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Polyoxometalate photocatalysts: solar-driven
activation of small molecules for energy
conversion and greenhouse gas valorizationf¥

Yinghao Wang, 2+ Gegian Fang, (= & Vitaly V. Ordomsky (2 * and
Andrei Y. Khodakov 2 *

The efficient transformation of small molecules including CO,, H,O, CH,4, and N,, critical to energy
systems and environmental sustainability is fundamental to addressing global energy challenges and
advancing a sustainable future. Key technologies driving this progress include photocatalytic CO,
reduction reaction (CO,RR), overall water splitting (OWS), direct selective methane conversion (DSMC),
and nitrogen fixation reaction (NFR). The development of advanced photocatalysts is essential to
accelerate sluggish reaction kinetics and improve the selectivity. Polyoxometalates (POMs), as a unique
class of multi-electron transfer catalysts, have attracted considerable interest due to their tunable
geometric and electronic structures, excellent redox properties, reversible electron storage capacity and
stability. Their capacity to extend light absorption into the visible spectrum and offer specific active sites
significantly enhances their potential for photocatalytic oxidation and reduction reactions. This review
summarizes recent progress in utilizing POM-based materials for CO,RR, OWS, DSMC and NFR.
Significant advancements in enhancing photocatalytic selectivity and activity have been achieved by
managing charge generation and recombination, engineering band structures and active sites, and
optimizing reaction parameters. The advantages, challenges, strategies and outlooks of POM-based
materials for improving photocatalytic performance are discussed.

1. Introduction
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mitigate greenhouse gas emissions have driven research into
the efficient conversion of simple molecules into value-added
chemicals.”* The conversion of these molecules, such as CO,,
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CH, and N,, is central to critical energy and environmental
issues including carbon dioxide reduction reaction (CO,RR),®
overall water splitting (OWS),* direct selective methane conver-
sion (DSMC),” and nitrogen fixation reaction (NFR).® However,
the conversion of these molecules is always affected by high
thermodynamic barriers, slow reaction kinetics and insufficient
selectivities, which need well-designed catalytic systems to drive
the reaction under mild conditions. Among the various strategies
explored, photocatalysis stands out as a promising approach that
harnesses the inexhaustible power of solar energy.”*° However,
the semiconductors used in conventional photocatalysts, such as
TiO,, ZnO, WO; often suffer from limited solar absorption, often
in the UV range, inefficient charge separation and poor selectiv-
ity to the target products.' ™ Therefore there remain significant
challenges in the design of innovative photocatalysts that can
further enhance solar energy conversion efficiency and broaden
their applicability in photocatalytic processes.'>®
Polyoxometalates (POMs) are generally classified as p-type
semiconductors. They have well-defined structures and versatile
functionalities. Since the first classical Keggin topologies were
found in 1934, researchers have systematically identified and
characterized other five classical POMs, including Dawson,
Waugh, Silverton, Anderson, and Lindqvist. In the recent years,
these POMs gradually become the most famous branches of the
POM family. (Fig. 1)"*" Unlike other conventional semiconduc-
tor materials, POMs with tunable electron storage capacity can
facilitate efficient charge separation. Furthermore, their molecu-
lar properties allow precise control of electronic structures which
can enable the rational design of photocatalysts to enhance light-
harvesting.”>>* Last but not least, by ligand-to-metal charge
transfer (LMCT) and combination with light-harvesting compo-
nents, POMs could further broaden their applicability in solar
energy and environmental applications.>® By incorporating coca-
talysts, modifying ligand environments, or hybridizing with
semiconductors, researchers have significantly improved the
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Fig. 1 Different structures of POMs.
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photocatalytic performance of POM-based materials for CO,RR,
OWS, DSMC and NFR.

POMs have long been recognized as exceptional electroca-
talysts due to their structurally flexible MO, frameworks,
which can reversibly accommodate multiple electron transfers.
The heteroatom substitution enables their highly tunable
redox potentials and their remarkable structural stability
under operating potentials. However, the intrinsically low
electrical conductivity of POM clusters often requires their
hybridization with conductive supports (e.g., carbon nano-
tubes, metal-organic frameworks) to achieve high current
densities and Faradaic efficiencies. By contrast, in photocata-
lysis, POMs serve simultaneously as molecular photosensiti-
zers and charge stores.>*® In light of these dual roles, in this
review, we focus specifically on the photocatalytic applications
of POMs to highlight the unique photophysical and charge-
storage functions that are not discussed in purely electrocata-
Iytic surveys.
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Recently published works on photocatalysis have shown
remarkable progress in designing POM band structures and
modifying surface chemical properties. For example, a combi-
nation of POMs, semiconductors and plasmonic nanoparticles
has enhanced their ability of light absorption and charge
transfer. The incorporation of transition metals or organic
ligands helps POMs tailor their redox properties.”® The POM-
based materials achieved high selective conversion of CO, into
C;-C, products in CO,RR by producing and stabilizing the
intermediates.’** Researchers designed more promising sys-
tems by rationally combining and adjusting POM catalysts,
photosensitizers and sacrificial reagents for OWS.**® In DSMC
and NFR, POMs improve the activation of C-H and N=N
bonds by concerted proton-coupled electron transfer mechan-
isms and generating reactive oxygen species (ROS).>”*® This
remarkable progress highlights the importance of rational
catalyst design which could help the catalytic system to balance
activity, selectivity and stability.

