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a b s t r a c t

Photocatalytic technology harnesses solar energy to facilitate chemical transformations, presenting signif-

icant potential in energy generation and environmental remediation. However, the conventional O2 evo-

lution process is hindered by high reaction barriers and inefficiencies, which limit its widespread applica-

tion. Therefore, exploring novel photocatalytic coupling strategies to replace water oxidation has become

a key route to enhance the efficiency of H2 production. In this review, organic pollutants removal and the

valorization of organics as substitutes for water oxidation coupling strategies for photocatalytic H2 pro-

duction are comprehensively summarized. These strategies not only circumvent the high reaction barriers

associated with O2 evolution to enhance the H2 production but also aid in the removing of organic pol-

lutants or synthesis of value-added chemicals. We also present future research directions and underscore

the significance of advanced catalyst design, in-depth analysis of reaction mechanisms, and systematic

optimization strategies in realizing an efficient and sustainable photocatalytic process. This guidance is

anticipated to provide theoretical and practical new insights for the future development of photocatalytic

coupling reactions, fostering further explorations in the realm of renewable energy and environmental

governance.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The current global energy landscape is at a transformative junc-

ture, predominantly driven by the urgent need to reduce reliance

on fossil fuels and to mitigate the adverse effects of widespread

pollutant generation [1–4]. Photocatalytic generation of clean H2

emerges as a promising solution that marries the development

and utilization of renewable resources with profound environmen-

tal remediation [5–10]. Photocatalysis, a process driven by solar

irradiation, employs photoactive materials to initiate and sustain

chemical reactions conducive to H2 generation and is one of the

cleanest forms of energy transformation. However, due to the high

energy barrier associated with the oxidation of water, the overall

efficiency of photocatalytic water splitting is limited. Thus, to en-

hance photocatalytic efficiency and broaden its practical applica-
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tion, it is imperative to develop novel approaches to supplant the

traditional water oxidation process [11–14].

A highly prospective method is to couple with the photocat-

alytic oxidation of pollutants, which not only removes recalcitrant

organic contaminants to prevent environmental pollution but also

enables, in certain cases, the synthesis of valuable products for in-

dustrial chemical production, effectuating a waste-to-wealth trans-

formation [15]. Sun et al. have engineered Z-scheme heterostruc-

ture photocatalysts with staggered band structures that syner-

gize organic pollutant degradation with concurrent oxidation reac-

tions and H2 formation reaction, significantly boosting H2 produc-

tion efficiency [16–19]. Furthermore, by designing specific catalysts,

it is possible to convert pesticide and pharmaceutical residues

into nontoxic compounds and, in some instances, generate com-

mercially valuable intermediates, extending the applications be-

yond mere energy production. In the realm of green chemistry,

the application of photocatalytic technology is also of paramount

importance. Through photocatalytic reactions, organic pollutants

and hazardous chemicals can be efficiently degraded, transforming

them into harmless byproducts, thus purifying the environment

https://doi.org/10.1016/j.cclet.2024.110234
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and safeguarding the health of ecosystems. By the coupling strate-

gies, the well-known technology of photocatalytic water splitting

can concomitantly degrade organic and inorganic pollutants and

even pathogens. The key to this complex coupling process is to op-

timize the photodegradation process to maximize H2 output while

ensuring the complete mineralization of contaminants, rendering

them harmless. This transformative approach holds the potential to

convert waste streams into a source of energy in the form of H2,

delivering dual ecological benefits [20–22]. On the other hand, cou-

pling photocatalytic H2 production with the valorization of organic

molecules effectively circumvents the high reaction barriers asso-

ciated with O2 generation. Photocatalytic water splitting involves

the absorption of photons by semiconductor materials, generating

electron-hole pairs that drive the redox reactions to produce H2

and O2. The oxygen evolution reaction (OER) is a significant chal-

lenge due to its high overpotential, which limits the overall effi-

ciency. To overcome this, the development of efficient co-catalysts

such as transition metal oxides can lower the OER energy bar-

rier. Additionally, optimizing the photocatalyst structure through

the construction of heterojunctions and nanocomposites can en-

hance charge separation and reduce recombination. Stability issues

can be addressed by surface passivation and doping with stable el-

ements, which prevent photocorrosion and maintain high catalytic

activity. In the coupled process of photocatalytic H2 production and

organic valorization, photonic energy can be utilized to reduce wa-

ter molecules to H2 while transforming •OH radicals or other or-

ganic precursors into value-added chemicals, such as benzimida-

zoles and furfural [23,24]. This coupled reaction not only reduces

the dependence on O2 evolution but also enhances the overall con-

version rate of solar energy. The design and reaction tuning of such

photocatalysts not only increase the efficiency of H2 production

but also yield chemicals with practical industrial applications. It is

much necessary to summarize the advanced development of inno-

vative photocatalytic coupling strategies for H2 production [25,26].

In this review, we initially provide a brief overview of the

current state of traditional photocatalytic water splitting. Sub-

sequently, our focus primarily lies in the exploration of photo-

catalytic oxidation of pollutants and the valorization of organic

molecules. Concrete examples of these alternative oxidative reac-

tions coupled with H2 production are presented [27]. Unlike most

other commentaries, we do not extensively dwell on the classifica-

tion and design of the catalysts themselves. Instead, we underscore

the significance of the strategies of these two coupled systems,

which are crucial for the future design and efficiency enhancement

of photocatalysts. It is anticipated that the guidance offered by this

article will provide new theoretical and practical perspectives for

the future development of photocatalytic coupled reactions, pro-

moting further exploration in the fields of renewable energy and

environmental remediation.

2. General description of innovative photocatalytic coupling

strategies for H2 production

The process of photocatalytic water splitting, under the influ-

ence of photon irradiation, divides water molecules into H2 and

O2. This reaction typically involves the use of semiconductor ma-

terials as photocatalysts, with TiO2 being one of the most preva-

lent [28]. Photocatalysts are capable of absorbing photons to gen-

erate electron-hole pairs. And these electrons and holes migrate

along the conduction and valence bands of the catalyst, respec-

tively, promoting the progression of the water-splitting reaction.

While promising as a sustainable energy solution, photocatalytic

water splitting efficiently converts solar energy into clean H2 fuel

[29]. However, there remain inherent limitations to its widespread

application. The OER in traditional photocatalytic water splitting

encounters a high energy barrier, which imposes constraints on

its broad applicability [30]. Moreover, the produced electrons and

holes are prone to recombine within the semiconductor mate-

rial [31], rather than participating in the water-splitting reaction,

which further reduces the photocatalytic efficiency [32]. To address

these challenges, researchers are dedicating efforts to the devel-

opment of novel photocatalytic materials and the optimization of

catalyst structures to enhance the separation efficiency of charge

carriers. Additionally, effective oxidative alternative reactions are

being sought out to significantly improve H2 production efficiency

(Fig. 1). In applications encompassing contaminant abatement to

the symbiotic formation of organic compounds [33], photocatalysis

not only facilitates the breakdown of deleterious compounds, thus

purifying the environment [34], but also transmutes these com-

pounds into valuable feedstocks or energy sources such as H2 or

other organic molecules, demonstrating efficiency in energy uti-

lization and environmental compatibility [35]. Given that photo-

catalysis chiefly operates on renewable sources like solar light, de-

void of external electricity demands, the mechanism heralds con-

siderable potential in championing sustainable development and

fostering the principles of green chemistry [36].

