
HAL Id: hal-03827489
https://hal.science/hal-03827489

Submitted on 6 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Copyright

Polyoxometalates-Functionalized Electrodes for
(Photo)Electrocatalytic Applications: Recent Advances

and Prospects
Bruno Fabre, Clement Falaise, Emmanuel Cadot

To cite this version:
Bruno Fabre, Clement Falaise, Emmanuel Cadot. Polyoxometalates-Functionalized Electrodes for
(Photo)Electrocatalytic Applications: Recent Advances and Prospects. ACS Catalysis, 2022, 12 (19),
pp.12055-12091. �10.1021/acscatal.2c01847�. �hal-03827489�

https://hal.science/hal-03827489
https://hal.archives-ouvertes.fr


1 
 

Polyoxometalates-Functionalized Electrodes for (Photo)Electrocatalytic Applications: 

Recent Advances and Prospects 

 

Bruno Fabre*,1 Clément Falaise2 and Emmanuel Cadot2 

 

1 Univ Rennes, CNRS, ISCR (Institut des Sciences Chimiques de Rennes)-UMR 6226, F-35000 

Rennes, France 

2 Institut Lavoisier de Versailles (UMR-CNRS 8180), UVSQ, Université Paris-Saclay, 45 

Avenue des Etats-Unis, 78000 Versailles, France 

  



2 
 

Outline 
1. Introduction and Scope. .................................................................................................................. 3 

2. POMs as Electrocatalytically Active Multiredox Centers ................................................................ 5 

2.1. Structure- redox activity relationship of native POMs ............................................................ 5 

2.2. A tunable redox-active inorganic platform ............................................................................. 8 

2.3. Electron delocalization: intra- and inter-molecular electron transfer .................................. 11 

2.4. POMs: an odd electron reservoir .......................................................................................... 16 

2.5. Modification of the intrinsic electrocatalytic properties of POMs. ....................................... 19 

2.6. Superchaotropic properties of POMs with regard to electrocatalysis .................................. 26 

3. Immobilization of POMs and Derivatives on (Photo)Electrode Surfaces ...................................... 29 

3.1. Attachment procedures. ....................................................................................................... 29 

3.2. Conducting vs Semiconducting Electrodes............................................................................ 31 

4. POMs-Functionalized Conducting Electrodes ............................................................................... 35 

4.1. Electrostatically entrapped POMs ......................................................................................... 35 

4.2. POMs/Metal Organic Frameworks (MOFs) Assemblies ........................................................ 38 

4.2.1. Definition ....................................................................................................................... 38 

4.2.2. Non-covalently immobilized POMs in MOFs (POM@MOF) .......................................... 39 

4.2.3. POMOFs ......................................................................................................................... 46 

4.3. Carbon-based composite material/POM .............................................................................. 50 

4.3.1. POMs attached to reduced graphene oxide (POM/rGO) .............................................. 50 

4.3.2. Carbon nanotubes ......................................................................................................... 54 

4.4. POM/Metal composites ........................................................................................................ 57 

4.4.1. Ni foam .......................................................................................................................... 57 

4.4.2. Metal nanostructures .................................................................................................... 59 

5. POMs-Functionalized Semiconducting Photoelectrodes .............................................................. 62 

6. Conclusions and Outlook ............................................................................................................... 68 

References ............................................................................................................................................. 71 

 

  



3 
 

1. Introduction and Scope. 

Polyoxometalates (POMs) represent one class of fascinating compounds largely explored 

in inorganic chemistry, highlighted by the large number of complexes with structural and 

functional diversities which have been discovered in the last twenty years.1,2,3,4 POMs can 

include in their molecular framework many elements in a wide range of structures with various 

electronic configurations and bonding patterns which can impart an unmatched and tunable 

range of physical and chemical properties.5 However, the capacity of POMs to exchange 

electrons is really one of the most striking properties which make them a relevant class of 

efficient electrocatalysts for a wide range of significant reactions, from hydrogen evolution 

reaction (HER) to multi-electron CO2 reduction.6–10 Interestingly, depending on the targeted 

electrochemical reaction and the desired selectivity, the structure, the composition and the 

functionalization strategy of the POM assembly can be tailored in an appropriate way. 

Furthermore, these discrete anionic molecules, often described as soluble oxide analogues, can 

be easily and durably attached to (semi)conducting (photo)electrode surfaces, using different 

immobilization procedures such as the chemical grafting on surface, the electrostatic 

entrapment within polymer films, the dispersion within porous materials or the incorporation 

as building blocks in extended 3D networks. Provided that the key properties of POMs, in 

particular electrochemical, are not degraded after their transfer from the solution to the electrode 

surface, and that the POMs are not released from the electrode surface under operating 

conditions, POMs-functionalized surfaces appear to be excellent candidates for promoting 

efficiently supported multi-electron electrocatalysis with attractive potentialities directed 

toward the development of electroanalytical and biosensing devices. 

This review is intended to provide an up-to-date description of recent advances since the 

mid-2010s in the elaboration and the involvement of POMs-functionalized (photo)electrodes in 

(photo)electrocatalytic reactions. Only POMs irreversibly attached through strong interactions 
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(covalent, electrostatic, supramolecular and chimisorption) will be considered in this 

manuscript and homogeneous electrocatalytic reactions promoted by dissolved POMs will not 

be discussed. The Section 2 will give an overview of the most striking properties exhibited by 

POMs with particular emphasis on their electrochemical properties and their ability to be 

engineered to build complex assemblies with wide structural diversity. Section 3 will provide 

a state-of-the-art of recent and diverse immobilization procedures used to durably attach POMs 

to both conducting and semiconducting electrode surfaces. Effects of both the attachment 

method of POMs and the nature of the underlying electrode surface on the electrocatalytic 

activity of the resulting POMs-modified electrodes will be then scrutinized and discussed in the 

following sections 4 to 6. Finally, the last section will give some concluding remarks and will 

propose future investigation avenues to exploit the most promising (photo)electrocatalytically 

active (photo)electrode/POMs assemblies for the development of sensitive and selective POMs-

based electrochemical sensors, electroanalytical devices and efficient solar-driven fuel cells. 
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2. POMs as Electrocatalytically Active Multiredox Centers 

POMs are anionic metal oxide species mostly composed of redox metal centers (Mo, W, or 

V) in their highest oxidation states .11 These electron-poor molecular units are usually formed 

from condensation of the basic oxometalates, generally the tetraoxoanions [MO4]
n-, in acidic 

medium giving connected {MOn} polyhedra through corner or edge shared junctions.11 POMs 

have emerged as an appealing class of molecular catalysts and redox mediators for catalytic 

systems involving multi-electron and/or multi-proton transfers. In this section, the most 

important properties of the POMs illustrated by representative examples will be described. This 

includes critical discussions about i) the relationship between the redox activity and the 

structure properties, ii) the tunability of the redox properties and the proton-coupled electron 

transfer, iii) the intra- and intermolecular electron transfers, iv) the electron-storage capacity, v) 

the ability of vacant POMs to coordinate catalytically-active metal centers or clusters and vi) 

the supramolecular and self-assembly properties of POMs, that emerge from their unique 

solvation properties.  

2.1. Structure- redox activity relationship of native POMs  

To develop stable POM-based electrocatalysts, it is often required to use POMs exhibiting 

reversible or pseudo-reversible redox activity that arises from the empty and non-bonding d 

orbital of the metal centers. The structural features of POMs, especially the nature of the 

building metal polyhedral of the metal-oxo frameworks, are closely link to their redox-

properties. This observation was first done by Pope who proposed, in 1972, a classification of 

POM structures into three types.12 Since this historical classification, considerable advances of 

structural chemistry of POMs, result in extending the Pope’s classification to six types (see 

Figure 1). 
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Figure 1.The principal broad POM subsets ordering based on the point group of the polyhedra MOXLy 

of the POMs (O: oxygen atoms doubly bonded to the metal center; L = oxygen atoms singly bonded to 

the metal center). Type I: POMs built from octahedra MOL5 with C4v symmetry. Type II: POMs built 

from octahedra MO2L2 with Cs symmetry. Type III: POMs built from both octahedra MO2L2 with Cs 

symmetry and octahedra MOL5 with C4v symmetry. Type IV: POMs exhibiting at least one pentagonal 

bipyramid MOL6 with C5v symmetry. Type V: POMs built exclusively on square pyramids MOL4; Type 

VI: POMs built from assembly of square pyramids MOL4 and octahedra. The pink polyhedral represents 

heteroatoms X (e.g. PV, SiIV, BIII, AlIII…).    

