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Organic pollutants are highly toxic, accumulative, and difficult to degrade or eliminate. As a low-cost, high-
efficiency and energy-saving environmental purification technology, photocatalytic technology has shown
great advantages in solving increasingly serious environmental pollution problems. The development of
efficient and durable photocatalysts for the degradation of organic pollutants is the key to the extensive

application of photocatalysis technology. Polyoxometalates (POMs) are a kind of discrete metal-oxide
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Accepted 24th June 2021 clusters with unique photo/electric properties which have shown promising applications in
photocatalytic degradation. This review summarizes the recent advances in the design and synthesis of

DOI: 10.1039/d1na00408e POM-based photocatalysts, as well as their application in the degradation of organic dyes, pesticides and
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1. Introduction

Human beings enjoy the unprecedented convenience and speed
of daily life, benefiting from fast industrial progress, but accom-
panied by increasingly serious environmental problems.'” In
particular, organic pollutants have become one of the major
challenging tasks in environmental science due to their high
toxicity, strong accumulation, and hard-to-degradability. Accord-
ing to previous ecological investigations, organic pollutants in soil
and water have existed for a long time. They are not only difficult
to biodegrade, but also have a high migration rate and can spread
to all parts of the world including Antarctica and the Arctic.*” It
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other pollutants. In-depth perspective views are also proposed in this review.

should be noted that organic pollutants can spread to the food
chain and accumulate in animals, plants, and humans.® They can
also cause allergies, birth defects, and cancer, and even damage
the immune system and reproductive organs. Even in low
concentrations, they will directly affect the body's endocrine
system. Hence, it is necessary to find a suitable method to remove
such a threat as soon as possible.”™ The degradation of organic
pollutants with semiconductor photocatalysts especially on n-type
semiconductors (such as CdS,"** TiO,,"*** and ZnO"** with an
appropriate band gap) has made considerable progress because
these photocatalysts can efficiently convert solar energy into
chemical energy and promote redox reactions.”*** However,
electrons and holes easily recombine together, leading to a low
photocatalytic performance in the next step.”>>*
Polyoxometalates (POMs) are metal-oxygen anion nano-
clusters which consist of abundant oxygen atoms and early
transition metals (including Mo, W, V, Nb, and Ta) in the highest
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oxidation state.”**° POMs are usually prepared through the
condensation procedure of metal salts in solution (generally in
water) at an appropriate pH value and temperature.** For
further feasible applications, the functionalization of pure inor-
ganic POMs is significant because it can regulate the physical and
chemical properties of POMs to meet the requirements. Gener-
ally, there are three main strategies to functionalize POMs:* (1)
exchange the counterions of POMs (POMs usually possess
negative charges) with organic cations to adjust the solubility of
POMs;***7 (2) POMs have abundant surface oxygens and can be
used as inorganic ligands to coordinate with metal ions and build
up high-dimensional coordinated complexes;*** (3) POMs can
be covalently modified using organic ligands, which is conducive
to the rational design of POM-based inorganic-organic hybrid
materials.*” Apart from the structural diversity and convenient
synthesis methods, POMs with excellent physicochemical prop-
erties have broad applications in photo-/electro-catalysis, phar-
macy, magnetism, and energy storage/conversion.*** In recent
studies, POMs are regarded as promising candidates for the
efficiently photocatalytic degradation of organic pollutants
because of their semiconductor-like properties.*** There are
numerous advantages of using POMs as photocatalysts:
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(1) POMs are rich in transition metals (such as Mo, W, V, Nb,
and Ta), and a large number of potential active sites are exposed
on the surface;

(2) The band gap of POMs can be adjusted by changing the
heteroatoms (such as P and Si) or adjusting the valence states of
metal atoms in their structures to further improve the photo-
catalytic performance;

(3) POMs can be functionalized using organic ligands and/or
loaded on matrix materials (such as TiO,, carbon nano-
materials, and other support materials), which are conducive to
achieving a synergistic effect between different components;

(4) The molecular structure of POMs can be definitely
determined by single crystal X-ray diffraction, which is benefi-
cial to the exploration of structure-function relationship at
atomic resolution.

Therefore, there is increasing research on POM-based pho-
tocatalysts for the photodegradation of organic pollutants,
including the structural design, photocatalytic characterization,
and the investigation of transformation mechanism and
kinetics. In particular, recent reports demonstrate that POM-
based photocatalysts can deliver outstanding activity and
durability in degrading organic dyes, organic pesticides, and
other pollutants. These studies deserve to be systematically
summarized and discussed. In this review, we focus on the
preparation and structure of POM-based photocatalysts, as well
as their application in the degradation of organic pollutants.
The influence of POM structures, organic modifications and
carriers on the photocatalytic behavior of the catalysts is also
discussed. In the end, remarks on the outlook and future
challenges of POM-based photocatalysts are also proposed,
providing a perspective for researchers who are interested in
POM chemistry and environmental protection.

