




Applied Polyoxometalate-based Electrocatalysis





Applied Polyoxometalate-based
Electrocatalysis

Edited by Diana M. Fernandes



Editor

Dr. Diana M. Fernandes
LAQV-REQUIMTE
Faculty of Sciences
University of Porto
Rua do Campo Alegre, s/n
Porto 4169-007
Portugal

Cover Image: © Akaradech
Pramoonsin/Getty Images,
© tommy/Getty Images,
© YIUCHEUNG/Shutterstock,
© Scharfsinn/Shutterstock

All books published by WILEY-VCH are carefully
produced. Nevertheless, authors, editors, and
publisher do not warrant the information
contained in these books, including this book,
to be free of errors. Readers are advised to keep
in mind that statements, data, illustrations,
procedural details or other items may
inadvertently be inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available
from the British Library.

Bibliographic information published by the
Deutsche Nationalbibliothek The Deutsche
Nationalbibliothek lists this publication in
the Deutsche Nationalbibliografie; detailed
bibliographic data are available on the Internet
at <http://dnb.d-nb.de>.

© 2025 WILEY-VCH GmbH, Boschstraße 12,
69469 Weinheim, Germany

All rights reserved, including rights for text and
data mining and training of artificial
technologies or similar technologies (including
those of translation into other languages). No
part of this book may be reproduced in any
form – by photoprinting, microfilm, or any
other means – nor transmitted or translated
into a machine language without written
permission from the publishers. Registered
names, trademarks, etc. used in this book, even
when not specifically marked as such, are not
to be considered unprotected by law.

Print ISBN: 978-3-527-35213-5
ePDF ISBN: 978-3-527-84269-8
ePub ISBN: 978-3-527-84270-4
oBook ISBN: 978-3-527-84271-1

Typesetting Straive, Chennai, India

http://dnb.d-nb.de
http://dnb.d-nb.de


v

Contents

Part I Fundamentals 1

1 Introduction to Polyoxometalates 3
Daniela Flores and Carlos M. Granadeiro

1.1 Introduction 3
1.2 Polyoxometalate Structures 5
1.2.1 Synthetic Methodologies 5
1.2.2 Lindqvist Structure 6
1.2.3 Keggin Structure 6
1.2.4 Wells–Dawson Structure 8
1.2.5 Anderson–Evans Structure 10
1.2.6 Preyssler Structure 11
1.2.7 Other POM Structures 12
1.3 POM-based Composites and Materials 12
1.4 Conclusions 15

References 16

2 Design and Strategies to Enhance the Electrochemical
Properties of POM Nanomaterials for Electrocatalysis 27
Adedayo Oghenenerhuvwu Dada, Kieran Dylan Jones, Darren Anthony
Walsh, and Graham Neil Newton

2.1 Introduction 27
2.1.1 Structure Bonding and Formation 28
2.1.2 POM Archetypes: Keggin and Wells–Dawson 30
2.1.3 Factors Influencing the Catalytic Role of POMs 33
2.1.4 The Structure–Redox Relationship in POMs 34
2.2 Design Approaches via Organofunctionalization 34
2.2.1 Transition-metal-substituted POMs (TMS-POMs) 36
2.2.2 Class I Hybrid POMs 37
2.2.3 Class II Hybrid POMs 39
2.2.4 Asymmetric Systems 42



vi Contents

2.2.5 Supramolecular Assembly 44
2.2.6 Immobilization Techniques 46
2.2.6.1 Surface Immobilization 47
2.2.6.2 Nanoencapsulation 49
2.3 Conclusion 51

References 52

Part II Polyoxometalates for Oxidative Electrocatalysis 59

3 POM-based Electrocatalysts for L-Cysteine and NADH
Oxidation 61
Israël Mbomekallé, Anne-Lucie Teillout, and Pedro de Oliveira

3.1 Introduction 61
3.2 The Electrocatalytic Oxidation of L-cysteine (Cys) 61
3.2.1 V-containing POMs as Electrocatalysts in Homogeneous Phase 61
3.2.2 Ce-containing POMs as Electrocatalysts in Homogeneous Phase 67
3.2.3 POM-containing Hybrids as Electrocatalysts in Heterogeneous Phase:

Carbon Paste Electrodes 69
3.2.4 POM-containing Hybrids as Electrocatalysts in Heterogeneous Phase:

Layer-by-layer modified Electrodes 71
3.2.5 POM-containing Hybrids as Electrocatalysts in Heterogeneous Phase:

Layer-by-layer and Nanoparticle-modified Electrodes 74
3.3 The Electrocatalytic Oxidation of Nicotinamide Adenine Dinucleotide

(NADH) 76
3.3.1 V-containing POMs as Electrocatalysts in Homogeneous Phase 76
3.3.2 POM-containing Hybrids as Electrocatalysts in Heterogeneous Phase:

Layer-by-layer and Precipitate-deposition-modified Electrodes 78
3.3.3 POM-containing Hybrids as Electrocatalysts in Heterogeneous Phase:

