-scheme heterojunction.

Reproduced with permission [66]. Copyright 2021, Wiley-VCH GmbH.

3. Improvement strategies for ZnIln,S4-based S-scheme
heterojunction

Efficient photocatalytic performance can be achieved by reason-
ably designing S-scheme heterojunctions with fast interface charge
transfer and high redox potential [67]. However, S-scheme het-
erojunctions are usually composed of two n-type semiconductors,
and the Fermi energy level difference between the two compo-
nents is small, resulting in weak electric field driving force for
interfacial charge transfer, low charge separation efficiency, and
thus, poor photocatalytic performance [68]. Therefore, some modi-
fication strategies, such as morphological control, defect engineer-
ing, element doping, have been applied to provide S-scheme het-
erojunctions with more active sites and band arrangements with
larger interface potential differences, thereby promoting charge
separation and improving activity. The improvement strategies of
ZnIn,S4-based S-scheme heterojunction are summarized in Table 1.

3.1. Morphological control

By reasonable morphological design, photocatalytic activity of
S-scheme heterojunction can be greatly improved [69]. Dai et al
[70] synthesized the S-scheme heterojunction CdLa,S4/ZnIn,S, by
loading fishbone-like CdLa,S, on micrometer flower-shaped ZIS
based on different work functions. The unique structure provided
a large contact area between the catalyst and the reaction solu-
tion. Through careful design of the morphology and the construc-
tion of S-scheme heterojunction, the degradation efficiency of sul-
famethoxazole was as high as 98.9%.

However, the 2D sheet-like structure of ZnIn,S, often un-
dergoes excessive self-assembly to produce flower-shaped micro-
spheres, which greatly reduces the active sites and leads to photo-
generated carrier recombination [71]. Therefore, constructing het-
erojunctions between catalysts with appropriate morphology and
ZIS nanosheets can prevent aggregation and improve photocatalytic
activity [72]. Zhao et al. [73] constructed the S-scheme hetero-
junction ZIS/WOs3 by in-situ growth of 2D ZIS nanosheets on 1D
WO3 nanorods. The 1D nanorod structure can avoid the aggrega-
tion of ZIS sheet-like structures and has a large specific surface
area and a short charge transfer path. The vertical distribution of
2D nanosheets on the surface of 1D nanorods can improve the
surface activity and light absorption of photocatalysts. Thanks to
the S-scheme heterojunction and exquisite morphology design, the

ZIS|WOs3 heterojunction exhibited excellent photocatalytic activity,
with a hydrogen production rate of 300 ymol g~! h-1,

Compared to 1D/2D composite, 2D/2D composite not only pre-
vents the aggregation of ZIS nanosheets, but also the OP substrate
of 2D can provide a larger specific surface area and tighter sur-
face contact, thereby providing more adsorption and active sites
and rich charge transfer channels for the construction of S-scheme
heterojunctions [74]. Wang et al. [75] prepared mossy tile-like mor-
phology S-scheme heterojunction ZIS/CMS by in-situ growth of ZIS
nanosheets on Cu,;MoS, plates. The unique structure inhibited the
aggregation of ZIS nanosheets, provided more active sites, and led
to the formation of a tight interface S-scheme heterojunction be-
tween ZIS and CMS. The photocatalytic hydrogen production rate
of ZIS|CMS was as high as 1298 pmol g=! h~! and had excel-
lent stability. In addition, due to the unique layered crystal struc-
ture of BiyTi30qp, Zhou et al. [76] prepared an S-scheme hetero-
junction 2D/2D Znln,S4/BisTi30q, using molten salt method and
low-temperature solvothermal method. Benefiting from the abun-
dant active sites, tight contact interfaces, and effective separation
of photo-generated carriers, ZIS/BTO exhibited good tetracycline re-
moval efficiency, with a rate constant of 0.023 min~!.

