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ABSTRACT: The catalytic oxidation of sulfur-containing compounds constitutes a pivotal research frontier with broad implications
across biomedicine, environmental remediation, and chemical defense. Polyoxometalates (POMs), well-defined anionic metal—
oxygen clusters exhibiting tunable redox activity, high acidity and structural robustness, represent promising molecular catalytic
units for selective sulfur oxidation. Yet their practical application is frequently hampered by, aggregation and limited recoverability
under reaction conditions, particularly in polar media. Porous framework materials, notably metal-organic frameworks (MOFs) and
covalent organic frameworks (COFs), offer structurally precise, modular scaffolds for the spatial confinement and stabilization of
POMs. Host—guest composites engineered via encapsulation within framework cavities or channel walls not only suppress POM
degradation and leaching but also synergistically enhance active-site accessibility, substrate diffusion and orientation, and
interfacial charge-transfer kinetics. Existing reviews predominantly focus on single host systems or specific applications (e.g. only
fuel oxidative desulfurization), failing to systematically encompass all three core research fields. This review comprehensively
summarizes recent advances in POM@MOF and POM@COF composites in the fields of bioactive sulfide synthesis, fuel
desulfurization and chemical warfare agent purification. The intrinsic correlations between host-guest interactions and catalytic
performance, stability, as well as reaction mechanisms are discussed, and the future development directions in this field are
prospected, aiming to facilitate the industrial application of related technologies.
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oxidation; heterogeneous catalysis; synergistic catalysis

and the purification of industrial sulfur-containing
wastewater also put forward an urgent need for an efficient
and stable oxidation catalytic system [4, 12]. The traditional
oxidation processes for sulfur-containing compounds have
long been hampered by an excessive reliance on
stoichiometric high-valent metal oxidants and strong
inorganic acids. Their inherent drawbacks in atom economy
and the secondary environmental pollution caused by heavy-
metal-containing waste streams have become a heavy shackle
constraining industrial progress [13]. In alighment with the
evolving trends of green chemistry, the development of
efficient, green, and sustainable oxidation-catalysis systems
represents not only an essential pathway to address issues of
over-oxidation side reactions and secondary pollution, but
also the key to advancing sulfur-containing compound
transformation technologies toward sustainable
development [14, 15].

1 Instructions

The oxidation reactions of sulfur-containing compounds
represent a core research domain spanning biomedicine,
environmental remediation, and public safety, where
advancements in catalytic systems consistently remain at the
cutting edge of green catalysis and organic synthesis [1-6]. In
the life sciences, the selective oxidation of sulfides is not only
crucial for constructing chiral sulfoxide drugs (such as proton
pump inhibitors like omeprazole and antitumor drug
candidates) but also intricately involved in the precise
regulation of oxidative stress homeostasis in vivo [7-9]. In the
environmental and safety sectors, oxidative desulfurization
(ODS) of organic sulfur compounds in fuel is the core
technological pathway for achieving ultra-low sulfur fuels and
meeting stringent global environmental regulations [10, 11].
Meanwhile, the oxidative degradation of sulfur mustard (SM)
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Polyoxometalates (POMs), a well-defined class of anionic
metal-oxygen clusters with a long history in inorganic
chemistry, have undergone exactly two centuries of
development up to now since Berzelius first reported
phosphomolybdic acid in 1826 [16-18]. These nanoscale
clusters, formed by the bridging of oxygen atoms between
high-valence early transition metals (e.g., Mo, W, V, Nb, Ta,
etc.), demonstrate a series of unique and tunable
physicochemical properties [18-20]. These include rapid and
reversible multielectron redox properties, strong Brgnsted
acidity and proton-conducting behavior, ultrahigh negative
charge density, and abundant coordination sites. These
exceptional characteristics have driven the research of POMs
beyond traditional catalysis, rapidly expanding into
interdisciplinary frontiers such as energy conversion and
storage, biomedicine, supramolecular assembly, and
functional hybrid materials [21-23]. To this day, catalysis
remains the most active research domain in POM chemistry
[24-28]. However, the inherent polar ionic character of pure
POMs causes them to leach readily in polar solvents, making
recovery difficult. Their extremely low specific surface area
and tendency to aggregate also limit the effective exposure of
active sites. Furthermore, the lack of spatial confinement
effects in homogeneous systems hinders precise selective
catalysis with complex substrates [29-32]. Therefore, how to
employ efficient heterogenization immobilization strategies
to overcome leaching and aggregation while introducing
structural confinement effects, thereby achieving a leap
forward in the catalytic performance of POMs, has become a
critical scientific challenge that urgently needs to be
addressed in this field.

The emergence of porous framework materials, especially
the emerging metal-organic frameworks (MOFs) and covalent
organic frameworks (COFs), has provided an ideal host
platform for the heterogenization and immobilization of
POMs [31, 33-37]. Host-guest composite catalytic systems
constructed through strategies such as pore confinement,
electrostatic interactions, and covalent grafting have achieved
a leapfrog improvement in performance [38, 39]. Firstly, the
physical confinement and chemical anchoring effects of the
frameworks completely resolve the long-standing technical
challenge of POMs solubility and difficult recovery,
significantly enhancing the catalyst cycling stability [40, 41].
Secondly, the high specific surface area induces highly
dispersed POMs, while the unique size-sieving effect of the
pores endows the material with exceptional exposure rates of
active sites and superior substrate selectivity [42, 43]. Most
critically, the synergistic effects arising from electron transfer
between the host and guest, combined with the
microenvironmental enrichment within the pores, not only
precisely modulate the redox potential of the POMs to boost
their intrinsic activity but also optimize the kinetics of the
entire catalytic cycle, that is, from adsorption and enrichment
to activation and conversion and finally to product desorption
[44-46]. Such composite materials, which integrate structural
stability with functional synergy, have now become the
research frontier in the field of green oxidation of sulfur-
containing compounds [4, 6].

Although several related reviews have been reported,

existing works predominantly focus on a single host material
system or a single application scenario (e.g., solely targeting
oxidative desulfurization of fuels) [3-6, 47-49], and have yet
to systematically cover the three core application spheres
spanning biomedicine (e.g., selective oxidation of bioactive
sulfides), environmental remediation (e.g., ODS of fuels), and
public safety (e.g, degradation of SM). Based on the
aforementioned research background and existing gaps, this
review focuses on the highly promising novel sulfur-oxidation
catalytic system of porous framework encapsulated POMs,
and systematically outlines milestone advances in three key
directions of precise synthesis of bioactive sulfides, oxidative
desulfurization and purification of fuels, and green
decontamination of chemical warfare agents such as SM.
Centered on two representative porous carriers, namely COFs
and MOFs, the article provides an in-depth analysis of host-
guest interfacial electronic interactions, spatial confinement
effects, and synergistic catalytic mechanisms, thereby
establishing a clear structure-catalytic performance
relationship. Furthermore, it objectively summarizes
unresolved common scientific challenges and engineering
bottlenecks in the field, with a focused discussion on the
degradation mechanisms affecting long-term cycling stability
and pathways for low-cost, scalable production. Finally, in
light of the converging trends among materials chemistry,
catalysis science, and environmental engineering, this review
proposes key research directions warranting future
breakthroughs, offering systematic theoretical guidance and
conceptual insights to facilitate the translation of
next-generation  efficient  sulfur-oxidation  catalytic
technologies from the laboratory to practical applications.

2 Synthesis Overview

Encapsulation is one of the core strategies for constructing
POM@porous framework composite materials [25]. This
strategy utilizes multiple non-covalent weak interactions
such as hydrogen bonds, van der Waals forces, anion-m
interactions, host-guest recognition, hydrophobic
interactions, and electrostatic attractions as collaborative
driving forces to achieve the confined assembly and stable
immobilization of POM clusters within the pores of the porous
framework. Moreover, this structure does not require
covalent modification of POM or the framework skeleton, has
lower requirements for charge matching between the two,
and has mild reaction conditions, which can maximize the
retention of the intrinsic structure and activity of POM, while
also taking into account the crystallinity and pore integrity of
the framework material. It demonstrates unique advantages
in the composite of framework systems and function-
sensitive POMs.

2.1 Synthesis of POM@MOFs

MOFs combine the coordination diversity of metal nodes with
the designable functionality of organic linkers. Their pore
cavities provide abundant supramolecular interaction sites,
offering diverse interfaces for the supramolecular
encapsulation of POMs [50-53]. Depending on the assembly
sequence and reaction pathway, the synthesis of
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supramolecular POM@MOFs is mainly divided into two
categories: the in-situ one-pot supramolecular assembly
method and the post-synthetic host-guest impregnation
method. These strategies not only realize the complementary
advantages of two types of functional units, inorganic POM
units and organic-inorganic MOF frameworks, but more
importantly, it generates a synergistic catalytic effect that
cannot be compared with a single component through the
strong electronic interaction at the interface and the
nanospace confinement effect [54-57]. Firstly, by regulating
electron transfer between POMs and MOFs, the electronic
structure and redox potential of active centers are effectively
tuned, optimizing the adsorption energy of reactants and
intermediates. Secondly, the porous MOF skeleton provides a
confined space for catalytic reactions, which not only
stabilizes highly reactive intermediates but also significantly
enhances selectivity toward target products through size and
shape selectivity. Thirdly, highly dispersed POM active sites
cooperate with the conductive framework of MOFs to
accelerate charge transfer during catalysis and lower the
reaction energy barrier.

2.1.1. In-situ one-pot assembly method

The in-situ one-pot method involves simultaneously adding
POM precursors, metal salts, and organic linkers into the
reaction system. Under thermodynamically controlled
hydrothermal/solvothermal conditions, the coordination
assembly of the MOF framework and the encapsulation of
POMs within the pores are completed synchronously. Unlike
electrostatic in-situ synthesis, which relies on strong charge
matching, the core driving force for supramolecular in-situ
assembly stems from the synergistic effects of hydrogen
bonding between the surface oxygen atoms of the POM and
the functional groups of the MOF linkers, anion-m weak
interactions between aromatic linkers and POM clusters, and
solvation effects, rather than a single electrostatic attraction.
In this method, POMs can simultaneously act as
supramolecular templates. Through weak interactions, they
induce the directional nucleation and growth of MOF
precursors around them, ultimately completely encapsulating
the POMs within the framework pores, effectively preventing
surface aggregation and leaching of POMs. By adjusting the pH,
solvent polarity, and reactant ratios of the reaction system,
the strength of supramolecular interactions can be precisely
regulated, thereby controlling the loading amount and
dispersion state of POMs. This strategy is suitable for MOF
systems whose linkers contain hydrogen bond donor groups
such as hydroxyl or amino groups, and for POM clusters with
low charge density that are difficult to immobilize via strong
electrostatic interactions. It enables efficient encapsulation
without introducing additional charge modifications.

2.1.2 Post-synthetic host-guest impregnation assembly method

The post-synthetic impregnation method uses pre-
synthesized and fully activated MOF crystals as the host.
These are immersed in an aqueous or organic solvent
dispersion of POMs. Relying on concentration gradients, POM
molecules diffuse into the MOF channels, and are then
adsorbed and fixed via multiple supramolecular interactions

within the pores. Compared to the in-situ method, this
approach features mild reaction conditions, requiring no high
temperature or pressure throughout the process. It
completely avoids interference of POMs with the MOF
crystallization process, maximally preserving the intrinsic
topology and pore parameters of the MOF.

To enhance supramolecular binding, MOFs with
functionalized linkers are typically chosen as carriers. For
example, UiO-series MOFs with linkers modified with amino
or hydroxyl groups can form stable supramolecular
interaction networks with terminal or bridging oxygen atoms
of POMs via hydrogen bonding. MOFs containing aromatic
fused-ring linkers can generate additional binding force with
negatively charged POMs through anion-m interactions.
Furthermore, controlling the diffusion rate of POMs via slow
solution diffusion methods (e.g, liquid-liquid layering
diffusion, vapor diffusion) enables uniform, stepwise
adsorption of POMs within the channels, preventing pore
blockage and surface aggregation. This method is particularly
suitable for POM systems with poor thermal stability or
structures prone to decomposition under hydrothermal
conditions, and for constructing functional materials that
require high framework crystallinity.