Layer-by-layer and Nanoparticle-modified Electrodes 82
3.3.4 POM-containing Hybrids as Electrocatalysts in Heterogeneous Phase:

Precipitate-deposition-modified Electrodes and Electro-generated
Chemiluminescence 85

3.3.5 POMs in Artificial Reductase Systems for Oxidation Catalysis 85
3.4 Conclusion 85

List of Abbreviations 87
References 88

4 POM-based Electrocatalysts for Pharmaceutical Molecules
Oxidation 93
Diana M. Fernandes

4.1 Introduction 93
4.2 Preparation Methods of POM-based Films and (Nano)composites 94
4.3 POM-based Electrocatalysis 97
4.3.1 Electrocatalysis 97



Contents vii

4.3.2 Dopamine Oxidation 98
4.3.3 Ascorbic Acid Oxidation 107
4.3.4 Other Molecules 111
4.4 Conclusions 112

Acknowledgments 113
List of Abbreviations 113
References 115

Part III Polyoxometalates for Reductive
Electrocatalysis 123

5 POM-based Electrocatalysts for Inorganic Water Contaminants
and Hydrogen Peroxide Reduction 125
Diana M. Fernandes

5.1 Introduction 125
5.2 Nitrite Reduction 126
5.3 Bromate Reduction 134
5.4 Iodate Reduction 138
5.5 Hydrogen Peroxide Reduction Reaction 142
5.6 Conclusions 145

Acknowledgment 146
List of Abbreviations 146
References 148

6 POM-based Electrocatalysts for Carbon Dioxide
Reduction 157
Bruno Fabre, Clément Falaise, and Emmanuel Cadot

6.1 Introduction 157
6.2 Thermodynamics of CO2 Reduction 158
6.3 Appealing Properties of POMs for CO2 Reduction 159
6.3.1 A Reservoir of ‘Hopping’ Electrons 159
6.3.2 Proton-coupled Electron Transfer in POMs 160
6.3.3 Tuning of the Reducibility of the POMs 161
6.3.4 Massive Electron Storage in POMs 161
6.3.5 A Versatile Platform 162
6.4 Coordination of CO2 by POM Compounds 164
6.5 Electrocatalytic Reduction of CO2 with Dissolved POMs 165
6.5.1 3D Transition-metal-substituted POMs as Electrocatalysts in Organic

Solvents 165
6.5.2 Platinoid-containing Hybrid POMs as Electrocatalysts in Organic

Solvents 169
6.5.3 POMs as Electron Relays in Aqueous Solution 171
6.6 Electrocatalytic Reduction of CO2 at POMs-modified (Semi)conducting

Electrode Surfaces 173



viii Contents

6.6.1 Immobilization of POMs on Electrodes 173
6.6.2 POMs-modified Electrodes Electrocatalytically Active for CO2

Reduction 174
6.7 Conclusions 178

References 178

Part IV Polyoxometales for Fuel Cells and Electrolysers 183

7 POM-based Electrocatalysts for Oxygen Evolution
Reaction 185
Víctor K. Abdelkader-Fernández, Pablo Garrido-Barros, Marta Nunes, and
Marcos Gil-Sepulcre

7.1 Introduction: The OER Process 185
7.2 Pure POMs as OER Electrocatalysts 188
7.2.1 Structural and Mechanistic Considerations 188
7.2.1.1 POMs as Platforms for Water Oxidation Electrocatalysis 188
7.2.1.2 Water Oxidation Mechanism of POMs 189
7.2.2 Homogeneous Electrocatalysis 190
7.2.3 Heterogeneous Electrocatalysis 193
7.3 POM-containing (Nano)composites as OER Electrocatalysts 195
7.3.1 POM/Carbon (Nano)composites 195
7.3.2 POMs Combined with Metals/Metal Oxides/Metal Hydroxides/Metal

Complexes 199
7.3.3 POM/MOF Nanocomposites 202
7.3.4 Other Nanomaterials 204
7.4 Heterogeneous Materials Derived from POM and POM-containing

Nanocomposites 206
7.4.1 Encapsulation of POMs into MOFs Structures as Precursors for WO

Electrocatalysts 206
7.4.2 Other POM-based Materials 208
7.5 Concluding Remarks 209

Acknowledgements 210
List of Abbreviations 210
References 212

8 POM-based Electrocatalysts for Hydrogen Evolution
Reaction 219
Inês S. Marques, Renata Matos, and Diana M. Fernandes

8.1 Introduction: HER Process 219
8.2 Pure POMs as HER Electrocatalysts 221
8.3 Composite/Hybrid Materials 221
8.3.1 Carbon/POM 221
8.3.2 MOF/POM (POMOFs) 226
8.3.3 Transition-metal/POM Composites 228



Contents ix

8.3.4 Polymer/POM 232
8.4 POM-derived Electrocatalysts 235
8.4.1 SACs 235
8.4.2 Transition-metal Carbides 237
8.4.3 Transition-metal Chalcogens 242
8.4.4 Transition-metal Nitrates 246
8.4.5 Transition-metal Phosphides 247
8.4.6 Transition-metal Oxides 251
8.5 Concluding Remarks 252

