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Recent advances in polyoxometalates for
photocatalytic carbon dioxide reduction

Guifen Li,t* Zheyu Wei,* Yanru Shi,° Ruirui Zhang, Xiangyi Kong,® Rui Ren,’
Yafu Wang,? Sitan Li, Yongge Wei® *® and Jiangwei Zhang [ *bcde

With the growing global demand for energy and the increasingly serious problem of environmental
pollution, the search for clean and sustainable methods of energy conversion and storage has become
a hot topic in current scientific research and technology development. Photocatalytic carbon dioxide
reduction (PCR) has attracted much attention in recent years as a technology capable of converting solar
energy into chemical energy while achieving carbon cycling and mitigating the greenhouse effect. PCR
offers the ability to convert solar energy into chemical energy through an environmentally friendly and
efficient process, while promoting energy storage and carbon reduction, an innovation that has great
potential to alleviate energy shortages and ameliorate environmental degradation. Polyoxometalates
(POMs) show great potential for photocatalytic CO, reduction applications due to their unique structural
properties, excellent redox capacity and tunable light absorption. This paper reviews the research
progress of polyoxometalates in photocatalytic carbon dioxide reduction, including the basic properties
of POMs, synthesis methods, the mechanism of photocatalytic carbon dioxide reduction, design and
synthesis of POM-based catalysts, optimisation of their performance, and practical applications. There
has now been a steady increase in publications and cited literature in this research area over the past
decade. However, despite the growing literature, a comprehensive and in-depth review of the
modification strategies, theoretical foundations, physicochemical properties and atomic level
understanding of POM materials is still rare. The aim of this paper is to provide a theoretical framework
for the development and refinement of POM materials in the field of photocatalytic CO, reduction.

In this paper, the research progress of polyoxometalates in photocatalytic carbon dioxide reduction is described in detail, including the basic characteristics of
polyoxometalates, synthesis methods, the mechanism of photocatalytic carbon dioxide reduction, the design and synthesis of polyoxometalate-based catalysts,

and the performance optimization and research progress of various polyoxometalate-based composites. We aim to provide valuable insights to facilitate further

research on polyoxometalates in photocatalytic carbon dioxide reduction.

1. Introduction

Human civilisation and the rapid development of the global
economy have become increasingly dependent on fossil fuels. It
is predicted that by 2050, more than 80% of global energy
consumption will come from fossil fuels."” More and more
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carbon dioxide emissions are causing the concentration of
carbon dioxide in the atmosphere to increase every year, and
high atmospheric CO, concentrations are widely recognised as
being associated with global environmental problems.® There-
fore, the conversion of large quantities of CO, into higher-value
chemicals and fuels (e.g., CO, CH,, HCOOH, C,H,, C,Hs)
represents a highly viable environmental strategy for CO,
emission reduction.*

The main methods for CO, reduction are electrocatalysis,
thermocatalysis, and photocatalysis.”” The electrochemical
reduction of CO, takes place in a complex environment. In
acidic electrolytes, the hydrogen precipitation reaction (HER) is
more likely to occur, strongly competing with the CO,RR,
leading to a decrease in CO, reduction efficiency.*® Many
catalysts tend to dissolve or corrode in acidic environments,
leading to decreased activity and shorter lifetimes. Moreover, in
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an acidic environment, the product distribution of the CO,RR is
complex, making it difficult to control the generation of target
products. Neutral electrolytes have weak buffering capacity,
a slow reaction rate and poor product selectivity. Moreover,
neutral electrolytes have low ionic conductivity and may require
higher concentrations of electrolytes to maintain current
density, but this may increase cost and introduce side reactions.
In alkaline electrolytes, CO, reacts with OH ™ to form carbonates
(e.g., CO3*  or HCO; ), and OH  is constantly consumed,
requiring frequent replenishment or replacement of the elec-
trolyte and also leading to a lower concentration of CO, in the
electrolyte and limiting reactant availability. Carbonates may be
deposited on the catalyst surface, resulting in the active sites
being covered and reducing the catalytic efficiency. Meanwhile,
the thermocatalytic reduction of CO, requires high tempera-
tures, which not only increase energy consumption but also
reduce the quantum efficiency of the catalyst.® Photo-
electrocatalytic CO, reduction technology'* faces three primary
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challenges: firstly, the difficulty in achieving synergistic opti-
mization among light absorption efficiency, charge separation
efficiency, and catalytic activity results in generally low overall
energy conversion efficiency (<2%). Secondly, poor catalyst
stability manifests through various degradation pathways
including photocorrosion, catalyst poisoning, and active site
deactivation. Most critically, the system's inherent complexity
requires simultaneous optimization of multiple components
(photoelectrodes, electrolytes, and separation membranes),
presenting significant challenges for industrial-scale imple-
mentation. Photocatalytic CO, reduction is a technology that
utilizes renewable solar energy to convert CO, into high-value
hydrocarbon fuels or chemicals. In contrast, solar energy is
known as a renewable and clean energy source and is a key
factor in the future transition to sustainable energy. Inspired by
photosynthesis in natural biological systems, the use of artifi-
cial solar energy for producing high value-added chemicals has
attracted much attention.” In contrast, photocatalysis uses
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solar energy directly to drive the reaction without the need for
additional electrical or thermal energy and is a clean and
renewable source of energy.'>** Photocatalysis is usually carried
out at indoor temperature and pressure, with mild reaction
conditions and low equipment requirements. Photocatalysis
can significantly reduce operating costs if it can utilise solar
energy efficiently. High selectivity for specific products (e.g., CO,
CH,, CH30H, etc.) can be achieved by modulating the energy
band structure and surface properties of the photocatalyst.
Importantly, the photocatalytic process produces no secondary
pollution and few by-products and is environmentally friendly.