This review explores an innovative photocatalytic water split-

ting method using catalysts to speed up the reaction. When ex-

posed to light, electrons in the catalyst are excited from the va-

lence band to the conduction band, creating electron-hole pairs

[37]. These electrons are captured in the conduction band to gen-

erate H2 at the cathode while avoiding recombination with holes.

Meanwhile, the anode engages holes to drive side reactions for

the synthesis of high value chemicals instead of merely evolving

O2, a process that, while environmentally beneficial, offers limited

commercial and energetic returns [38]. O2 as a byproduct holds

modest economic gain, and its evolution commonly incurs consid-

erable overpotential, diminishing the overall energy efficiency of

the reaction. In contrast, the production of commercially valuable

Fig. 1. Innovative mechanism of photocatalysis: (a) The coupling of pollutants removal and H2 production; (b) The coupling of valorization of organic and H2 production.
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chemicals at anode presents a significant advantage [39]. These

high value products can financially bolster the water-splitting pro-

cess, enhancing its commercial appeal [40]. Furthermore, eschew-

ing O2 generation can reduce the requisite overpotential under cer-

tain conditions, thus enhancing energy efficiency. The demand for

such products could foster the commercialization of this technol-

ogy, providing a viable and marketable method for storing renew-

able energy sources [41], such as solar energy. Moreover, tailoring

the photocatalytic process to co-generate H2 and valuable organic

compounds not only increases catalyst utilization efficiency but

also broadens the scope of photocatalysis applications [42]. An in-

depth exploration of the impact of high value product generation

on the energy input and output efficiency is necessary, as is the

assessment of photocatalyst performance and the influence of this

strategy on reaction selectivity [43]. When exploring novel photo-

catalytic materials, employing first-principles computational meth-

ods to comprehend the material’s electronic structure and band

characteristics is imperative. For instance, by modulating the mate-

rial’s band structure and introducing defects or doping, the absorp-

tion capability of visible light can be enhanced, facilitating efficient

charge carrier separation. Integrating theoretical designs with ex-

perimental approaches enables the development of novel materials

exhibiting superior photocatalytic performance. In terms of mate-

rial synthesis, advanced synthesis techniques such as in-situ syn-

thesis, templating, and hydrothermal methods offer promising av-

enues [44]. For instance, employing in-situ synthesis methods al-

lows for the introduction of dopants or functional groups during

the material’s growth process, enabling precise control over the

material’s structure and morphology. Additionally, utilizing tem-

plating methods facilitates the fabrication of materials with spe-

cific morphologies and pore structures, thereby enhancing pho-

tocatalytic performance. Regarding performance characterization,

employing various characterization techniques for comprehensive

analysis is essential. For instance, utilizing transmission electron

microscopy (TEM) and scanning electron microscopy (SEM) enables

the observation of material morphology and structure. Techniques

like X-ray photoelectron spectroscopy (XPS) and Fourier-transform

infrared spectroscopy (FTIR) offer insights into the surface chemi-

cal composition and structural characteristics of materials. Overall,

this review underscores the importance of optimizing application

efficiency and creating economic value through specially designed

photocatalytic systems, offering new research directions and ex-

panding the horizon for the practical deployment and commercial

viability of photocatalytic water splitting technology [45].

3. Pollutants removal coupling with H2 production

Photocatalytic reactions have vast potential for addressing pol-

lutants removal and H2 production through water splitting [46].

For various types of pollutants, photocatalytic reactions can achieve

efficient oxidative removal, utilizing the generated electron-hole

pairs to facilitate water splitting for H2 production. Recent research

indicates significant progress in implementing photocatalytic tech-

nology for simultaneous pollutant degradation and H2 production

through water splitting.

In the case of organic pollutants such as benzene [47],

formaldehyde [48], and heavy metal ions [49], photocatalytic

technology can effectively degrade these pollutants by generat-

ing highly reactive hydroxyl radicals (•OH) and other intermedi-

ate species [50]. Additionally, photocatalysis can utilize the gen-

erated electron-hole pairs to split water molecules and produce

H2, offering an environmentally friendly and efficient approach to

clean energy production. Recent studies demonstrate that specific

structural designs and surface modifications of photocatalysts can

achieve efficient degradation of various organic pollutants, while

also improving the photocatalytic water splitting efficiency. This

represents a significant exploration of the synergistic application of

water splitting for H2 production and pollutants removal. Advance-

ments in the development of efficient photocatalytic systems for

wastewater purification and the transformation of solar energy into

clean H2 fuel have been substantial [51]. In the realm of environ-

mental remediation and organic compound transformation, specific

cases highlight the tangible impacts of photocatalytic technology.

For instance, in pollutant removal applications, photocatalysis has

been effectively employed to degrade organic dyes and pharma-

ceutical residues in industrial wastewater. In a study, researchers

utilized a photocatalytic reactor to treat wastewater containing or-

ganic dyes [52]. Through photocatalytic degradation, the organic

dyes were efficiently removed, achieving compliance with envi-

ronmental standards and thereby facilitating effective wastewater

treatment. This review concentrates on innovative strategies to en-

hance the performance of photocatalysts and to increase the rate

of electron transfer to address the rapid recombination of photo-

generated charge carriers.

Zhang et al. has unveiled an innovative photocatalytic

nanocomposite, composed of MoS2 quantum dots, anchored

on ZnIn2S4 and reduced graphene oxide (RGO) substrate (5%

MoS2 QDs@ZnIn2S4@RGO1) [53]. This material has demonstrated

remarkable photocatalytic prowess, particularly in the abatement

of natural organic matter from industrial dye effluent [54]. Under

illumination, ZnIn2S4 activates electron excitation, which is trans-

ferred to the MoS2 quantum dots and RGO layered, thereby driving

H2 production effectively. Dye molecules secured to the catalyst

surface similarly undergo excitation, prompting electron migration

to the conduction bands of ZnIn2S4 or RGO. These electrons

are then harnessed by MoS2 quantum dots, further catalyzing

H2 generation (Fig. 2a). Remarkably, hydrogen evolution is also

spurred by electrons originating directly from ZnIn2S4 and organic

matter oxidized by photogenerated holes, independent of dye-

sensitized processes. Comprehensive assessments of this catalytic

capability to degrade an array of organic dyes and pollutants,

including rhodamine B (RhB) [55], eosin Y (EY) [56], fulvic acid

(FA), methylene blue (MB), and p-nitrophenol (PNP) [57], revealed

exceptional degradation efficiencies of MB and EY at 98.5% and

98.6%, correspondingly, with concurrent TOC removal rates of

80% and 84% (Fig. 2b). Furthermore, the composite exhibited a

pronounced hydrogen evolution during RhB degradation, achieving

a significant 45.33 mmol over 12 h. However, hydrogen was not

detected during MB degradation (Fig. 2c). This nanocomposite

enhances photocatalytic performance by optimizing the electron

transfer pathways and dynamics [58]. This investigation offers an

efficacious stratagem for enhanced water treatment and photocat-

alytic H2 generation, employing well-engineered nanocomposites

for potent pollutant degradation and energy conversion [59]. This

breakthrough paves a new pathway for environmental remediation

and the development of sustainable energy resources.