The first class, named Type I, represents all POMs in which all metalate centers (mostly 

Mo6+ or W6+) are in octahedral sites with a single unshared oxygen atom (MOL5 with C4v 

symmetry). Illustrative examples of this family are the Lindqvist [M6O19]
n-, the Keggin 

[XM12O40]
n-, the Dawson [X2M18O40]

n- or the Preyssler-type anion [P5W30O110]
15-. Type I 

POMs exhibit reversible redox activity, and their reduction leads generally to mixed-valence 

POMs with delocalized electrons over the metals. The second structural type, namely Type II, 

correspond to the polyoxoanions built from addenda atoms with two mutually cis M=O bonds 

(MO2L4 with Cs symmetry). These POMs do not exhibit reversible redox process because their 

reduction involves the addition of electrons into anti-bonding orbitals, producing important 

Type I Type II Type III Type IV

[M6O19]n-

[H7P8W48O184]33−[P5W30O110]15-

[X2M18O60]n-[XM12O40]n-

[X2M18O62]n-

[XM11O39]n-

[X2M17O61]n-

[XM9O34]n-

[H6AlM6O24]3-

[M10O32]n-

[M7O24]n-

C4vMOL5C4vMOL4 MOL6 C5vMO2L4 Cs

[Mo8O26]6-

CsMOL5

Type V Type VI

CsMOL4

[Cl@V12O32]n− [CO3@V15O36]n− [ClO4@V22O54]n−

[Mo36O112(H2O)16]8−

[As2W21O69(H2O)]6- [PV14O42]9-

{Mo72Fe30}
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structural rearrangement of the polyanion. Type II archetypes are Anderson-type POMs or the 

heptamolybdate [Mo7O24]
6-. The POM structures built from MO2L4 octahedra with Cs 

symmetry and with MOL5 with C4v symmetry, such as lacunary Keggin ([XM11O39]
n-, 

[XM9O34]
n-) or the macrocyclic-based POMs [H7P8W48O184]

33−, lie on the structural type III. 

These POMs are particularly interesting in the frame of (photo)electrocatalytic applications 

because i) they exhibit redox activity similarly to the Type I POMs, and ii) they exhibit 

nucleophilic oxygen atoms that are able to coordinate a large variety of transition metals and 

catalytically-active metal atom clusters, making them particularly interesting for rational 

development of molecular electrocatalysts (see section 2.5).13–17 The type IV represents the 

POMs containing the pentagonal bipyramid MOL6 with a C5v symmetry. Such polyhedra have 

been identified as a key building block for the construction of giant POMs including 

molybdenum wheels ({Mo154}, {Mo176}…), Keplerate anions ({Mo72Fe30}, {Mo132}…).18 

While these POMs can contain mixed valence MV/MVI metals, no investigation has 

demonstrated, so far, that such POMs may exchange reversibly electrons. The structural type 

V corresponds to the POMs exclusively built on square pyramids MOL4. Such POMs, are 

mostly built on vanadium based hollow arrangements encapsulating a wide variety of anions 

(CO3
2-, Cl-, I-, SCN-, ClO4

2-…).19 Such redox-active compounds are rarely described in aqueous 

solution,20 recent works demonstrate however these POMs are able to undergo a large number 

of successive mono-electronic exchange in organic media. For example, the spherical POM 

[I@V18O42]
5- exhibits eight redox events in acetonitrile.21 Another illustrative example is 

[Cl@V12O32]
5- capped by two Ca2+ cations that can undergo reversibly four mono-electronic 

redox processes while its uncapped analogue exhibits only a single reversible redox process.22 

Although the reasons of these contrasting electrochemical behaviors have not yet fully 

understood, the use of capping agents appears promising avenue to exploit further the redox 

activity of Type V POMs. The last structural type (Type VI) corresponds to the POMs resulting 
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from the condensation of octahedra MOL5 and square pyramids MOL4. They often exhibit rich 

redox activity, as evidenced for sandwich-like compounds [(XW9O33)2(VO)3]
9- with X= AsIII 

or SbIII.23  

2.2. A tunable redox-active inorganic platform  

Different older and recent reviews have discussed in depth how to tune the electrochemical 

properties of POMs.24,25 In short, the electrochemical properties of POMs are mostly influenced 

by the global charge of the POMs, the metalate composition and its environment including 

nature of the solvent, the proton concentration (pH), the cation concentration (this parameter 

affects mostly redox properties of POMs in organic solvents), and the presence of neutral 

additives (macrocyclic host, polymers, proteins…) able to desolvate at least partially the POM 

units through the formation of supramolecular adducts or aggregates.  

The first reduced states of archetypal Type I POMs have been intensively studied and are 

now well described. It was shown that the first reduction potential of Keggin type POMs, 

[XM12O40]
n- with X= MoVI or WVI, are mostly controlled by negative overall ionic charge (n) 

of the POMs. This is easily tuned by changing the central heteroatom X (PV, SiIV, BIII, CoII...). 

As revealed by Pope, the reduction potential of [XW12O40]
n- anion decreases linearly when the 

global charge increases (about -180 mV per unit charge).26 The magnitude of the effect of the 

overall charge of POMs on the first electron-reduction process appears to be correlated with the 

POM size, as showed by systematic experimental and theoretical studies on the Preyssler anions 

[M@P5W30O110]
n-, a POM-type structure with doughnut-shaped arrangement allowing 

encapsulation of various cations (M = Na+, Ca2+, Ln3+, Th4+…). It was observed the first redox 

potential varies with a slope of about 45 mV per charge unit.27–29 This is four times lower than 

the slope observed for Keggin anions that are much smaller than the Preyssler anions (590 Å3 

and 1600 Å3 for Keggin and Preyssler ions, respectively). Moreover the global charge of POMs 

also controls their ability to undergo proton-coupled reduction processes.26 For instance, the 

reduction of the Keggin anions in acidic aqueous medium involves systematically its 
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protonation when the global charge reaches −6. The possibility of protonation makes 

electrochemical properties of POMs very sensitive to pH, not only in term of values of the half-

wave potentials but also in the nature of the redox process. Keeping the overall charge constant, 

the nature of heteroelement of a Keggin anion exhibits a modest effect on the redox properties, 

as highlighted by comparison of the first redox potential of the Keggin anion [XW12O40]
5- with 

X = BIII (-491 mV vs Saturated Calomel Electrode, SCE), AlIII (-410 mV vs SCE) and GaIII (-

387 mV vs SCE).30 Obviously, the metalate composition influenced notably the electrochemical 

behavior of POMs. For instance, the half-wave potential of the first mono-electronic event of a 

[SiW11MO40]
n- with M = V(V), Mo(VI) or W(VI), increases in the following order:  

[SiW12O40]
4- (-180 mV vs Ag/AgCl) < [SiW11MoO40]

4- (+335 mV vs Ag/AgCl) < 

[SiW11VO40]
5- (+440 mV vs Ag/AgCl). A large series of archetypal Keggin and Dawson type 

POMs with various compositions can be prepared from polycondensation of vanadium and 

molybdenum centers on the lacunary polyoxotungstates, allowing to cover a wide potential 

range.31–34  

 

Figure 2. A/ Cyclic voltammograms of the dodecatungstosilicate at pH 1 and 8. B/ Potential-pH diagram 

of the dodecatungstosilicate {SiW12O40}.    

To highlight the key role of pH on the electrochemical behavior of POMs, the archetypal 

Keggin-type dodecatungstosilicate can be selected as an illustrative example. Under acidic 

[SiW12O40]4-

[SiW12O40]5-

[SiW12O40]6-

[H2SiW12O40]6-
[SiW12O40]7-

[SiW12O40]8-

A/ B/
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conditions (pH < 4), the cyclic voltammogram (CV) of α-[SiW12O40]
4- shows three quasi-

reversible electron transfer steps (see Figure 2) involving one, one and two electrons for the 

first, the second and the third reduction waves, respectively.35,36 The redox potential of the two 

first processes remains constant from pH 0 to 8, however notable changes are observed for the 

third one.35 This third wave, corresponding to a two-electron reduction coupled with two 

protons (α-[SiW12O40]
6- + 2e- + 2H+ → α-[H2SiW12O40]

6-), shifts toward more negative 

potentials by about 59 mV per pH unit. For pH higher than 4, the two-electron processes are 

separated into two monoelectronic steps. As a consequence, the CV at pH 8 shows four distinct 

redox waves.37 The redox behavior of dodecatungstosilicate in function of pH is quite 

representative of the proton-electron coupled phenomena observed for the archetypal Keggin-

or Dawson-type POMs. For such entities, the pH decrease induces generally the merging of two 

mono-electronic waves into one two-electron wave due to the addition of two protons.   