CO, remains a plentiful and inexpensive carbon feedstock,
despite the serious environmental problems caused by its
massive emissions.'>*® The goal of photocatalytic CO, reduction
technology is to achieve efficient, selective, and
durable conversion of CO, into specific products to enable
large-scale utilization.'”'* However, the activation of inert CO,
molecules usually requires a very high energy input because the
C=0 bonds in CO, have a high bond energy. In addition, the
elemental carbon in carbon dioxide can be reduced from a high
oxidation state to a low oxidation state, which involves a large
number of reduction products, resulting in the need for further
modulation of CO,RR selectivity. The formation and type of
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final reduction products depend mainly on the number of
electrons and protons involved in the reaction during catalysis.
In addition, the CO,RR usually competes fiercely with the HER,
which usually partially reduces the efficiency and selectivity of
CO, conversion, resulting in a photocatalytic system whose
conversion efficiency, selectivity and stability are still far from
satisfactory, mainly due to the low light utilisation rate of the
photocatalytic system, the limited active sites, and the fast rate
of photogenerated electron-hole pair complexation.'* To over-
come these shortcomings, it is necessary to design photo-
catalytic systems that can adequately meet the requirements of
light trapping, reactant adsorption, photogenerated charge
separation and transport, and CO, activation.”® Currently,
POMs with well-defined and modifiable structures and good
redox properties are receiving more and more attention in the
field of the photocatalytic CO,RR.*"** Polyoxometalates (POMs)
are a large class of oxides of metals (e.g., V¥, Mo", Nb", Ta",
Mo"', and W") representing a large number of crystalline
inorganic clusters with unique physical and chemical proper-
ties.” POMs can be used as photocatalysts, co-catalysts, pho-
tosensitisers, and multi-electron donors in the photoreduction
of CO,.** Therefore, POMs and POM-based catalysts would be
among the most promising catalysts for photocatalytic
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reduction of CO,. To date, a growing number of POM structures
have been found, which can be modified by altering the
elemental composition, structural dimensions and thus their
corresponding properties, such as redox capacity, acidity, and
thermal and chemical stability. Most importantly, these POM-
based compounds can often exhibit reversible multi-electron
redox transitions while maintaining a stable structure.”® To
date, a growing number of POM-based compounds have been
extensively explored in the photocatalytic CO,RR, including
POM clusters, POM@MOFs (encapsulation of POMs into metal-
organic frameworks), POMOFs (POM-based metal-organic
frameworks) and POM-g-C3N, and POM-LDH, among others.
They have demonstrated some outstanding strengths and
important advances in these areas, but there are some serious
issues that need to be solved. For example, the complex struc-
ture of POMs leads to easy decomposition, easy generation of
other species on the surface, etc. Additionally, POMs are larger
molecular clusters, which lead to their lower catalytic activity.
This paper focuses on the advantages, recent advances and
challenges faced by POM-based compounds as photocatalysts
for the CO,RR and proposes strategies and prospects to
promote their development.

2. Basic understanding of
photocatalytic carbon dioxide
reduction

Excessive emission of CO, is the main cause of global warming,
so the efficient conversion of CO, into valuable hydrocarbon
chemicals is an effective way to solve the energy and
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environmental crises.**® The photocatalytic reduction method
as an effective strategy not only reduces the amount of CO, in
the atmosphere, but also obtains valuable hydrocarbon prod-
ucts such as CO, CH,, C,H,, formic acid and acetic acid.?”®
Therefore, this catalytic method has important research value
and application prospects. CO, is a linear molecule with a high
degree of symmetry and the energy required to break the C=0
bond is as high as 750 k] mol™!, which makes its structure
extremely stable and resistant to chemical reactions.”

Thermodynamically, photocatalytic carbon dioxide reduc-
tion is a multiple electron-transfer process, and the energy
required to generate different products varies.**> Especially in
the real reaction process, the energy required is higher than the
theoretical value, and it is difficult for conventional semi-
conductors to meet the requirements, so it is generally believed
that the activation of CO, is a decisive speed step.’* Kinetically,
CO, is a non-polar linearly symmetric molecule, where the
carbon atom acts neither as an electron donor nor an electron
acceptor, and the electron cloud densities of the two oxygen
atoms are uniformly distributed, resulting in a stable CO,
molecular structure and a high CO, activation barrier. In
addition, the multi-electron reaction step slows down the
carbon dioxide reduction reaction and limits the efficiency and
selectivity of the CO, reduction reaction. Therefore, it is
necessary to develop efficient photocatalysts.***

The basic process of photoreduction of CO, is shown in
Fig. 1, in which the semiconductor acting as a photocatalyst is
excited by light to generate electron-hole pairs, and the pho-
togenerated electrons generated in the valence band (VB)
subsequently jump to the conduction band (CB), while the
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holes remain in the valence band (VB).***” The conduction band
minimum (CBM) and valence band maximum (VBM) of the
photocatalyst during the photocatalytic reaction need to include
the redox potential for the CO, reduction reaction, and the
generated photogenerated charge carriers will be able to
participate in the surface redox reaction. This implies that the
photocatalyst should have a conduction band potential that is
more negative than the CO, reduction potential and a valence
band potential that is more positive than the H,O oxidation
potential, with photogenerated electrons in the conduction
band used for the CO,RR and the corresponding photo-
generated holes consumed either by the oxygen-extraction
reaction (OER) or by an additional sacrificial electron donor
for the complete catalytic CO,RR process. Thus, the CB and VB
positions of the catalyst determine the redox capacity of the
catalyst in some extent.’®*’

In addition, the separation efficiency of the photogenerated
carriers has a great influence on the catalytic performance.*
Although semiconductors can generate a large number of
carriers under light conditions, some electrons may return to
their original positions in the VB or complex with holes during
the migration process, so that a growing number of electrons
and holes arriving at the surface of the catalyst decreases, which
reduces the charge separation efficiency and adversely affects
the CO, conversion process. This low photogenerated carrier
separation efficiency is a major limiting factor for the develop-
ment of the CO,RR, so minimising hole complexation or max-
imising carrier separation is essential for improving reduction
efficiency. In conclusion, changing the band gap of semi-
conductor materials and enhancing the separation efficiency of
photogenerated carriers of semiconductor materials are one of
the important methods to enhance the catalytic performance of
catalysts.** Therefore, an ideal CO,RR photocatalyst should
have at least the following characteristics: a good light-
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transport of photogenerated electron-hole pairs, and a large
number of reaction sites with adsorbed activation amounts to
promote the photocatalytic reaction.

3. Basic properties and benefits of
POMs

Polyoxometalates (POMs) are a class of organotransition metal
oxide cluster anions, consisting of cations and polyacid anions,
in which the metal oxide octahedron is the basic constituent
unit of polyacid anions, and the metals in the structure gener-
ally include pre-transition metals/transition metals (Mo, W, V,
etc.),”* which have electronic properties similar to those of
metal-oxide semiconductors (MOSs) and thus have quasi-
semiconducting photochemical properties. The photocatalysts
have quasi-semiconductor photochemical properties.***

Common photocatalysts include zinc oxide (ZnO***’), cobalt
oxide (Co30, (ref. 48)), and cadmium sulfide (CdS***°). Among
these photocatalysts, ZnO has a high energy level valence
potential and an inherent dipole structure, so ZnO has a high
photogenerated carrier mobility and exhibits excellent photo-
catalytic activity, especially under ultraviolet light. ZnO can also
be prepared in a variety of morphologies (e.g., nanowires,
nanorods, etc.) by modulating the preparation conditions,
which can improve the specific surface area and catalytic
performance.

