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a b s t r a c t

Artificial Z(S)-scheme photocatalytic water splitting systems have attracted extensive attention due to

their advantages such as wide light absorption range, high charge separation efficiency and strong car-

rier redox ability. However, it is still challenging to design and prepare Z(S)-scheme photocatalysts with

low-cost and highly stability for efficiently photocatalytic overall water splitting using solar energy. This

review mainly introduces various strategies to improve the photocatalytic water splitting performance of

Z(S)-scheme systems. These strategies mainly focus on enhancing or extending the range of light absorp-

tion, promoting charge separation, and enhancing surface redox reaction in Z(S)-scheme systems. Finally,

the main challenges of Z(S)-scheme photocatalytic water splitting systems and their future development

directions are pointed out. This review would be beneficial to understanding the challenges and oppor-

tunities faced by the research field of Z(S)-scheme photocatalytic systems, and has important guiding

significance for the development and utilization of high-performance Z(S)-scheme photocatalytic reaction

system in the future.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Photocatalytic overall water splitting is considered as one of the

most important and attractive green hydrogen production meth-

ods to solve the global energy demand. The photocatalytic reac-

tion of splitting water into hydrogen and oxygen through solar

energy has received widespread attention since it is possible to

convert solar energy into promising energy [1–5]. However, the

rate of water splitting based on single photocatalyst is extreme

slow due to the low energy of visible light, resulting in an ex-

treme low energy conversion efficiency from solar to hydrogen

(STH). The most possible form of artificial photosynthesis is the

two-step light excitation called “Z-scheme”, which mimics the nat-

ural light system. Photogenerated holes with strong oxidizing abil-

ity and electrons with strong reducing ability are retained in the

unique Z-scheme photocatalytic systems. Z-scheme photocatalytic

systems are mainly divided into indirect and direct types according

to whether electronic media are required [6–8]. One of the most
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important characteristics of indirect Z-scheme photocatalyst is the

Z-scheme transport path of photogenerated carriers, which is re-

alized indirectly by means of electronic medium [9,10]. According

to the types of electronic media used, indirect Z-scheme photo-

catalytic systems are mainly divided into two types, namely, tradi-

tional liquid phase systems and all solid Z-scheme systems [11–13].

All solid Z-scheme system employs conductor as electron media-

tor between the two photocatalysts to promote the charge trans-

form. Direct Z-scheme system relies on the interfacial electric field

for charge transform without electron mediator [14–19]. Then the

concept of “S-scheme” was proposed to overcome the shortcom-

ings like dynamical repulsion and energy loss which were exposed

in Z-scheme systems [20–22].

Enhancing or extending the range of light absorption [23–26],

promoting charge separation [27–34], and loading co-catalysts [35–

41] are main strategies to improve the performance of photocat-

alytic water splitting in the Z(S)-scheme systems. The photocata-

lyst with high light absorption efficiency are the basis of develop-

ing Z(S)-scheme photocatalytic water splitting devices. In order to

obtain a wider range of light absorption, it is necessary to extend

the light absorption of the material to the visible band or even

the near infrared region. Reducing surface reflection and adopting

https://doi.org/10.1016/j.cclet.2023.108724
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multiple absorption are effective methods to improve the absorp-

tion efficiency. Nano-structure and porous structure can effec-

tively reduce surface reflection, and optical scattering and reflec-

tion structure can provide multiple absorption process of light [42–

45]. In order to promote Z(S)-scheme photocatalytic water splitting

in an efficient and simple way, it is urgent to design a suitable het-

erogeneous catalyst. Therefore, it is critical of comprehensive un-

derstanding of the electronic structure and reactivity of these het-

erogeneous structures. In the last few years, several photocatalysts

have been used to develop Z(S)-scheme technologies using mul-

tiple redox media [28,46-52]. Guo et al. successfully constructed

boron-doped nitrogen-deficient carbon nitride-based Z(S)-scheme

heterojunction with 1.16% of solar-hydrogen energy conversion ef-

ficiency for pure water splitting [29]. To deeply understand the

physical and chemical processes of catalytic reactions, master the

activation mechanism of co-catalysts, and construct the system of

hydrogen and oxygen generation co-catalysts are also important to

promote Z(S)-scheme photocatalytic water splitting [53–58].

Designing novel outstanding Z(S)-scheme heterojunctions to

achieve large-scale practical application is also highly desired. De-

spite the laudable advances in seeking high-efficiency and robust

Z(S)-scheme photocatalytic energy conversion systems in the last

few years, the exploration is still at the primary stage. There are

numerous challenges to overcome in the exploration of remarkably

boosting activity, selectivity and long-time durable Z(S)-scheme

systems [59–63]. Compared with modifications on single photo-

catalyst, the strategies used to polish up the ability of Z-scheme

photocatalytic systems will be more effective [64,65]. This review

mainly introduces various engineering strategies to improve the

photocatalytic water splitting performance of Z(S)-scheme photo-

catalytic systems. These strategies mainly focus on enhancing or

extending the range of light absorption, promoting charge separa-

tion, and loading co-catalyst in the mechanism of Z(S)-scheme sys-

tems. Finally, the main challenges of Z(S)-scheme heterojunctions

and their future development directions are pointed out. This re-

view would be beneficial to understand the challenges and oppor-

tunities faced by the research field of Z(S)-scheme photocatalytic

reaction system, and has important guiding significance for the de-

velopment and utilization of high-performance Z(S)-scheme photo-

catalytic system in the future.

2. Various strategies

The working mechanism of Z(S)-scheme heterojunction in pho-

tocatalytic hydrogen production and oxygen production is mainly

divided into three steps- light absorption, charge separation and

surface redox reaction [43,66-68]. Therefore, as shown in Fig. 1,

the strategies to promote Z(S)-scheme photocatalytic water split-

ting should focus on enhancing or extending the range of light ab-

sorption, promoting charge separation and enhancing surface redox

reaction in the working mechanism of Z(S)-scheme photocatalytic

water splitting systems [69–76]. The energy of sunlight is mainly

concentrated in the visible and infrared regions, in which the pro-

portion of visible light is about 43% and the proportion of infrared

light is 53%. Therefore, the development of visible light or even in-

frared light response photocatalysts is of great significance for the

full utilization of solar energy [77–79]. In order to improve the effi-

ciency of Z(S)-scheme photocatalytic water splitting, it is necessary

to develop catalytic materials with high light absorption efficiency.