2.1 Synthesis of POM@COFs

COFs are crystalline porous polymers formed by the covalent
linkage of organic monomers [58-60]. Composed entirely of
light elements (such as C, H, O, N, B, etc), their core
advantages lie in their pre-designable structures and
permanently open pores. COFs not only possess extremely
high specific surface areas and exceedingly good
physicochemical stability but can also incorporate specific
functional units (such as redox-active centers or extended m-
conjugated systems) to achieve atomic-level precision in
regulating charge transfer and mass diffusion. Since their first
report in 2005, COFs have demonstrated immense potential in
cutting-edge fields such as environmental catalysis, water
treatment, and selective oxidation [61, 62]. Moreover, the highly
open pore structure of COFs makes them reliable molecular
carriers, capable of efficiently capturing and immobilizing
various functional guest molecules. For example, through
spatial confinement effects or electrostatic assembly
strategies, COFs can precisely anchor guest molecules like
POMs [63], effectively suppressing the aggregation and
leaching of active components, achieving performance
breakthroughs in photoelectrocatalysis, environmental
remediation (e.g. selective oxidation in complex aqueous
environments), and energy conversion [33, 41]. This system
integrates a long-range ordered crystalline network with an
exceptionally stable aromatic skeleton. Leveraging host-guest
synergy at the molecular level, it provides a broad platform
for developing the next generation of highly efficient and
stable composite catalytic materials. The synthesis of
POM@COFs primarily employs the post-synthetic adsorption
method, with the in-situ copolymerization encapsulation
strategy serving as a supplementary approach.

2.2.1 Post-synthetic adsorption method
Post-synthetic adsorption is currently the mainstream
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strategy for preparing supramolecular POM@COFs. Its
synthetic procedure consists of two steps. First, the COF
carriers with the desired pore size and functional groups is
synthesized via solvothermal or interfacial polymerization;
the activated COF is then immersed in a POM solution, and
POM diffusion into the pores and supramolecular
immobilization are achieved by standing or stirring.

The core driving force of this method stems from the
synergy of two aspects: one is the anion-m interaction
between the conjugated framework of the COF and the
negatively charged POM clusters. This is the Kkey
supramolecular force for immobilizing POMs in electrically
neutral COFs, and it plays a particularly significant role in
electron-rich conjugated COF systems such as triazine-based
or porphyrin-based COFs. The other is the multiple
hydrogen-bonding network formed between functional
groups on the pore walls (e.g., amino, hydroxyl, imine bonds)
and the surface oxygen atoms of the POM, which further
enhances the binding stability. By regulating the matching
between the pore size of the COF and the POM cluster,
combined with optimization of solution concentration,
impregnation time, and temperature, monodisperse and
uniform loading of POMs within the one-dimensional
channels of the COF can be achieved while retaining the high
crystallinity and ordered pore structure of the COF. This
method avoids interference of POMs with the covalent
polycondensation process of the COF and represents a
reliable route to construct highly crystalline POM@COF
composites.

2.2.2 In-situ copolymerization supramolecular encapsulation
method

The in-situ copolymerization method directly introduces POM
clusters into the polymerization system of the COF. During the
covalent condensation of monomers to form the COF
framework, supramolecular interactions (such as m-1
stacking, hydrogen bonding) between the POM and the
monomers guide the directional assembly of the monomers,
while simultaneously confining the POM in situ within the
nascent pore structure.

This approach accomplishes both framework construction
and POM encapsulation in a single step, offering a more
streamlined procedure, and the POM loading is usually higher
than that achieved via the post-synthetic method. However,
the presence of POM may interfere with the dynamic covalent
assembly process of COF monomers, which can easily lead to
adecrease in the crystallinity of COF. Therefore, it is necessary
to strictly control the monomer concentration, the amount of
catalyst, and the reaction temperature, in order to balance the
crystallinity of the framework and the loading efficiency of
POMs. Typically, POM derivatives bearing aromatic modifying
groups are selected as guests; the m-m stacking between these
groups and the aromatic monomers of the COF assists in
ordered assembly and mitigates negative effects on
crystallization. Moreover, POMs can also serve as
supramolecular templates to regulate the pore size and
topology of the COFs, enabling synergistic optimization of the
material structure .

2.3 Overview of Comparison of the two types of materials

POM@MOFs and POM@COFs, as the mainstream confined-
type POM-base catalytic systems, exhibit significant
differences in their mainframe bonding nature, electronic
structure, and pore channel characteristics. As a result, they
show distinct variations in the loading mechanism, catalytic
behavior, and environmental tolerance.

(i) Regarding loading strategies, POM@MOF systems take
electrostatic interactions as the core driving force,
supplemented by coordination and hydrogen bonding. Both
the in situ one-pot method and the post-synthetic
impregnation method have become well-established
paradigms. In contrast, POM@COF systems primarily rely on
supramolecular forces such as anion-m interactions and
hydrogen bonding for immobilization. The mainstream
approach is the post-synthetic supramolecular adsorption
method, which can largely preserve framework crystallinity,
but the binding strength of POM is generally weaker. Although
the in-situ copolymerization method can increase the loading
amount, it tends to interfere with the covalent assembly
process and impair material crystallinity. Overall, the
technological maturity of the COF-based system lags behind
that of the MOF system.

(ii) In terms of catalytic activity, the two systems each excel
in different scenarios. POM@MOF benefits from the acid-
oxidation bifunctional synergy constructed between metal
nodes and POMs, along with a pronounced confinement and
enrichment effect within the pores, making it more suitable
for tandem catalysis and selective transformations under mild
conditions. POM@COF leverages the efficient electron
transport capability of its extended conjugated skeleton and
the mass transfer advantages of low-resistance straight
channels, showing more significant synergistic effects in
photocatalytic and electrocatalytic systems. However, due to
the lack of metal active sites in the framework, its potential for
bifunctional catalysis is relatively limited.

(iii) Structural stability and tolerance represent the most
critical performance differentiator between the two. Under
conventional reaction conditions, the covalent rigid skeleton
of COFs offers better structural integrity, resulting in a lower
POM leaching rate and generally longer cycling life compared
to MOF coordination frameworks. In strong oxidative
environments, the organic ligands in MOFs are prone to
oxidative degradation, and metal nodes may leach out, leading
to poor framework tolerance. In contrast, COFs employing
stable linkages such as triazine can withstand harsh oxidative
conditions without side reactions caused by metal leaching,
thereby offering broader applicability.

Overall, MOF carriers stand out for their straightforward
synthesis and diverse structural types, making them a
preferred choice for developing multifunctional POM catalytic
materials under mild conditions. COF carriers, with their
excellent chemical stability and electron transport properties,
offer irreplaceable advantages in extreme reaction
environments and catalytic applications. Currently,
comparisons between the two systems are largely based on
scattered literature data, lacking parallel control experiments
under unified reaction standards. Quantitative analysis of the
structure-activity relationships still requires further in-depth
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study.

3 POM@MOF-Based Catalytic System for
Sulfur Oxidation

Leveraging their unique advantages, POM@MOF composite
catalysts have demonstrated far superior catalytic activity
and stability compared to individual components in several
critical energy and environmental applications, including
electrochemical COz reduction, overall water splitting for
hydrogen/oxygen production, fuel-cell anode desulfurization,
industrial organic wastewater treatment, and degradation of
persistent organic pollutants [64-68].

3.1 Overview of Synergistic Catalytic Mechanisms of
POMs and MOFs

MOFs are constructed through the coordination assembly of
metal-cluster nodes and organic linkers, combining the
coordination activity of metal sites with the tunable
functionality of organic ligands. Their synergy with POMs
revolves around interfacial charge interactions,
pore-confinement effects, and topology regulation.

(i) Interfacial electron-transfer synergy. Electron transfer is
the core process in POM redox catalysis. The MOF skeleton
can modulate the electronic structure of POMs via interfacial
electrostatic interactions and coordination coupling,
constructing directional electron-transfer channels and
accelerating the catalytic cycle. For example, the positively
charged, unsaturated metal nodes in MOFs (e.g., Zr#*, Cu?*) can
form strong electrostatic attraction with the negatively
charged terminal/bridging oxygen atoms on the POM surface,
inducing interfacial electron rearrangement [69]. The
delocalized electrons of the POM partially shift toward the
metal nodes, increasing the positive charge on the POM metal
centers and enhancing their activation ability toward
nucleophilic substrates. Concurrently, the metal nodes can act
as electron relays, lowering the energy barrier of POM redox
reactions and speeding up electron transfer.

(ii) Confinement constraint and substrate-activation effects.

The ordered pore cavities of MOFs can alter the adsorption
behavior and reaction pathways of substrates through spatial
constraints and microenvironment modulation, synergizing
with the active centers of POMs. Functional groups on the
pore walls can selectively concentrate substrate molecules via
hydrophobic interactions or hydrogen bonding, significantly
increasing the local substrate concentration around the POM

active sites and resulting in a notable rate-enhancement effect.

For instance, in ODS reactions, hydrophobic MOF channels
can preferentially enrich organic sulfur substrates, enhancing
the catalytic oxidation efficiency of POMs [70]. Additionally,
the confined space can constrain the adsorption orientation of
substrate molecules, directing the reactive sites toward the
POM active centers, reducing steric hindrance, and stabilizing
the reaction transition states, thereby improving the chemical
and stereoselectivity of target products. Moreover, the spatial
confinement of the pores can inhibit the aggregation of POM
clusters, maintaining them in a monodisperse state and
exposing more coordinatively unsaturated active sites.
Simultaneously, the spatial constraints can finely tune the

bond lengths and angles of POMs, optimize their coordination
environment and boost their intrinsic catalytic activity.

(iii) Regulation via pore size and topology. The pore size
and topological connectivity of MOFs directly determine the
loading mode of POMs, the mass-transfer efficiency of
substrates, and the catalytic reaction pathways, serving as
central elements of structure-property relationships.
Cage-type pore structures (e.g., UiO-series, ZIF-series) feature
large cavities with small windows, which can completely
confine POM clusters within the cages [71, 72]. The window
size is smaller than the POM diameter, creating a “molecular
fence” effect that spatially prevents POM leaching. Meanwhile,
substrates and products can freely diffuse through the
windows, ensuring catalytic progression. One-dimensional
channel-type MOFs (e.g, MlIL-series) exhibit low
mass-transfer resistance and fast substrate diffusion, making
them suitable for fast-kinetics reactions [73]; however, their
binding strength for POMs is weaker than that of cage-type
structures, making POM leaching more likely during
long-term cycling. Three-dimensional interconnected channel
MOFs possess multidirectional mass-transfer pathways,
effectively mitigating concentration polarization and
enhancing catalytic performance under high flow rates.
Moreover, the matching degree between pore size and POM
cluster size directly determines encapsulation efficiency and
stability: overly large pores can cause POM aggregation, while
overly small pores preclude intracavity encapsulation.

(iv) Contributions of framework defects and interfacial
interactions. Intrinsic defects such as missing-linker and
missing-cluster defects inevitably arise during MOF synthesis
and post-treatment. These defect sites play an important
regulatory role in synergistic catalysis. Defective sites usually
have more unsaturated coordinated positive charge metal
centers, which can form stronger electrostatic interactions
with POM than the conventional skeleton sites. They can even
form coordination bonds, significantly enhancing the binding
strength of POM and inhibiting the loss of active components
in the catalytic cycle. Furthermore, defect sites themselves
can serve as Lewis acid active sites, forming bifunctional
synergy with the redox-active centers of POMs. For instance,
Zr** sites at defects can activate hydrogen peroxide to
generate reactive oxygen species, while POMs are responsible
for the oxidative transformation of substrates; the two
cooperate to accelerate the reaction process [74]. The contact
mode and binding distance at the interface between POMs and
the MOF skeleton directly determine the electron-transfer
efficiency and interaction strength, representing the core
region of synergistic effects.

In the following, the research progress of sulfide catalytic
conversion reaction of POM@MOFs composites will be
systematically described from three application fields:
catalytic synthesis of bioactive aryl sulfides, oxidative
detoxification of chemical warfare agents and ODS (Table 1).