However, ZnO is susceptible to photocorrosion during pho-
tocatalysis,** especially under acidic or alkaline conditions. ZnO
mainly absorbs UV light and has low utilisation of visible light.
Co;0, has a narrower forbidden bandwidth (~2.1 eV) and is
able to absorb visible light with higher solar light utilisation.
The valence changes of Co®*/Co" in Co;0, contribute to cata-
Iytic reactions, particularly in redox processes. Co;0, exhibits
high photosensitivity in the visible spectrum but suffers from
the disadvantage of low efficiency in optimal photovoltaic
conversion due to the bulk effect. Although Co30, is capable of
absorbing visible light, its photocatalytic efficiency is usually
lower than that of materials such as TiO,.”> CdS has good charge
separation efficiency and quantum size effect.'® However, CdS is
prone to surface defects (e.g., sulphur vacancies, cadmium
vacancies, etc.) during its preparation, which can become the
centre of electron-hole complexation and promote the
complexation. Moreover, CdS is prone to photocorrosion under
light, resulting in the generation of Cd®>" and S on the
surface,” and these by-products will further increase the
surface defect states and promote electron-hole complexation.
Photocorrosion not only reduces the stability of CdS, but also
increases the number of complex centres. Metal-organic
frameworks (MOFs) and covalent organic frameworks (COFs)
are also applied in photocatalysis.>*** These materials feature
well-defined pore architectures and exceptionally high surface
areas, providing abundant active sites for CO, adsorption and
enabling localized reactant concentration enhancement for
superior catalytic efficiency. By judicious selection of organic
linkers and metal nodes, their band structures, light absorption
ranges and catalytic site distributions can be precisely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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engineered. However, these materials still face challenges,
including hydrothermal instability (e.g., Zn-MOFs degrade at
pH < 5), harsh synthesis conditions (some requiring treatment
at —196 °C), and high raw material costs (e.g., ligands con-
taining Pt/Pd). Mechanistic studies further require advanced
operando techniques (e.g., FTIR and XAS) coupled with DFT
simulations. Perovskites exhibit unparalleled compositional
flexibility through site engineering, enabling precise bandgap
(1.2-3.0 eV) and light-harvesting optimization. Their broad
spectral response (300-800 nm) surpasses conventional semi-
conductors, achieving superior solar utilization®**”. They
demonstrate exceptional performance in pollutant degradation
and water splitting. However, three critical issues persist: (1)
environmental instability—phase segregation occurs at >60%
humidity or >1 sun illumination; (2) toxicity concerns—Pb**
leaching reaches 50 ppm in lead-based variants; (3) activity
decay—40% efficiency loss after 100 h operation.

Compared with these common photocatalysts, POMs have
significant advantages. POMs have excellent thermal stability,
high activity, and good ability to carry and release electrons and
can achieve rapid electron transfer without changing the
structure, thus improving the photocatalytic efficiency. They
demonstrate great advantages in catalysis.”**® In addition, the
fully inorganic nature and robust shell topology make POMs
attractive homogeneous photocatalysts.®® The tunable redox
potential and reversible redox activity are the main advantages
of polyoxometalates as photocatalysts.** However, conventional
POM structures tend to have a large light-absorbing bandgap in
the UV region, which limits the photocatalytic efficiency. So, it
can be modulated by the following strategies. Firstly, photo-
sensitisers that respond to visible light can be added. For
example, ruthenium pyridine and noble metal-free metal-
loporphyrins were added to the catalytic system to help modu-
late the light absorption range of POMs.**> Because POMs have
strong electron acceptability, which enables them to effectively
accept photoexcited electrons transferred from the LUMO
energy level of the photosensitiser, when the LUMO energy level
of the photosensitiser is more negative than that of POMs, the
POMs can act as electron reservoirs to spontaneously accept
electrons from the photosensitiser. The electrons in the pho-
tosensitiser can be rapidly transferred to the POM catalyst by
continuous photoexcitation, so that the polymetallic oxonate
can promote the transfer of photogenerated carriers and
prolong the lifetimes of the photogenerated carriers in the
photosensitiser to inhibit the complexation of electron-hole
pairs, which significantly improves the photocatalytic efficiency
of the photocatalytic carbon dioxide reduction.

Secondly, the structure of different valence states of POMs
(namely, heteropoly blues, denoted as HPBs) can be modulated,
thereby changing the energy band structure and light absorp-
tion range.® The absorption spectra of some heteropoly blues
may have rather broad light absorption covering the visible or
near-infrared region, which will greatly improve the utilisation
of sunlight and thus the photocatalytic efficiency of photo-
catalytic carbon dioxide reduction. Furthermore, poly-
oxometalates in the reduced state are better able to enrich
electrons relative to their oxidised state, which then changes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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their LUMO and HOMO energy levels. Thus, when metallic or
even non-metallic elements with different electronegativities
are introduced into the POM structure, their LUMO energy
levels may change. This can be used to tune the electronic or
surface structure of POM-based composite photocatalysts to
improve the photocatalytic CO, reduction performance.

3.1 Structure and synthesis of POMs

Polyoxometalates are a class of anionic clusters formed from
transition metal ions (e.g., tungsten, molybdenum, vanadium,
etc.) and oxygen atoms connected by shared apex oxygen
atoms.** They are classified into homopolyacids and hetero-
polyacids according to the presence or absence of heteroatoms.
Polyacids without heteroatoms are homopolyacids (e.g,
[M0gO1]* ™, [NbO1o]® ™, [WeO10]* ", and [Tag014]® 7). Polyacids
containing heteroatoms are heteropolyacids, which can be
classified into six typical configurations based on the geomet-
rical configuration of the heteroatoms and the ratio of hetero-
atoms to ligand atoms: the Keggin, Dawson, Anderson®,
Waugh®®, Silverton®” and Lindqvist®® structures. Each structure
type has a unique geometry and charge distribution. These
structural properties enable POMs to exhibit unique catalytic
performance in photocatalytic carbon dioxide reduction. Some
generalisations regarding the synthesis of polyoxometalates
with the classical six structures are given below:

(1) Keggin structure. It is usually prepared by acidifying an
acid salt solution containing tungsten or molybdenum and
adding an appropriate reducing agent (e.g. phosphoric acid,
sulphuric acid, etc.).* For example, tungsten phosphates with
the Keggin structure can be obtained by acidifying sodium
tungstate solution with phosphoric acid, followed by heating,
crystallisation, etc. The Keggin structure is characterised by the
fact that heteroatoms with tetrahedral configuration (e.g. P, Si,
etc.) are located in the centre, surrounded by 12 metal-oxygen
octahedra. There are two classical methods for the specific
synthesis of H;[o-PW,,0,4] as an example.

Method 1: sodium tungstate is dissolved in water, heated to
boiling until the solution clarifies, and phosphoric acid is
added. Concentrated hydrochloric acid is then added slowly
and cooled to obtain a crystalline product but it contains a small
amount of tungstic acid. After 4 h, the product is re-dissolved in
water after filtration under reduced pressure and extracted with
ether and concentrated hydrochloric acid. The bottom polyacid
ether complex was then added to the water, ether and hydro-
chloric acid solution and extracted again, and the bottom layer
was an ether complex of the colourless thick liquid
H;3[PW;,0,0]- The ether complex was then added to water and
the water bath was heated until the bottom solution gradually
disappeared and Hs[a-PW;,0,] crystals were produced.

Method 2: sodium tungstate and disodium hydrogen phos-
phate are dissolved in boiling water. Concentrated hydrochloric
acid solution is added drop by drop under stirring, and when
the solution is cooled, anhydrous ether is added for extraction,
followed by washing with water several times. Finally, the ether
compounds are collected and subjected to heat evaporation in
a water bath to obtain the crystalline product.

