7 ROYAL SOCIETY
PP OF CHEMISTRY

Dalton
Transactions

View Article Online
View Journal | View Issue

FRONTIER

Recent advances in polyoxometalate-based

{ '.) Check for updates ‘
catalysts for light-driven hydrogen evolution

Cite this: Dalton Trans., 2024, 53,
18083
Mengyun Zhao, Qingqing Liu, Yeqgin Feng and Hongjin Lv @& *

The photocatalytic hydrogen evolution reaction has been considered as an efficient route to addressing
energy and environmental issues. As an interesting class of multi-electron transfer catalysts, polyoxometa-
lates (POMs) have been widely used for photocatalytic hydrogen evolution due to their tunable geometri-
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cal and electronic structures, reversible electron storage capacity, and preeminent redox properties. This
Frontier article highlights our recent advances in the construction of efficient POM-based photocatalytic
hydrogen evolution systems in terms of three aspects, including polyoxometalate-based catalysts, light-
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Introduction

Considering the severe energy shortage and environmental
pollution facing modern society, the exploration of clean,
environmentally friendly, and renewable energy alternatives
has become an urgent issue.'” Solar energy has received
researchers’ attention because of its abundant reserves and
renewable, clean and other characteristics; however, because
of the intermittent, random, and regional existence of solar
energy, the direct application of solar energy is not
convenient.>*® Using photocatalytic reactions to store inter-
mittent solar energy in chemical bonds is a promising
approach, with solar-driven hydrogen evolution receiving
much attention from researchers.>® To achieve high photo-
catalytic efficiency, many representative photocatalysts have
been developed, including noble metal complexes, organic
dyes, metal oxides/sulfides/nitrides/hydroxides, etc.>*®
However, developing novel photocatalysts to enhance solar
energy utilization efficiency in the photocatalytic hydrogen
evolution process has substantial and promising implications.

Polyoxometalates (POMs), with rich redox chemistry, adjus-
table electronic and geometric properties, and reversible elec-
tron-storage capabilities, have attracted considerable research
interest from researchers working in the photocatalytic hydro-
gen production area.”"" Polyoxometalates are a class of metal-
oxygen clusters formed by condensation of oxygen-containing
acid radicals of W, Mo, V, Nb, and Ta transition metal ions.
The basic building blocks of POMs are mainly {MOg} octahe-
dra and {XO,} (X = Si, Ge, P, etc.) tetrahedra, with a wide
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absorbing photosensitizers, and sacrificial reagents.

variety of structures formed between polyhedra through co-
angles, co-edges, or co-planes.>* > Because of the continuous
development of single-crystal diffractometers, POM chemistry
has also been rapidly developed, and there are six classical
structures of POMs: Keggin, Wells-Dawson, Silverton, Waugh,
Anderson, and Lindqvist (Fig. 1)."® The most studied of these
are Keggin ([XM;,040]™", X = P, Si, Ge, As, etc.; M = W and Mo)
and Wells-Dawson ([X,M;50¢,]"", X = P and As; M = W and
Mo). When the saturated Keggin and Wells-Dawson structures
lose one or more {MOg} octahedra, the O coordination sites
can be released, and the O-ligand sites from the lacunary
POMs can bind other transition metals to form transition-
metal-substituted POMs (TMSPOMs).>"? Introducing tran-
sition metal ions not only enriches the structure of POMs but
also endows them with richer physicochemical properties.
Various synthetic strategies have been developed to design the

Keggin Wells-Dawson Silverton

Waugh

Anderson Lindqvist

Fig. 1 Six classical polyoxometalate structures.
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structures of POMs at the atomic level, realizing the adjust-
ment of their composition, electronic structure and counter-
ions based on different reaction types.