Compared to other morphology engineering, hollow structures
can offer nanomaterials some unique advantages including large
specific surface area, a great number of active sites, and improved
light utilization through multiple reflections and scattering of light
[77]. Li et al. [78] prepared an S-scheme heterojunction ZIS/HCNT
with core-shell structure by in-situ growth of ZIS nanosheets on g-
C3N4 hollow nanotubes. Compared to 1D nanorods, 1D nanotubes
had higher light utilization efficiency and stronger charge trans-
fer ability due to multiple reflection effects and thin tube walls. In
situ growth promoted the formation of a uniform and tight inter-
face between the two, and simultaneously utilized the advantages
of hollow structure and S-scheme heterojunction, exhibiting a high
CO yield of 883 pmol g~! h—1,

3.2. Defect engineering

For S-scheme heterojunctions, increasing the difference in work
function between RP and OP can also enhance the strength of the
internal electric field, thereby promoting the transfer of interfacial
charges in heterojunctions and the separation of photo-generated
carriers in photocatalysts [79]. The introduction of vacancies can
regulate the work function of catalysts, thus improving S-scheme
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Table 1
Summary table of the improvement methods of ZnIn,S4-based S-scheme heterojunction.
Improvement
methods Photocatalyst Light source Application Performance Ref.
Morphological 0D Bi3TiO; nanodots/3D 300W Xe lamp (A > 420nm) H, evolution 13.7 pmol g~' h!
control Znln,S4 nanoflowers [54]
1D TiO;, nanofiber/2D ZnIn,S, 300W Xe lamp H, evolution 6.03mmol g~ h-!
nanosheets [45]
1D WOs3 nanorods/2D ZnIn,S, 300W Xe lamp (A > 400 nm) H, evolution 300 pmol g~' h-!
nanosheets [73]
2D fishbone-like CdLa;S4/3D 300W Xe lamp H, evolution 1582.3 pmol g~! h!
Znln,;S4 nanoflowers [70]
1D hexagonal g-C5N4 tubes/2D 300W Xe lamp CO, reduction 883 umol g~' h~! CO
ZnIn,S4 nanosheets [78]
0D ZnO nanoparticles/3D 300W Xe lamp H, evolution 13.64mmol g-! h!
Znln,S4 nanoflowers [62]
1D ZnO nanorods@2D ZnIn;S, 300W Xe lamp CO, reduction 39.76 pmol g-! h-' CO
nanosheets 3.92 pmol g~' h~' CH, [10]
1D W03 nanofiber@2D 300W Xe lamp H, evolution 8500 pmol g~' h-!
ZnIn,S4 nanosheets [46]
2D sheet-like BisTi30q3/2D 300W Xe lamp (A > 420nm) Tetracycline K=0.02234 min~!
Znln,;S4 nanosheets degradation [76]
Mossy tile-like 2D/2D 300W Xe lamp (A > 400 nm) H, evolution 1298 pmol g=! h-!
Cuy;MoS,4/ZnIny Sy [75]
Znln,S4 nanoflake/24-faceted 300W Xe lamp (A > 420nm) Tetracycline K=0.02663 min~!
concave MIL-88(Fe) degradation [44]
3D TiO, hollow spheres@2D 300W Xe lamp CO, reduction 9.28 ymol g~' h~! CO
Znln,S, nanosheets 4.26 pmol g~' h~1 CHy [66]
4.78 ymol g~ h-' CH;0H
1D Ta, 05 nanofiber/2D 300W Xe lamp (A > 400 nm) CO, reduction 101.62 pmol g~' h-! CO
Znln,S, nanosheets 7.22 pmol g~' h~' CH, [25]
1D hollow corncob-like 300W Xe lamp (A > 420nm) H, evolution 1.85mmol g! h!
LaFeO5/2D ZnIn,S4 nanosheets [67]
1D TiO; nanotube/3D ZnIn,S, Xe lamp solar simulator RhB degradation K=0.03253 min!
nanoflower [19]
Defect engineering Sv-Znln, S4/g-C3Ny 300W Xe lamp (A > 420nm) Tetracycline K=0.03361 min~!
degradation [83]
Sv-ZnS/ZnIn, S, 300W Xe lamp (A > 420nm) H, evolution 2912.3 pumol g~! h!
[81]
Element doping Mo-ZIS@NiTiO3 300W Xe lamp (A > 420nm) H, evolution 14.06 mmol g~! h!
[84]
Mo0O;@Mo-ZIS 300W Xe lamp (A > 420nm) H, evolution 5.5mmol g-! h™!
[85]
Facet engineering Znln,S,/BiOBr-(001) 300W Xe lamp (320 < A < H, evolution 17mmol g~ h-!
780 nm) [86]
Photothermal- FeS,@ZnIn,S, 300W Xe lamp H, evolution 5.05mmol g~ h~!
assisted [87]
photocatalytic C0304@ZnIn,S, 300W Xe lamp H, evolution 18.9mmol g~! h™!
[88]
MoO;_,@ZnIn,S, 300W Xe lamp CO, reduction 4.65 ymol g~ h=' CO
28.3 pmol g~ h™! CHy [89]
Cuy.xS@Znln, S, 300W Xe lamp H, evolution 4653.43 pmol g~ h™!
[90]
2-C3N,@ZnlIn, S, 300W Xe lamp H, evolution 4075.65 pmol g~ h-!
[91]
Ternary CNQDs/TCN/ZnIn, S, 300W Xe lamp (A>420nm) Petroleum K=0.4362g L' h™!
heterojunction hydrocarbon [92]
degradation
g-C3N4/TiO,/ZnIn, S4 graphene 300W Xe lamp H, evolution 6531.9 umol g-! h!
aerogel [93]
BN/MXene/Znln,S4 300W Xe lamp H, evolution 1455 pmol g~ h~!
[15]
a-Fe;03@ZnIn; S, /Tis Cy 500W Xe lamp (A>420nm) Bisphenol A K=0.02595 min~!
degradation [69]

