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ABSTRACT: The embedding of molecular metal oxides, or
polyoxometalates (POMs), in metal−organic frameworks (MOFs)
opens new research avenues in catalysis and beyond. This review
explores the host−guest chemistry of POMs embedded in MOF
hosts and discusses the synergism of the resulting composites for
heterogeneous catalysis. The review focuses on well-established and
well-studied classes of POMs, such as Keggin and Wells−Dawson
anions, and well-researched MOFs, including the MIL, UiO, and
NENU families. Outstanding examples of synergistic catalytic
activity between the POM and MOF are described, and key
performance parameters, including POM localization, pore size and
pore structure, as well as particle size effects are described for
technologically important catalytic processes. In addition to thermal
catalysis, we discuss the use of POM@MOF composites for electro- and photocatalysis with an emphasis on energy conversion
systems. Finally, we provide an outlook on emerging areas where POM@MOF composites could lead to new catalytic reactivity.
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1. INTRODUCTION

1.1. Metal−Organic Framework Chemistry. The
emergence of metal−organic frameworks (MOFs) as func-
tional materials with ultrahigh internal surface areas is one of
the most exciting breakthroughs in modern materials
chemistry.1,2 MOFs offer many intriguing properties as host
materials for incorporation and confinement of molecular guest
species. The porous structures of MOFs can be described as an
interconnected network of nanoreactors in which chemical
reactions, including catalyses, can proceed under heteroge-
neous conditions.3 The interplay between the guest molecule,
pore environment, solvent, and reagents can therefore be used
to control and manipulate the chemical reactivity under
confined conditions. Indeed, a survey of the literature shows
the utility of MOFs as host materials for the confinement of
various guest species from inorganic nanoparticles (NPs) to
biologically active organic molecules.4−8 Because of this
general applicability, MOFs have been employed as heteroge-
neous substrates in a wide range of catalytic applications.9−14

In particular, the integration of molecular metal oxides
(polyoxometalates, POMs) into MOFs for catalysis has
attracted widespread attention over the past decade, since
POMs combine vast structural and chemical tunability with
unique catalytic activity.15

1.2. MOF Classes Discussed in This Review. Certain
classes of MOFs dominate the area of MOF-based catalysis

and are therefore central to this review. Some of these
compounds are now even commercially available under the
trade name Basolite.16,17 These MOFs combine high stability,
permanent porosity, and facile, scalable accessibility, making
them the workhorses of POM@MOF studies and beyond.
They include some members of the MIL family (MIL-100,
M3O(H2O)3X(btc)2, M = Cr, Fe, X = F, btc = 1,3,5-
benzenetricarboxylate; MIL-101, M3O(H2O)2X(bdc)3, M =
Cr, Fe, Al, X = F, OH, bdc = 1,4-benzenedicarboxylate; MIL-
53, Al(OH)(bdc)), MOF-199 ((Cu)3(btc)2, also known as
HKUST-1) as well as some water-stable MOFs such as ZIF-8
(Zn(MIm)2, MIm = 1-methylimidazolate) and Zr-based
MOFs such as the UiO and NU families (UiO-66,
Zr6O4(OH)4(bdc)6; UiO-67, Zr6O4(OH)4(bpdc)6, bpdc =
4 , 4 ′ - b i p h e n y l d i c a r b o x y l a t e ; N U - 1 0 0 0 ,
Zr6O4(OH)4(H2O)4(OH)4(TBAPy)2, TBAPy = 1,3,6,8-
tetrakis(p-benzoate)pyrene). The general structures discussed
in this review are summarized in Figure 1.
While the thermal, chemical, and hydrolytic stability of

MOFs is strongly dependent on the exact reaction conditions,
it is worth noting that particularly Zr-based MOFs are well-
known for their remarkable stability under harsh conditions.
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This is mainly due to the strong Zr(IV)−O bonds and multiple
chelating carboxylate linkages to the metal nodes. One
prototypical example is UiO-66. This MOF is thermally stable
up to 500 °C and preserves its crystallinity and porosity when
exposed to aqueous media over a wide pH range.18 Another
class of highly stable MOFs are zeolitic imidazolate frameworks
(ZIFs), where in many cases redox-inactive metal nodes, e.g.,
Zn2+, are linked by hydrophobic imidazolate linkers, which can
introduce increased thermal and hydrolytic stability.19 Within
the MIL series discussed in this review (MIL-100, MIL-101,
and MIL-53), MIL-101(Cr) features a hydrolytically inert
metal node (partly as a result of the slow ligand exchange on
Cr(III)), resulting in a highly stable framework.20 However,
the stability of some frameworks has recently been a matter of
concern.21 Nevertheless, in most cases the instability arises
from the presence of capillary forces during thermal activation
rather than hydrolytic degradation.22

1.3. Brief Overview of Polyoxometalate Chemistry.
POMs are molecular metal oxide anions, and their negative
charge is balanced by countercations, which control the cluster
solubility. They are subdivided into isopolyoxometalates
[MxOy]

n−, which feature only addenda metal and oxygen
atoms (M = typically high-valent early transition metal, e.g.,
Mo, W, V), and heteropolyoxometalates [XxMyOz]

n−, where a
central heteroatom X (e.g., B, Si, P) provides added structural
stabilization and enables reactivity tuning.23,24 Most POM
research today is focused on hetero-POMs. While POMs are
known for their Brønsted acidity,25,26 their structures can be
tuned to make the POMs reactive Brønsted base catalysts by
introducing high-charge-density terminal oxido ligands.27 In
addition, Lewis acidity can be achieved using high-valent metal
centers with unoccupied d orbitals.28,29 The oxidative activity

of POMs can be tuned by using easily reducible metal sites, so
often POM chemists turn to vanadium-substituted POMs for
advanced oxidation processes.30 POM functionalization is
possible by incorporation of metal ions from throughout the
periodic table, a universal concept that has been used for
applications from catalysis and energy conversion to molecular
electronics, nanomaterials design, biology, and medicine.31−38

In addition, covalent attachment of organic groups to POMs is
possible using suitable anchoring groups (phosphonates,
sianols, carboxylates), so that linkage of metal oxide and
organic chemistry39−46/ metal complex chemistry47−54 be-
comes possible.
POMs are typically soluble in water and various organic

solvents (depending on the POM countercation).55 Thus,
POM immobilization has been researched for decades and has
led to the use of heterogeneous supports, including
mesoporous silica,56 polymers,57 covalent organic frameworks
(COFs),58 and MOFs,59 to create heterogeneous catalysts. The
dramatic rise in POM@MOF composites over the past decade
led to a POM−MOF-focused review in 2014 in which Du et
al.15 summarized general structural features and subclasses,
synthetic concepts, and principal uses of these materials. In
contrast, the present review focuses on the catalytic
applications of POM@MOF composites, explores synergisms,
effects of confinement, and stability changes upon POM
immobilization, and identifies key areas where future research
could be headed.