Acknowledgements 252
List of Abbreviations 253
List of Symbols 254
References 254

9 POM-based Electrocatalysts for Oxygen Reduction
Reactions 263
Henrique Araújo, Biljana Šljukić, and Diogo M.F. Santos
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1

Introduction to Polyoxometalates
Daniela Flores and Carlos M. Granadeiro

University of Porto, LAQV/REQUIMTE, Department of Chemistry and Biochemistry, Faculty of Sciences, Rua
do Campo Alegre, s/n, Porto 4169-007, Portugal

1.1 Introduction

Polyoxometalates (POMs) represent a captivating and unique class of nanoscale
metal–oxide clusters, boasting remarkable structural and chemical versatility,
making them a sought-after choice across diverse scientific domains [1–3], namely
biomedicine, catalysis, colloid science, electronic or magnetic devices, functional
materials, nanotechnology, sensors and surfaces [4, 5]. The exploration of these
materials dates back to the 1826 discovery by Berzelius of the ammonium salt of
[PMo12O40]3−. However, it was not until 1933, when Keggin conducted the first
structural determination of the tungsten analogue [PW12O40]3− over a century later,
that their structural intricacies began to be unveiled [6]. The scientific community
has devoted considerable effort and time to the structural characterization of these
intriguing compounds, and so the potential applications of POMs only began to be
truly explored after the late 1970s.

POMs are inorganic clusters composed of metallic centres, frequently in their
highest oxidation state (M = V, Mo, W, Nb and Ta), named the addenda atoms, con-
nected by bridging or terminal oxygen atoms. Currently, there are a large number
of known POMs structures with diverse architectures and distinct compositions. In
order to establish correlations between their highly symmetric structures, physical
properties and reactivity, POMs are typically divided into two main categories:
isopolyanions and heteropolyanions (Figure 1.1) [7].

Isopolyanions, with the general formula [MxOy]m−, are composed of a metal–oxide
framework where the addenda atom is a singular transition-metal ion from group
V or VI surrounded by oxygen atoms. Heteropolyanions, represented by the general
formula [XzMxOy]n− with z≤ x, contain an additional atom (X) named heteroatom.
In POM structures, heteroatoms are typically elements from the p-block (X = P, Si,
Al, Ga, Ge) but also from the d-block (X = Fe, Co, Ni, Zn), which are located at the
centre of a MxOy shell [8].

The spatial arrangement of POMs can be visualized as packed arrays of polyhe-
dral MOx units, typically MO6 octahedra or, more rarely, MO5 pyramidal units.

Applied Polyoxometalate-based Electrocatalysis, First Edition. Edited by Diana M. Fernandes.
© 2025 WILEY-VCH GmbH. Published 2025 by WILEY-VCH GmbH.



4 1 Introduction to Polyoxometalates

Lindqvist Keggin

Wells–Dawson Anderson

Figure 1.1 Structural representation of the most common POM categories: the Lindqvist
isopolyanion ([M6O19]n−), and the heteropolyanions Keggin-([XM12O40]m−),
Wells–Dawson-([X2M18O62]w−) and Anderson-type ([XM6O24]n−) anions. MOx : light blue;
X: purple; O: red. Source: Granadeiro et al. [4]/with permission of Elsevier.

(a) (b) (c)

Figure 1.2 Polyhedral and ball-and-stick representation of the different types of MO6
connectivity in POMs: (a) corner-shared, (b) edge-shared and (c) face-shared octahedra.
Source: Bijelic and Rompel [9]/Springer Nature/CC BY 4.0.

These units act as building blocks in the construction of multiple architectures by
connecting between themselves and sharing edges, corners or faces (Figure 1.2)
[10]. Based on this, the oxygen atoms in a POM structure can be classified according
to their position (Figure 1.3). The oxygen atom connected to the heteroatom is
denoted as Oa, Ob and Oc represent corner- and edge-sharing atoms, while the
unshared (terminal) oxygen atom is denoted as Od [12].

The vast number of POM structures is further broadened by the use of more
than one type of M addenda atoms (mixed-addenda anions) or by structural
modification through the removal of one or more MOx groups (lacunary anions).
The formation of lacunary POM anions (Figure 1.4) is achieved by varying the
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Figure 1.3 Ball-and-stick
representation of the Keggin anions
with the different type of oxygen
atoms: Oa: heteroatom-connected
oxygen; Ob: corner-shared oxygen;
Oc: edge-shared oxygen; Od: terminal
oxygen. Source: Zheng et al. [11]/The
Royal Society of Chemistry/CC BY 3.0.