3.2 Selective Oxidation of Biologically Active Aryl Sulfides

Aryl sulfides, as an important class of organic scaffolds, are
widely found in various pharmaceuticals and agrochemicals.
The key values of aryl sulfides lie not only in their structural
stability, but also in the sulfur atom serving as a
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functionalization center for precise regulation of oxidation
states. Through selective oxidation, aryl sulfides can be
efficiently converted into sulfoxide or sulfone derivatives,

thereby significantly altering the polarity, water solubility,
and metabolic stability of the parent molecules [75-77]. This

Table 1 Summary of the research progress of representative POM@MOFs catalytic conversion of sulfur-containing compounds in recent years

Entry Name* Substrate (S content)”  Oxidant (0/S)c T/°C t/min  Conversion/% Reference
1 PMo11V@rho-ZIF MPS (0.25 mmol) H20: (1.2) 25 720 97 [78]
2 PMo10V2@rho-ZIF MPS (0.25 mmol) H20: (1.2) 25 720 98 [78]
3 PMosVs;@rho-ZIF MPS (0.25 mmol) H20: (1.2) 25 720 98 [78]
4 PMoV/Vi;@btap-MOF MPS (0.50 mmol) H20: (1.2) 50 30 >99 [79]
5 SiW12@Ir-MOF< MPS (0.26 mmol) 02 (1 atm) 25 150 100 [80]
6 PW1:@NU-1000 CEES (0.085 mmol) H202 (1.5) 45 180 >99 [72]
7 PW12@NU-1000-NDC CEES (0.085 mmol) H202 (1.5) 45 30 >99 [81]
8 PW1:@NU-1008 CEES (0.085 mmol) H202 (1.5) 45 30 >99 [81]
9 PW1:@NU-1000-120 °C CEES (0.085 mmol) H202 (1.5) 45 60 >99 [82]
10 PW12@NU-1000-scCO: CEES (0.085 mmol) H202 (1.5) 45 20 >99 [82]
11 PMo10V2@NU-1000 CEES (0.20 mmol) 02 (1 atm) 70 45 100 [83]
12 PMo1oV:@NU-1000-120 °C CEES (0.20 mmol) 02 (1 atm) 70 45 100 [83]
13 PMo1oV2@NU-1000-5cCO; CEES (0.20 mmol) 02 (1 atm) 70 45 100 [83]
14 MnMos@PCN-601 CEES (0.30 mmol) H20: (1.5) 25 10 >99 [84]
15 PMo1,V2@MIL-101 SM (0.034 mmol) 02 (1 atm) 25 120 97.39 [85]
16 PMo10V.@MOF-808 CEES (0.034 mmol) 02 (1 atm) 25 120 93.91 [86]
17 BW1:@HKUST-1 CEES (0.25mmol) H20: (1.5) 25 10 100 [87]
18 PWy@MIL-101 DBT* (1707 mg-L-1) H202 (~9.0) 50 120 100 [88]
19 PMo+@MIL-101 DBT* (2000 mg-L-1) H202 (~3.0) 70 120 100 [89]
20 PW11Zn@NH:-MIL-101 DBT* (~1500 mg-L-1) H202 (~8.0) 50 360 100 [90]
21 Eu(PW11):@NH:-MIL-53 DBT* (~2500 mg-L-1) H20: (23.0) 70 120 100 [91]
22 PW12@MIL-101-Si02 DBT* (500 mg-L-1) H20: (5.0) 60 120 98.6 [92]
23 PMo12@MIL-100 DBT* (2000 mg-L-1) H20: (~8.0) 70 30 100 [70]
24 PMo+@MOF-808 DBT* (2000 mg-L-1) H20: (~3.0) 70 120 73.1 [89]
25 PMoV+@MOF-808 DBT* (2000 mg-L-1) H20: (9.0) 70 60 99.5 [93]
26 PW1:Zn@MOF-808 DBT* (500 mg-L1) H20: (5.0) 50 30 99.4 [69]
27 PW.@Ui0-67 DBT* (500 mg-L1) H202 (~25.0) 70 40 99.6 [94]
28 PW:1.@UiO-66 DBT* (1000 mg-L-1) H20: (3.0) 30 25 99.9 [95]
29 IL-PMo012@Ui0-66 DBT* (500 mg-L-1) H20: (3.0) 80 20 100 [74]
30 MosWs@NH:-Ui0-66¢ DBT* (250 mg-L-1) TBHP (~6.7) 25 100 99 [96]
31 MosWs@HKUST-1¢ DBT* (250 mg-L-1) TBHP (~6.7) 25 100 80 [96]
32 PMosV;@rht-MOF-1 DBT* (1000 mg-L-1) H202 (12.0) 70 50 9 [97]
33 PW1V@rht-MOF-1 DBT* (1000 mg-L1) H;0; (12.0) 70 50 87 [98]
34 PW1oV.@rht-MOF-1 DBT* (1000 mg-L-1) H202 (12.0) 70 50 89 [98]
35 PW,V;@rht-MOF-1 DBT* (1000 mg-L1) H:0; (12.0) 70 50 98 [98]
36 P:Mo16V2-CNTs@HKUST-1 DBT* (200 mg-L-1) 02 (1 atm) 60 240 92.245 [99]

aAccording to the structural characteristics, the samples were uniformly named in this review; "DBT*refers to a mixture of DBT and its derivatives; <0/S

refers to the molar ratio of oxidant to sulfur element; Photocatalytic system (the rest are thermal catalytic system).

strategy provides a direct route for optimizing the
pharmacokinetic properties of lead compounds. Particularly
noteworthy is that sulfoxide and sulfone groups themselves
frequently act as critical pharmacophores contributing
directly to biological activity, typical examples include the
proton pump inhibitor omeprazole (a sulfoxide) and the
antileprotic drug dapsone (a sulfone) [100-102]. Meanwhile,
the construction of chiral sulfoxide structures has also opened

new dimensions for developing highly selective bioactive
molecules. Therefore, using aryl sulfides as precursors to
construct diverse sulfur-containing functional groups via
oxidation has become a key strategy in modern drug design
for enhancing activity, improving druggability, and expanding
chemical space.

Zeolitic Imidazolate Frameworks (ZIFs), a highly
representative subclass of the MOF family, occupy a
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prominent position in porous materials research due to their
unique topological isomorphism and physicochemical
properties [103, 104]. The most distinctive structural feature
of ZIFs lies in their geometric configuration, which is highly

similar to that of traditional inorganic aluminosilicate zeolites.

It is precisely this topological analogy that enables ZIFs to
construct tetrahedral networks (such as SOD, LTA, etc.) akin
to those of zeolites, thereby endowing the materials with the
dual advantages of both the high porosity of MOFs and the
high stability of inorganic zeolites. Compared to traditional
MOFs, ZIFs exhibit exceptional thermal and chemical stability.
Many ZIF materials not only maintain their framework
integrity at high temperatures but also demonstrate good
resistance to hydrolysis and collapse even in boiling water,
strong bases, or organic solvents. Furthermore, the synthesis
conditions for ZIFs are generally mild, with some materials
preparable at room temperature via solvothermal or
aqueous-phase methods, aligning with green chemistry
principles. Simultaneously, by introducing different
functional groups onto the imidazole rings, precise control
over pore size and channel chemical environment can be
achieved, greatly expanding their applications in gas
adsorption, separation, and catalysis. Consequently, ZIFs have
become one of the ideal platforms for constructing high-
performance functional composites like POM@MOFs.

Hu et al. successfully synthesized a highly crystalline host-
guest-type  POM-based  rho-ZIF via a  one-pot
mechanochemical method. This metastable rho-ZIF possesses
enormous internal cavities and pore windows, serving as an
ideal host matrix for the efficient loading and robust
anchoring of large-sized vanadium-substituted Keggin-type
POM (PMo12nVn = Hn:3PM012nVnO40) molecules through
physical confinement (PMo12-nVu@rho-ZIF) [78].
Experiments confirm that the guest molecules were
effectively locked within the host framework without
compromising its integrity, preventing the leaching of active
components. As a novel heterogeneous catalyst, the PMo12.
nVn@rho-ZIF composites exhibit pronounced catalytic
activity in the selective oxidation of sulfides to sulfoxides (Fig.
1(a)). Leaching experiments verify the heterogeneous nature
of the catalytic process, and the catalysts show no significant
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loss in activity after four cycles. Notably, this work pioneers
the use of large-pore metastable rho-ZIF for encapsulating
sizable guest molecules, providing an efficient and versatile
new strategy for designing confined catalytic systems with
highly dispersed and stable catalytic centers.

Liu’s group employed the multidentate nitrogenous azole
ligand (btap) to prepare two novel POM@MOF composites
(PMoV/Viz@btap-MOF, PMoV/V1i; = [HPMoV10Mo0V2040]%)
with well-defined crystalline structures via a one-pot
hydrothermal method under mild conditions [79]. Single-
crystal X-ray diffraction analysis confirmed that the two
compounds are isostructural. Within their crystal structures,
metal ions coordinate with the btap ligands, assembling into
left-handed and right-handed helical one-dimensional chains.
These chains connect in a twisted and alternating fashion,
ultimately constructing a three-dimensional MOFs featuring
two-fold interpenetration. The POM anions are in-situ
encapsulated within the channels generated by this
interpenetrated structure, achieving highly dispersed and
stable immobilization of the POM active sites within the
framework. Catalytic performance reveals that, using
hydrogen peroxide as a green oxidant, both compounds
demonstrated true heterogeneous catalytic activity and high
sulfoxide selectivity in the selective oxidation of sulfides (Fig.
1(b)). In particular, in the selective oxidation of methyl phenyl
sulfide (MPS), the catalyst could completely convert MPS to
methyl phenyl sulfoxide (MPSO) within 30 min, with the
selectivity for the target product exceeding 99%. The catalytic
system also demonstrates good substrate scope, effectively
catalyzing the selective transformation of various aryl sulfides
into their corresponding sulfoxide products. Notably, these
catalysts exhibit good recyclability. After at least five catalytic
runs, the yield of the target sulfoxide products shows no
significant decrease, indicating that the materials possess
both pronounced catalytic activity and structural stability.

With the growing global energy demand and the increasing
depletion of traditional energy sources, the search for efficient,
environmentally friendly, and sustainable energy has become a
crucial topic in scientific research. Photocatalysis, as a green
technology capable of directly utilizing solar energy to drive
chemical reactions, demonstrates significant potential in

H Conversion (%) ™ Selectivity (%)
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Figure 1 (a) Schematic preparation route of PMo12-nVa@rho-ZIF, isothermal adsorption curves before and after loading, and catalytic cycle stability.
Reproduced with permission from Ref. [78], © American Chemical Society 2017. (b) Structure of PMoV/Vi2@btap-MOF, catalytic cycle stability and
catalytic mechanism. Reproduced with permission from Ref. [79], © American Chemical Society 2023

addressing both the energy crisis and environmental pollution
[105-107]. The unique properties of POMs also render them
promising for photocatalytic applications [66, 108]. However,
POMs typically absorb only ultraviolet light, and their limited
light absorption range restricts their catalytic performance
under visible light. To extend their absorption spectrum, the
introduction of additional photosensitizers is required to
enhance light utilization efficiency. In recent years, a strategy
of constructing POM@MOF photocatalytic systems by
incorporating metal-based photosensitizers into MOFs
developed by Lin, Zhang, and others, has been recognized as
an effective improvement approach and has been widely
adopted [45, 109, 110].

Figure 2 Structure of SiWi2@Ir-MOF and schematic illustration of
photocatalytic oxidation of aryl sulfides. Reproduced with permission
from Ref. [80], © Wiley-VCH GmbH. 2023.

Following a similar innovative strategy, Niu et al. recently
successfully constructed a crystalline POM@MOF composite
photocatalyst (SiW12@Ir-MOF, SiW1z = [SiW12040]*), via a
one-step self-assembly approach using functionalized iridium
(Ir) metal ligands and Keggin-type silicotungstic acid [80]. By
incorporating Ir metal ligands possessing strong metal-to-
ligand charge transfer absorption characteristics, this

material successfully extends the light-response range from
the ultraviolet region into the visible light spectrum,
significantly improving the effective utilization of solar
energy. More importantly, under visible light irradiation (A >
400 nm), photogenerated electrons from the excited-state Ir
metal ligands can be rapidly transferred to adjacent SiWiz
units via the interface. This effectively suppresses bulk
recombination of photogenerated charge carriers, substantially
enhancing the efficiency of charge carrier separation and
transport. Benefiting from the synergistic effect between the
visible-light harvesting capability of the Ir metal ligands and
the redox catalytic ability of the POM units, SiW12@Ir-MOF
exhibits satisfactory photocatalytic activity and selectivity in
the selective oxidation of sulfides. Under mild reaction
conditions, with only 2.5 h of visible light irradiation, the yield
of the target product, MPSO, reaches 99.5% (Fig. 2). This
catalytic performance is markedly superior to that of most
POM-based composite photocatalysts that had been reported
at that time. Furthermore, the catalyst demonstrates good
structural stability and recyclability. After three consecutive
catalytic cycles, the yield of MPSO remains above 97% with no
significant loss of activity. This study provides a new design
paradigm for constructing POM-based composite photocatalysts
with efficient visible-light response and offers important
experimental support for advancing the practical application
of photocatalytic technology in fine organic synthesis and
green chemical engineering.

3.3. Catalytic Oxidation Detoxification Chemical Warfare
Agents

Chemical warfare agents (CWAs) are a class of toxic chemical
substances that achieve personnel incapacitation and
ecological destruction through toxicological effects [111-113].
Due to their immense destructive power and long-lasting
deterrent effects, CWAs have always been a central focus of
research in the fields of international security and protective
science. Among them, the blister agent SM is widely regarded
as the “king of CWA” because of its simple synthesis process,
low production cost, and severe injury consequences.
Developing efficient and rapid detoxification and degradation
technologies for SMs is a critical issue to be addressed in the
fields of chemical defense medicine and environmental safety
[114-116]. Among various degradation strategies, chemical
oxidative degradation is considered one of the most effective
and widely applied methods. Its core mechanism lies in
attacking the thioether bond in the SM molecule with strong
oxidants, thereby altering its electronic structure to eliminate
its alkylating activity [116-118]. Currently, many oxidative
systems represented by hypochlorites, H202, and POMs have
been extensively studied, aiming to achieve rapid and
complete degradation under mild conditions [4, 119].