1.4. POMs Discussed in This Review. On the basis of
their well-established reactivity, stability, and chemical
tunability, most research described here is focused on the
Keggin and Wells−Dawson anions (Figure 2). The Keggin
anion family is based on the [XM12O40]

n− anion (X = B, Si, P,

Figure 1. Crystal structures of MOFs considered in this review.
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etc.; M = Mo, W, V); structural modification is possible by
removal of one or more [MO]4+ groups, leading to so-called
lacunary species, where the vacant positions can be function-
alized with metal cations or organic (e.g., organophosphonate)
groups.60 The Wells−Dawson anion [X2M18O62]

n− can be
considered a derivative of the Keggin anion (X = S, P, etc.; M
= Mo, W, V), and lacunary derivatives can be accessed in a
similar fashion as described for the Keggin anion above.
1.5. Nomenclature: POM@MOF versus POMOF versus

POM-OF? For newcomers, the intersection between POM and
MOF chemistries can be confusing at first, particularly since
several distinct classes of materials have similar names, and
there is no clear separation. It should be noted that the
compound class typically called polyoxometalate-based metal−
organic frameworks (POMOFs) or sometimes also polyox-
ometalate-based open frameworks (POM-OFs) is loosely
defined as materials in which POMs are linked into three-
dimensional (3D) frameworks by organic linkages, sometimes
resulting in porous compounds. This materials class has
recently been reviewed by Cronin and colleagues.61,62 In
contrast, the present review is focused on true POM@MOF
composites, where the molecular POM is embedded within the
pore architecture of a MOF, resulting in structures that could
be described as host−guest solid-state compounds.

2. SYNTHETIC ASPECTS OF POM@MOF DESIGN
The incorporation of POMs in MOFs is typically achieved
using either impregnation or encapsulation. The impregnation
method involves soaking the preformed MOF in suitable POM
solutions so that a match of pore aperture and POM diameter
is required to allow uptake. If these conditions are met, the
method is widely applicable and can be performed under mild
conditions, making it suitable even for thermally and
chemically sensitive POMs. A prime example was reported in
2005, when Feŕey et al. described the first examples of POM@
MOF composites formed by impregnation using MIL-101(Cr)
as the host and Keggin polyanions as guests.63 However,
drawbacks associated with this method are the low maximum
loading, low homogeneity, occupation of large cavities, and
possible leaching under operation conditions, particularly for
POMs located at or near the surface of the MOF particle. In
contrast, encapsulation can be used when the pore aperture is
smaller than the POM diameter. Here, the MOF is assembled
around the preformed POMs, often under solvothermal
conditions, and the solid product may crystallize as a new
single-crystalline material in which the POMs are irreversibly

“trapped” in the MOF pores. This approach can therefore
minimize leaching and aggregation of the encapsulated POMs,
which could even be used to structurally stabilize labile POM
species.64 While this approach can lead to irreversible
immobilization of the POM, the restricted pore environment
can also lead to pore blockage, slower diffusion, and thus
reduced reactivity.65 This was investigated by Canioni et al.,
who explored the behavior of phosphomolybdic acid in the
mesocages of MIL-100(Fe).66 The authors reported that the
POM loading and distribution are highly dependent on the
preparation method: only the in situ encapsulation method
resulted in a high dispersion of POMs in both small and large
cavities of MIL-100(Fe), and high loadings of up to one POM
per small mesopore as well as up to six POMs per large
mesopore were observed.

3. POMS IN MOF-199 AND RELATED Cu−btc MOF
COMPOSITE CATALYSTS

A significant body of work has focused on the incorporation of
POMs into the MOF-199 family. MOF-199, which is one of
the first 3D MOFs with coordinatively unsaturated metal sites,
is based on the assembly of Cu2+ ions with btc. MOF-199
contains three types of pores (one small pore and two larger
pores) that are interconnected by windows. The small pore in
MOF-199 has a dimension of approximately 4 Å whereas the
larger pore apertures are ca. 10−12 Å. The MOF is stable up to
240 °C and has a typical specific surface area of ca. 700 m2

g−1.67 The first example of a POM@MOF-199 composite was
reported by Yang et al. in 2003.65 The authors used a one-pot
hydrothermal reaction of the POM anion precursors, Cu2+

ions, and the organic ligand (btc), leading to an encapsulation
reaction to give the new composite, in which the Keggin anions
reside in the larger cavities of the MOF. However, it can be
argued that POM molecules used in this and related cases
might act as templates that facilitate the crystallization of the
porous frameworks by engaging in supramolecular interactions
(electrostatic, hydrogen-bonding, etc.) with the other MOF
components present.68 This question was studied by Bajpe et
al., who investigated the formation of MOF-199 with Keggin-
type [H3PW12O40] (PTA) molecules trapped in the pores.69

The authors concluded that MOF formation involves solution-
phase self-assembly of Cu2+ ions with POM anions, leading to
a changed hydrolysis and aggregation behavior of Cu2+ that
results in different MOF formation conditions.70

A similar approach was followed by Sun et al., who described
the emergence of new acid/base chemistry in MOF-199
triggered by the incorporation of Brønsted-acidic PTA
molecules.71 This led to new heterogeneous catalysts for
ester hydrolysis in aqueous phases. The authors used a POM
encapsulation approach similar to that in the study described
above, followed by thermal activation at 200 °C under vacuum
to remove the water molecules and ammonium cations (as
gaseous ammonia), resulting in the so-called NENU-3a,
[Cu12(btc)8][H3PW12O40]. Here the Keggin anions are
accommodated in the largest pores (diameter ∼ 1.3 nm),
while the lattice water molecules and ammonium cations are
located in the smaller pores (diameter ∼ 1.0 nm). The NENU
composites showed high thermal and acid−base resistance,
with almost no POM leaching in solution. In addition, NENU-
3a showed superior activity in the hydrolysis of ethyl acetate
compared with the POM alone, the MOF alone, and most
inorganic solid acids. The increased reactivity was attributed to
the high, possibly molecular dispersion of POMs within the

Figure 2. Illustration of the Keggin and Wells−Dawson anions
considered in this review.
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pore structure, which prevents aggregation and catalyst
deactivation. In addition, the pore size and structure facilitated
uptake of the substrate from solution while preventing catalyst
leaching. Also, the solid host framework enabled facile recovery
and recycling of the composite after use. The authors reported
MOF-dependent substrate selectivity, where larger substrates
showed lower and sometimes virtually no conversion, high-
lighting that pore size control over reactivity is possible for
POM@MOF composites (Figure 3).71 This becomes partic-
ularly important when substrates larger than the pores are
used.72

A close match between POM diameter and MOF pore size
has been proposed to positively affect the stability and
reactivity of POM@MOF composites. This is particularly
relevant for encapsulation approaches, where electrostatic
interactions between the POM guest and MOF host can
play a role in tuning the properties of both species. As a prime

example, this effect was reported as the cause for the thermal
stability increase (+140 °C) of POM-modified MOF-199
compared with the native MOF-199.73 Related chemical
stability increases were reported in 2011 by Hill and co-
workers, who demonstrated that the incorporation of a copper-
substituted Keggin POM ([CuPW11O39]