2.1. Enhancing or extending the range of light absorption

In the working process of the Z(S)-scheme system, the first sig-

nificant step is the light absorption. Hence, how to enhance the

ability of the light absorption in the Z(S)-scheme system is a com-

mon dimension to polish up the capacity for overall water split-

Fig. 1. Various strategies to promote Z(S)-scheme photocatalytic water splitting sys-

tems (PC I: Photocatalyst I for reduction; PC II: Photocatalyst for oxidation).

Fig. 2. (A) The preparative process for CdS/Co9S8 and corresponding TEM images;

scale bar (200nm). (B) Illustration of multiple reflections within the CdS/Co9S8 hol-

low structure and the photoexcited charge-carrier distribution. Reprinted with per-

mission [25]. Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

ting. Morphological structure engineering and bandgap structure

engineering are the most effective strategies to strengthen the light

absorption of the Z(S)-scheme system. Here we will list several ex-

amples to show the strategies for improving the efficiency of the

Z(S)-scheme system in the way of morphological structure engi-

neering and bandgap structure engineering.

2.1.1. Morphological structure engineering in Z(S)-scheme system

The design of the morphological material structure can pro-

mote light absorption of semiconductors that make up heterojunc-

tions to improve the Z(S)-scheme photocatalytic performance. Hol-

low cubes have the characteristic of exhibiting anisotropic shapes

which exposing more edges and faces to fully absorbs light en-

ergy by multiple scattering. Therefore, Qiu et al. proposed an idea

that the use of Co9S8 hollow cube is a splendid application for the

construction of a redox-mediator-free Z-scheme system [25]. Fig.

2A shows the design and synthesis of a Co9S8 hollow cube mod-

ified by CdS quantum dots. Using dimethyl sulfoxide (DMSO) as

the solvent and hollow Co(OH)2 cube as the template, a simple

hydrothermal method was used to obtain a hybrid Z-scheme sys-

tem. A “mediatorless” Z-scheme photocatalytic system is directly
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Fig. 3. (A) The experimental system and schematic illustration of Ag-PDA/ZnO for water splitting in the visible-infrared solar irradiation. (B) The schematic illustration for

plasmonic upconversion and direct excitation. (C) The stability test of Ag-PDA/ZnO. Reprinted with permission [26]. Copyright 2022, Chemistry A. Royal Society of Chemistry.

constructed by loading CdS quantum dots on the surface of the

Co9S8 hollow cube. TEM images clearly show that highly dispersed

CdS/Co9S8 hollow cubes were successfully prepared. Due to the

excellent advantages of hollow structure, the multiple reflections

after the preparation of the CdS/Co9S8 hollow cubes for the Z-

scheme system is illustrated in the Fig. 2B. Hollow structures allow

lights to be more scattered and refracted compared to solid struc-

tures. The hollow CdS/Co9S8 hollow cube exhibits efficient solar

light collection capabilities due to multiple scattering and refrac-

tion, making the Z-scheme system exhibit incredible HER activity

and stability under sunlight. Taking advantage of the high position

of the Co9S8 conduction band and the large electron reduction po-

tential, fully combined with the “light multiple reflection” effect of

the hollow structure, the strong interfacial force between CdS and

Co9S8 promotes the transfer of CdS conduction band electrons to

the Co9S8 valence band in the absence of a mediator, effectively

inhibits the occurrence of photogenerated charge inverse reaction

and improves the activity and stability of the catalyst.

2.1.2. Bandgap structure engineering in Z(S)-scheme system

The semiconductor photocatalysts used in the Z(S)-scheme sys-

tem are limited by their inherent energy band characteristics and

only respond to specific wavelength photons. It is urgent to de-

velop photocatalysts that can absorb visible and near-infrared light

to improve the separation efficiency of photogenerated electron-

hole pairs in the Z(S)-scheme system. Therefore, Xue et al. use

the local surface plasmon resonance effect (LSPR) of noble metal

nanoparticles to achieve large-scale solar spectral absorption and

significantly extend the plasmon lifetime by designing the poly-

dopamine passivation layer [26]. Fig. 3A shows a plasma layer-

passivated ternary particle photocatalytic water separation system.

The system includes light-harvesting antennas, oxygen evolution

active sites (Ag clusters), surface passivation layer (PDA) and hy-

drogen production active sites (ZnO). The Ag node is embedded

in the PDA and the connection between the PDA and Ag node

are non-covalent bonds. Some Ag atoms clump together to main-

tain a strong LSPR effect. The passivation effect of PDA is an en-

hancement of the thermodynamics and kinetics of the plasma sys-

tem. The thermal vibration induced reverse transfer process lasts

much longer than the LSPR excitation process in the presence of

PDA passivation layer. As a result, the excited electrons and holes

can continue to respectively accumulate and participate in sub-

sequent HER and OER reactions. Fig. 3B illustrates the thermody-

namic electron transfer mode of the system. Path 1 corresponds to

the indirect transfer process between Ag and ZnO, and although

this path satisfies the laws of thermodynamics, only a few elec-

trons will eventually be transferred to the CB of ZnO. Therefore, a

more efficient up-conversion mechanism in path 2 is particularly

important to compensate for the lack of electron transfer in path

1. Path 3 transfers electrons directly to the Raman virtual state of

ZnO through the high vibrational energy level of the plasma exci-

ton. The catalytic activity of the system is significantly enhanced

under the joint action of the three pathways. The results of Fig.

3C confirm the excellent catalytic activity and stability of the sys-

tem. Under the 532nm light source, the deactivation rate of the

carrier was balanced with the generation rate at about 60min, un-

der 785nm it was about 170min, and under AM 1.5G it was about

70min. The performance of the material remained stable after con-

tinuous catalysis for 10,000min. The energy pool effect of the PDA

passivation layer can greatly extend the charge lifetime generated

by the plasma exciton, thus solving the problem of time mismatch

between the plasma exciton and numerous physical/chemical pro-

cess.

2.2. Promoting charge separation

After the first step of light absorption in the working process

of the Z(S)-scheme system, the second key factor of the system

is the speed of charge separation. The fast charge transfer rate

of Z(S)-scheme system significantly inhibits the recombination of

photoinduced electron-hole pairs, thereby improving the separa-

tion efficiency of effective carriers [80–82]. The separation of car-

riers can promote the spatial separation of reducing and oxidizing

active sites, ensuring that specific photocatalytic reactions can take

place on the corresponding active sites. Also, conjugated skeleton

structures of the porous organic and organic-inorganic hybrid ma-

terials are beneficial for the transport of reactants and carriers in

the Z(S)-scheme systems. In general, the main strategies to pro-

mote the charge separation in the Z(S)-scheme system can be di-

vided into two types: surface engineering of the photocatalysts and

interface engineering between the photocatalysts.