This review provides a comprehensive analysis of recent
progress in the design of POM-based materials for CO,RR,
OWS, DSMC, and NFR. We examine their structure, reaction
mechanisms, and performance, offering insights into the
rational principles essential for developing photocatalysts with
high potential in sustainable energy conversion and greenhouse
gas mitigation. Additionally, we summarize recent advance-
ments in POM-based materials and discuss future research
directions, key challenges, and emerging opportunities in the
field. Further information on POM photocatalysts for CO,RR,
OWS, DSMC, and NFR discussed in the manuscript is available
in Table S1 (ESIf).

2. Structure and properties of POMs

POMs are clusters of cationic and polyanionic entities
composed of pretransition/transition metals and oxygen atoms.
The basic fundamental units of POMs are polyhedra of metal-
oxo (typically denoted as MO, with x = 5 or 6). The metal centers
in these polyhedra are in high oxidation states and most of
them are W', Mo®*, V°*, Ta®* and Nb**.*° In many POMs, MO,
units adopt octahedral geometries. These octahedral units
share oxygen atoms by edge or corner linkages to form large
three-dimensional frameworks and different structural types.
Polyhedral distortions are also common and lead to the varia-
tions in bonding and coordination. By selecting different
heteroatoms (such as P, Si, or B) in the central positions and
by replacing some of the metal centers, it is possible to tune the
geometry, electronic properties and catalytic behavior of
POMs.*

The structural versatility of POMs has garnered significant
research interest in the field of photocatalysis. The POM tun-
ability allows researchers to precisely control the chemical
properties of POMs, including redox potential, acidity, solubi-
lity and thermal stability.*’™** By designing heterojunctions
with other semiconductors, creating Schottky barriers with
metals, incorporating transition metal cations into their
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frameworks, the light absorption characteristics of POMs can
be adjusted and make full use of the solar irradiation. POMs
can reversibly accept and donate electrons and holes, enabling
them to participate in multi-electron redox processes. The
POM-modified clusters exhibit higher stability, better altered
redox characteristics and wider light absorption. Many tradi-
tional POMs are active under ultraviolet (UV) light. This limita-
tion curtails their photocatalytic efficiency because UV light
represents only a minor fraction of the solar spectrum. Com-
bining POMs with conductive polymers, carbon- and carbon-
nitride nanomaterials capable of absorbing visible light can
effectively overcome this limitation. In addition, embedding
POM clusters into metal-organic frameworks (POMs@MOFs)
or synthesizing POM-based MOFs (POMOFs) can also help to
broaden the absorption spectrum, improve charge separation
efficiency, and facilitate easier catalyst recovery.’®™*° Notably,
POMs can generate heteropolyblues (HPBs) with multiple
valence species of reduced metal centers and oxide-ligand
radicals. They can store multiple electrons and participate in
subsequent redox reactions. HPBs can donate these stored
electrons to substrates or co-reagents, then prevent the elec-
tron-hole recombination. Mechanistically, HPBs have been con-
firmed to facilitate challenging photocatalytic processes.’*"
Incorporating HPB into POMs-based systems can extend light
absorption and improve charge separation. Consequently, POM-
based materials have attracted significant interest®>® for the
photocatalytic conversion of small molecules, such as CO,, CH,,
N,, and H,O, into valuable fuels and chemicals.

3. POM-based materials for
photocatalytic CO, reduction

Due to the significant environmental challenges posed by
excessive CO, emissions, photocatalytic CO,RR has garnered
significant attention.’”*® The CO, reduction is challenging due
to thermodynamic and kinetic stability of this molecule. From a
thermodynamic point of view, the energy of the conduction
band minimum (CBM) of the semiconductor must be higher
than the energy required for CO, reduction and, most impor-
tantly, higher than the lowest electron-accepting bands or
orbitals of the reduction catalyst. CO, photocatalytic reduction
is always accompanied by the oxidation of water or a sacrificial
agent.>® Likewise, the energy of the valence band maximum
(VBM) must be lower than that of the corresponding oxidative
reactions, with H,O oxidation being a notable example. From a
kinetic perspective, the high C=O0 bond dissociation energy
(approximately 750 k] mol™ ') necessitates substantial energy
for CO, activation. Furthermore, the products of CO,RR could
have a multitude of oxidation states. Intense competition from
photocatalytic reactions leads to various products that can
further diminish both the reaction rate and selectivity.>*°7>
Typically, the photocatalytic reduction of CO, with H,O or
sacrificial agents occurs at ambient temperature and pressure.
In contrast, reduction with H, requires harsher conditions and

This journal is © The Royal Society of Chemistry 2025
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can often be viewed as a combination of photocatalysis and
thermal catalysis.

