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Abstract: Polyoxometalates (POMs) are transition metal oxygen anionic clusters that are oxidatively
and thermally robust due to their inorganic, metal oxide-like nature. The versatility of their structures
and compositions ensures tunable acid and redox properties, solubility, and functionality. The poten-
tial of POMs as homogeneous catalysts and building blocks for the construction of heterogeneous
selective oxidations catalysts is being intensively investigated. POM catalysts immobilized on solid
supports have the clear advantages of easy separation and reuse and, thus, better meet the requests of
sustainable chemistry, provided that they are leaching-resistant under the reaction conditions. Here,
we give a brief overview of recent advances in the field of liquid-phase selective oxidation of organic
compounds using supported POMs and the green oxidant–hydrogen peroxide, with a focus on the
critical issues of the catalyst stability and reusability. The scope and limitations of various approaches
to POM immobilization are discussed.

Keywords: heterogeneous catalysis; hydrogen peroxide; immobilization; liquid-phase selective
oxidation; polyoxometalates; supported catalysts

1. Introduction

In the modern chemical industry, the role of liquid-phase selective oxidation in the
production of bulk and fine chemicals is permanently increasing [1–3]. The development
of cost-effective and environmentally friendly oxidation processes employing safe and
readily available oxidants is a challenging goal, as requested by the pursuit of sustainable
and green manufacturing of valuable chemicals. In this context, hydrogen peroxide, the
molecule that can provide 47% of potentially active oxygen, leaving water as the only
byproduct, remains one of the most ecologically and economically attractive oxidants [4–6].
Significant progress achieved on the way to the direct synthesis of H2O2 from molecular
hydrogen and oxygen contributes to the expansion of interest in this oxidant [7–12].

The use of hydrogen peroxide in oxidation reactions requires catalysts because it
is inert toward the majority of organic substrates. Heterogeneous catalysts have clear
advantages of facile recovery, recycling, and compatibility with flow reactors and, thus,
better meet the needs of sustainable chemistry, provided that the solid catalyst is stable to
the leaching of active metal in the reaction medium [2,3].

A serious problem of the currently existing selective oxidation catalysts is their rela-
tively low productivity caused by the damage of active sites under conditions of a large
excess of H2O2. While catalysts bearing organic and organometallic ligands (both ho-
mogeneous and supported) suffer from oxidative degradation, most of metal-containing
zeolites and other zeotype solids reveal hydro(solvo)lytic instability in the presence of
aqueous H2O2, which results in the aggregation of active sites and may be accompanied by
metal leaching into the solution. A rare exception among them is the well-known catalyst
titanium–silicalite-1 (TS-1), developed by the ENI group in the 1980s [13,14]. The invention
of TS-1 appeared to be a real breakthrough in the field of liquid-phase oxidation and greatly
expanded interest in the use of aqueous hydrogen peroxide as oxidant. Nowadays, TS-1 is
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employed in large-scale industrial processes [15–18], but its scope is limited to small organic
substrates capable of penetrating the micropores (0.53× 0.56 nm) of the catalyst. Significant
scientific efforts have been directed to the development of larger pore analogues of TS-1,
in particular, mesoporous Ti-silicates, and several catalytic materials with a fairly good
hydro(solvo)lytic stability have been elaborated [19–23]. However, unlike TS-1, these mate-
rials are endowed with a hydrophilic nature, and the preferential adsorption of H2O2/H2O,
rather than the organic substrate, favors the unproductive H2O2 decomposition on the
catalyst surface, which results in a large contribution of homolytic oxidation pathways
and negative effects on the oxidation selectivity [22,23]. Some limited achievements in
this area are related to the partial hydrophobization of the surface of titanium silicate
catalysts [24–26] and the introduction of other metals, first of all, niobium, into silicate ma-
trices [27–30]. Meanwhile, the search for alternative types of catalysts capable of heterolytic
activation of aqueous hydrogen peroxide remains a challenging goal of oxidation catalysis.

Early transition metal oxygen anionic clusters, also called polyoxometalates (POMs;
general formula [XxYyOz]q− (x ≤ y), where X is a main group element or transition metal
and Y are addenda atoms, most often MoVI or WVI) have long been attracting the research at-
tention as oxidation catalysts thanks to a unique combination of properties, which includes,
first of all, the inorganic nature and metal oxide-like structure, ensuring thermodynamic
stability to oxidation along with good thermal and hydro(solvo)lytic stability [31–41]. The
obvious structural analogy between POMs and the surface of metal oxides makes it possible
to consider POMs as discrete soluble molecular models of heterogeneous catalysts, which
can be systematically investigated at the atomic level by experimental and computational
techniques [34,42–45].

The solubility, redox, and acid–base properties of POMs and, as a result, their catalytic
performance can be finely tuned by choosing the POM structure and chemical composition
of both the polyanion and its counter cations. In particular, interesting objects for oxidation
catalysis are M-substituted polyoxotungstates that comprise various heterometals (M)
strongly bound to the molecular tungsten oxide through multiple M–O–W bonds, which
potentially prevents the active site from hydrolysis and di(oligo)merization. In addition, a
covalent functionalization of POMs can be used to control the surrounding of the active
site, specifically its steric hindrance [46,47]. Some structural types of POMs that will be
mentioned in this review, in relation to their use in oxidation catalysis with H2O2, are
shown in Figure 1.
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A comprehensive review literature, including several thematic issues and book chap-
ters [32–35,38,48–55], covers different aspects of POM chemistry, in particular, their appli-
cation in various fields of catalysis [31–33,35–41,49,53–55]. A book chapter of Kholdeeva
and Hill covered the literature (until 2012) related to POM immobilization and use in
selective oxidations [38]. Wu discussed the progress of using supramolecular interactions
for the construction of encapsulated POM catalysts [54]. Enferadi-Kerenkan et al. reviewed
catalysis by solidified polyoxotungstates [56], while Evtushok et al. surveyed the POM im-
mobilization on carbon nanotubes and their use in selective oxidations [57]. Some modern
trends in the environmentally benign oxidation catalysis by POMs and H2O2, specifically
new approaches to biphasic catalysis with POMs and POM immobilization, were touched
on in a book chapter of Kholdeeva [55]. However, the topic of selective oxidation using
supported POMs has greatly expanded in recent years, and our aim here is to give a brief
overview of the new advances in this field, with a focus on the use of hydrogen peroxide
as oxidant. Given that the resistance to the leaching of active species under turnover con-
ditions of liquid-phase oxidation is a critical issue for solid catalysts [58], we paid special
attention to this problem and singled out those works for which the heterogeneous nature
of catalysis was thoroughly validated.

2. Supported POMs as Heterogeneous Catalysts for Selective Oxidations with H2O2

To date, a range of different approaches to the immobilization of catalytically active
POMs on solid supports have been proposed [38,59–70]. Conventional methodologies
include the synthesis of insoluble POM salts (Cs+, Ag+, K+, NH4

+, or some organic polyca-
tions) [61,68,69,71–75], embedding into silica by means of sol–gel synthesis [59,65,69,76–80],
electrostatic attachment via anion exchange with layered double hydroxides [81–84], or
modified surface of silica materials [65,68,69,76,80,85–99], anchoring through the formation
of dative bonds between POM and surface ligands [100–103], and finally, the covalent
binding of organo-functionalized POMs [61,63,66,69,104,105]. In the last decade, some
novel approaches that involve combinations of various types of interactions, including
supramolecular ones, between the POM and surface, have been developed and successfully
employed for the preparation of stable POM-based oxidation catalysts.

2.1. Embedding via Template Synthesis

One of the efficient and convenient approaches to POM heterogenization is encapsu-
lation in an inert matrix during the matrix synthesis. Izumi was the first who suggested
inserting a catalytically active POM into silica by means of the sol–gel method [59]. The
discovery of ordered mesoporous materials stimulated the further development and modi-
fications of this technique, using various templates as structure-directing agents [38] and
references cited therein. However, while microporous POM/SiO2 composites could be
relatively stable [65,76,77], mesoporous composite materials often showed insufficient
stability to POM leaching in polar media.

The evaporation-induced self-assembly (EISA) procedure was employed for a one-
pot preparation of a series of ordered meso-macroporous titania–silica–polyoxometalate
materials using phosphotungstic acid as a POM and non-ionic surfactant (P123) and
monodisperse polystyrene microspheres as co-structure-directing agents [106,107]. Cata-
lysts PW12/SiO2–TiO2 exhibited a good performance in oxidative desulfurization (ODS)
reactions: dibenzothiophene (DBT, 500 ppm S as model fuel), which is considered to be the
main sulfide pollutant in fuel oil, was completely removed within 1 h under optimized con-
ditions. The catalytic performance of PW12/SiO2–TiO2 was superior to that of PW12/SiO2,
which was explained by the presence of surface Lewis acidic sites in the former [107]. No
obvious degradation of the catalytic performance was observed upon catalyst recycling
during six runs. The retention of the Keggin structure of PW12 was confirmed by FT-IR
spectra of the spent catalyst, while XRD measurements and TEM images indicated mainte-
nance of the orderly morphological and microscopic structure. However, the PW12 loading
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in the reused catalyst, as determined by ICP, dropped from 19.7 to 17.8%, indicating that
the leaching of active tungsten species could be possible during the reaction course.