The redox behavior of POMs is also strongly influenced by the nature of the solvent.38 For 

instance, the first redox wave of α-[SiW12O40]
4- and [P2W18O62]

6- is shifted by about -957 and -

992 mV, respectively, when dimethylformamide is used instead of water.38 It is observed that 

the E1/2 of the first redox wave shifts linearly to more negative potentials with decreasing 

solvent acceptor number which describes its Lewis acid properties.38 In the presence of H+ in 

organic solvent, the two first well-resolved one-electron processes of Keggin anions, such as 

[PW12O40]
3-, can converge into a single two-electron process.39,40 Similar effects on the 

voltammetric behavior of POMs in organic solvents can be also observed thanks to the ionic 

pairing with alkali cations (Li+, Na+…). Indeed, it has been shown that the well-resolved one-

electron transfer processes of Keggin-type POMs [XMo12O40]
n− (X = P, Si) in acetonitrile, 

merged into a single two-electron process as the concentration of Li+ or Na+ was increased.41 

As a general trend, the presence of Li+ or Na+ facilitates the POM reduction process in organic 

solvent. This effect is much more pronounced for POMs exhibiting high charge density due to 
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stronger ion-pairing effects.42 In contrast, the ion-pairing modifies weakly the redox properties 

of POMs in aqueous solution.43 However, recent studies have evidenced that the use of neutral 

supramolecular additives provides tuning of POM redox properties in water. For instance, the 

encapsulation of POMs within neutral organic macrocycles (cyclodextrins) profoundly affects 

the voltammetric behavior of the inorganic guest, inducing significant shifts of the first redox 

event towards more negative potentials (up to -250 mV for [PW12O40]
3-).44,45 In such systems, 

the stabilization of the oxidized form of the POM is a direct consequence of the chaotropic 

properties of the POMs (see Section 2.6 for details).  

 

2.3. Electron delocalization: intra- and inter-molecular electron transfer   

The electron delocalization is also an important feature of the reduced POMs and is crucial 

for the development of POM-based electrocatalysts because the fast intra-molecular mobility 

of the electrons makes efficient their transfer toward the catalytic sites, allowing multi-electron 

transfer reactions. It is also important to notice the POMs are able to provide inter-electron 

transfer not only in solution, but also in solid offering a way to increase, in some extent, the 

conductivity of the insulating porous catalytic matrices such as Metal-Organic Frameworks.  

The introduction of electrons in polyoxomolybdates or polyoxotungstates leads to intense 

blue colored compounds in solution, usually named “heteropoly blues”.11 This class of mixed 

valence POMs belongs to the class II compounds according to the Robin-Day classification.46 

In such compounds, the added ’blue’ electrons are delocalized over different metal sites of the 

polyanions owing to fast thermal hopping (~109-1011 s-1) at room temperature. Actually, this 

electron hopping can take place either by optical excitation or by thermally activated transfer, 

and consequently trapping of the ‘blue’ electron is then possible by limiting the thermally-

induced vibrations of the polyanions. The UV-vis spectra of “heteropoly blues” exhibit broad 

and intense absorption for wavelengths higher than 600 nm which are due to intervalence charge 

transfers (IVCTs; MoV→MoVI or WV→WVI).47,48 The optical activation energy can be deduced 
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from the position of the IVCTs. The decrease of the temperature leads to the trapping of the 

electron of one metal center, as extensively evidenced by electron spin resonance (ESR) 

methods. In context, it was demonstrated the electron hopping rate strongly depends on the 

junction between adjacent MO6 octahedra. More precisely, the delocalization of the electron 

appears easier through corner sharing octahedra that favor d-p orbital overlap. This 

conclusion arises mostly from ESR measurements of one-electron reduced archetypal 

POMs.33,49,50 The ESR spectra of one-electron reduced Lindqvist anion [M6O19]
3-, a POM 

containing exclusively edge-shared MO6 octahedra, exhibit hyperfine components for spectra 

recorded below 25 K and 117 K for the tungsten and the molybdenum derivatives, respectively. 

In contrast, the Keggin anions [XW12O40]
n-, that contain twelve WO6 octahedra connected by 

corner -sharing junctions exhibit no hyperfine structure even at temperature near to 10 K, while 

for the molybdenum based Keggin anions, hyperfine structure remains resolved for temperature 

up to 45 K. This situation contrasts with that of many other POMs such as Dawson-type POMs 

or the decatungstate ion [W10O32]
4-. Figure 3a represents the electron delocalization pathway 

over the different metal centers with regard to the type of connections between the WO6 

octahedra. ESR experiments of the reduced Dawson anions revealed the added electron is 

mostly delocalized on the 12 equatorial metal centers; this conclusion is in full agreement with 

electrochemical and NMR data obtained for the two-electron reduced anion. For a “heteropoly 

blue” containing an even number of ‘blue’ electrons, antiferromagnetic spin coupling 

predominates leading to a diamagnetic behavior. For POMs exhibiting two non-equivalent 

metal sites, the extra ‘blue’ electrons are delocalized over the 8 and 12 equatorial metal centers 

of [W10O32]
6- and [P2W18O62]

8-, respectively.51–53 The origin of this strong antiferromagnetic 

coupling between the pair of delocalized electrons has been debated.51,54–57 Finally, Coronado 

and coworkers have demonstrated by ab initio calculations but also experimentally, that the 
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antiferromagnetic coupling mostly arises from the combination of spin density transfer and 

coulombic repulsion while the magnetic exchange has only a minor influence.53,58,59  

In contrast to the electron mobility within aromatic-based organic systems, that is restricted 

mainly to 1D or 2D delocalization of the  electrons, the reduced polyanions exhibit 3D 

delocalization within a wide variety of patterns such as a twelve metal-based sphere (Keggin 

anions), a twelve metal-based barrel (Dawson), a cube (decatungstate) or an octahedral 

(Lindqvist anions). Lower dimension delocalization (1D or 2D) could be achieved using 

vanadium- or molybdenum-substituted polyoxotungstates. For instance, vanadium di-

substituted Keggin anions such as [SiMoV2W9O40]
7- exhibit electron hopping between the two 

vanadium centers. Interestingly the protonation of the V−O−V bridge can cancel or reduce 

strongly the electron dynamics, making the two vanadium nuclei non-equivalent at the ESR 

time scale (see Figure 3b).60 The study of trivanadium systems allows to evidence also that the 

electron hopping and delocalization occur through electron transfer either through the V−O 

dπ−pπ overlap when vanadium centers share corner, or through direct V−V dxy interactions 

when the vanadium centers are connected by edge-shared junctions. In contrast to the di and 

tri-substituted systems, electron trapping is observed at room temperature for the vanadium or 

molybdenum mono-substituted systems.    
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Figure 3. A/ Illustration showing the electron delocalization of three reduced archetypal POMs. Dark 

blue polyhedral represents the metal centers involved in the electron delocalization. B/ Illustration 

showing the effect of the protonation on the ESR spectra of one-electron reduced Keggin α-

[SiMoVIVVW9O40]7-, which prevent the electron hopping between the two vanadium centers. Adapted 

with permission from ref 60. Copyright 1996 American Chemical Society. C) Illustration showing the 

rate constant of the inter-electron transfer between Keggin-type POMs is dramatically associated to the 

overall charge of the interacting POMs.     

 

Interestingly, the electron delocalization is not limited to the closed neighboring metalate 

centers since numerous studied have revealed the possibility of inter-molecular electron 

exchange occurring either in solution or in the solid-state. NMR is an appropriate tool to 

perform such phenomena in solution.61–63 The 31P NMR spectra of aqueous mixture of oxidized 
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and one-electron reduced dodecatungstophosphate [PW12O40]
3-/[PW12O40]

4- have revealed that 

the exchange of the ‘blue’ electron is faster than the NMR time scale, as evidenced by the 

presence of single broad peak centered between the chemical shifts of oxidized and one-electron 

reduced POMs.62 Quantitative analysis indicates that the rate constant (k11; Figure 3c) for 

electron self-exchange between [PW12O40]
3- and [PW12O40]

4- is about 105 M-1 s-1 at zero ionic 

strength which is in fairly good agreement with the calculated value using the Sutin's semi-

empirical method.64 In absence of ionic strength, the k11 for electron self-exchange between 

[PW12O40]
4- and [PW12O40]

5- is dramatically decreased to 102 M-1 s-1. This trend is confirmed 

by the analysis of the inter-molecular electron transfer between the highly charged Keggin 

anions [AlW12O40]
5- and [AlW12O40]

6-, indicating a k11 value about 10-3 M-1 s-1. Obviously, 

increasing the electrostatic repulsions leads to the statistical decrease of collision frequency 

between the anions, that is manifested by the decrease of the self-exchange rate constants. 