Photocatalysis involves photon absorption to promote an
electron transfer from the valence band (VB) to the conduction
band (CB) of a semiconducting material. This creates electrons
and holes and the resulting charge separation and transport
provides the necessary excitons for two half-reactions. The
reactions may take place at the semiconductor itself or at a
separate cocatalyst. It is crucial to prevent rapid electron-hole
recombination, as this can significantly reduce the number of
useful charge carriers reaching substrate-accessible interfaces,
thereby lowering the quantum yield.****

The CO, reduction requires multielectron transfer. The
transfer of the first electron to CO, is the most energy-
demanding process, because it leads to partial bond breaking
and a bend in the stable linear CO, molecule (E, = —1.90 V).
The coupled 2H'/2e™ reductions of CO, to either HCOOH or to
CO + H,O0 are more favorable:

CO, +2H" +2e¢~ - HCOOH — 0.61V

CO, +2H" + 2~ - CO+H,0 —0.53V
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Selectivity control in the CO, reduction is difficult because
several reactions have similar potentials.®®

When designing photocatalysts, several crucial factors are
need to be considered: (a) efficient separation of photoinduced
electron-hole pairs and preventing recombination of charge
carriers. (b) Broadening absorption spectrum to boost the
efficiency of solar energy conversion. (c) Engineering of active
sites to facilitate subsequent electron transfer and to produce
target products (Fig. 2a)."*°°®® Many conventional semicon-
ductors with large band gaps and short carrier lifetimes could
be limited in their application in CO,RR photocatalytic pro-
cesses because of the need for hard UV irradiation and fast
charge carrier recombination. Incorporating POMs into catalyst
materials is a tailored strategy to overcome these challenges.

3.1. POMs as multifunctional electron “sponges”

Due to the unique capacity to accept photoinduced electrons
and the ability to form p-n heterojunctions with other semi-
conductors, POMs can serve as ‘“electron sponges” that can
slow recombination of photoinduced electrons and holes and
prolong their lifetimes.
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(a) Simple schematic diagram of the function of POMs in the CO, photoreduction: efficient separation of photoinduced electron—hole pairs; a

broader absorption spectrum; active surface sites effectively adsorb CO, or directly playing the roles of catalysts. The blue cylinder designates POM-based
materials. (b) Schematic energy-level diagram and electron transfer from [Ru(bpy)slClo-6H,0O to Ru,Ge;Mo,o.”2 Reproduced from ref. 72 with permission
from Royal Society of Chemistry, copyright 2024. (c) Schematic representation of intensified Mo—O—-Ni/Co bonds for promoting the migration of H* in Pt;-
PMo;,@NiCo-LDH and Pt;-PMo,,/NiCo-LDH.”* Reproduced from ref. 74 with permission from John Wiley and Sons, copyright 2025.
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To better understand contribution of POMs for the separa-
tion of photoinduced electron and holes, we categorize POM-
based catalysts into three main groups: pure POMs, metal/POM
hybrids, and POM/MOF composites. Pure POMs can act as
electron acceptors or form shallow electron traps, demonstrat-
ing excellent charge separation capabilities.

The interaction between CO, and POM derivatives was first
reported by Kozik® with colleagues in 1988. This pioneering
work demonstrated that integrating POMs with other materials
could prevent the charge recombination and stabilize the
crucial reaction intermediates. Lan’® and colleagues prepared
photocatalysts by doping saturated and mono-/tri-lacunary
Keggin-type SiW, POMs into Bi,WOs and BiOBr by a two-step
hydrothermal method. They exploited the redox active nature of
POMs that can act as shallow electron traps due to the unoccu-
pied W 5d orbitals in tungsten-oxygen clusters. These POMs
can efficiently capture the photoinduced electrons from
Bi,WO¢ or BiOBr, and reduce electron-hole recombination.
Further advancing the field, Xu et al.”" developed a facile
electrosynthesis method to uniformly disperse Wells—-Dawson-
and Keggin-type POMs on TiO, nanotube arrays. POMs pre-
vented the charge recombination in TiO, and enhanced the density
of photoinduced holes needed for water oxidation by acting as
electron sponges. These photoinduced holes enabled photoreduc-
tion of CO, to CH3;OH by using H,O as electron donor. The
optimized P,Mo0,304,@TiO, catalyst achieved a 11 times higher
rate of CH30H production than pristine TiO,. In 2024, Li et al.”
synthesized a purely inorganic germanium-molybdenum-oxo clus-
ter incorporating ruthenium, Na;,Rb,[Ru,0,(GeM0;,03¢),]-44H,0
(Ru,Ge,Mo,,) by hydrothermal methods. The unique sandwich
structure was comprised by two [GeMolOO%]S’ units and bridged
by a Ru**-oxo dimer. Under visible light, this catalyst achieved
impressive yields of CH, and CO. This special preparation method
created spatially separated electron hole pathways that significantly
prevented charge carrier recombination. Mechanistic studies
revealed that the Ru centers mediated the electrons transfer from
the [Ru(bpy);]*" to CO,. At the same time, the POM framework
stabilized the reaction intermediates and avoided side reactions
(Fig. 2b).

Incorporating metal centers into the POM structures is
another method for modification electronic structures and
improving redox properties to enhances charge separation.
Feng et al.”® reported a one-pot solvothermal synthesis where
two novel atomically precise silver clusters were stabilized by
multidentate lacunary POM ligands. The Ag,,(Si,W;5066); and
Ag,,(Si;,W15066)3 clusters with feature trefoil-propeller-shaped
Ag cores, have 10 delocalized electrons, which are effectively
stabilized by three C-shaped Si,W;30¢s units. Femtosecond and
nanosecond transient absorption spectroscopy reveals rapid
charge transfer between the silver cores and the POM ligands.
This efficient transfer helps clusters exhibit promising catalytic
activity with high selectivity for the photocatalytic reduction of
CO, to formic acid. Besides photoinduced electrons, Cai’* and
colleagues shown the crucial role of active hydrogen (H*) in
photocatalytic CO, methanation. The Pt;-PMo;,@NiCo-LDH
catalyst was developed by a Pt;-anchored polyoxometalate
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(Pt;-PMoy,) integrated with NiCo layered double hydroxide
(LDH) using in situ encapsulation-reassembly strategy. By lever-
aging the multiple redox-active sites in the Keggin-type PMo;,
polyoxometalates play the role of electron-proton shuttle, the
catalyst significantly enhances the proton-coupled electron
transfer (PCET) during CO, photoreduction. The Pt;-PMoy,
component facilitated efficient H,O dissociation to generate
active hydrogen species (H*), and H* species were rapidly
transported to NiCo-LDH catalytic active sites through engi-
neered Mo—-O-Ni/Co interfacial bonds for the CO, methanation
(Fig. 2¢).