Nogueira and co-workers have suggested the synthesis of core/shell nanoparti-
cles comprising POM as a core encapsulated within silica shell through the hydroly-
sis of tetraethoxysilane in the presence of POM [108]. Following a similar approach, a
PW12@TiO2 core–shell microsphere material was prepared via one-step template synthesis
using K3PW12O40 as a core and TiO2 as a shell [109]. Multiple characterization methods
(FT-IR, XRD, XPS, Raman, SEM, and TEM) implicated that PW12 was encapsulated into
the mesoporous TiO2 phase as the core. The resultant composite was found to be efficient
catalyst for ODS of a model oil using H2O2 as an oxidant with 99.9% S removal of DBT after
60 min under the optimum conditions. Additionally, leaching and recycling experiments
coupled with catalyst filtration tests confirmed that the PW12@TiO2 is a truly heterogeneous
catalyst with excellent recyclability during, at least, seven reuses.

2.2. Electrostatic Binding via Anion-Exchange

Electrostatic binding with NH3
+-group of amine-functionalized silica supports con-

tinues to be one of the most common methods for POM immobilization. A La-containing
POM, [LaW10O36]9−·(LaW10) attached to a commercial mesoporous silica functionalized
with (3-aminopropyl)triethoxysilane (aptes) [110] and a sandwich-type [Eu(PW11O39)2]11−

(Eu(PW11)2) supported on an aptes-modified SBA-15 [111] behaved as active and recyclable
catalysts in ODS of a multicomponent model diesel containing the most refractory sulfur
compounds (1-benzothiophene, dibenzothiophene, 4,6-dimethyldibenzothiophene, and
4-methyldibenzothiophene) using H2O2 as the oxidant. Eu(PW11)2@aptesSBA-15 revealed
not only a high recycling ability without loss of activity during ten consecutive ODS runs,
but also the high robustness and stability of the composite material as confirmed by FT-IR,
Raman, 31P MAS NMR, XRD, and SEM/EDS techniques [111].

A PW12-based cross-linked copolymer catalyst was synthesized via the anion ex-
change of phosphotungstic acid with ionic copolymer obtained through the radical copoly-
merization of dicationic ([1,1′-(butane-1,4-diyl)-bis(3-vinylimidazolium)]Br2) and amine-
functionalized ([3-aminoethyl-1-vinylimidazolium]Br·HBr) ionic liquids [112]. The result-
ing hybrid material catalyzed the efficient epoxidation of a range of alkenes (cyclooctene,
cyclohexene, 1-hexene, and 1-octene) with up to 100% selectivity to the corresponding
epoxides under the conditions of oxidant deficiency. The ICP-AES analysis of the filtrates
indicated that ca. 3 wt.% of W leached into the reaction medium during the first opera-
tion cycle, while leaching became negligible upon further catalyst reuse. The hot catalyst
filtration test confirmed the truly heterogeneous nature of the observed catalysis.

Doherty et al. have used cation-decorated polymeric supports based on ionic liq-
uids (PIILPs) prepared by ring-opening metathesis polymerization of a pyrrolidinium-
functionalised norbornene-based monomer with cyclooctene to immobilize the Venturello
complex [PO4{WO(O2)2}4]3− (PW4) [113]. The resulting solid was active in the epoxidation
of a range of alkenes and allylic alcohols using H2O2 with the corresponding epoxides
yields up to 94%. The catalyst recovered by centrifugation could be reused at least three
times, with a minor reduction in the initial reaction rate. ICP-OES analysis revealed no
tungsten in the reaction mixture after the catalyst recovery, while the solid state 31P NMR
confirmed stability of the PW4 structure in the recycled catalyst. However, the TEM images
of the reused PW4-PIILP have shown some aggregation of the peroxophosphotungstate
on the surface. Such aggregation can lead to a reduced accessibility of the active species,
which, in turn, may cause decrease in catalytic activity after several reuses.

The Keggin polyanion [PMo10V2O40]5− (PMo10V2) could be successfully immobilized
by electrostatic interactions with the positively charged surface of the hydrophilic porous
block copolymer membranes on the basis of polystyrene-block-poly(N,N-dimethylaminoethyl
methacrylate [114]. The POMbranes thus obtained were active in oxidation of anthracene
and 9,10-dihydroanthracene with H2O2, producing anthraquinone with 71–100% yields, as
well as oxidized tetrahydrothiophene (THT), to a mixture of sulfoxide and sulfone. Despite
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the fact that no POM leaching was observed under the turnover conditions, the recycling
experiments have shown a steady loss of catalytic activity. The catalyst deactivation could
be explained by a strong adsorption of the reaction products on the catalyst surface. Indeed,
the reactivation by drying the membrane in a vacuum improved the catalytic performance
upon reuse in THT oxidation.

Lindqvist-type Na9LaW10O36·32H2O intercalated into layered double hydroxides
modified with ionic liquids (ILs) demonstrated high activity and selectivity in the epoxida-
tion of a range of allylic alcohols with H2O2 [115]. The highest activity was exhibited by a
Mg3Al-ILs-C8-LaW10 material based on [Mg0.75Al0.25(OH)2](NO3)0.25·2H2O (Mg3Al-NO3)
modified with 1-octyl-3-(3-triethoxy-silylpropyl)-4,5-dihydroimidazolium hexafluorophos-
phate ((EtO)3Si-ILs-C8). The oxidation of trans-2-hexen-1-ol in the presence of Mg3Al-ILs-
C8-LaW10 showed 99% epoxide selectivity at 96% substrate conversion after 2.5 h at 25 ◦C.
The catalyst could be readily isolated from the reaction mixture by centrifugation and
reused for, at least, five times without a loss of the initial catalytic activity. The stability of
the Mg3Al-ILs-C8-LaW10 structure under turnover conditions was confirmed by FTIR, 29Si
NMR CP/MAS, and XPS measurements, while the heterogeneous nature of the catalysis
was verified by the catalyst filtration test performed during the reaction course.

2.3. Inclusion in Metal–Organic Frameworks

In recent years, the immobilization of POMs into the cages of metal–organic frame-
works (MOFs) has attracted much research attention [70,116–126]. Férey and co-workers
were the first who demonstrated that POM molecules can penetrate MOF, and a large cage
(3.4 nm diameter with windows of 1.2 and 1.6 nm) of the mesoporous chromium terephtha-
late MIL-101 can accommodate up to five Keggin-type POMs [127]. The subsequent studies
by Maksimchuk et al. revealed that only one polyanion per cage is strongly attached to the
MIL-101(Cr) surface (Figure 2), and the POM attachment occurs through anion exchange
with nitrate anions present in the MIL-101 framework, while all extra POM molecules easily
leach into solution [118,128,129]. The binding between polyanion and MIL-101 is, therefore,
electrostatic, and POM can be re-extracted by an anion exchange procedure, for example,
using a solution of a perchlorate or nitrate salt [118,128,129].
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The combination of MIL-101 and a POM capable of activating H2O2 has made it
possible to use hydrogen peroxide as oxidant in a range of selective oxidations (Table 1).
Specifically, Figure 3 demonstrates the application of PW12@MIL-101(Cr) in the epoxida-
tion of various alkenes [118,129]. Fairly good yields of epoxides could be obtained for
monoterpenes, the substrates prone to various rearrangements, using equimolar amount of
H2O2. Although the activity of the PW12/H2O2 catalytic system is commonly attributed to
the lower nuclearity peroxotungstates (first of all, PW4 and PW2) formed in situ under the
conditions of H2O2 excess [130–133], the 31P NMR MAS spectrum of the PW12/MIL-101(Cr)
catalyst remained practically unchanged after five runs of cyclohexene oxidation. This
implies that immobilization on MIL-101(Cr) could increase the stability of the polyanion,
even if the transformation of the MIL-included PW12 to low-nuclearity species occurs in
the presence of H2O2, such transformation is apparently reversible.
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Interestingly, the hybrid materials POM@MIL-101 (POM = [PW11TiO40]5− (PW11Ti) or
PW12) demonstrated a pronounced improvement of both epoxidation selectivity and alkene
conversion upon enlarging concentration of the oxidant (Figure 4), despite the increasing
water concentration in the system (H2O2 was taken as a 30% aqueous solution) [118,128,129].
The reverse trend was observed for the corresponding homogeneous POMs, which is what
one would expect, given that the increased concentration of H2O2 (H2O) is favorable
for epoxide ring opening and overoxidation processes. The unusual behavior of the
POM@MIL-101 catalysts in alkene epoxidation with aqueous H2O2 was explained by
the specific sorption properties of the MOF support [118,120]. It was suggested that the
hydrophobic part of the terephthalate linker favors adsorption of nonpolar hydrocarbons
and, oppositely, disfavors the adsorption of water. This suggestion is supported by the
character of the water adsorption isotherm reported for MIL-101, which shows that H2O
uptake by MIL-101 starts at high relative pressures (p/p0 = 0.4) [134], indicating that the
MOF surface behaves as a hydrophobic one when the concentration of water in the organic
solvent is low [120].
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Following these first works, a large number of papers concerning POM immobiliza-
tion within MOFs have been published [55,70,120,121,124–126]. Hatton and co-workers
reported a one-pot synthesis of MIL-101(Cr)-immobilized phosphotungstic acid, which
was active in the epoxidation of caryophyllene with H2O2 (Table 1), behaved as truly
heterogeneous catalyst, and could be recycled without loss of activity [135]. Nonethe-
less, the PW12@MIL-101 material showed a reduction of the POM content upon the re-