Indeed, the formation of the “electron-tranfer” complexes [[PW12O40]ox•••[PW12O40]red]
7- and 

[[AlW12O40]ox•••[AlW12O40]red]
11- exhibit a significant difference in their coulombic energies 

(4.54 kcal mol-1 and 11.2 kcal mol-1 for P and Al- based systems, respectively).61  

In contrast, ‘blue’ electron is not easily transported from one POM to another in the solid-

state because of the strongly isolated electronic structures of the POM units intercalated by 

insulating cations. This is an important drawback for the development of electrodes based 

exclusively on POMs. This is why most electrodes used for (photo)-(electro)-catalysis required 

the use of conductive additives (e.g., black carbon). So far, only few investigations have been 

engaged to study the electron-transport properties in the solid-state and to improve their 

electrical conductivity. A systematic investigation of the charge-transport properties of 

[S2MoV
2MoVI

16O60]
6− tetra-alkylammonium salts [(CnH2n+1)4N]+ with various alkyl chain 

lengths (n = 2, 3, and 4) has revealed the electrical conductivity followed an Arrhenius-type 

behavior and decreased with increasing alkyl chain length of tetraalkylammonium (from ~10-8 
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S cm-1 for n = 2 to ~10-12 S cm-1 for n = 4, at 300 K), suggesting the electron mobility in the 

solid is facilitated by shortening the inter-POMs distances.65 Coordination assemblies of 

Preyssler anions bridged with transition metal cations lead to tunable, redox-active metal oxide 

frameworks with intrinsic conductivity seemingly to be controlled by the nature of the bridging 

metal. However, the resulting conductivity of such assemblies still remains quite moderate (up 

to 15 µS cm-1).66,67 Another strategy for increasing the electrical conductivity of POMs based 

crystalline solids consists in developing hybrid materials in which mixed valence POMs are 

electrically plugged to wires of cationic π-molecules (tetrathiafulvalene derivatives).68  

2.4. POMs: an odd electron reservoir  

In contrast to the well-documented knowledge on the first reduced states of POMs, only few 

are known on the highly reduced states of POMs. Actually, most of the state-of-art is limited to 

few electrochemical studies published 50 years ago by a group of French chemists from 

University of Paris (Souchay, Launay & Hervé, …),36,37,69–76 that have revealed the archetypal 

Keggin-type POMs can accept a large number of electrons. Based on their observations, they 

have suggested the polyanions [SiMo12O40]
4-, [BW12O40]

5-, [SiW12O40]
4-, and [H2W12O40]

6- are 

able to be reduced, without any significant structural changes, by 12, 18, 20 and 32 electrons, 

respectively.70,71,73,76 In contrast, the [PW12O40]
3- anion cannot be reduced beyond six electrons. 

This relatively low electron accumulation appears surprising because its first redox wave is 

observed at higher potential than the other polyoxotungstates [XW12O40]
n- with X = Si, B and 

H2. Much more recently, Cronin and coworkers have shown that the Dawson-type POM 

[P2W18O62]
6- is an appealing water-soluble charge carrier because this POM can accept a high 

number of electrons which reaches 18 electrons per POM unit.77 While the electron-storage 

mechanism within the Dawson-type POMs should retain still some misteries, the reduction 

process of the Dawson-type anion is associated to its protonation.  

 



17 
 

 

Figure 4. A) and B) Illustrations of the structure of the six-electron reduced “heteropoly brown” 

[BWIV
3WVI

9O37(H2O)3]5- in which the six electrons are localized in a {W3O13} triad. C) Illustration 

showing the different steps described by Launay to reduce through controlled potential electrolysis the 

metatungstate ions [H2W12O40]6- up to the highly-reduced state containing up to 32 electrons per 

polyanion.   

 

These pionnered studies have revealed the electrochemical reduction of Keggin anions in 

acid solution, especially the polyoxotungstates [XW12O40]
n- with X = Si, B and H2, can lead to 

the formation of a brownish six-electron reduced POMs that belong to the Robin-Day class I 

mixed-valence compounds. In contrast to the “heteropoly blues”, the electrons within 

“heteropoly browns” appear located within three W-W bonds forming a WIV based triad that 

have been clearly evidenced by 183W NMR studies and X-ray diffraction analysis.78–81 

Interestingly, the structural analysis revealed the terminal oxygen atoms of the electron-rich 

metal triad are diprotonated such as water molecules (see Figure 4).78,79 It must be mentioned 

the overall charge density of the “heteropoly browns” [XW12O37(H2O)]n- is the same as that of 

the oxidized parent [XW12O40]
n-. The six-electron reduced POM belonging to the class 

“heteropoly browns” are denoted VI′ (the Roman numeral indicates the number of added 
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electrons) in order to differentiate them from the “heteropoly blues” denoted VI. So far, the 

knowledge about the mechanism of VI’ formation is limited but several processes have been 

proposed such as the disproportionation of the four-electron heteropoly blue according to 

equation 2 IV→ II + VI’. 

The formation of the “heteropoly browns” is an important feature of the electron 

accumulation properties of POMs and should lead to important future developpements in 

electrochemical devices that required massive electrons transfer. In a seminal paper published 

in 1976,71 Launay have observed that successive electrolyses at controlled potential can lead to 

the formation of highly reduced metatungstate anions [H2W12O40]
n- containing 6, 12, 18, 24 and 

32 electrons. Figure 4 shows the different steps used to prepare such highly reduced compounds. 

It must be worth to mention that basic solutions were required to reduce the XII’ and XVIII’ 

species which are poorly soluble in acidic solution. Launay proposed the species VI’, XII’, 

XVIII’ and XXIV’ exhibited one, two, three and four electron-rich WIV-based triads, 

respectively. According to the molecular orbital calculations developed by Cotton for the 

molecular clusters {M3O13}
82 Launay proposed that the XXXII’ species could be understand 

by filling of the non-bonding levels of the four electron rich triads WIV
3O13. Up to now, there 

is no report on the characterizations of the XII’, XVIII’ and XXII’ or XXXII’ “heteropoly 

browns” derivatives. The mechanism of the high reduction states formation for the 

[H2W12O40]
6- ion has been investigated by cyclic voltammetry.83 Analysis of the experimental 

data suggests: i) the slow disproportionation reaction of IV gives the heteropoly brown VI’ and 

heteropoly blue II, and ii) the fast disproportionation of two-electron reduced heteropoly brown  

XII’ forms the heteropoly browns XII’ and XVIII’.  

Although POMs are well-known "electron reservoirs" or electron sponges, the fundamental 

knowledge on the physico-chemical phenomena occurring during their reduction processes 

seems little known and probably deserves to be re-explored in order to optimize the use of 
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POMs in processes requiring the massive transfer of electrons, such as multi-electron 

electrocatalytic reactions as well as applications related to energy storage/conversion. 

        

2.5. Modification of the intrinsic electrocatalytic properties of POMs. 

2.5.1. Inclusion of redox active metallic centers within the POMs framework 

As written above, the richness of the POMs chemistry arises from their capabilities to 

include in their framework almost all the elements of the periodic table belonging to the s-, d-, 

f- or p-blocks. Such a wide diversity in terms of composition gives rise to an extraordinary 

structural richness that originates mainly from the coordination capability of the addenda atoms 

(coordination number or the symmetry of the coordination sphere). Not only to expand further 

the redox-active scale of the mixed metal POM species, these addenda metal centers are able to 

behave as active catalytic centers, allowing the coordination of catalytic substrates to be further 

converted along the electrocatalytic process through electrons and/or protons transfer, e.g. CO2, 

nitrite, nitrate or O2 reduction. Actually, the mixed metal POM assemblies result from a main 

metal-oxo framework which includes the addenda atoms. This metal-oxo framework results 

from the conventional early elements of groups V and VI such as VV, WVI, MoVI, NbV or TaV 

and then constitutes the backbone of the molecular assembly. From a practical point of view, 

the synthesis of the mixed metal POM assemblies can be achieved either i) from sequential 

steps procedures that consist to react preformed molecular species, such as saturated or 

polyvacant POMs with metallic cations, coordination complexes or metallic clusters; or ii) 

through one-pot procedures. In any case, the formation of POM-based molecular species results 

from complex mechanisms and depends upon many parameters such as pH, ionic strength, 

nature of the counter-ions, temperature, concentration of the reagents, solvent, presence of 

weakly chelating ligands (sulfate, acetate…). Even if the chemist aims to control and rationalize 

to some extent the self-condensation processes that lead to the target species, it should be noted 

that the design of POM relies in many cases on serendipity. Actually, the high lability and the 
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dynamical character of the metal-oxo bonds give rise to highly subtle effects induced by ionic 

strength changes or solvent effects, which are difficult to be predicted. For instance, formation 

of the nano-sized and highly symmetric wheel-shaped molybdenum blue {Mo154}, {Mo176}, 