Zr-MOFs exhibit unique thermal and chemical stability,
maintaining structural integrity even in strong acids, strong
bases, and boiling water environments. Their typical
hexanuclear zirconium cluster secondary building units confer a
rigid framework to the material, and the highly tunable structure



DOX

Chen et al.

allows for precise regulation of pore environments and defect
sites. By virtue of the dual advantages of ultrahigh stability and

rich functionality, Zr-MOFs have emerged as highly promising
frontier carriers for constructing POM-based composite
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Figure 3 (a) Structure of PW12@NU-1000 and schematic illustration of H2.02-mediated oxidative CEES degradation. Reproduced with permission from
Ref. [72], © American Chemical Society 2017. (b) Schematic illustration of the preparation of PW12@NU-1000-NDC and PW1.2@NU-1008, as well as
their activation in 120 °C and scCO.. Reproduced with permission from Ref. [81], © Frontiers Media SA. 2019. (c) Structure of PM01oV2@NU-1000 and
its activation in 80 °C and scCOz, as well as schematic illustration of O2-mediated oxidative CEES degradation. Reproduced with permission from Ref.

[83], © American Chemical Society 2019.

materials (POM@MOF). Farha’s group has achieved fruitful
results in the encapsulation of POMs within the NU series of
Zr-MOFs and applied them to the rapid oxidative
decontamination of 2-chloroethyl ethyl sulfide (CEES). Using
NU-1000 as a foundation, the researchers prepared PW1.@

NU-1000 (PW12 = H3PW12040) via a conventional strategy (Fig.

3(a)) [72]. To further optimize its catalytic activity, the team
attempted several modification strategies. The first was pore
channel modification, preparing PW12@NU-1000-NDC by
introducing naphthalene dicarboxylic acid (NDC). The second
was structural confinement, constructing a migration-
blocking composite material, PW12@NU-1008, by utilizing
the NU-1008 carrier to restrict POM migration [81].
Furthermore, they compared different activation methods,
preparing thermal activation-type (at 120 °C) and
supercritical carbon dioxide (scCO2) activation-type series of
materials (Fig. 3(b)) [81, 82]. In the CEES oxidation system
using H20: as the oxidant, the catalytic activity of the
aforementioned POM@MOF composite materials is
significantly superior to that of each individual component,
confirming the synergistic effect between the POM active sites
and the MOF carrier. Experimental results show that the
initial turnover frequency (TOF) of PW12@NU-1000 was 10.4
min-%; the activity of PW12@NU-1000-120 °C after thermal
activation improved slightly to 11.4 min-!; whereas the
activity of the scCOz-activated PW12@NU-1000-scCO2
exhibited a qualitative leap, with its TOF approximately three
times that of the thermally activated sample. A similar trend
applied to the NDC-modified and NU-1008 systems, i.e., the

TOFs of the scCOz-activated samples were superior to their
thermally activated counterparts.

Subsequently, the group extended the research to an
aerobic oxidation system, encapsulating divanadium-
substituted PMo1oVz into NU-1000 (PMo10V2@NU-1000) (Fig.
3(c)) [83]. Results indicated that in the CEES reaction using O2
as the oxidant, scCO: activation could still significantly
enhance catalytic performance. Studies revealed that scCO:
activation facilitates the uniform distribution of POMs within
the micro- and mesoporous channels of MOFs, thereby
increasing the contact probability between substrates and
active sites and accelerating the catalytic process.

Metal cluster catalysts, characterized by atomically precise
active sites, unique electronic structures, and quantum size
effects, exhibit broad application prospects in various catalytic
reactions, including energy conversion, environmental
remediation, and fine chemical synthesis. However,
simultaneously maximizing the catalytic activity of metal
clusters while enhancing their structural stability remains a
long-standing core challenge in this field. To address this
critical scientific issue, Wu and co-workers innovatively
proposed a dual-cluster POM@MOFs construction strategy.
Through a size-matched ligand exchange reaction, they
precisely co-localized Ni sites derived from the defective MOF
framework and Mo sites originating from POM clusters within
a sub-nanometer confined pocket, successfully fabricating a
stable dual-cluster POM@MOF catalyst, MnMos@PCN-601
(MnMos = [HsMnMoe024]%7), featuring atomically synergistic
bimetallic sites (Fig. 4(a)) [84]. This design strategy not only
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utilizes the rigid MOF skeleton to achieve spatial isolation and
stable immobilization of the metal clusters but, more

importantly, constructs a bimetallic active center with strong
electronic interactions via sub-nanoscale site co-localization.
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and SciOpen 2025.

Catalytic performance evaluation revealed that MnMoe@
PCN-601 exhibits significantly superior comprehensive
performance compared to traditional single-component
catalysts in the oxidative degradation of the chemical warfare
agent simulant CEES. The reaction half-life is less than 1 min,
with a TOF as high as 140 min-!, alongside satisfactory
structural stability and recyclability (Fig. 4(b-d)). The
catalytic mechanism is elucidated through combined in-situ
Fourier-transform infrared spectroscopy and density
functional theory calculations. A significant atomically
synergistic effect exists between the co-localized Ni-Mo
bimetallic sites (Fig. 4(e)). On one hand, this dual-site synergy
strengthens the adsorption and activation process of the CEES
substrate. On the other hand, it effectively promotes the
decomposition of the oxidant H20: to generate reactive
oxygen species, thereby achieving the efficient and selective
oxidative degradation of CEES. This work provides a novel
design paradigm for tackling the classic activity-stability
trade-off in metal cluster catalysts and opens a new research
direction for developing efficient catalytic materials suitable
for complex reaction systems involving multiple substrates.
Zhang et al. also focused on the good performance of
PMo10V: in sulfide oxidation reactions and loaded it onto two
typical metal-organic frameworks, MOF-808 and MIL-101(Cr),
using the classical impregnation method [85, 86]. The results
show that the composite material PMo1oV2@MIL-101 could
effectively catalyze the selective oxidation of CEES to 2-
chloroethyl ethyl sulfoxide (CEESO) under mild conditions.
More importantly, this material also demonstrates effective
decontamination capability against the real chemical warfare
agent SM. Under room temperature and atmospheric
pressure, only 20 mg of the catalyst was required to eliminate
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97.39% of CEES (approximately 30 pmol) within 120 min [85].
Mechanistic studies reveal that the system follows an
adsorption-oxidation synergistic mechanism, that is, MIL-
101(Cr) rapidly enriches the toxic agent within its pores due
to its high specific surface area, and the highly dispersed
PMo10V2 active sites then achieve complete detoxification.
Additionally, the PMo010V2@MOF-808 also exhibits unique
bifunctional catalytic activity. This material not only degraded
93.91% of CEES within 120 min (with a half-life of 27.77 min)
but also achieved complete hydrolysis of the nerve agent
simulant methyl paraoxon within 25 min (100%
decontamination, with a half-life of only 1.895 min) [86].
Recycling tests confirm that the composite maintained stable
decontamination activity after four cycles. This high
decontamination performance is attributed to the synergistic
effect of dual active sites. PMo1oV2 confined within the pores
catalyzes the selective oxidation of CEES, while the
unsaturated metal sites on the MOF-808 framework promote
the catalytic hydrolysis of DMNP, enabling efficient
simultaneous purification of two different types of toxic
agents (Fig. 5).

NENU-n series POM@MOFs are hybrid materials
constructed by encapsulating a series of high-performance
Keggin-type POMs into the Cu3(BTC)2 framework (HKUST-1)
[120]. They exhibit broad application prospects in fields like
catalysis and proton conduction. Addressing the technical
bottleneck that Keggin-type tungsten-based POMs have
relatively weak oxidation capability, making it difficult to
synthesize pure-phase NENU-n hybrid products in situ on
copper substrates, Liu et al. built upon previous work and
developed a novel strategy for the in-situ synthesis of
POM@MOFs on copper foil. By introducing oxygen into the
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acidic reaction system, oxygen oxidizes elemental copper on
the surface of the copper foil to divalent copper ions, which
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Figure 5 Structure of PMo1oV2@MOF-808 and schematic catalytic
oxidation degradation of CEES. Reproduced with permission from Ref.
[86], © Elsevier Ltd. 2021.

hybrid materials of the series on copper substrates. The
method can be carried out at room temperature, offering
significant advantages such as simple operation, fast reaction,
and high atom economy. More importantly, the synthesis
system does not require any additional morphology-
regulating agents to achieve controllable morphology
synthesis of POM@MOFs. The final morphology shows a clear
structure-activity relationship with the charge number of the
POM anions. High-charge polyoxoanions induce the formation
of cubic-shaped products, whereas low-charge polyoxoanions
correspond to octahedral-shaped products. Using the
catalytic oxidation reaction of the mustard gas simulant CEES
as a performance evaluation model, studies confirmed that
the cubic-shaped NENU-40 (BW:12@HKUST-1, BW12 =
KsBW12040) material exhibits optimal catalytic activity
because it can expose more catalytic active sites. It can
completely convert CEES into the non-toxic sulfoxide product
CEESO within 10 min [87].

3.4. Catalytic Oxidation Desulfurization

Desulfurization of fuel oil has always been a core subject and
key technological step in the process of fuel cleaning and
refining. Hydrodesulfurization, as the most mature mainstream
desulfurization technology currently applied industrially, is
widely used for the removal of sulfur-containing compounds (eg,
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serve as the copper source for the growth of the MOFs. This
successfully achieved the in-situ preparation of pure-phase
benzothiophene (BT), dibenzothiophene (DBT), 4,6-
dimethyldibenzothiophene (4,6-DMDBT)) from fuel oil, with
related research having undergone decades of development
and refinement [121, 122]. However, as global environmental
standards for fuel oil become increasingly stringent,
hydrodesulfurization technology faces severe technical
bottlenecks. Its effectiveness in removing refractory organic
sulfur compounds, such as thiophene derivatives, is significantly
challenged, and it suffers from inherent drawbacks, including
high-temperature and high-pressure operation, high hydrogen
consumption, and elevated operational costs [123]. In this
context, non-hydrodesulfurization technologies have
experienced rapid development in recent years. Among
various emerging non-hydrodesulfurization technologies,
ODS has emerged as one of the most promising
desulfurization technologies for industrial application, owing
to its notable advantages, such as mild reaction conditions, no
requirement for a hydrogen source, and high efficiency in
Removing refractory organic sulfur compounds [124-126].
POMs have been extensively and deeply studied in the field of
oxidative desulfurization [127, 128]. To address the core
issues of POMs in homogeneous systems, such as easy
dissolution in the reaction medium, difficulty in recovery and
reuse, and poor cycling stability, encapsulating and confining
POMs within the channels of mesoporous molecular sieves
has become one of the mainstream modification strategies.
Related research has achieved abundant results and
significant progress over the past few decades [3, 129].

MIL series metal-organic frameworks (such as MIL-53 and
MIL-101) are highly favored in heterogeneous catalysis due to
their unique chemical robustness, large pore volume, and high
specific surface area. It is generally accepted in the literature
that the encapsulation of POMs within MIL-101(Cr)
represents the first example in this field, successfully
integrating the activity of homogeneous catalysis with the
easy separation characteristics of heterogeneous catalysis
[73]. Leveraging the synergistic catalytic effect between the
MIL framework and POMs, such composite materials not only
effectively concentrate and activate reactants but also
optimize electron transfer pathways, thereby significantly
enhancing catalytic rates and cycling stability. This opens a
new avenue for the development of high-performance
catalytic systems.