5−) into the pores of
MOF-199 results in increased hydrolytic stability in aqueous
and organic solvents.74 In particular, the authors reported
significantly higher hydrolytic stability of the composite over a
wide pH range compared with the pure MOF or the pure
POM. Crystallographic analyses revealed that large pores of
MOF-199 were occupied by the POM anions, while the
smaller pores were occupied by organic countercations. It was
also found that 50% of the large pores remained empty,
suggesting that facile diffusion of substrates and products is
possible. This was verified by catalytic test reactions studying
the aerobic oxidation of some sulfur compounds, where the
composite showed significantly higher reactivity and turnover
number (TON) compared with the individual components,
POM and MOF. Intriguingly, the authors performed
comparative studies with a copper-free POM ([PW12O40]

3−),
which showed no catalytic activity, suggesting that the Cu2+

site is involved in the catalytic cycle.
Cu−btc-based POM@MOF composites have also been

explored for chemisorption of a wide range of substrates.
Substrate binding can occur through the POM (e.g., by
hydrogen-bonding or coordinative interactions) and/or
exposed metal cation nodes (by coordinative interactions).
This concept was explored by Ma and co-workers, who
introduced a sodalite-type porous POM@MOF composite for
eliminating organophosphorus compounds (nerve gas models)
by adsorption and catalytic hydrolysis.75 The authors therefore
explored the hydrolysis of dimethyl methylphosphonate
(DMMP) by the [PW12O40]

3−-templated Cu−btc MOF
NENU-11 (H3[(Cu4Cl)3(btc)8]2(C4H12N)6[PW12O40]·
3H2O). Despite its moderate Brunauer−Emmett−Teller
(BET) surface area and pore volume (Figure 4), NENU-11
rapidly adsorbs DMMP and converts it to methanol and

Figure 3. Substrate-dependent hydrolytic catalytic activity for NENU-
3a: (a) methyl acetate; (b) ethyl acetate; (c) methyl benzoate; (d)
ethyl benzoate; (e) 4-tolyl propionate. Reproduced from ref 71.
Copyright 2009 American Chemical Society.

Figure 4. N2 sorption characteristics and DMMP adsorption and degradation by NENU-11, NENU-3, MOF-199, and MOF-5. Adapted from ref
75. Copyright 2011 American Chemical Society.
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methylphosphonic acid using encapsulated [PW12O40]
3− as the

catalytically active centers. The authors suggested that the
accessible Cu2+ metal centers further provided coordinative
binding sites for the phosphonates, thus facilitating the DMMP
degradation. A similar approach was reported for the closely
related POM@MOF composite NENU-15 (H4[(Cu4Cl)3-
(btc)8]2[SiW12O40]·(C4H12N)6·3H2O), which shows superior
activity in adsorption and decomposition of NO.76 Each Cu2+

ion in the chloride-centered square-planar [Cu4Cl] secondary
building units (SBUs) in NENU-15 features an accessible
coordination site suitable for NO binding. In addition, the
authors proposed that the Cu-bound NO molecules engage in
further interactions with adjacent POM anions to form
protonated NOH+.
The synergism between POM−MOF−substrate interactions

in POM@MOF catalysts can be used to tune the reaction
kinetics and thus control the product selectivity. Liu and co-

workers proposed that the organic components of a MOF
could be used to create a hydrophobic shell around a POM
anion that could enhance the adsorption and conversion of
low-polarity organic substrates.77 The principle was demon-
strated for the oxidative desulfurization (ODS) reaction to
remove dibenzothiophene (DBT) from diesel fuel. The
authors used the POM@MOF composite NENU-9
([Cu2(btc)4/3]6[H5PMo10V2O40]) featuring a vanadium mo-
lybdate POM well-known for its oxidative catalytic reac-
tivity.78,79 Initial studies showed that the large particle size of
NENU-9 was detrimental for ODS, and therefore, the authors
established routes to obtain nanocrystalline NENU-9 (denoted
as NENU-9N; see Figure 5). This composite showed high
conversion (∼90%) of DBT to DBTO2 in 60 min, while
significantly lower conversion was observed for NENU-9
(41%) and the pure POM (2%). The authors suggested that
the hydrophobic pore interior of NENU-9N and the small

Figure 5. (a−c) SEM images of NENU-9N with varying particle size tuned by variation of the Cu precursor and solution pH. (d) Catalytic
conversion of DBT into DBTO2 by NENU-9N. Two kinds of pores are marked (types A and B). Type A pores are occupied by the POM anion
[H5PMo10V2O40] units. Adapted from ref 77 with permission. Copyright 2013 Wiley-VCH.

Figure 6. (a) Oxidation of phenol in the presence of different POM/MOF catalysts. (b) Proposed degradation mechanism in the H2O2-mediated
oxidation of phenol with NENU-3N as the catalyst. Adapted from ref 80 with permission. Copyright 2018 Wiley-VCH.
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particle size enable fast diffusion and preconcentration of the
low-polarity DBT molecules, leading to fast conversion kinetics
(Figure 5).77

Building on these studies, the same group later reported the
preparation of nanosized NENU-3 through a facile liquid-
assisted grinding method: first, copper nitrate was mixed with
[H3PW12O40] to give the copper salt of PW12O40

3−. This was
then ground with solid btc in the presence of small amounts of
ethanol to give a high-crystallinity, nanostructured POM@
MOF composite denoted as NENU-3N. The authors
demonstrated the oxidative activity of the species using
oxidative phenol degradation in the presence of H2O2 as a
test reaction and showed high catalytic activity and facile
recyclability.80 The degradation process proceeds via a three-
step mechanism involving the generation of a peroxo-POM as
the active species. In addition, the accessible Cu2+ sites in the
MOF framework can trigger Fenton-type conversion of
peroxide to hydroxyl radicals. The combined action of the
POM-based peroxo species and the MOF-based hydroxyl
radicals trigger phenol degradation. This proceeds by
formation of aromatic and short-chain organic acids as
intermediates, which are further oxidized into CO2 and water
(Figure 6). However, the exact role of the POM@MOF as an
initiator of radical chains and/or as a catalyst still requires
further clarification.
A related nanostructuring approach for improved catalytic

performance was reported by Martens and colleagues. The
authors developed an innovative freeze-drying technique that
gave access to phase-pure nanosized PTA@MOF-199 with
intact pores by interruption of the crystal growth process.81

However, questions remain about the overall stability of
nanostructured MOF particles, particularly under demanding
reaction conditions.82,83 These questions need to be addressed
for specific reaction conditions and specific types of MOF
frameworks. In addition, questions relating to the stability and
structural/chemical changes of the POM guests within the
nanostructured particles also require urgent attention.
POM@MOF catalysts have recently been explored for the

production of value-added products from biogenic precursors
such as 5-(hydroxymethyl)furfural (HMF). Wang and Chen
deve loped the POM@MOF composi te NENU-5
([Cu2(btc)4/3(H2O)2]6[HPMo12O40](C4H12N)2·xH2O, x =
25−30) via a one-step coprecipitation method and applied it
for the conversion of HMF into 5-ethoxymethylfurfural (EMF)

and ethyl levulinate (EL) under mild conditions (Figure 7).83

The authors reported a clear synergism between the POM and
MOF and observed that Cu-free reference MOFs based on
Zn−btc and Co−btc did not show any activity. These initial
results could be used to design a model system where
rationalization of the roles of POM and MOF can be studied
independently
Because of the small pore diameter and low mobility of