2. Photocatalytic mechanism of
POMs

POMs have a semiconductor-like electronic structure, which
contains an electron-occupied valence band (VB) and an unoc-
cupied conduction band (CB). In general, as shown in Fig. 1a,
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Fig. 1 (a) Diagrammatic scheme of the photocatalytic mechanism of
POM-based catalysts; (b) the mechanism of pure POM photocatalysts;
(c) the photocatalytic mechanism of POM/support composites.

the photocatalytic mechanism of POM catalysts is similar to
that of the TiO, catalyst: when the catalyst is irradiated with
energy equal to or higher than its band gap, the electrons in its
VB are excited to the CB, resulting in photogenerated holes (h")
and electrons (e”). The positive holes will produce hydroxyl
radicals ("OH) with organic substrates in the presence of water.
The hydroxyl radicals have strong oxidizing properties and have
been proposed as active species for the oxidation and degra-
dation of organic substrates (Fig. 1b).* The photocatalytic
activity of POMs can be further enhanced when they are loaded
on photocatalytically active semiconductors such as TiO,. In
this case, POMs usually act as a scavenger, gathering photo-
generated electrons from the semiconductor and becoming
areduced POM™ species. This process delays the recombination
of h" and e~ pairs and makes the production of hydroxyl radi-
cals by h* from the semiconductor more efficient. Meanwhile,
the POM™ species transfers an electron to the dissolved oxygen
in the solution to generate oxygen radicals O, °, which then
react with water to yield 'OH and/or H,0, species, further
oxidizing the organic substrates (Fig. 1c).”® Due to the suitable
band gap, good stability, and convenient preparation, Keggin-
type POMs are widely applied in the photocatalytic degrada-
tion of organic pollutants. Other types of POMs also have
potential applications after adjusting the band gap by reason-
able modification and loading.

3. Photocatalytic degradation of
organic dyes

Organic dyes are the major kind of water pollutants from
various sources such as paper making, textile dyeing, cosmetics,

paints, food processing, and so on. The total annual output of
synthetic dyes exceeds 700 000 tons, of which 15% is discharged
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into water. Only 47% of the synthetic dyes are biodegradable,
and conventional wastewater treatment technologies usually
require a long operation time and may produce secondary
pollutants. The discharge of dyes has become a serious envi-
ronmental problem. Photocatalytic degradation is a promising
way to overcome this challenge. POM-based catalysts have been
applied in the photodegradation of dyes for a long period. Many
POMs, especially Keggin-type clusters, have shown high pho-
tocatalytic activity for dye degradation, but they are rarely put to
practical use. It is still necessary to explore more efficient and
stable POM-based photocatalysts. The improvement of the POM
photocatalysts has several directions: construct a porous
structure to increase the specific pore structure of POMs;
modify POMs with suitable organic ligands or substrates to
increase the light absorption in the visible region; enhance the
separation and reduce the recombination of photoinduced
electron-hole pairs through the interactions between POMs and
organic ligands or supports. Recent advances in this area are
summarized in this section.

3.1 Pure POM photocatalysts

For most of the classic POMs, the light absorption mainly lies in
the ultraviolet region. However, ultraviolet light only possesses
5% of the total solar energy reaching the Earth's surface. Thus
POM photocatalysts often exhibit relatively low solar energy
utilization efficiency. Fortunately, the light absorption proper-
ties of POMs can be adjusted by suitable modifications, such as
introducing different heteroatoms or attaching to organic
ligands. The transition-metal substituted POMs may be more
promising candidates than the classic POMs due to their
tunable light absorption properties.*>** Moreover, the transition
metal heteroatoms can provide a catalytic center for photo-
catalytic reactions. For example, Wang and coworkers studied
the photocatalytic properties of Fe(ui)-substituted Keggin-type
POM PWy;050Fe(m)(H,0)* (PW11Fe) under visible light irradi-
ation (Fig. 2).*® This catalyst exhibited high activity in the pho-
todegradation of Rhodamine B (RhB) and nitrobenzene (NB). In
a homogeneous reaction, it can completely degrade RhB in
80 min. The mechanism study revealed that the iron hetero-
atom played a key role in the catalytic process. On visible light
excitation, charge transfer occurred from the HOMO of
PW11Fe, which is mainly composed of the p orbital of the
terminal oxygen, to the iron d orbital at the site of H,O com-
plexing with Fe(m), resulting in the oxidation of H,O molecules
and the production of hydroxyl radicals. Hydroxyl radicals are
strong oxidants that further lead to the decomposition and
mineralization of organic dyes. On the other hand, the Fe(m)
center was reduced to unstable Fe(u), which then reduced the
dissolved oxygen molecules to H,O, and restored to Fe(m) itself.
In addition, this photocatalyst also showed good stability and
can be reused five times without significant loss of activity. This
work demonstrates that transition metal substituted POMs are
more promising visible-light-driven photocatalysts for dye
degradation.

The applications of large POM clusters have attracted
increasing attention in recent years. These high-nuclear metal-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Illustration of the interaction between PW11Fe and RhB; (b)
photocatalytic degradation of RhB and NB under visible-light irradia-
tion, black line: RhB under visible-light irradiation; red line: RhB and
PW11Fe under dark conditions; blue line and inset graph: RhB and
PW11Fe under visible-light irradiation; green line: NB and PW1lFe
under visible-light irradiation. Reproduced with permission from ref.
53. Copyright© 2012 Elsevier.

oxo clusters usually have wheel-like or hollow spherical struc-
tures which can provide large anionic cavities as effective “reac-
tors” for the catalytic reaction® In 2020, Zhang and coworkers
prepared a series of transition metal substituted wheel-like
clusters K,NayH,s_y_,[{TM(H,O);(SnR(H,0)),(1-OH)(1-SnR(H,-
0))}2(PsW450144)] 1H,0 (TM,-Sng-PgW,g, R = CH,CH,COO; TM
= Mn, Co, Ni; x =0, 1, 2; y = 19, 22, 15; n = 72, 85, 75, respec-
tively) through a three-step procedure.*® These clusters exhibited
visible light absorption originating from the transition metal
ions. They also showed high photocatalytic activities for RhB
degradation with a maximum efficiency of nearly 100% in 3 h.
Moreover, the reaction rate constants of TM,-Sng-PgW, g were 2.3
times greater than those of the PgW,5 cluster without transition
metal heteroatoms, indicating that transition metals played an
important role in the photocatalytic process. When these pho-
tocatalysts were loaded on TiO,, they not only maintained high
activity, but also showed good reusability. However, the degra-
dation efficiency of RhB decreased slightly after each cycle,
probably due to the partial leaching of the catalyst and the
absorption of dyes onto the catalyst's surface. This work opens
a new direction for exploring new efficient POM-based
photocatalysts.