Catalysts 2023, 13, 360 7 of 27

cycling. Balula and co-workers inserted a range of POMs (Tb-substituted Keggin-type
dimer [Tb(PW11O39)2]11− (Tb(PW11)2) [136], sandwich-type Co4(PW9)2 (see Figure 1 for
the structure) [137], trivacant ([A-PW9O34]9− (PW9), [138], Venturello peroxotungstate
PW4 [139], and europium-substituted Lindqvist dimer [Eu(W5O18)2]9− (EuW10) [140])
by post-synthetic impregnation of MOF (MIL-101(Cr) or ZIF-8) with a POM solution.
PW9@MIL-101 revealed catalytic activity in oxidation of monoterpenes and S-compounds
with H2O2. Most of the hybrid materials exhibited high activity in the oxidative desulfur-
ization [124,137–140] (Table 2), whereas Co4(PW9)2@MIL-101 also catalyzed oxidation of
alkenes (geraniol, limonene, styrene) and cyclooctane with H2O2 (Table 1) [137]. While the
oxidation of geraniol gave only 1,2-epoxygeraniol, limonene was transformed mainly to
1,2-epoxide and the corresponding 1,2-diol, whereas benzaldehyde was the main product
obtained from styrene [137]. Although the structure of both POM (confirmed by EDX,
FT-IR, and Raman measurements) and MOF (confirmed by XRD and SEM) was retained,
the catalyst kept its activity during at least three consecutive runs, and some POM leaching
was documented [137].

A one-pot mechanochemical synthesis was suggested as an efficient strategy to insert
PMoV heteropolyacids H3+nPMo12−nVnO40 (n = 2–4) into the large cavities of a metastable
MOF, rho-ZIF [141]. The PMoV@rho-ZIF composites were effective catalysts for the selec-
tive oxidation of a series of organic sulfides to sulfoxides with aqueous H2O2 (Table 1). The
heterogeneous nature of the catalysis was confirmed by the catalyst filtration experiment,
and the PMoV@rho-ZIF materials could be recycled at least four times without a significant
loss of activity, with retention of the POM and MOF structures. Wang et al. immobilized an
ionic liquid–phosphotungstate inside the cages of pre-activated MIL-101(Cr) with unsat-
urated Cr3+ active sites via formation of Cr–N dative bonds [142]. The catalytic material
was active in the H2O2-based oxidation of cyclohexene to produce adipic acid (AA) and
maintained activity for at least six reuses. Yields of AA up to 78% under solvent-free
conditions have been claimed (Table 1). Unfortunately, the absence of leaching and the
nature of the catalysis were not addressed by the authors.

In order to suppress the leaching of immobilized POM, Qiu and co-workers pro-
posed an encapsulation strategy based on an ionic liquid bridging [143,144]. Thus, phos-
photungstic acid was successfully encapsulated into the Zr-based MOF UiO-66 by (i) in
situ solovothermal procedure using carboxyl-functionalized methylimidazole as bridg-
ing molecule [143] or (ii) manual grinding technique using 4-aminopyridine as bridging
compound [144]. A range of physicochemical methods (XRD, EDS, and XPS) confirmed
the successful introduction and high dispersion of POM. The PW12@UiO-66 composites
exhibited high activity in oxidative desulfurization of DBT (as 1000 ppm S model oil)
with H2O2 (Table 2). The authors suggested that such activity is attributed to the high
dispersion of the active component on the surface of UiO-66 and synergy between the
Zr(IV) open sites in the MOF and active W(VI) sites in the POM. Indeed, IL-functionalized
PW12, POM-free UiO-66, and even a mixture of POM and MOF showed lower activity in
DBT desulfurization, as compared to the composite catalyst [143].

Phosphotungstic and phosphomolybdic (PMo12) heteropolyacids were encapsulated
within the MOF-808 by in situ synthesis based on a ‘ship-in-a-bottle’ approach [145,146].
Lin et al. used MOF-808X with tunable window diameters [145]. Both PMo12@MOF-808
and PW12@MOF-808X revealed high activity and stability in ODS of model fuels and could
be used repeatedly without a loss of catalytic properties (Table 2). A few UiO-66(67)-
incorporated hybrid materials with a range of POMs (PW12 or PMo12 heteropolyacids
and salts), and they were synthesized via a direct solvothermal reaction [147–149]. A
composite PW12@UiO-66 with 35 wt% of POM was highly active in the selective oxidation
of cyclopentene to glutaraldehyde with H2O2 (78% yield at 95% substrate conversion, see
Table 1), did not suffer active metal leaching, and could be used repeatedly [147].
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Table 1. H2O2-based oxidations over MOF-included POMs.

POM MOF Synthesis
Method Substrate/Conv. % Product/ Selectivity, % Nature of

Catalysis a Ref.

PW12 MIL-101(Cr) Ads. b
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be used  repeatedly without  a  loss of  catalytic properties  (Table 2). A  few UiO‐66(67)‐

incorporated hybrid materials with a range of POMs (PW12 or PMo12 heteropolyacids and 

salts),  and  they  were  synthesized  via  a  direct  solvothermal  reaction  [147–149].  A 

composite PW12@UiO‐66 with 35 wt% of POM was highly active in the selective oxidation 

of cyclopentene to glutaraldehyde with H2O2 (78% yield at 95% substrate conversion, see 

Table 1), did not suffer active metal leaching, and could be used repeatedly [147]. 

Table 1. H2O2‐based oxidations over MOF‐included POMs. 
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in  situ  solovothermal  procedure  using  carboxyl‐functionalized  methylimidazole  as 

bridging molecule  [143]  or  (ii) manual  grinding  technique  using  4‐aminopyridine  as 

bridging compound  [144]. A  range of physicochemical methods  (XRD, EDS, and XPS) 

confirmed  the successful  introduction and high dispersion of POM. The PW12@UiO‐66 

composites exhibited high activity  in oxidative desulfurization of DBT  (as 1000 ppm S 

model oil) with H2O2 (Table 2). The authors suggested that such activity is attributed to 

the high dispersion of the active component on the surface of UiO‐66 and synergy between 

the  Zr(IV)  open  sites  in  the MOF  and  active W(VI)  sites  in  the  POM.  Indeed,  IL‐

functionalized PW12, POM‐free UiO‐66, and even a mixture of POM and MOF showed 

lower activity in DBT desulfurization, as compared to the composite catalyst [143]. 

Phosphotungstic and phosphomolybdic (PMo12) heteropolyacids were encapsulated 

within the MOF‐808 by in situ synthesis based on a ‘ship‐in‐a‐bottle’ approach [145,146]. 

Lin et al. used MOF‐808X with tunable window diameters [145]. Both PMo12@MOF‐808 

and PW12@MOF‐808X revealed high activity and stability in ODS of model fuels and could 

be used  repeatedly without  a  loss of  catalytic properties  (Table 2). A  few UiO‐66(67)‐

incorporated hybrid materials with a range of POMs (PW12 or PMo12 heteropolyacids and 

salts),  and  they  were  synthesized  via  a  direct  solvothermal  reaction  [147–149].  A 

composite PW12@UiO‐66 with 35 wt% of POM was highly active in the selective oxidation 

of cyclopentene to glutaraldehyde with H2O2 (78% yield at 95% substrate conversion, see 

Table 1), did not suffer active metal leaching, and could be used repeatedly [147]. 