heterojunctions through defect engineering [80]. Liu et al. [81] first
prepared ZIF-8/ZIS with atomic level tight interfaces through the
ZIS self-sacrificing reaction mechanism and then controlled the in-
situ sulfurization time to convert ZIF-8/ZIS into an S-scheme het-
erojunction Sy-ZnS/ZIS with controllable sulfur vacancy concentra-
tion. The introduction of sulfur vacancies changed the work func-
tion of ZnS, increasing the difference in work function between
ZIS and ZnS from 1.41eV to 1.53eV. Sy-ZnS/ZIS with enhanced in-
ternal electric field strength and tight interface exhibited excel-
lent photocatalytic hydrogen production performance; the hydro-

gen production rate of Sy-ZnS/ZIS was 2912.3 +185.9 umol g-!
h~1, which was much higher than the hydrogen production rate
of other ZnS/ZIS photocatalyst by 103 umol g1 h~1 [82].

The bridging of interface chemical bonds can provide a charge
transmission channel, which is conducive to faster electron transfer
between interfaces and further expands the advantages provided
by defect engineering [94]. Sun et al. [83] combined g-C3N4 with
ZIS with sulfur vacancies to construct an S-scheme heterojunc-
tion Sy-ZIS/CN with efficient degradation of tetracycline. Within
90 min, the tetracycline degradation rate of S,-ZIS/CN reached
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96.36%, much higher than the 64.62% tetracycline degradation rate
of ZIS-S/CN prepared by mechanical stirring. The excellent activity
was attributed to the introduction of sulfur vacancies, the forma-
tion of interface S-C bonds, and the internal electric field, which
jointly promoted charge transfer in S-scheme heterojunctions and
significantly improved the separation efficiency of photo-generated
carriers.

