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Polyoxometalate-based frameworks (POM-based frameworks) are extended structures assembled from

metal—oxide cluster units and organic frameworks that simultaneously possess the virtues of POMs and

frameworks. They have been attracting immense attention because of their diverse architectures and

charming topologies and also due to their probable application prospects in the areas of catalysis, separ-

ation, and energy storage. In this review, the recent progress in POM-based frameworks including POM-

based metal organic frameworks (PMOFs), POM-based covalent organic frameworks (PCOFs), and POM-
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based supramolecular frameworks (PSFs) is systematically summarized. The design and construction of a
POM-based framework and its application in photocatalysis and photothermal catalysis are introduced,
respectively. Finally, our brief outlooks on the current challenges and future development of POM-based
frameworks for photocatalysis and photothermal catalysis are provided.

1 Introduction

Polyoxometalates (POMs), which are comprised mainly of
early-transition metal ions (e.g., W, Mo, V, Nb, Ta) in their
highest oxidation states (+4, +5, +6) through oxygen bridges,
have evolved into a type of molecular nanocluster with a well-
defined composition and uniform architecture showing a wide
range of applications in nanoscience, energy catalysis, medi-
cine, biology, and other fields."™ POMs can be considered
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analogs of semiconducting metal oxides, as they both consist
of d° transition metals and exhibit similar electronic pro-
perties, including a well-defined highest occupied molecular
orbital (HOMO)-lowest unoccupied molecular orbital (LUMO)
gap.>® Owing to their intriguing properties, including
impressive sensitivity to UV light, tunable redox properties,
and high thermal stability, POMs are promising candidates for
use in heterogeneous photocatalysis. The fast photo-responsive
charge transfer and reversible multiple electron and proton
redox reactions play a very important role in promoting the
photocatalytic performance.”’® However, POMs exhibit weak
absorption in the visible spectrum and a longer wavelength,
and its photoexcitation usually requires irradiation with UV
light;''™** thus, the utilization efficiency of solar energy is
usually low. In addition, their application is largely restricted
by factors such as a small specific surface area (less than
10 m> g '), easy self-aggregation, and low stability in an
aqueous solution.™"® Structural dispersion and stability are
the prerequisites for POM chemistry to be applied in hetero-
geneous catalysis. POMs as superior inorganic building blocks
are often used to assemble a well-defined architecture.'®™®
Abundant surface oxygens of POMs endow them with active
sites to coordinate with metal ions and build up high-dimen-
sional coordinated complexes;'®*® moreover, discrete anions
make them a good non-covalent binding site."®*" The frame-
work chemistry, especially involving the most attractive struc-
tures of metal-organic frameworks (MOFs),>* covalent organic
frameworks (COFs),>* and supramolecular frameworks (SFs),>*
has been greatly advanced due to its controllable synthesis,
tunable structure, and potential applications. Generally, frame-
work structures contain photoactive building blocks such as
porphyrin, aniline, viologen, © systems and so on, which can
broaden the spectral range to the visible light region, and their
porosity and large specific surface area make them excellent
photocatalysts.>>*® In addition, nanoparticles can also be
loaded for photocatalysis. These well-defined architectures and
POMs each have their own advantages, and integrating them
unambiguously results in novel structures that derive pro-
perties directly from POMs or synergizes between POM units
and frameworks.>” For example, the adjustable light absorp-
tion of MOFs endows POMs with the catalytic ability in the
full-spectrum region; substrates can only access the surface
sites of non-porous POM catalysts, however for porous POM
structures, internal catalytic centers can be easily accessed in
confined spaces, endowing them with special catalytic pro-
perties. Clear evidence of the attention gathered by photocata-
lysis is the huge number of scientific articles published every
year on this topic. Therefore, seeking a new, efficient, and
cheap photocatalyst is still a hot topic in this area. In addition,
photothermal catalysis over POMs is at a nascent stage but
exhibits significant promoting effects toward heterogeneous
organic reactions.

In this review, the development of various classic POM-
based frameworks mainly including POM-based metal organic
frameworks (PMOFs), POM-based covalent organic frameworks
(PCOFs), and POM-based supramolecular frameworks, (PSFs),
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and their application in photocatalysis and photothermal cata-
lysis in the past five years are outlined. Finally, our perspec-
tives on current challenges and future development of POM-
based frameworks for photocatalysis and photothermal cataly-
sis are briefly discussed.

2 Design strategies of POM-based
frameworks

Recently, numerous POM-based frameworks have been
designed and synthesized ranging from single clusters, POM-
based assemblies, POM-based organic-inorganic hybrids, etc.’
Considering that the absorption range of POMs is relatively
narrow, as a kind of excellent inorganic building block, the
organic modification of POMs is one of the most important
research topics in POM chemistry because it can tune the
physicochemical properties of POMs. Therefore, in this
section, we mainly introduce organic-inorganic hybrid POM-
based frameworks, which is mainly classified from the inter-
action, PMOFs, PCOFs and PSFs.

2.1 PMOFs

Framework structures, an emerging class of highly porous
materials that consist of organic ligands and inorganic metal
clusters or ions, have been extensively studied in past decades,
such as MOFs and COFs.*®?° Owing to the unique structural
features of permanent porosity, high surface area, tunable
pore size/shape, and uniform open cavities, frame structures
have received special attention in the fields of gas storage, sep-
aration, and catalysis.>* Both organic linkers and metal nodes
in the framework structure can play important roles in photo-
catalytic reactions. The organic linkers can be tuned to act as
light-harvesting units, and metal clusters/ions can be viewed
as isolated semiconducting sites, which can be activated by
organic linkers or excited upon light irradiation to achieve
photo-responsiveness at long wavelengths. In addition, due to
the diversity of organic linkers and metal clusters/ions, as well
as the diverse assembly, the light absorption properties of
framework structures can be rationally designed and tailored
through the selection of organic linkers and metal clusters or
ions. In addition, the framework structure with an ultra-high
porosity, a large surface area, and open channels makes abun-
dant catalytic sites accessible and also greatly facilitates sub-
strate/product transport/diffusion, thus becoming the most
promising conventional photocatalyst. In both cases, it is seen
that the combination of POMs with MOFs or COFs yields
additional properties in the enhanced catalysis and selectivity
of products.