Li et al. made significant strides in developing enzyme-

mimicking nano-catalysts for photocatalysis in a groundbreaking

study [60]. They have introduced an innovative material that in-

tegrates photosensitive redox reactions with biomimetic cataly-

sis. Through one single-step synthesis, they crafted OVs-TiO2/Pd

hybrid nanosheets enriched with OVs and precisely controlled

Pd content. These nanosheets exhibit enhanced oxidation and

hydrogenase-like activities, efficiently facilitating antibiotic decom-

position and H2 generation [61]. The material demonstrates a re-

markable synergetic effect, elevating both the photocatalytic and

enzyme-mimicking capacities, thus opening new avenues for the

application of multifunctional nanostructures. Under the illumina-

tion of a 300 W incandescent lamp, the OVs-TiO2/Pd nano-catalysts

unveil their unique photocatalytic mechanism. The generation of

charge carriers, stimulated by photons, is facilitated across an ‘elec-

tron bridge’ formed by OVs, enabling electron transfer from the

3



Y. Zhi, C. Gu, H. Ji et al. Chinese Chemical Letters 36 (2025) 110234

Fig. 2. (a) Illustration of pollutant degradation, electron flow and energy conversion. (b) H2 production and simultaneous pollutant degradation over 5MoS2@ZnIn2S4@RGO1

under simulated solar light for 12 h. (c) Energy band illustration of different samples. Copied with permission [53]. Copyright 2017, Elsevier. (d) The possible mechanism of

catalytic reaction under light irradiation condition. (e) Kinetics of photodegradation of TC over a series of samples under visible light (λ > 420 nm). (f) TiO2, OVs-TiO2, and

OVs-TiO2/Pd HNSs with various Pd contents: H2 production curves. Copied with permission [60]. Copyright 2023, Elsevier. (g) Plausible mechanism for the PPH over ZW. (h)

H2 generation and RhB degradation for 4 h. (i) The degradation rate and H2 generation of CV, TC and MO. Copied with permission [64]. Copyright 2024, Elsevier.

semiconductor to Pd NCs. This mechanism allows H+ and O2 ad-

sorbed on the nano-catalyst to acquire electrons from Pd nanopar-

ticles, resulting in the generation of H2 and superoxide anions

(•O2−) [62]. These •O2− interact with adsorbed O2 and water, lead-

ing to the production of H2O and the formation of singlet oxygen

(1O2) and •OH. Ultimately, tetracycline (TC) undergoes degradation

into H2O, CO2, and smaller organic fragments by the nano-catalyst

(Fig. 2d). The efficacy of the OVs-TiO2/Pd nanosheets in degrad-

ing TC was thoroughly investigated, highlighting the catalytic po-

tential at varying Pd NCs loadings for hydrogenase-like synergy.

Observations show a modest increase in H2 production rate to

0.245mmol g−1 h−1 with the introduction of OVs (Fig. 2e). Fine-

tuning the loading of Pd NCs maximizes active sites and optimizes

H2 generation. Excessive loading of Pd NCs, however, was found

to potentially obscure other active sites, leading to a saturation

point in catalytic activity enhancement (Fig. 2f). In summary, the

outstanding photocatalytic performance of the OVs-TiO2/Pd nano-

catalysts, particularly in the realms of environmental remediation

and clean energy production, holds promising prospects. The cur-

rent study delves into the synergistic interplay between photo-

catalysis and enzyme mimicking, offering invaluable insights for

the design and application of innovative nano-catalysts in the fu-

ture [63].

Innovative Z-scheme heterojunctions have been spotlighted for

their proficiency in photocatalytic processes [64]. Sun et al. in-

troduced an ultrafine ZnIn2S4−x-WO3−x heterostructure catalysts,

which was synthesized through an in-situ hydrothermal route. This

construction fostered interface bonding, fine-tuning the electronic

architecture, expanding the internal electric field, and diminishing

charge pile-up at interface vacancies. The proposed PPH mecha-

nism for ZW-4 under visible light involves both ZIS and WO3 con-

tributing electrons and holes. Due to the Z-scheme, the CB elec-

trons of WO3 recombine with the VB holes of ZIS via interface

bonds, while the CB electrons of ZIS migrate to surface sulfur va-

cancies and WO3 absorbs holes (Fig. 2g). The photocatalytic per-

formance was remarkably enhanced under visible-light, realizing

efficient H2 evolution and pollutant degradation (Fig. 2h). WO3

was identified as suboptimal for H2 generation and RhB decom-

position due to its inadequate conduction band potential. Among

investigated photocatalysts ZW-4 exhibited superior H2 produc-

tion (737.75 μmol g−1 h−1) and complete RhB eradication (re-

moval rate >99.99%) (Fig. 2i). The exceptional capabilities of ZW-

4 are attributable to its unique structural intricacies and compo-

sition, which foster favorable electronic properties and catalytic

efficiencies. Notably, regulated interface gaps in the heterostruc-

ture boosted charge transfer and exciton partitioning [65], key

mechanisms elucidated through comparative photocatalyst anal-

yses. Broad applicability of ZW-4 was demonstrated via concur-

rent H2 generation and diverse contaminant degradation, employ-

ing distillery wastewater as a testbed. Such results underscore the
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extensive potential of ZW-4, not just in H2 production but also

in effective degradation of complex wastewater contaminants, a

promising avenue for industrial applications in waste management

and clean energy. These sulfur vacancies also act as sites for H+

reduction, thus amplifying H2 evolution, which is integral to the

hydroxylation-assisted degradation of RhB [66].

Photocatalytic technology integrates pollutant oxidation with

water splitting to efficiently remove pollutants while producing

clean hydrogen energy, offering a green and sustainable solution

[67]. The recent research achievements provide important theo-

retical and practical foundations for the synergistic application of

photocatalytic water splitting and pollutant removal, thereby indi-

cating the direction for further advancements in this field.