3.3. Element doping

The combination of S-scheme heterojunction and element dop-
ing can synergistically improve light absorption and promote the
separation of photo-generated carriers, thereby enhancing photo-
catalytic performance. Su et al. [85] utilized the thermal solubility
of MoOj3 to obtain uniform in-situ Mo doped ZIS wrapped MoO3 S-
scheme heterojunction. In situ Mo doping not only improved light
absorption, but also led to the formation of Mo-S bonds, reducing
the AGy+, leading to excellent photocatalytic hydrogen production
performance (5.5mmol g-! h~1), which was much better than that
of Mo05;@ZIS (2.4mmol g-! h-1).

Element doping can achieve a larger Fermi energy level dif-
ference between heterojunctions by adjusting the work function,
resulting in a stronger internal electric field and higher interfa-
cial charge transfer efficiency [95]. In addition, elemental doping
can also change the hydrophilicity of the catalyst surface, promot-
ing the adsorption and activation of H,O molecules [96]. Zhu et
al. [84] constructed an S-scheme heterojunction by in-situ growth
of Mo-modified ZnIn,S; nanosheets on rod-shaped NiTiO3 using
the hydrothermal method (Mo-ZIS@NTO). Mo doping significantly
increased the Fermi level of ZIS, resulting in an increase in the
Fermi level difference between ZIS and NTO from 1.0eV to 1.43eV.
The enhanced internal electric field as a powerful driving force
can promote the separation and transmission of photo-generated
charge carriers. The increased hydrophilicity of Mo-ZIS helped to
adsorb more water molecules for photocatalytic reduction of hy-
drogen production. Through the combined effect of S-scheme het-
erojunction and Mo doping, Mo-ZIS@NTO exhibited excellent per-
formance, with a hydrogen production rate of 14.06 mmol g~! h~1
under visible light, which was 2.2 times higher than ZIS@NTO.

3.4. Facet engineering

For S-scheme heterojunction structures, the transfer and spatial
separation of photo-generated carriers in RP and OP occur between
interfaces. Different crystal planes of the same crystal phase will
have different energy band levels due to differences in their sur-
face electronic structures [97]. Therefore, the interface contact be-
tween ZIS and other semiconductors with different facet exposure
can lead to heterojunctions with different band structures, thereby
affecting the migration of photo-generated carriers between inter-
faces [98]. Xi et al. [86] used crystal plane engineering to adjust the
arrangement of energy bands, regulate charge transfer and separa-
tion between interfaces, and significantly improved the photocat-
alytic activity of S-scheme heterojunctions for hydrogen produc-
tion. ZIS/BOB-(010) and ZIS/BOB-(001) S-scheme heterojunctions
were prepared by growing ZIS nanosheets on BiOBr nanoparticles
mainly composed of (010) and (001) facet, respectively. The Fermi
energy level difference (0.70eV) between BOB-(001) and ZIS was
larger than that (0.49 eV) between BOB-(010) and ZIS. Due to the
larger Fermi energy level difference between BOB-(001) and ZIS,
the interface exhibited more significant band bending and stronger
internal electric field, accelerating the transfer efficiency of photo-
generated carriers through the BOB-(001)/ZIS interface, thereby
promoting the recombination of useless photo generated carriers
with weak redox ability and the spatial separation of useful photo-
generated electron-hole pairs with strong redox ability. Therefore,
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BOB-(001)/ZIS exhibited excellent photocatalytic hydrogen produc-
tion efficiency, up to 17.0mmol g~! h~1, which was 4.0 and 2.4
times higher than that over ZIS and BOB-(010)/ZIS, respectively.