PMOFs are mainly based on coordination bond-driven syn-
thesis from nitrogen and oxygen-donor ligands used as
organic linkers to connect with POMs via coordination
bonds.>*** The high negative charge and abundant oxygen
atoms on the surface of POMs can coordinate with cationic
metal centers and/or organic ligands directly.>*® Different
types of POMs, including Anderson, Keggin, and Dawson
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POMs, have been explored.’” When POMs serve as building
units of MOFs, the saturated POMs and transition metal-sub-
stituted POMs are generally selected to coordinate with the
metal ions or cluster.*® For example, Liu et al. used Keggin
POMs to induce Ni*" to coordinate with BPY ligands, thereby
forming an open POM-based framework.>> POMs have also
been used as ideal secondary building units to construct
PMOFs through covalent interactions. Lan et al. reported a
stable 3D open framework. linking zinc-terminated e-Keggin
POMs with organic ligands.*’ These two methods are often
synthesized using metal ions, organic ligands and POM pre-
cursors via conventional hydrothermal or solvothermal
methods. POMs are directly connected with organic ligands or
bounded with metal centers and organic linkers. That is,
POMs are part of the frameworks of PMOFs. Considering that
a variety of studies have been developed and applied to various
fields, and some reviews have already summarized the syn-
thesis and application of these materials.*' Here, we will focus
on the examples constructed by the following methods.

Aside from serving as building units, POMs are also applied
as guest components to be incorporated into the MOF cavities
with molecular dispersion (Fig. 1a).*> The key difference in the
latter is that POMs are not part of frameworks and are
embedded within the pore architecture of MOFs (MOFs and

(a)[ PMOFs: Coordination bond ]

View Article Online

Nanoscale

POMs can be described as the host and guest). The synthesis
is mainly classified into two categories: impregnation and
encapsulation.’® The impregnation method involves soaking
the preformed MOFs in a suitable POM solution so that a
match of the pore size and POM diameter is required to allow
uptake. If these conditions are met, the method is applicable
and can be performed under mild conditions, making it
suitable even for thermally and chemically sensitive POMs.
However, the drawbacks are also obvious, namely, low
maximum loading, low uniformity, large cavity occupation,
and possible leaching under operating conditions, especially
for POMs located at or near the surface of MOF particles. In
contrast, encapsulation can be used when the POM diameter
is greater than those of the MOFs. Here, the MOFs assemble
around the preformed POMs, usually under solvothermal con-
ditions, and the solid product may crystallize into a new
single-crystal material in which the POMs are irreversibly
“trapped” in the MOF pores. To ensure the successful syn-
thesis, the POMs should be stable during the synthesis of
PMOFs. Thus, this approach can minimize the leaching and
aggregation of encapsulated POMs and can even be used to
stabilize structurally unstable POM species. However, the con-
fined pore environment also leads to pore blockage, slowed
diffusion, and thus reduced reactivity.

9
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Fig. 1 Synthesis strategies and interactions for constructing (a) POM-based metal—-organic frameworks (PMOFs); (b) POM-based covalent-organic
frameworks (PCOFs); and (c) POM-based supramolecular frameworks (PSFs). Frames of MOFs: black and grey sticks; COFs: blue and orange sticks;
organic linkers in SFs: green-blue bicolored sticks; metal ions: green spheres; POMs: dark yellow spheres.
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2.2 PCOFs

POM-based frameworks can not only be synthesized in the
construction of coordination architectures via metal-ligand
interactions between POMs and organic ligands, but also be
built from the covalent linkage of POM hybrid and organic
building blocks (PCOFs) (Fig. 1b). COFs are two-dimensional
(2D) and three-dimensional (3D) organic frameworks with
large structures, which are made entirely of light elements (H,
B, C, N and O) through strong covalent bonds. The PCOF
reports are very rare. Tris(hydroxymethyl)methane-R (R-tris)
is a commonly used group to modify POMs, achieved by the
replacement of surface oxygen atoms with the hydroxyl
groups of tris. When the R group is a coordinating unit,
such as pyridyl or carboxylate groups, the R-tris-functiona-
lized POMs are regarded as metalloligands.*>** When NH,-
tris is used, the hybrid POMs can be used as organic linkers
to construct PCOFs.*> All the archetypal Anderson,
Lindqvist, and Dawson clusters can be functionalized with
tris.’>*%>% Recently, O. M. Yaghi’s group reported a 3D
PCOF with a 3-fold interpenetrated diamond topology via
the imine condensation of an (amino-tris)-functionalized
[MnMog]-POM linker and 4-connected tetrakis(4-formyl-
phenyl)methane.”® When the counter cation TBA® was
exchanged as Li", this hybrid framework became a prime
candidate for solid-state electrolytes with high ionic conduc-
tivity, high Li" transference number, and good interfacial
properties. Following the same method, Yang et al. changed
the organic linkers to 4-connected tetrahedral tetrakis(4-for-
mylphenyl)silicon (TFPS) building units to obtain a new
porous backbone M-Anderson-COF.””> Fang et al. also con-
structed two 3D PCOFs (JUC-525 and JUC-526) featuring a
3-fold interpenetrated dia topology from NH,-MnMog-NH,,
TFPM, and TFPS with strong covalent bonds. The POM func-
tionalized framework showed a high reversible capacity
(>550 mA h g7'), rate capacity, and cycling performance
(>500 cycles).>® Zhang et al. chose an Anderson-type POM
containing two active amino groups, NH,-CoMog, as the
building block and used the imine bond as the linkage gen-
erated by a covalent linkage of the aldehyde group, resulting
in a 2D staggered stacking layered structure with an sql topo-
logy.”* Furthermore, some post-synthetic modification strat-
egies have also been reported to construct PCOF architec-
tures. Generally speaking, this method is usually used to
first synthesize the COF structure and immobilize POMs
with covalent or non-covalent interactions.>>*® Yan and
Peng et al. incorporated POMs into the prepared cation
COFs with electrostatic interactions.?”>® To date, PCOFs still
remain largely unexplored due to the difficult organic graft-
ing of POMs and the low chemical tolerance of POM
hybrids.