4. Valorization of organics coupling with H2 production

The burgeoning field of integrated energy conversion and chem-

ical synthesis is pivotal to efficient material processing [68]. The

concurrent generation of H2 and high value chemicals through

photocatalysis supports sustainable development while facilitating

greener synthesis routes. In the context of photocatalytic technol-

ogy, the design of active sites plays a crucial role in maneuvering

the selectivity and activity of the catalyst, particularly for coupling

organic synthesis with H2 production. In the context of photocat-

alytic technology, the design of active sites plays a crucial role

in maneuvering the selectivity and activity of the catalyst, par-

ticularly for coupling organic synthesis with H2 production. En-

gineering the electronic structure through the creation of hetero-

junctions or composite materials can enhance charge separation

and reduce recombination rates. For example, constructing type-

II or Z-scheme heterojunctions can facilitate efficient electron-hole

pair separation, thereby improving the overall photocatalytic activ-

ity. Additionally, introducing defects or vacancies can create local-

ized states that act as active sites for enhanced reactivity. Advance-

ments in this field hinge on novel heterojunctions and co-catalytic

systems that underpin enhanced charge dynamics and separation,

as illustrated by DFT-informed designs like Ni-doped quantum dots

and TiO2 microspheres. Furthermore, optimally decorated semicon-

ductor frameworks, such as Pd/ZnO nanosheets, offer a radical ap-

proach for efficient photocatalytic transformations. Core-shell ar-

chitectures, including Mo2C@ZnIn2S4 and zirconium-based MOFs,

also play a role in pushing the frontiers of photocatalytic efficiency.

Lastly, innovative strategies for photocatalytic biomass conversion

in water exemplify the successful application of this technology

for sustainable chemical production. Studies indicate that photo-

catalytic reactions can convert biomass-derived compounds into

high-value biofuels or chemicals. For example, researchers utilized

photocatalytic technology to convert biomass-derived compounds

into the biofuel ethanol, enabling the effective utilization of renew-

able resources while reducing reliance on traditional petrochemical

products [69]. By presenting these specific cases, we can vividly il-

lustrate the practical efficacy of photocatalytic technology in en-

vironmental remediation and organic compound transformation,

further emphasizing its significance and potential in the field of

sustainable development. Future research will continue to perfect

these complex material systems, tailoring them for the increasingly

demanding dual objectives of economic viability and environmen-

tal stewardship.

4.1. Converting biomass waste coupling with H2 production

Given the increasing demand for renewable energy and green

chemicals, there has been a growing focus on utilizing biomass

waste as a rich and renewable resource. The efficient conversion

of biomass waste [70], particularly the realization of its HER and

the modification processes, has become a major research hotspot.

Photocatalyst technology, with its mild reaction conditions, effi-

cient energy utilization, and selective reactivity, has emerged as a

crucial method in achieving this objective. Recent research find-

ings have demonstrated that the application of photocatalyst tech-

nology in the HER process of biomass waste can significantly en-

hance reaction efficiency and H2 production rates [71]. By design-

ing and synthesizing highly efficient catalytic photocatalysts, re-

searchers have successfully converted solar energy into the energy

required for the reaction, facilitating the efficient hydrolysis reac-

tion of biomass waste and further promoting H2 generation. In

comparison to traditional thermochemical methods, photocatalyst

technology not only reduces energy consumption [72], but also has

the potential to minimize the generation of side reactions, thereby

enhancing the selectivity of H2 production. Furthermore, photocat-

alyst technology has been successfully applied to the modification

process of biomass waste. By matching appropriate photocatalysts

and reaction conditions, researchers have achieved the selective

conversion of specific compounds in biomass waste [73], obtain-

ing high-value organic chemicals, such as acids. This process has

not only increased the resource value of biomass waste but also

provided a new avenue for the green and high-value utilization of

biomass waste.

However, photocatalyst technology still faces several challenges

in the HER and modification processes of biomass waste. These in-

clude the synthesis and optimization of photocatalysts [74], control

of reaction conditions, catalyst stability, recycling usage, and fur-

ther improvement of reaction efficiency. Future work will focus on

the continued application of photocatalyst technology in this field,

with theoretical simulations and experimental research being uti-

lized to address current challenges, thereby aiding in the efficient

conversion and sustainable utilization of biomass waste.

You et al. developed a h-ZnSe/Pt@TiO2 hollow type-II hetero-

junction consisting of ZnSe and O2-rich vacancy modified TiO2

[75]. The newly designed heterojunction demonstrated excellent

photocatalytic activity for the conversion of cellulose into H2 and

formic acid in water. This significant finding holds promise for

the utilization of biomass resources in a sustainable and effi-

cient manner. The enhanced photocatalytic performance of the h-

ZnSe/Pt@TiO2 catalyst for cellulosic refining, as depicted in Fig. 3a.

Under illumination, ZnSe and TiO2 undergo excitation, generating

electrons and holes. The S-scheme heterojunction formed at the in-

terface between ZnSe and TiO2 facilitates the efficient recombina-

tion of holes and electrons, promoting effective charge separation.

This synergistic effect maintains the high reducibility of ZnSe and

the high oxidizability of TiO2. Notably, the recombination of the VB

holes of ZnSe with the CB of TiO2 electrons act as a self-generated

hole scavenger, effectively suppressing ZnSe photodegradation and

enhancing the stability of the photocatalyst. Furthermore, the co-

existence of highly reducible electrons and highly oxidizable holes

provides a substantial driving force for H2 evolution and cellu-

lose degradation, resulting in accelerated reactions in pure water.

The conversion of common biomass into H2 through photorefining

in neutral aqueous solution using the h-ZnSe/Pt@TiO2 photocata-

lyst was investigated. Substrates, including ball-milled α-cellulose,

wood, paper, and grass, were utilized, and the H2 yields were de-

termined as 14386, 11655, 12855, and 12156 μmol/g, respectively,

based on the results from Fig. 3b. The photocatalytic production

rates of formic acid using h-ZnSe/Pt@TiO2 were examined for dif-

ferent cellulose sources. Ball-milled α-cellulose, wood, paper, and

grass (200 mg each) were utilized as substrates. As depicted in

Fig. 3c, formic acid yields of 372, 234, 251, and 248 μmol g−1 h−1

were obtained for α-cellulose, wood, paper, and grass [76], respec-

tively. The sequential degradation of glucose through oxidation and

formate elimination, resulting in the formation of gluconic acid,

xylulose, and ribose (Fig. 3d). The initial oxidation of glucose pro-

duces gluconic acid, which in turn undergoes formate elimination

5
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Fig. 3. (a) Schematic diagram of the proposed mechanism for the enhanced photocatalytic cellulose reforming for H2 and formic acid of h-ZnSe/Pt@TiO2. (b) H2 production

of h-ZnSe/Pt@TiO2 with various cellulose sources. (c) Formic acid production of h-ZnSe/Pt @TiO2 with various cellulose sources. (d) The proposed degradation process of

glucose during photocatalytic reaction. Copied with permission [75]. Copyright 2024, Wiley-VCH. (e) The photocatalytic conversion of biomass-derived β-hydroxy acids into

amino acids under light irradiation. (f) The hydrogen generation performance related to the amination process. (g) The band diagrams for CdS, Ru1/CdS, and RuNP/CdS.