3.5. Photothermal-assisted photocatalysis

As a temperature sensitive photocatalyst, the increase in tem-
perature leads to an increase in its activity of ZnIn,S, [88]. There-
fore, coupling ZnIn,S; nanosheets with photothermal materials
to construct an S-scheme heterojunction can achieve higher pho-
tocatalytic activity, which is beneficial for the development of
photothermal-assisted photocatalytic systems [91]. Chen et al. [87]
constructed an S-scheme heterojunction by in-situ growth of ZIS
nanosheets on FeS, hollow spheres, a photothermal material. The
photothermal effect of FeS, increased the temperature of the reac-
tion system and accelerated charge transfer; the surface ZIS coat-
ing could effectively prevent heat loss. Under simulated solar radi-
ation, the hydrogen production rate over FS,@ZIS was as high as
5.05mmol g~! h~1, which was 47.9 and 53.7 times that over the
original ZIS and FeS,, respectively.

In recent years, the localized surface plasmon resonance (LSPR)
effect has also been found in some non-stoichiometric compounds,
enabling them to possess the ability of photothermal synergistic
catalytic reactions [90]. Xiong et al. [89] successfully synthesized
the S-scheme heterojunction MoO3_,@ZIS by in-situ growth of ZIS
nanosheets on 1D needle-like MoO5_. Due to the large number of
oxygen vacancies in MoOs_, MoS*+ was reduced to Mo+, resulting
in an increase in free electron concentration and the LSPR effect.
Under the synergistic effect of S-scheme heterojunction and pho-
tothermal conversion, the reaction efficiency and CH4 selectivity of
CO, reduction were improved. Under full spectrum irradiation, the
yields of CO and CH4 over MoO5_,@ZIS reached 4.65 and 28.3 umol
g1 h~1, respectively, and CH, selectivity was as high as 85.89%,
with CHy yield, 19.4 and 11.7 times higher than that over MoO3_4
and ZIS.

3.6. Ternary heterojunction

Compared to binary S-scheme heterojunctions with single-
channel charge transfer, charge transfer of multicomponent hetero-
junctions with multi-carrier transport paths is more efficient [99].
Bai et al. [100] anchored the S-scheme heterojunction ZIS-NiSe;
onto Ti3C, MXene using a two-step solvothermal method. Due to
the higher Fermi level of ZIS compared to NiSe, and TisC, MX-
ene, the charge of ZIS will be transferred to NiSe, and Ti3C; MX-
ene. When the Fermi levels of the three were balanced, an inter-
nal electric field was generated between the interface of ZIS and
NiSe,, and a Schottky barrier was formed between the interface of
ZIS and Ti3C; MXene. When illuminated, the photo-generated elec-
trons in Ti3C, CB will recombine with the photo-generated holes
in ZIS VB in the internal electric field, while the photo-generated
electrons on ZIS CB will migrate along the Schottky junction to
TizC; MXene, thereby suppressing the photo-generated electron re-
flux in ZIS. Under the synergistic effect of Schottky junction and S-
scheme heterojunction, the dual charge transfer pathways in ZIS
can achieve rapid photo-generated carrier separation; Ti3C,-ZIS-
NiSe, exhibited a hydrogen production rate of 23.51 mmol g~! h~!
under visible light, which was 23.51, 8.31, and 3.54 times higher
than that over ZIS, Ti3C,-ZIS, and ZIS-NiSe,, respectively.

Xia et al. [92] promoted the charge transfer of 2D/2D S-scheme
heterojunctions without close contact region by inserting OD CN-
QDs between 2D/2D TCN (tubular g-C3N4)/ZIS S-scheme hetero-
junctions to construct Schottky junctions. The synergistic effect of
this Schottky junction and S-scheme heterojunction greatly im-
proved the transfer and separation of charges between the 2D/2D
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TCN/ZIS interfaces, generating abundant ‘OH, ‘O,~ and photo-
generated holes to remove carbon atoms in Ci4H3y one by one,
ultimately efficiently degrading n-tetradecane into CO, and H,O.