Oc

Oa

Ob

Od

Trivacant

: Vacant site : W : O

[PW9O34]9–

Saturated

–{W3O6} –{WO}

[PW12O40]3–

Monovacant

[PW11O39]7–

Figure 1.4 Polyhedral and ball-and-stick representations of the formation of mono- and
trilacunary (vacant) Keggin-type POMs. Source: Bao et al. [13]/with permission of Elsevier.

experimental conditions, such as temperature, pH or precursors, which are
frequently used to achieve enhanced reactivity and superior mechanical prop-
erties [14, 15]. The obtained empty lacuna with free oxygen atoms leads the
anion to act as a tetradentate or pentadentate ligand capable of coordinating to
any electrophilic species, typically lanthanide or transition-metal ions [5]. By
doing so, unprecedented structures have been obtained by the connection of
two (or more) known anions, including the formation of supramolecular POM
structures.

1.2 Polyoxometalate Structures

1.2.1 Synthetic Methodologies

The synthesis of POM structures is relatively straightforward, typically involving
an acidic solution containing relevant metal oxide anions. This can be achieved by
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following two main methodologies: (i) one-pot synthesis and (ii) building block
method. In the one-pot synthesis, a condensation reaction takes place between
simple metal salts and heteroanions. However, this approach demands the precise
control over several key parameters, namely the choice of reducing agent, concen-
tration and type of metal oxide anion, heteroatom type and concentration, ionic
strength, pH, presence of additional ligands and reaction temperature [16]. In the
building block method, lacunary anions, obtained by removal of MOx groups from
parent POM anions, act as precursors to build bulkier and more complex POM
structures [17]. The lacunary derivatives, typically prepared by controlled hydrolysis
of parent POM solutions, contain nucleophilic oxygen centres and will act as mul-
tidentate ligands in the construction of discrete larger clusters or even polymeric
networks through coordination to electrophilic species [18]. The more efficient and
elegant approach of the building block method has led to the exponential growth of
novel POM structures with increasingly complex arrangements, higher number of
functionalities and distinct physico-chemical properties, enlarging the application
fields of POMs [19–21].

1.2.2 Lindqvist Structure

The Lindqvist structure is the most representative example of isopolyanions with
the general formula [M6O19]n− with M = W, Mo, Cr and Nb. The monolacunary
Lindqvist polyoxotungstate unit [W5O18]6− has been extensively used as build-
ing block by coordination to lanthanide and transition-metal ions. In particular,
decatungstates composed of two [W5O18]6− units coordinated to a central lanthanide
ion [22] have shown peculiar properties motivating their synthesis and application
in photoluminescence, catalysis, medical imaging and as single-molecule magnets
(SMM) [23–27]. In these compounds, with the general formula [Ln(W5O18)2]9−, the
lanthanide ion is coordinated to eight oxygen atoms exhibiting a square antipris-
matic geometry [28]. The [Eu(W5O18)2]9− anion is among the most studied POMs
due to its exceptionally high quantum yield arising from the highly efficient energy
transfer process from the O→W charge transfer band to the lanthanide ion [29].

1.2.3 Keggin Structure

The Keggin structure, with the general formula [XM12O40]n−, stands as the most
well-known heteropolyanion featuring tetrahedrally coordinated heteroatoms and
four trimetallic M3O3 groups arranged around a central XO4 tetrahedron [30]. The
Keggin anion exhibits five rotational isomers (α, β, γ, δ and ε) resulting from consec-
utive 60∘ rotations of each M3O3 unit (Figure 1.5) [7].

Keggin anions, through controlled alkaline hydrolysis, are also able to form lacu-
nary species by removing one or more MOx groups from the plenary structure. The
monolacunary [XM11O39](n+4)− Keggin anion is able to coordinate to trivalent (or
even tetravalent) metallic cations through the available oxygen atoms in the lacuna
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β-Isomer

δ-Isomer ε-Isomer

{M
3 O

13 }

3 
{M

3
O 13

}

2 
{M

3
O 13

}

4 {M
3 O

13 }

60° 60°

60° 60°

α-Isomer

γ-Isomer

Figure 1.5 Polyhedral representation of the rotational isomers of the Keggin anions.
Source: Bijelic and Rompel [9]/Springer Nature/CC BY 4.0.

[4]. These monolacunary anions typically originate as 1 : 1 [XM11M′(L)O39]n− or
1 : 2 [M′(XM11O39)2]n− complexes. The 1 : 1 complexes are mainly obtained when the
metallic cation (M′) is a transition-metal or p-group element. For these complexes, L
represents a monodentate ligand (generally a water molecule) necessary to complete
the octahedral coordination of M′. Bulkier metallic cations (e.g. lanthanide ions)
tend to coordinate to two monolacunary units forming a 1 : 2 complex [31]. Nev-
ertheless, a few examples can be found in the literature reporting 1 : 1 complexes
with lanthanide ions [17, 19, 32]. The formation of 2 : 2 Keggin-type complexes is
even rarer, although some crystalline structures have already been reported, namely
[{Ln(H2O)3(α-PW11O39)}2]6− with Ln(III) = Nd, Gd (Figure 1.6) [33].