2.2.1. Surface engineering in Z(S)-scheme system

On the surface of photocatalysts, uncontrollable charge recom-

bination reactions are the main factors leading to the low effi-

ciency of Z(S)-scheme photocatalytic systems. The two uncontrol-

3
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Fig. 4. (A) Electron transfer mechanism. Schematic electron transfer mechanism and energy level diagram of the Ru/Pt/HCa2Nb3O10 nanosheets for H2 evolution and

PtOx/H–Cs-WO3 for O2 evolution. (B) Schematic reaction mechanism of PSS/Ru/Al2O3/Pt/HCa2Nb3O10 nanosheets during visible-light H2 evolution. (C) STH energy conversion

efficiencies of Ru/Pt/HCa2Nb3O10 nanosheets with different modifications for Z-scheme water splitting. Reprinted with permission [27]. Copyright 2022, American Association

for the Advancement of Science.

lable back electron transfer processes as shown by red arrows

in Fig. 4A would induce the poor efficiency of the energy con-

version. Fig. 4A clearly shows the mechanism of charge trans-

fer in the Z(S)-scheme for overall water splitting. Therefore, how

to suppress these two back electron transfer reactions has be-

come a major challenge to improve the efficiency of the Z(S)-

scheme photocatalytic system. Al2O3 and anionic polystyrene sul-

fonate polymer (PSS) were used to modify the surface of the

dye-sensitized photocatalyst to inhibit the reverse reaction pro-

cess in Fig. 4B. On the one hand, the back electron transfer re-

action (I3
– + e– → I– + I2) was suppressed due to the electrostatic

repulsion between the anionic polymer of PSS. On the other hand,

Al2O3 can inhibit the reverse electron transfer reaction from oxide

to adsorption dyes. The difference in Z(S)-scheme activity among

the differently modified nanosheet photocatalysts was found to be

much clearer when the Z(S)-scheme reactions were conducted un-

der simulated sun-light. Fig. 4C exhibits STH energy conversion ef-

ficiencies under different light intensity conditions using different

samples. It is clear that the STH of the modification with Al2O3

and PSS increasing nearly a hundredfold compared with the orig-

inal Ru/Pt/HCa2Nb3O10 nanosheets. The STH of the optimized sys-

tem is 0.12% which is the highest value in the modified way of the

surface-modified and dye-sensitized nanosheets solar-driven Z(S)-

scheme for overall water splitting. This work will lead the devel-

opment of dye-sensitized photocatalysts as solar energy conversion

materials and are also expected to promote the development of

this field.

Multi-mediator modulation is one of the significant measures

in surface engineering to promote the overall water splitting per-

formance of Z(S)-scheme system. Based on the principle of nat-

ural photosynthesis, Li et al. successfully realized the highly effi-

cient photocatalytic overall water splitting process inspired by the

Z(S)-mechanism of natural photosynthesis by adopting a multi-

media regulation surface engineering strategy [28]. By coupling in-

organic oxide based photoanodes and organic-polymer based pho-

tocathodes with multiple charge transfer media, a photoelectro-

chemical cell for efficient unbiased overall water splitting was as-

sembled as shown in Fig. 5. It is found that the organic poly-

mer in this system has discrete energy level characteristics, which

makes the spectral absorption of organic photocathode and inor-

ganic photocathode complementary, and greatly improves the uti-

lization of solar energy. In addition, in the system, a bionic charge

transport chain containing multiple charge transport media was

constructed between the light harvesting material and the elec-

tron acceptor/donor. Driven by the electrochemical potential gra-

dient, photogenerated electrons transfer effectively through these

charge transfer media, which improves the charge transfer rate

and reduces the charge recombination rate, thus achieving efficient

charge separation and transmission. Therefore, the solar hydrogen

conversion efficiency reaches 4.3%.

Photogenerated charge separation is the core scientific prob-

lem of artificial photosynthetic solar fuel on the surface of photo-

catalysts. The design and development of efficient photogenerated

charge separation strategies to promote the separation and trans-

mission of photogenerated charges has always been a hot spot and

difficulty in this research field. Wang et al. found that the polarity-

induced surface electric field effectively promoted the spatial sep-

aration of photogenerated charges, which could greatly improve

the activity of Z(S)-scheme photocatalytic overall water splitting

[33]. To realize the improvement of the system, the preparation

process of the semiconductor gallium nitride (GaN) system was

shown in Fig. 6A. The GaN nanorod array structure with clear sur-

face polarity qualities was prepared by metal-organic vapor depo-

sition method. The array structure exposes the polar planes at the

top and the non-polar surfaces on the vertical side, respectively.

From the working mechanism of the system, the GaN nanoar-

ray structures exhibit significant photogenerated charges separa-

tion characteristics between the polar and non-polar surfaces. Pho-

4



Y. Yuan, J. Pan, W. Yin et al. Chinese Chemical Letters 35 (2024) 108724

Fig. 5. Schematic diagram of natural photosynthesis and the photoelectrochemical platform with multi-mediator modulation. Reprinted with permission [28]. Copyright

2021, American Chemical Society.

Fig. 6. (A) Schematic representation of Z-scheme process in the semiconductor gallium nitride (GaN) system. (B) The corresponding quantum efficiency of oxygen evolution

reaction (OER) and hydrogen evolution reaction (HER). (C) Multi-cycles of photocatalytic OWS on the Rh-CoOx/GaN nanorod arrays. All the photocatalytic reactions were

conducted under illumination of 300-W Xe lamp. For comparison, the activities were normalized to that on 1 cm2 of GaN wafer. Reprinted with permission [33]. Copyright

2020, John Wiley & Sons.

togenerated electrons selectively gather on the non-polar surface

of the nanorod while photogenerated holes gather on the polar

surface. Fig. 6B shows the photogenerated charge separation ef-

ficiency of GaN nanorods with polar and non-polar surfaces ex-

ceeds 80% via further discovery by photoelectron-chemistry and

photocatalytic reaction characterization, which is more than ten

times higher than the charge separation efficiency of GaN films.

The performance of the system has the highest charge separation

efficiency reported by similar materials. The amounts of hydrogen

production and oxygen production were presented in Fig. 6C. The

optimized system not only has high reactivity but also has long-

term chemical stability. This work proposes a new strategy of uni-

versal photogenerated charge separation which lays a theoretical

foundation for the construction of an efficient artificial photosyn-

thesis system. Meanwhile, it also provides new ideas for further

deepening the understanding of the essential driving forces of pho-

togenerated charge separation.