{Mo248} or {Mo360} results from one-pot bottom-up procedures by acidification of monomeric 

tetraoxomolybdate ions [MoO4]
2- under reducing conditions in aqueous solution.84–87 The 

numerous successive elementary steps considered in the overall mechanism of growth must be 

continually and dynamically directed towards a convergent aggregation pathway leading in its 

ending step to highly symmetrical wheel-like or spheroidal assemblies. Furthermore, in these 

gigantic POM species, the high symmetry arising from ring-shaped or spheroidal arrangements 

suggests that solvent effects, involving water molecules of the hydration shell take place to 

minimize the POM-solvent interfaces. Actually, considering the close-compact spheroidal or 

ring-shaped structure of the archetypical POMs, such as the so-called Lindqvist, Keggin, 

Dawson, Preyssler or other conventional arrangements, solvent effects should be considered as 

a general and important structure-directing agent within the POM synthesis. Among the 

metallic addenda atoms which behave as active electrocatalytic sites in synergy with the POM 

framework, the 3d transition metals appear very popular. They are cheap, abundant and easy to 

manipulate. Furthermore, most of them are highly reactive as cationic divalent M2+ or trivalent 

M3+ species toward anionic POM species mainly with regard to their intrinsic hardness which 

make them oxophilic species. Then, Mn, Fe, Co, Ni, or Cu transition metals as cationic species 

were combined with polyoxometalate subunits leading to a wide variety of compounds wherein 

these elements appear as isolated centers in their POM matrix environment, clusterized as 

central aggregates or functionalized with specific exogenous ligands (different from oxo, 

hydroxo or aquo ligands). Thus, it would be tedious and probably unappropriated in the context 

of this review to give an exhaustive list of the plethoric mixed metal polyoxometalate 

compounds, therefore, only those built from tungsten-containing POM framework will be 
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considered because these robust molecular matrices exhibit redox activity on potential ranges 

in relationship with their electrocatalytic behavior.  

The simplest chemical system that exemplifies nicely the coordination process between a 

cationic transition metal species and polyoxometalate ions relies on the chelating behavior of 

the monocavant polyoxotungstates such as the Keggin-type species -[XW11O39]
n- (X = PV or 

SiIV) or the Dawson-type -[P2W17O61]
10- (see Figure 5Aa). The di- or trivalent 3d transition 

metal reacts in such conditions to give the monomeric species {M(H2O)(XW11O39)} or 

{M(H2O)(P2W17O61)}, which contains both the aqua group {M-OH2}. Actually, such a process 

can be extended to other vacant polyoxometalates, such as the divacant -[SiW10O36]
8- or the 

tricavant -A-[XW9O34]
n- giving the corresponding saturated species (see Figure 5Ab-c) .88–90 

For instance, condensation of Fe(III) cation onto the mono-, di- or tricacant vacant tungsto-

silicate pre-formed species can lead to the mono-, di- and tri-iron substituted species -

[Fe(H2O)(SiW11O39)]
5-, -[(Fe(H2O)O)2(SiW10O36)]

6- and -[(Fe(H2O)O)3(SiW9O34)]
7-, 

respectively (see Figure 5Ab-c). Furthermore, these terminal aquo groups are polarized enough 

to undergo ionization process that can induce controlled dimerization process of monomeric 

units into dimeric ones.91,92 Such a process shows perfectly how the presence of 3d metallic 

cation embedded within the POM framework can extend the condensation process toward 

nanosized multi-modular assemblies. Therefore, changing the synthetic conditions such as pH 

or ratio between the 3d metal and the POM subunit allowed isolation of di-, tri-, tetra- and 

hexamodular species. For instance, the seminal work of Kortz showed that the archetypical 

cubane-type cluster {Ni4O4} can be grafted onto the trivacant polyoxotungstate {PW9} subunit 

(see Figure 5 Ba).93 This corresponding pseudo-cuboidal {Ni4O4}-supported POM unit was 

found as constitutional building blocks in many multi-modular nanosized derivatives. In 

addition, the presence of outer assembling groups, such as phosphate, silicate, borate or 

carboxylate expands the structural diversity of these arrangements. In this way, Ni8- and Ni12-
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containing dimeric and trimeric species, respectively, were obtained wherein the surrounding 

POM modules consisted of the trivacant subunit A--[SiW9O34]
10-.94 Besides, by changing the 

tricavant-type structure for the B--[P2W15O56]
12-, derived from the Wells-Dawson anion, the 

condensation process led to a large tetrameric species containing the central 

{[Ni14(OH)6(H2O)10(HPO4)4} core.95 At last, very large and spectacular Ni25- and Ni36- hexameric 

assemblies were reported exemplifying nicely the common feature of such a class of mixed-

metal compounds wherein the POM subunits act as modulator within the condensation of the 

3d metallic cations, allowing the formation of well-defined polyoxo(hydroxo)aquo clusters 

{MxOy(OH)z(H2O)w}n+ surrounded by the protecting POM subunits.96 Using similar 

approaches, many Co-97–100, Mn-101–103, Fe-91,104–106 or Cu-containing107–109 POMs have been 

reported, illustrating the high structural diversity in the resulting mixed metal arrangements in 

relationship with the synthesis conditions and the stereo-chemical and coordinating properties 

of the preformed POM subunits. Nevertheless, in the landscape of the 3d metal-containing 

POMs, some structural invariants appear independent of the nature of the 3d metal M with M 

= Cr, Mn, Fe, Ni, Co, Cu, Zn. Among these arrangements, there are the sandwich-type dimeric 

compounds based on the B-type trivacant moieties B-[XW9O33]
9- (with X = AsIII, SbIII or 

BiIII)110,111 that sandwiched three isolated {M-OH2} groups between two trivacant subunits. 

Besides, the Weakley-type compounds based on the B-type trivacant subunits deriving either 

from the Keggin-type B-[XW9O34]
n- with X = SiIV or PV or the from Dawson derivative B-

[P2W15O56]
12- contain four in plane metallic cations forming a {M4(H2O)2} cluster, in which 

the four metallic cations are held together by the terminal oxygen atoms of the two symmetric 

B-type trivacant subunits (see Figure 5 Da).112–116 Furthermore, it should be mentioned also the 

Kreb’s anion, which corresponds to another archetypical arrangement widely represented in the 

mixed-metal polyoxometalates chemistry (see Figure 5Ca-c).117 This arrangement is composed 

of two trivacant B--[SbW9O33]
9- subunit linked by four bridging groups which can vary in 
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their composition. This arrangement has been reported as the full tungsten-containing anion 

[Sb2W22(OH)2O74]
12-, while the two outer bridging groups {WO2(OH)}+ can be substituted by 

a large variety of divalent or trivalent metal cations giving the mixed metal derivatives 

[M2(H2O)6(WO2)2(SbW9O33)2]
(14-2n)- (Mn+ = Fe3+ or Fe2+, Co2+, Mn2+, Cu2+, Ni2+…) anions. At 

last, the arrangement of the Krebs’ anion has been also reported with the presence of four Fe3+ 

metal cations sandwiched between the two B--[XW9O33]
9-, giving the general formula 

[Fe4(H2O)10(XW9O33)2]
n- where X = AsIII, SbIII, SeIV or TeIV (see Figure 5). Actually, various 

elements such as Co, Ni, Cu, Mn can be substituted within these four central positions.115 In 

addition, the macrocyclic anion [H7P8W48O184]
33- deriving from the connection of four 

[H2P2W12O48]
12- units can be viewed as a supervacant anionic template. Actually, this 

macrocyclic anion exhibits high hydrolytic stability in a large pH range (1-9)118 and can be 

easily manipulated in the presence of usual 3d metallic cations such as Fe, Co and Cu leading 

to striking large 3d metal clusters closely embedded within the macrocyclic anion (see Figure 

5 Ea-b). Thus, {Cu20} or {Fe16}-metal clusters were found firmly anchored within the 

macrocycle {P8W48} while these 3d cations were bound together through hydroxo groups or 

sometimes through exogenous ligands such as azido group.119,120 Otherwise, condensation 

reaction of the trivacant species [AsW9O33]
9- in the presence of tungstate at pH = 4-5 leads to a 

spectacular macrocycle where four {AsW9O33} subunits are held together by four cis-{WO2}
2+ 

connectors.121 The resulting compound [MAs4W40O140]
28- with M = K+ or NH4

+ exhibits four 

equivalent coordination sites while only two are available for divalent 3d cations due to a 

striking allosteric effect arising from a significant distortion of the POM framework upon the 

coordination processes of two Co2+ ions (see Figure 5 Ec).122 Actually, this macrocyclic 

cryptate species reacts with other transition metals such as Ni2+,123 VO2+,124,125 Pd2+ 126 and Ln3+ 

127 offering interesting redox and coordinating properties while its electrocatalytic properties 
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remain unexplored.  