Trilacunary Keggin anions [XM9O34](n+6)−, obtained from the removal of three
MO4+ units, are also commonly used in the preparation of POM structures. The
removal of the three MO4+ units can be from octahedra sharing a corner (A-type)
or sharing an edge (B-type) (Figure 1.7).

Several crystalline determinations of POM structures using trilacunary Keggin
anions as building blocks have been described, mostly using tungstoarsenate,
tungstophosphate, tungstoantimonate and tungstosilicate moieties [34–37].

The major area of application for Keggin-based POMs has been catalysis, mainly
oxidative reactions with alcohols, alkenes and aldehydes [38, 39], as well as
in the fields of electro- and photocatalysis [40]. Besides, europium-containing
Keggin POMs have also shown interesting luminescent features [29], gadolinium-
containing Keggin POMs have exhibited promising features as MRI contrast agents
[41], while holmium and erbium analogues have been explored as SMMs [25].
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[XM12O40]n– [XM11O39]m–
[Ce(SiW11O39)(H2O)3]5–

[Eu(PMo11O39)2]11–

[{Gd(H2O)3(PW11O39)}2]6–

+Ce3+

+Gd3+

+Eu3+

–MO

Figure 1.6 Polyhedral representation of the Keggin-type complexes: 1 : 2 [Eu(PMo11
O39)2]11−, 1 : 1 [Ce(SiW11O39)(H2O)3]5− and 2 : 2 anionic [{Gd(H2O)3(α-PW11O39)}2]6−.
Source: Granadeiro et al. [21]/with permission of Elsevier.

A-α-[XM9O34]
(n+6)–(a) (b) B-α-[XM9O34]

(n+6)–

Figure 1.7 Polyhedral representation of the A- and B-type isomers of the Keggin
trilacunary structure. (a) A-α-[XM9O34](n+6) and (b) B-α-[XM9O34](n+6).

1.2.4 Wells–Dawson Structure

The Wells–Dawson structure, with the general formula [X2M18O62]n−, consists of a
diamagnetic anion composed of 18 MO6 octahedra sharing corners and edges with
the heteroatoms occupying the tetrahedral positions. Depending on the orientation
of the two top M3O3 units, the Wells–Dawson structure displays three rotational
isomers (α, β or γ) (Figure 1.8) [43]. Wells–Dawson anions can also form lacunary
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(a) (b) (c)

Figure 1.8 Polyhedral representation of the rotational isomers of the Wells–Dawson
anions. (a) α-Wells–Dawson, (b) β-Wells–Dawson, and (c) γ-Wells–Dawson.
Source: Matsunaga et al. [42]/MDPI/CC BY 4.0.

Figure 1.9 Polyhedral
representation of the positional
isomers of the α-monolacunary
Wells–Dawson structure.
Source: Huang et al.
[45]/MDPI/CC BY 4.0.

α2-Position

α1-Position

derivatives by removing one or more MOx groups from the parent structure. In the
case of isomers of lacunary species, it is necessary to distinguish between the differ-
ent isomers by specifying the location of the lacuna [44]. Considering the α-isomer,
if the lacuna is located in the equatorial region, the isomer is denoted as α1, while if
the lacuna is located at the top, the isomer is α2 (Figure 1.9).

Monolacunary Wells–Dawson anions have also been used as building blocks for
the preparation of monomeric 1 : 1 or dimeric 1 : 2 or 2 : 2 complexes by coordination
to metallic cations [46]. The metallic centre in 2 : 2 dimers can coordinate to an oxy-
gen atom of another unit in a ‘cap-to-cap’ or ‘cap-to-belt’ arrangement depending on
whether the oxygen atom is located at the top or at the equatorial region, respectively
[47, 48].

Numerous Wells–Dawson-based POM structures have been reported to date,
consisting of either monomeric or dimeric complexes mainly containing α-isomers
due to their higher stability when compared with the other isomers [46, 49, 50].
Among α-isomers, the number of crystalline reports dealing with the α2-isomer is
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considerably higher than with the chiral α1-isomer due to the minor stability of the
latter [51, 52].

Several other Wells–Dawson-based structures have been reported using either
multilacunary (di-, tri- and hexalacunary) or even mixed isomers as building blocks
[53–56]. For instance, Pope and co-workers have combined different Wells–Dawson
isomers to prepare the α1,α2-mixed [Ce(α1-P2W17O61)(α2-P2W17O61)]17− [57], while
Hill and co-workers reported the use of two trilacunary [α-P2W15O56]12− Wells–
Dawson derivatives linked by an ytterbium-containing cluster [58].

Wells–Dawson-based POMs have been mainly applied in the fields of catalysis and
magnetism [59–61]. Despite the relatively weak emission of lanthanide-containing
Wells–Dawson POMs, some reports can be found dealing with their applica-
tion in photoluminescence [62–64]. Granadeiro et al. proposed the synthesis of
organic–inorganic hybrids composed of lanthanide-containing [α2-P2W17O61]10−

Wells–Dawson units and 3-hydroxypicolinic acid [62]. In these hybrids, sensiti-
zation of the lanthanide luminescence could be more efficiently achieved via the
organic ligands leading to an enhancement of the global quantum efficiency.