The idea of building cascade charge transfer and single-atom

catalytic sites on the surfaces of photocatalysts can not only facil-

itate the charge transfer but also provide active sites in the work-

ing process of Z(S)-scheme system. Peng et al. used graphene oxide

as a template to prepare BiVO4 nanosheets (NSs) with a thickness

of ∼3.76nm by hydrothermal method [34], and then deposited a

layer of Zn/Pt heterometallic monoatomic porphyrin based on poly-

mer with a thickness of ∼1.26nm on its surface in situ to construct

a new two-dimensional composite as shown in Fig. 7A. Photogen-

erated charge transfer mechanism of this composite was proved to

be Z(S)-scheme by means of photoelectrochemical properties, ac-

tive species detection and near edge absorption. In ZnPtP-CP/BiVO4

composite, BiVO4 NSs and ZnPtP-CP polymer are in close contact

at the interface through Zn-O-V bond bridging. The excellent ap-

parent quantum yield (9.85%) was obtained at 400nm. The highly

efficient overall water splitting performance of ZnPtP CP/BiVO4 is

mainly attributed to its unique structural characteristics. First of

all, the BiVO4 NSs prepared with a large number of exposed (010)

crystal faces have a large specific surface area, which not only pro-

vides a large number of active sites for the photocatalytic reac-

tion, but also enables them to closely contact with the ZnPtP-CP

5
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Fig. 7. (A) Schematic diagram of the synthesis route, structure and charge transfer mechanism of the ZnPtP-CP/BiVO4 composite. (B) Schematic diagram of energy band

structures and direct Z-scheme mechanism of the ZnPtP-CP/BiVO4. (C) Overall water splitting performance of various samples under the optimized photocatalytic reaction

condition. Reprinted with permission [34]. Copyright 2021, John Wiley & Sons.

polymer at the interface, thus accelerating the transfer efficiency

of photoelectrons. Secondly, the ultra-thin BiVO4 NSs effectively

shortens the migration distance of internal photogenerated elec-

trons to its surface, hinders the recombination of photogenerated

charges, and promotes the separation of photogenerated charges

in the photocatalytic system along the two-step excitation Z(S)-

scheme path. In addition, type II heterojunction will be formed be-

tween two adjacent porphyrin molecules in the ZnPtP-CP polymer,

that is, type II heterojunction arrays are periodically distributed in

the ZnPtP-CP. Fig. 7B is the band structure of the Z-scheme water

splitting system. In the process of photocatalysis, the photogener-

ated electrons are transferred from BiVO4 NSs to the ZnPorBr core

of ZnPtP-CP, and then transferred to the PtPorF core in ZnPtP-CP

for the reduction reaction of water, while the holes finally remain

on BiVO4 NSs for the oxidation reaction of water. The improvement

of the Z-scheme water splitting performance is shown in the Fig.

7C. It is apparent to find that the catalytic activity of the system is

optimal when 20wt% ZnH2P-CP /BiVO4. This highly ordered elec-

tron transport path enables a more efficient electron utilization ef-

ficiency than traditional Z(S)-scheme catalysts, so as to achieve an

efficient Z(S)-scheme charge separation mechanism for overall wa-

ter splitting without sacrificing agents or external bias. The results

of this study provide a way for the construction of Z(S)-scheme bi-

functional photocatalysis system based on monatomic active sites.

2.2.2. Interface engineering in Z(S)-scheme system

2D/2D polymeric heterostructure is an ideal structure to build

a splendid interface for the charge transform and separation. Due

to the thermodynamic contradiction between light absorption and

redox potential, the development of one-component photocatalytic

Z(S)-scheme systems for overall water splitting still faces great

challenges. Zhao et al. used ultra-thin g-C3N4 (CNN) to achieve

photocatalytic hydrogen evolution reaction, and then used g-C3N4

(BDCNN) containing boron doping or nitrogen defects to adjust the

band structure to achieve photocatalytic oxygen evolution reaction

[29]. By combining these two catalysts, a Z(S)-scheme heterostruc-

ture system can be formed to achieve photocatalytic water split-

ting. The schematic of the synthesis of BDCNN derived from CNN

was shown in Fig. 8A. First, ultra-thin g-C3N4 (CNN) is prepared by

two-step method of ultrasound-calcination. Then, the rapid heat-

ing treatment was carried out for CNN by NaBH4 to obtain g-

C3N4 with boron doping and nitrogen defects (BDCNN). Both of

the CNN and BDCNN are ultra-thin nanosheets with a thickness

of only about 1nm. In Fig. 8B, the CNN and BDCNN were assem-

bled together to build Z(S)-scheme heterostructure system through

electrostatic self-assembly method. When the mass ratio of CNN to

BDCNN is 1:1, the ratio of hydrogen and oxygen producing achieve

about 1:1 and the best photocatalytic activity was realized. The

mechanism of Z(S)-scheme heterostructure was illustrated in Fig.

8C. The Z-scheme heterostructure constructed by CNN in combina-

tion with BDCNN provides an interface for more effect charge sep-

aration and transfer. Meanwhile the photogenerated electrons and

photogenerated hole diagrams of hydrogen and oxygen-producing

photocatalysts in the carbon nitride Z(S)-scheme heterostructure

have a high enough energy barrier to drive the water reduction

and oxidation reaction to achieve photocatalytic decomposition of

pure water to produce hydrogen and oxygen. Owning to the advan-

tages of ultra-thin nanostructures, strong interfacial interactions

and interlaced band arrangement, the water-splitting performance

of the system behaves well in Fig. 8D.

Since the large band gap of the CNN will inhibit the photo-

catalytic activity, Zhao et al. chose BDCNN with a narrower band

gap as the hydrolytic photocatalyst in combination with another

BDCNN as an oxygen evolution component to build the structure

of the Z(S)-scheme system [29]. The band structures of g-C3N4

could be rationally modulated with the simultaneous introduction

of boron dopants and nitrogen defects by thermal treatment with

NaBH4 at different temperatures. Through the optimization of the

band structure, the photocatalytic activity of the synthesized Z-

scheme heterostructure has been greatly improved. With the ad-

dition of Pt and Co(OH)2 co-catalysts, hydrogen production and

oxygen production rates reached 62.69 μmol/h and 31.12 μmol/h.