POMs are usually crystalline materials, thus POM catalysts
often suffer from the disadvantage of low specific surface area.
One solution to this problem is to prepare nanosize crystals.>*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Although various synthetic protocols for such nanocrystals have
been developed in the past decade, there is still a lack of general
methods for controlling the morphology of the POM nano-
structures. Recently, Pang's group reported the preparation of
K3PW,,0,40°nH,0 nanocrystals under hydrothermal conditions
using KCl and phosphotungstic acid as raw materials.?” Inter-
estingly, the SEM images revealed that the reaction temperature
and time played important roles in the growth of these nano-
structures. When the reaction was carried out at 140 °C for 12 h,
uniform hollow rhombic dodecahedral nanocrystals were ob-
tained. When decreasing the reaction temperature to 120 °C
and 100 °C, the reaction resulted in rhombic dodecahedral and
semi-hollow spherical nanostructures, respectively. The photo-
catalytic activities of these nanocrystals were evaluated by RhB
degradation experiments with activated H,0O,. The results
showed that the hollow rhombic dodecahedral nanocrystals
performed best in terms of degradation speed, efficiency, and
recycling ability. RhB completely degraded after 90 min under
visible light irradiation. These porous nanocrystals are prom-
ising photocatalysts for practical wastewater treatment.

3.2 POM-based organic-inorganic hybrid photocatalysts

Organic modification of POMs is one of the most important
research topics in POM chemistry because it can tune the
physicochemical properties of POMs. POM-based inorganic-
organic hybrids have potential applications in various fields. In
the field of photocatalysis, POM hybrids also show significant
advantages: the organic ligands can extend the light absorption
performance of POM clusters to the visible region, thereby
improving the utilization of sunlight; metal-organic species can
tune the band gap between the HOMO and LUMO of POM
clusters to improve the photocatalytic properties of the hybrid
material; porous structures can also be constructed from the
organic moiety to increase the surface area of the hybrid cata-
lyst.>® However, stability is a main drawback of POM-based
organic-inorganic hybrids. Only a few hybrid catalysts are
stable for a long time under photocatalytic conditions to date.*>

In 2018, Peng and coworkers reported three POM-based
organic-inorganic  hybrid compounds [Cu(PBI),(H,O)]
[{Cu(PBI)(OH)(H,O0){PW1,040}]- 5H,0, [Cu(PBI),(H,0)]
[{Cu(PBI),(H,0)4{SiW,0,0}]-4H,0 and [Cu,(HPO,)(PO,)(H,-
0),(PBI)4][PM0,,040]-H,O (PBI = 2-(pyridin-2-yl)-1H-benzo[d]
imidazole).® In the crystal structure of these hybrids, the {Cu/
PBI} cations are stacked into 3D supramolecular frameworks
via -7 and OH-m interactions. It is interesting that these
hybrids all exhibited selective photocatalytic activity for the
degradation of organic dyes. These photocatalysts showed high
degradation rates (all above 95%) for the degradation of meth-
ylene blue (MB). However, they were less active in the photo-
degradation of RhB with degradation rates all below 80%. The
difference in photocatalytic activities may come from the
different adsorption capacities of organic dyes. Because RhB
has a larger molecular size, it did not match the pore of the
catalyst and was difficult to adsorb on the catalyst. Especially,
[Cus(HPO,)(PO,)(H,0),(PBI),4][PM0;,0,40] had the lowest struc-
tural porosity and it only showed a 43.87% degradation rate for

Nanoscale Adv., 2021, 3, 4646-4658 | 4649
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Fig. 3 (a) Crystal structure of [Ag4(H,O)(L)3(SiW12040)] (L = 1,4-bis(3-
(2-pyridyl)pyrazol)butane); (b) UV-vis absorption and photocatalytic
degradation of MG. Reproduced with permission from ref. 61. Copy-
right® 2016 Elsevier.
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RhB. This work shows the possibility of selective degradation of
small organic dyes by the precise design of a POM-based hybrid
photocatalyst with pores of suitable size.

As shown in Fig. 3, Ma's group reported a polyoxometalate-
based inorganic-organic hybrid [Ag4(H,O)(L)3(SiW1204)]
(L = 1,4-bis(3-(2-pyridyl)pyrazol)butane).®* Surprisingly, this
crystalline photocatalyst showed high activity for the heteroge-
neous degradation of MB and malachite green (MG) with
degradation rates of 83% and 81% within 160 min, respectively.
The high photocatalytic activity may be contributed by the large
[Ag4(H,0)(L);]*" cation, which supports the transportation of
excited holes/electrons to the surface. Besides, three confor-
mations of L ligands with different lengths linked by Ag(r) atoms
with lower enthalpy prohibit the conglomeration and deacti-
vation of POMs and further enhance their photocatalytic prop-
erties. This catalyst can be recycled easily and no significant loss
of activity was observed after 5 cycles. In addition, this catalyst
can also reduce Cr(vi) in wastewater using isopropanol as
a scavenger. It is worth mentioning that this catalyst is used in
the crystalline state. There is still great potential to enhance its
photocatalytic efficiency by lowering its crystal size or loading it
on a suitable support.