1.2.5 Anderson–Evans Structure

The Anderson–Evans structure (commonly referred to simply as Anderson), with
the general formula [XM6O24]n−, consists in a planar ring arrangement composed
of a central heteroatom with octahedral geometry XO6 surrounded by six MO6 edge-
sharing octahedral [65]. In this structure, there are three distinct coordination modes
of oxygen atoms: triple-bridged (μ3-O), double-bridged (μ2-O) and terminal (Od) oxy-
gen atoms. Anderson-type structures can be classified according to the protonation
of the oxygen atoms (Figure 1.10) [66, 67]. The non-protonated A-type Anderson
with the general formula [Xn+M6O24](12−n)− and the protonated B-type Anderson in
which the protons are located on the μ3-O atoms around the heteroatom with the
formula [Xn+(OH)6M6O18](6−n)−.

In the Anderson-type structure, despite the addenda atoms being practically
limited to W or Mo, nearly all first-row transition-metals have been reported as het-
eroatoms. Moreover, several other elements, such as metalloids and post-transition-

O O

O O

O

O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

M M

M

M μ3-O

μ2-O

M

M X
OO

O

O

A-type

B-type

(a) (b) (c)
H

Figure 1.10 Structure of the Anderson-type POM (a), ball-and-stick representation of the
Anderson structure highlighting the different coordination of oxygen atoms (b) and the
different types (A- or B-) according to the protonation of oxygen atoms (c). Source: Wei et al.
[65]/MDPI/CC BY 4.0.
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metals (Al, Ga, Sb, Te), have also been used as heteroatoms in Anderson-type
structures. Nevertheless, there is a predominance in the number of reported crys-
talline structures using [Cr(OH)6Mo6O18]3−, [TeMo6O24]6−, [AlMo6(OH)6O18]3−

and [Co(OH)6Mo6O18]3− as building units [68, 69].
The physico-chemical properties of the Anderson-type POM are mainly governed

by the type of heteroatom present in the structure [14, 70]. These anions have been
mainly applied in the fields of photochromism, photocatalysis, biomedicine and
magnetism [71, 72].

1.2.6 Preyssler Structure

The Preyssler-type POM is a bulky heteropolyoxotungstophosphate with the general
formula [XP5W30O110]14− first described by Preyssler in 1970 [73]. It is composed of
five [PW6O22]9− units linked together in a cyclic arrangement forming an internal
cavity occupied by an encrypted cation. In this structure, the presence of water
molecules coordinated to the cation displaces it outside the equatorial plane of
the framework [74]. Although the original cationic element is sodium, several
other crystalline Preyssler structures have been reported using different central
cations typically achieved by cationic-exchange procedures. Pope et al. reported
a series of novel Preyssler-type structures by replacement of the central sodium
cation by trivalent lanthanides as well as tetravalent Ce and U [75]. However,
the crystalline structure for these compounds was only determined a few years
later for the europium-exchanged ([Eu(OH2)P5W30O110])14− anion [76]. Kortz and
co-workers described the direct synthesis of the silver-analogue [AgP5W30O110]14−

Preyssler structure by solvothermal and microwave-assisted synthesis [77]. Wang
and co-workers prepared the first non-phosphate Preyssler-type POM by using
tetrahedral {SO4} group in the structure leading to [XS5W30O110]14− with X = Na+
or K+ [78] (Figure 1.11).

The central cationic centre strongly influences the physico-chemical properties
of the Preyssler-type structure, ultimately determining their fields of application.
The europium-containing analogue has been mainly investigated with promising
results in luminescent, photo- and electrochromic applications [64, 80–84]. Sodium-

(longitudinal face)

(a) (b)

15 Å 10 Å

Figure 1.11 Polyhedral representation of the Preyssler-type POM: top view (a) and side
view (b). Source: Leclerc et al. [79]/MDPI/CC BY 4.0.
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and silver-containing Preyssler POMs have been successfully tested as antibacterial,
antitumour and antiviral agents [85–89].

1.2.7 Other POM Structures

Besides the more traditional and well-known POM structures, several other
examples of POM compounds have been reported. Dexter and Silverton described
the crystal structure of a dodecamolybdocerate anion with the general formula
[CeIVMo12O42]8− [90]. The central position is occupied by cerium heteroatom
surrounded by 12 face-sharing MoO6 octahedra. The development of novel syn-
thetic methods and the technological advances in the field of crystallography have
undoubtedly contributed to the appearance of unprecedented POM structures with
high nuclearities and increased complexity. Several authors have described the
synthesis of POM-based compounds by combining different types of anions. In
these mixed-type POM structures, generally prepared under hydro-/solvothermal
synthesis, distinct smaller POM fragments (e.g. Lindqvist, Keggin) are joined
together, typically using metallic clusters as linkers, to produce bulkier and more
complex POM arrangements [21]. For instance, Yamase et al. reported numerous
mixed-POM structures by combining trilacunary Keggin [B-α-SbW9O33]9− and
monolacunary Lindqvist [W5O18]6− units as building blocks [91–94].