Most studies on S-scheme photocatalysts have focused on bi-
nary composite materials. However, there is still considerable po-
tential for improvement in charge transfer, quantum efficiency, and
light capture ability of the binary S-scheme photocatalyst [101].
The dual S-scheme heterojunction can further optimize the photo-
generated charge transfer pathway, and its excellent photocatalytic
activity can be attributed to the synergistic effect between the
three components [102]. Liu et al. [93] used the isoelectric point
assisted calcination method to fix g-C3Ng4, TiO, and ZIS on the
graphene aerogel carrier and constructed a dual S-scheme hetero-
junction g-C3N4/TiO,/ZIS (CTZA) which efficiently degraded methyl
orange (MO) under visible light irradiation. Due to the lower Fermi
level of TiO, compared to g-C3N4 and ZIS, when the three came
into contact, the charges on g-C3N4 and ZIS will transfer to TiO,
until the Fermi level was balanced, and a dual internal electric
field directed by g-C3N4 and ZIS towards TiO, was formed. Un-
der illumination, the photo-generated electrons in the CB of TiO,
recombined with the photo-generated holes in g-C3N4 and ZIS,
thereby retaining the holes with strong oxidation ability in the VB
of TiO, and the electrons with strong reduction ability in g-C3N4
and ZIS. Graphene with excellent conductivity can further promote
the transfer and separation of photo-generated charge carriers, re-
sulting in a degradation rate of 97.5% for MO over CTZA within
30 min, much higher than that over ZIS, TiO, and g-C3Ny.

4. Conclusions and prospects

ZnIn,S4, as a reducing ternary metal sulfide photocatalyst,
has received widespread attention due to its narrow bandgap
and visible-light-responsive properties. Unfortunately, the rapid re-
combination of photo-generated carriers and photo-corrosion of
Znln,S, curbs its practical application. Although constructing S-
scheme heterojunctions by combining with other semiconductor
materials can improve the photocatalytic activity of ZnIn,S4, de-
veloping effective strategies which can further improve the photo-
catalytic performance of ZnIn,S4-based S-scheme heterojunctions
still remain a challenge. This article introduces the concept and
design principles of Znln,S4-based S-scheme heterojunction, and
summarizes its current improvement strategies for S-scheme het-
erojunction, including morphology control, defect engineering, el-
ement doping, facet engineering, photothermal assisted catalysis,
and ternary heterojunction. Although the studies on the improve-
ment of Znln,S4-based S-scheme heterojunctions have made sig-
nificant progress, a few research areas can be focused in the future.

Firstly, to identify the direction of charge transfer in S-scheme
heterojunctions more accurately, more advanced in-situ character-
ization techniques should be applied to demonstrate the charge
transfer process besides in-situ XPS and AFM. For instance, time-
resolved photoemission electron microscopy (TR-PEEM) can be ap-
plied to visually showcase the transfer of electrons and holes of
Znln,S,-based S-scheme heterojunctions.

Secondly, combining experiments with theoretical simulation
calculations helps understand the dynamics of charge carrier trans-
fer and identify the active sites of OP and RP, which benefits the
rational design of photocatalysts for the selective reaction. For ex-
ample, for photocatalytic reduction of CO, using Znln,S4-based S-
scheme heterojunctions, active sites favorable for the generation of
reaction intermediates can be predicted through theoretical calcu-
lations, and the electron enrichment ability of reducing sites can
be increased by improving the S-scheme heterojunction. Therefore,
rational design of S-scheme heterojunctions can further enhance
product selectivity and generate more valuable hydrocarbon fuels.
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Thirdly, previous studies focused on the improvement of
Znln;,S4-based S-scheme heterojunctions through anionic vacancies
and metal doping. Cation vacancies, non-metal doping and dou-
ble doping can also be applied to improve the performance of S-
scheme heterojunctions in the future.

Finally, extending the photo-response of Znln,S4-based S-
scheme heterojunction to near-infrared range through narrowing
the bandgap and combining Znln,S4-based S-scheme heterojunc-
tion with up-conversion materials, photothermal-conversion mate-
rials or photosensitive materials can also be a research focus since
near-infrared light accounts for 52% of solar light.
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