Copied with permission [78]. Copyright 2024, Wiley-VCH.
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to yield xylulose. The presence of formate plays a crucial role dur-

ing the early stages of the reforming process. Furthermore, xylulose

is oxidized to generate xylonic acid [77], followed by subsequent

formate elimination leading to the degradation of xylonic acid to

ribose. This iterative process of formate elimination continues un-

til the solution contains only formate.

Li et al. achieved remarkable visible light catalysis with the

Ru1/CdS catalyst, efficiently converting biomass-derived α-hydroxy

acids into amino acids [78]. Using a simple deposition/precipitation

method, they successfully synthesized ruthenium single-atom cat-

alysts on CdS nanosheets (Ru1/CdS) (Fig. 3e). Under visible light

irradiation and mild conditions, this catalyst effectively converts

biomass-derived β-hydroxy acids into amino acids. The introduc-

tion of ruthenium not only promotes alanine production but also

enhances hydrogen generation [79]. However, the hydrogen pro-

duction rate of RuNP/CdS surpasses that of Ru1/CdS, indicating that

the introduction of Ru single atoms facilitates electron transfer to

lactate, thereby promoting alanine production, while Ru nanopar-

ticles promote electron transfer to H2O, facilitating hydrogen pro-

duction (Fig. 3f). To investigate the band structure of lactate amina-

tion, they utilized Mott-Schottky plots to determine the conduction

band potentials of Ru1/CdS, RuNP/CdS, and CdS. Finally, they inte-

grated all data to establish a comprehensive electron diagram satis-

fying the redox potential from lactate to alanine (Fig. 3g). Through

the aforementioned studies, researchers have achieved selective

conversion of specific compounds in biomass waste, successfully

obtaining high-value organic chemicals [80]. These research find-

ings provide important theoretical and practical guidance for the

application of photocatalytic technology in energy generation and

environmental protection, laying a solid foundation for future sus-

tainable development and green chemical production.

4.2. Converting BA to BAD coupling with H2 production

The selective oxidation of aldehyde molecules is a crucial func-

tional group transformation in organic electro synthesis [81]. The

O2-containing derivatives produced from these reactions are typi-

cally used as important, versatile intermediates in the synthesis of

pharmaceuticals and fine chemicals. During this process, the alde-

hyde and hydroxymethyl groups at the 2-carbon and 5-carbon po-

sitions of the furan ring can be converted into various high-value

products through a variety of chemical reactions [82]. Photocat-

alytic technology can achieve coupled production of aldehydes and

H2 in the process of aldehyde production. This method combines

the efficient properties of photocatalysis with the significant appli-

cations of aldehyde products, providing new possibilities for green

chemistry. By utilizing photocatalysis to produce aldehydes cou-

pled with H2 [83], can not only achieve high aldehyde yields, but

it also promotes the sustainable production of H2 energy. The de-

velopment of this technology presents new prospects in the field

of organic synthesis and simultaneously drives the advancement of

renewable energy and the production of green chemicals.

Liu et al.’s research presents a dual-functional redox system,

CdS/U6N, which combines photocatalytic H2 production with se-

lective organic synthesis [84]. By combining two photocatalysts

with well-matched bandgaps and band structures, and leveraging

the advantages of a staggered heterojunction, the redox capabili-

ties of both photocatalysts can be maximized, thereby improving

the efficiency of photocatalytic water splitting for H2 production.

In the CdS/U6N heterojunction, the possible mechanism for

the coupled photocatalytic H2 production and benzyl alcohol (BA)

conversion to benzaldehyde (BAD) can be described as follows

(Fig. 4a). Under light irradiation, the unique electron transfer path-

way in the type II heterojunction leads to the interaction between

photogenerated holes in U6N and benzyl alcohol. Initially, the α-C

of benzyl alcohol is oxidized, generating •CH(OH)Ph. Subsequently,

Fig. 4. (a) Proposed reaction mechanism for photoredox dual reaction for BA con-

version and H2 evolution over CdS/U6N S-scheme heterojunction under light irra-

diation. (b) The photocatalytic activities of H2 evolution and BAD production on

U6N, CdS, and UCx composites in 3 h. (c) Two-step single-electron oxidation and

reduction mechanism of BA and H2O. Copied with permission [84]. Copyright 2024,

Wiley-VCH.

further oxidation occurs, resulting in the formation of BAD. Simul-

taneously, the photogenerated electrons in CdS combine with the

H+ generated during the reaction, leading to the production of

H2. Under the illumination of a 300 W xenon lamp, the photocat-

alytic H2 production and oxidation of BA to form BAD were stud-

ied in an aqueous solution (Fig. 4b). CdS exhibited moderate H2

and BAD generation rates of 11.1 μmol and 9.1 μmol [85], respec-

tively, while U6N displayed negligible H2 production and BA oxida-

tion. However, after the formation of the UCx heterojunction, the

photocatalytic performance significantly improved. Among them,

the UC0.5 composite provided H2 and BAD products of 12.7 μmol

and 9.3 μmol, respectively. When the loading amount of CdS was

further increased, the UC0.75 composite exhibited the best pho-

tocatalytic performance, with H2 and BAD production reaching
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38.1 μmol and 37.8 μmol, approximately three times higher than

that of pure CdS [86]. However, as the loading amount continued

to increase, the photocatalytic performance of the UC1.5 compos-

ite decreased. This can be attributed to the light shielding effect

caused by the accumulation of CdS nanoparticles. Researching the

two-step single-electron oxidation-reduction [87] mechanism of BA

and H2O provides insights into the source of H2 in the coupled

photocatalytic HER and BA oxidation (Fig. 4c). The oxidation reac-

tion of BA is controlled by H+ concentration, verifying the origin of

H2 generated in the coupled reaction system. The oxidation reac-

tion of BA is facilitated by the presence of H+ ions [88], as photo-

generated holes react with H+ ions in water during the photocat-

alytic process, generating oxidizing agents that promote BA oxida-

tion. Additionally, experimental evidence confirms that the H2 pro-

tons in the coupled reaction system come from water molecules.

This can be verified by isotopically labeling the water in the ex-

perimental system with D2O. If the source of H2 is indeed wa-

ter molecules in the coupled reaction system, the production of

D2 would be observed when heavy water is used in the exper-

iment. Therefore, through such experimental evidence, it can be

confirmed that H2 generated in the coupled photocatalytic H2 evo-

lution and BA oxidation reactions originates from water molecules.