Solar to hydrogen conversion efficiency (STH) reached 1.16% un-

der simulated sunlight exposure. The breakthrough of the mea-
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Fig. 8. (A) Schematic of the synthesis of BDCNN derived from CNN. (B) Schematic

of the synthesis of the CNN/BDCNN heterostructure. (C) Schematic of the Z-

scheme charge-transfer route in the CNN/BDCNN heterostructure. (D) The over-

all water-splitting performance of different Z-scheme heterostructures (40mg),

self-assembled from one H2-evolving component (CNN, BDCNN325, BDCNN350 or

BDCNN375) and one O2-evolving component (BDCNN400, BDCNN450 or BDCNN500),

under UV–visible light irradiation (λ > 300nm). Measurements were taken at least

three times for separate samples and average values are presented with the stan-

dard deviation as the error bar. Reprinted with permission [29]. Copyright 2021,

Springer Nature Limited.

sure confirms that highly active hydrogen and oxygen-producing

photocatalysts can be obtained simultaneously by fine-tuning the

band structure of interface between polymer semiconductors and

used to construct Z(S)-scheme heterostructures based on homolo-

gous substances. The construction of Z-scheme heterostructures is

of great significance for achieving efficient photocatalytic splitting

of water. However rationally regulating Z-scheme charge transfer

to improve energy transfer efficiency remains a huge challenge.

Building interfacial chemical bond and internal electric field be-

tween the PC I and PC II is also a fantastic method to promote

the charge separation. Wang et al. synthesized ZnIn2S4 and MoSe2
consisting of S vacancies to act as the Z(S)-scheme heterostructure.

Z(S)-scheme interface Mo-S bond and internal electric field can be

regulated for efficient photocatalytic hydrogen evolution [30].

In Fig. 9A, hydrazine monohydrate (N2H4·H2O) was added to

create S vacancies and unsaturated coordinative S atoms. The S va-

cancy enhances light absorption and promotes photocarrier sepa-

ration, while the abundant coordination unsaturated S atoms can

act as anchor for Mo atoms, thereby promoting the formation of

Mo-S bonds and the in-situ growth of MoSe2 on the surface of Sv-

ZIS. The introduction of anionic vacancies in semiconductors not

only enhances the light absorption capacity of the original semi-

conductor, but also introduces an intermediate gap state in the

band gap as an effective electron "trap" to accelerate the separa-

tion efficiency of photocarriers. Therefore, adjusting the appropri-

ate S-vacancy of ZnIn2S4 is a key factor in ensuring the high activ-

ity and stability of the photocatalyst. The Z(S)-scheme diagram of

photocatalytic mechanism is shown in Fig. 9B. A large number of

photoinduced electrons (e−) with enough energy could transform

from the VB of Sv-ZIS to the CB of Sv-ZIS, as a result the holes (h+)
on the VB of Sv-ZIS are been left. It is of great significance that the

abundant S vacancies inside ZIS could introduce new donor level

in the band gap of ZIS, which can work as efficient electrons trap

to restrain the photogenerated electron-hole pairs recombination.

Also, the electrons on the CB of MoSe2 will transform to the VB

of Sv-ZIS to recombine with the holes by the driving power of the

internal electric field. The Mo-S bond working as atomic-level in-

terfacial “bridge” has the ability to accelerate the photoexcited car-

riers migrating between Sv-ZIS and MoSe2. The effect greatly accel-

erating the charge shift in the Z(S)-scheme system. The H2 evolu-

tion rate of different photocatalysts are evaluated in the Fig. 9C.

The amount of H2 evolution of original ZIS is extremely low of

about only 3.36mmol g−1 h−1 and the Sv-ZIS rate produces H2 is

slightly increased of 4.77mmol g−1 h−1. The S-vacancy caused by

the electron trap accelerating the photocarrier separation improves

the photocatalytic performance of Sv-ZIS. Moreover, the introduc-

tion of MoSe2 strengthen the H2 evolution of the Sv-ZIS/MoSe2.

When the mass ratio of MoSe2 to ZIS reached 5.0%, the H2 precip-

itation rate reached the highest, which was 63.21mmol g−1 h−1,

18.8 and 13.3 times higher than that of original ZIS and SV-ZIS re-

spectively.

Typically, the construction of Z(S)-scheme photocatalytic sys-

tems involves tedious experimental process to provide the area

for electronic transform between the two semiconductors [83–91].

Janus-like structures have the capacity to accurately separate the

two catalysts and realize charge transfer on the interfaces. Xiong

et al. constructed a class of Z(S)-scheme photocatalysts without te-

dious experimental process based on a facile cation-exchange ap-

proach to successfully build the Janus-like structures [31]. In this

work, roxbyite Cu7S4 was selected as the starting template because

of its high Cu vacancy density. Fig. 10A shows the transition from

Cu7S4 to λ-MnS by precisely controlling the time and tempera-

ture of cation exchange. Using Cu7S4 nanocrystals as precursors,

NC5 samples with Mn/Cu molar ratio of up to 256 were finally

obtained by cation exchange synthesis route at high temperatures

and long reaction times, which can be roughly regarded as λ-MnS

nanocrystals. The Janus-like structure constructed by Cu7S4 and λ-
MnS was induced by cation exchange of tetrahedral Mn2+ ions.

The electronic band structures of λ-MnS and Cu7S4 was shown in

the Fig. 10B. The energy band of Janus-like structure between λ-
MnS and Cu7S4 indicates that the Z(S)-scheme photocatalytic sys-

tem is constructed effectively. In order to investigate the properties

of the Z(S)-scheme photocatalytic system, Fig. 10C shows the cat-

alytic performance measured in different spectral regions. It can

be clearly seen that under the condition of full spectral irradi-

ation, the photocatalytic hydrogen evolution performance of the

Z(S)-scheme system has been greatly improved. Hydrogen evolu-

tion rate of NC3 is the most optimal among all the samples. The

result clearly indicated the significant role of the Janus-like struc-

ture in the construction of Z(S)-scheme system. The progress of

this research has opened up a new idea for the design of broad-

spectrum photocatalytic materials, and also promoted the surface

interface design of composite photocatalysts.

Charge separation of metal sulfides or selenides with narrow

band gaps is critical for efficient artificial photosynthetic processes

[92–94]. This study enhances the photocatalytic Z(S)-scheme wa-

ter splitting by applying p-n junction structure to granular metal

selenides. The preparation of the (ZnSe)0.5(CGSe)0.5/Au/BiVO4: Mo

has successfully been made from the Figs. 11A-E. The group

use a particle transfer method to prepare the sheet systems of

(ZnSe)0.5(CGSe)0.5/Au/BiVO4: Mo. The BiVO4: Mo (Mo/V=0.1 mol%)
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Fig. 9. (A) Synthesis process. Schematic presentation of the synthetic route of Sv-ZnIn2S4 and Sv-ZnIn2S4/MoSe2 heterostructure. (B) Photocatalytic reaction mechanism of

Sv-ZIS/MoSe2 under light irradiation. (C) H2 evolution rate of different photocatalysts. Reprinted with permission [30]. Copyright 2021, Springer Nature Limited.