EES Sol, 2025, 1, 482-501 | 487
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(2) Dawson structure. The synthesis is similar to the Keg-
gin structure, but usually requires more complex reaction
conditions and longer reaction times. The structure of the
product can be optimised by adjusting the ratio of reactants,
reaction temperature time and temperature.

The Dawson structure is characterised by two Keggin struc-
tural units joined by sharing an oxygen atom to form a dimer
structure. Taking K¢[o-P,W;506,] and K¢[B-P,W;504,] as exam-
ples, there are various synthetic methods, which need to be
used in controlling the reaction temperature, the reaction time
and the temperature of the recrystallisation solution. We mainly
introduce the synthesis method with the highest yield and the
least by-products reported so far. The specific synthesis steps
were as follows: sodium tungstate was slowly added into water
with vigorous stirring, and 4 mol per L hydrochloric acid solu-
tion was dripped into the aqueous solution of sodium tungstate
with a dropping funnel, and the pH of the reaction mixture
changed to 6-7 after the hydrochloric acid solution was added,
and the pH of the reaction mixture became 6-7 when the dilute
solution was clarified, and then immediately 4 mol per L
phosphoric acid solution was added dropwise to the reaction
mixture, and after the addition of phosphoric acid, the solution
became a yellowish clarified solution, and the pH became 1-2.
The solution was refluxed for 24 h, then added to the reaction
mixture containing 4 mol L~ phosphoric acid. After subse-
quent refluxing for another 24 h, the solution turned bright
yellow.” The solution was transferred to a wide-mouth bottle,
cooled to room temperature and left for 3-4 h, during which the
yellow colour faded. KCl was added at room temperature with
stirring, resulting in a yellow precipitate, which was filtered and
dried in air to obtain the crude product. The crude product was
dissolved in water and heated to 80 °C. After heating for 72
hours, small yellow crystals formed at the bottom of the bottle.
The advantage of this method is the high purity and good
crystallinity of the product, which is widely used in laboratory
studies.”®”*

(3) Anderson structure. The Anderson structure is an
octahedral configuration with six metal-oxygen octahedra
around a central heteroatom (usually Al, Fe, etc.). The synthesis
step for the Anderson structure is mainly the conventional
synthesis method: metal salts, ligands and solvents are mixed in
a certain ratio. The mixture is heated to boiling and refluxed for
a period of time to ensure complete reaction of the reactants. At
the end of the reaction, the solution is cooled to indoor
temperature and the crystal product is obtained by filtration or
centrifugation. The crystal product is recrystallised or otherwise
purified as required.”” The method has relatively mild synthetic
conditions.

(4) Waugh structure. The synthesis of the Waugh structure
usually involves a multi-step reaction including dissolution of
the metal salt, addition of ligand, pH adjustment and subse-
quent crystallisation process. The Waugh structure is charac-
terised by two triple-deficient Keggin structural units connected
by sharing three oxygen atoms to form a cluster. The synthesis
steps of the Waugh structure: molybdenum and manganese
ligands were used as raw materials and prepared using an
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ethanol-water mixed solvent system. The molybdenum ligand
and manganese ligand were placed in a beaker and a mixed
solvent of ethanol and water was added. The mixture was
thoroughly stirred, and the pH was adjusted. Ammonium per-
sulfate (APS) was then added as a hydrolyzing agent. The
temperature was raised, and the mixture was stirred for 30 min.
After cooling to room temperature, the product was filtered,
washed, and dried to obtain molybdenum-manganese hetero-
polyoxometalate powders with the Waugh structure. For
example, the synthesis of Hi[MnMoyO3,] requires only the
addition of manganese sulfate and ammonium persulfate to
a 10% excess (NH,)sMo0,0,, solution at 95 °C. The mixture is
reacted under reflux for 5 min, then rapidly cooled, filtered, and
recrystallized in hot water at 70 °C to obtain orange crystals.” If
it is desired to prepare polymetallic oxalates with a Waugh
structure containing other metal cations, they can be prepared
by an ion exchange method after the synthesis of
He[MnMoyO3,].

(5) Silverton structure. The Silverton structure has a special
cage-like structure in which metal-oxygen octahedra are
arranged and connected in a specific way. The synthesis of this
structure is usually complex and requires precise control of the
reaction conditions and the ratio of reactants. Taking the
synthesis of (NH,)s[H,CeMo04,0,,]-9H,0 as an example, there
are two main synthetic methods.

Method 1: 5% cerium ammonium nitrate solution was
added to 0.25 mol per L boiling (NH,)¢Mo0,0,,-4H,0 solution,
dilute sulfuric acid was added dropwise to make the solution
saturated at 65 °C. After cooling, saturated ammonium nitrate
solution was added, followed by evaporation and crystallisation
to obtain light yellow crystals; the product obtained by filtration
was washed several times with methanol, dissolved in hot water
to crystallise, and then washed with methanol to obtain the
product, which was obtained through the ion exchange method
and can be converted ammonium salts to heteropolyacids.”™

Method 2: (NH,)¢Mo0,0,,-4H,0 was dissolved in water and
heated until fully dissolved and then cerium sulphate was
added into the solution and boiled for 15 min, and cooled to
room temperature. Ammonium nitrate was then added, and the
precipitate was filtered, washed with saturated ammonium
nitrate solution, and then washed twice with methanol solution
to obtain the crude product. The crude product was dissolved in
0.2 mol per L sulphuric acid solution to obtain a yellow clarified
solution, which was immediately filtered into a mixture of
ammonium nitrate and water without stirring, and crystals were
slowly precipitated at the interface of the two solutions.”

(6) Lindgqvist structure. The Lindqvist structure is a homo-
polyacid structure formed by six metal atoms connected by
oxygen atoms in the absence of heteroatoms. The synthesis of
Lindqvist structure POMs with W¢O1,>~ as an example mainly
includes the following steps: sodium dehydrated tungstate is
dissolved in acetic anhydride and dimethylformamide. The
solution is heated to 100 °C for two and a half hours and
a mixture of acetic anhydride, hydrochloric acid and DMF is
added. Filtration was carried out and the filtrate was collected
and stirred. Tetrabutyl ammonium bromide was dissolved in
methanol and added to the stirred filtrate, which was then

© 2025 The Author(s). Published by the Royal Society of Chemistry
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washed three times with methanol. Finally, the collected white
powder was dissolved in a very small amount of hot dimethyl
sulfoxide and left overnight in a refrigerator at —20 °C to obtain
colourless rhombic crystals.”®

In summary, in terms of synthesis conditions, Keggin-type
polyoxometalates demonstrate the most facile formation
conditions. Waugh and Silverton architectures necessitate
either stringent templating agents or significantly elevated
reaction temperatures. Lindqvist-type clusters require strongly
alkaline media for successful synthesis. Anderson structure
formation exhibits pronounced dependence on the identity of
the central heteroatom. In terms of structural characteristics,
Dawson and Silverton clusters are characterized by their
considerable molecular dimensions. Waugh polyoxometalates
possess unique three-dimensional topological configurations.
Both Keggin and Lindqvist structures exhibit exceptionally high
symmetry elements. In terms of stability and modulation
considerations, Keggin isomers demonstrate remarkable
structural controllability during isomerization processes.
Waugh-type compounds show inherent thermodynamic insta-
bility and decomposition tendencies. Silverton architectures
require stabilization via coordination with rare-earth metal
cations (S1).