The appealing physico-chemical properties and peculiar structural arrangements
of high-nuclearity POM clusters have led to the development of supramolecular
structures that can reach nanometric dimensions, generally referred as giant
POMs [95, 96]. The construction of these nanosized assemblies relies on the
use of metal cations, namely lanthanide ions and transition-metal ions, as link-
ers to assemble the smaller individual POM units [97]. Pope and co-workers
have reported the synthesis and crystallographic determination of the wheel-
shaped [As12Ce16(H2O)36W148O524]76− with a diameter of c. 4 nm [15]. This giant
cyclic structure contains 148 tungsten atoms and combines [B-α-AsW9O33]9−

and [W5O18]6− units linked together by cerium clusters. Müller et al. have
described several wheel-shaped giant POM structures which reach nanomet-
ric dimensions [98–100]. Interestingly, in the crystalline structure of the cyclic
[Mo120O366(H2O)48H12{Pr(H2O)5}6]6− anion, six {Pr(H2O)5}3+ fragments occupy
the positions of {Mo}2+ units ultimately influencing the shape and size of the
ring. Recent and comprehensive reviews dealing with the plethora of nanosized
high-nuclearity POM wheels have been reported highlighting their recent applica-
tions in the fields of catalysis, magnetism, luminescence, proton conductivity and
molecular recognition [101, 102].

1.3 POM-based Composites and Materials

Over the years, the unique and intriguing physico-chemical properties of POMs
have raised enormous interest in the scientific community. The structural diversity,
coordination flexibility and extensive possibility of elemental compositions in
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POMs make them potential candidates in a wide range of application fields.
Nevertheless, the direct application of POMs in specific applications can uncover
some limitations/drawbacks, such as low surface area, leaching, poor conductivity,
mechanical and thermal stabilities and difficulty to remove from reactional media.
Several strategies have been employed to overcome such issues by preparing
POM-based composites and materials with enhanced processability and reinforced
stability. The main strategies to develop POM-based composites and materials
are (i) self-assembled hybrids using cationic surfactants, (ii) embedment in thin
films/membranes, (iii) immobilization on support materials.

The properties of POMs can be tuned by replacing the original counterions with
cationic surfactants resulting in surfactant-encapsulated Polyoxometalates (SEPs).
The surfactant molecules surround the POM moieties and create a protective
hydrophobic environment which promotes the preservation of the POM properties
(Figure 1.12). The use of long alkyl chain surfactants has proved to be a useful
strategy to prepare SEPs with enhanced features for applications in catalysis and
luminescence. SEPs containing specific surfactants have been reported to behave
as heterogeneous catalysts enabling their recovery and consequent recycling from
the reactional media [103, 104]. Regarding luminescence, the hydrophobic environ-
ment in SEPs avoids the well-known luminescence quenching by water molecules
and allows for lanthanide-containing POMs to preserve their emission even in
aqueous media [81, 105]. Some of the most widely used surfactants to prepare SEPs
include dimethyldioctadecylammonium (DODA), dodecyltrimethylammonium
(DDTA), dodecyl(11-methacryloyloxyundecyl)dimethylammonium (DMDA) and
di(11-hydroxyundecyl)dimethylammonium bromide (DOHDA).

Figure 1.12 Formation of surfactant-encapsulated POM (SEPs) through replacement of
counterions by cationic surfactants exemplified for (DODA)6[MnMo9O32]⋅16H2O (top) and
(DODA)8[CeMo12O42]⋅9H2O (bottom). Source: Jia et al. [103]/with permission
of Elsevier.
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Recently, a different methodology to prepare surfactant-assembled POMs has been
reported, named ‘complex coacervate core micelles’ (C3Ms) [106, 107]. These mate-
rials, assembled by electrostatic interactions, rely on neutral–cationic block copoly-
mers. In C3Ms, the neutral segments of the copolymer surround the micellar core
composed of its cationic segments and the anionic POM units.

The preparation of POM-embedded thin films and membranes is one of the
most used approaches to prepare POM-based materials. Numerous stable and
ordered films/membranes containing POM moieties have been reported owing to
the solubility of POMs in distinct organic solvents [4]. The main techniques for
POM-embedded films and membranes are Langmuir–Blodgett (LB), layer-by-layer
(LbL), solvent-casting and spin-coating [108, 109]. The LB technique starts with
the formation of a cationic surfactant monolayer on the surface of an aqueous
dilute POM solution. Through immersion of a solid support, POM-embedded
thin films can be obtained with controllable orientation and thickness [110].
The LbL technique involves the alternate immersion of a substrate in a cationic
polyelectrolyte solution followed by immersion in anionic POM solutions, resulting
in electrostatically assembled multilayered films [111]. POM-based thin films
typically use poly(allylamine hydrochloride) (PAH), polyethyleneimine (PEI) and
poly(styrenesulphonate) (PSS) as polyelectrolytes. Solvent-casting is a straightfor-
ward method for preparing POM-based films and membranes, involving dispersion
of POMs in a volatile solvent and direct casting onto a flat surface [112, 113]. Despite
being one of the most used methods, it has great limitations regarding homogeneity
and thickness of the prepared films. Spin-coating is a highly versatile technique
that allows to prepare pure homogeneous POM films with controlled thickness and
relies on centrifugal force to spread the coating over a substrate [114]. Recently,
electrospinning has proved to be an extremely promising and versatile technique for
the production of POM-based films and membranes. Electrospun fibrous meshes
are produced by applying a specific voltage to a tip through which POM-dispersed
polymeric solutions are ejected and collected on a rotating drum [115]. Electro-
spinning allows to successfully overcome the processability, stability and scalability
issues associated with the previous techniques while permitting a precise control
over morphology and orientation by simply adjusting the experimental parameters
[116] (Figure 1.13).