PMOFs and PCOFs have made more progress and showed
excellent functionality, while some inherent weaknesses of
PMOFs or PCOFs, such as structural stability and processibility
in solutions, should be improved greatly, which is not condu-
cive to displaying more functional devices.

This journal is © The Royal Society of Chemistry 2023
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2.3 PSFs

Compared with the rigid structures of MOFs and COFs, supra-
molecular frameworks (SFs) based on noncovalent interactions
have attracted extensive attention due to their flexibility,
dynamic tunability, and unique solution processability.’**° In
addition to PMOFs and PCOFs, PSFs driven by noncovalent
interactions have also been reported (Fig. 1c).°* Among many
noncovalent interactions, electrostatic interactions, which have
relatively flexible directionality between building blocks, are
widely used.®” In general, although ionic interactions can lead
to satisfactory structural strength, assembled structures with a
long-range order are still rarely reported and often need to be
fine-tuned according to the expected functional properties. In
addition, the tunability of non-covalent interactions also
brings dynamic properties to the framework that are quite
different from those in coordination and covalent frameworks,
extending their functionality.

POMs also provide the possibility to be incorporated into
the cavities in SFs, which is the same as those used in MOFs
and COFs via electrostatic interaction instead of coordination
and covalent bonding.* As a typical example, Li et al. reported
that Dawson POMs [P,W;50¢,]®” have been introduced into
the hollow cavity of the SF formed from the host-guest inter-
action of cucurbit[8]uril and a hexa-armed [Ru(bpy);]**-based
precursor.®* As for the other case, POMs as building blocks
participate in the formation of SFs. Specifically, to obtain a
flexible ionic framework based on electrostatic interaction,
POMs with multiple negative charges and functional organic
components with positive charges are combined by electro-
static interaction to obtain a reverse-micelle-like organic-in-
organic hybrid serving as building blocks. Then, how to
connect the building blocks is the critical issue to construct
SFs, which puts high design requirements on the terminal
structure of the organic moiety. As we know, the non-direction-
ality of electrostatic interaction and the delocalization of
surface charges on POMs are not conducive to the formation
of regular periodic structures. Therefore, the common method
is mainly to introduce new binding sites for covalent/noncova-
lent modification into the terminal of organic cations. Wu
et al. constructed SFs by coating POMs with bolaform cations,
which showed that increasing the cation head can effectively
utilize the steric hindrance effect to realize the orderly assem-
bly of cations around POM clusters, thereby forming SFs.®®
Compared to electrostatic interaction, it may be a good solu-
tion to modify the hydrogen bond site in the terminal of the
organic part. The introduction of single or multiple hydrogen
bonds, such as guanines, polyurea,’® and ureidopyrimidi-
none,”” can form 1D, 2D and 3D assembly framework struc-
tures.®® The host-guest interaction is also an important
driving force for constructing SFs.®® By covalently modifying
host or guest molecules, and then regulating the host-guest
interaction between them, various PSF structures can be
obtained. For example, electrostatic interactions are exploited
to combine a monocation pillar[5]arene and a polyanion
[SiW,,0,40]*” for preparing an organic-inorganic ion complex

Nanoscale, 2023,15, 9242-9255 | 9245
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Fig. 2 (a) Schematic formation of a supramolecular framework driven by pre-ionic and post host—guest interactions, where CPs denote cationic
pillar[5]larenes and ICHs mean the ionic complex hosts. (b) Modulation of membranes via an intermediate state (gray) for changing over in oil
(yellow) and water (blue) separation. Reproduced from ref. 70. Copyright 2022, Springer Nature.

host unit. A [4 + 2] type 2D SF has been successfully prepared
by utilizing the host-guest interaction between methyl pillar|5]
arene and the cyano group (Fig. 2a).”° Furthermore, under con-
tinuous ultrasonic stimulation, the interface energy drives the
optimization of the internal conformation of the supramolecu-
lar polymer to form a supramolecular framework gel. Using
spin-coating or drop-coating, supramolecular scaffold gel films
can be fabricated on arbitrary substrates, and the amphiphilic
SF becomes hydrophobic after being permeated by oil, allow-
ing oil to pass through while water is blocked. If the amphiphi-
lic SF is permeable to water, water can pass through the SF
while oil is blocked. An interesting feature is that, methanol as
a “joystick” solvent, both hydrophobic and hydrophilic SFs can
be tuned to be amphiphilic, enabling in situ continuous
switchable liquid/liquid separation (Fig. 2b).

The synergistic effect between POMs and frameworks can
produce excellent properties. A POM-based framework, as a
promising nano platform, has been widely investigated by
researchers in recent years for its application in various fields.
Although there have been some comprehensive reviews outlin-
ing its development history and applications. In this paper, we
mainly review the representative applications of POM-based
frameworks in photocatalysis and photothermal catalysis in
recent five years. Moreover, this paper may provide an up-to-
date reference for scientific researchers involved in this field.

3 Currently developed POM-based
frameworks for photocatalysis

Photocatalysis, as one of the most promising ways to efficiently
utilize solar energy, has been widely investigated in many

9246 | Nanoscale, 2023, 15, 9242-9255

research fields, such as the CO,RR, water splitting, selective
oxidation of organics, etc. Generally speaking, a good photo-
catalyst often needs to possess several factors: wide-spectrum
absorption capability, high separation efficiency of holes and
electrons, and high catalytic activity and selectivity. POM-
based frameworks integrate the dual advantages of POMs and
frameworks, showing a unique advantage in photocatalysis.
For example, (1) the structural tunability of frameworks pro-
vides a great opportunity to extend the light response over a
broad range; (2) the quasi-semiconductor nature of POMs and
the electron transfer between MOFs and POMs can help in
electron-hole (e"-h"') separation; (3) the high porosity and
organic part of frameworks can be tailored to satisfy different
POMs and catalytic reactions; (4) frameworks as heterogeneous
supports favor the recycle and reuse. Because of these merits,
great efforts have been devoted to developing POM-based
framework materials toward photocatalysis in recent years.