4. POM-based materials in the
photocatalytic CO,RR

4.1 Metal-modified and morphology-modified POM
materials

As molecular photocatalysts with semiconductor photochem-
istry,”” polyoxometalates (POMs) also offer many advantages in
CO, photocatalytic reactions, such as excellent solubility, heat
stability’® and tunable redox activity.” POMs have good solution
stability that enables them to photocatalyse the CO,RR in water
or other solvents and to assist in the reduction of CO, to other
products.® In order to optimise the performance of POMs in
photocatalytic CO, reduction, the structure of POMs needs to be
modulated. By changing the composition and structure of
POMs, their light absorption, redox capacity and electron
transfer capacity can be regulated.®* The light absorption of
POM photocatalysts in the ultraviolet region can be extended by
introducing different transition metal ions or ligands to extend
the light absorption range of POMs, which enables the use of
a wider range of sunlight for photocatalytic reactions. Such
POM-based photocatalysts modified with transition metals
require the addition of auxiliary noble metal photosensitisers to
the reaction system, and the catalytically active sites are usually
the introduced transition metal ions rather than ions in the
POM structure itself.

In 2010, Neumann and coworkers first synthesised {(Ce-
H;3)4N}5[Ru(H,0)SiW,,050], a structure of Keggin POMs
substituted by Ru, which can reduce CO, to CO under light
conditions.®> Experimental results showed that the Ru site plays
an important role in CO, activation, whereas the POMs
([SiW,055]° ") act as photocatalysts in the photocatalytic process.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In addition, Zhang's team discovered a polymetallic oxalate
photocatalyst ([Mn(en),]s[V1,B15054(OH)¢]- 17H,0) (abbreviated
as MngVy,).# This metal Mn-modified polymetallic oxalate
catalyst generates CO with a selectivity of 90.3% and H, with
a selectivity of 9.7%. According to the experimental results, the
energy levels of MngV,, at the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) are 0.99 eV and —0.77 eV, respectively. The highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of [Ru(bpy);]Cl, are 1.24 eV and
—1.25 eV, respectively. Thanks to the LUMO energy level of
[Ru(bpy)s]Cl, being more negative than that of MngV;,, the
electrons on [Ru(bpy);]Cl, are preferentially transferred to
MngVy,. In the reaction process, the main role of the photo-
sensitizer is to absorb light and generate a large number of
photoelectrons after being excited by light, and the transition
metal in POMs is the CO, reduction centre in the system, and
the photoelectrons generated by the photosensitizer by light
excitation are transferred to the metal ions on the framework of
the POMs, and CO, reduction is carried out afterwards.

Applying POMs in photocatalytic CO, reduction, the above
research cases also require precious metals or photosensitizers
for assisted catalysis, so it is more necessary to design photo-
catalysts that are feasible and green and only have POMs as the
catalytic system in order to meet the principles of green envi-
ronmental protection and energy saving.

In 2018, Barman et al. reported a reductive POM-based
catalyst ({Mo16}) that simply regulates the central oxidation
state of the metal in the POMs, with an &-Keggin structure
(Fig. 2a) terminated by (Mo0O;), so that water itself acts as
a solvent and sacrificial agent and selectively converts CO, to
HCHO®* in the absence of a photosensitizer. The trans-
formation path and possible mechanism are shown in Fig. 2b
and c. Under light irradiation, {Mo16} enters the excited state
after being excited by light and produces a large number of
photogenerated electron-hole pairs. The further storage of
electrons and protons on the POMs enhanced the reduction
ability of the POM clusters, and then CO, was reduced to HCHO
and HCOOH by the stored electrons and protons on the POMs,
while the generated holes oxidised the water to form O,. The
whole process was green and energy-saving, which provided
a simple and convenient way for the design of POMs for the
application of photocatalytic CO, reduction. The whole catalytic
process is green and energy-saving, which provides a simple
and convenient path for the design of POM materials for pho-
tocatalytic CO, reduction.

Furthermore, in addition to modifying polyoxometalates
with metal ions, it is also possible to morphologically tune POM
materials to have more active sites, a strategy that has also
attracted much attention in photocatalytic carbon dioxide
reduction. Ding et al. used a simple hydrothermal etching and
annealing method to tune the morphological evolution of
dodecahedral K;PW;,0,, (ref. 83) (Fig. 3). Some catalysts with
yolk-shell and hollow structures were successfully prepared,
and the yolk-shell or hollow structures would efficiently trap
CO, while exposing more active sites. The photocatalytic activity

was enhanced by using polyoxometalates with variable
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Fig. 2 (a) Possible formation pathway of the {Mo16} unit; (b) proposed plausible mechanism for CO, photoreduction; (c) schematic diagram

showing a proposed mechanism for the reduction of CO, to formic acid.®*

morphology as carriers and incorporating Co and CoNi as
catalytically active sites. It was successfully used for photo-
catalytic carbon dioxide reduction, which significantly
improved the selectivity of the product CO and provided a new
idea for the design of efficient and morphology-modulated
photocatalysts for POMs.

4.2 POMOF

Polyoxometalate-based Metal-Organic Frameworks (POMOFs)
are a new class of hybrid materials combining polyoxometalates
with Metal-Organic Frameworks (MOFs). These materials
combine the advantages of POMs and MOFs with unique
structural and functional properties and are widely used in the
fields of catalysis,* electrochemistry®® and photochemistry.”
Polyacid-organometallic framework materials (POMOFs) are
obtained by a self-assembly strategy by connecting functional
POMs with linkers and introducing them into the pores of
MOFs in the form of template units.***° They can remain stable
in aqueous solution.** The combination of the two facilitates
structural stability and functional diversity, giving full play to
their respective advantages, thereby generating the unique
functionality of POMOF composites.

For example, Lan's team reported a novel stable two-
dimensional sandwich planar structure POMOF (NNU-29)
photocatalyst, where the introduction of strongly reducing
POM units ({Zn,PMog'Mo,""}) into the NNU-29 structure
(Fig. 4a-d) enabled NNU-29 to efficiently convert CO, into
HCOOH® (Fig. 4e). Due to the introduction of hydrophobic
ligands, NNU-29 has high chemical stability. Meanwhile, the
hydrophobicity inhibited the precipitation of hydrogen to
a certain extent. &-{Zn,PMo0,,04} is a cluster with excellent
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reducing properties, which prompted NNU-29 to exhibit excel-
lent multiphase catalytic performance for CO, photoreduction.
The relationship between the structure of POMs and the prop-
erties of NNU-29 is exploited through a rational synthetic
strategy to design the structure of a stable functional ligand
with reducing properties (POMOFs), which will have an
important impact on the activity and selectivity of POMs in
enhancing CO, photoreduction.