POMs within the pores, most POM@MOF-199 composites
are accessed by the encapsulation method. To overcome this,
research has recently focused on expanding the pore
dimensions of MOF-199 into the mesoporous regime (2−50
nm).84,85 One intriguing example in this direction was reported
by Kirschhock and colleagues, who developed a mesoporous
MOF-199-related composite using a dual-templating approach
at room temperature.84 In their method, PTA anions were
used as molecular templates together with cetyltrimethylam-
monium bromide surfactant molecules, which are known to
template mesopore formation by aggregation into liquid-
crystalline phases. Their study resulted in a crystalline
hierarchical composite (COK-15) featuring microporous
MOF-199 as the framework material, which is arranged into
a mesoporous structure with mesopore diameters of ∼5 nm.
COK-15 showed remarkable reactivity for the methanolysis of
styrene oxide, giving 100% conversion and 100% selectivity,
while the purely microporous PTA@MOF-199 gave only 40%
conversion. This shows that hierarchical structuring of these
composites could be a significant next step toward designer
heterogeneous catalysts, and future research could target pore
size tuning to modulate the accessibility for the POM and
substrate.
Further insights into tuning of the catalytic activity of

POM@MOF-199 composites by introduction of metal-
substituted POMs has been reported. It was shown that
introduction of V-functionalized POMs can result in
significantly enhanced benzene-to-phenol oxidation, a process
of high industrial importance.86 Building on these studies, Zhu
and co-workers explored the role of vanadium functionalization
in several POM@MOF-199 composites using the selective
oxidation of benzyl alcohol to benzaldehyde as a model
reaction.87 The authors reported that the incorporation of
vanadium led to significant catalytic improvements. This was
assigned to the high oxidative reactivity associated with these
species. However, the authors noted that higher oxidation

Figure 7. (left) Synthesis of NENU-5 and (right) catalytic conversion of HMF by NENU-5 under mild conditions. Reproduced with permission
from ref 83. Copyright 2016 Royal Society of Chemistry.
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reactivity was accompanied by loss of selectivity, so that tuning
of the oxidative power of the catalyst and substrate/product
diffusion within the MOF could be used to optimize the
formation of the desired product (Figure 8).

Hierarchical structuring can be a facile means of tuning
composite reactivity and stability as well as introducing added
functionality. For example, recent studies explored the
stabilization of POM@MOF-199 particles by depositing
them on high-surface-area single-walled carbon nanotubes
(CNTs) or mesoporous silica (MCM-41) to prevent the
catalysts from deactivation under the harsh conditions of ODS
of fuel oil.88,89An alternative route was recently reported by
Lange and Obendorf, who deposited a [CuPW11O39]

5−@
MOF-199 composite onto carboxy-functionalized cotton
fabric.90 The authors reported that the resulting POM@
MOF crystals were linked to the fabric by carboxylate
coordination to the MOF framework, and smaller crystal
sizes were observed on the fabric compared with crystals
obtained by the classical solvothermal method. The authors
also showed that the three-component composite POM@
MOF-199@Cotton shows promising removal of the pollutants
hydrogen sulfide and methyl parathion from organic solution.
Recent studies have employed both the Brønsted acidity and
oxidative activity of POM@MOF-199 composites for cascade
conversion reactions.91−93 In an outstanding example, Zhu and
co-workers demonstrated that the catalytic activity of the POM
can be combined with pore size effects of the MOF (i.e.,
diffusion limitation) to control the selectivity in the
esterification of glycerol using a POM@MOF-199 catalyst.91

The authors compared the reactivities of these composites with
those of reference compounds in which the respective POM
was deposited on nonporous metal oxide supports. As shown
in Figure 9, for reactions catalyzed by POM@Metal-Oxide,
there was no pore-dependent diffusion limitation. Thus, the
transformation of glycerol stopped at the acid stage, as the acid
was free to diffuse away from the reaction site. In contrast, for
the POM@MOF catalysts, diffusion of the acid product within
the MOF pores was hindered, leading to a further conversion
of the acid to the corresponding ester compound. This is a
beautiful example that illustrates the catalytic synergism in
POM@MOF composites and opens new research opportu-
nities to further explore how the interplay between the POM

catalyst, MOF pore wall structure, and substrate/product can
be used to develop supramolecular confined catalysis.

4. POM@MIL COMPOSITE CATALYSTS
Another widely used MOF host framework for POMs is MIL-
101(Cr), which is most commonly used in catalytic studies.
This crystalline mesoporous material is a Cr−bdc polymer with
a framework comprising two types of cages with internal
diameters of 2.9 and 3.4 nm. The smaller cages exhibit
pentagonal windows with an aperture of 1.2 nm, while the
larger cages possess hexagonal windows with a 1.5 nm × 1.6
nm aperture. The MOF features a specific surface area of more
than 4100 m2 g−1.63 Because of its robust structure and large,
accessible pores, MIL-101(Cr) has been frequently used for
POM binding by the impregnation method. Compared with
the MOF-199 structure described above (pore volume of ∼0.3
cm3 g−1), MIL-101(Cr) features significantly larger pore
volumes (up to ∼2 cm3 g−1), highlighting that POM uptake
and substrate diffusion in this framework are significantly
improved. Recent reports highlight that the interplay between
the POM guest and MOF host can induce structural
deformations of the MOF framework. Hu et al. reported a
lattice expansion associated with the presence of encapsulated
PTA anions within the MIL-101(Cr) pores.94 As shown in
Figure 10, the crystal morphology of MIL-101(Cr) changes
from octahedral in the native state to less regular for the
PTA@MIL-101(Cr) composites. This change is accompanied
by an increase in the lattice plane spacing from 3.58 nm in
MIL-101(Cr) to 3.87 nm in the POM@MOF composite. This
could be compared to an intercalation-like process in which
the large POM anions (∼1 nm) expand the MOF lattice
planes, leading to the observed changes. Comparative studies
between these materials and classical intercalation compounds
(e.g., layered double hydroxides) could therefore be interesting
to rationalize similarities and differences in reactivity.
POM@MIL composite catalysts have been frequently used

in catalytic epoxidation/oxidation of alkenes,95−97 oxidation of
alcohols,98 Knoevenagel,99 Baeyer,100 and Biginelli101 con-
densations, adsorptive denitrogenation,102 oxidative desulfur-
ization,103,104 ring opening,105,106 organic dehydration/reduc-
tion,107,108 and esterification and Friedel−Crafts acylation
reactions.109−112 These studies show that the catalytic activity
of POM@MOF composites depends on the dispersion level
and total POM loading within the MOF framework, and

Figure 8. Oxidation of benzyl alcohol by POM@MOF-199
functionalized with vanadium-substituted polyoxomolybdates. Repro-
duced with permission from ref 87. Copyright 2014 Wiley-VCH.