Organic modification gives POMs enormous potential in
future applications. However, due to the vulnerability of organic
moieties under photocatalytic conditions, it is difficult to
acquire durable hybrid photocatalysts. The design and
synthesis of efficient and stable POM hybrid photocatalysts is
still a challenging task. More efforts are needed to develop
advanced synthetic methods and illustrate the relationship
between photocatalytic activity and organic moieties.

3.3 POM-based composites

Because POMs are usually highly soluble in water, most of the
photocatalytic reactions of POMs are homogeneous, and the
separation and recycling of the catalyst are difficult. In hetero-
geneous catalysis, POMs also encounter problems such as low
surface area and easy leaching. Supporting POMs on suitable
carriers is the main strategy to overcome these shortcomings.
Moreover, the synergistic effect between POMs and the carriers
may even enhance the photocatalytic properties. In the past few
decades, researchers have successfully supported POMs on

4650 | Nanoscale Adv, 2021, 3, 4646-4658
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different carriers such as TiO,, organic polymers, MOFs, car-
bonitride, etc. These POM-based composites have shown
enhanced photocatalytic performances and are expected to be
used in the degradation of organic dyes.

3.3.1 POMSs/TiO, composites. TiO, is the most widely
studied photocatalytic material by far, because of its high
stability, easy availability, nontoxicity, and low cost.*>*
However, the practical application of TiO, is severely limited by
its fast electron-hole recombination and low absorption of
visible light due to its wide band gap.* The combination of TiO,
and POMs is considered to be one of the solutions to these
problems.®* POMs can be used as mediators which can control
the dynamics of photo-induced electron transfer from the
conduction bands of TiO,. They can also be good electron
acceptors which can receive the photo-generated electrons from
TiO, and avoid electron-hole recombination. On the other
hand, the loading of POMs on TiO, nanoparticles also increases
the surface area of POMs and enhances their photocatalytic
properties.®® Many reports have demonstrated that the loading
of POMs can significantly improve the photocatalytic activity for
dye degradation.®”””* However, a lot of work also demonstrated
that a high loading content of POMs on TiO, will decrease the
activity. There may be several reasons for this phenomenon: the
excess POMs block the pore of the catalytic material; the POMs
compete for active sites on the catalyst surface; the inner-filter
effect of POMs will reduce light absorption. Therefore, the
support ratio of POMs must be strictly controlled when
designing POM/TiO, composites.

At present, the improvement of POM/TiO, composites
mainly focuses on the design of TiO, carriers. For example, TiO,
nanoparticles with large holes and surface area could support
more POMs without loss of activity. For example, Guo's group
successfully loaded Keggin-type POMs [(C4Hy)4N]|sPW;;C0030
on ordered mesoporous TiO, nanoparticles by an evaporation-
induced self-assembly method (Fig. 4).”* EO,,PO(EO,,(P123)
was used as a template to prepare well ordered mesoporous
TiO,, which can maintain a large surface area after the loading
of POMs. UV-vis spectra of the composites showed that the light
absorption of TiO, has a significant red-shift to the visible
region after the loading of POMs. The composites displayed

Hydrogen bonding

Acid-basic interaction

Fig. 4 Structure and photocatalytic mechanism of the HzPW;,0,40/
TiO, composite material.”*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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higher photocatalytic degradation activity for methyl orange
(MO) under solar simulating Xe lamp irradiation compared
with pure TiO,. When the percentage of POM loading reached
32.3%, the composite exhibited the highest photocatalytic
activity and MO was completely degraded after 90 min.

Recently, multi-component photocatalysts have brought new
horizons to the classic POM/TiO, composites. The introduction
of other components, such as transition metal ions or organic
polymers, may further enhance the activity of the photocatalyst.
In 2017, Khoshnavazi successfully loaded a sandwich-type POM
KyoH,[(0Ce™)3(PW4034),]- xH,O (PWCe) onto a series of
lanthanide-doped TiO, (Ln-TiO,; Ln = Pr, Nd, Sm, Eu, Tb)
nanoparticles by a simple impregnation method.” The intro-
duction of Ln ions has two significant effects: the Ln ions can
enhance the electron trapping effect and further delay the
electron-hole recombination; they also provide empty f-orbitals
for the coordination of organic pollutants and improve the
adsorption on TiO, surface. Meanwhile, the loaded PWCe can
capture the photogenerated electrons and further impede the
charge-hole recombination. The photodegradation experiment
of MO showed that 10% loading of PWCe significantly improved
the photocatalytic properties of the catalysts, resulting in
degradation rates all higher than 90%, while the degradation
rate of Ln-TiO, composites without PWCe was only 40-60%.
The Ln-TiO,/PWCe catalyst also has good reusability, without
obviously losing its activity after five cycles.

Recently, P. Wu et al. designed and prepared a novel multi-
component  photocatalyst  Fe;0,@TiO,@PDA/SiW,V-Ag,
which degraded MO completely under simulated solar light
irradiation in 120 min.”® In this catalyst, TiO, is an active
species to protect the Fe;O, from corrosion and oxidation; the
[SiW;,VO,,]° is another active component and electron reser-
voir that can enhance the electron-hole separation of TiO,; the
PDA acts as a conductive linker, which improves the electron
transfer between components, and it also enhances the light
absorption capacity of the composite in ultraviolet and visible
region; Ag nanoparticles play a key role in enhancing the activity
by providing electron trapping ability. The trapped electrons in
Ag nanoparticles can further reduce O, to generate O,  active
species which can directly oxidize MO to degraded products.
Without Ag nanoparticles, the catalyst only showed a 29%
degradation rate under similar conditions. Finally, magnetic
Fe;0, particles contribute to the convenient separation and
recycling of the catalyst. This catalyst demonstrated the great
potential of multi-component POM®@TiO, composites in pho-
todegradation, and provides a new way for achieving highly
efficient and durable photocatalysts for practical wastewater
treatment.