The unique characteristics of POMs make them widely used
in catalytic reactions.’ The use of POMs in light-driven hydro-
gen evolution has a long history, with nearly half a century of
development since 1985.'* In 2021, our group presented an
exhaustive summary of POM-based photocatalytic hydrogen
evolution systems, in which the authors classified the catalytic
systems into two main categories according to the light source
used: (1) UV/near-UV and (2) visible light.> When UV/near-UV
light is used as a light source, POMs act as light absorbers and
catalysts in the photocatalytic hydrogen evolution system.
Under UV/near-UV irradiation, intramolecular oxygen-to-metal
charge transfer (O,, — Wsq) occurs in POMs, in which elec-
trons from the spin-paired highest occupied molecular orbitals
(HOMOs) will be excited to the lowest unoccupied molecular
orbitals (LUMOs) and delocalized."® Sacrificial electron donors
(sacrificial reagents) are oxidized in the O, orbitals, ultimately
enabling the formation of reduced-state POMs (heteropoly
blue). POMs or reduced-state POMs have a high negative
charge and can store multiple protons. Reduced-state POMs
can catalyze the reduction of protons to produce hydrogen,
and the process can be accelerated by the presence of noble
metals (Scheme 1).> Heteropolyoxometalates, isopolyoxometa-
lates, and TMSPOMs have been successively used for UV-
driven hydrogen evolution from water decomposition. Given
that ultraviolet (UV) and near-UV light account for only a
minor fraction of the solar spectrum, the development of
visible-light-driven hydrogen production systems has attracted
considerable interest over the years.

When visible light is used as the light source, POMs mainly
act as catalysts with a multi-electron transfer body, and the
system requires an additional photosensitizer to enhance light
absorption. After years of development, in 2014, Hill’s group
developed a three-component photocatalytic water-splitting
hydrogen evolution system, which includes a light-absorbing
photosensitizer, a multi-electron transfer POM catalyst, and an
easily oxidized sacrificial reagent.'® From 2020 to the present,
researchers have been committed to researching hydrogen evol-
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Scheme 1 Schematic of photocatalytic H, evolution using a POM-
based photocatalyst under UV-light irradiation.
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ution systems of POM-based catalysts driven by visible light,
and catalysts, photosensitizers, and sacrificial reagents have
been explored and optimized. Here, we briefly review our
recent research progress of POM-based photocatalytic hydrogen
evolution systems and prospect the development of this field.

Novel POMs as catalysts

Benefiting from advanced synthetic strategies and sufficient
characterization techniques, POMs can be designed and regu-
lated with atomic-level precision, making it easier to study the
relationships between the structure and properties. As for
TMSPOMs, the existence of abundant transition metal active
sites could be beneficial for improving the photocatalytic
hydrogen evolution activity."®> Based on this, several novel
TMSPOMs were synthesized and successfully used to construct
a three-component system for photocatalytic hydrogen evol-
ution research.'”*®

In 2024, our group successfully synthesized a tetrahedral
POM-based organic cage (POC) K;Na;,H;,[(C4HeOg)s[Nis(OH);(A-
®-SiWo034)]]96H,0 (Ni;6Le(SiWo)s) (Fig. 2).>® The NijgLg(SiWs),
tetrahedron is constructed using six flexible r-(+)-tartaric acid
ligands and four Nis-substituted Keggin clusters (Ni SiW,),
forming a cage-like structure with a void space of about 102 A®,
The photocatalytic activity of the catalyst TBA-Ni;¢Le(SiWs), was
analyzed under visible light irradiation using TEOA as a sacrifi-
cial donor and [Ir(coumarin),(dtbbpy)]" as a photosensitizer.
Under minimally optimized conditions, the hydrogen evolution
system achieves a TON of 6834 after 5 h of reaction.
Furthermore, by extending the reaction time to 96 hours, the
TON value progressively increases to 15500. Owing to the
distinctive cage-like configuration of Ni;eLe(SiWy), POCs, the
TBA-Ni;Ls(SiWy),  catalytic reaction system  possesses
greater accessibility of catalyst components in contrast to the
non-cage TBA-Ni;s(PO,),(PW,), catalytic system. This work diver-
sifies the family of organic cages based on POMs and extends
the novel catalytic application of POCs in solar-driven hydrogen
evolution.