Table 1. H2O2‐based oxidations over MOF‐included POMs. 
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in  situ  solovothermal  procedure  using  carboxyl‐functionalized  methylimidazole  as 

bridging molecule  [143]  or  (ii) manual  grinding  technique  using  4‐aminopyridine  as 

bridging compound  [144]. A  range of physicochemical methods  (XRD, EDS, and XPS) 

confirmed  the successful  introduction and high dispersion of POM. The PW12@UiO‐66 

composites exhibited high activity  in oxidative desulfurization of DBT  (as 1000 ppm S 

model oil) with H2O2 (Table 2). The authors suggested that such activity is attributed to 

the high dispersion of the active component on the surface of UiO‐66 and synergy between 

the  Zr(IV)  open  sites  in  the MOF  and  active W(VI)  sites  in  the  POM.  Indeed,  IL‐

functionalized PW12, POM‐free UiO‐66, and even a mixture of POM and MOF showed 

lower activity in DBT desulfurization, as compared to the composite catalyst [143]. 

Phosphotungstic and phosphomolybdic (PMo12) heteropolyacids were encapsulated 

within the MOF‐808 by in situ synthesis based on a ‘ship‐in‐a‐bottle’ approach [145,146]. 

Lin et al. used MOF‐808X with tunable window diameters [145]. Both PMo12@MOF‐808 

and PW12@MOF‐808X revealed high activity and stability in ODS of model fuels and could 

be used  repeatedly without  a  loss of  catalytic properties  (Table 2). A  few UiO‐66(67)‐

incorporated hybrid materials with a range of POMs (PW12 or PMo12 heteropolyacids and 

salts),  and  they  were  synthesized  via  a  direct  solvothermal  reaction  [147–149].  A 

composite PW12@UiO‐66 with 35 wt% of POM was highly active in the selective oxidation 

of cyclopentene to glutaraldehyde with H2O2 (78% yield at 95% substrate conversion, see 

Table 1), did not suffer active metal leaching, and could be used repeatedly [147]. 

Table 1. H2O2‐based oxidations over MOF‐included POMs. 
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in  situ  solovothermal  procedure  using  carboxyl‐functionalized  methylimidazole  as 

bridging molecule  [143]  or  (ii) manual  grinding  technique  using  4‐aminopyridine  as 

bridging compound  [144]. A  range of physicochemical methods  (XRD, EDS, and XPS) 

confirmed  the successful  introduction and high dispersion of POM. The PW12@UiO‐66 

composites exhibited high activity  in oxidative desulfurization of DBT  (as 1000 ppm S 

model oil) with H2O2 (Table 2). The authors suggested that such activity is attributed to 

the high dispersion of the active component on the surface of UiO‐66 and synergy between 

the  Zr(IV)  open  sites  in  the MOF  and  active W(VI)  sites  in  the  POM.  Indeed,  IL‐

functionalized PW12, POM‐free UiO‐66, and even a mixture of POM and MOF showed 

lower activity in DBT desulfurization, as compared to the composite catalyst [143]. 

Phosphotungstic and phosphomolybdic (PMo12) heteropolyacids were encapsulated 

within the MOF‐808 by in situ synthesis based on a ‘ship‐in‐a‐bottle’ approach [145,146]. 

Lin et al. used MOF‐808X with tunable window diameters [145]. Both PMo12@MOF‐808 

and PW12@MOF‐808X revealed high activity and stability in ODS of model fuels and could 

be used  repeatedly without  a  loss of  catalytic properties  (Table 2). A  few UiO‐66(67)‐

incorporated hybrid materials with a range of POMs (PW12 or PMo12 heteropolyacids and 

salts),  and  they  were  synthesized  via  a  direct  solvothermal  reaction  [147–149].  A 

composite PW12@UiO‐66 with 35 wt% of POM was highly active in the selective oxidation 

of cyclopentene to glutaraldehyde with H2O2 (78% yield at 95% substrate conversion, see 

Table 1), did not suffer active metal leaching, and could be used repeatedly [147]. 

Table 1. H2O2‐based oxidations over MOF‐included POMs. 

POM  MOF 
Synthesis 

Method 
Substrate/Conv. %  Product/ Selectivity, % 

Nature of   

Catalysis a 
Ref. 

PW12  MIL‐101(Cr)  Ads. b 

 

55 

 

89 

Heterog.  [129]  
50 

 
61 

 

72 

 

76 

PW4  MIL‐101(Cr)  Ads. 

 

75 

 

77  Heterog.  [129] 

PW12  MIL‐101(Cr)  Solv. c 

 

n.d. d 

 

92 e  Heterog.  [135] 

IL‐PW12  MIL‐101(Cr) 
Post‐synth. 

f   
 

n.d. 

 

78 e  n.d.  [142] 

PW11Ti  MIL‐101(Cr)  Ads. 

 

88 

 

100  Heterog. g  [128] 

75

Catalysts 2023, 13, 360  8  of  28 
 

 

in  situ  solovothermal  procedure  using  carboxyl‐functionalized  methylimidazole  as 

bridging molecule  [143]  or  (ii) manual  grinding  technique  using  4‐aminopyridine  as 

bridging compound  [144]. A  range of physicochemical methods  (XRD, EDS, and XPS) 

confirmed  the successful  introduction and high dispersion of POM. The PW12@UiO‐66 

composites exhibited high activity  in oxidative desulfurization of DBT  (as 1000 ppm S 

model oil) with H2O2 (Table 2). The authors suggested that such activity is attributed to 

the high dispersion of the active component on the surface of UiO‐66 and synergy between 

the  Zr(IV)  open  sites  in  the MOF  and  active W(VI)  sites  in  the  POM.  Indeed,  IL‐

functionalized PW12, POM‐free UiO‐66, and even a mixture of POM and MOF showed 

lower activity in DBT desulfurization, as compared to the composite catalyst [143]. 

Phosphotungstic and phosphomolybdic (PMo12) heteropolyacids were encapsulated 

within the MOF‐808 by in situ synthesis based on a ‘ship‐in‐a‐bottle’ approach [145,146]. 

Lin et al. used MOF‐808X with tunable window diameters [145]. Both PMo12@MOF‐808 

and PW12@MOF‐808X revealed high activity and stability in ODS of model fuels and could 

be used  repeatedly without  a  loss of  catalytic properties  (Table 2). A  few UiO‐66(67)‐

incorporated hybrid materials with a range of POMs (PW12 or PMo12 heteropolyacids and 

salts),  and  they  were  synthesized  via  a  direct  solvothermal  reaction  [147–149].  A 

composite PW12@UiO‐66 with 35 wt% of POM was highly active in the selective oxidation 

of cyclopentene to glutaraldehyde with H2O2 (78% yield at 95% substrate conversion, see 

Table 1), did not suffer active metal leaching, and could be used repeatedly [147]. 

Table 1. H2O2‐based oxidations over MOF‐included POMs. 
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in  situ  solovothermal  procedure  using  carboxyl‐functionalized  methylimidazole  as 

bridging molecule  [143]  or  (ii) manual  grinding  technique  using  4‐aminopyridine  as 

bridging compound  [144]. A  range of physicochemical methods  (XRD, EDS, and XPS) 

confirmed  the successful  introduction and high dispersion of POM. The PW12@UiO‐66 

composites exhibited high activity  in oxidative desulfurization of DBT  (as 1000 ppm S 

model oil) with H2O2 (Table 2). The authors suggested that such activity is attributed to 

the high dispersion of the active component on the surface of UiO‐66 and synergy between 

the  Zr(IV)  open  sites  in  the MOF  and  active W(VI)  sites  in  the  POM.  Indeed,  IL‐

functionalized PW12, POM‐free UiO‐66, and even a mixture of POM and MOF showed 

lower activity in DBT desulfurization, as compared to the composite catalyst [143]. 

Phosphotungstic and phosphomolybdic (PMo12) heteropolyacids were encapsulated 

within the MOF‐808 by in situ synthesis based on a ‘ship‐in‐a‐bottle’ approach [145,146]. 

Lin et al. used MOF‐808X with tunable window diameters [145]. Both PMo12@MOF‐808 

and PW12@MOF‐808X revealed high activity and stability in ODS of model fuels and could 

be used  repeatedly without  a  loss of  catalytic properties  (Table 2). A  few UiO‐66(67)‐

incorporated hybrid materials with a range of POMs (PW12 or PMo12 heteropolyacids and 

salts),  and  they  were  synthesized  via  a  direct  solvothermal  reaction  [147–149].  A 

composite PW12@UiO‐66 with 35 wt% of POM was highly active in the selective oxidation 

of cyclopentene to glutaraldehyde with H2O2 (78% yield at 95% substrate conversion, see 

Table 1), did not suffer active metal leaching, and could be used repeatedly [147]. 
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POM  MOF 
Synthesis 

Method 
Substrate/Conv. %  Product/ Selectivity, % 

Nature of   

Catalysis a 
Ref. 

PW12  MIL‐101(Cr)  Ads. b 

 

55 

 

89 

Heterog.  [129]  
50 

 
61 

 

72 

 

76 

PW4  MIL‐101(Cr)  Ads. 