POMs can also act as a switchable reductant for the deco-
ration of metal nanoparticles onto the surface of TiO, nano-
tubes. Bansal and coworkers reported a series of decorated TiO,
nanotubes with metal nanoparticles and POMs.”” These
composites were prepared by a three-step protocol: firstly,
Keggin-type phosphotungstic acid [PW;,0,4]°" (PTA) was
loaded on TiO, nanotubes to form TiO,-PTA composite mate-
rials; then, in the presence of isopropanol, under UV light
irradiation and nitrogen protection, the PTAs were reduced to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Preparation of TiO,—PTA composite materials; (b—e)
morphological characterization of TiO,—PTA composite materials by
SEM; (f) UV-vis spectra of Congo red by photocatalytic degradation for
30 min; (g) photodegradation of Congo red expressed as reduction at
500 nm with different POM-based photocatalysts. Reproduced with
permission from ref. 77. Copyright© 2018 American Chemical Society.

[PW1,040]" (PTA*); finally, the metal salts of CuCl,, Ag,SOs,,
H,PtCls, or KAuBr, were introduced into the composite and
subsequently reduced in situ by the surface bounded PTA*
(Fig. 5). These metal nanoparticle decorated TiO, nanotube/PTA
composites exhibited excellent photoreduction properties for
Congo red under simulated solar light. TiO,-PTA-Au nanotubes
were the most active composite, which resulted in ca. 89%
degradation. The metal nanoparticles can suppress the influ-
ence of the charge-recombination phenomenon and increase
the lifetime of the electron-hole pair, thereby enhancing the
photocatalytic activity of the composite.

3.3.2 POM-based metal-organic frameworks (POMOFs).
The incorporation of POMs into MOFs has become an impor-
tant direction for designing POM-based catalysts.”®*" Fixing
POMs on porous MOF structures can increase the surface area
while maintaining their excellent catalytic performance. There
are two strategies for incorporating POMs into the MOF struc-
ture: (1) introducing POMs as a sub-unit to construct the MOF
structure; (2) encapsulating POMs into the framework to form
a host-guest structure. The second strategy is more accessible
because POMs have a fertile oxygen surface and can coordinate
with metal ions or form hydrogen bonds with organic ligands.
Such POM/MOF composites have also been applied in photo-
catalysis dye degradation.®** Besides the advantages of large
surface area and high catalytic activity, MOFs with suitable
organic ligands can absorb visible light and improve the light
utilization rate of POM-based photocatalysts.

In a recent report, Fu's group encapsulated Keggin-type POM
[PW1,040]>” in a copper-viologen framework (Fig. 6). This new
composite showed a wide light absorption range from the
ultraviolet to near-infrared region.”® Photoelectrochemical
analysis showed that the composite had a high efficiency of
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with permission from ref. 93. Copyright©2018 American Chemical
Society.

electron-hole pair generation, which is the first and most
essential step of a photocatalytic reaction. The composite also
showed high photocatalytic activity for the degradation of
methylene blue (MB). In the presence of this photocatalyst,
under the irradiation of visible and NIR light, respectively,
about 98.2% of MB was degraded within 60 min, and around
97.7% of MB was degraded in 100 min.

POMs have a large size and are usually difficult to package in
framework structures. Thus the choice of organic ligands is
critical to the design of POMOFs. Pyrazine ligands have flexible
coordination modes and small steric hindrance, and are suit-
able for the construction of POMOFs. The POMOFs based on
metal-pyrazine frameworks have shown potential applications
in photocatalytic degradation. Recently, Zhou and coworkers
reported three novel Keggin-type POM anchored Ag-pz frame-
works (pz = pyrazine).”* The resulting composites had high
specific surface area, and showed high photocatalytic activities
in degrading RhB and MB with a degradation rate of 95%
approximately. In addition, these composites also had high
specific capacitances that they can be used as electrode mate-
rials in supercapacitors.

Wang and coworkers reported two novel metal-organic
complexes based on Anderson-type polyoxomolybdate (Fig. 7).%°
They chose bis-pyridyl-bis-amide ligands to construct such
complexes because: (1) the pyridyl and amide groups can
provide more potential coordination sites; (2) the amide groups
have both N-H hydrogen donor and C=0 hydrogen acceptor,
thereby promoting the formation of hydrogen bonds; (3) the
flexible -(CH,),— spacers can freely bend or rotate when forming
coordination bonds or hydrogen bond interactions. These
complexes showed high photocatalytic activities for the degra-
dation of RhB and MB, and can be applied as prospective
photocatalyst materials for dye degradation.