3.1 Photocatalytic CO, reduction

Photocatalytic CO, reduction to green solar fuels provides a
solution to growing energy demand and current global
warming, which involved the following three main steps: (i)
absorption of light photons with larger energy than its forbid-
den band gap by the photocatalyst and lead to the generation
of e"-h" pairs, (ii) separation and migration of the photo-
excited e”-h" pairs to the surface of the photocatalyst, and (iii)
photoexcited e~ with the sufficient reduction potential can
reduce CO, into CO or hydrocarbons, such as HCOOH, HCHO,
CH;0H, and CH,; meanwhile, the generated h* can oxidize
water to produce O,.”"

In 2022, Dranznieks et al. unveiled the reason why the
immobilization of polyoxometalates (POMs) near the catalytic

This journal is © The Royal Society of Chemistry 2023
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center of metal-organic frameworks (MOFs) contributes to
boosting the photocatalytic activity. (PW;,, RhCp*)@UiO-67 as
was used a model catalyst to investigate its photocatalytic
activity for CO,RR and HER in acetonitrile with [Ru(bpy)s]*" as
the photosensitizer (PS) and triethanolamine (TEOA) as a sacri-
ficial electron donor by combining theoretical density func-
tional theory and microscopic kinetic modeling approaches
with experimental photophysics and spectroscopic tech-
niques.”” The results show that PW;, encapsulated in MOFs
acts as an electron reservoir, accepting an electron from the
photogenerated reduced form [Ru(bpy);]” and transferring the
electron to the catalytic site Rh (Fig. 3a). In the process, by
means of microkinetic models, the comparison of POM-free
and POM-containing catalysts reveals that storing electrons in
POMs benefits the overall catalytic activity by favoring the
reduced [Ru(bpy);]" back to the oxidate and over the unproduc-
tive degradation. This boosts the CO,RR and HER activity by
allowing the PS to involve in several catalytic cycles before
decomposing. Furthermore, the computational exploration is
extended to the other POMs aiming to establish the relation-
ships between the redox potential and the activity of the
related POM-containing catalysts. This clarifies that both the
ability of the POMs to accept electrons and that of its reduced
form to reduce the Rh catalyst are maximized, leading to a
volcano plot whereby POMs with a moderate redox potential
display the highest impact on photocatalytic performances
(Fig. 3b).

In 2018, Liu et al. reported an efficient photocatalyst named
Au@NENU-10 for highly efficient CO, reduction. For this
photocatalyst, [PTi,W10040]"~  (PTiW)-encapsulated  into
HKUST-1 is denoted as NENU-10 and Au NP-loaded NENU-10
as AU@NENU-10.”> In Au@NENU-10, Au NPs mainly harvest
visible light and HKUST-1 can concentrate on CO, molecules,
and PTiW acts as a reservoir for electrons and protons, more
importantly, as an active site to promote CO, reduction. As a
control, Au@NENU-3 was also fabricated by substituting PTiW
for PW,,, while Au@NENU-10 shows higher CO, reduction
activity and selectivity under 1 > 420 nm visible light

(POM,cat)@VOF

electron
reservoir

1 photocatalytic
activity

TEOA**

TEOA

[Ru]gep % degradation
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irradiation, about 85.3-fold and 5.2-fold enhancement, respect-
ively, corresponding to the CO,-to-CO and CO,-to-H, conver-
sion in contrast to AU@NENU-3, which is due to the stronger
protonation of Ti=0O and Ti-O-W.

Covalent organic frameworks (COFs) as novel visible-light
responsive photo-catalysts confront the problem of low photo-
catalytic activity due to the difficulty in the separation of
photogenerated charge carriers. Herein, the fabrication of
nano COF/POM composites to enhance the charge separation
efficiency via cascade electron relay is reported. Lan et al. pro-
poses a versatile strategy to uniformly disperse POMs into COFs
by covalent linkage to confine POM clusters within the regular
nanopores of COFs for the first time (Fig. 4a).”* The COF-POM
complex showed excellent light absorption, electron transfer,
and suitable catalytically active sites. Therefore, they exhibit
excellent catalytic activity in the CO, photoreduction reaction
with H,O as the electron donor (Fig. 4b). Among them,
TCOF-MnMog achieved the highest CO yield (37.25 pmol g™*
h™" with ca. 100% selectivity) in a gas-solid reaction system.
Furthermore, mechanistic studies based on DFT calculations
revealed that the photoinduced electron transfer PET process
occurred from COFs to POMs, followed by CO, reduction and
H,0 oxidation on POMs and COFs, respectively. This work
developed a method to uniformly disperse POM clusters into
COFs, which also shows the potential of using COF-POM func-
tional materials in the field of photocatalysis.

3.2 Photocatalytic water splitting

Photocatalytic splitting of water to produce hydrogen and
oxygen is an effective approach to deal with the energy crisis
in green and energy chemistry.””> Water splitting generally
involves two half-reactions: the HER and OER. In the overall
process, three photocatalytic steps are involved, the first two
steps involve the generation, separation, and migration of e™—
h* pairs, which are the same as those in the photocatalytic
CO,RR. The third step refers to the reduction of H' to H, by e~
(HER) and the oxidization of H,O to O, by h™ (OER).>” To
achieve photocatalytic water splitting, the top level of the VB of

(b)3 5
APW,,(0/1e)  [ISIW,(1/2€)

3.0 1 ©SiW,,(0/1e) VH,PTi,W,,(0/1e)
2 x W,,(0/1e) A Wq(0/1e)
2 251 OPW,(1/26) |\ O HW,,(0/1€)
:,: TR A|W12(1/2e)y
E 154 : /
2 - e

1.0 +o-—=- AR R, S A

0.5 T T

-1.5 -1.0 -0.5 0.0

E°,eq (V vs NHE)

Fig. 3 (a) Schematic representation of the key steps involved in the photocatalytic reduction of CO, and H* by the POM-containing (PW;,, RhCp*)
@UiO-67 catalyst. (b) Volcano plot of the catalytic activity of (POM, RhCp*)@UiO-67 catalysts normalized by that of the RhCp*@UiO-67 system vs.
the redox potential of the encapsulated POM. The gray lines are depicted to guide the eye. Reproduced with permission from ref. 72. Copyright

2022, American Chemical Society.
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Fig. 4 (a) Schematic representation of uniformly dispersed POM clusters in COFs by confining them into the pores of COFs through covalent lin-
kages. (b) Schematic of the mechanism of TCOF-MnMog for the CO,RR coupled with H,O oxidation. Reproduced with permission from ref. 74.