Substantial research contributions have been made by
Balula and co-workers in the realm of incorporating POMs
into MIL-series MOFs and leveraging these composites for
ODS processes. By employing a diverse array of lacunary and
substituted Keggin-type POMs as catalytically active centers,
the research group has successfully synthesized a broad
spectrum of POM@MIL heterogeneous catalysts tailored for
ODS reactions. Within composite systems utilizing MIL-101(Cr)
as the supporting matrix, the investigators sequentially achieved
the stable immobilization of both the trilacunary Keggin-type
POM ([A-PWy034]”", PWy) and the highly catalytically active
peroxo-molybdate species ([PMo040s(02)s]3, PMo4). Notably,
the PWo@MIL-101 catalyst enables thorough desulfurization
of a model oil feedstock with an initial sulfur content of 1707
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mg/Lwithin 120 min under ambient temperature conditions (Fig.
6(a)) [88]. Furthermore, this composite material facilitates
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Figure 6 (a) Schematic catalytic oxidative desulfurization of PWo@MIL-101, catalytic performances of different substrates and stability of catalytic cycle.
Reproduced with permission from Ref. [88], © Royal Society of Chemistry 2014. (b) Structure of PMo4s@MIL-101 and stability of catalytic cycle in
oxidative desulfurization. Reproduced with permission from Ref. [89], © Royal Society of Chemistry 2023.

augmenting the structural stability of PWs in hydrogen
peroxide-containing reaction media. The PMo+@MIL-101
catalyst, in turn, exhibits superior performance in the ODS
treatment of a multi-component model diesel fuel, achieving
complete sulfur elimination within 120 min and retaining
consistent catalytic activity over 10 consecutive reaction
cycles (Fig. 6(b)) [89]. In-depth mechanistic investigations
reveal that the window dimensions and pore diameter of the
MOF support play a critical role in determining the overall
catalytic performance of the composites. Owing to its well-
suited porous architecture, MIL-101 effectively facilitates the
mass transport of reactant molecules while simultaneously
suppressing the leaching of active POM species. To further
expand the repertoire of viable MOF supports and optimize
catalytic efficacy, the research team shifted their focus to
aluminum-based MOFs, pioneering the application of amino-
functionalized NH2-MIL-101(Al) and NHz-MIL-53(Al) in the
fabrication of ODS catalysts. Through a combined synthetic
strategy involving one-pot microwave-mediated synthesis
and wet impregnation, the team successfully encapsulated the
monosubstituted lacunary [PW11Zn(H20)039]>~ (PW1i1Zn)
within the pore cavities of NH2-MIL-101(Al), yielding the
PW11Zn@NH2-MIL-101 composite [90]. When coupled with
ionic liquid extraction technology, this catalyst achieves near-
complete desulfurization of model diesel under mild reaction
conditions, and also delivers an 83% sulfur removal efficiency
when tested against real diesel fuel samples. Additionally, the
composite catalyst prepared by immobilizing the sandwich-
type POM ([Eu(PW11039)2]*1-, Eu(PW11)2) onto NH2-MIL-53(Al)
(Eu(PW11)2@NH2-MIL-53) also displayed remarkable ODS
activity, achieving deep desulfurization of model fuel within
120 min and significantly outperforming the homogeneous
PW11Eu catalyst [91]. The structural intactness of both the
POM active sites and the MOF frameworks in all
aforementioned composite catalysts was verified through a
comprehensive suite of characterization techniques. No
appreciable decline in catalytic activity or detectable leaching
of active components is observed after multiple reaction
cycles, providing valuable experimental insights and
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theoretical guidance for the rational design of high-
performance heterogeneous oxidation catalysts.

In recent years, the functional modification of the
benchmark MIL-101(Cr) support, pioneered by Su et al,, has
become one of the most prominent and rapidly developing
research areas in heterogeneous ODS catalysis. To tackle the
long-standing challenge of insufficient POM dispersion in
hydrophobic oil phases, the team devised a novel hierarchical
confinement strategy by embedding PW1, decorated MIL-
101(Cr) nanoparticles into the interconnected mesoporous
channels of diatomaceous earth, yielding a novel ternary
PW12@MIL-101-Si02 composite catalyst [92]. The natural
diatomite scaffold serves as both a robust mechanical support
and an efficient adsorbent for organic sulfides, creating a local
high-concentration environment around the active sites and
enhancing mass transfer efficiency. With Hz20: as the green
oxidant, the catalyst delivers a remarkable desulfurization
performance of 98.6%, and X-ray diffraction analysis confirms
that its crystalline structure was well preserved after three
successive runs.

Motivated by the need to develop cost-effective and
industrially viable catalytic processes, Balula’s research
group shifted their attention to the earth-abundant MIL-
100(Fe) support and established an integrated green protocol
for the simultaneous removal of sulfur and nitrogen
compounds from fuels. Conventional hydrodesulfurization
technologies suffer from high energy consumption and
operational costs, and nitrogen-containing compounds are
known to severely poison desulfurization catalysts. To
address these issues, the researchers synthesized a
PMo12@MIL-100 composite by encapsulating Keggin-type
H3PMo012040 (PMo12) within the MIL-100(Fe) cavities (Fig. 7(a))
[70]. Through a synergistic combination of catalytic oxidation
and liquid-liquid extraction, complete removal of all
refractory sulfur and nitrogen species from a complex multi-
component model fuel was accomplished in just 30 min (Fig.
7(b)). A major advantage of this system is the use of
inexpensive ethanol as the extractant instead of costly ionic
liquids such as [BMIM]PFs, which dramatically reduces the
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overall process economics without compromising
purification efficiency. The solid catalyst and the ethanol
extractant could be recycled for multiple cycles; however,
after the fourth cycle, the oxidation desulfurization property
significantly declined. This might be due to the difficulty in
extracting sulfur-containing compounds from the fuel phase
to the ethanol phase (Fig. 7(c)).
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Figure 7 (a) Schematic synthesis route and structure of PMo1z@MIL-100.

(b) Oxidative extraction desulfurization for different substrates and
different solvents. (c) Cyclic stability of ODS and oxidative denitrification
reaction. Reproduced with permission from Ref. [70], © Elsevier Ltd.
2023.

Balula et al. had benchmarked their material against
PMo+@MOF-808, which was found to deliver only subpar
ODS performance, with a maximum desulfurization efficiency
of 73.1% recorded after 120 min of reaction [89]. Building on
this foundation, Zhao et al. recently revisited the
PMo+@MOF-808 system with the aim of unlocking its full
catalytic potential. Employing a single set of precursors, they
synthesized one structurally related composite with reduced
oxidation states (PMoV4@MOF-808) through an in-situ
solvothermal reduction process (Fig. 8(a)) [93]. Extraction-
coupled ODS experiments reveal that the reduced pentavalent
molybdenum catalyst exhibited dramatically enhanced
activity, achieving near-complete desulfurization of model oil
in just 60 min, which far surpass that of the hexavalent
molybdenum analog. A comprehensive analysis combining
experimental characterization and density functional theory
calculations attribute this remarkable improvement to the
uniform spatial distribution of active sites within the MOF
porous network and the superior electron-donating ability of
pentavalent Mo centers, which significantly accelerate the
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rate-determining electron transfer step (Fig. 8(a)).

Recognizing the limitations of bare MOF-808 as an ODS
catalyst, Haruna et al. developed a green one-pot solvothermal
encapsulation technique to incorporate PWiiZn into MOF-
808, producing a series of PW11Zn@MOF-808 composites
with tunable loadings [69]. Structural characterization
confirmed that PW11Zn clusters were successfully embedded
and homogeneously dispersed throughout the MOF-808
framework without disrupting its inherent crystallinity.
Catalytic evaluation uncovered a remarkable synergistic
interaction between the PW11Zn guest and the MOF-808 host
(Fig. 8(b)). Under optimized mild conditions, the PW11Zn@
MOF-808 composite achieves 99.40% DBT conversion in 30
min, representing a 14.5% increase in activity compared to
pristine MOF-808 (86.85%). The catalyst shows substrate-
dependent activity, with the following order of sulfur removal
efficiency: DBT > BT > 4,6-DMDBT. More importantly, the
PW11Zn@MOF-808 composite also maintains decent
structural stability and catalytic performance over eight
consecutive reaction cycles, with no significant leaching of
active components detected, highlighting its potential for
practical industrial applications.

Zirconium-based MOFs belonging to the UiO series have
garnered significant attention as superior platforms for
constructing high-performance POM-derived ODS catalysts,
owing to their unparalleled combination of adjustable pore
architectures, versatile surface functionalization capabilities,
and precisely engineered defect structures. Capitalizing on
the host-guest size complementarity principle, Zhao’s group
developed a one-pot in-situ fabrication approach to confine
the Venturello-type polyoxoanions clusters ([PW0s(02)s]3",
PW4) within the nanoscale cavities of UiO-67(Zr), resulting in
the formation of the PWs@UiO-67 composite [94]. The
hierarchical porous structure of Ui0-67 not only possesses
ideal pore diameters and restricted pore windows, but also
performs two functions. Firstly, it uses its framework to in-
situ fix individual POM molecules, preventing leaching.
Secondly, it forms a restricted reaction microenvironment,
thereby promoting the oxidation kinetics of various organic
sulfur substrates. Remarkably, this catalyst achieves near-
complete removal of four notoriously refractory sulfur
compounds (BT, DBT, and 4,6-DMDBT) in just 30 min, and
retained more than 85% of its initial activity after 10
successive reaction runs.

In a groundbreaking study, Ye and collaborators introduced
a revolutionary defect engineering paradigm to synthesize
Ui0-66(Zr)-supported POM catalysts (PW12@Ui0-66) with
systematically varied defect densities through a room-
temperature pore modulation technique [95]. Their work
unequivocally demonstrates that the undercoordinated Zr
defect sites in UiO-66 are the critical active centers that enable
efficient ODS catalysis at room temperature, with catalytic
Performance scaling linearly with defect density. The most
active defect-rich catalyst achieves 100% desulfurization of a
1000 mg/L model oil in only 25 min at ambient temperature,
and exhibits an unprecedented TOF value of 620.0 h-*at 30 °C,
setting a new benchmark for MOF-based ODS -catalysts.
Complementary DFT simulations provide atomic-level
insights into the synergistic mechanism, revealing that the
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hydroxyl and aqua ligands attach to the exposed Zr defect
sites act as efficient H20: activators, generating reactive
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Figure 8 (a) Schematic illustration of catalytic oxidative desulfurization of PMoV4«@MOF-808, catalytic performances of different substrates and stability
of catalytic cycle. Reproduced with permission from Ref. [93], © Elsevier Ltd. 2026. (b) Schematic synthesis route and structure of PW1:Zn@MOF-808,
and stability of catalytic cycle in oxidative desulfurization. Reproduced with permission from Ref. [69], © Elsevier Ltd. 2023.

Drawing on the similar strategies of omission mentioned
above, Bu et al. recently employed the bottle-around-ship
assembly strategy and successfully synthesized the IL-
PMo01:@Ui0-66 (IL-PMoiz = [Bmim]3PMo012040) composite
catalyst through one-pot post-modification technology (Fig.
9(a)) [74]. They innovatively introduced thiourea to achieve
dual regulation. On one hand, thiourea releases COz, NHz and
HzS gases under acidic heating conditions, creating ligand
defects during the UiO-66 synthesis process, generating a
large number of Zr(IV) unsaturated coordination sites and
oxygen vacancies that can capture electrons; on the other
hand, the released H2S acts as a reducing agent, efficiently
reducing phosphomolybdic acid to heteropoly blue, with a
Mo5*/Mo®* molar ratio as high as 2. Moreover, combined with
the cation modification of POMs by ionic liquids, the
electrophilic nature of the imidazolium ring can enhance the
adsorption capacity of the substrate. The ODS catalytic
performance test indicates that the activity of the composite
catalyst is much higher than that of pure POM and pure MOF,
with the reaction rate constant for 4,6-DMDBT reaching 4.155
s7L This high activity stems from the strong adsorption of the
imidazolium ring on the electron-rich 4,6-DMDBT, effectively
overcoming the spatial steric hindrance of the 4,6-alkyl
substituents. Additionally, a higher proportion of Mo>* active
sites in the system is more easily activated by the oxidant
TBHP, generating hydroxyl radical active species, thereby
significantly enhancing the catalytic activity. After 6 cycles of
catalyst usage, the DBT conversion still remained at 100%,
while the 4,6-DMDBT conversion remained at approximately
95% and 82% respectively; the crystal structure, heteropoly
blue valence state and Keggin structure of the catalyst did not
undergo significant changes after the reaction, demonstrating

good cycle stability.
The Farzadkia research group loaded the bimetallic Keggin-
type H3[PMosWeO40] (MoeWes) onto amino-modified

zirconium-based MOF (NH2-Ui0-66) and copper-based MOF
(HKUST-1). Through hydrothermal method, they prepared
MosWs@NH:-Ui0-66 and MosWe¢@HKUST-1 composites,
and applied them to the simultaneous oxidation removal of
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DBT and quinoline in diesel under visible light LED irradiation
[96]. The band gap of the composite materials was
significantly narrower than that of pure POMs, and the visible
light absorption capacity was significantly improved. The
catalytic performance tests showed that MosWs@NH2-UiO-
66 exhibited better catalytic activity, achieving a 99% DBT
removal rate and a 99% quinoline removal rate within 100
min, and its performance was significantly superior to
MosWs@HKUST-1. Although the authors did not provide a
specific explanation for the performance differences between
the two, we speculate that this might be due to the
introduction of amino groups enhancing the adsorption
ability of the substrates. The underlying reason still needs to
be further confirmed through subsequent research.