 

Figure 5. Selected mixed-metal POM assemblies based on various archetypical polyoxotungstate 

subunits. A) Transition metal containing mono-, di- and trisubstituted Keggin type anions. B) 

monomeric (a), dimeric, and trimeric (c) assemblies built from the {PW9Ni4} building block. C) Krebs 

anions derivatives as full tungsten-containing species [Sb2W22(OH)2O74]
12- (a); di-substituted (b) 

and tetrasubstituted anions (c). D) three different sandwiched-type compounds where a) two B-

{XW9O34} subunits (X = SiIV or PV) are held together by four transition metal cation in the weakley type 

arrangement, b) two {XW9O33} (with X = AsIII, SbIII or BiIII) are linked by three d-metal centres, c) two 

A-{XW9O34}(X = PV, SiIV or GeIV) are associated by a central {M6O9} core. E)  Macrocyclic POM 

arrangements based on the {P8W48} assembly containing a) a central {Cu20} or b) {Fe16} cluster cores. 

c) {As4W40} cryptate containing two isolated {M-OH2} groups.      

 
2.5.2. Cluster containing polyoxometalates     

Another route that leads to the POMs modification consists to associate preformed stable 

chemical units, such as clusters. According to the definition given by Cotton, this class of 

molecular material corresponds to molecular aggregates wherein the metal centers are held 

together by metal-metal bonding.128 Interestingly, those containing metal centers from group V 

and VI exhibits low oxidation states that contrast with high oxidation states of metal centers 

within POM framework. This is the way to elaborate rich mixed-valence molecular materials 

in which oxidation states can vary from +VI to nearly zero. In context, the Mo-S type clusters 
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appear very attractive since they metal-sulfide analogue, such as MoS2 are known to behave as 

efficient HER electrocatalysts.129,130  Furthermore, it has been also shown that Mo-S cluster 

derivatives exhibits themselves intrinsic HER electrocatalytic activity. For instance, [Mo3S13]
2- 

anion and derivatives built on the {Mo3S7} core have been used as model to mimic the HER 

functioning of the MoS2-based catalysts.131 Beside, another cluster-type based on the {Mo3S4} 

core has revealed interesting HER activity.132 This cationic {Mo3S4}
4+ unit can be easily 

functionalized by various ligands, making the resulting coordination complexes easily 

manipulable with regard to the targeted application. One of the most illustrative applications is 

probably the use of the organometallic complex [L3Mo3S4]
+, where L corresponds to the 

hydrophobic methylcyclopentadyenyl ligand as co-catalyst deposited onto silicon pillared 

surface. The resulting photoelectrode was shown to function without HER overpotential by 

using only 10% of the solar intensity ranging within the NIR domain.133 Actually, several 

reports showed that cationic aquo thiomolybdic clusters are able to react with basic 

polyoxotungstate ions, leading to various POM assemblies.134 In context, hybrid chalco-POM 

derivatives can be formed from the condensation of the [Mo3S4]
4+ cation onto preformed 

polyoxotungstates such as [SiW11O39]
7- or [AsW9O33]

9- ions.135,136,137 Furthermore, the 

{Mo3S4} unit can be grafted straightforwardly onto the large macrocyclic POM 

[H7P8W48O184]
33- leading to {P8W48}-supported {Mo3S4} catalyst (see Figure 6). Solution 

studies (see Figure 6 c and d) revealed that synergy arises from the direct interplay between 

both covalently grafted components, i.e. the {Mo3S4} catalytic unit and the {P8W48} as electron-

collecting unit. Furthermore, such a chalco-POM catalyst has been used as a cocat for the 

preparation of modified silicon photocathodes, showing that the HER synergy is amplified 

significantly in the heterogeneous electrochemical process.138 
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Figure 6. a) top view and b) side view of schematic view of reacting species, i.e., {Mo3S4}4+ electrophilic 

and {P8W48} nucleophilic units leading to the POM-supported {Mo3S4} electrocatalysts. c) UV−vis 

titration of a {Mo3S4} solution by {P8W48}: variation of the absorbance at 500 nm shows a breaking point 

corresponding to four {Mo3S4} per {P8W48}; d) Electrochemical titration of a {P8W48} solution by a 

{Mo3S4} unit showing the HER overpotential measured at a fixed current decrease continuously until a 

plateau corresponding to the limiting stoichiometry 4{Mo3S4} +{P8W48}. 

2.6. Superchaotropic properties of POMs with regard to electrocatalysis 

POM units employed as electrocatalysts on electrode surfaces are often associated with 

additional cationic or non-ionic components, such as carbon micro/nanostructures, polymers or 

MOFs materials. During decades, the attachment of the POMs on surfaces has been mostly 

viewed through the prism of the electrostatic interactions; however recent observations have 

highlighted that the situation is often more intricate, and that the role of solvent effects is often 

predominant for categorie of POMs exhibiting low charge density. In the different context of 

basic supramolecular chemistry, numerous studies have evidenced that POMs interact strongly 

with biological moieties such as proteins, peptides or membranes. The first explanations for 

such a striking phenomenon were given based on the investigations of supramolecular 

a)

b)

c)

d)
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interactions involving POMs with model non-ionic substrates such as micelles, cyclodextrins 

or polymers.139–142 The desolvation process of POMs through supramolecular interactions with 

these non-ionic units leads to robust supramolecular aggregates in water. The release of the 

“high energy” hydration shell around the POMs corresponds to a highly favorable 

thermodynamic process that is featured by an enthalpy gain and an entropy penalty.44,143,144 In 

other words, the hydration properties of POMs represent often the main contributor among the 

conglomerate of weak attractive interactions capable of maintaining supramolecular 

assemblies.  

In context, POMs have be introduced in the historical Hofmeister’s series (see Figure 7) that 

provide an extended classification of anions with regard to their ability to increase (salting-in) 

or decrease (salting-out) the solubility of proteins.144 According to this classification, chaotropic 

or salting-in anions are weakly hydrated, highly polarizable, with low charge density and have 

the propensity to strongly adsorb on apolar interfaces. Actually, the most popular Keggin-type 

POMs, but also the giant Mo-blue wheels {Mo154} have been ranged within the super-chaotrope 

categorie.87 Herein, the term “super-chaotrope” is directly related to the remarkable propensity 

of these ions to assemble with organic moieties (surfactant, macrocycle or polymer) into highly 

stable hybrid aggregates deriving from host-guest adducts, micelles or lamellar or globular 

arrangements.87,139,140,145–147 It is important to note that the chaotropic character of POMs 

declines when the global charge density of the POMs increases. For instance, the binding 

constant between the γ-cyclodextrin and the Keggin anions changes dramatically following the 

order: [PW12O40]
3− < [SiW12O40]

4− < [BW12O40]
5− < [H2W12O40]

6−.44  
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Figure 7. Extended Hofmeister series with specification of the superchaotropic entities. 

 

While often underestimated, recent articles have demonstrated that the mastering of the 

chaotropic properties of POMs has led to innovative approaches for stabilizing POMs toward 

hydrolytic processes,141 or for designing hierarchical multi-component architectures,142,147,148 

such as hybrid open frameworks, host-guest assemblies,44,45,87 or stimuli responsive soft matter 

systems. So far, this chaotropic effect has not yet considered as the assembly driving force for 

designing non-conventional electrodes, while most of POMs employed for modifying 

(photo)electrodes belong to the super-chaotrope categorie. We think that the propensity of 

POMs to self-assemble with carbon additives or to be trapped into porous matrices (e.g. MOF) 

should be reconsidered under the prism of their chaotropic behavior.  
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3. Immobilization of POMs and Derivatives on (Photo)Electrode Surfaces 

 

3.1. Attachment procedures. 

It is worth recalling that the attachment of an electrocatalyst to an electrode surface is 

essentially motivated in order to take advantage of its intrinsic electrocatalytic properties 

observed in solution. The transposition from a homogeneous to a supported electrocatalytic 

reaction using an immobilized catalyst provides numerous benefits especially when synthetic 

and sensing applications are targeted, such as the use of ultra-small amount of catalyst, the 

recyclability of the catalyst and the facile separation of electrogenerated product(s) (and 

therefore easy purification). The two first aspects are particularly relevant when costly or high 

added value catalysts elaborated in several steps are involved. Besides, the overall efficiency of 

the electrocatalytic process is dependent on i) the rate of the reaction arising from the 

electrocatalyst-incorporating assembly (monolayer, multilayered or polymer film, or 

micro/nanostructured material), ii) the permeation of the substrate and the electrogenerated 

product(s) through the film, and iii) the transport of electrons across the film from the bulk 

electrolytic solution to the electrode surface.149 Therefore, interplay between POM assembly 

and the support must fulfill some prerequisites to produce catalytically active and efficient 

POM-modified (photo)electrodes.150 The support must be preferably porous and permeable to 

allow the facile transport of species through the film, while a strong affinity not only with POM 

but also with the surface of the bulk electrode is also required to retain durably and strongly the 

electrocatalyst within the active film. At last, even though POMs are usually multi-redox 

centers able to promote fast electron exchanges, the presence of electronically conducting 

matrice may be beneficial for highly enhancing the electron conduction through the film from 

the bulk electrode to the POM redox active sites.149 Based on such considerations, the 

immobilization strategies of POMs reported since the mid-2010s fall into three broad 

categories: i) covalent or electrostatic attachment to monomolecular films or 3D metal-organic 
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frameworks (MOFs), ii) chemisorption on metal (e.g. Ni foam and metal nanocrystals) or 

carbon (graphene, graphene oxide and carbon nanotubes) micro/nanostructures and iii) 

electrostatic entrapment within charged polymer films (see Figure 8).  