The majority of reports dealing with the preparation of POM-based composites
relies on the immobilization of POM moieties on solid supports, namely meso-
porous silica, layered double hydroxides (LDHs) and metal–organic frameworks
(MOFs). A considerable number of POM anions have been immobilized on meso-
porous silica frameworks, especially for catalytic and luminescence applications
[117]. Mesoporous silica is a highly suitable candidate for support owing to its high
internal surface area, stability, optical transparency and possibility to tune pore size
and surface functionalization [118]. In particular, MCM-41 and SBA-15 ordered
mesoporous silica materials have been extensively used for the immobilization
of POMs [119]. In order to assure efficient POM anchoring, mesoporous silica
materials are typically functionalized with different organosilanes which allow
to minimize the leaching of the POM species [39, 120]. LDHs or anionic clays
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nanofibres (nF)

Figure 1.13 Representation of POM-containing electrospun fibre meshes exemplified for
the Keggin phosphomolybdate embedded in PVDF polymeric matrix. Source: Reproduced
with permission of Mirante et al. [116]/Royal Society of Chemistry.

are lamellar materials composed of positively charged layers intercalated with
anionic species [121]. In LDHs, a wide range of negatively charged species can
be intercalated by anionic exchange due to the weak interactions between layers.
The great interest in LDHs as POM supports is due to their layered structure that
allows for a wide range of POM anions with different sizes and spatial orientations
to be intercalated by adjustment of the LDH interlayer distance [122]. Most of
the reports dealing with POM-intercalated LDHs aim at their application as
heterogeneous catalysts [123–125], although some reports can be found in the field
of photoluminescence [126, 127]. MOFs are highly porous multidimensional crys-
talline structures obtained through coordination of metallic centres with organic
ligands. The exceptionally high surface area, permanent porosity, post-synthetic
functionalization and high thermal stability of MOFs soon attracted the scientific
interest in these materials as solid supports able to efficiently accommodate a wide
array of active species (including POMs) [128, 129]. The preparation of POM@MOF
composites generally follows different synthetic pathways: (i) impregnation of
MOF frameworks with POM solutions, (ii) ‘bottle-around-the-ship’ through the in
situ synthesis of MOFs in the presence of POMs and (iii) ‘ship-in-a-bottle’ by the
direct POM synthesis onto the MOF channels and cages [21]. The preparation of
POM@MOF composites has proven to be a very efficient strategy for the heteroge-
nization of some of the most catalytically active POM species. The MIL-type MOF
structures, especially MIL-100 and MIL-101, have been particularly chosen due to
their adequately large pore sizes with accessible channels for POM accommodation
as well as their remarkable chemical and thermal robustness [130–134]. A few
reports also show the promising potential of POM@MOF composites in optical
sensing and electrocatalytic applications [135–138].

1.4 Conclusions

Over the last decades, POM chemistry has gained immense attention from the
scientific community on the account of its peculiar physico-chemical properties
and the virtually infinite combination of structural arrangements and chemical
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compositions. This chapter provides a comprehensive summary of the traditional
POM structures (Lindqvist-, Keggin-, Wells–Dawson-, Preyssler-type, Anderson–
Evans and others) together with some of the related properties and synthesis
methodologies. The application of these POM arrangements as building blocks
in the construction of more intricate POM-based architectures has also been
addressed. The main strategies for the production of POM-based materials, namely
surfactant encapsulation, formation of thin films/membranes and immobilization
on support materials, were also reviewed.

The more conventional application areas of POMs (catalysis, luminescence, mag-
netism) have initially triggered much of the research work and interest in POM
chemistry. Nevertheless, the technological progress leading to the development of
advanced characterization techniques and innovative synthetic strategies allowed to
significantly expand the range of applications and highlight the potential of POMs
in several emerging areas.

This chapter intends to highlight that, despite the increasing number and type
of POM-based composites and materials reported over the last years, there are still
plenty of innovative opportunities to be explored in the field of POM chemistry. Con-
sidering the unique features of POMs herein revisited, it is expected that, in the near
future, increasingly more industrial and technological applications will be devel-
oped employing POM-based materials and devices.
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