Fig. 10. (A) Cation exchange evolution by precisely controlling the reaction time. the initial roxbyite Cu7S4 nanocrystals (NC1), a λ-MnS/Cu7S4 sample after cation exchange

for 0.5 h (NC2), a λ-MnS/Cu7S4 sample after cation exchange for 1h (NC3), a λ-MnS/Cu7S4 sample after cation exchange for 1.5 h (NC4), and the λ-MnS sample after nearly

complete cation exchange (NC5). (B) The electronic band structures of λ-MnS and Cu7S4, giving rise to a Z-scheme photocatalyst. (C) Average rates of photocatalytic H2

production with various λ-MnS/Cu7S4 samples as the catalysts under different light irradiation conditions (full spectrum, λ < 420nm, or λ > 420nm). Reprinted with

permission [31]. Copyright 2022, John Wiley & Sons.

was been synthesized via an aqueous process. The schematic rep-

resentation of Z(S)-scheme process in the ZCGSe/Au/BiVO4: Mo

system was shown in Fig. 11F. ZCGSe is the catalyst for photocat-

alytic hydrogen evolution and BiVO4: Mo is the catalyst for photo-

catalytic oxygen evolution. The Au contact layer acted as the ad-

ditional pathway to promote the recombination process of elec-

tron (in BiVO4: Mo) and hole (in ZCGSe). CdS particles formed

by impregnation and vulcanization on narrow bandgap (ZnSe)

0.5(CuGa2.5Se4.25)0.5(ZCGSe) to promote charge separation by the

way of impregnation−vulcanization. The group further researched

the band structure of the system, Fig. 11G shows the estimated

band alignments of ZCGSe and CdS samples. The analysis of the

CdS−ZCGSe composite band alignment revealed that the photoex-

cited electrons spontaneously transfer from the conduction band

minimum of ZCGSe to that of CdS because of the potential differ-

ence. By modifying the CdS, the Pt co-catalyst can be easily de-

posited on the surface of the CdS to improve the charge separation

efficiency of ZCGSe. Finally in Fig. 11H reveals the photocatalytic

process mechanism of the system to explain the functionality of

each section. Radiation recombination in ZCGSe can be significantly

reduced and electron transfer at the junction can be improved by

introducing a thin TiO2 coating layer. The group obtained a high-

efficiency Z(S)-scheme overall water splitting (OWS) with Pt in

TiO2/CdS−ZCGSe as hydrogen evolution photocatalysts (HEP) and

BiVO4: Mo and Au as oxygen evolution photocatalysts (OEPs) and

electron mediators. All of these factors contribute to the efficiency
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Fig. 11. (A) Top-view SEM image (A) and SEM-EDS mapping images (B-E) of a (ZnSe)0.5(CGSe)0.5/Au/BiVO4: Mo sample. SEM-EDS mapping images showing (B) a superim-

position of all elements, (C) Bi, (D) Se and (E) Au. In this sample, the molar ratio of Ga/Cu is 2.5. (F) Schematic representation of Z-scheme process in the ZCGSe/Au/BiVO4:

Mo system. (G) The estimated band alignments of ZCGSe and CdS samples. (H) Proposed photocatalytic process mechanism over Pt/TiO2 /CdS−ZCGSe HEP. Reprinted with

permission [32]. Copyright 2021, American Chemical Society.

of the Z(S)-scheme system. The apparent quantum yield (AQY) of

the system reached 1.5% at 420nm. This is the first demonstra-

tion of enhanced hydrogen evolution performance by means of p-n

junction in OWS systems with metal sulfides or selenides as HEPs.

This study shows that well-designed p-n junctions can effectively

promote charge separation in photocatalysis, opening up new av-

enues for the development of efficient narrow bandgap photocata-

lyst artificial photosynthesis systems.

2.3. Enhancing surface redox reaction

Enhancing surface redox reaction is an effective strategy to pro-

mote Z(S)-scheme photocatalytic water splitting by loading cocat-

alysts [95–100]. Loading cocatalysts not only can strengthen redox

capacity but also add the active sites of photocatalysts [101–105].

First, the loaded cocatalysts could be as the acceptor of photogen-

erated charges, and then enhance the charge separation and mi-

gration [36,42,44,106,107]. Second, the loaded cocatalysts serve as

surface reactive sites to reduce the activation energy, then promot-

ing the hydrogen evolution and oxygen evolution [37–39]. Third,

the loaded cocatalysts play an important role in inhibiting the pho-

tocorrosion by timely consuming the photogenerated charges from

the semiconductor surface, consequently improving the stability of

the photocatalysts [40,41,108-111]. Moreover, the cocatalysts also

restrain the backward recombination of H2 and O2. The construc-

tion of dual cocatalysts in Z(S)-scheme overall water splitting pho-

tocatalysts has been widely reported.

Qi et al. successfully constructed the efficient Z(S)-scheme wa-

ter splitting system by designing and controlling the load of the

Au cocatalyst to the {010} surface of BiVO4 and the CoOx cocat-

alyst selectively to the {110} surface of BiVO4 by in situ photo-

deposition strategy [35]. Representative FESEM and HRTEM images

of Au/CoOx-BiVO4 in Figs. 12A-C indicated that Au and CoOx were

selectively loaded onto the BiVO4. Fig. 12D is the mechanism of

description of ZOWS reaction system. Owning to the advantages of

single-electron transfer, suitable neutral environment and low re-

dox potential, [Fe(CN)6]
3– and [Fe(CN)6]

4– were taken to act as re-

dox pairs. The Z(S)-scheme heterostructure for photocatalytic over-

all water splitting is composed with the oxygen producing sec-

tion of BiVO4 photocatalyst and the hydrogen producing section of

ZrO2/TaON photocatalyst. The transfer of electrons from BiVO4 to

[Fe(CN)6]
3− was facilitated by Au cocatalyst. Also, the selective de-

position of the double cocatalyst (Au/CoOx) on the BiVO4 {010} and

{110} surfaces could further promote charge separation and en-

hance oxygen production. The performance of the optimized Z(S)-

scheme system for water splitting was exhibited in Fig. 12E. The

rates of hydrogen and oxygen production could achieve 130 μmol/h

and 65 μmol/h respectively. The selective deposition of the double

cocatalyst could facilitate charges separation and transfer to im-

prove the photocatalytic performance of Z(S)-scheme systems. The

strategy of improving the efficiency of photocatalysis by cocatalysts

loading also provides more ideas for polishing up the performance

of Z(S)-scheme water splitting systems in the future.