Copyright 2022, American Chemical Society.

the photocatalyst must be more positive than the redox poten-
tial of O,/H,O (1.23 V vs. NHE, pH = 0), while the bottom level
of the CB must be more negative than the redox potential of
H'/H, (0 V vs. NHE, pH = 0). Therefore, the band gap energy
(E,) of photocatalysts for water splitting should be greater than
1.23 eV.”® Notably, only semiconductors with a relatively
narrow bandgap (E; < 3 eV) are suitable for photocatalytic
water splitting.”” It is well known that e™-h" generated by
photoexcitation is easily recombined, leading to a significant
decrease in the water splitting efficiency.”® In the HER, the
electron donors (sacrificial agents) are often used to consume
the h* on the surface of photocatalysts in order to reduce the
e"-h" recombination, such as triethanolamine (TEOA), lactic
acid, ascorbic acid, ethanol, and methanol.”’ On the other
hand, oxidizing reagents (electron scavengers such as DMPO,
Fe**, and Ag") are widely used to consume photogenerated
electrons in the OER.

[TCPP-H,J*-

"%

[Z7(15-0)4(Ha-OH),(OH) (H,0)¢] "

P,W,,Co,@MOF-545

In 2018, Dolbecq A. et al. immobilized a sandwich POM
[(PW5034),Co4(H,0),]*°” (P,W,5Co,) in porphyrinic MOF-545’s
hexagonal channels by a mild aqueous impregnation progress
for water photo-oxidation (Fig. 5a-d).*® Simulated annealing-
DFT calculations suggest that the POM is hosted between two
Zre clusters while surrounded by two adjacent porphyrins, in a
position consistent with its oxidation by the oxidized porphyri-
nic linkers required upon photocatalysis. DFT calculations
indicate that a particularly dense network of host-guest hydro-
gen bonds stabilizes P,W,3Co,, whereby the Co-OH, catalytic
site is exposed to a hydrophilic environment at the PMOF
interface, which may provide ideal shuttling of protons and
water molecules from the solvent. The synergistic catalysis over
P,W;3Co,@MOF-545 has proposed in Fig. 5e. The reaction
mechanisms imply the following steps: (1) light capture by the
porphyrin; (2) one-electron oxidation of the excited state by the
sacrificial electron acceptor; (3) one-electron oxidation of the

O,

Fig. 5 POM@MOF-545 components: (a) P,W;gCos POM; (b) TCPP-H, linker; (c) Zr-based unit; and (d) P,W;gCo4@MOF-545. The position of the
POM is obtained from computations. WOg, green polyhedra; ZrOg, blue polyhedra or spheres; Co, cyan spheres; O, red spheres; C and H, gray; N,
dark blue. (e) Schematic representation of the proposed mechanism for the light-driven OER by P,W;3Co,@MOF-545. Adapted with permission

from ref. 80. Copyright 2018, American Chemical Society.
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POMs; and (4) after accumulation of 4 oxidizing equivalents
on the POMs, oxidation of water into O,. Based on this work,
the same researcher group developed an easy-to-use and recycl-
able P,W,3Co,@MOF-545 thin film for photocatalytic O, evol-
ution in 2019.5! In contrast to P,W;3C0o,@MOF-545, the TONS
of P,W;3C0,@MOF-545-EP and P,W;3Co,@MOF-545-DC
reached up to ~7-fold and ~25-fold enhancements,
respectively.

In another report, Lv et al. reported two POM-based MOF
composites, Ni;PW,;,@NU-1000 and NizP,W;,@NU-1000,
through the strong host-guest interaction using a facile and
broad-spectrum impregnation method (Fig. 6).** Under mini-
mally optimized conditions, the two catalysts can effectively
photocatalytic generation of hydrogen from a water-compatible
and no noble-metal system, achieving the H, evolving rate of
3482 and 13051 pmol g' h™" for NizPW;,@NU-1000 and
Ni;P,W,;s@NU-1000, respectively. The experiment results show
that higher catalytic activity is stemming from the electron-
deficient [P,W;5056] ligand in NizP,W;¢ can obviously store
more electrons than that of the [PWy03,4] ligand in NizPW,,,
and NizP,W,;s exhibits a more suitable size in the
NU-1000 host, avoiding leaching. Furthermore, the photo-
catalytic mechanism indicates that the photoexcited state
[TBAPy-Zr(v)]* could transfer the electron to the NizP,Wi4
catalyst site to promote the HER process.