In 2023, Su's team successfully prepared two new POMOFs
based on ([W1,05,]* ") named compound 1 and compound 2.”!
In the catalytic system with a photosensitiser, water, trietha-
nolamine and acetonitrile under a pure CO, atmosphere,
syngas was the main product, and the yield of compound 1 was
40% higher than that of compound 2 (Fig. 5a and b). Moreover,
the yield of compound 1 reached 42.7 umol h™! when the CO,
concentration was 15%, which indicated that this POMOF
catalyst could not only overcome the low CO, concentration, but
also tolerate the harsh gas compositions in the flue gas. The
energy level structures and charge transfer machines of
compounds 1 and 2 were inferred by Mott-Schottky. Compound
1 has a CB value of 0.82 V and compound 2 has a CB value of
0.75 V (vs. NHE) (Fig. 5c¢ and d). The valence bands (VB) of
compounds 1 and 2 are 1.91 V and 2.16 V (vs. NHE). The energy
level structures of compounds 1 and 2 suggest that they can
both be used for syngas preparation (CO,/CO = 0.53 vs. NHE;
H'/H, = 0.42 vs. NHE). The difference in the catalytic effect may
be due to a larger difference in energy levels between compound
1 and the reduction product, which may be more favourable for
the reduction reaction. Density-functional theory (DFT) calcu-
lations showed that the charge distribution and spatial site
resistance of compound 1 favored the reduction reaction. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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application of POMOFs to the production of syngas products is
still in its infancy, and this work provides new insights into the
application of POMOFs to the photocatalytic preparation of
other products.

4.3 Composite of POMs with carriers (POM@MOF)

Compounding POMs with carriers can improve their stability
and reusability.®>** Commonly used carriers include inorganic
materials such as silica,” alumina,” zeolites*® and organic
materials such as polymers and MOFs.”” These carriers have
good pore structures and surface areas, which can provide more
active sites and promote the photocatalytic reaction. At the
same time, the carriers can also protect the POMs from external
environment damage and improve their stability and reus-
ability.”® Among them, MOFs, as an attractive class of organic-
inorganic porous materials, consist of inorganic secondary
structural units (metal oxide clusters or metal ions) coordinated
with organic portions.”>'* They have unique advantages over
conventional inorganic materials, such as high porosity, good
thermal stability, and good properties such as designable
structures, and have demonstrated excellent performance in the
field of catalysis.** ' In addition to this, they are also a class of
highly crystalline solid materials with significant advantages
such as thermal stability and recyclability.”>'** Due to the
atomic-level crystal structure and high surface area of MOFs,
a growing number of catalytically active sites can be introduced
into MOFs, which in turn provide excellent activity and selec-
tivity. The coordinating unsaturated metals of MOFs can be
used as single-point catalytic reaction centres for redox reac-
tions. The ligand-unsaturated metals of MOFs can also be used
as single-point catalytic reaction centres for redox reactions or
as binding sites for anchoring catalytically active sites.**
Caroline Mellot-Draznieks' team encapsulated a POM in the
cavity of a MOF by in situ synthesis and then introduced a Rh

© 2025 The Author(s). Published by the Royal Society of Chemistry

catalytic complex via post-synthesis joint exchange.'®® The
Keggin-type POM (PW;,0,,° ) and the catalytic complex
Cp*Rh(bpydc)Cl, catalyst were co-immobilised on the Zr(w)-
based metal-organic skeleton UiO-67 to synthesise a new
composite (PW;,, Cp*Rh)@UiO-67 (Fig. 6).

The reduction of CO, to formate and the production of H,
were significantly enhanced when compared to the POM-free
Cp*Rh@UiO-67 material, while Cp* Rh-free PW,,@UiO-67
showed no catalytic activity. A combination of density func-
tional theory (DFT) calculations and pair distribution function
(PDF) analysis using laboratory X-rays was used to characterise
the POM@MOF composites and clearly demonstrate the
integrity of the POM before and after catalysis. In addition, the
two environments of the POM within the MOF cavities identi-
fied by DFT calculations and solid-state NMR, as well as the
effect of the POM on the electronic structure of the Rh catalytic
center, enable the study of POM-based composites of MOFs and
provide a new strategy for improving photocatalytic
performance.

In POM@MOF, cluster-based MOFs have a unique long-
range ordered spatial structure with regular intrinsic pores
that enable monodispersion of POM at the molecular level.**”*%®
Uniformly dispersed and well-defined metals in the MOF
backbone can act as catalytically active sites. However, only
a few homogeneous POM-based molecular catalysts have been
reported to study the role of electron transfer processes in the
photocatalytic CO, reduction reaction.'™ Because
homogeneous photocatalysts contain a variety of components,
they often exhibit unclear compositions, unclear atomic struc-
tures, and complex dynamic transitions of the active centers,
making it difficult to fully understand the electron transfer
pathways as well as photocatalytic mechanisms.™*°

To solve this problem, Li et al. synthesised a series of novel
Keggin-type POM-coated cadmium atom clusters of organo-
skeletal crystalline materials (POM@CdMOF) as a photocatalyst

non-
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model. POM@CdMOF has a well-defined crystal structure, and
systematic studies were conducted to elucidate, at the molec-
ular level, the different electron transfers in the process of
reactant adsorption and multiphase
photocatalysis.'™

Combined in situ transient photovoltage (TPV) measure-
ments and femtosecond transient absorption (TA) spectroscopy
studies (Fig. 7a and b) demonstrate that in POM@CdMOF
systems, different polyoxometalate (POM) guests exhibit
distinct electron storage and transfer capabilities. These
differences lead to varied electron transfer pathways between
POM and CdAMOF components, consequently inducing different
charge separation behaviors (Fig. 7c and d). Multiphase catal-
ysis is significantly affected. Moreover, the electron transfer
behavior during POM®@CdMOF photocatalysis also affects the
adsorption behavior of CO, molecules, which regulates the
adsorption free energies of different reactions in the interme-
diates and consequently affects the product selectivity, as

conversion in
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revealed by density functional theory (DFT) calculation (Fig. 7e
and f). This work provides a molecularly accurate structural
model for revealing the electron transfer mechanism of the
multi-field multiphase photocatalytic CO,RR reaction as well as
a clearer and more intuitive understanding of the process of
electron transfer inside the MOF-coated POM photocatalyst at
the molecular level.