Therefore, in the CdS/U6N heterojunction, the synergistic effect of

the different functionalities of CdS and U6N allows for the efficient

utilization of photogenerated electrons and holes, enabling simul-

taneous H2 production and the conversion of BA to BAD [89].

4.3. Converting BA to NBBA coupling with H2 production

The presence of imines, which contain a C=N bond [90], is

crucial as an important intermediate for synthesizing quinoline

derivatives, pyridine derivatives, and cucurbituril compounds. It

holds significant significance in the fields of fine chemicals, phar-

maceuticals, and agrochemical engineering. The selective oxidation

of amines to imines combined with the generation of H2 under

anaerobic conditions is typically achieved by using precious metal

catalysts such as palladium and platinum to enhance overall per-

formance [91]. However, the high cost of these catalysts poses a

challenge for industrial production. Therefore, the design of cost-

effective and highly active photocatalysts is imperative. Emphasiz-

ing the role of imines in this passage, their importance lies in be-

ing a vital intermediate for synthesizing various compounds in the

mentioned fields.

He et al. designed a TiO2/Ni0.08-Zn0.2Cd0.8S quantum dot ma-

terial by introducing nickel doping and constructing an S-scheme

heterostructure [92]. This material was employed to enhance H2

production and the oxidation reaction of benzylamine (BA). The re-

search provides a method for further controlling the active sites

and internal electric fields of S-scheme heterostructures. Addition-

ally, the study serves as a reference for investigating other photo-

catalytic redox reactions.

In an S-scheme heterojunction, H2 generation occurs on highly

active sites featuring Ni2+, while the oxidation of benzylamine

takes place on the Lewis acidic [93] sites of the TiO2 surface

(Fig. 5a). Regarding the evolution process of NBBA, benzylamine

is initially transformed into a benzylamine radical cation through

photo-induced hole conversion. Subsequently, the benzylamine

radical cation promptly converts into a nitrogen-centered radical

through proton transfer reaction with OH−. This process simulta-

neously generates H2O molecules. Then, the newly formed radi-

cal undergoes intramolecular H2 migration, resulting in the con-

version into a more stable carbon-centered radical. Following this,

the hole oxidizes OH− to form a hydroxyl group, while the carbon-

centered radical reacts with H2O molecule hole oxidizes OH− s

to produce an imine intermediate (Ph-CH=NH) [94]. Ultimately,

the Ph-CH=NH intermediate undergoes condensation reaction with

Fig. 5. (a) The proposed mechanism of photocatalytic benzylamine oxidation cou-

pled with H2 production over TNZCS40 surface. (b) The calculated H2 and NBBA

formation rates of H2 (green) and NBBA (orange) over T, NZCS, and TNZCS40 in 12

h. (c) The in situ DRIFT spectra of TNZCS40 under illumination for 60 min after BA

adsorption with the test interval of 10 min. Copied with permission [92]. Copyright

2023, Wiley-VCH.

benzylamine, leading to the release of NH3 molecules and the for-

mation of benzylidenebenzylamine (NBBA). Within a 12-h period,

TNZCS 40 demonstrated the highest NBBA production rate of 3.35

mmol g−1 h−1 and an H2 production rate of 4.55 mmol g−1 h−1.

In contrast, the original T and NZCS exhibited lower NBBA yields

of 0.88 and 0.45 mmol g−1 h−1, respectively, owing to inadequate

redox capacity and pronounced charge recombination (Fig. 5b). In

the experiment, BA vapor was initially introduced and under dark

conditions, BA molecules adsorbed onto the Lewis acidic sites on

the surface [95]. The broad peak observed in Fig. 5c (in the range

of 3750–3250 cm−1) can be attributed to the stretching vibrations

of amino (N–H) and hydroxyl (O–H) groups in BA and H2O, respec-

tively. Additionally, peaks observed at 3082, 3060, and 3033 cm−1

correspond to the stretching vibrations of the methylene (–CH2)

groups attached to the benzene ring [96]. Moreover, the peak at

1460 cm−1 represents the asymmetric bending vibration of the C-

H bonds in the benzene ring’s side. The characteristic vibrational

band for mono-substituted benzene is located between 1700–2000

cm−1. Another twisting vibration peak of the benzene ring is also

observed at 1502 cm−1.

4.4. Converting OPD to 2MBZ coupling with H2 production

Benzimidazole [97] compounds are widely used in the phar-

maceutical and agrochemical fields for purposes such as treat-

ing infections and protecting crops. In recent years, extensive re-

search has been conducted on the synthesis of benzimidazoles

[98]. The common synthesis method involves the coupling reaction

of o-phenylenediamine (OPD) with carboxylic acids or their deriva-

tives under acidic and high-temperature conditions. However, this

method often leads to the formation of many byproducts. Alterna-

tively, benzimidazoles can be synthesized through the condensa-

tion reaction of OPD with aldehydes, but this method requires the

use of stoichiometric or excess reagents and unwanted strong oxi-

dants [99]. Faced with these challenges, there is an urgent need to

develop an economically and environmentally friendly alternative

method for the synthesis of benzimidazoles under mild reaction
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Fig. 6. (a) Proposed reaction mechanism for photocatalytic 2MBZ synthesis and H2 evolution over 15Pd/ZnO. (b) Photocatalytic performance over pristine ZnO and Pd/ZnO

composites with different contents of Pd after 4 h of illumination. (c) Formula for the cross-coupling of OPD and ethanol. Copied with permission [98]. Copyright 2023,

Wiley-VCH.

conditions to address issues associated with traditional methods,

including harsh reaction conditions, high energy consumption, and

poor product selectivity.

Currently, the synthesis of benzimidazoles from alcohols and

OPD involves the oxidation and deration of alcohols to generate

aldehyde intermediates, which are then condensed with OPD to

form benzimidazoles. However, the traditional synthesis route has

a potential drawback, as the accumulation of aldehyde intermedi-

ates may lead to the generation of undesired byproducts, thereby

reducing the selectivity of the desired benzimidazoles. In this con-

text, the development of a new synthesis route to achieve more

effective benzimidazole synthesis remains an ideal objective [100].

Particularly, the latest research direction in photocatalysis provides

us with new perspectives and possible solutions. By utilizing pho-

tocatalytic technology, we can achieve the synthesis of benzimida-

zoles under milder conditions, thereby reducing energy consump-

tion and improving product selectivity, offering new possibilities

for addressing the issues present in traditional synthesis routes

[101]. This integration of the latest research findings in photocatal-

ysis not only fills existing research gaps but also holds the poten-

tial to provide new insights and methodologies for achieving more

effective benzimidazole synthesis, with significant theoretical and

practical implications.