Moving beyond the well-established MOF supports
reviewed earlier, numerous research groups have pushed the
boundaries of catalyst design by exploring MOFs with
unconventional topologies and carbon nanotube (CNT)-
reinforced MOF hybrid supports for POM-based ODS
applications. By implementing sophisticated design strategies
such as precise host-guest dimensional matching and targeted
vanadium doping of POM active centers, these novel catalysts
have demonstrated markedly improved performance in
treating real fuel feedstocks. In a landmark study, Li’s
research team harnessed the exceptional cage-like porous
structure of rht-MOF-1 to encapsulate a family of vanadium-
substituted Keggin phosphomolybdates within its internal
cavities [97]. Single-crystal XRD analysis verified that the
resulting composites achieved exceptionally high POM
loadings while maintaining remarkable chemical stability (Fig.
9(b)). This catalyst series exhibited robust desulfurization
activity across both model diesel formulations and actual
commercial diesel samples. The standout performer,
PMo9V3@rht-MOF-1, delivers desulfurization efficiencies of
96% for model oil and 90% for real diesel. This exceptional

performance stems from a powerful synergistic effect: the
moderately sized rht-MOF-1 cages act as molecular sieves to
prevent POM leaching, while the Keggin POM clusters provide
abundant accessible active sites for the oxidation of



OO0

Chen et al.

recalcitrant sulfur species including DBT, BT, and 4,6-DMDBT.
Building on this success, the same group extended their

approach to vanadium-substituted Keggin phosphotungstates,
synthesizing a series of PW12.nVa@rht-MOF-1 ((PW12.nVn =
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Figure 9 (a) Schematic synthesis route and structure of IL-PM012@UiO-66 and possible oxidation mechanism. Reproduced with permission from Ref.
[74], © Wiley-VCH GmbH. 2020. (b) Structure of PMoosV:@rht-MOF-1, desulfurization for real oil, and possible oxidation mechanism. Reproduced with

permission from Ref. [97], © Elsevier Ltd. 2020.

Hn+3PW12.4Vn040)) composites [98]. Under optimized
conditions, the best-performing catalyst achieves impressive
removal efficiencies for a mixed-sulfide model oil. Through
detailed kinetic analysis, electron paramagnetic resonance
spectroscopy, and radical scavenging experiments, the
authors elucidate a free radical-mediated reaction pathway
and confirmed the recyclability of the catalyst.

In a parallel effort to address mass transfer and electron
conductivity limitations in traditional MOF supports, Zhao et
al. developed an innovative CNTs@MOF-199 hybrid support
and employed a one-pot synthesis strategy to immobilize a
range of vanadium-substituted Dawson-type POMs, yielding a
family of ternary composite catalysts [99]. Extensive
characterization confirmed the successful formation of the
hybrid materials, with POM active species uniformly
distributed throughout the CNT-MOF matrix. Catalytic testing
reveals that vanadium substitution plays a critical role in
modulating activity, with P2M016V2-CNTs@HKUST-1
(P2Mo16V2 = HsP2Mo016V20s2) emerging as the optimal catalyst,
achieving 98.30% DBT conversion under optimized
conditions. Kinetic analysis demonstrates that the reaction
follows pseudo-first-order kinetics with an impressively low
apparent activation energy of 12.89 k] /mol. Furthermore, the
catalyst retains nearly full activity after multiple consecutive
cycles, highlighting its exceptional structural stability.

4 POM@COF-Based Catalytic System for
Sulfur Oxidation

As a new type of composite material in recent years, POM@COF
has attracted much attention. This section aims to explore the
design of high-performance composite materials based on
host-guest synergistic effects. To comprehensively cover
relevant research, a broad definition is adopted, incorporating
porous aromatic frameworks (PAFs), covalent organic
polymers (COPs), and other porous frameworks with covalent
linkage characteristics into the discussion. Emphasis is placed
on their encapsulation of POM molecules and their catalytic
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oxidation applications in sulfur-containing compounds.

4.1 Overview of Synergistic Catalytic Mechanisms of
POMs and COFs

COFs are constructed through the directional covalent
condensation of organic monomers, featuring long-range
ordered conjugated frameworks, precisely tunable pore
structures, and excellent chemical stability. Their synergy
with POMs centers on conjugated-framework electron
coupling, rigid-pore confinement, and supramolecular
interfacial interactions, exhibiting distinct synergistic
characteristics that differ from MOF-based systems.

(i) Conjugated framework-mediated electron-transfer
synergy. COFs possess long-range delocalized m-electron
systems that can serve as continuous electron-conducting
pathways, forming efficient charge-transport networks with
POMs. This represents the most distinctive synergistic feature
distinguishing them from MOF systems. Unlike the
node-based electron transfer in MOFs, the two-dimensional
conjugated layers or three-dimensional conjugated
frameworks of COFs enable rapid electron migration among
multiple POM active sites, effectively preventing charge
recombination and the isolation of active sites. For instance,
in photocatalytic systems, conjugated COFs can act as
photosensitizing units, absorbing visible light to generate
photogenerated charge carriers [33]. Photogenerated
electrons are rapidly injected into the lowest unoccupied
molecular orbital of POMs through interfacial anion-m
interactions, significantly enhancing the reduction capability
of POMs. Simultaneously, POMs serve as multi-electron
reservoirs that efficiently capture photogenerated electrons,
suppressing the recombination of electron-hole pairs and
prolonging carrier lifetimes.

(ii) Confinement activation and mass-transfer synergy in
rigid pores. COFs feature uniform pore sizes, strong structural
rigidity, and precisely modifiable pore-wall functional groups,
making their confinement effects more regular and stable
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compared to those of MOFs. First, the one-dimensional

straight channels of COFs exhibit extremely low mass-transfer

Table 2 Summary of the research progress of representative POM@COFs catalytic conversion of sulfur-containing compounds in recent years

Entry Name* Substrate (S content)” Oxidant (0/S)” T/°C t/min  Conversion/% Reference
1 PW.@TpPa-1 MPS (0.50 mmol) H202 (1.3 mmol) 60 60 99.5 [130]
2 PMo1:@TpPa-1 MPS (0.50 mmol) H202 (1.3 mmol) 60 60 92.6 [130]
3 SiW:@TpPa-1 MPS (0.50 mmol) H202 (1.3 mmol) 60 60 89.4 [130]
4 PW1@RT-COF-1 MPS (0.50 mmol) H202 (1.3 mmol) 50 120 99.9 [131]
5 SiW1:@RT-COF-1 MPS (0.50 mmol) H202 (1.3 mmol) 50 120 47 [131]
6 PMo12@RT-COF-1 MPS (0.50 mmol) H20: (1.3 mmol) 50 120 49.5 [131]
7 SiW1:@CTF? MPS (0.20 mmol) 02 (1 atm) 25 120 97 [132]
8 PW1:@CTF? MPS (0.20 mmol) 02 (1 atm) 25 120 89 [132]
9 PMo12@CTF¢ MPS (0.20 mmol) 02 (1 atm) 25 120 36 [132]
10 PW1.@Ag-COF MPS (0.10 mmol) 02 (1 atm) 25 210 98 [133]
11 PW:2@Cu-COF¢ MPS (0.10 mmol) 02 (1 atm) 25 210 54 [133]
12 PW12@Ni-COF¢ MPS (0.10 mmol) 02 (1 atm) 25 210 87 [133]
13 K-SiW1,@PCP? MPS (0.20 mmol) 02 (1 atm) 25 16 >99 [134]
14 K-PW1:@PCP! MPS (0.20 mmol) 02 (1 atm) 25 16 92 [134]
15 K-SiW1:@PCP? MPS (0.20 mmol) 02 (1 atm) 25 16 94 [134]
16 K-SiW10@PCP? MPS (0.20 mmol) 02 (1 atm) 25 16 88 [134]
17 K-SiWo@PCP“ MPS (0.20 mmol) 02 (1 atm) 25 16 78 [134]
18 D-P2Wi1s@PCP? MPS (0.20 mmol) 02 (1 atm) 25 18 >99 [135]
19 D-P2Mo1s@PCP* MPS (0.20 mmol) 02 (1 atm) 25 18 92 [135]

20 SiW12@CTF CEES (0.20 mmol) 02 (1 atm) 25 60 98 [132]
21 PW12@CTF? CEES (0.20 mmol) 02 (1 atm) 25 60 78 [132]
22 PMo1:@CTF? CEES (0.20 mmol) 02 (1 atm) 25 60 24 [132]
23 PW1.@Ag-COF? CEES (0.10 mmol) 02 (1 atm) 25 120 >99 [133]
24 PW12@Cu-COF? CEES (0.10 mmol) 02 (1 atm) 25 120 16 [133]
25 PW1.@Ni-COF CEES (0.10 mmol) 02 (1 atm) 25 120 48 [133]
26 K-SiW1.@PCP? CEES (0.20 mmol) 02 (1 atm) 25 8 99 [134]
27 K-PW1,@PCP? CEES (0.20 mmol) 02 (1 atm) 25 8 90 [134]
28 K-SiW11@PCP? CEES (0.20 mmol) 02 (1 atm) 25 8 92 [134]
29 K-SiW10@PCP? CEES (0.20 mmol) 02 (1 atm) 25 8 86 [134]
30 K-SiWs@PCP“ CEES (0.20 mmol) 02 (1 atm) 25 8 74 [134]
31 D-P2W13@PCP¢ CEES (0.20 mmol) 02 (1 atm) 25 10 99 [135]
32 D-P2Mo1s@PCP‘ CEES (0.20 mmol) 02 (1 atm) 25 10 94 [135]
33 Mos@PAF-1 DBT* (500 mg-L-1) H20: (6.0) 30 30 98.2 [136]
34 PMo1:@PAF-54 DBT* (800 mg-L1) H:0; (4.0) 40 45 100 [137]
35 PMo,Vs@iPAF-1 DBT* (500 mg-L-1) 02 (1 atm) 80 300 100 [138]
36 IMos@iPAF-1 DBT* (500 mg-L-1) 02 (1 atm) 90 300 100 [56]
37 PMo.Vs@iPAF-270 DBT* (1000 mg'L-1) H0: (7.0) 60 100 98.2 [139]
38 CoMos@iPAF-30 DBT* (500 mg-L-1) Air (1 atm) 130 60 100 [140]

aAccording to the structural characteristics, the samples were uniformly named in this review; "DBT*refers to a mixture of DBT and its derivatives; <0/S
refers to the molar ratio of oxidant to sulfur element; Photocatalytic system (the rest are thermal catalytic system).

resistance. Substrate molecules can rapidly diffuse to POM
active sites within the channels, while products can quickly
desorb and exit, effectively avoiding product-inhibition
effects and enhancing the kinetic rate of catalytic reactions.
Second, the shape-selective effect of rigid pores is significant,
allowing only substrates with matching sizes and
conformations to enter the channels and contact POM active
centers. This enables precise molecular recognition and
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selective catalysis, particularly suitable for reactions such as
the selective transformation of isomers. Third,
weak-interaction sites on COF pore walls (e.g., triazine rings,
imine bonds, hydroxyl groups) can form hydrogen bonds, -1t
stacking, and other weak interactions with substrate
molecules, assisting in the pre-activation of substrates and
creating “dual-site cooperative activation” with the
redox-active centers of POMs.
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(iii) Structure-property regulation via pore size and
topology. The pore sizes of COFs can be precisely tuned at the
atomic level by varying the length of organic monomers, and
the channels are highly ordered. Their topological structures
are mainly divided into two-dimensional layered pores and
three-dimensional interconnected pores. Two-dimensional
COFs primarily feature one-dimensional straight channels
with a wide tunable pore-size range. POMs can be uniformly
loaded inside the channels, and interlayer anion-m
interactions can further enhance POM stability. These are
currently the dominant systems in POM@COF research.
However, their layered structures are prone to stacking under
extreme conditions, leading to channel blockage and the
burial of active sites. Three-dimensional COFs possess
three-dimensionally interconnected pore structures and

higher specific surface areas, enabling complete
encapsulation of POMs within the 3D pore network. They
combine the advantages of binding stability and

mass-transfer efficiency, but their synthesis is challenging,
crystallization control is difficult, and related catalytic studies
are still in the early stages. Moreover, topology also
determines the spatial distribution of pore-wall functional
groups, thereby influencing the loading density and
dispersion uniformity of POMs, ultimately regulating catalytic
activity.

(iv) Interfacial supramolecular interactions and defect
effects. Unlike MOF systems where interfacial binding is
primarily electrostaticc COF frameworks are overall
electrically neutral. Their interfacial binding with POMs relies
mainly on supramolecular interactions such as anion-m
interactions, hydrogen bonds, and van der Waals forces. The
type and strength of interfacial interactions directly
determine the loading stability of POMs and synergistic
efficiency. Defects in COFs mainly include crystalline defects,
unreacted terminal-group defects, and bonding defects.
Among these, unreacted terminal groups such as amino or
aldehyde groups can become positively charged through
protonation, serving as strong adsorption sites for POMs and
enhancing POM loading capacity and stability. Moreover, the

covalent frameworks of COFs exhibit higher chemical stability.

Their interfacial structures are less susceptible to damage
under harsh reaction conditions such as strong acids, strong
bases, or strong oxidizing environments, ensuring the
long-term persistence of synergistic effects. This represents a
prominent advantage over MOF-based systems.