4.4 POM'g'C3N4

Most inorganic semiconductors have large bandgap widths and
therefore only exhibit strong catalytic activity in the ultraviolet
region. Because of their inherent non-porous structure, photo-
catalytic reactions can only be carried out on the outer surface
of the catalyst, which means that a large number of photo-
generated electron-hole pairs will be complexed within the
catalyst body. Therefore, in recent years, a novel two-
dimensional layered organic semiconductor, graphitic carbon
nitride (g-C3N,),"** has come to the attention of scientists due to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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at frequencies of 1000, 1500 and 2000 Hz.**

its attractive electronic structure and easy accessibility, as well
as good thermal and chemical stability."***** Unlike conven-
tional semiconductors, which are active only in the ultraviolet
region, g-C3N, is a visible-light active photocatalyst."*>"*® Its
unique C and N atoms are sp” hybridised to build a highly exotic
T-conjugated system, a structural feature that confers excellent
visible-light responsiveness and semiconductor properties. In
addition, it is crucial to extend their lifetimes and avoid

& + YOOy a,
4

PW,,@Ui0-67

+
PDF, DFT
3IPNMR
5
1 Sr(AG) 9 10

electron-hole pair complexation to improve the photocatalytic
efficiency.”” In order to improve the electron transfer capacity
of POM-based catalysts, the electron transfer pathway can be
optimised by modulating the structure of the POMs and the
complexation mode with other catalysts. Semiconductor heter-
ojunctions facilitate fast charge separation and thus become an
important strategy for efficient solar energy conversion.
Compared with conventional heterojunctions, ultrathin layered

(PW,,,Cp*Rh)@Ui0-67

Fig. 6 Schematic diagram of the synthetic route and photocatalytic structure of the Cp*Rh@UiO-67 material.X°®
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heterojunctions have attracted much attention due to their
strong chemical bonding between monolayers, which greatly
enhances the charge separation.

Sun et al. successfully prepared a low-cost and highly effi-
cient composite catalyst (Co,@g-C3N,) with a staggered energy
band arrangement by introducing Co,, an oxidised polymetallic
oxonate free of noble metals with oxidising ability, into the
semiconducting material g-C3;N, for the first time (Fig. 8a shows
the schematic diagram of the photoinduced electron-hole pair
transfer process)."*® The Co,@g-C;N, composite exhibits a high
yield as well as excellent selectivity (Fig. 8b). Experimental and
test results indicate that the introduction of Co, can improve
the catalytic oxidation ability of the catalyst's surface, which is
favourable for the CO,RR on g-C3;N,. Therefore, it is of great
significance to select suitable strategies to creatively combine g-
C;3;N, with oxidised polyoxometalates, to change the original
energy band structure, and to purposefully design POM-based
materials to meet the requirements of being used as a photo-
catalyst for CO, reduction, which is important for improving the
activity and selectivity of CO, photoreduction.

Wei et al. successfully modified saturated and vacant PW,. on
2-C3N, nanosheets via electrostatic interactions for
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photocatalytic CO, reduction."*® Both g-C;N, and POM alone
produced few CO products, but the introduction of a vacant
POM could significantly steer the reaction pathway and effi-
ciently achieve the highly selective conversion of CO, to CH, by
constructing a tandem system. In the catalytic process, CO, is
first activated on g-C;N, to form *CO intermediates (Fig. 9a-d),
while photogenerated electrons generated by g-C3;N, are trans-
ferred to PW,. The reduced PW, then captures *CO and
subsequently hydrogenates the intermediates to CH, (Fig. 9e).
Both experimental characterisation and theoretical calculations
show that in this system, g-C3N, can act as a catalytic center to
effectively activate CO, to *CO, and the resulting generated *CO
intermediate can be stabilised and reduced on PW, by forming
a w-bond with W on [PW,]*~. This study offers a new idea for the
application of materials with g-C;N, modified deficient POMs
in the photocatalytic CO,RR (Fig. 9f).

4.5 POM-LDH

Layered double hydroxides (LDHs) are a class of anionic
multifunctional materials with layered structures, which have
the advantages of simple synthesis, diverse compositions, and
adjustable chemical compositions of the layered structures for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Schematic diagram of the photoinduced electron—hole pair transfer process; (b) yield of H, and CO of CO,."®

various catalytic reactions.””** Due to their favourable energy
band positions, much attention has been directed to their
application in photocatalytic CO, reduction.'** In recent years,
polymetallic oxonate intercalated layered double hydroxide
(abbreviated as POM-LDH) nanocomposites have attracted
much attention in the field of catalysis. Such composites not
only inherit the intrinsic properties of POMs and LDHs, but also
exert remarkable synergistic effects in the catalytic process.'*
The anionic POM is negatively charged and can be embedded in
the LDH interlayer, and it can modulate the electronic structure
of the metal active center of the LDH laminate, which leads to
the optimization of the performance of photocatalytic CO,
reduction. Introducing POM anions into the interlayer channels
is a simple and effective method to immobilise the POM. The
combination of POM-supported LDH offers several advantages,
including an extended interlayer channel height, controlled loss
of POM components in polar solvents, improved specific
surface area of the LDH and POM, and ease of isolation and
recycling from the reaction.™*

Song et al. prepared NiAl-Mo,0,4, a photocatalyst with
hydroxyl vacancies and a suitable Ni active center, by inserting
polymetallic oxonate ions into a NiAl-LDH interlayer by ion
exchange." The energy band structure of the modified photo-
catalyst, NiAl-Mo,0,,, was altered to better accept electrons
from photosensitizers, which facilitated the photocatalytic
process of photogenerated carrier separation and transfer,
which contributes to the efficient reduction of CO,. Experi-
mental and theoretical calculations (Fig. 10a and b) reveal that
the presence of hydroxyl vacancies and the filling of interlayer
ions together improve the electronic structure of the lamellar
metal active center. The adsorption of CO and its subsequent
hydrogenation reaction are facilitated on the Ni sites with an
electron-rich environment, and the energy barrier of the
coupling reaction of CO, hydrogenation to produce OCOH
(Fig. 10c and d) and CHj; intermediates is reduced. Thus, the
efficient and rapid conversion of CO, to C,Hs was promoted
(Fig. 10e and f). The yield of C,H; via the CO,RR under visible
light was 246.70 pmol g~' h™'. This article provides a new
strategy for photocatalytic production of C2 products through

© 2025 The Author(s). Published by the Royal Society of Chemistry

the synergistic effect of POMs and LDH and provides valuable
insights into the formation mechanism of C2 chemicals at the
atomic level.

POM-LDH nanocomposites have been synthesised by
a variety of methods,"® such as an in situ synthesis method"’
and a hydrothermal method.”” The main ones include the
primary layer modification method™ and the exfoliation
assembly method.****** The primary layer modification method
prepares intercalated POM-LDH nanocomposites by chemically
modifying the surface of LDH laminates, e.g., by introducing
functional groups (e.g:, carboxyl groups, amino groups, etc.) or
by surfactant modification, so that they can have specific
interactions with the POM. This method is not only simple to
perform, but also can effectively control the structure and
properties of the composites. The peel assembly method
involves peeling the LDH lamellar structure into single or a few
layers of nanosheets, which are then reassembled with POM
anionic clusters into composites by electrostatic interaction or
covalent bonding links. This method is able to prepare POM-
LDH nanocomposites with a higher specific surface area and
abundant active sites, and at the same time, it can achieve the
precise assembly of the POM and LDH.