Benzimidazole compounds have wide-ranging applications in

the pharmaceutical and materials fields, making it of great impor-

tance to develop efficient synthetic methods for their research and

practical applications. Wang et al. has developed a novel synthetic

approach utilizing Pd-modified ultrathin ZnO nanocrystals as cat-

alysts [102]. This approach promotes a mild and efficient cross-

coupling reaction between alcohols and OPD, enabling the syn-

thesis of benzimidazole compounds while concurrently producing

H2. This method demonstrates high efficiency and environmental

friendliness, thus opening up a new avenue for the synthesis of

benzimidazole compounds.

Rational photocatalytic reaction mechanism of benzimidazole

synthesis with concurrent H2 generation (Fig. 6a). Under light il-

lumination, the 15Pd/ZnO catalyst generates photoinduced charge

carriers. The interface interaction between Pd NPs and ZnO NS pro-

motes efficient separation and transfer of the photoinduced charge

carriers. In contrast to previous reports involving the conversion of

ethanol to acetaldehyde followed by condensation with diamines,

the presence of Pd NPs facilitates the selective cleavage of the

α-C−H bond of ethanol, generating highly reactive •CH(CH3) OH

species and providing strong adsorption sites. Moreover, the ex-

posed unsaturated metal centers on the 15Pd/ZnO catalyst surface

act as Lewis acid sites, favoring the adsorption of OPD [103]. Subse-

quently, the highly active •CH(CH3) OH attacks the lone pair elec-

trons of the –NH2 group on OPD, forming a Schiff base. Finally,

the Schiff base undergoes further deration and cyclization reac-

tions to yield 2-methylbenzimidazole (2MBZ). Simultaneously, the

photo-generated holes interact with protons and reduce them to

H2. Based on the above findings, we propose a rational photocat-

alytic reaction mechanism for the synthesis of benzimidazole ac-

companied by H2 generation. The catalytic activity of Pd/ZnO com-

posite material is significantly enhanced. Initially, no gas or liq-

uid products were detected on the pristine ZnO catalyst. However,

the catalytic activity significantly improved when Pd nanoparticles

were deposited on ZnO to form the composite material. In partic-

ular, the 15% Pd/ZnO composite exhibited the best catalytic perfor-

mance, with a production rate of 1.2 mmol g−1 h−1 of 2MBZ and

2.5 mmol g−1 h−1 of H2, while maintaining a remarkable selectiv-

ity of 98%. Additionally, the observed changes in the yield of 2MBZ

in the prepared samples shown in Fig. 6b indicate a strong correla-

tion between the formation of 2MBZ and the Pd modification, fur-

ther confirming the crucial role of Pd in this reaction process [104].

Based on the stoichiometric ratio of 2MBZ to H2, it can be inferred

that the consumption ratio of electrons and holes in the redox re-

action is approximately 2:1, suggesting a stoichiometric deration

reaction. The in-situ Fourier-transform infrared (FT-IR) technique

was utilized to further investigate the synthesis pathway of 2MBZ.

Prior to the in-situ FT-IR measurements, the 15Pd/ZnO catalyst was

subjected to OPD ethanol solution adsorption treatment in Ar at-

mosphere for 30 min. Through a photooxidation-reduction-driven

reaction (Fig. 6c), the simultaneous synthesis of 2MBZ and gener-

ation of H2 is achieved in an Ar atmosphere by utilizing OPD and

ethanol as starting materials.

4.5. Converting FOL to FAL and coupling with H2 production

Recently, some studies have utilized photocatalysis as a new

method to promote the synthesis of furfural and the generation

of H2 [105]. By designing and synthesizing materials with excel-

lent photocatalytic activity, these studies are dedicated to con-

verting visible light into the energy required for chemical reac-

tions, thereby enhancing reaction efficiency and reducing energy

consumption. In addition, photocatalysis can selectively promote

the production of furfural, reducing the generation of by-products.

Compared to traditional thermal chemical methods, photocataly-
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sis can provide milder and more environmentally friendly reaction

conditions, and has the potential to achieve efficient energy utiliza-

tion and the realization of green chemical processes [106]. How-

ever, despite the many potential advantages of research on promot-

ing furfural synthesis and H2 generation through photocatalysis,

there are still some challenges. These challenges include the syn-

thesis and optimization of photocatalysts, control of reaction con-

ditions, catalyst stability, and recycling [107], among others. Fur-

thermore, the efficiency and yield of promoting furfural synthesis

through photocatalysis still need to be further improved to meet

the needs of industrial applications. In conclusion, promoting fur-

fural synthesis and H2 generation through photocatalysis is a re-

search direction with significant potential. Through photocatalysis,

we have the potential to achieve efficient, environmentally friendly,

and sustainable furfural synthesis, providing new possibilities for

green chemistry and renewable energy production.

Recent research developments have indicated that using visible

light catalysis for the water splitting reaction can effectively gen-

erate H2. In this regard, Yang et al. have successfully synthesized

a sample with outstanding photocatalytic activity [108]. To explore

its photocatalytic activity, they utilized FOL (an aqueous alcohol so-

lution, furfuryl alcohol) as a hole sacrificial reagent to further en-

hance the efficiency of the water splitting reaction. They exposed

the prepared sample to visible light irradiation and introduced FOL

into the reaction system [109]. The photocatalyst absorbs visible

light energy, exciting electrons and holes, thereby creating active

sites on the material surface. FOL acts as a hole sacrificial reagent,

capturing and eliminating the generated holes, thus sustaining

the photocatalytic reaction [110]. Under these reaction conditions,

water molecules were effectively decomposed into H2 and O2.

Through the rational design and optimization of the photocatalyst’s

characteristics of the photocatalysts, Yang et al. achieved efficient

photocatalytic H2 generation. Additionally, this study successfully

integrated the utilization of FOL with the production of valuable

furfuraldehyde (FAL), thereby achieving effective resource utiliza-

tion and value enhancement [111]. This photocatalyst-based wa-

ter splitting reaction not only provides an environmentally friendly

and sustainable method for H2 production, but also contributes to

the simultaneous production of valuable FAL, thereby realizing the

goal of green chemistry. This research demonstrates the practical

application of the latest research developments in the field of pho-

tocatalysis, providing important insights for the production and ef-

ficient utilization of renewable energy.

Under visible light, as shown in Fig. 7a, the ZIS shell gets en-

ergized and sends its electrons to the MC core, thanks to the

unique way these particles are put together. These electrons are

crucial in breaking down water into H2, while the remaining en-

ergy in the shell takes a molecule called FOL and turns it into FAL,

a more valuable chemical. The clever design of MC@ZIS ensures

that the energy from the light is used effectively, increasing the

production of both H2 and FAL. As observed in Fig. 7b, the pris-

tine ZIS exhibits a relatively low H2 production rate of only 0.116

mmol g−1 h−1, with MC showing little activity towards the photo-

oxidation-reduction reaction. However, with the fabrication of the

core-shell Schottky junction between ZIS and MC, there is a sub-

stantial increase in the rate of H2 generation. Notably, the H2 pro-

duction rate for 1.5%MC@ZIS reaches 2.80 mmol g−1 h−1, which is

24.1 times higher than that of the pristine ZIS and nearly 1.9 times

higher than that of 1.5%Pt-ZIS. This underscores the critical role of

MC as an effective non-precious metal cocatalyst in photocatalytic

HER [112].