4x @ /‘Z 6% 1o oH
o

Fig. 2 Polyhedral and ball-and-stick representation of the structure of
NijgLe(SiWg)4. Reprinted with permission from ref. 36. Copyright 2023
Elsevier.

This journal is © The Royal Society of Chemistry 2024
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Inspired by the principle of molecular orbital engineering,
very recently, we successfully synthesized and characterized
two well-defined POMs, [H,N(CHj),]o24NazHy[CU, 06W1.0405-
(P,W16060)2]-40H,0  (POM-1) and [H,N(CHjz),]i2.6Na,H;-
[Cu,.4MOg 4sW3 1,0,6(P2W1,045),]-27H,0 (POM-2), and the two
POMs exhibited analogous twin-Dawson-type polyoxoanion
skeletons (Fig. 3).>” The photocatalytic system, which
incorporates =~ POM-1/POM-2, the photosensitizer [Ir
(coumarin),(dtbbpy)]’, and the electron donor TEOA, was
employed for the generation of hydrogen under Xe lamp
irradiation. These two POM compounds demonstrated remark-
able photocatalytic activity, with TONs of 2277 and 4722.5,
respectively. The catalytic performance is closely related to the
lowest unoccupied molecular orbital (LUMO) level of POMs,
and the incorporation of molybdenum (Mo) addenda atoms
into POM-2 can effectively modulate its LUMO level, resulting
in a stronger driving force for the thermodynamically favorable
and efficient transfer of electrons from the photosensitizer to
POM-2. This higher driving force could significantly contribute
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Fig. 3 (a) X-ray crystal structures and the LUMO of POM-1 and POM-2.
(b) Visible light-driven hydrogen evolution kinetics of different control
experiments. Adapted with permission from ref. 37. Copyright 2024
American Chemical Society.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Frontier

to more efficient photocatalytic hydrogen evolution activity
under visible light irradiation.

Photosensitizers

In these above-reported studies, the catalytic mechanism of
reaction systems using an Ir complex as the photosensitizer
could be proposed as shown in Scheme 2.3°

For soluble noble-metal complexes and organic molecular
photosensitizers, recyclable and separated semiconductor
MOFs with absorbent units have been used as photosensiti-
zers. The strong host-guest interaction between POMs and
MOFs results in better photocatalytic performance, durability
and reusability of POM@MOF composites.’*™** With this in
mind, our group prepared two tri-nickel-containing
POM®@MOF composites, NizP,W;c@NU-1000 (NizP,W;4 =
Na,Lis[Niz(OH);(H,0);P,W16050]) and  NisPW,;,@NU-1000
(NizPW;, K¢Na[Niz(H,0)3:PW;0039H,0]), through strong
host-guest interaction using a simple and broad-spectrum
impregnation method (Fig. 4).*> Combined with ascorbic acid
(AA) as the sacrificial electron donor, a three-component
photocatalytic hydrogen production system was constructed.
Under optimized conditions, the resulting POM@MOF compo-
site demonstrated efficient photocatalytic hydrogen generation
from a water-compatible system. Notably, such a composite
catalyst can not only operate in the absence of precious metals
as co-catalysts, but also exhibit superior long-term stability
and reusability. The hydrogen evolution rates of
Ni;P,W;@NU-1000 and Ni;PW,,@NU-1000 are 13 051 and
3482 pmol g h7', respectively. Significantly, such a
POM@NU-1000 composite catalyst also exhibited decent
hydrogen evolution activity under natural sunlight irradiation,
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Scheme 2 Schematic of photocatalytic H, evolution using a POM
photocatalyst and an Ir complex photosensitizer under visible-light
irradiation.
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Fig. 4 Structural model of NizP,W;6@NU-1000 and the schematic
diagram of photocatalytic hydrogen production. Reprinted with per-
mission from ref. 42. Copyright 2021 Elsevier.

demonstrating the potential of this photocatalytic system in
large-scale production.