Hybridization of MOFs with POM-based materials”>”® can
leverage high surface areas, structural stability, and enhanced
charge separation pathways. Du’” and colleagues developed a
series of POM®@CAMOF photocatalysts and integrated Keggin-
type POMs (PWy,, SiW;, and PMo,,) into a Cd-MOF framework.
They tried to exploit the unique electron sponge property of
POMs to capture electrons. This mechanism accelerated charge
separation by quickly transferring photoinduced electrons from
the Cd-MOF to the POMs. Solé-Daura et al.>® combined micro-
kinetic modeling with spectroscopic experiments and devel-
oped a Rh-functionalized UiO-67 MOF catalyst co-immobilized
with Keggin-type POMs. POMs served as efficient electron reser-
voirs that capture electrons from the photoinduced [Ru(bpy)s]’,
and then ensured the robust separation of electron-hole pairs.
This effective charge separation prevented the recombination
of electron-hole and maximizes utilization of photoinduced
electrons.

Thus, by serving as “electron sponges” or electron reser-
voirs, POMs can obviously facilitate charge separation during
photocatalytic process. POMs have been successfully integrated
into a wide range of hybrid systems from inorganic clusters and
MOFs to semiconductor arrays, and highly promoted the
efficiency and selectivity of CO, reduction or related processes.
The rational design of POM-based structure and fine-tuning of
interfacial interactions deserve further development in the
future, which can optimize the electron transfer and catalytic
performance.

3.2. Broadening the absorption spectrum

Most of POMs absorb irradiation in the UV range. A shift of
absorption spectrum to visible range is crucial for driving
highly efficient CO, photocatalytic reduction under solar light.
As early as 2017, Sun et al.”® first introduced noble-metal-free
POMs (Co,) into graphitic carbon nitride (g-C;N,) to develop
low-cost hybrid catalysts (Co,@g-C3N,4). The optimized catalyst
exhibited a CO, conversion rate of 107 pmol g ' h™* and 94%
selectivity to CO under visible-light. In this system, Co, has
broadened the visible light absorption range to generate photo-
induced electrons, and to improve efficient electron transfer to
g-C3N,. Building upon this early breakthrough, more strategies
have been developed to broaden the light absorption spectrum
for visible-light-induced CO, reduction.

Initial investigations of Anderson-type POM complexes
revealed that the narrower bandgaps and the stronger visible-
light absorption could significantly enhance the efficiency of

This journal is © The Royal Society of Chemistry 2025
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charge transfer. Yang et al”® in 2022 synthesized two one-
dimensional (1D) Anderson-type POM-based metal-organic
complexes, [Co(H,0),DABT],[CrMog(OH);50,] (Co-CrMog) and
[Zn(H,0),DABT],[CrMog(OH)5040] (Zn-CrMog), by a hydrother-
mal method. Co-CrMog exhibited enhanced photocatalytic CO,
reduction due to its strong visible-light absorption (up to
750 nm) and narrow bandgap (2.00 eV), which improved light
utilization efficiency and energy conversion (Fig. 3). As a result,
they achieved a CO formation rate of 1935.3 pmol g~ ' h™* with
a high selectivity.

Zhang et al.®® developed a Z-scheme heterojunction photo-
catalyst (SiWyCo;@UiO-67-NH,) for CO, reduction to CO. The
catalyst combined Keggin POM SiW,Co; and UiO-67-NH, MOF
by in situ encapsulation. SiWyCo; provided a strong visible-light
absorption (absorption edge up to 782.6 nm) and a narrow
bandgap (2.23 eV). The broad optical absorption range sug-
gested that the heterojunctions could generate more charge
carriers during photocatalysis. The strong visible-light absorp-
tion and interfacial interactions enhanced charge separation
and catalytic performance. Yan et al. fabricated two Anderson
type POM-based materials modified by cobalt, with the two-
dimensional layered structures.’’ By leveraging the tunable
semiconductor structure, the incorporation of Co ions into
the Anderson POM CrMog units enhanced visible light absorp-
tion due to the d-d transitions of Co>". This successfully
broadened the light absorption spectrum and enhanced the
conversion efficiency from light to chemical energy.