To sum up, there are various strategies to promote the perfor-

mances of Z(S)-scheme photocatalytic water splitting systems. The

hydrogen evolution rate, STH and durability which are the signif-

icant standards to evaluate the performances of Z(S)-scheme pho-

tocatalytic systems are listed in Table 1.

3. Theory guided Z-scheme photocatalysis design

In the process of researching the mechanism of Z(S)-scheme

systems, the experimental performance is often not consistent with

the theory. Theoretical calculations such as band structure and ul-
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Fig. 12. (A) Representative FESEM image of Au/CoOx-BiVO4 sample, (B, C) HRTEM images of Au/CoOx-BiVO4 sample. (D) Schematic Description of ZOWS Reaction. (E) Time

course of ZOWS on the optimized conditions under visible-light irradiation. Reaction conditions: 50mg OEP (0.8 wt% Au; 0.1 wt% CoOx), 50mg HEP (1.0 wt% Rh, 1.5 wt% Cr),

100mL 25mmol/L sodium phosphate buffer solution (pH 6.0) containing K4[Fe(CN)6] (10mmol/L), 300W xenon lamp (l R 420nm), temperature 288K, Pyrex top-irradiation

type. Reprinted with permission [35]. Copyright 2018, Elsevier.

Table 1

The performances of different Z(S)-scheme photocatalytic systems.

Photocatalytic system Hydrogen

evolution rate

(μmol/h)

STH a

(%)

Durability

(min)

Ref.

Ag-PDA/ZnO

Ru/Pt/HCa2Nb3O10

Co4O4/BiVO4-TiOx/CuOx

g-C3N4/Pt/Co(OH)2
MnS/Cu7S4
TiO2/CdS(ZnSe)0.5
(CuGa2.5Se4.25)0.5
BiVO4/CoOx/Au-ZrO2/TaON

SrTiO3/La/Rh-BiVO4/Mo/Au

55.8

85.1

20.2

62.69

718

12

21.6

22.5

0.28

0.12

4.3

1.16

5.5AQE b

1.5AQE b

0.5

1.1

10,000

–

200

–

–

600

–

900

[26]

[27]

[28]

[29]

[31]

[32]

[25]

[91]

a STH= solar-to-hydrogen.
b AQE= apparent quantum efficiency.

trafast charge dynamics simulation are important aspects of ana-

lyzing the working principle of Z(S)-scheme systems. Hybrid den-

sity functional theory and excited state ultrafast dynamics simula-

tion are the common measurement methods to explore the mecha-

nism of Z(S)-scheme system [112–114]. Researchers are accustomed

to judge the pathway of Z(S)-scheme systems by relying on the

direction of the interfacial electric field. The method of judging

makes a huge difference between experiments and theories. Hence

theoretical calculation is a significant tool to clearly explore the

mechanism of Z(S)-scheme photocatalytic systems. As shown in

the Fig. 13A, the hybrid density functional theory is combined with

the excited state ultrafast dynamic simulation, and a series of typi-

cal heterojunctions of X2Y3 ferroelectrics (X: Al, Ga, In) are system-

atically explored, and it is found that the formation factors of the

Z(S)-scheme path come from two aspects. Due to the interfacial

electric field, the photogenerated electrons and holes with weak

redox ability are significantly enhanced at the interface. On the

other hand, for photogenerated electrons/holes with strong redox

ability, the weak interfacial non-radiative coupling channel causes

the photogenerated electrons/holes to retain high reactivity, so the

lifetime of photogenerated electrons/holes can be increased from

femtoseconds to hundreds of nanoseconds in the Fig. 13B. The rea-

son that contributing the discrepancy between experimental and

theoretical researches is the interface transfer of photogenerated

electrons and holes with strong redox ability will not be effectively

suppressed by the interfacial electric field. This study helps to

deepen the formation mechanism of Z(S)-scheme structured pho-

tocatalysts, and provides guidance and assistance for the design of

Z(S)-scheme photocatalysts. The hybrid density functional theory

used in the Z(S)-scheme system redress the previous misconcep-

tions on the mechanism of Z(S)-scheme system.

As shown in the Fig. 13C, finite element simulation has a wide

range of applications in the material structures. In addition to the

calculation of the structural properties of the material itself, light

absorption can also be simulated by finite element simulation. Ob-

viously, theoretical calculation is an indispensable tool to build an

industrialized large-scale Z(S)-scheme photocatalytic system in the

future. Theoretical calculation can not only complete the numeri-

cal analysis related to Z(S)-scheme systems, but also improve the

stability and energy conversion efficiency of Z(S)-scheme systems.

4. Scalable

How to achieve a breakthrough in the Z(S)-scheme system

from theory to practice is a significant challenging. Although the

conversion of solar energy to hydrogen energy can be achieved

by building a Z(S)-scheme semiconductor photocatalyst photoly-

sis system, however it is extremely difficult to build a practical

Z(S)-scheme photocatalytic system that can be used for large-scale

industrial production [115–121]. Here the optimization of Z(S)-

scheme structural system by using gold-based hybridization pro-

vides great possibilities for large-scale industrial production. The

process of preparing a photocatalyst by using the particle transfer

method was illustrated in Fig. 14A. Making SrTiO3 particles doped

with La and Rh[(La/(LaCSr)=Rh/(RhCTi)=4 mol%), SrTiO3:La,Rh]

to act as the HEP photocatalyst and BiVO4 particles doped with

Mo(Mo/V=0.05 mol%, BiVO4:Mo) to act as the OEP photocata-

lyst, then embed them in the Au base (SrTiO3:La,Rh/Au/BiVO4:Mo).

Meanwhile the co-catalyst Ru was modified on the surface of

SrTiO3:La, Rh particles and BiVO4: Mo particles by photolytic depo-

sition. Then the working mechanism of Z(S)-scheme photocatalytic
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Fig. 13. (A) Schematic diagram of the direct Z-scheme heterostructure system. (B) The intralayer and interlayer recombination of photogenerated carriers for BCN. (C) The

example of the application of finite element simulation. Reprinted with permission [58]. Copyright 2022, American Chemical Society. Reprinted with permission [112].

Copyright 2013, Springer Nature Limited.