 

75 

 

77  Heterog.  [129] 

PW12  MIL‐101(Cr)  Solv. c 

 

n.d. d 

 

92 e  Heterog.  [135] 

IL‐PW12  MIL‐101(Cr) 
Post‐synth. 

f   
 

n.d. 

 

78 e  n.d.  [142] 

PW11Ti  MIL‐101(Cr)  Ads. 

 

88 

 

100  Heterog. g  [128] 

n.d. d

Catalysts 2023, 13, 360  8  of  28 
 

 

in  situ  solovothermal  procedure  using  carboxyl‐functionalized  methylimidazole  as 

bridging molecule  [143]  or  (ii) manual  grinding  technique  using  4‐aminopyridine  as 

bridging compound  [144]. A  range of physicochemical methods  (XRD, EDS, and XPS) 

confirmed  the successful  introduction and high dispersion of POM. The PW12@UiO‐66 

composites exhibited high activity  in oxidative desulfurization of DBT  (as 1000 ppm S 

model oil) with H2O2 (Table 2). The authors suggested that such activity is attributed to 

the high dispersion of the active component on the surface of UiO‐66 and synergy between 

the  Zr(IV)  open  sites  in  the MOF  and  active W(VI)  sites  in  the  POM.  Indeed,  IL‐

functionalized PW12, POM‐free UiO‐66, and even a mixture of POM and MOF showed 

lower activity in DBT desulfurization, as compared to the composite catalyst [143]. 
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Lin et al. used MOF‐808X with tunable window diameters [145]. Both PMo12@MOF‐808 

and PW12@MOF‐808X revealed high activity and stability in ODS of model fuels and could 
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incorporated hybrid materials with a range of POMs (PW12 or PMo12 heteropolyacids and 

salts),  and  they  were  synthesized  via  a  direct  solvothermal  reaction  [147–149].  A 

composite PW12@UiO‐66 with 35 wt% of POM was highly active in the selective oxidation 

of cyclopentene to glutaraldehyde with H2O2 (78% yield at 95% substrate conversion, see 

Table 1), did not suffer active metal leaching, and could be used repeatedly [147]. 
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in  situ  solovothermal  procedure  using  carboxyl‐functionalized  methylimidazole  as 

bridging molecule  [143]  or  (ii) manual  grinding  technique  using  4‐aminopyridine  as 

bridging compound  [144]. A  range of physicochemical methods  (XRD, EDS, and XPS) 

confirmed  the successful  introduction and high dispersion of POM. The PW12@UiO‐66 

composites exhibited high activity  in oxidative desulfurization of DBT  (as 1000 ppm S 

model oil) with H2O2 (Table 2). The authors suggested that such activity is attributed to 
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the  Zr(IV)  open  sites  in  the MOF  and  active W(VI)  sites  in  the  POM.  Indeed,  IL‐
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of cyclopentene to glutaraldehyde with H2O2 (78% yield at 95% substrate conversion, see 
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Table 2. H2O2-based ODS over MOF-immobilized POMs.

POM MOF Synthesis
Method

O/S,
mol. Ratio

Sulfur
Content, ppm

Desulfurization
%

Nature of
Catalysis a Ref.

Tb(PW11)2 MIL-101(Cr) Imp. b 21 1500 >99 Heterog. [136]
PW9 MIL-101(Cr) Imp. 21 1700 >99 Heterog. [138]
PW4 MIL-101(Cr) Imp. 5 2000 >99 n.d. c [139]

EuW10 ZIF-8 Imp. 1500 95 n.d. [140]
PW12 MOF-808 Solv. d 5 1000 e 100 Heterog. [145]
PMo12 MOF-808 Solv. 21 1500 92 n.d. [146]
PMo12 UiO-66 Solv. 3 500 100 n.d. [150]

(mim(CH2)3COO)-PW12
f UiO-66 Solv. 5 1000 e 100 n.d. [143]

PW12 UiO-66-D g Solv. 7 800 100 n.d. [151]
PW12 UiO-66 Mechanochem. 5 1000 e 100 Heterog. [144]
PW12 UiO-67 Solv. 13 1000 100 Heterog. [148]

BMIM-PMo12
h ZIF-8 Solv. 16 2000 92 n.d. [152]

a Nature of catalysis (truly heterogeneous catalysis was confirmed by hot catalyst filtration tests). b Synthesis by
impregnation of MOF with solution of POM. c Not determined. d Solvothermal one-pot synthesis. e DBT was
used as model fuel. f 1-Carboxypropyl-3-methyl imidazolium phosphotungstate [mim(CH2)3COOH]3[PW12O40].
g UiO-66 with defects. h 1-Butyl-3-methylimidazolium phosphomolybdate [BMIM]3[PMo12O40].

Another method of immobilization is related to the use of POMs as building blocks
for the construction of POM-based frameworks (so-called POMOFs) [119,153]. The fam-
ily of diverse POMOF materials combines the advantages of POM chemistry with the
specific MOF’s properties; however, just a few of these materials were assessed as cata-
lysts for aerobic- or tBuOOH-based oxidations [154–158], and no H2O2-based oxidation
was reported.

The main limitation for the use of MOF-supported POMs in oxidation catalysis, espe-
cially in H2O2-based oxidations, is related to the stability of the chosen framework. For
example, in the case of MIL-101-supported POMs, the reaction conditions have a great
impact on the catalyst stability. At temperatures below 50 ◦C and [H2O2] = 0.2 M or lower,
POM/MIL-101 composites behave as true heterogeneous catalysts and can be recycled with
a retention of the catalytic properties, while at higher H2O2 concentrations and/or temper-
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atures, the MIL-101 matrix starts to destroy, leading to deactivation of the POM/MIL-101
catalysts [128].

2.4. Covalent Anchoring in Hybrid Materials

The covalent approach to the immobilization of active complexes offers the obvi-
ous advantage of improved stability of the hybrid material. To perform the covalent
post-functionalization of POMs, the appropriate organic functions need to be grafted
on the polyanion. Proust and co-workers elaborated a synthetic approach applicable to
the functionalization of catalytically active vacant Keggin-type POMs with organo-silyl
or organo-phosphonyl moieties [62,66,159]. Later on, Villanneau and co-workers have
proposed an efficient strategy for the covalent linkage of POM via functionalization by
complementary organic functions of both vacant polyoxometalate species and mesoporous
silica support (Figure 5) [160]. A few combinations of functional groups have been tested,
including carboxylic acid or alkylamine/amine functions for either vacant POM or silica
support modification [160,161]. This strategy allowed for an excellent nanostructuration of
the POMs shell at the surface of silica support to be created, as determined by HR-TEM
(Figure 5). The resulting hybrid materials exhibited a high resistance to leaching in ionic and
polar solvent mixtures [160] and, moreover, in oxidative reaction medium of H2O2-based
liquid-phase oxidations [161]. The main limitation of this approach was the low control of
the quantity of POM grafted, which hardly corresponded to the amount of POM engaged
during the preparation.
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Figure 5. Covalent grafting of phosphonate derivatives of vacant POMs onto the walls of NH2-
functionalized SBA-15 silica (left) and HR-TEM micrographs of POM-CO2H@SBA-NH2 at different
(a–c) magnifications (right). Reprinted with permission from ref. [161]. Copyright 2015 American
Chemical Society.

The catalytic performance of POM-CO2H@SBA-NH2, POM-CO2H@MCF-NH2, and
POM-NH2@SBA-CO2H materials (POM = (tBu4N)3NaH[AsIIIW9O33{P(O)(CH2CH2CO2H)}2]
(AsW9-P(O)COOH) or (tBu4N)4H[PW9O34{As(O)(C6H4NH2)}2] (PW9-As(O)NH2)) was
assessed in cyclooctene epoxidation with H2O2 at room temperature, and the resulting
substrate conversions varied in the range of 19–76% (Table 3) [161]. The material with
the most regular distribution of POM inside the support channels (POM-CO2H@SBA-
NH2) showed the best activity among others, although the reaction rate was lower than
in homogeneous conditions. This catalyst was also active in cyclohexene epoxidation,
but similarly to cyclooctene oxidation, a significant decrease in the initial reaction rate
was observed, as compared to the corresponding homogeneous catalyst. Meanwhile, the
final conversion was at the same level (ca. 75%), and the selectivity to epoxy cyclohexane
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was even higher for the immobilized POM than with the homogeneous one (94 vs. 81%,
Table 3).

Table 3. Alkene epoxidation with H2O2 over AsW9-P(O)COOH- and PW9-As(O)NH2-based catalysts.