The findings confirm the potential of MC in enhancing catalytic

performance, paving the way for the development of cost-effective

and efficient photocatalytic systems for H2 production. Most im-

Fig. 7. (a) Proposed photocatalytic reaction mechanism of cooperative photo-redox dual reactions for H2 evolution and valuable FAL production over the core–shell MC@ZIS

Schottky junction under visible light irradiation. (b) The corresponding H2 yield rates over the as-prepared samples in the aqueous solution of FOL. (c) The corresponding

H2 yield rates over the as-prepared samples in the aqueous solution of FOL. (d) Photocatalytic H2 production rates of the prepared 1.5%MC@ZIS Schottky junction under

different reaction conditions. (e) The formulas of photo-redox dual reactions for integrating H2 evolution and the FAL production. Copied with permission [108]. Copyright

2023, Royal Society of Chemistry.
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Table 1

Recent key works on coupling organic synthesis and H2 production.

Precursor Products H2 production rate Organics production rate Ref.

Biomass Formic acid 14386 μmol g−1 h−1 372 μmol g−1 h−1 [75,78]

Benzyl alcohol Benzaldehyde 38.1 μmol g−1 h−1 37.8 μmol g−1 h−1 [84]

Benzylamine N-Benzylidenebenzylamine 4.55 mmol g−1 h−1 3.35 mmol g−1 h−1 [92]

OPD 2MBZ 1.2 mmol g−1 h−1 2.5 mmol g−1 h−1 [98]

Furfuryl alcohol Furfural 11.33 mmol g−1 h−1 2.80 mmol g−1 h−1 [108]

portantly, as demonstrated in Fig. 7c, the integration of the cocata-

lyst MC contributes to an impressive enhancement in the photocat-

alytic production rate of FAL. The FAL yield for 1.5%MC@ZIS (11.33

mmol g−1 h−1) is significantly higher than that observed for pris-

tine ZIS (8.38mmol g−1 h−1) and 1.5%Pt-ZIS (8.39mmol g−1 h−1). It

is noteworthy that there appears to be a coarse correlation be-

tween the MC content and the H2/FAL production. The specialized

ability of the MC@ZIS Schottky junction to yield both H2 and FAL

can be attributed to its unique core-shell architecture, which pro-

motes enhanced photogenerated carrier transfer. However, the ex-

cessive introduction of MC does not favor the evolution of H2 or

the conversion of FOL, which is likely due to the photoblocking ef-

fect [113]. Simultaneously, an overabundance of MC could hinder

the photocatalytic active sites of ZIS, thereby adversely affecting

its photo-oxidation-reduction performance. This balance indicates

the necessity for optimization of MC content to maximize photo-

catalytic activity while avoiding detrimental effects on the trans-

formation processes.

Subsequent controlled experiments were conducted to explore

the effects of experimental conditions on the photocatalytic per-

formance of the 1.5%MC@ZIS core-shell Schottky junction. As de-

picted in Fig. 7d, no H2 production was detected in the absence of

the photocatalyst or upon cessation of visible light irradiation, un-

equivocally indicating that the reaction is photocatalytically driven.

When acetonitrile (MeCN) was used as a solvent in place of H2O,

the H2 production rate for 1.5%MC@ZIS dramatically decreased to

0.34 mmol g−1 h−1, and no H2 generation occurred in pure MeCN

solvent [114]. These results confirm that the protons reduced by

photogenerated electrons to form H2 predominantly originate from

the disassociation of H2O, rather than the deration of FOL. There-

fore, the produced H2 is mainly sourced from the splitting of water,

with a minor contribution from the deration of FOL (Fig. 7e). In

this photo-oxidation-reduction reaction system, FOL can not only

replace traditional, costly hole scavengers (such as triethanolamine,

Na2S/Na2SO3) but also generate valuable chemical products during

the H2 production process. This holds great significance for the

green and sustainable valorization of photo-induced holes [115],

enhancing the overall appeal and practicality of photocatalytic sys-

tems for H2 generation. Table 1 summarizes the significant work

in recent years on coupling organic synthesis and H2 production.

5. Summary and outlook

In summary, to realize the industrialization and sustainable de-

velopment of photocatalytic H2 production technology, concerted

efforts in the investigation of catalytic mechanisms, innovation in

characterization techniques, optimization of reaction conditions,

and large-scale implementation are necessary. Through such en-

deavors, we aim to continuously enhance the efficiency of photo-

catalytic H2 production, advancing its application in the field of en-

ergy conversion and storage, ultimately ensuring the reliable sup-

ply and clean utilization of renewable energy resources. As shown

in Fig. 8, the photocatalytic coupling strategy for H2 production

summarizes the key points of the entire article.

In the field of photocatalytic H2 production research, there ex-

ists vast room for continual advancement and refinement.

Fig. 8. Photocatalytic coupling strategies for H2 production.

(1) In the array of strategies for photocatalytic H2 production,

standardized testing for the evaluation of catalytic H2 pro-

duction performance is essential and warrants heightened

attention to ensure comparability and accuracy of results.

A pivotal direction for future research lies in delving into

the complex coupling relationship between the provenance

of protons, the reduction reactions producing H2, and the

oxidation reactions. Moreover, isotope labeling techniques,

particularly proton-deuteron exchange, are crucial in probing

the mechanisms of catalytic reactions, facilitating the reve-

lation of reaction pathways and the formation processes of

intermediate products, thus enabling a more precise under-

standing and optimization of the catalytic process.

(2) There is a clear mandate to enhance current research

methodologies, especially through innovative advancements

in characterization techniques. Employing visual technolo-

gies to augment the observation of oxidation and reduction

reactions at various catalytic interfaces opens the possibility

of gaining novel insights into the kinetics of catalytic reac-

tions. Real-time visual analysis will assist in elucidating the

microscopic origins of catalytic activity and the interfacial

interactions occurring throughout the reaction process.

(3) Future research should strive to further harmonize oxidation

and reduction reactions, ensuring not only compatibility of

reaction rates but also considering the strategic inclusion of

catalysts to facilitate specific oxidation reactions. In this way,

we can refine the overall reaction rates and utilize light en-

ergy more efficiently for H2 production.

(4) As current studies are still in the nascent stage, the con-

struction of large-scale photocatalytic H2 production appa-

ratuses is imperative to move towards practical application

and demonstrate its industrial value. The establishment of

large-scale facilities will contribute to assessing the scalabil-
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ity, stability, and economic viability of the technology, serv-

ing as a vital step in transitioning from laboratory research

to commercial application.
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