4652 | Nanoscale Adv, 2021, 3, 4646-4658

View Article Online

Review

Fig. 7 (a) The single molecule, (b) partial enlarged drawing of the Cu
coordination site, (c) packing model, and (d) the ball-stick model of the
Anderson-type polyoxomolybdate H{CuLg 5{CrMog(OH)eO1g](H-0)}-
0.5 L* (L* = N,N'-bis(3-pyridinecarboxamide)-1,2-ethane).%®

3.3.3 POMs on other carriers. In 2018, Koohi and
coworkers employed natural porous minerals (such as natural
zeolite and natural clays) as the carrier of silicotungstic acid
(HSiw).** The POM was loaded on clinoptilolite (Clin), mor-
denite (Mord), bentonite (Bent), and kaolinite (Kaoln) by
impregnation. Photocatalytic tests revealed that HSiw/Clin had
the highest activity for the degradation of MB with a degrada-
tion rate of 92% among the four photocatalysts. This is because
HSiW/Clin has the highest crystallinity and the smallest crys-
tallite size, both of which greatly affect the photocatalytic
properties. The FT-IR results showed that the absorption peaks
of silicotungstic acid had a significant shift to lower wave-
numbers in the case of clinoptilolite and mordenite supports,
indicating that these two photocatalysts have strong interac-
tions with POMs and the support. Mechanism studies revealed
that clinoptilolite can transfer electrons to POMs and convert
the silicotungstic acid to a strong oxidant H5SiW;,040. On the
other hand, covalent bonds were formed between the W atom in
HSiW and the Si or Al atom in clinoptilolite (W-O-Al or W-O-
Si), which can trap electrons in the conduction band and reduce
the electron-hole recombination. These results indicated that
clinoptilolite could be an inexpensive, easily accessible support
for POMs for photocatalytic degradation of dyes.

Graphitic carbonitride (g-C3N,) is a metal-free catalyst with
excellent electronic conductivity and great mechanical
strength.®* Recently, POM catalysts supported on g-C;N, have
attracted increasing attention.'*> As shown in Fig. 8, Wang's
group reported two novel g-C;N, supported Keggin-type phos-
phomolybdate (PMo;,) and phosphotungstate (PW;,) photo-
catalysts, which were prepared by a hydrothermal method.'**
The N, absorption tests showed that the specific surface area of
g-C3N, increased after incorporating with POMs. The composite
POMs@g-C3N, showed a better absorption of MB than pure g-
C;3N,. In photocatalytic degradation of MB, the POMs@g-C3N,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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photocatalyst demonstrated excellent activity with a degrada-
tion rate of nearly 100% in 180 min. Compared to TiO,, g-C3N,
showed more significant differences in band positions. The
conduction band of g-C;N, is more negative than that of PMoy,
and PW,,, while the valence band is less positive than that of
POMs, resulting in higher charge transfer efficiency and
photoinduced charge separation rate. Therefore, the photo-
catalytic activity of POMs@g-C3N, was remarkably enhanced.
This work proves that g-C;N, is a promising carrier for POM-
based photocatalysts.

Graphene is a two-dimensional nano-carbon material that is
considered to be an ideal support for catalysts due to its extremely
large specific surface area, excellent electron transfer properties,
high mechanical strength, and chemical stability."™* Graphene
oxide(GO) is considered to be an excellent support for POM pho-
tocatalysts because it can not only increase the specific surface
area of POMs, but also avoid the electron-hole recombination and
enhance the photocatalytic properties.'®>'* However, the combi-
nation of POMs and GO is mainly via non-covalent bonds, such as
physical adsorption, hydrogen bonding, and electrostatic inter-
action. Thus these catalysts often face the problem that the POMs
are easily detached from the substrate. Recently, Wang and
coworkers reported a novel POM@GO photocatalyst by grafting
a single lacunary Dawson-type phosphotungstate Kjoo-
P,W;,0¢;]-20H,0 onto GO via covalent bonding.'” GO was first
modified with 3-aminopropyltrimethoxysilane to obtain amino-
containing graphene oxide (GO-NH,). Then P,W,, reacted with
v-glycidoxypropyltrimethoxysilane to produce P,W,;,-EPO with
epoxy groups. Finally, the ring-opening reaction between GO-NH,
and P,W,;,-EPO resulted in the GO/P,W,, composite. BET analysis
demonstrated that GO/P,W,- had a larger specific surface area 5
times than that of P,W;,-EPO. Electrochemical impedance spec-
troscopy (EIS) showed that the charge transfer resistance of GO/
P,W,,; was much lower than that of P,W,,. This result indicated
that GO carriers can effectively improve the separation of photo-
induced electron-hole pairs and the rapid transfer of photoin-
duced electrons at the GO/P,W,; interface, leading to the increase
of photocatalytic activity. The photocatalytic MB degradation
experiment demonstrated the high photocatalytic activity of GO/
P,W;,: under optimal conditions, 94.3% of MB was degraded in
90 min. This photocatalyst also showed good stability and no
obvious decrease in the degradation rate was observed after 5
cycles.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Photocatalytic degradation of
organic pesticides

In modern agriculture, pesticides are extensively used to control
weeds, animal pests, or plant diseases. Pesticides and their
intermediate products during the degradation process are
usually toxic; some of them are harmful to the human body even
in trace amounts. Due to their aqueous solubility and long-term
degradation, the remaining pesticides in the soil can enter the
surface and underground water, further be concentrated in
vegetables and animals, and finally move up to the food chain,
causing serious threats to environmental safety and public
health. Compared to organic dyes, organic pesticides are usually
more stable and difficult to detect and remove from the water
system by traditional treatment.'”® Photocatalytic degradation is
regarded as a promising method for the removal of organic
pesticides in water. Some semi-conductive photocatalysts, such
as TiO, and ZnS, have been widely studied and reviewed in
previous literature.’*'® There are also some research studies
utilizing POMs as photocatalysts for the degradation of pesticides
such as lindane and imidacloprid.****** Recently, POM photo-
catalysts also exhibited good activities for the degradation of
persistent pesticides such as aromatic pesticides.