In the following, the research progress of sulfide catalytic
conversion reaction of POM@COFs composites will be
systematically described from three application fields:
catalytic synthesis of bioactive aryl sulfides, oxidative
detoxification of chemical warfare agents and ODS (Table 2).

4.2. Selective Oxidation of Biologically Active Aryl
Sulfides

Using a mechanochemical approach, Wang et al. achieved the
in-situ immobilization of Keggin-type PW12 within the TpPa-1
under solvent-free conditions at room temperature (Fig.
10(a)) [130]. This synthetic route not only fully preserves the
intrinsic structure of the POMs but also, by leveraging the
spatial confinement effect of the TpPa-1 carrier, ensures
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sufficient exposure of active sites. Simultaneously, strong
electrostatic interactions significantly enhance the structural
stability of the active components, offering a new paradigm
for the green synthesis of POM-based catalysts. In the
oxidation of sulfides under mild conditions, PW12@TpPa-1
with a loading of 27% showed the most obvious effect,
achieving complete conversion of MPS within 60 min and
yielding sulfone products with high selectivity (99%). Studies
indicate that the satisfactory performance originates from the
synergistic activation of substrates by the active sites. This
composite material integrates the high activity of
homogeneous catalysis with the easy separation characteristic of
heterogeneous catalysis.

Recently, the team employed the room-temperature ion
exchange method to load typical Keggin-type POMs onto the
room-temperature synthesized cationic RT-COF-1, thereby
preparing a series of POMs@RT-COF-1 composite materials.
Among them, PW12@RT-COF-1 achieved the optimal loading
amount and pore channel filling effect (Fig. 10(b)) [131]. The
formed II-type heterojunction could significantly promote the
separation and transfer of photogenerated carriers, and the
electrochemical impedance test shows that its charge transfer
resistance was the lowest. The -catalytic performance
indicates that at 50 °C, with ultrasound assistance and Hz0: as
the oxidant under mild conditions, PW1i2@RT-COF-1
achieves a 99.9% MPS conversion and 100% MPSO:
selectivity within 120 min, and its performance is significantly
higher than that of SiW12@RT-COF-1 and PMo12@RT-COF-1.
This catalyst exhibits extensive substrate universality, with
conversion and selectivities exceeding 90% for most aryl and
aliphatic sulfides, and is slightly reduced only by large steric
hindrance substituents. It also possesses fine cycle stability,
with the catalytic activity and selectivity remaining basically
unchanged after 4 cycles. The active species capture
experiment and band analysis revealed that the acoustic
luminescence generated by ultrasound cavitation and the
local hot spot activation of the catalyst decomposed H20: to
generate active free radicals, with photogenerated electrons
transferring from the conduction band of RT-COF-1 to the
conduction band of PW12 and dominating the reaction, while
holes, superoxide free radicals, and hydroxyl free radicals
cooperatively participated.

COFs also represent a prominent class of emerging
photocatalytic materials, whose uniquely tunable molecular-
level electronic properties grant them significant photocatalytic
advantages [107, 112, 141]. Their highly adjustable band
structures can effectively optimize the light absorption range
(covering visible to near-infrared regions) and enhance redox
kinetics. Meanwhile, the extensively delocalized m-conjugated
system facilitates directional transport of photogenerated
charge carriers, significantly boosting catalytic efficiency by
suppressing charge recombination. As electron acceptors and
active centers, the introduction of POMs substantially
enhances the oxidative capability of the system [142, 143]. In
POM@COF heterostructures, synergistic electronic interactions at
the interface promote the transfer of photogenerated electrons
from the excited state of the COF to the POM clusters [33]. This
synergistic effect integrates the strong light-harvesting ability
of COFs with the high redox activity of POMs, exhibiting an
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exhibit performance beyond that of individual components in photocatalytic reactions involving multi-electron transfer.
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Figure 10 (a) Structure of PW12@TpPa-1 and catalytic performance in MPS oxidation. Reproduced with permission from Ref. [130], © Royal Society of
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Reproduced with permission from Ref. [131], © Elsevier Ltd. 2026. (c) Structure of POM@PCP, catalytic performance in MPS oxidation and CEES
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Chemical Society 2025.

In recent years, the An’s group has conducted a series of in-
depth studies in this field. Using a hydrothermal synthesis
strategy, they encapsulated different Keggin-type POMs (e.g.
SiW12, PW1;, PMo12) as guest components into covalent
triazine frameworks (CTFs). Under 10 W 425 nm LED
illumination in an oxygen atmosphere, this series of
POM@CTF composites exhibit satisfactory performance in
the selective photooxidation of various sulfides to the
corresponding sulfoxides [132]. Among them, SiW12@CTF
shows the highest activity, achieving efficient conversion of
MPS within 120 min (conversion >97%, selectivity >99%).
Structure-activity relationship studies reveal that the strongly
electronegative, oxygen-rich POM components can effectively
construct built-in electric fields, inducing differentiated
electron transfer behaviors, thereby significantly promoting
charge carrier separation and migration.

The team also further attempted to enhance performance
by functionalizing the COF backbone. By introducing metal
ions (M-COFs) into a COF containing bipyridine units, they
prepared a PWi12@M-COF system [133]. Experiments
confirmed that the type of metal ion significantly modulates
the activity, with Ag*-modified PW12@Ag-COF showing the
best performance (98% MPS conversion within 3.5 h).
Recently, they integrated strongly light-absorbing porphyrin
units and N*-containing viologen-like units (PCP) into the
framework. They also used ion exchange technology to
systematically introduce a series of POM active centers with
different structures and activities, covering saturated and
lacunary Keggin-type POMs (K-POMs) and classical Dawson-
type POMs (D-POMs), and then prepared a series of
encapsulated POM-based composites (K-POM@PCP and D-
POM@PCP) (Fig. 10(c)) [134, 135]. Benefiting from the
strong visible-light harvesting ability of porphyrin and the
heavy-atom effect of the POMs, these systems (especially K-
SiW12@PCP and D-P:Wi1s@PCP) exhibit extremely high

catalytic kinetics, accomplishing near-quantitative
conversion of MPS (99%) within 16-18 min. Mechanistic
studies confirm that the reaction follows a dual-path
synergistic mechanism involving electron transfer and energy
transfer, driven jointly by superoxide radicals (-0z27) and
singlet oxygen (102) for efficient substrate conversion.
Particularly, D-POMs, with their abundant active sites,
effectively broadened the spectral response range and
accelerated charge separation. In summary, this series of
studies successfully constructed POM-based photocatalytic
systems featuring broad spectral response, high activity, and
good stability, not only providing new insights for the design
of high-performance composite photocatalysts but also
offering technical support for the value-added conversion of
sulfides driven by visible light.

4.3. Catalytic Oxidation Detoxification Chemical Warfare
Agents

The series of composite materials prepared by An et al, as
mentioned earlier, including SiW12@CTF, PW12@Ag-COFs,
and POM@PCP, have demonstrated noteworthy catalytic
performance in the oxidative detoxification of SM simulant (2-
chloroethyl ethyl sulfide, CEES) (Fig. 10(c)) [132-135].
SiW12@CTF achieves 98% CEES conversion within 60 min
under room temperature and 10W 425nm LED illumination
(1 atm 02), with a selectivity of up to 99% for the low-toxicity
product (CEESO). Although the activity of PW12@Ag-COFs
was slightly lower than expected, it still achieves efficient
degradation within 120 min, significantly outperforming its
counterparts modified with Cu?* or Ni?*. Thanks to the
incorporation of porphyrin photosensitive units, porphyrin-
based composites (K-POM@PCP and D-POM@PCP)
exhibited good photocatalytic activity. Under optimal
conditions, D-P2W1s@PCP required only 10 min to achieve 99%
conversion and >99% CEESO selectivity, while K-SiW12@PCP
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further reduced the degradation time to 8 min, setting a
leading standard in the field at the time. The exceptional
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Figure 11 (a) Schematic synthetic route, isothermal adsorption desorption curve, catalytic performance and cycle stability of Mos@PAF-1. Reproduced
with permission from Ref. [136], © American Chemical Society 2020. (b) Schematic synthetic route and catalytic mechanism of PMo1:@PAF-54.
Reproduced with permission from Ref. [137], © Science China Press and Springer Nature 2024.

catalytic performance of these materials is primarily
attributed to synergistic effects. The porphyrin structural
units endowed the composites with acceptable visible-light
harvesting capabilities, while the POMs, leveraging their
strong electronegativity and heavy-atom effects, significantly
suppressed the recombination of photogenerated charge
carriers and accelerated charge separation. This
enhancement in electron and energy transfer processes
ultimately greatly improved the overall efficiency of
photocatalytic degradation.

4.4. Catalytic Oxidation Desulfurization

PAFs constitute a family of three-dimensionally cross-linked
porous polymers, synthesized via robust covalent linkages
between rigid aromatic monomers [59, 144]|. The
combination of their ultra-high specific surface area,
remarkable thermochemical robustness, precisely engineered
pore architectures, and versatile functionality enables broad
utility in gas storage, heterogeneous catalysis, and separation
technologies. Regarding POM immobilization, the dense
aromatic domains within PAFs facilitate the uniform dispersion
and anchoring of POM species, effectively mitigating aggregation
and leaching. Concurrently, the intrinsically hydrophobic
framework minimizes interference from polar solvents at
active sites, thereby bolstering catalytic stability and
recyclability; furthermore, the unique pore confinement
effects can synergistically enhance reaction selectivity.
Consequently, PAFs are deemed superior scaffolds for
fabricating high-performance supported POM catalytic
systems. To date, PAF-based POM composites have been
predominantly explored for ODS applications.

Pioneering work by Zhu, Tian, et al. introduced phosphonic
acid moieties onto PAF-1, followed by the in-situ entrapment
of polyoxomolybdate clusters ([Mos026]*", Mos) via a "ship-in-
a-bottle" approach to yield the hybrid catalyst Mos@PAF-1
(Fig. 11(a)) [136]. This material demonstrates exceptional
ODS performance, achieving 98.5% removal of DBT under
mild conditions (30 °C, 30 min), alongside fine substrate
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generality for thiophene (TP), BT, and 4,6-DMDBT.
Mechanistic investigations reveal that strong interfacial
interactions between Mog and the -PO3H, groups ensured
high dispersion of the active phase, while the host matrix high
porosity and lipophilicity significantly optimized mass
transfer kinetics.

Pan et al. have recently introduced a sophisticated ODS
catalytic system that leverages phosphomolybdic acid (PMo12)
supported on a reductive PAF-54 framework. This study
represents a convergence of multiple design principles such
as tailored pore architecture, high-loading anchoring, the
regulation of amphiphilicity and the enhancement of activity
via a reductive framework, resulting in a remarkable leap in
the performance of the PMo12@PAF-54 composite (Fig. 11(b))
[137]. The performance evaluation show that the catalyst
could promote the rapid and complete oxidation of DBT in the
model oil within 30 min in the H202-driven ODS reaction
under mild reaction conditions. It also shows similar catalytic
activity for BT and 4,6-DMDBT, which can effectively achieve
deep green desulfurization of fuel oil. Notably, its catalytic
activity outperforms the vast majority of existing POM-based
ODS catalysts. The system also exhibits good recyclability,
maintaining full desulfurization efficiency after six
consecutive cycles. The core innovation lies in moving beyond
the traditional paradigm of inert carriers to systematically
elucidate a dual synergistic host-guest mechanism. On one
hand, PAF-54’s high specific surface area ensures the high
dispersion of PMoiz active sites, and its unique amphiphilicity
effectively lowers interfacial mass transfer resistance. On the
other hand, the reductive skeleton induces electron transfer
and rearrangement within the PMo1z, forming active reducing
species (Mo%*) that fundamentally enhance the intrinsic
activity of the catalytic component. Additionally, the study
underscores the versatility of nitrogen-rich porous organic
polymers for reductive applications. Consequently, this work
not only provides a rational, multifunctional synergistic
strategy for designing ODS catalysts but also pioneers a new
pathway for applying host-guest electron regulation
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mechanisms across various catalytic fields.