3.3 Photocatalytic selective oxidation of organics

POM-based frameworks are also used as efficient photocata-
lysts for the selective conversion of organics to high-added
chemicals, for example, oxidation of sulfides, alcohol, alkene,
and C-H in aromatics.*® Niu et al prepared {[Zn
(HPYI);],(DPNDI)}[BW,,040], (ZnW-DPNDI-PYI) and used in
the photocatalytic coupling of primary amines and olefins
epoxidation with O, under visible-light conditions (Fig. 7a).**
Later, a novel PMOF photocatalyst, Co,W,,-DPNDI, was
designed and prepared by incorporating the unusual sand-
wiched-POM Co,W,, into the photoactive organic bridging
link DPNDI framework using a hydrothermal method.*® The

(a ) [Ni;P,W,05]""
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directional arrangement of photosensitizers DPNDI and POMs
in a confined space facilitates electron-hole separation and
creates a short migration path for charge carriers that ensures
electron transfer and proton migration. Co,Wy,-DPNDI exhi-
bits high catalytic activity for the activation of the C(sp’)-H
bond of toluene using light as a driving force and H,O as an
oxygen source under mild conditions. This study provides a
powerful approach to designing novel photocatalysts and a
green and economical way to functionalize inert C(sp®)-H
bonds. Following a similar method, a Zn-substituted Keggin
polyanion [SiZnW,;05,]°” is incorporated into a photoactive
2,4,6-tri(4-pyridyl)-1,3,5-triazine (TPT) framework (Fig. 7b). The
direct coordination bond between [SiZnW,;;03,]°” and the TPT
ligand and the n—x interactions between TPT molecules help to
separate and migrate photogenerated carriers, which improves
the photocatalytic activity of hydrazine hydrate with 99% con-
version and selectivity for anilines under mild conditions.®
Very recently, Wang and Niu et al. constructed two crystalline
PMOFs (CoWw-1 and CoW-2) through assembling Co"W;,
chromophores into Cu-BPY MOFs, whose light absorptions
extend to the visible region due to MMCT effects.®” The Cu-O-
W covalent bonds constructed in CoW-1 promote the carrier
separation efficiency, thus achieving higher activity (AQY =
17.5% at 595 nm) in the coupling reaction of benzyl alcohol
with aniline under >420 nm visible light irradiation.

Not only that, POM-based frameworks also exhibit out-
standing heterogeneous photocatalytic activities toward
degrading organic dyes in water.®® The mechanism involved is
mainly organic pollutants (e.g., antibiotics, dyes, etc.) can be
degraded by "OH and 02"~ generated on the VB and CB of the
catalyst, respectively. In addition, the pollutants can also be
directly degraded by photoexcited h*.® Yang et al. constructed
three iso-structural Anderson PCOFs, M-Anderson-COFs (M =
Mn, Co, Fe), through imine condensation (Fig. 7c), in which
Mn-Anderson-COFs exhibited excellent photocatalytic perform-
ance for the degradation of RhB and MB in water. The
addition of different scavengers demonstrated that 'O, and
H,0, were primary reactive species to degrade the dyes.>* Very

Fig. 6 (a) Ball-and-stick and polyhedral crystal structures and sizes of two different tri-Ni-substituted POMs. (b) Proposed mechanism for the HER
over NizP,W;36@NU-1000. Adapted with permission from ref. 82. Copyright 2021, Elsevier.
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Fig. 7 (a) The design concept for obtaining photocatalysts and the representation of selective benzylamine and olefin oxidation over
ZnW-DPNDI-PYI by photocatalysis. Adapted with permission from ref. 84. Copyright 2019, Elsevier. (b) Design concept of the {ZnW-TPT} photo-
catalyst for the reduction of nitroarenes. Adapted with permission from ref. 86. Copyright 2022, American Chemical Society. (c) Synthetic strategy
and structural illustration of M-Anderson-COFs. Photodegradation of (d) RhB and (e) MB using a M-Anderson-COF catalyst (0.1 mg mL™) in water. C
is the dye concentration after a certain period of light irradiation and Cj, is the dye concentration (100 mg L™ after reaching the adsorption/desorp-
tion equilibrium in the dark. The color change of (f) RhB and (g) MB was observed using an Mn-Anderson-COF as the catalyst. Adapted with per-

mission from ref. 52. Copyright 2020, Royal Society of Chemistry.

recently, as viologen is a type of excellent photoactive ligand, a
[6-Mo0gO,6]* -based cobalt-viologen 2D framework (BHU-1)
was constructed and used as a multifunctional photocatalyst
for CEES oxidation, Cr(vi) reduction, and RhB decolorization
under different light regimes. Under full spectrum/visible/NIR
light irradiation, the conversion and selectivity of CEES were
99%/96%, 98%/97%, and 93%/96% for BHU-1 within 5 min,
the photoreduction ratios of Cr(vi) were 97%, 95%, and 48%
for BHU-1 within 30 min, and the photocatalytic decoloriza-
tion ratios of RhB were 100% (within 60 min), 100% (within
90 min), and 31% (within 90 min) for BHU-1, respectively
(Fig. 7d-g).*°

4 Currently developed POM-based
frameworks for photothermal catalysis

Photothermal catalysis based on photothermal conversion has
gradually attracted great attention from researchers in the
fields of energy and catalysis.”’* As a promising technology,
it can dramatically enhance the catalytic activity and modulate
the catalytic pathway due to a synergy between photochemical
reaction pathways and thermochemical reaction pathways,

9250 | Nanoscale, 2023, 15, 9242-9255

thereby exhibiting excellent catalytic performance even under
moderate conditions.’® At present, photothermal catalysis can
be mainly classified into three types: (1). photo-assisted
thermal catalysis. The main reaction pathway is the thermal
chemistry pathway, similar to traditional thermal catalysis.’®
(2). Thermal-assisted photocatalytic reaction. The main
reaction mechanism is the photochemical pathway. (3).
Photothermal co-catalysis. It integrated the thermochemical
and photochemical pathways. The heat generated by the
photothermal effect can promote the reaction process through
the thermochemical pathway, and the light energy also con-
tributes significantly to the apparent activity, resulting in a
synergistic result of thermal and photochemical pathways that
are different from the simple addition of these two pathways.”®
In the thermochemical pathway, the photothermal catalytic
system can dissipate the absorbed photon energy into thermal
energy under incident light irradiation, which can facilitate
the transfer of charge carriers and enhance the catalytic
activity. In the photochemical pathway, “hot” carriers (elec-
trons or holes) can be generated upon light irradiation and
then participated in the catalytic reactions.”” Notably, it is
often difficult to fully distinguish these two intertwined cata-
lytic pathways during photothermal processes.’**® Thus, desir-

This journal is © The Royal Society of Chemistry 2023
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able photothermal catalysts for POMs should be constructed
with the following design criteria: (i) accomplishing strong
light absorption across the full solar spectrum, (ii) realizing
high efficiency in photothermal conversion, and (iii) achieving
excellent catalytic activity and stability.