 
Figure 8. Immobilization strategies of POMs on (photo)electrode surfaces. 

In most cases, the POM is first attached to the immobilization support and the resulting 

assembly is then dispersed in an appropriate solvent before being deposited by drop-casting or 

spin-coating on the (photo)electrode surface. Carbon black is sometimes added to the dispersion 

to improve the electron conduction of the assembly and/or an additional Nafion® layer acting 

as an electrostatic barrier is deposited on the POM-modified electrode. In other cases 

(incorporation of POM in an electropolymerized film, grafting to a monolayer covalently bound 

to the electrode surface or to a metal foam), the electrocatalyst is directly immobilized in a 

single step on the electrode surface. The thickness of the catalytic layer deposited on the 

electrode is usually optimized in order to reach the maximum electrocatalytic efficiency. 
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Once prepared the POM-modified electrode, the (photo)electrocatalytic reaction is then 

conducted in a solvent in which the immobilized POM is totally insoluble to avoid its 

detachment from the electrode. The different aforementioned immobilization procedures will 

be discussed in more details in the following sections. 

3.2. Conducting vs Semiconducting Electrodes. 

The nature of the electrode used to immobilize an electrocatalyst, such as POM, may impact 

positively or negatively the electron-transfer kinetics of the overall electrocatalytic process. 

Usually, when a conventional conducting electrode (usually glassy carbon or graphite) is used, 

the impact is rather weak provided that its conducting properties are not electrochemically 

degraded, i.e. the applied potentials are within the stability window of the electrode, or it is not 

poisoned by chemical species (namely, substrates, electrogenerated products and electrolyte 

components). Under such conditions, the electrode acts as a catalytically inert material 

delivering (or accepting) fastly electrons to (from) the immobilized electrocatalyst. 

Furthermore, its conducting properties are not affected by light. This situation totally contrasts 

with that encountered for a photoactive semiconducting electrode for which the electrochemical 

process can be activated by photogenerated charge carriers (electrons or holes). Consequently, 

the use of semiconducting electrodes instead of non-photoactive ones could provide a real 

benefit in the field of the electrochemical catalysis in terms of energy gain. The basic concept 

of the light-activated electrochemical catalysis (or photoelectrocatalysis) is that when a 

semiconductor (SC) surface is irradiated with light of adequate energy hν higher than the 

bandgap energy of SC (Eg), an electron/hole pair (e-/h+) is generated in SC resulting in a 

delocalized electron in the conduction band (higher unoccupied energy level, CB) and a 

delocalized hole in the valence band (lower occupied energy level, VB) (see Figure 9).151–153 

After charge separation, the photogenerated charge carriers (i.e. electrons or holes for p- or n-

type SC, respectively) are swept to the surface, transferred to the immobilized electrocatalyst 

units in close proximity, then to the substrate after hopping between the adjacent catalytic sites. 
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It is worth stressing that the photoeffects are generally observed at n-type and p-type SC 

electrodes for redox processes located at potentials positive and negative of SC’s Ef, 

respectively. In other words, the oxidation of bound reduced species by photogenerated surface 

holes or the reduction of bound oxidized species by photogenerated surface electrons will be 

primarily responsible for the photocurrents observed at illuminated modified n- (called 

photoanode) or p-type (photocathode) SC electrodes, respectively.153,154 As a result of the 

photogenerated minority charge carrier-induced activation of the redox process, the 

electrocatalytic reaction at illuminated modified photoanode or photocathode is often observed 

at less positive or negative potentials, respectively, compared to the case of similarly modified 

conducting electrodes. This beneficial potential shift called photovoltage is significantly 

dependent on numerous factors, such as the SC bandgap, the CB/VB edge positions, the dopant 

concentration and the illumination level. 

 

Figure 9. Simplified representations of the (photo)electrocatalytic reactions at POM-modified 

conducting and semiconducting electrodes, illustrated with reactions of high interest: hydrogen 

evolution (HER), CO2 reduction (CDRR) and oxygen evolution (OER) reactions. The insets correspond 

to the photoinduced charge transfer processes at illuminated POM-modified p-type photocathode (left) 

and n-type photoanode (right). The immobilization support of POM (monolayer, polymer, MOF, metal 

or carbon micro/nanostructures) is omitted for clarity. Unlike metals, semiconductors have two types of 

charge carriers, namely electrons and holes. For a n-type doped semiconductor, the electrons are the 

majority charge carriers because their concentration is much higher than that of holes and the 
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electrochemical potential of the semiconductor, the so-called Fermi level EF, lies just below the 

conduction band (CB) edge. For a p-type semiconductor, the holes are the majority charge carriers 

because their concentration is much higher than that of electrons, and EF now lies just above the valence 

band (VB) edge. 

 

Depending on both band edge positions of valence and conduction bands of SCs and Eg, the 

illuminated photoelectrodes can promote efficiently either electrochemical reduction reactions 

of interest, such as HER or CDRR, or oxidation reactions, such as OER (see Figure 10).  

From a practical point of view, the SC electrodes are illuminated using an artificial light 

source such as a Xe lamp, which produces a white light that closely mimics natural daylight. 

Such an artificial light is calibrated vs the reference solar spectrum (air mass 1.5 global spectrum 

referred to as AM1.5 G with an irradiance of 100 mW cm-2) allowing the performance 

comparison of functionalized photoelectrodes from different research laboratories (Fig. 8b). So, 

small Eg SCs, such as silicon (Eg = 1.1 eV), absorb a large fraction of the available solar 

spectrum and consequently will be able to deliver high photocurrent densities. In contrast, large 

Eg SCs, such as metal oxide TiO2 (Eg = 3.2 eV), only absorb a small fraction of solar spectrum 

which leads to small photocurrent densities. 

Finally, in the context of a photoactive electrode, the optical absorption of the deposited 

catalytic layer (i.e. POM and the immobilization support) may be a critical issue for effective 

photoelectrocatalysis because it may lead to the decrease in the photocurrent densities with 

respect to the bare photoelectrode. Consequently, the thickness, composition and morphology 

of the deposit must be optimized to enable high electrocatalytic efficiency (as for the case of 

non-photoactive conducting electrodes) while not substantially reducing light intensity 

transmitted to the SC. 
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Figure 10. a) Positions of conduction (orange rectangles) and valence (blue rectangles) bands for 

selected semiconductors at pH 7, with their respective energy bandgap, used as photoelectrodes for 

immobilizing POMs as electrocatalysts. The electroactivity window of POMs and the potentials of 

several CO2 reduction and water redox couples are also depicted at pH 7 vs Normal Hydrogen Electrode 

(NHE). b) AM1.5 G solar spectrum (ASTM G173-03 reference spectrum, data from National Renewable 

Energy Laboratory) with positions of energy bandgap of various semiconductors of interest.  
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4. POMs-Functionalized Conducting Electrodes 

 

4.1. Electrostatically entrapped POMs  

Owing to the anionic nature of POMs, their incorporation into positively charged polymer 

films or their intercalation in layer-by-layer (LBL) assemblies with metal ion complexes is a 

straightforward approach to strongly and durably immobilize such entities on electrode 

surfaces. Recent relevant examples have demonstrated that POMs such as the Dawson 

[P2W18O62]
6-, or 3d-metal containing [Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]

16− or NiII-crown-

type [Ni4(P8W48O184)(WO2)]
28- entrapped in polypyrrole films or microparticles were 

electrocatalytically active for the H2O2 reduction,155 OER156 or bromate reduction,157 

respectively. Nevertheless, it is clear that the electrostatic entrapment of POMs into 

electronically conducting polymer (ECP) films is nowadays much less explored for designing 

catalytically active POM-modified electrodes while this immobilization approach pioneered by 

the Keita, Nadjo and Bidan’s groups was very popular in the 80s-90s.158–162 As a matter of fact, 

a plausible reason to explain such a trend is that the electrocatalytic process occurs usually in a 

potential window wherein the polymer film is converted to an electronically insulating form by 

either electrochemical reduction (for reduction processes such as HER) or overoxidation (for 

oxidation processes such as OER). Under such conditions, the polymer matrix does not 

participate (and even hinder) to the charge transport and only the electron hopping between the 

embedded POM sites shall be considered as the main charge transport mechanism. So, it is 

anticipated that the overall reaction kinetics of the electrocatalytic process should be slower 

than that for the case where the polymer would retain its conductive properties. This hypothesis 

is somewhat inconsistent with literature data on redox polymer-modified electrodes which have 

demonstrated that charge propagated through a redox polymer film by electron hopping was 

not necessarily limiting for efficient electrocatalysis.163 Besides conductivity issue, the ECPs 

show often a low permeability, a high hydrophobicity and a limited stability over 
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electrochemical cycling which may explain the lack of recent interest in these materials as 

immobilization matrices of POMs. 