3.3. Active sites engineering

The presence of co-catalysts in POMs enhances the CO,
reduction and shifts the selectivity to a specific reaction pro-
duct. The ability to adsorb CO, on the active surface sites plays
a pivotal role in facilitating electron transfer or even directly
catalyzing the CO, reduction.*>*>#? In 2010, Neumann® and
coworkers first synthesized a Ru-substituted Keggin-type POM

(a) - g

0.0 0.
200 300 400 500 600 700 800 200 300
‘Wavelength (nm)

400 500 600 700 800
‘Wavelength (nm)

Fig. 3 (a) Mechanism diagram for photocatalytic CO, reduction by Co—
CrMog. (b) UV-vis diffuse reflection spectra and K—M function curve of
Co-CrMog. (c) UV-vis diffuse reflection spectra and K—M function curve of
Zn—CrMog.”® Reproduced from ref. 79 with permission from American
Chemical Society, copyright 2022.
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and demonstrated its application for CO, reduction to CO with
the triethylamine (Et;N) used as sacrificial agent. Experimental
and computational research revealed that the Ru center played
a critical role in activating CO,, while the [SiW;05,]°" frag-
ment served as effective light-harvesting material and co-catalyst.
Building on this early breakthrough, subsequent research
focused on utilizing POM-based materials for CO, activation by
tailoring surface sites to enhance adsorption and electron
transfer.

In 2021, Du et al.®* synthesized a novel MOF and built a
unique ‘cage-within-cage” structure by incorporating POM-
derived MoO,>” anions. This innovative structure created
abundant active sites on surface and significantly enhances
CO, adsorption. By effectively capturing CO,, these sites facili-
tated the electron transfer processes and drove the selective
photoreduction of CO, to CO. In the same year, Yu et al®
synthesized vanadoborate clusters modified by transition
metals. Notably, incorporation of Co or Ni created distinct
active surface sites that effectively adsorbed CO, and promoted
the photocatalytic process. By exploiting the efficient transfer
properties of POMs, these catalysts increased conversion of CO,
into syngas and formates. Density functional theory (DFT)
calculations further confirmed that the transition-metal centers
served as the pivotal active sites for CO, adsorption and activa-
tion. Mallick et al.®® replaced Na* ions with Cu®* ions via post-
synthetic metalation to synthesize a copper-functionalized
catalyst (Cu,[POM]@TiO,). The enhanced CO, adsorption cap-
ability of Cu®* sites was due to the charge-balancing anionic
surfaces of POMs ([PWy;03,Ti]>” units). The POMs with the
6 nm TiO, nanocore facilitated the n>-binding of CO, to Cu*",
resulting in the formation of the critical [Cu-(n*CO,)]” inter-
mediate. This optimized method significantly helped the mate-
rial to adsorb CO, and dramatically enhanced the efficiency of
electron transfer under UV light (Fig. 4a). Yu et al.® reported
design of new efficient core-shell nanocomposites for selective
photocatalytic CO, reduction. A combination of characterization
techniques indicated that the CO, to CO reduction rate reached
50 umol g~ h™". A selectivity of 73% to CO occurred over zinc
species highly dispersed on the heteropolyacid/titania core-shell
nanocomposites acting as co-catalysts. In situ Fourier-Transform
Infrared (In situ FTIR) investigation uncovered that the reaction
involved surface zinc bicarbonates as key reaction intermediates.
Li et al.®® synthesized a manganese modified POM photocatalyst,
[Mn(en),]¢[V12B15054(OH)s] (MngV;,). This catalyst harnessed the
oxygen-rich surface of POMs and enhanced the electron-
accepting capability. The Mn modification introduced active
Mn-N/O sites within the vanadium-borate POM framework.
These sites optimized CO, adsorption and directed electron
transfer toward CO, reduction with a CO production rate of
4625.0 umol g~ * h™". Li* and collaborators designed a catalyst
by morphological engineering, which integrated mono- (Co) or
bimetallic (CoNi) species into dodecahedral POM frameworks
(KsPW;,0,). Through hydrothermal etching and annealing, the
structure of POMs evolved from solid dodecahedra to yolk shell
and hollow structures. The physical confinement enhanced CO,
adsorption capacity. The anchored Co/CoNi sites played a crucial
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Fig. 4 (a) Schematic presentation of the band positions of Cu,[POM]a@-
TiO, along with photochemical CO, reduction scheme in the presence of
390 nm LED lamp.®® Reproduced from ref. 86 with permission from John
Wiley and Sons, copyright 2024. (b) PW;,@CoNi in photosensitizer system
CO, reduction mechanism diagram.®® Reproduced from ref. 89 with
permission from Elsevier, copyright 2024.

role and facilitated chemical activation of CO, (Fig. 4b). Alomar®®
and colleagues developed a hybrid catalyst, which combined an
v-Anderson POM and manganese porphyrin within a covalent
organic framework (COF). The materials were specifically tailored
to enhance CO, adsorption at the active sites on surface. The
POMs ([PMogO,6]>") provided structured anchoring points for
CO, on their oxygen-rich surfaces and confirmed the n>-binding.
This adsorption facilitated multi-electron reduction by Mn(ur)/
Mn(n) and Mo(v)/Mo(wv) redox cycles. Finally, Benseghir et al
synthesized heterometallic molybdenum(v) phosphate catalysts
using a hydrothermal method and integrated [Ru(bpy);]*" as a
photosensitizer.”" They engineered sandwich-type structures, in
which P;Mog units were connected by Mn>" and Fe>*/Fe®" centers.
Crucially, the Mn(u) sites acted as active adsorption sites for CO,
and effectively anchored the CO, molecules. This anchoring
facilitated the electron transfer needed for CO, reduction into
CH, under visible-light irradiation. In this system, POM clusters
acted as electron shuttles and played a crucial role for intrinsic
redox and charge transfer properties.