For most POMs, the absorption is mainly in the UV-Vis
region due to the ligand-metal charge-transfer (LMCT) tran-
sitions between O metals. The excited state energy generated
after the transition is relatively high, mainly the photocatalytic
reaction occurs, and there is almost no photothermal effect.®
There are two common methods to achieve photothermal cata-
lysis: the first is to disperse POMs into the organic framework
structure with a wider and stronger absorption. The second is
to combine organic ligands with POMs through ionic bonds,
and then use the assembly method to form ordered assemblies
or aggregates to achieve photothermal catalysis. Although the
procedure is simple, the stability of assemblies and aggregates
under photothermal conditions is an important issue. In
addition, a class of reductive clusters, the transitions between
metal ions at different valence states, and the d-d transitions
and intervalence charge transfer (IVCT) caused by the con-
nected oxygen bridge make POMs have longer wavelength
absorption bands at long wavelengths. Considering the rela-
tively low energy of NIR photons, it is difficult to directly acti-
vate the substrate molecules to participate in the reaction,
while it can be effectively converted into heat energy by long-
wavelength light irradiation (>700 nm), thus showing an
obvious photothermal effect. This enables thermocatalytic con-
duction by photoirradiation in a POM-involved system.
Compared with traditional thermal catalysis which uses exter-
nal heating, photothermal catalysis uses in situ heating, which
greatly reduces the heat loss in the catalysis. The generated
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heat is concentrated on the catalyst, creating a local heating
effect and improving the catalytic efficiency. However, the
stability of reduced clusters is an urgent problem, such as
poor resistance to oxidation and dissociation.

To date, research on photothermal catalysis based on POMs
is still in its infancy, and only a few literature studies are
reported in the emerging area. A typical example is that in-
organic clusters can serve as NIR photothermal centers. First,
wheel-shaped giant POMs {Mo,s,} have a mixed-valent metal
ion Mo®>*-0-Mo®" structure at its equatorial position, resulting
in strong NIR adsorption.'® The combination of high photo-
thermal conversion efficiency and catalytic performance effec-
tively enables {Mo;5,} to perform cyclohexene oxidation under
an O, atmosphere in water with the aid of phase transfer via
cationic cyclodextrin (CDC) capped on giant clusters, as shown
in Fig. 8a. The electrostatic interaction between CDC and
POMs shortens the distance between the substrate and the
catalyst, and the monodisperse structure of the complex
ensures the effective collision probability between the sub-
strate and the catalyst, thus improving the conversion of cyclo-
hexene oxidation (Fig. 8b). The kinetic curve shows that the
reaction rate under photothermal conditions is about 6 times
faster than that under the traditional external heating con-
ditions (Fig. 8c). The enhancement factor of photothermal cat-
alysis is calculated to be in the range of 5 folds (Fig. 8d). In
addition, large-sized substrates cannot enter the CDC cavity,
enabling selective catalysis (Fig. 8e). Different from these
known POM-based photothermal catalysts, these pioneering
works for the first time realize the NIR photothermal catalytic
integration of POMs and establish the photothermal catalytic
system of POMs also demonstrating that photoinduced ther-
mocatalysis is an effective strategy to enhance the conversion
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Fig. 8 (a) Schematic illustration for the complex comprising of {Mo;s4} and CDC, and its photothermal catalysis for the oxidation of olefins under
irradiation with an 808 nm laser. (b) TEM image of {Mo15,}@CDC at 65 °C. (c) Catalytic kinetic curves of the substrate cyclohexene catalyzed by
{Mo;54}@CDC versus the reaction time under different temperature conditions. (d) The calculated enhanced factors of Con.(P.T.)/Con.(R.T.) in the
red square and Con.(P.T.)/Con.(Ex.H.) in the black square versus the reaction time. (e) Conversions of the oxidation of a series of alkenes (C-hex,
cyclohexene; C-oct, cyclooctene; C-dod, and cyclododecene) over the catalyst {Mo;54}@CDC and the isolated Najs{Mojs4} cluster, Reproduced

from ref. 100. Copyright 2021, AAAS.
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and selectivity of the chemical reactions under mild
conditions.

Other examples are organic linkers used as photosensitizers
and photothermal components. Peng’s group synthesized a
PMo,,@Zr-Fc MOF nanosheet catalyst by decorating PMo;,
with high Lewis acidity into Zr-Fc MOF nanosheets with excel-
lent photothermal performance.'®" Owing to the abundance of
accessible active sites and the low diffusion barrier of reac-
tants, the obtained catalyst shows outstanding photothermal
conversion ability and high catalytic activity in the solvent-free
cycloaddition reaction with styrene oxide and CO, under simu-
lated sunlight (Fig. 9a). This indicates that the incorporation
of molecularly-dispersed PMo,, in Zr-Fc nanosheets signifi-
cantly promotes the catalytic performance under mild con-
ditions. 10.26 wt% PMo,@Zr-Fc is used as the catalyst, the
yield of cyclic carbonate is 86.77% and the turn-over number
(TON) reaches 601. Due to the excellent photothermal pro-
perties of Zr-Fc MOF nanosheets, the PMoj,@Zr-Fc MOFs
nanosheets also retain the same photothermal properties, and
are utilized for solar-driven cycloaddition reactions without
extra heating. When combined with the photothermal pro-
perties of the MOF matrix, functionalized MOFs with abun-
dant Lewis acid sites and the tunability of PMo,, can enhance
the high catalytic efficiency of heterogeneous catalysts, which
provide a promising approach for designing solar-driven cata-
lysts for CO, cycloaddition (Fig. 9b). Porphyrins also have good
photocatalytic and photothermal conversion properties. A por-
phyrin Zr-MOF, PCN-222, with photothermal properties was
prepared through the general procedure, followed by post-
modification with stable POMs, H;PW;,0,,, to obtain a novel
porous POM@PCN-222."> The results indicate that it pos-
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sesses an excelling photocatalytic activity in the efficient syn-
thesis of pyridines with any additives, affording 1,4-dihydro-
pryridine intermediates in situ from the pseudo four-com-
ponent reaction between aldehydes, methyl acetoacetate, and
ammonium acetate, followed by their photo-oxidation under
visible LED illumination with O, as an oxidant. Compared to
the pristine materials, the synergistic effect between MOFs and
POMs realizes an increased catalytic performance. The strong
interaction between PCN-222 and POMs prevent POMs leach-
ing and the catalysts are highly active after three catalytic
cycles. These examples are more in line with the type 2 men-
tioned earlier, in which photocatalysis plays a major role in
reactions.