Compared with noble metal-based organometallic chromo-
phores and highly luminescent organic dyes, semiconductors
(CdSe/S, ZnInS, TiO,, C3N,, etc.) exhibit excellent advantages,
such as outstanding light stability, adjustable redox potential,
size-dependent absorption characteristics and large absorption
cross sections of the entire visible spectrum, and have been
used in photocatalytic hydrogen evolution systems.**° In
2022, we developed an aqueous-phase-stable and durable
hydrogen production system by integrating a water-soluble
CdSe quantum dot (QD) photosensitizer with an electron donor
(AA) and diverse core Ni-substituted polyoxometalates (POMs)
including NizP (KNa[Nis(H,0);PW,,050H,0]-12H,0), Ni P,
(NagK[Niy(H,0),(PW4034),]-32H,0), NigP;  (KsNay;[Nig(OH),-
(H,0)6(HPO,),(PWo0;,);]-55H,0), and NijgP;  (Na;gK;o[{Ni,-
(OH)3PO4}4(A-0-PWo03,),] 75H,0) as catalysts (Fig. 5).*° Under
visible light irradiation, the CdSe + POM catalytic system has
demonstrated superior hydrogen production capabilities, outper-
forming other semiconductor/POM hybrid systems for photo-
catalytic hydrogen generation. The photocatalytic system cata-
lyzed by Ni, P, achieved a TON of 9000 after 12 h, equating to a
hydrogen production rate of 138 mmol g~ h™". This perform-

Ni-POM + CdSe ,,,

I i e photocatalytic HER "

AA AA* + 2H*

Fig. 5 Proposed schematic mechanism of catalytic reactions using Ni-
substituted POMs and CdSe QDs. Reprinted with permission from ref.
46. Copyright 2022 Elsevier.
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ance is notably superior to that of catalytic systems incorporating
organometallic chromophores. Furthermore, the activities of
POM catalysts with different Ni centers were compared, and the
catalytic hydrogen production activity is positively correlated
with the nuclearity degree of the Ni center in the POM catalyst.
Various experiments and spectral analyses show that the syner-
gistic effect of the CdSe photo-absorbent, Ni-substituted POM
catalyst with excellent reversible multi-electron transfer and AA
electron donor with fast hole removal is the reason for the excel-
lent performance of this catalytic system.

Sacrificial reagents

In the above three-component system, the sacrificial reagents
are mostly simple organic molecules (TEOA, TEA, AA, etc.),
which are oxidized to products with low economic value after
photocatalysis. Hence, the oxidation end of the photocatalyzed
water decomposition half-reaction is not fully utilized.
Therefore, researchers use organic substrates as sacrificial
reagents that can be transformed into high-value chemicals
and carry out coupling hydrogen production to use the oxi-
dation and reduction ends fully.*%>%>!

In 2024, we successfully developed an efficient photo-
catalytic system by integrating cadmium sulfide nanorods
(CdS NRs) with Ni,P,, achieving high selectivity in the photo-
oxidative dehydrogenative coupling of 4-methoxythiophenol
(4-MTP) to produce 4-methoxydiphenyl disulfide (4-MPD) and
hydrogen with a high yield (Fig. 6).>' Under optimized con-
ditions, this system achieved a conversion rate of 4-MTP up to
98.39%, a selectivity for 4-MPD of 94.99%, and a hydrogen
yield of 25.96 pmol. The catalytic system exhibits high catalytic
activity for 4-MTP and good universality for other thiophenol
compounds. The Ni,P,/CdS composite system has shown
excellent stability throughout the photocatalytic cycles.
Reaction mechanism analysis indicates that CdS NRs generate
photogenerated electron-hole pairs under visible light exci-
tation. The photogenerated holes directly participate in the