Fig. 14. (A) Illustration of the preparation of the SrTiO3:La,Rh/Au/BiVO4: Mo sheet by the particle transfer method. (B) Schematic of overall water splitting on the Ru-

modified SrTiO3:La,Rh/Au/BiVO4: Mo sheet. CB, conduction band; VB, valence band. (C) Photograph of the ink used for screen printing the photocatalyst sheet and Photo-

graph of a 10×10 cm SrTiO3: La,Rh/ Au nanoparticle/BiVO4:Mo printed sheet. (D) Time course of the water splitting reaction using a Ru-modified SrTiO3:La,Rh/Au colloid

(40 wt%)/BiVO4:Mo printed sheet under simulated sunlight at 288K and 5kPa. The sample (6.25 cm2) was photodeposited with RuCl3·3H2O (0.17 μmol). Reprinted with

permission [91]. Copyright 2016, Springer Nature Limited.

system was depicted in Fig. 14B. Light excitation electrons are pro-

duced in the conduction band of the SrTiO3:La,Rh and BiVO4:Mo

when the SrTiO3:La, Rh/Au/BiVO4:Mo been illuminated by visible

light, whereas positive holes are generated in the donor levels

formed by Rh3+ ions of SrTiO3:La,Rh and in the valence band of

BiVO4:Mo. Electron transfer occurs from the conduction band of

BiVO4:Mo to the donor levels of SrTiO3:La,Rh via Au. Meanwhile,

the excited electrons in SrTiO3: La,Rh reduce water to hydrogen

on Ru species which serve as a hydrogen evolution co-catalyst,

and holes in BiVO4 oxidize water to oxygen with the aid of RuOx

species functioning as an oxygen evolution co-catalyst, achieving

overall water splitting. Therefore, the overall water splitting ca-

pacity of the photocatalyst tablet should be improved by facili-

tating the transfer of charge through the underlying gold layer.

Fig. 14C is the printed photocatalyst sheet which uses the technol-

ogy of the screen printing. Here the transforming the Z(S)-scheme

photocatalytic system into the printed photocatalyst sheet means

the optimized Z(S)-scheme system can be industrialized. To ver-

ify the photocatalytic efficiency of the system, Fig. 14D shows the

results of the system’s hydrogen production and oxygen produc-

tion over time. Due to the presence of a large amount of gold and

the difficulty of depositing the co-catalyst in thick particle layers,

the solar-hydrogen conversion efficiency of the printed semicon-

ductor panel is only 0.1%, however the system is still more effi-

cient than similar particle photocatalytic systems reported in the

past. The biggest innovation in this article is the realization of
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Fig. 15. (A) A photographic image of a panel reactor unit (625 cm2). (B) The struc-

ture of the panel reactor unit viewed from the side. (C) An overhead view of the

100-m2 solar hydrogen production system consisting of 1600 panel reactor units

and a hut housing a gas separation facility (indicated by the yellow box). Reprinted

with permission [115]. Copyright 2021, Springer Nature Limited.

the “printing” of the Z(S)-scheme system. The STH of the present

SrTiO3:La,Rh/Au/BiVO4:Mo system is limited by the short absorp-

tion edge wavelengths of SrTiO3:La,Rh and BiVO4:Mo (520 and

540nm, respectively). At the same time, the use of Au as a con-

ductor material has also hindered the large-scale production of the

system due to the high price, but it provides unlimited possibilities

for large-scale production in the future.

Previously Kazunari Domen et al. photocatalyzed water split-

ting through a panel reactor using photocatalyst sheets. Figs. 15A-

C show the 100 m2 photocatalyst panel reactor for water splitting.

The photocatalytic decomposition system is photocatalyzed by wa-

ter splitting solar energy to produce hydrogen in a panel reactor

using photocatalyst sheets. In the future, the Z(S)-scheme system

can be combined into such a photocatalytic water splitting system

to achieve the degree of large-scale industrial application, which

will solve a large number of energy crisis problems. The further

development of lower bandgap energy and cheaper conductor ma-

terials will effectively promote the development and industrializa-

tion of this photocatalytic system, writing an important part of the

grand plan for large-scale industrial production that truly converts

solar energy into clean energy.

5. Conclusion and perspectives

Various strategies have been developed to improve the pho-

tocatalytic water splitting performance of Z(S)-scheme systems.

These strategies mainly focus on enhancing or extending the range

of light absorption, promoting charge separation, and enhancing

surface redox reaction. The efficiency of solar energy conversion

to hydrogen energy has increased from the extremely low effi-

ciency of the 1970s to about 9% today. When the energy conversion

efficiency reaches 5%, the technology can be piloted, and when

reaches 10%, it can be applied industrially. The breakthrough in

this efficiency is a "dark horse" that is difficult to predict in the

field of scientific research, and it is estimated that the efficiency of

solar energy conversion is expected to increase to 10% in the near

future.

At present, the large-scale research of solar hydrogen produc-

tion devices is still in the embryonic stage, and there are many key

problems, such as low efficiency, small output, high cost and short

life, which are difficult to meet the increasing energy demand in

the future. The common powder catalyst system has some prob-

lems, such as uncontrollable, easy to agglomerate, easy to fall off.

On the other hand, electro-assisted photocatalytic systems gener-

ally rely on external bias, which leads to complex systems and

high operating costs. Both powder and electrocatalysis systems are

difficult to meet the requirements of integration, scale and sus-

tainable industrialization. Therefore, it is particularly necessary to

develop new principles and methods of heterogeneous integration

of materials and devices, so as to solve the integration problem

of hydrogen production devices and bring a breakthrough for the

scale development of hydrogen production technology by solar en-

ergy conversion. Despite these achievements, there are still some

challenges needed to be solved and the focus of future studies

on catalyst design has been relatively clear as follows: (1) The

path of photocatalytic reaction and the separation and recombina-

tion mechanism of photogenerated charge should be explored; (2)

New electronic mediators should be designed and prepared to pro-

mote the separation and transmission of photogenerated charges

and increase the number of photogenerated charges involved in

photocatalytic reactions; (3) A new type of photocatalytic mate-

rial system should be developed to meet the kinetic and thermo-

dynamic requirements of photocatalytic reaction, and promote the

rapid progress of redox reaction. The problems of reverse reaction,

light shielding and side reaction in liquid Z-scheme heterostructure

should be solved in near future; (4) The combination of experi-

mental research and theoretical simulation is expected to promote

the design and application of Z(S)-scheme heterostructure photo-

catalyst. This review is beneficial to understand the challenges and

opportunities faced by the research field of Z(S)-scheme photocat-

alytic reaction system, and has important guiding significance for

the development and utilization of high-performance Z(S)-scheme

photocatalytic reaction system in the future.
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