Catalyst Substrate/Conversion, % Epoxide
Selectivity, %

AsW9-P(O)COOH
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The covalent immobilization methodology was further amended using cross-linking
agents that are able to form specific covalent bonds with both a surface and the de-
sired molecule. The hybrid derivative of a heteropolytungstate with two aniline groups,
(Bu4N)3[NaHPW9O34{As(O)C6H4-p-NH2}2] was post-functionalized by 1,4-phenylene di-
isothiocyanate and then covalently grafted onto the surface of an amino-functionalized
SBA-15 via formation of thiourea bonds [162]. The formation of thiourea link was confirmed
by 13C CP-MAS NMR spectroscopy, whereas the dispersion of POM along the channels
of the SBA-15 support, without the formation of large aggregates, was corroborated by
HR-TEM. The catalytic behavior of the grafted catalyst was tested in a model reaction
of cyclooctene epoxidation with H2O2. However, the immobilization of POM has led to
a deterioration of the catalytic performance, most likely caused by the steric hindrance
around the active site.

Kozhevnikov and co-workers elaborated an immobilization technique of POM binding
onto the surface of a phosphazene (RPN, R = benzyl, iso-butyl, or iso-propyl) functionalized
silica via alkylaminocyclophosphazene tethers, which could potentially prevent POM from
leaching [163]. The POM/RPN-SiO2 (POM = [PW12O40]3− or [PMo12O40]3−) catalysts were
active in the oxidative desulfurization of benzothiophenes with H2O2 in a heptane-H2O
reaction medium, and PMo12/BzPN-SiO2 exhibited higher activity than homogeneous
PMo-BzPN counterpart.

Liu et al. grafted poly(glycidyl methacrylate) (PGMA) onto the surface of SiO2 to
prepare ‘hairy’ PGMA/SiO2 particles, which were further used for the covalent binding
of the amino-modified vacant Wells-Dawson POM [α-P2W17O61]10− (P2W17) [164]. The
resulting P2W17-PGMA/SiO2 material catalyzed oxidative desulfurization of tetrahydroth-
iophene with H2O2 (100% conversion after 60 min) behaved as a truly heterogeneous
catalyst, according to the filtration experiment, and could be reused at least five times with
the retention of its activity and structure.

While covalently bound POMs usually reveal superior stability to leaching, their
activity is typically lower, relative to the homogeneous counterparts. Another shortcoming
is associated with synthetic difficulties of covalent derivatization of many catalytically
interesting POMs.

2.5. Encapsulation within Supramolecular Complexes

Surfactant-encapsulated polyoxometalates (SEPs) can be formed by exchanging coun-
terions in POMs with cationic surfactants. Depending on the surfactant nature, the resulting
SEPs can be soluble in traditional organic solvents acting as homogeneous catalysts or
behave as heterogeneous catalysts. Amphiphilic POM-based, well-defined, and robust
nanowires and nanotubes (the assembly shape depends on the nature of the encapsulating
molecules) constructed by self-assembly of units consisting of POMs encapsulated by
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single-chain surfactant molecules (Figure 6) can provide an optimal catalytic environment,
acting as a dual trapping catalyst [165]. The hydrophobic long alkyl chains on the surface
of POM cluster adsorb the weakly polar sulfide molecules, where they are oxidized to
sulfones by an active peroxo-POM-complex and then easily escape because of their polarity.
The POM–amphiphile units constructed of phosphotungstic acid and a series of surfactants
varying in alkyl chain length (dodecyltrimethylammonium (DDA), tetradecyltrimethylam-
monium, hexadecyltrimethylammonium, and octadecyltrimethylammonium) catalyzed
oxidation of dibenzothiophene into corresponding sulfone with 100% selectivity at com-
plete conversions (20–40 min, 50 ◦C) [165]. After the oxidation reaction, the catalyst could be
recovered by filtration or centrifugation and reused with retention of the mesomorphology
and catalytic properties. The 31P NMR investigations of the reaction solutions indicated no
leaching of the active species.
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Figure 6. Schematic representation of preparation of (a) surfactant-encapsulated POM semitube and
wire assemblies and (b) oxidation of sulfides to sulfones. Reproduced from ref. [165] with permission
of WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim. Copyright 2011.

Song and co-workers have prepared a series of amphiphilic lanthanide-containing
POMs ([LnW10O36]9−, Ln = La, Ce, Y, Nd, Sm, Eu, Gd, Tb, Yb) by surfactant encapsulation
using surfactants varying in alkyl chain lengths (DDA, trimethylstearylammonium, and
dimethyldioctadecylammonium (DODA)) and tested the catalytic activity of the new SEPs
in ODS reactions using H2O2 [166]. (DDA)9LaW10 in combination with [omim]PF6 (omim
= 1-octyl-3-methyl-imidazolium) as a sulfone extractant exhibited 100% DBT conversion in
14 min under mild conditions (30 ◦C, O/S = 5).

An interesting POM immobilization strategy involving both covalent and non-covalent
interactions has been developed by Wu and co-workers [54,167–170]. The concept involves
the surfactant encapsulation of POM via replacing its counter ions by quaternary ammo-
nium cations (di(11-hydroxyundecyl)dimethylammonium (DOHDA), DODA, or didode-
cyldimethylammonium) through electrostatic interactions, thus forming a structure similar
to that of a reverse micelle system (Figure 7).
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Figure 7. Schematic representation of preparation of supramolecular hybrid catalyst assembled on
the basis of PW12 and DOHDA and its catalytic performance in H2O2-based oxidations. Adapted
from ref. [54] with permission of Elsevier Inc. Copyright 2017.

The resulting hybrid species can then be covalently fixed within a silica gel matrix
through sol–gel condensation with tetraethyl orthosilicate. Such immobilized supramolec-
ular hybrid catalysts possess a defined hydrophobic environment to capture the organic
substrate, which could potentially maximize the catalytic efficiency. The supramolecular
hybrid catalyst based on PW12 polyanion and DOHDA cation was active in a range of
H2O2-based selective oxidations [169]. Thus, DBT gave the corresponding sulfone as the
sole product. By analyzing 1H NMR spectra of DBT in the presence of pure silica, surfactant-
encapsulated POM species, and the resulting hybrid catalyst, the authors have concluded
that hydrophobic nano-environments around the POM in the catalyst tend to capture
the substrates of low polarity (sulfides) and release the polar oxidized product–sulfone.
The structural integrity of the developed hybrid material under turnover conditions was
confirmed by 31P NMR, IR, and XPS measurements along with elemental analysis data.
Moreover, the catalytic activity of the recovered catalyst was as high as that of the freshly
prepared one for at least five consecutive runs. The elaborated hybrid catalyst was also
active in epoxidation of cyclohexene with nearly 100% selectivity to the corresponding
epoxide at 86% substrate conversion and revealed the complete oxidation of cyclohexanol
to cyclohexanone [169].

Following the same methodology, Wu and co-workers synthesized chiral complexes via the
electrostatic interaction of a catalytically efficient sandwich POM, [WZn3(H2O)2(ZnW9O34)2]12−

and a new cationic surfactant bearing chiral head, which were further covalently immobi-
lized into the silica matrix using a sol–gel procedure [171]. The supramolecular chirality
around the POM made possible kinetic resolution of racemic alcohols via catalytic oxidation
with H2O2.

Nogueira et al. prepared a composite material based on a cross-linked organic/inorganic
hybrid core composed by the mono-substituted POM [PW11Zn(H2O)O39]5− (PW11Zn)
and amine-organosilane (aptes) surrounded by a silica shell [172]. The resulting PW11Zn-
aptes@SiO2 composite catalyzed the selective epoxidation of cyclooctene and geraniol, as
well as oxidative desulfurization of a model oil with H2O2, and the catalytic performance
of the immobilized POM was similar to that of homogeneous PW11Zn counterpart. Despite
the fact that elemental analysis has shown the leaching of ca. 6% of the initial POM
amount during an ODS run, the experiment with catalyst filtration confirmed the true
heterogeneous nature of the observed catalysis.

If a charge transfer (CT) complex is employed for POM encapsulation, the resulting
composite material can exhibit properties of a photothermal catalyst. Wu and co-workers
synthesized a series of on-site heating catalytic composites through the electrostatic com-
plexation of a cationic CT-complex with 3,3′,5,5′-tetramethylbenzidine (TMB) bearing
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strong NIR absorption and a range of Keggin polyanions (PMo10V2, PMo11V, PW11V, and
PMo12) [173]. The resulting assembled materials displayed an integrated NIR photothermal
effect and enhanced catalytic activity in the mild oxidation of toluene and its derivatives,
as well as alkenes and organic sulfides with H2O2 [173]. Under NIR radiation, a substrate
conversion increased ca. 25%, relative to the external heating. The CT complex plays the
role of a local heater attaching to the POM catalyst, which enhances the catalytic reaction
efficiency, while itself does not join the catalytic process. Filtration tests confirmed heteroge-
neous nature of the catalysis over PMo10V2@TMBCT, and besides, no increased conversion
was detected in the filtrate, even under the external heating to 55 ◦C. The PMo10V2@TMBCT
catalyst could be successfully recycled with retention of its structure, as confirmed by FT-IR
and UV–Vis-NIR spectroscopy.