Figure 9. Pore-size-controlled changes in product selectivity in
POM@MOF composite catalysts compared with nonporous POM@
Metal-Oxide catalysts. Reproduced with permission from ref 91.
Copyright 2015 Royal Society of Chemistry.
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further work is required in order to enable better control over
the loading and dispersion. Significant effort has therefore been
focused on increasing POM dispersion and loading. Bromberg
et al.100 proposed that an HF-free synthesis of MIL-101(Cr)
can be used to increase the PTA loading by a factor of 1.5−2
relative to the original procedure reported by Feŕey and
colleagues.63 In addition, Juan-Alcañiz et al. showed that the
solvent composition can be used to control the POM loading
in MIL-100(Cr): while classical hydrothermal synthesis led to
a PTA loading of only ∼1 wt %, the combination of a biphasic
water/2-pentanol system with microwave heating gave
loadings of up to ∼23 wt % at significantly reduced reaction
times.113 Also, the dispersion of the POM can be improved
when classical encapsulation synthesis is supported by
mechanical sample agitation99 or microwave-assisted heat-
ing.114 The advantages of microwave synthesis were described
by Gascon and colleagues, who prepared highly dispersed
PTA@NH2-MIL-101(Al) composites in a single-step micro-
wave synthesis.115 The PTA anions were introduced as
anchoring sites for catalytically active platinum species, and

the resulting composite showed high PTA loadings and
promising Pt binding capacity. Notably, the authors reported
that impregnation of non-PTA-containing NH2-MIL-101(Al)
with Pt was not possible and led to framework collapse. The
authors also tested the composite as a catalyst for CO
oxidation and reported higher selectivity toward CO2
formation compared with Pt/Al2O3. This was assigned to the
formation of intermetallic Pt−W(V) species.115

Recent reports have shown that the accessible pore volume
in POM@MOF composites can be used to accommodate a
secondary reactive species. In one example, PTA@MIL-
100(Fe) composites were postsynthetically modified with
sulfonic acid group-functionalized ionic liquids (ILs) as second
Brønsted acid sites (Figure 11).116 Although the incorporation
of the IL resulted in a 70% loss of BET surface area, the
introduction of sulfonic acid groups increased the number of
Brønsted acid sites. As a result, the catalytic activity of this
composite for esterification reactions was improved by a factor
of >2. This multicomponent composite approach could in the
future be further tuned to optimize the reactivity, accessible

Figure 10. (a, b) TEM images of MIL-101(Cr). (c) Magnified view of the rectangular area shown in (b). (d, e) TEM images of 50% PTA@MIL-
101(Cr). (f) Magnified view of the rectangular area shown in (e). The insets in (c) and (f) are the corresponding height profiles. Reproduced with
permission from ref 94. Copyright 2012 Elsevier.

Figure 11. Synthesis of the [SO3H-(CH2)3-HIM]3PW12O40@MIL-100(Fe) multicomponent catalyst for esterification reactions. Reproduced with
permission from ref 116. Copyright 2015 Wiley-VCH.
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pore volume, and type of reactive sites present to access
multifunctional POM@MOF composites.
Postsynthetic introduction of POMs into MOFs (e.g., by

impregnation) often leads to composites that can suffer from
leaching and more generally from reduced stability under the
targeted application conditions. To address this issue,
modification of the MOF framework by introducing functional
groups on the organic linkers or by introducing unsaturated
metal sites can facilitate POM binding and stabilization within
the MOF pores. Using these principles, Wang et al. prepared a
PTA@NH2-MIL-101(Cr) composite in which POM binding
was facilitated by the presence of amine groups, which can be
protonated and therefore form hydrogen-bonding and electro-
static interactions with the POM anion.117 The composite was
subsequently used for the extractive and catalytic ODS of a
model fuel oil under mild conditions. Under the optimized
conditions, the catalyst achieved quantitative conversion of the
model sulfur compound DBT to DBTO2. Because of the stable
binding of the POM within the MOF, the catalyst could be
recycled several times without leaching or loss of activity.117

In 2017, Van Der Voort’s group developed a new,
environmentally friendly POM@MOF catalyst using an ionic
liquid approach to anchor the PTA anions within the pores of
MIL-101(Cr).98 As shown in Figure 12, MIL-101 was heated

under vacuum to 150 °C to remove the water ligands and
generate vacant binding sites on the Cr cations. These sites
were used to anchor the diamino-functionalized ionic liquid
(DAIL) by coordinative interactions between the metal centers
and the amino groups. Then the PTA molecules were allowed
to diffuse into the MIL-101(Cr) pores and react with the DAIL
groups by acid−base reactions. The resulting strong electro-
static binding of PTA to protonated DAIL groups prevented
the catalyst from leaching. The composite was tested for the
selective oxidation of benzyl alcohol and showed high
conversion together with 99% selectivity for benzaldehyde

(Figure 12). Greater understanding of the exact role of the IL
cations is required in order to use this insight to develop this
promising concept further.
For many heterogeneous catalytic applications, the catalyst

particle size can significantly affect the resulting reactivity. This
was explored by Bromberg and Hatton,118 who observed that
POM@MOF crystals obtained by encapsulating PTA in MIL-
101(Cr) are 5−25 times larger than the corresponding POM@
MOF crystals obtained by impregnation of pure MIL-101(Cr)
crystals. The authors tested both materials in liquid-phase
aldehyde−alcohol condensation test reactions and found that
the different particle size does not significantly affect the
catalytic performance. This notable result indicates that mass
transport within the MOF pores is not rate-limiting for the
catalytic process under the given conditions, and more work is
needed to identify the actual limiting process. Similar analyses
were performed by Gascon and colleagues, who compared the
catalytic performance of PTA@MIL-101(Cr) composites
formed by encapsulation or impregnation routes.99 First, the
authors suggested that the interaction of Cr3+ with PTA under
encapsulation conditions may result in the formation of Cr3+-
substituted lacunary POMs, i.e., the formation of a new catalyst
under the reaction conditions. In addition, on the basis of size
considerations, the POM anions (∼1.0 nm diameter) could in
principle access the medium-sized pores of MIL-101(Cr) (2.9
nm, aperture diameter of ∼1.2 nm) under encapsulation
conditions, while only the larger pores (3.4 nm, aperture
diameter of ∼1.5 nm) were accessible under impregnation
conditions. On the basis of their catalytic test reactions, the
authors reported that the encapsulated composites (with 20
and 50 wt % POM loading) showed higher catalytic activity in
the Knoevenagel condensation (benzaldehyde and ethyl
cyanoacetate; Figure 13) compared with the impregnated
sample (50 wt %). The authors attributed this observation to
the high dispersion of the POMs in the encapsulated sample
and also to catalyst deactivation in the impregnated sample due
to strong (possibly acid−base) interactions between the POM

Figure 12. Functionalization of the Cr sites in MIL-101(Cr) with
diamino-functionalized ionic liquid (DAIL) cations and subsequent
binding of PTA anions by proton exchange. Reproduced with
permission from ref 98. Copyright 2017 Royal Society of Chemistry.