2-(1-Naphthyl)acetamide (NAD) is a widely-used plant growth
regulator which shows prolonged natural degradation and is
harmful to aquatic organisms. In 2017, Wong-Wah-Chung and
coworkers applied the decatungstate anion [W;003,]'” to the
degradation of NAD."* The results showed that [W;,03,]*~ had
an excellent activity for photocatalytic degradation of NAD. After
UV light (365 nm) irradiation for 22 h, 95% of NAD was degraded
in the presence of [W;,03,]*~, while only 5% loss of NAD was
observed in the absence of POMs. When the experiment was
carried out under simulated solar light irradiation, a degradation
rate of 89% was recorded in the presence of [W,03,]" . More-
over, NAD was converted to CO,, H,0, and nitrates at the end of
the photocatalytic degradation. Mechanism studies indicated
that the photo-excited decatungstate decays to a longer-lived,
extremely reactive, and non-emissive transient, which then
takes an electron from NAD, leading to the formation of NAD""
radicals (Fig. 9). These radicals subsequently react with water,
forming a series of hydroxylated products, which further lead to
the opening of the aromatic ring. The resulting aliphatic deriv-
atives can further be oxidized to CO, and H,0. The work proves
that POMs can be applied as efficient photocatalysts for the
degradation of aromatic pesticides.

In 2019, Xia's group reported a novel photocatalyst based on
phosphotungstate supported on polyimides.'*® The catalyst was
synthesized by an in situ solid-state polymerization of pyro-
mellitic dianhydride and the melamine modified phosphotung-
state, which was first prepared by mixing an aqueous solution of
melamine and phosphotungstic acid and heating at 90 °C. The
XRD patterns revealed that this catalyst had an alternate stacking
structure of polyimides and phosphotungstates. The XPS results
indicated that there were strong interactions between polyimide
and phosphotungstate, which immobilized the POMs and
established a stable electron transfer channel from polyimide to
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phosphotungstate in the composites. UV-vis spectroscopy
showed that the light absorption of the composite extended from
350 nm to over 800 nm, indicating intense electron delocalization
between the POM unit and the conjugated polyimide. This pho-
tocatalyst exhibited excellent photocatalytic activity for the
degradation of imidacloprid. Under visible light irradiation,
72.4% of imidacloprid was degraded in the presence of the
composite after 3 h, while no obvious degradation was observed
using melamine modified POMs or polyimides individually.
Mechanism studies revealed that the significant enhancement of
the photocatalytic activity originated from the intense electron
delocalization via intermolecular POM anions-7 interactions,
which benefits the photogenerated electron transfer from the
conduction band of polyimide to the unoccupied W 5d orbitals of
the phosphotungstate, suppressing the electron-hole recombi-
nation. The photogenerated holes can efficiently produce
hydroxyl radicals, which are the main active species in the pho-
tocatalytic oxidation of imidacloprid. In subsequent studies, they
prepared a series of carbonitride-supported tungstophosphate
composites by thermal treatment of melamine modified phos-
photungstates.”® These catalysts also showed even better
performances in the visible-light-driven photocatalytic degrada-
tion of imidacloprid with a maximum degradation rate of
approximately 85% in 3 h. These research studies contribute
a new strategy for the design of POM-based composite photo-
catalysts for pesticide degradation.

Although POM photocatalysts have a bright future in the
degradation of pesticides, the progress in this field is still slow,
and the potential of POMs has not been fully exploited yet. More
efforts are still needed to illustrate the degradation mechanism
of different pesticides and to develop feasible techniques for
practical water treatment.

5. Photocatalytic degradation of
other organic pollutants

Phenolic compounds are the most common organic pollutants
in wastewater released from the petroleum and pharmaceutical
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industries. Many of them are not biodegradable and can remain
toxic for a long period. Photocatalysis degradation has been
demonstrated as one of the successful methods for the removal
of phenolic compounds in wastewater."”'** POMs have already
been used as photocatalysts for phenol oxidation for a long
time."*® Recently, significant progress has been made in the
degradation of phenolic compounds with POM-based
composite photocatalysts.’?*™** Rtimi's group reported a TiO,/
FeO,/POM nanocomposite as a photocatalyst for the degrada-
tion of 2,4-dichlorophenol under visible light."*® This catalyst
exhibited a high degradation efficiency of 76.0% in 3 h. The
polyoxotungstate in the composite acts as an electron acceptor
which scavenges the photoexcited electrons from TiO, and
decreases the electron-hole recombination. The introduction of
FeO, can enhance the light absorption in the UV-vis region and
accelerate photocatalytic degradation. Their magnetic proper-
ties also make the separation and reuse of the catalyst much
more convenient. This work shows a subtle design of composite
photocatalysts towards practical application.