Building on their previous work, Zhu et al. subsequently
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Schematic synthetic route, catalytic performance and cycle stability of CoMos@iPAF-30. Reproduced with permission from Ref. [140], © American

Chemical Society 2023.

advanced a cationization modification strategy. By employing
cationic PAFs (iPAF-1) which possess an inherent affinity for
organic sulfur adsorption as capture platforms, they utilized
Keggin-type PMo12.1Vn and Anderson-type [IM0s024]°~ (IMos)
anions as active components. Through electrostatic self-
assembly, they successfully fabricated a series of composite
materials, namely PM012.nVa@iPAF-1 and IMos@iPAF-1 |56,
138]. The fundamental innovation of this design is the
bidirectional synergistic regulation between the capture and
conversion units, effectively bypassing the performance
limitations typical of conventional supported -catalysts.
Remarkably, the incorporation of POM active species does not
lead to pore obstruction; instead, it triggers the formation of
a hierarchical pore architecture that facilitates mass transfer.
This structural evolution increases the specific surface area,
thereby significantly boosting the frequency of contact
between substrates and active sites (Fig. 12(a-b)). In aerobic
ODS reactions, this catalytic system exhibits exceptional
overall performance, achieving efficient desulfurization
under mild conditions and maintaining high activity over
seven consecutive cycles, which underscores its robust
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structural stability and reusability. Adopting a parallel strategy,
the team also employs an imidazolium-functionalized ionic
framework, iPAFs-270, to achieve a high loading capacity (up to
50%) of PMo4Vs and PW1: [139]. Performance evaluations
reveal that PMo4Vs@iPAF-270 possesses remarkable
activity in extractive ODS. Furthermore, owing to the inherent
robustness of the PAF matrix, the material retained its
structural integrity across a wide range of temperatures and
pH levels, highlighting its considerable potential for
industrial-scale applications.

Adopting the similar imidazolium functionalization
approach discussed earlier, the research team led by Eseva
performed surface ionization modifications on the
hydrophobic porous aromatic framework PAF-30 (iPAF-30).
This approach enabled the stable immobilization of Anderson-
type [CoMo¢018(OH)s]>” (CoMos) at the hydrophobic interface,
successfully yielding a novel heterogeneous catalyst
designated as COMos@iPAF-30 (Fig. 12(c)) [140]. Within an
aerobic ODS system utilizing model oil, the researchers
conduct a systematic investigation into how various factors,
including the type of carrier functionalization, reaction
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temperature, catalyst dosage, and the nature of sulfur-
containing substrates, influence catalytic efficiency, ultimately
identifying the optimal reaction parameters. Experimental
results demonstrate that at 130 °C with an air flow rate of 6
L/h, CoMos@iPAF-30 achieved complete (100%) conversion
of DBT within just 60 min. Nevertheless, when compared to
existing literature, the catalytic activity of this particular
system is considered to be at a moderate or average level.

5. Conclusion and Outlook

5.1. Conclusion

This article systematically reviews and comprehensively
summarizes the latest research advances and development
trends in composite catalysts constructed by encapsulating
POMs within emerging porous framework materials, namely
MOFs and COFs, for the green oxidative transformation of
sulfur-containing compounds. Addressing long-standing
scientific challenges in practical applications of homogeneous
POM catalysts, including tendencies toward agglomeration
and leaching, insufficient exposure of active sites, and lack of
substrate selectivity regulation, POM@MOFs and POM@COFs
composites offer effective solutions through precise design
and synergistic modulation of host-guest architectures. This
review focuses on three representative application scenarios:
selective oxidation of active sulfides in biomedicine, deep
oxidative desulfurization of fuels in environmental and
energy fields, and degradation of chemical warfare agent
simulants in public safety. Synthesizing existing research
findings, the superior catalytic performance of POM@MOFs
and POM@COFs systems compared to individual components
can be attributed to three key mechanisms.

(i) Dual effects of physical confinement and electrostatic
anchoring. The unique periodic pore structures of MOFs and
COFs provide nanoscale confined spaces that effectively
inhibit agglomeration and leaching of POM nanoparticles.
Simultaneously, strong electrostatic interactions between
abundant functional groups on the framework surface and
POMs ensure stable immobilization of active components,
significantly enhancing catalyst recyclability and lifespan.

(ii) Host-guest electronic synergy. Efficient interfacial
electron transfer between the host frameworks (MOFs/COFs)
and POM active centers enables precise modulation of the
electron cloud density and redox potential of POM metal
centers. This optimizes catalytic reaction pathways,
substantially improving intrinsic catalytic activity and
reaction selectivity.

(iii) Fine-tuning of pore microenvironment. Atomic-level
precision in adjusting pore size, channel geometry and surface
hydrophilicity/hydrophobicity of porous frameworks not
only achieves sieving effects for substrates of different sizes
but also selectively enriches reactants and accelerates
product desorption. This creates an ideal microreactor
environment, further enhancing substrate specificity and
reaction efficiency of the catalytic system.

5.2. Future Prospects and Challenges

Although the POMs@MOFs and POM@COFs composite
catalytic systems have achieved a series of breakthrough
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advances in the green oxidation of sulfur-containing
compounds and successfully addressed many inherent
shortcomings of homogeneous POM catalysts, the transition
from fundamental laboratory research to large-scale
industrial application still faces multiple challenges, such as
insufficient synthetic controllability, ambiguous structure-
property relationships, limited mechanistic understanding,
and poor engineering compatibility. Future studies may focus
on the following five key dimensions to conduct systematic
and forward-looking exploration and breakthroughs.

(i) Atomic-level precision innovation and green scalable
upgrades in synthetic methodologies. Current mainstream
methods, such as impregnation, ion exchange, and simple in-
situ encapsulation strategies, commonly suffer from uneven
POM loading, random distribution of active sites, weak host-
guest interactions, and potential structural damage to POMs.
One of the core future research directions lies in developing
atomic-level precise construction techniques, for instance, via
coordination-directed self-assembly, site-specific covalent
bonding, or post-synthetic modification strategies, to
precisely anchor POM units with specific composition and
structure at predetermined nodes or within the channels of
porous frameworks. This enables monodisperse, high-density,
and oriented arrangement of active centers. Meanwhile, there
is an urgent need to explore green, low-cost, and scalable
synthesis processes, including mechanochemical ball milling,
microwave-assisted rapid synthesis, continuous-flow
synthesis, and scaled-up improvements of hydro-/solvo-
thermal methods. These advancements will lay a practical
foundation for industrial applications such as deep fuel
desulfurization and large-scale industrial wastewater
treatment.

(ii) Precise regulation achieves the optimal balance
between porosity and active load. The encapsulation and
immobilization of POMs occupy and compress the pore space
of the carrier, leading to a decline in porosity, an increase in
mass transfer resistance, and a reduction in substrate
accessibility to active sites. Maintaining excellent pore
structure and efficient mass transfer under high loading
conditions is a core issue urgently needing breakthrough in
this field.

Constructing a hierarchical pore architecture is an effective
pathway to resolve this contradiction. Through the synergy of
a micro-meso-macroporous multi-level system, where
micropores/narrow mesopores confine POMs to inhibit
agglomeration and leaching, and mesopores/macropores
construct fast mass transfer channels to reduce diffusion
resistance, it is possible to simultaneously enhance both
active site loading and mass transfer efficiency. Future efforts
require the development of precise and controllable synthesis
techniques for hierarchical pores to achieve fine-tuning of
pore size, distribution, and connectivity, thereby supporting
the design and development of high-performance
encapsulated catalysts.

Vacancy engineering is another core strategy to reconfigure
the balance between loading and mass transfer,
encompassing two main development directions: First,
chemical anchoring mediated by structural vacancies.
Traditional physical impregnation and electrostatic



Chen et al.

©

adsorption struggle to control the spatial distribution of POMs,
which is the root cause of random pore blockage. Future
designs could involve carriers with well-defined vacancies
(e.g, MOFs with coordinatively unsaturated  sites,
mesoporous materials with controllable defects), enabling the
precise anchoring of POMs. This approach not only achieves
spatial isolation and ordered arrangement of POMs,
preventing agglomeration and pore blocking, but also
suppresses leaching of active components through strong
interactions. By matching vacancy density with loading
amount, it holds promise for achieving single-cluster
confinement, resolving the inherent conflict between loading
and blockage at the molecular level. Second, on-demand pore
channel regulation driven by dynamic vacancies. This
involves  constructing intelligent, reversible pore-
blocking/release mechanisms.

(iii) Exploring structural diversity and precisely constructing
structure-property relationships. The POM family possesses
an extremely rich variety of structural types, ranging from
classic Keggin, Wells-Dawson, and Lindqvist structures to
various lacunary, substituted, sandwich-type, and chiral
POMs. Their redox properties, acidity, and charge density can
be finely tuned at the atomic scale. However, current studies
have largely focused on only a few common POM structures,
leaving a lack of systematic understanding of the intrinsic
relationship between their structural diversity and catalytic
performance. Future efforts should systematically investigate
the structure-property relationships of different POM types,
establishing quantitative structure-performance maps that
correlate POM composition, topology, charge state with
catalytic activity and selectivity. Building on this foundation,
by precisely modulating the topology, pore size, and surface
functional groups of porous frameworks, combined with
electronic structure modification of POMs, it becomes
possible to achieve precise recognition and highly selective
conversion of substrates with varying steric and electronic
effects, such as bulky aromatic sulfides and chiral sulfides.
This will meet the stringent requirements for chemo-, regio-,
and enantio-selectivity in fine chemical synthesis for
biomedicine.

(iv) In-situ dynamic analysis of interfacial electron
interactions and catalytic reaction mechanisms. Although the
host-guest synergistic effect is widely recognized as the core
mechanism behind the enhanced performance of POM@MOFs
and POM@COFs systems, current understanding of its
microscopic nature remains largely at the level of
macroscopic phenomena description and theoretical
speculation, lacking direct experimental evidence of dynamic
evolution during reactions. Future research should shift its
focus from static structural characterization toward the
observation of dynamic processes. Advanced characterization
techniques, such as in situ X-ray absorption fine structure, in
situ Raman spectroscopy, quasi-in situ X-ray photoelectron
spectroscopy, and in situ infrared spectroscopy, should be
comprehensively employed to monitor in real time the
valence state changes of POM active centers, the evolution of
their coordination environments, and the charge transfer
pathways at the host-guest interface. Furthermore, by
integrating ultrafast spectroscopic  techniques like
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femtosecond transient absorption spectroscopy, researchers
can reveal how host-guest interactions modulate the energy
barriers of reaction transition states, the stability of reaction
intermediates, and the overall reaction pathways. This will
provide a solid physicochemical foundation for the rational
design of high-performance catalysts.

(v) Rational catalyst design driven by artificial intelligence
(AI) and machine learning. With the continuous accumulation
of experimental data and rapid advancements in computational
chemistry within this field, the traditional trial-and-error
approach to catalyst development can no longer meet the
demands of efficient innovation. Introducing a paradigm for
catalyst discovery driven by Al and machine learning has
become an inevitable trend. Specifically, breakthroughs can
be achieved through the following three aspects. Firstly,
building machine learning models based on published
experimental data and high-throughput DFT calculations to
virtually screen a vast array of POM-porous frameworks
combinations, enabling rapid prediction of their catalytic
activity and selectivity in various sulfur oxidation reactions.
Secondly, mining hidden correlations between the host-guest
interfacial electronic structure, pore microenvironment, and
catalytic performance to establish interpretable performance
prediction models, which guide the directional synthesis of
composite materials with specific catalytic functions. Thirdly,
integrating Al with molecular dynamics simulations and
reaction pathway calculations to deeply analyze the reaction
kinetics and thermodynamics in POM-based heterogeneous
catalytic systems, significantly shortening the research and
development cycle from laboratory discovery to industrial
application.

(vi) Long-term stability under harsh conditions and
engineering application technology development. In real
industrial application scenarios, catalysts must withstand
complex and harsh chemical environments, such as high
temperature, high pressure, high impurity content, and
fluctuating pH, over extended periods. In emergency public
safety events, such as chemical agent decontamination, they
are also required to exhibit rapid response, high tolerance,
and reusability. Most current studies only evaluate catalyst
recyclability under ideal laboratory conditions, lacking in-
depth investigation of their deactivation mechanisms (e.g.,
framework collapse, POM leaching, active site poisoning)
under actual operating conditions. Future work should
prioritize stability testing and deactivation mechanism
studies under simulated industrial conditions, and develop
porous framework materials with higher chemical stability,
thermal stability, and anti-poisoning capability. In addition, to
address engineering challenges associated with powdered
catalysts, including difficult separation, easy loss, and high
bed pressure drop, vigorously advancing monolithic catalyst
fabrication techniques, such as supported thin-film catalysts,
fibrous catalysts, and 3D-printed structured catalysts, will be
a crucial step in advancing this technology from the
laboratory to industrial application.

The cross-border integration of POMs and porous
framework materials opens up a new research direction for
the green oxidation conversion of sulfur-containing
compounds and shows great application potential. In the



©

Chen et al.

future, through the in-depth cross-collaboration of chemistry,
materials science, environmental science, computational
science and engineering science, combined with atomic-level
precise synthesis strategies, in-situ dynamic mechanism
exploration and Al-driven rational design, we will develop the
next generation of efficient, stable, low-cost and environmentally
friendly sulfur-containing oxidation catalytic systems, which
will have far-reaching social impact and significant economic
benefits in the fields of environmental remediation,
pharmaceutical and chemical industry and public safety.
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