In the last year, Wu’s group prepared polyethyleneimine
(PEI)-covalently grafted the graphene oxide (GO), PEI-GO, as
the NIR photothermal carrier center, and then electrostatically
interacted with Co- and Ce-substituted Keggin-POMs, respect-
ively, thereby preparing a three-in-one POM composite photo-
thermal catalyst for NIR photothermal catalysis of the CO,
cycloaddition reaction without solvents.'®® The introduction of
the photothermal effect makes the prepared catalysts greatly
enhance the CO, cycloaddition reaction under atmospheric
pressure, while achieving the highest TOF value of the reaction
so far. The catalyst can still maintain a relatively high catalytic
activity and stability after 20 reuses. The photothermal cataly-
sis mechanism shows that the transition metals in POMs act
as Lewis acid sites to activate the epoxy substrate, PEI acts as
the linker between GO and POMs to shorten the distance
between the photothermal center and the catalytic center, and
as a CO, adsorbent, it ensures the sufficient contact between
the substrate and CO, and the ability to fully sense the temp-

Fig. 9 (a) Synthesis process of PMoj,@Zr-Fc MOF nanosheets. The elements and clusters in the large version of the unit cell of PMo;,@Zr-Fc MOF
nanosheets (with light purple background) are symbolized with following color: cyan, Zr; red, O; gray, C; yellow, Fe; violet tetrahedron, PO,; green
octahedron, MoOg. Hydrogen atoms are omitted for clarity. (b) Mechanism of the cycloaddition of SO and CO, to form SC using the PMo,, deco-

rated Zr-Fc MOF catalyst under sunlight. Reproduced with permission from
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ref. 101. Copyright 2021, Elsevier.
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erature of the photothermal center, and finally synergistically
realize an efficient conversion of CO, cycloaddition under
ambient pressure. Moreover, they used 3,3’,5,5'-tetramethyl-
benzidine (TMB) as the precursor of the photothermal center,
a stable charge transfer (TMBcy) complex with a strong NIR
photothermal effect was obtained by one-step oxidation and
encapsulated with the catalysis components Nas;PMo,4V,0.40,
Na,PMo0,,VOy,y, K4;PW;;VO,y, or NazPMo,,0,, through the
electrostatic interaction, resulting in complexes with enhanced
photothermal properties.'®* Meanwhile, they exist in the form
of 4-6 nm oligomers in an aqueous solution, and show high
conversion and selectivity for the oxidation of toluene deriva-
tives to alcohols under mild conditions. In the latest study,
they constructed POM-modified AuNR composites by combin-
ing the high catalytic activity of PW,, and the NIR photother-
mal properties of Au nanorods through ligand replacement
and electrostatic adsorption. The nanorod structure offer a
unique plasmon-enhanced photothermal property and a lager
specific surface area to load POMs. Under NIR irradiation,
the observed kinetic constant of the selective oxidation of
thioether derivatives is more than a 5-fold enhancement under
external heating conditions. Moreover, the designed catalysts
show excellent structural stability, catalytic stability, and
photothermal conversion stability after 10 cycles.'®

Photothermal catalysts with diverse POM-based framework
structures and catalytic effects can be obtained, thereby realiz-
ing the catalysis of various substrates. However, there are still a
few problems need to be solved. How to make full use of sun-
light and achieve high photothermal conversion efficiency.
Although the thermal effect plays a key role in the improve-
ment of photothermal catalytic efficiency, in situ measurement
of the temperature of the photothermal center remains an
important but challenging problem. To develop more POM-
based photothermal catalytic systems to further understand
the mechanism of photothermal catalysis.

5 Summary and perspective

In this review, we have summarized the recent progress toward
POM-based frameworks for photocatalysis and photothermal
catalysis. Despite the remarkable advances achieved in this
field, POM-based frameworks for photocatalysis and particu-
larly photothermal catalysis are still in a very early develop-
mental stage. Therefore, much effort should be devoted to
their continued development, and some great challenges must
be addressed. First, it is highly desired to develop cost-effective
and stable POM-based framework photocatalysts and photo-
thermal catalysts with higher activity. Considering the struc-
ture/composition tailorability, in addition to the synthesis of
new stable framework structures, upon the introduction of
long-wavelength-light-responsive units (e.g., porphyrin units,
up-conversion nanoparticles, plasmonic nanoparticles, etc.)
into frameworks, light harvesting can be extended to NIR or
full spectral regions; moreover, abundant catalytically active
sites were embedded to achieve synergistically high catalytic

This journal is © The Royal Society of Chemistry 2023
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activity or cascade catalysis. Second, more efforts should be
devoted to achieving in-depth insights into the structure—
activity relationship, which is of great significance to rational-
ize photocatalyst and photothermal design. In addition to the
traditional characterization methods, Kelvin probe force
microscopy-based spatially resolved surface photovoltage tech-
niques have also been proven to be an effective means to
unveil the photocatalytic mechanism. Last but not least, the
integration of low-cost photothermal agents with highly active
catalysis sites into POM-based framework catalysts is much
preferred to achieve full spectral absorption, which would
enable the reaction to proceed under moderate conditions.
Given the great tunability of POM-based frameworks, we
strongly believe that photocatalysis and photothermal catalysis
over POM-based framework materials will possess a very bright
future ahead.
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