Besides optimizing the CO, adsorption, POMs can also directly
activate CO,. Talbi®® and collaborators identified the tetrabuty-
lammonium salt of the tetranuclear [Niy(H,0),(PWoO34),]"" clus-
ter in nickel-substituted POMs. The Ni, POM could accumulate
two electrons and four protons under light irradiation, enabling
direct interaction with CO, by Ni** centers. The protonation of the
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POM decreased its reduction potential and facilitated electron
transfer from the reduced photosensitizer ([Ru(bpy)s]’) for CO,
activation. Notably, CO, bubbling caused phase separation. This
process segregated POMs from bulky TBA" counter-ions. As a
result, the Ni*" active sites became more accessible and signifi-
cantly improved the catalytic performance. Zhu et al.** developed a
PW,/g-C3N, catalyst (x = 12, 11, 9) by integrating lacunary POMs
with g-C3;N,. The tri-lacunary PWy/g-C3N, achieved 80% CH,
selectivity and 40.8 pmol g~ h™" by leveraging POMs oxygen-
rich active sites and high charge density. At the same time, CO
intermediates were also stabilized. These defects enhanced CO
adsorption by n-bond interactions with W atoms and directing
sequential hydrogenation of CH,. Continuing this trend,
Wang et al.** developed a composite catalyst (PTi,W,,@EB-TFP).
They achieved this by encapsulating a titanium-substituted
polyoxometalate (PTi,W,,) into a EB-TFP COF by an ion-
exchange method. PTi,W;, provided Lewis acidic Ti*" sites to
activate epoxides. At the same time, EB-TFP’s Br  ions and
nitrogen-based basic sites adsorbed and polarized CO,, driving
its cycloaddition. Experimental results have shown a major effect of
the dual-site synergy. As a result, the catalyst achieves a 98.62%
yield of cyclic carbonates without external cocatalysts.

Thus, POMs possess well-defined active centers, tunable
energy band structures, and strong light absorption capabil-
ities, enabling reversible and stepwise multiple-electron trans-
fer without structural alterations. These properties make POMs
highly promising for CO, photocatalysis and offer potential
solutions for environmental challenges and sustainable energy
needs. However, significant hurdles remain, including low
efficiency, stability concerns, and scalability limitations, which
must be overcome for practical applications.

While POM catalysts have attracted much attention for their
application in photocatalytic CO, reduction, their utilization
for conversion of other simple molecules deserves further
development. In the following section, we introduce a selection
of pioneering studies that demonstrate the potential of POM-
based photocatalysts for converting water, methane and
nitrogen.

4. Photocatalytic reactions involving
other small molecules

4.1. Water splitting

There are a few reports about applications of POM materials for
photocatalytic water splitting. The group of Lv** used a compre-
hensive strategy to utilize the properties of POMs for driving
photocatalytic hydrogen evolution reaction (HER). Their studies
systematically exploited the geometries, electron storage capabil-
ities and electron transfer characteristics of POMs. They synthe-
sized a cage-like and POM-based organic structure Ni;gLe(SiWo),.
This structure was constructed from Ni,-substituted Keggin clus-
ters and flexible tartaric acid ligands, which significantly
enhanced the accessibility of active sites and increased turnover
number (TONs) up to 6834 within 5 h and 15500 over 96 h. The
progress in molecular orbital engineering produced twin-Dawson-

This journal is © The Royal Society of Chemistry 2025
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type POMs. The modulation of LUMO levels by Mo incorporation
resulted in TON of 2277 and 4722.5, respectively.>> Beyond these
systems, the group expanded their approach by designing com-
posite catalysts that integrated POMs with other functional
materials.  Tri-nickel-containing POM@MOF composites
(NizP,W;6@NU-1000 and NizPW;,@NU-1000) with strong host-
guest interactions were prepared. These composites were paired
with ascorbic acid as a sacrificial electron donor and exhibited
HER rates as high as 13051 pmol g~ ' h™".%*°

Additionally, by coupling water-soluble CdSe quantum dots
with a series of Ni-substituted POMs, it was demonstrated that
the catalytic activity was closely related to the Ni centers—the
Ni,P,-based system achieving a TON of 9000 after 12 h and a
hydrogen production rate of 138 mmol g~' h™' (Fig. 5).°
Finally, an innovative dual-functional system combining Ni,P,
with CdS nanorods was developed. This system could drive
efficient HER and facilitated the selective photooxidative dehydro-
genative coupling of 4-methoxythiophenol into 4-methoxydiphenyl
disulfide at the same time.*®

In addition to HER, POMs have been increasingly explored
for the oxygen evolution reaction (OER).>® In 2008, Hill and
Bonchio groups independently reported the first homogeneous
POM-based molecular photocatalyst for water oxidation, a
tetra-ruthenium(v)-substituted cluster [Ru,O4(OH)>(H,0)4(y-
SiW10036)2]""" (RuySiPOM).”” Under neutral conditions with
[Ru(bpy)s]** as oxidant, the catalyst achieved a TON of ~18 and a
Turnover Frequency (TOF) of 0.45-0.6 s~ ', marking a key break-
through in POM oxygen evolution reaction development. Recently,
Li and co-workers introduced a crystalline -octamolybdate clus-
ter, MV,[B-MogO,c),”® in which methyl viologen cations (MV) serve
both as counter-ions and as strong m-polarization agents. By
selecting a well-defined B-MogO,s*~ cluster and pairing it with a
n-conjugated organic cation (MV>"), the authors harness electron-
transfer photochromism to create and lock in active “oxygen-hole”
sites on the POMo scaffold. This stable charge-separated state
(with a lowered Fermi level) directly promotes O-O bond
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formation, thereby significantly boosting OER performance in
neutral electrolytes.