2.6. Immobilization on Carbon Materials

The entrapping of POMs inside the pores of activated carbons was first reported by
Izumi and Urabe [174]. Later on, Van Bekkum et al. showed that the carbon nature and
the activation method strongly affect the strength of adsorption and amount of adsorbed
heteropolyacids [175]. A summary of the early literature on this topic can be found in the
book chapter by Hill and Kholdeeva [38].

The mesoporous carbon Sibunit was found to be one of the best carbon supports
that enabled strong irreversible adsorption of catalytically active POMs with retention
of their structure and catalytic properties [65]. The use of Sibunit as a carrier made it
possible to prepare catalysts that remained stable toward POM leaching, even if highly
polar products, such as carboxylic acids, were formed in the reaction [65]. However, the
main disadvantage of POM/Sibunit catalysts was their poor reusability caused by strong
adsorption of oxidation products, which cannot be removed from the catalyst surface by
washing, extraction, or evacuation [65,176].

In recent years, carbon nanomaterials (CNMs) have received great attention for the
preparation of hybrid inorganic materials for energy storage and conversion, electronic
and optic sensors, and catalysis [177–180]. The immobilization of POM on CNMs was
accomplished using electrostatic [181–184] and π-π [185] interactions, as well as covalent
binding [180,186].

Hybrid materials based on POMs and CNMs have been widely used in electrocatalysis
and energy storage applications [181,182,184–190]. In recent years, such materials have also
attracted attention as selective oxidation catalysts [176,183,191–196]. Salavati et al. reported
POM immobilization by a one-step solid-state reaction of a sodium salt of PMo10V2 with
multiwall carbon nanotubes (MWCNTs) [192]. The resulting materials catalyzed oxidation
of a range of alkenes by H2O2 with selectivity to the corresponding epoxides of 58–100%
at 47–80% conversions. The catalyst maintained its catalytic properties for at least four
reuses, despite some leaching of vanadium during the reaction. A catalyst prepared by the
deposition of Cs2.5H0.5PW12O40 on CNTs was used for the oxidative removal of DBT, with
a desulfurization efficiency of up to 100%; however, no information on POM leaching was
provided [193].

The functionalization of CNMs provides additional opportunities for the immobiliza-
tion of active complexes, including POMs. Hajian and Alghour have developed a hybrid
catalyst, following a sequence of MWCNT modifications [191]. Carboxylic acid-tailored
MWCNTs (MWCNT-COOH) were first functionalized with thionyl chloride and then with
1-(3-aminopropyl) imidazole, followed by the reaction with 1-bromobutan (APIB) and
the subsequent addition of tetrabutylammonium salt of [PZnMo2W9O39]5− (ZnMo2W9).
Imidazolium (Im) groups present on the support bound the POM electrostatically. The
resulting hybrid ZnMo2W9/MWCN-APIB exhibited high activity and selectivity in the
oxidation of various alcohols, with H2O2 producing corresponding aldehydes. Although
noticeable leaching was observed only during the first two reuses, catalytic activity staidly
decreased during seven consecutive runs. Another group used Im-based ionic liquids to
modify the surface of amphiphilic graphene oxide (GO) for the immobilization of PW12
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via anion exchange [197]. The Im-PW12/GO material catalyzed oxidation of a range of
alcohols with H2O2, while the hot catalyst filtration test confirmed the heterogeneous
nature of catalysis.

Masteri-Farahani and Modarres immobilized PW4 through electrostatic interaction
with the surface of graphene oxide modified with cysteamine hydrochloride as a linking
agent [198]. The resulting PW4/GO catalyst was active in H2O2-based oxidation of alkenes
and allylic alcohols with selectivity to the corresponding epoxides >99%. Moreover, the
catalyst could be readily recovered by centrifugation and reused for at least five runs,
without a significant decrease in activity. The catalyst filtration experiment exhibited
almost no activity in the filtrate after the separation of the catalyst from the reaction mixture,
approving the high stability of the PW4/GO catalyst to leaching and heterogeneous nature
of catalysis. No PW4 species were detected in the solution by means of ICP-OES.

Gan et al. modified carbonized cellulose nanofiber (CCNF) with polyethyleneimine
and γ-(2,3-epoxypropoxy)propyltrimethoxysilane, in order to load it with
K4[β-SiMo3W9O40]·5H2O [199]. The resulting POM/CCNF material was active in ODS re-
actions: the removal efficiency of DBT, benzothiophene, and 4,6-dimethyldibenzothiophene
was 99, 89, and 100%, respectively, while using model oils with the initial sulfur concentra-
tion of 2000 ppm. Recycling experiments have shown that the POM/CCNF catalyst kept
its activity for at least three consecutive runs.

Wang and co-workers used a ‘click reaction’ between the azido group of K1.5Cs5.5[γ-
SiW10O39Cu2(N3)2] (SiW10Cu2(N3)2) and the alkynyl groups on functionalized graphene
for covalent immobilization of POM [200]. The SiW10Cu2/GO catalyst exhibited excellent
activity in the oxidation of toxic 2-chloroethyl ethyl sulfide (mustard simulant) to much
less toxic sulfoxide, with 100% selectivity at complete conversion, and it could be reused
at least 10 times without losing catalytic properties. Experiment with catalyst filtration
during the course of the reaction confirmed the heterogeneous nature of catalysis, while 29Si
MAS NMR along with TEM measurements corroborated retention of the catalyst original
structure and morphology after the oxidation reaction.

The doping of carbon nanomaterials with nitrogen in the process of their synthesis
leads to the formation of different types of surface N-species (pyridine-like, pyrrole-like,
or quaternary ones), which afford supplementary opportunities for immobilization of cat-
alytically active complexes and may also affect the hydrophilic properties of the supported
catalysts [201–203]. Evtushok et al. first reported the use of N-CNMs for immobilization
of POM [176]. The di-V-substituted γ-Keggin phosphotungstate [γ-PW10O38V2(µO)(µ-
OH)]4− (γ-PW10V2) was immobilized on bamboo-like N-doped carbon nanotubes (N-
CNTs) [176] and N-doped carbon nanofibers (N-CNFs) having herring-bone packing of
graphite layers [195] by adsorption from acetonitrile. Undoped CNTs were also used for
comparison. It was shown that the presence of nitrogen is necessary to ensure the strong
attachment and quasi-molecular dispersion of the POM on the carbon surface, which, in
turn, affects the catalytic behavior and catalyst stability under turnover conditions. Other
key factors that favor the successful and maximum adsorption of POM are pre-drying
of the supports and addition of mineral acid. The addition of acid makes possible ir-
reversible binding of γ-PW10V2 to the surface with retention of the POM structure and
catalytic properties. Using an optimal catalyst PW10V2/N-CNTs (15 wt.% POM, 1.8 at.% N),
2,3,6-trimethylphenol (TMP) was oxidized with H2O2 to afford trimethyl-p-benzoquinone
(TMBQ, vitamin E precursor) in a nearly quantitative yield and with 80% oxidant uti-
lization efficiency, retaining characteristics of homogeneous γ-PW10V2 (Figure 8). It is
noteworthy that γ-PW10V2 requires retention of its structure and protonation state to
perform heterolytic activation of H2O2 [204]. The first attempts of the immobilization
of γ-PW10V2 onto commercially available Fe2O3 led to catalysts that were stable in a 1:1
mixture of EtOAc/tBuOH, but lost POMs in CH3CN [205]. Immobilization using other
approaches, such as embedding into silica, electrostatic attachment to amine-modified
SiO2 or MIL-101, and adsorption on Sibunit, resulted in a pronounced decrease in catalytic
activity and selectivity of γ-PW10V2 (Figure 8), which demonstrated the significant leach-
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ing of POM, leading to high contribution of homogeneous catalysis (γ-PW10V2@SiO2),
or revealed poor recyclability (γ-PW10V2/Sibunit). The confined space inside nanotube
tangles endowed the catalyst with superior activity (TOF = 500 h−1) and space–time yield
(450 g L−1 h−1) [176,206]. Moreover, the catalyst did not suffer POM leaching under the
turnover conditions and showed excellent recycling performance, in contrast to γ-PW10V2
immobilized on N-free CNTs.
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Figure 8. (a) Oxidation of TMP to TMBQ with H2O2 over γ-PW10V2-based catalysts. In case of
POM encapsulation within SiO2 significant POM leaching was observed. (b) Recycling of 15 wt%
γ-PW10V2/N-CNTs in TMP oxidation. Adapted with permission from ref. [176]. Copyright 2018,
American Chemical Society.