Figure 13. Knoevenagel condensation reaction (benzaldehyde and
ethyl cyanoacetate) under identical conditions catalyzed by (a) native
MIL-101(Cr), (b) a bicyclo guanidine reference, (c) MIL-101(Cr)
with 50 wt % impregnated POM, (d) MIL-101(Cr) with 50 wt %
encapsulated POM, and (e) MIL-101(Cr) with 20 wt % encapsulated
POM. It should be noted that the higher conversion reported for (e)
compared with (d) could be due to detrimental pore accessibility and
aggregation effects at high POM loadings. Reproduced with
permission from ref 99. Copyright 2009 Elsevier.
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and MOF.99 While more work is required in order to gain
further understanding of the mechanistic differences of
encapsulation versus impregnation, this example beautifully
shows that control over the synthetic conditions can be used to
position POMs at specific pores within MOF frameworks and
use this to direct the catalytic reactivity and selectivity.
The above examples demonstrate that the nature of the

pores and pore apertures of MOFs can be used to control the
observed catalytic activity of the incorporated POMs. Smaller
pores and apertures facilitate irreversible POM incorporation
and prevent leaching; however, they also lead to increased
mass transfer limitations and slower diffusion, so that the
catalytic activity is decreased. The interplay between pore and
aperture size and substrate shape can therefore be used to
control the catalytic selectivity. This was exemplified by a study
of the product selectivity in the self-condensation (i.e., mono-
and dicondensation) of cyclic ketones using PTA@MIL-100
and PTA@MIL-101 as models.119 For PTA@MIL-100, higher
selectivity for the monocondensation product was observed,
suggesting that a smaller cage size is more efficient in shape-
selective catalysis involving relatively bulky reactants. A similar
reactivity dependence on the pore and aperture sizes was also
reported for the ODS of model and real gasoline with PTA@
MOFs (including UiO-66, ZIF-8, and MIL-100).120 However,
it should be noted that reactivities of these complex systems
are affected by other factors, including the pore hydro-
phobicity, the POM−pore wall interactions, and the type of
transition metal nodes present. As a case in point, Chen and
co-workers reported that the substitution of Cr3+ with Fe3+ in
PTA@MIL-100/MIL-101 results in changed regioselectivity in
the hydroxyalkylation of phenol to afford bisphenol F.121

As briefly mentioned above, structural and chemical changes
of the incorporated POM anion under catalytic conditions are
possible and could be used to access and stabilize new catalytic
species in the confined environments of MOF pores. To date,
obtaining experimental evidence for the structural integrity or
changes thereof for POM@MOF composites is still challeng-
ing, and little information has been reported thus far. However,
to develop the field further on the basis of molecular-level
understanding, this insight is urgently required, particularly
since a wide variety of POM anions have already been

incorporated into the MIL-101 system for catalytic applica-
tions. Examples include [PZnMo2W9O39]

5−, [PW11ZnO39]
5−,

[PW11CoO39]
5− , [PW11TiO40]

5− , [Co4P2W18O68]
10− ,

[PW11FeO39]
4−, [TbP2W22O78]

11−, [EuP2W22O78]
11−,

[ SmP 2W2 2O 7 8 ]
1 1 − , [ E uP 2W 2 2O 7 8 ]

1 1 − , [ (HOS -
n I V OH ) 3 ( PW 9 O 3 4 ) 2 ]

1 2 − , a n d [ ( O C e I V O ) 3 -
(PW9O34)2]

12−.122−130 In one of the few studies of POM
stability under deposition conditions, Salomon and co-workers
observed by 31P NMR spectroscopy that the sandwich POM
K10[(PW9O34)2Co4(H2O)2] (dimensions ∼12 Å × 12 Å × 16
Å, P2W18Co4) remains intact within the MIL-101(Cr)
framework upon impregnation. In contrast, the organo-
functionalized analogue Na9(NH4)5[(PW9O34)2Co7(OH)2-
(H2O)4(O3PC(O)(C3H6NH3)PO3)2] (∼12 Å × 12 Å × 23
Å, Co7−Ale) decomposes into P2W18Co4 anions within the
pores.131 The authors proposed that this process is triggered by
the presence of Brønsted acidic sites within the MOF pores
and could further be related to the loss of cations associated
with the POM upon uptake into the MOF.
In addition to classical thermal catalysis, POM@MOF

composites have recently received increased interest for light-
driven catalytic applications.132−136 Typically, MOFs with
semiconducting behavior feature a large band gap, and
therefore, light-activation relies on high-energy UV light,
which limits their application range. However, introduction of
visible-light-absorbing POMs into MOFs could enable harvest-
ing of visible light by these POMs, which feature rich
photoredox activity based on oxo ligand to metal charge
transfer transitions.137 In addition, theoretical and experimen-
tal analyses can be used to match the energy levels of the POM
and MOF to facilitate charge transfer and charge separation.
This was explored in a recent study by Dolbecq and co-
workers,134 who immobilized a sandwich-type POM
([Na10(PW9O34)2Co4(H2O)2]) into the cavities of PCN-222,
a zirconium−metalloporphyrin MOF with large hexagonal
channels and the ability to capture visible light. The composite
was then applied for the photooxidation of water. The authors
observed that the immobilization of porphyrin as the ligand
has a significant effect on the oxidizing power of the catalyst.
Also, density functional theory (DFT) calculations revealed
that the POM−MOF interface strongly affects the local

Figure 14. Proposed mechanism for the visible-light-driven photooxidation of benzyl alcohol over [H3PMo12O40]@MIL-100(Fe). Reproduced
with permission from ref 138. Copyright 2015 Royal Society of Chemistry.

ACS Catalysis Review

DOI: 10.1021/acscatal.9b03439
ACS Catal. 2019, 9, 10174−10191

10183



arrangement of H2O molecules and −OH groups toward
optimized hydrogen-bonding-type host−guest interactions,
highlighting the importance of molecular geometry optimiza-
tion for POM@MOF catalysts.
Pioneering work in the field was reported in 2015 when

Liang and colleagues described the first study of a
[H3PMo12O40]@MIL-100(Fe) composite for the selective
photooxidation of benzyl alcohol derivatives and the photo-
reduction of CrVI under visible-light irradiation (Figure 14).138

Addition of the POM anions enhanced the visible-light
absorption of the composite, possibly as a result of electronic
interactions between the two components. Also, interfacial
charge transfer in the POM@MOF composite was reduced by
suppression of the charge recombination and the longer
lifetimes of the charge-separated states.
Another field where fast-paced progress has been made using

POM@MOF composites is electrochemistry, e.g., in water
electrolysis, lithium-ion batteries, supercapacitors, and solar
cells.139−145 In particular, Lan and co-workers have studied
POM@MOF composites for a range of energy-conversion/
storage applications.146−151 In an early study, Fernandes and
colleagues examined the electrocatalytic oxidative properties of
PMo10V2@MIL-101(Cr) deposited on pyrolytic graphite
electrodes.152 Initial studies showed that the composite
features the redox-signatures of both MIL-101 and
[PMo10V2O40]