Generally, these works have shown a strategic exploitation of
redox properties and structural tunability of POMs. To achieve
highly efficient, robust, and multifunctional solar-driven HER,
the electron-storage capabilities and tunable redox potentials of
POMs must be fully leveraged in the design of POM-based
materials. These properties make POMs promising for solar-
driven water splitting.

4.2. Methane conversion

In addition to CO, reduction and water splitting, recent advances
in POMs-based materials have expanded the scope of sustainable
reactions of methane. Methane conversion reactions are exten-
sively studied, yet the potential of POMs in this field remains
underexplored, warranting further investigation.”*™*%! Direct and
selective methane photocatalytic oxidation into carbon monox-
ide was observed at ambient conditions.'®® The composite
catalysts on the basis of zinc, tungstophosphoric acid and titania
exhibited exceptional performance in this reaction, a high car-
bon monoxide selectivity and a quantum efficiency of 7.1% at
362nm. The reaction proceeded via intermediate formation of
surface methyl carbonates. Furthermore, a photochemical loop-
ing strategy was developed for highly selective stoichiometric
conversion of methane to ethane at ambient temperature over
silver-heteropolyacid-titania catalysts."® A stoichiometric reac-
tion of methane with highly dispersed cationic silver occurred
under illumination. Recombination of the generated methyl
radicals led to selective, and almost quantitative formation of
ethane. Additionally, we developed Ag- and Pd-phosphotungstic
acid (HPW)/TiO, nanocomposites for photocatalytic methane
coupling to ethane.?”

A combination of ex/in situ techniques such as XAS, EPR and
DFT modeling demonstrated that AgPW/TiO, was relied on Ag"
species for methane activation and Pd/NPW/TiO, utilized
metallic Pd clusters. Addition of water boosted the activity by
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Fig. 5

(a) Proposed mechanism of NisP,-based system visible-light-driven H; evolution. (b) Long-term photocatalytic hydrogen production experiment

over the system including 2 uM CdSe-MPA QDs(540), 2 uM Nig4P,, 0.2 M ascorbic acid (AA) in 6.0 mLH,O at pH 4.5 upon irradiation with 520 nm LED.%®

Reproduced from ref. 95 with permission from Elsevier, copyright 2022.
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promoting °*OH generation from H,O which is crucial for
methane activation. The Keggin structure and redox versatility
of POMSs were used to stabilize the cationic Ag" and disperse the
Pd clusters on the catalyst surface. At the same time, p-n
heterojunctions of POM with TiO, were formed to optimize
charge separation and prevent electron-hole recombination.
Tunable acidity of POMs and strong interaction with TiO, further
facilitated the adsorption and activation of methane (Fig. 6a-c).

Our group recently reported'®* a POM/TiO,-supported photo-
catalyst for selective synthesis of acetic acid from methane and
CO in aqueous medium at ambient temperature:

CH, + CO + H,0 — CH;COOH + H,

In this POM/TiO, catalyst, Pt single atoms were anchored on
ammonium phosphotungstate sub-nanoclusters. The catalytic
performance was enabled by the unique properties of POM-
derived clusters, where the Keggin structure facilitated electron
storage and transfer. The catalyst achieved 90% liquid-phase
selectivity for acetic acid, with a concentration of 5.7 mmol L™"
and a TON of 99 (Fig. 6d-f).

Thus, POMs can provide redox-active centers, tunable acid-base
properties, and create heterojunctions with other semiconductors,
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which efficiently enhance charge separation. They enable the
selective activation of methane under mild conditions and facil-
itate the valorization of methane into value-added chemicals.
Numerous promising avenues remain to be explored for further
development in this field.

4.3. Nitrogen fixation

POMs have also started to show promise as catalysts in photo-
catalytic nitrogen conversion. Li et al>® developed an dual
active site photocatalyst by anchoring Mo,,Fe;, POM clusters
onto a UiO-66. In this work, the POMs clusters substituted
traditional bidentate linkers within the MOF structure and
exposed additional unsaturated metal sites that possessed
unoccupied d-orbitals with strong Lewis acidity. These newly
available active sites effectively interacted with nitrogen mole-
cules by accepting electrons from the 36, bonding orbital of N,
and exhibited considerably enhanced N, adsorption. Moreover,
the “electron sponge” property of the POMs improved charge
carrier separation. This directional flows of electrons and holes
suppressed their recombination and also facilitated the effi-
cient oxidation of N, to HNO;. Consequently, unsaturated MOF
sites captured more effectively N, (Fig. 7).
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TiO, nanocomposites in dry and aqueous environments. (c) EPR spectra of DMPO spin trapping of (Pd/NPW)/TiO, and TiO, under methane, *Signals of
DMPO/*CHj, °Signals of DMPO/*OH.*” Reproduced from ref. 37 with permission from Elsevier, copyright 2024. (d) Atomic-resolved HAADF-STEM image
of PNPW/TiO; (3 :10). The inset image represents the monomer of Keggin-structured NPW with isolated Pt atoms anchored at the 4-fold hollow site of
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Fig. 7 Schematic illustration of the efficient storage and conversion of N, to HNOs by POM@MOF (taking UiO-66 and Mos,Fesq as an example).38
Reproduced from ref. 38 with permission from John Wiley and Sons, copyright 2023.