The scope of N-free and N-doped CNTs as supports was also explored in the immobilization
of the Venturello complex PW4 [194] and Nb-substituted Lindqvist tungstates [Nb(L)W5O18]n−

(Nb(L)W5, L = O, OCH3, (O)2 or OOH) and [(NbW5O18)2O]4− ((NbW5)2O) [196]. In contrast to
the immobilization of γ-PW10V2, neither N-doping nor acid additives were imperative to
providing strong binding and quasi-molecular dispersion of PW4 on the surface of CNTs.
Moreover, N-free CNTs have proven to be even more preferable than N-CNTs as a support
for PW4 and the Lindqvist Nb-POM because, in contrast to N-CNTs, they are inert for
H2O2 unproductive decomposition and, thus, enable a higher oxidant utilization efficiency.
The addition of acid during the immobilization process allows the POM content in the
catalyst and catalytic activity to be increased, but acidity may be objectionable for product
selectivity. In the oxidation of cyclohexene and other acid-sensitive alkenes, acidity deteri-
orates epoxide selectivity because of epoxide-ring opening and overoxidation processes,
whereas selectivity to the sum of heterolytic oxidation products remains high (Table 4).
On the contrary, a marked improvement in sulfoxide selectivity and yield is observed
for the thioether oxidation (Figure 9), most likely due to an increased electrophilicity of
the active peroxo species, which favors sulfoxidation and disfavors subsequent oxidation
to sulfone [57,194,207,208]. The catalyst 15 wt.% PW4/CNTs prepared using 2 equiv. of
HClO4 was effective and truly heterogeneous for the epoxidation of cyclooctene, which is
not an acid-sensitive substrate, and sulfoxidation of various thioethers, but the catalytic
activity gradually decreased during recycling. The deactivation was, most likely, caused
by the loss of catalyst acidity and/or diffusion of PW4 inside the inner channels of CNT
(the latter could be observed in HR-TEM images [194]). The scope of the acid-free catalyst
5 wt.% PW4/CNTs for alkene epoxidation was broader (Table 4), and it did not lose activity
after reuse. Dimethyl carbonate was the solvent of choice in terms of catalyst activity and
stability to POM leaching.
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Table 4. Alkene oxidation with H2O2 in the presence of CNT-supported POMs.

POM Support H+ Added,
Equiv. a Substrate Substrate

Conv. %

Epoxide
Selectivity,

b %
Ref.

PW4 CNTs 0.2
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The mmobilization of the Lindqvist-type Nb-POM onto the surface of both CNTs
and N-CNT enabled stabilization of the most reactive monomeric form Nb(OH)W5, thus
preventing its dimerization and subsequent deactivation [196]. As a result, (N)-CNTs-
supported Nb(L)W5 exhibited higher catalytic activity than their homogeneous counter-
parts. The addition of acid upon the immobilization increased the Nb-POM loading [196]
and, moreover, facilitated the formation of active hydroperoxo species Nb(OOH)W5 respon-
sible for the heterolytic oxygen transfer to C=C bond of alkene [207]. Similar to γ-PW10V2,
N-doping facilitated a quasi-molecular dispersion of Nb(L)W5 on the surface, but it also
favored unproductive decomposition of H2O2, thereby leading to the worsening of the
catalytic performance in terms of alkene conversion and epoxide selectivity (see Table 4).
Therefore, the use of undoped CNTs for the preparation of epoxidation catalysts seems to
be advantageous.

Importantly, CNT-supported PW4 and Nb(L)W5 did not suffer from POM leaching
if dimethylcarbonate was employed as solvent and demonstrated a truly heterogeneous
nature of the catalysis and excellent recycling performance [57,194,196].
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3. Conclusions

Polyoxometalates have great potential as catalysts for the liquid-phase selective oxida-
tion of organic compounds using green oxidants, in particular, dilute hydrogen peroxide.
During the last decade, some new highly active and selective POM catalysts have been
discovered, and various approaches have been proposed for POM immobilization on solid
supports to make easy catalyst separation and recycling possible. The most developed
and prospective methodologies that enable the strong binding of POM to the surface and
preventing leaching into the solution involve POM immobilization by means of different
types of chemical bonding and supramolecular interactions. The proper choice of the POM,
support, and immobilization method depends on the type of oxidative transformation and
may also depend on the nature of the organic substrate and target oxidation product.

MOFs are ‘smart’ supports that can enhance catalytic properties of POMs by different
synergetic effects; however, the reaction conditions, especially in the case of oxidation
with aqueous H2O2, should be properly controlled, in order to keep the structure of MOF
within its stability limit. The organic/inorganic hybrid derivatives of POMs are a new
class of catalysts that offer an undisputable advantage of ability to covalent bonding using
different linking strategies with an excellent dispersion along the surface of an inorganic
support and with the retention of the catalytic properties. However, synthetic difficulties for
derivatization of some POMs may be a shortcoming of this approach. Encapsulation within
the supramolecular complexes may provide an optimized catalytic environment based
on dual polar properties. Moreover, if a charge transfer complex is employed for POM
encapsulation, the resulting composite material can exhibit properties of a photothermal
catalyst. For those POMs, which require retention of the structure coupled with the
specific protonation state to keep catalytic activity, the best choice might be use of carbon-
based nanomaterials, in particular, carbon nanotubes. A blend of electrostatic forces and
hydrogen bonding ensures the excellent stability and recyclability of the CNTs-supported
POM catalysts, while a balance between the activity and selectivity can be tuned through
the careful control of the amount of acid added during the POM immobilization.

So far, most of the elaborated supported POM catalysts were evaluated for the selective
oxidation of S-compounds, olefins, phenols, and alcohols to produce sulfoxides, sulfones,
epoxides, diols, quinones, aldehydes, ketones, and a few highly efficient catalyst systems
have been suggested. However, the potential of immobilized POMs for the selective
oxidation of alkanes and aromatics still remains very little explored. The development of
supported POM catalysts for oxidative cleavage of C=C and C–C bonds and production of
highly polar products–carboxylic and dicarboxylic acids–continues to be a challenge for
oxidation catalysis researchers and POM chemists.
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Abbreviations

AA: adipic acid; APIB, 1-bromobutan; aptes, (3-aminopropyl)triethoxysilane; AsW9-
P(O)COOH, (tBu4N)3NaH[AsIIIW9O33{P(O)(CH2CH2CO2H)}2]; BMIM,
1-butyl-3-methylimidazolium; CCNF, carbonized cellulose nanofiber; CNMs, carbon nano-
materials; Co-PMo12, CoHPMo12O40; Co4(PW9)2, [Co4(H2O)2(PW9O34)2]10−; CT, charge
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transfer; DBT, dibenzothiophene; DDA, dodecyltrimethylammonium; DODA, dimethyl-
dioctadecylammonium; DOHDA, di(11-hydroxyundecyl)dimethylammonium; EISA,
evaporation-induced self-assembly; (EtO)3Si-ILs-C8, 1-octyl-3-(3-triethoxy-silylpropyl)-4,5-
dihydroimidazolium hexafluorophosphate; EuW10, [Eu(W5O18)2]9−; Eu(PW11)2,
[Eu(PW11O39)2]11−; GO, graphene oxide; Im, imidazolium; LaW10, [LaW10O36]9−; Mg3Al-
NO3, [Mg0.75Al0.25(OH)2](NO3)0.25·2H2O; mim, 3-methyl imidazolium; MOFs, metal–
organic frameworks; MWCNTs, multiwall carbon nanotubes; Nb(L)W5, [Nb(L)W5O18]n−;
(NbW5)2O, [(NbW5O18)2O]4−; N-CNFs, N-doped carbon nanofibers; N-CNTs, N-doped
carbon nanotubes; ODS, oxidative desulfurization; omim, 1-octyl-3-methyl-imidazolium;
PGMA, poly(glycidyl methacrylate; PIILPs, polymer immobilized ionic liquid phase;
PMo12, [PMo12O40]3−; PMo10V2, [PMo10V2O40]5−; PMo11V, [PMo11VO40]4−; POMs, poly-
oxometalates; PW4, [PO4{WO(O2)2}4]3−; PW9, [A-PW9O34]9−; PW9-As(O)NH2,
(tBu4N)4H[PW9O34{As(O)(C6H4NH2)}2]; PW11Ti, [PW11TiO40]5−;
PW11Zn, [PW11Zn(H2O)O39]5−; PW12,[PW12O40]3−; P2W17, [α-P2W17O61]10−; PY11M,
[PY11MO40]n−; RPN (R = benzyl, iso-butyl or iso-propyl), phosphazene; SEPs, surfactant-
encapsulated polyoxometalates; SiW10Cu2(N3)2, K1.5Cs5.5[γ-SiW10O39Cu2(N3)2]; Tb(PW11)2,
[Tb(PW11O39)2]11−; THT, tetrahydrothiophene; TMB, 3,3′,5,5′-tetramethylbenzidine; TMP,
2,3,6-trimethylphenol; TMBQ, trimethyl-p-benzoquinone; γ-XW10V2 (X = P, Si),
[γ-XW10O38V2(µ-O)(µ-OH)]n−; ZnMo2W9, [PZnMo2W9O39]5−.
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