5−. However, the composite showed higher
electrocatalytic activity toward ascorbic acid oxidation
compared with the native POM, highlighting the benefits of
POM-in-MOF integration for electrocatalysis.
A related area is the design of proton-conducting MOFs,

which could be interesting as membranes in fuel cells and other
electrochemical devices. Incorporation of POMs into MOFs
can significantly enhance proton transport because of the
ability of the POM to form extended hydrogen-bonding
networks. The concept was demonstrated by Lai and
colleagues, who examined the proton conductivities of
PTA@MIL-101(Cr) fabricated by encapsulation and impreg-
nation.153 The authors reported that proton conductivity
strongly depends on the location of PTA molecules and that
the composite formed by encapsulation route showed ∼2-fold
higher proton diffusion rates compared with the composite
formed by impregnation. The authors suggested that
incorporation of the POM in the smaller pores (formed by
encapsulation) results in the formation of a stronger, more
interlinked hydrogen-bonding network, leading to improved
proton transfer.153 Further studies showed that the proton
conductivity of POM@MOF composites can be further
increased by incorporation of small hydrogen-bonding guest
molecules into the MOF pores. In one case, the authors
introduced isonicotinic acid inside the composite PTA@
NENU-3, which resulted in increased proton conductivity and
a reduced activation barrier for proton hopping.154

The use of POM@MOF composites for light-driven
hydrogen evolution was demonstrated by Hill and colleagues,
who used the photoactivity of PTA@NH2-MIL-53 to deposit
Pt NPs as catalysts on the composite.133 To this end, the
authors impregnated PTA@NH2-MIL-53 with the precursor
H2PtCl6. Under UV irradiation, the photoredox-active POM
triggered reduction of the precursor to form elemental Pt NPs.
The authors suggested that the NPs were also stabilized by
strong electrostatic interactions with the anionic POMs. In
contrast with reference samples, this composite showed
significant hydrogen evolution reactivity under light-driven

conditions in the presence of sacrificial electron donors. The
authors also suggested that this was due to a unique reaction
mechanism in which excitation of the amine-functionalized
MOF led to POM-mediated electron transfer to the POM and
then to Pt NPs, where H2 is evolved (Figure 15). Further work
is required in order to gain a more detailed mechanistic
understanding as a basis for further improvements of this
promising materials class.

An alternative approach to light-driven hydrogen evolution
was reported by Li and co-workers, who encapsulated three
anionic Ni-, Co-, or V-substituted Wells−Dawson-type POMs
together with the cationic photosensitizer [Ru(bpy)3]

2+ in
MIL-101(Cr).155 The heterogenized systems all showed
improved hydrogen evolution compared with homogeneous
reference systems, which the authors contributed to the
stronger association between cationic photosensitizer and
anionic catalyst within the pores compared with the solution
phase. In addition, under identical light-driven reaction
conditions, the three composites showed very similar hydrogen
evolution reactivities. This might suggest that the catalyst is
not actually involved in the rate-limiting steps and that mass
transfer or other diffusive processes related to the MOF
structure might control the observed hydrogen evolution
reactivity.155

5. POM@ZR-MOF COMPOSITE CATALYSTS
While much POM@MOF composite development has been
focused on the materials described above, more and more
research is focusing on alternative MOFs such as Zr-based
systems, e.g., the UiO class of MOFs.156 Zr-MOFs combine
scalable synthesis with robust, porous structures and high
moisture resistivity, making them ideal candidates for advanced
catalytic processes. Pioneering work on POM@UiO compo-
sites was reported by Dolbecq and colleagues in 2015.157 The

Figure 15. (a) Synthesis of Pt-PTA@NH2-MIL-53 as a light-driven
hydrogen evolution catalyst. (b) Proposed electron transfer cascade
for the photocatalytic H2 evolution by Pt-PTA@NH2-MIL-53 using
ascorbic acid (AA) as an electron/proton donor. Reproduced with
permission from ref 133. Copyright 2016 Royal Society of Chemistry.
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authors incorporated several tungstate POMs ([PW11O39]
7−,

[PW12O40]
3−, and [P2W18O62]

6−) into the pores of UiO-67.
Because of the relatively small pore apertures (∼0.8 nm), the
POMs (with diameters of ∼1.0−1.4 nm) were incorporated
into the framework by an in situ solvothermal encapsulation
route. The authors reported that the pore occupation ratio
depends on the type of POM used and varies from 20%
(PW11@UiO-67) to 25% (P2W18@UiO-67) and 50% (PW12@
UiO-67). The authors also explored the fundamental electro-
chemistry of the composites (deposited on pyrolytic graphite
electrodes) and observed reversible redox events characteristic
of the POMs present in the pores.157 In the future this could
open new paths for electrochemical sensing and electro-
catalysis.
Building on these studies, Song and co-workers evaluated

the influence of the organic linker and POM type
(phosphomolybdic acid and cobalt-functionalized phospho-
molybdic acid) on the stability and catalytic performance of a
series of POM@UiO composites.158 As test reaction, the
epoxidation of cyclooctene was studied. The authors showed
that the introduction of bipyridine-bearing linkers into UiO-67
as well as the introduction of the Co-functionalized POM leads
to increased conversion and in the future could be used to
design more stable composite catalysts.
The photochemical activation of Zr-MOF frameworks was

reported by Zhang et al.132 The group used cationic UiO-type
MOFs based on [Ru(bpy)3]

2+-derived dicarboxylate linkers
and Zr6(μ3-O)4(μ3-OH)4 SBUs. These MOFs were function-
alized with Wells−Dawson polyoxoanions [P2W18O62]

6− and
used as light-driven hydrogen evolution catalysts in the
presence of sacrificial electron/proton donors. The authors
reported a maximum TON (TON = n(0.5H2)/n(POM)) of
>500 for the heterogeneous composite, while a homogeneous
reference sample showed a significantly lower TON. This was
taken as an indication that charge transfer between the
photosensitizer and catalyst in the heterogeneous system is
more efficient and leads to improved catalysis. The authors
also reported the degradation of some of the heterogenized
photosensitizers during operation, indicating that significant
improvements of these systems could be possible.132 While
initial studies have shown the promising performance of
microporous POM@Zr-based MOFs,159−162 recent works
have targeted mesoporous POM@Zr-MOFs built from large
organic linkers.134,163−165 A prime example is the iconic NU-