Similarly, Xiao et al.' and colleagues developed an SiW,,/K-

C;N, innovative photocatalyst. They covalently linked the POM
cluster (SiW,;,) with KOH-modified graphitic carbon nitride
(K-C3N,) and then created a heterojunction with unique redox-
active properties. In this design, the phosphate bridge served as
an efficient electron transport channel and could rapidly transfer
the photoinduced electrons from K-C5N, to SiW;,. The electron
storage and transfer capability of the POM enhanced water
oxidation, facilitated the nitrogen adsorption and activation
and boosted the efficiency of photocatalytic nitrogen fixation.
These works converged on the critical role of POMs in enhancing
electron dynamics and active-site exposure for N, activation.
Further expanding this strategy, Li et al.'°® developed a series
of Keggin type POM based ZIF-67 composite materials. Their
catalysts were prepared by a simple room-temperature mixing
cobalt nitrate, POM clusters and 2-methylimidazole to form a
robust ZIF-67 framework. The materials had high porosity and
abundant active sites for effective N, adsorption by integrating
electron-rich POM clusters into ZIF-67. Similar with other reac-
tion, under visible-light irradiation, the POMs were photo-
reduced to generate a plentiful supply of electrons that were
swiftly transferred to the adsorbed N, and activated it.

This journal is © The Royal Society of Chemistry 2025

In summary, POMs enhance nitrogen fixation by offering
Lewis acidic sites, with electron-sponge behavior and structural
tunability for in situ heterojunction formation. Similar to
DSMC, POMs have not yet been extensively explored in the
field of nitrogen fixation. We recently discovered that POMs
could generate a significant number of oxygen vacancies upon
irradiation. These vacancies significantly weaken the N=N
triple bond, thereby promoting NFR. Consequently, POMs hold
considerable promise for future research in this field.

5. Conclusions and perspectives

POMs-based materials as multifunctional photocatalysts have
been extensively explored for energy and greenhouse gas reac-
tions of simple molecules. In CO,RR, POMs play several roles:
acting as ’electron sponges’ to facilitate efficient charge separa-
tion, serving as photosensitizers to broaden light absorption,
and functioning as cocatalysts to greatly increase CO, conver-
sion and control selectivity towards CO and C,-C, products. In
OWS, multi-electron storage and transfer capabilities of POM
can simultaneously enhance the hydrogen and oxygen
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evolution reactions. In DSMC, POMs help to activate the strong
C-H bonds and to enable methane highly selective conversion
into other value-added chemicals such as CO, ethane, or acetic
acid. Similarly, in NFR, POMs-based materials improve N,
adsorption and activation by providing abundant active sites
and photoinduced charge carriers to lower the reaction
barriers.

However, current photocatalytic systems still face numerous
challenges, including rapid recombination of charge carriers,
low quantum yields, insufficient selectivity, poor stability and
productivity, and the need for sacrificial agents. Besides, the
application of POM-based materials for other photocatalytic
reactions has not been widely studied. In particular, there is a
lack of research on redox coupling reactions of C; molecules
and reactions of multi-carbon compounds. Except for Keggin,
Anderson, and Lindqvist types of POMs, the photocatalytic
applications of other types of POMs have not been deeply
developed. The unique redox properties, tunable electronic
structures, and extended light absorption capabilities of POMs
offer tremendous opportunities and intriguing directions for
innovative research. Three research directions may be pivotal for
further development. First, POM-based materials need the
rational design of structures to utilize the properties of captured
electrons. To meet the various requirements of a photocatalyst
for different reduction reactions, POM-based materials can be
purposefully designed. Many strategies can be considered, such
as heteroatom substitution, transition-metal incorporation, and
the creation of hybrid systems with semiconductors and organic
complexes to construct heterojunctions or metal-organic frame-
works. In this context, previously published works have identi-
fied the electron sponge behavior of POMs, which can be helpful
for the efficient separation of photoinduced electron-hole pairs.

Second, POM-based materials can enhance the adsorption of
reactants and act as co-catalysts. In addition, appropriately
introducing structural defects such as oxygen vacancies, can
create additional active sites in POMs. A significant promoting
effect is expected on the adsorption and activation of certain gas
molecules, especially N,. Modifying the acid-base properties of
the materials can make them more effective for adsorbing gases.

Third, in situ characterization, isotope labelling experi-
ments, DFT and artificial Intelligence (AI)-driven data analysis
should be further used for comprehensive understanding of the
relationships between structure and activity in POM-based
materials and the reaction mechanism. Time-resolved spectro-
scopy, synchrotron-based X-ray absorption/diffraction, and
electron microscopy enable researchers to observe dynamic
changes in active sites and reaction intermediates under oper-
ating conditions. In situ spectroscopy will greatly accelerate the
optimization of catalysts by combining these experimental
results with Al-driven data analysis and computational model-
ing. Machine learning algorithms and high-throughput screen-
ing can also identify the correlations of POMs structure and
function and predict their catalyst performance. We hope that
the published works and integrated strategies reviewed here
will provide valuable ideas for photocatalytic conversion of
small molecules in energy and greenhouse gas reactions.
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Future research will increasingly unlock the potential of POMs-
based materials in photocatalysis beyond reactions involving
small molecules.
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