Antibiotics are widely used in the medical industry today.
Every year, large amounts of abandoned antibiotics are dis-
charged into soil and water, causing adverse effects on the
environment and ecosystem. The traditional wastewater treat-
ment cannot properly treat the antibiotics and their residues,
and thus the photocatalytic technique has been employed to
solve this problem.*** Recently, a few inspirational studies using
POMs as photocatalysts for the degradation of antibiotics have
been reported. For example, Wang's group reported a series of
POM-based composite catalysts with the nitrogen-deficient g-
C;N, support for the degradation of ciprofloxacin (Fig. 10).*®
These catalysts all exhibited high photocatalytic degradation
efficiencies and very fast reaction rates. Especially, the g-C;N,/
PTA-30 catalyst can remove 97.3% of ciprofloxacin in 5 minutes
under visible light irradiation. Doping Keggin-type POMs in
porous g-C3;N, nanosheets increased the light absorption and
the separation efficiency of electron-hole pairs, leading to
higher photocatalytic activities. L. Hou and coworkers designed

Ciprofloxacin ~ Product
U/
oy _ee el cee [ c8
S i o,
c .G'Sev N
. 2 .
= g-C3Ny @_‘ 8GNy
Z 3
2 2.85eV
F| 300V NN WA VB
§ + h* h* h* h* h*
2 P h* b
OH/H,0 )
Ciprofloxacin  Product
Fig. 10 The photocatalytic mechanism of POM@g-CsNg4
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and synthesized an In(m)-based MOF MFM-300 incorporating
Keggin-type phosphotungstic acid via a novel in situ hot-
pressing synthesis method.®” This catalyst showed excellent
photocatalytic activity for the removal of PhAC sulfamethazine
with 98% degradation efficiency after 2 h in the presence of
H,0, under optimal conditions. The catalytic activity of the
composite was much higher than that of the individual POM
catalyst because of the larger specific surface area, the improved
accessibility of H,0O, to the active sites, and the promotion of
the host-guest electron transfer by the composite structure.
These pioneering research studies demonstrated that POM-
based composites are promising photocatalytic materials for
the degradation of antibiotics in wastewater.

6. Conclusion and outlook

POMs have been demonstrated as a kind of green and
economical photocatalyst for the removal of organic pollutants
in wastewater. Benefitting from their stable molecular struc-
tures and reversible redox properties, POMs possess high
catalytic activity and durability in photodegradation. They can
also act as efficient electron scavengers in composite photo-
catalysts. Nevertheless, POMs also have many drawbacks, such
as poor visible-light utilization, low specific surface area, easy
leaching, and sensitivity to pH. Thus, it still requires great
efforts to solve these problems in order to make POM photo-
catalysts suitable for a wide range of practical applications. This
review has summarized the recent advances and listed the
challenges in this field. In future exploration, the following
points may be taken into consideration:

(1) Although a number of POM photocatalysts have been
reported to date, most of them are based on a few classic POM
clusters such as Keggin, Dawson, and Anderson. Thus, the
potential of POMs has not been fully explored yet.**® The search
for excellent photocatalysts from the tremendous amount of
POMSs will be an arduous task. On the other hand, there is a lack
of mechanism study of POM photocatalytic degradation at the
atomic level, which has impeded the design and improvement
of POM photocatalysts. Further research studies should focus
on the effects of the metal atoms, cage structure, and organic
ligands in POM molecules on the key factors related to photo-
catalytic activity such as light absorption, electron-hole sepa-
ration, and charge transfer. Such efforts can provide valuable
guidelines for the design of highly efficient POM photocatalysts.

(2) The leaching of POMs is one of the main drawbacks that
hinder the practical application of POM-based photocatalysts. In
the past twenty years, abundant studies have successfully immo-
bilized POMs on various kinds of organic/inorganic supports.
However, most of the composites are fabricated through hydro-
thermal, impregnation, self-assembly, and sol-gel methods, in
which the POM clusters are usually attached to the supports via
non-covalent interactions, and can be removed easily after a few
photocatalytic cycles in an aqueous solution. Thus, grafting POMs
onto supports via covalent bonds could be a better solution for the
leaching problem. The fabrication of these composites is far more
difficult of course, especially those with inorganic supports.
Therefore, new synthetic strategies and protocols are still needed.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

(3) Besides the direct application as photocatalysts, POMs
are also ideal precursors for the preparation of highly dispersed
metal oxide or metal carbide nanoparticles due to their discrete
and uniform structure. Compared with the traditional metal
composites, the nanoparticles prepared through POM precur-
sors have several advantages: (i) the structure of POM precur-
sors is defined and can be designed at the atomic scale; (ii) the
derivatives are nanostructured and can be rationally controlled;
(iii) the inherent heteroatoms can be directly doped into the
lattices of metal nanocomposites for band gap regulation; (iv)
the agglomeration problem of traditional metal composites can
be alleviated because there are steric hindrances and electronic
repulsion between the POM precursors, ensuring high
dispensability during the synthetic procedure.'””'*®* Recently,
some researchers have utilized these nanoparticles as photo-
catalysts for efficient photocatalytic degradation of organic
pollutants in wastewater.”* This is a new promising direction
that employs POMs as precursor materials to achieve highly
efficient nanophotocatalysts.

(4) The investigation of POM-based photocatalysts is rare in
the degradation of organic pollutants in the air system such as
volatile aldehyde and benzene compounds. To expand the
applications of POM-based photocatalysts, a higher BET
specific surface area and stronger adsorption/desorption ability
are needed. Previous reports reveal that incorporating POMs
into polymers (such as MOFs, COFs, and other conductive
polymers),’°®*3**3t and malleable supports may enhance the
interaction between the active sites of POMs and the molecules
of organic pollutants. In addition, finding more suitable usage
methods is also beneficial to catalytic efficiency. For example,
employing POM-based photocatalysts in aerosol or sprayed
form may lead to a high conversion rate of pollutants in the air,
which is also helpful for practical application and commer-
cialization in the future.

Nevertheless, POMs are promising candidates for the photo-
catalytic degradation of organic pollutants although there are still
some challenges needed to be solved in depth. Recent research
studies still propose a bright future for designing advanced POM-
based photocatalysts from preparation to applications. With
ongoing efforts, more ingenious breakthroughs of POM-based
materials are expected in the future, especially in green energy
conversion and environmental science.
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