Yield (H,): 25.96 pmol

Conversion>98% (\h*

o )-sH

Yield (Disulfide): 24.45 pmol

Fig. 6 Proposed schematic mechanism of catalytic reactions using
NisP,, CdS NRs, and 4-MTP. Reprinted with permission from ref. 51.
Copyright 2024 Elsevier.
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oxidation of the S-H bond in 4-MTP, producing SCsH,(OCHj;)
intermediates and active hydrogen species, which undergo a
radical coupling reaction to form the target product 4-MPD.
Concurrently, the photogenerated electrons are transferred to
the Ni P, catalyst, where the nickel center captures and acti-
vates these hydrogen species, promoting hydrogen gas gene-
ration. The synergistic effect between CdS NRs and Ni,P, sig-
nificantly enhances the separation efficiency of photogene-
rated charges, thereby enhancing the dehydrogenative coup-
ling performance of the entire photocatalytic system. This
research outcome provides a novel strategy for photocatalytic
synthesis and opens new possibilities for solar energy-driven
chemical transformations, holding significant scientific
importance and application prospects.

Conclusions and outlook

Polyoxometalates have been extensively utilized in photo-
catalytic hydrogen evolution due to their abundant and diverse
structures, adjustable composition and electronic configur-
ation, reversible electronic storage capability, and outstanding
redox properties. We have briefly highlighted our recent pro-
gress in rationally constructing a more promising photo-
catalytic hydrogen production system from the aspects of POM
catalysts, photosensitizers, and sacrificial reagents. In such
existing three-component photocatalytic systems, all three
components are indispensable, and many aspects of research
can be further advanced in the future.

For catalysts, the catalytic performance is closely related to
the number of active sites, the degree of energy level matching,
and the mass transfer rate of the catalytic system. Therefore, it is
essential to synthesize TMSPOMs with novel structures and
energy level matching. This can be achieved through the follow-
ing approaches: (i) synthesizing POCs with a molecular cage
structure to facilitate mass transfer and (ii) increasing the
driving force of electron transfer by adjusting molecular orbitals
to match photosensitizers and achieve improved catalytic
activity.

In terms of photosensitizers, it is very important to develop
photosensitizers with a broad light-absorption range and strong
absorbing ability by introducing a wide absorption range
chromophore into organometallic complexes, so that the light
utilization efficiency can be improved. In addition, exploring
more relatively inexpensive semiconductors as photosensitizers
will help reduce the cost of photocatalytic hydrogen production.

For sacrificial reagents, the sacrificial electron donor can be
replaced with organic substrates with value-added potential to
promote the hydrogen production of POM-based photo-
catalytic systems and the conversion of organic substrates,
such as organic oxidation reactions, oxidative coupling reac-
tions (C-C, C-N, and S-S coupling reactions), and photo-
reforming reactions using organic plastics, pollutants, and
biomass as the substrates.”

In addition, the stability and durability of the photocatalytic
system over a long time are important factors to be considered.

This journal is © The Royal Society of Chemistry 2024
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For a typical three-component photocatalytic hydrogen system,
long-term stable operation needs to meet some criteria, includ-
ing: (1) a sufficient concentration of the sacrificial reagent to
replenish the oxidation end and (2) the stability of the struc-
tures of POMs and photosensitizers during the reaction. As the
reaction proceeds over a long time, the sacrificial reagent will
be consumed. When the concentration is insufficient, the cata-
Iytic performance may degrade over time. This problem can be
solved by replenishing the sacrificial reagent in time. POMs
and photosensitizers may also be intolerant during long-term
reactions, leading to a degraded -catalytic performance.
Therefore, the development of POMs and photocatalysts with
more stable structures is also a very promising research direc-
tion in the future.

Finally, we hope this review will provide some valuable
guidelines for developing more efficient and robust POM-
based photocatalytic hydrogen production systems and the
related interdisciplinary research areas.
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