1000 MOF, in which Zr-based nodes (Zr6(μ3-O)4(μ3-
OH)4(H2O)4(OH)4) are connected by rigid aromatic
tetracarboxylate linkages (1,3,6,8-tetrakis(p-benzoate)pyrene).
In 2017, Farha and colleagues incorporated PTA molecules
into the pores of NU-1000 using an impregnation route.163 As
shown in Figure 16, NU-1000 features a hexagonal lattice with
small (1.2 nm) triangular channels and large (3.1 nm)
hexagonal channels. The authors proposed three possible
locations for the PTA clusters (Figure 16) and used powder X-
ray diffraction-based differential envelope density analysis to
suggest that the POMs are most likely located in the triangular
channels close to the Zr nodes and are firmly held in place by
hydrogen bonding between the POM and the Zr−OH groups.
The authors demonstrated that the composite showed high
reactivity for the oxidation of the nerve agent simulant 2-
chloroethyl ethyl sulfide (CEES). Notably, selective four-
electron oxidation to form the sulfoxide was required in this
case, as only this product was nontoxic, whereas the two-
electron-oxidized sulfone had similar toxicity properties as the
parent compound. In subsequent works, the authors
demonstrated that mild thermal activation can trigger
migration of the POM into the larger hexagonal pores,
which also modulates the CEES oxidation reactivity.165 This is
a beautiful illustration of how thermal control can be used to
modify the POM distribution within a hierarchical pore system
and thereby modify the bulk reactivity of POM@MOF
composites. It could serve as a model for exploring the
mobility of POMs and the resulting reactivity changes
depending on the MOF pore structure.

6. POM@ZIF COMPOSITE CATALYSTS

Zeolitic imidazolate frameworks (ZIFs) are a class of MOFs
that share topological similarities with silicate-based zeolites.
ZIFs offer robust porosity and chemical and thermal stability
and are therefore of immense interest for heterogeneous
catalysis. Consequently, their modification with POMs has
recently been explored.166,167 POM incorporation has been
achieved either through classical solution methods or using
mechanochemical approaches such as ball milling.168 Also,
POM@ZIF composites have recently attracted significant
interest from the electrocatalysis and battery communities
since the ZIF frameworks contain redox-active metal ions (e.g.,
Co) as central nodes and the POMs introduce additional

Figure 16. Proposed structures of PTA@NU-1000 in which the the POMs are located (a) inside the windows between the channels, (b) in the
hexagonal channels (c) or in the small triangular channels. Differential envelope density analysis of the powder XRD data suggested that (c) is a
representative representation of the reported POM@NU-1000 composite. Reproduced from ref 163. Copyright 2017 American Chemical Society.
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redox-active sites, so that synergisms in electron transfer could
be envisaged.145,169−171 A prime example was recently reported
by Das and co-workers, who incorporated the Co-centered
tungstate Keggin anion [CoW12O40]

6− into ZIF-8 (based on
imidazolate-linked Zn2+ cations).172 The authors reported that
the POMs were embedded in the pores (∼1.2 nm diameter) of
ZIF-8 without changing the crystallinity and therefore the
structural integrity of the framework. Electrocatalytic water
oxidation tests at neutral pH showed promising performance
with sustained oxygen evolution and no POM leaching. This
reactivity is intriguing since the POM itself is not capable of
performing water oxidation under these conditions. The report
therefore offers ample opportunity to explore new reactivity
emerging from POMs incorporated into ZIF frameworks.
A three-component composite based on POM@ZIF

materials was recently described for electrochemical sensing.135

The authors deposited [H5PMo10V2O40]@ZIF-8 thin films on
semiconducting ZnO nanorods and used this for formaldehyde
sensing. To this end, it was demonstrated that the composite
showed formaldehyde-dependent changes in the photocurrent
under visible-light irradiation. These changes could be
converted into formaldehyde concentrations and thus used
for formaldehyde sensing, even in the presence of other species
(e.g., ethanol). The photocurrent changes were generated by
photooxidation of the formaldehyde. In addition, the authors
suggested that the ZIF-8 acts as a preconcentrator for
formaldehyde and enables detection at low analyte concen-
trations.

7. SUMMARY AND FUTURE PERSPECTIVES
The past decade has seen the merging of polyoxometalate and
metal−organic framework chemistries, leading to unprece-
dented POM@MOF composites with far-ranging applications.
This review summarizes how POM anions can be incorporated
into porous MOF frameworks and describes the catalytic
properties, reactivity tuning, and stability increase in these
POM@MOF composites. The central focus is on the use of
commonly accessible POMs together with widely used MOFs,
which reflects the major directions of recent research in this
field. In addition to discussing emerging synergistic effects, the
review focuses on exploring the individual roles of the POM
and MOF with respect to reactivity and stability and discusses
recent trends where pore confinement and pore engineering
are used to establish new function. Multiscale effects and their
role in macroscopic reactivity are discussed, ranging from
diffusion limitations within nanometer pores to crystal size and
morphology on the micro- to millimeter scale.
As discussed, the high catalytic activity of POM@MOF

composites is based on three main factors: (i) high dispersion
of POM molecules throughout the crystal; (ii) the amount,
location, and availability of active sites of the POM; and (iii)
added functionality and hierarchical porous structure of the
MOF. To further exploit these unique combined properties,
there is an urgent need for further development of the
molecular-level understanding of reactivity and synergisms in
POM@MOF composites, ideally using combined in situ/in
operando analytical methods. Building on this mechanistic
understanding, further concepts for determining and control-
ling the location and geometric orientation of the POMs
within the pores could help to control the catalytic activity in
an enzyme-inspired approach. Furthermore, to date most
POM@MOF composites are focused on classical, well-
researched POMs, while many new and advanced POMs

have not yet been explored. This holds great promise for
further tuning of the reactivity and synergism, e.g., using
mixed-metal-, noble-metal-, or metal−organic-functionalized
POMs. In addition, precise alignment of the POM structure
and pore geometry could hold great promise to enable new
reaction pathways and thus control the catalyst selectivity.
These studies need to be combined with mechanistic analyses
that contrast the POM reactivity in solution with the reactivity
of POMs embedded in MOFs. On the nano- and micro-
structure levels, crystal engineering concepts need to be
developed to allow morphology control of the POM@MOF
composites in order to overcome mass transport limitations
and facilitate substrate access to the active sites.
Finally, it should be noted that while this review is focused

on established POM and MOF materials, there are vast
research opportunities as new POM architectures and new
MOF topologies are discovered. Thus, future workideally by
close collaboration between experts in both fieldswill
certainly result in exciting new structures and functionalities
for this inspirational composite class.
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(113) Juan-Alcañiz, J.; Goesten, M. G.; Ramos-Fernandez, E. V.;
Gascon, J.; Kapteijn, F. Towards Efficient Polyoxometalate
Encapsulation in MIL-100(Cr): Influence of Synthesis Conditions.
New J. Chem. 2012, 36, 977−987.
(114) Juliaõ, D.; Gomes, A. C.; Pillinger, M.; Valenca̧, R.; Ribeiro, J.
C.; de Castro, B.; Gonca̧lves, I. S.; Cunha Silva, L.; Balula, S. S. Zinc-
Substituted Polyoxotungstate@Amino-MIL-101(Al)−An Efficient
Catalyst for the Sustainable Desulfurization of Model and Real
Diesels. Eur. J. Inorg. Chem. 2016, 2016, 5114−5122.
(115) Ramos-Fernandez, E. V.; Pieters, C.; van der Linden, B.; Juan-
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