POM-LDH nanocomposites have extensive applications in
catalysis, covering electrocatalysis, photocatalysis, thermoca-
talysis and so on. In the field of photocatalysis, POM-LDH
nanocomposites have also been used in photocatalytic degra-
dation of organics,**> photocatalytic hydrogen production and
other reactions, showing good catalytic performance.’** In
conclusion, POM-LDH nanocomposites, as an emerging
multifunctional nanocomposite, show a broad application
prospect in the field of catalysis.

5. Challenges and future perspectives

Although POMs show great potential for application in photo-
catalytic CO, reduction, they still face some challenges. Firstly,
most POMs only absorb in the ultraviolet region, which limits
their utilisation of sunlight. Expanding their light absorption
range to the visible or even near-infrared light region is an urgent

EES Sol, 2025, 1, 482-501 | 495
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problem to be solved. Therefore, the light absorption ability of
POMs still needs to be further improved to meet the practical
application requirements. Secondly, due to the poor selectivity of
the reduction products, the CO, reduction products are usually
mixtures, and it is still challenging to generate the target prod-
ucts with high selectivity and to separate the products (e.g.,
methane and methanol). An in-depth study of the reaction
mechanism is needed to improve the product selectivity by
modulating the structure of POMs and reaction conditions. In
addition, different strategies for different types of modified
POMs can have different advantages and disadvantages. For
example, when a POM is coated with a MOF, the reactants may
have difficulty in accessing the active sites, and the selectivity
may not be as good as that of homogeneous catalysts in some
reactions. Some POM®@MOF composites easily decompose
under strongly acidic, strongly basic or high temperature
conditions, which affects the catalytic performance. The MOF
structure may collapse and the POM may be inactivated at high
temperatures. Furthermore, POMs modified with g-C;N, also
face the disadvantages of a lack of catalytic centers and poor
chemical stability. So, the stability and reusability of POM-based

496 | EES Sol., 2025, 1, 482-501

catalysts also need to be further optimised. Finally, for the pho-
tocatalytic reaction, none of the currently reported POM mole-
cules can be separated from additional photosensitisers or
sacrificial agents to maintain the catalytic reaction cycle, which
has limited applicability to green chemistry itself. Therefore, the
design and development of photocatalysts with high catalytic
activity that are also green remains the key to promoting and
accelerating the reaction process.

Looking ahead, the following research directions are worthy
of attention: firstly, novel POMs can be designed and syn-
thesised on POM bodies to modulate the energy band structure,
redox potential and light absorption properties of POMs
through the introduction of different metal elements, organic
ligands or functional groups, so as to improve their photo-
catalytic activity. Secondly, to construct more efficient POM-
based composites, it is essential to consider multiple strategies,
such as combining POMs with semiconductors, metal-organic
frameworks (MOFs), or carbon materials. These composites can
form heterojunctions or synergistic catalytic systems to
enhance light absorption, charge separation, and catalytic effi-
ciency. In addition, efficient photocatalytic reactors can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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via engineering electron-rich Ni active sites through the combination

developed to improve the efficiency of light utilisation and
design efficient photocatalytic reactors. The contact between
light, catalyst and reactants can be optimised to improve the
photocatalytic reaction efficiency. Finally, theoretical calcula-
tions and experimental studies can be combined to explore the
structure and reaction mechanism of POMs in depth using
theoretical calculations in combination with more novel tech-
niques such as in situ XAFS to guide experimental design and
catalyst optimisation. To better expand the application scope of
POMs in photocatalytic CO, reduction and explore their
potential in other photocatalytic reactions, further research is
needed.

© 2025 The Author(s). Published by the Royal Society of Chemistry

effect of hydroxyl vacancies and intercalated molybdate anions.*?

Additionally, polyoxometalate (POM)-based materials exhibit
broad application prospects in energy conversion, environmental
remediation, and chemical synthesis due to their unique cata-
Iytic, photoelectric, and structurally tunable properties. Although
laboratory studies have confirmed their excellent performance,
the commercialization and industrialization of POM-based
materials still face numerous challenges. To transition this
technology from the lab to practical applications, a systematic
evaluation of their commercial potential and the development of
a rational industrialization pathway are essential.

The core advantages of POM-based materials lie in their high
catalytic activity, structural designability, and potential for low-

EES Sol, 2025, 1, 482-501 | 497
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cost production. For example, Keggin- or Dawson-type POMs
can be optimized through heteroatom doping or organic-inor-
ganic hybridization strategies to fine-tune their electronic
structures, achieving high selectivity and stability in reactions
such as CO, reduction and pollutant degradation. Moreover,
the primary constituent elements of POMs (e.g., W, Mo, and V)
are abundant, and their synthesis processes are relatively
mature, providing a foundation for large-scale production.
However, industrial-scale adoption still requires addressing
several key issues: first, ensuring uniformity and reproducibility
in large-scale synthesis remains challenging, as traditional
solvothermal methods often suffer from uneven mass transfer
and reduced yields when scaled up. Second, the structural
stability of POMs in continuous reactions is insufficient,
particularly in liquid-phase systems where leaching or deacti-
vation (e.g., H;PW;,0, loss in aqueous catalysis) and structural
collapse can occur, necessitating immobilization on supports.
Finally, real-world industrial applications demand far greater
material quantities and poison resistance than laboratory
testing conditions.

To overcome these bottlenecks, coordinated efforts are
needed in material optimization, production processes, and
application scenarios. At the material level, composite encap-
sulation (e.g., POM@MOF and carbon-supported) or low-
dimensional structuring (e.g;, nanosheets) can enhance
stability and active site exposure while preventing component
loss. In production processes, continuous-flow synthesis using
microchannel reactors can replace batch synthesis to improve
yield—for instance, Bayer's continuous-flow process increased
production capacity tenfold. Additionally, green chemistry
techniques (e.g., solvent-free synthesis and microwave-assisted
synthesis) can boost efficiency and reduce costs (e.g., the
University of Tokyo's solvent-free synthesis method). In terms of
applications, POM-based materials could first penetrate high-
value sectors (e.g., pharmaceutical intermediate catalysis and
high-end electronic chemicals) before expanding into large-
scale markets like energy and environmental remediation.
Leveraging carbon tax policies, integrated POM-based CO,
capture-catalysis technologies (e.g., the EU's 2020 project) could
also be promoted. Furthermore, industry-academia collabora-
tion and policy support are crucial, such as partnering with
chemical companies to establish pilot production lines for
material validation.

In summary, POM-based materials
commercialization potential in niche fields like fine chem-
icals, medium-term expansion into energy storage and pollu-
tion control, and long-term prospects as a key carbon neutrality
technology. Their successful industrialization depends not only
on breakthroughs in material performance but also on collab-
orative innovation across the entire supply chain, ultimately
enabling their transition from the laboratory to real-world
industrial applications.

Finally, polyoxometalates have a broad application prospect
in the areas of photocatalytic reduction of CO,. By continuously
overcoming challenges and exploring new research directions,
we believe that highly efficient, stable and selective POM-based

show short-term
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photocatalysts can be developed in the future, contributing to
the goal of carbon neutrality.
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