Based on the aforementioned considerations, charged polyelectrolytes, surfactants and LBL 

assemblies have merged as promising alternatives to immobilize more durably POMs and yield 

catalytically active modified electrodes. First, the encapsulation of the weakley-type 

[Cu4(H2O)2(PW9O34)2]
10- species in a cationic surfactant, such as 

dimethyldioctadecylammonium (DODA), has enabled access to honeycomb structure 

microporous and electroactive films exhibiting an electrocatalytic activity towards the reduction 

of bromate BrO3
-.164 Although this encapsulation approach offers some benefits, in terms of 

simplicity and controlled morphology, it is anticipated that the retention of POMs by the 

cationic surfactant is weaker than that expected by a cationic polymer network. Therefore, 

several charged polyelectrolytes have been selected to fabricate robust and electrocatalytically 

active POM-functionalized electrodes. Accordingly, the ruthenium-containing POM molecular 

catalyst [{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2]
10– immobilized in a 

poly(diallyldimethylammonium) film showed a considerable reactivity for the electrocatalytic 

oxidation of ethanol and methanol with a Faradaic efficiency exceeding 94%.165 In another 

significant example, the Weakley-type anion [Co4(H2O)2(PW9O34)2]
10- (see Figure 5D-a) 

immobilized in an ionic polymer, poly(vinyl butyl imidazolium), performed remarkable 

electrocatalytic OER under alkaline conditions with a very low overpotential of 0.20 V and a 

very high current density of 250 mA cm-2 (at 1.75 V vs Reversible Hydrogen Electrode RHE).166 

Very recently, Streb and co-workers have developed a POM-derived composite OER electrode 

by electrostatically attaching this Weakley-type anion [Co4(H2O)2(PW9O34)2]
10– on a cationic 

polymer polyethylenimine shell decorating commercial TiO2 nanoparticles used as a low-cost, 

eco-friendly and nanoscale support.167 The resulting composite showed promising 

electrocatalytic OER performance in 0.1 M aqueous KOH solution over prolonged periods (>10 
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h). The integrity of POM under such electrochemical conditions is however questionable. 

Indeed, Finke and co-workers have shown that this mixed metal Co-W Weakley-type POM 

[Co4(H2O)2(PW9O34)2]
10– was gradually degraded to catalytically superior CoOx species under 

controlled-potential OER electrolytic tests in phosphate buffer (pH 8).168 Moreover, several 

studies have demonstrated the hydrolytic decomposition of heteropolyoxotungstates when both 

alkaline and oxidative electrochemical conditions were fulfilled.169 

Table 1. POM-LBL Assemblies for Electrocatalysis 

Anionic POM Cationic Layer 
Bilayer 

Number 

Electrocatalytic 

Reaction 
Ref 

[SiW10O36(PhPO)2]4- 
Ru(II) metallodendrimer 

(Ru4C125N24H92P8F48) 
1-8 NO2

- reduction 170 

[Cu20Cl(OH)24(H2O)12 

(P8W48O184)]25− 

Ru(II) metallodendrimer 

(Ru4C125N24H92P8F48) 
- IO3

- reduction 171 

Crown-type POMs: 

[Fe16(P8W48O184)(OH)28(H2O)4]20-, 

{Ni3[Ni4(H2O)16(P8W48O184) 

(WO2)(H2O)2]}22-, 

{Co2[Co4(H2O)16(P8W48O184)]}28- 

Ru(II) metallodendrimer 

(Ru4C125N24H92P8F48) 
1-8 NO2

- reduction 172 

[SiW12O40]4- 
[Mn(III)TRP]5+, [Zn(II)TRP]4+ or 

[Ni(II)TRP]4+ 
2-10 NO2

- reduction 173 

[Co4(H2O)2(PW9O34)2]10- Dye methyl green 1-15 
NO2

- or IO3
- 

reduction 
174 

[FeIII(P2W17O61)]8-, 

[CuII(P2W17O61)]8-, [P2W18O62]6- 
Cu-phthalocyanine 1-4 Phosphate reduction 175 

[FeIII(P2W17O61)]8-, 

[CuII(P2W17O61)]8-, 

[NiII(P2W17O61)]8- 

Poly(diallyldimethylammonium) + 

Ag nanoparticles 
1-4 

NO2
- or NO3

- 

reduction 
176 

Crown-type POMs: 

[Cu20Cl(OH)24(H2O)12(P8W48O184)

]25-, [Ni4(P8W48O148)(WO2)]28- 

Poly(diallyldimethylammonium) + 

Ag nanoparticles 
1-4 

NO2
- or NO3

- 

reduction 
177 

[Ni4(P8W48O148)(WO2)]28- Ag nanoparticles 1-4 ClO3
- reduction 178 

[PW9V3O40]3- 
Poly(ethyleneimine) 

+ Pt@Pd nanoparticles 
1-6 H2O2 reduction 179 

[PdII(PW11O39)]5- 
Amino-terminated poly (amido-

amine) dendrimer 
1-5 Methanol oxidation 180 

Abbreviations: Ph = Phenyl. TRP = µ-{meso-5,10,15,20-tetra (pyridyl) porphyrin} tetrakis {bis(bipyridine) chloride 

ruthenium(II)}(PF6)4. 

 

The second immobilization route using electrostatic process, namely the LBL assembly, 

constitutes a simple and reliable method to build well-ordered redox-active architectures with 

excellent control on the film thickness and the surface coverage of the entrapped 

functionality.181 So, Keggin-, Dawson- and crown-type POMs and their transition metal ion-

substituted derivatives have been assembled with various cationic components, such as redox-
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active Ru(II) metallodendrimers,metal-complexed porphyrins, or non-electroactive polymer 

layers, to produce functional electrodes which were active for the electrocatalytic reduction of 

some oxyanionic species (e.g. nitrite), hydrogen peroxide reduction or oxidation of methanol 

(see Table 1).170–180 Compared with POMs-incorporating ECP films, such assemblies offer 

some benefits such as an enhanced permeability, a better robustness over electrochemical 

cycling and a better resistance against some interferents. Interestingly, the assembly with redox-

active cationic complexes enabled to extend the electroactivity window of the functional 

electrodes.170–173,175 Furthermore, additional incorporation of metal nanoparticles (e.g. Ag), 

notated NPs hereafter, was found to be also beneficial for increasing the electronic conductivity 

of such assemblies.176–179  

 

4.2. POMs/Metal Organic Frameworks (MOFs) Assemblies 

 

4.2.1. Definition  

POM@MOF. The non-covalent immobilization of POMs into Metal-Organic Frameworks 

(MOFs), a class of porous crystalline solids built from the reticulation of metal centers by 

organic ligands, represents an appealing approach to develop heterogeneous electrocatalytically 

active systems named POM@MOF (see Figure 11). Unlike the other porous materials (zeolites, 

activated carbon, mesoporous silica), MOFs are hybrid organic–inorganic hosting matrices that 

exhibit a wide structural diversity, wide pore sizes, flexibility, high porosity and extremely large 

surface area (up to 10 000 m2/g).182 The intrinsic structural features of MOFs make them 

interesting for encapsulating molecular catalysts, such as POMs. Within the MOFs, the 

entrapped homogeneous POM-based catalysts can benefit of the improved stability and easier 

recyclability and also a better diffusion of reactants to the POM units. Some recent reviews 

have been published on the synthetic strategies, the characterization methods and the catalytic 

properties of POM@MOFs.183–185  
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Figure 11. A) Illustration of a POM@MOF material resulting from immobilization of a POM within a 

MOF structure. B) Illustration of a POMOF structure that results from the assembly of POMs and 

organic ligands.  

 

POMOF. These compounds represent a class of coordination polymers that are built from the 

assembly of transition metals, POMs and organic ligands. Such compounds are generally 

prepared by hydro/solvothermal treatments. The POMOF arrangement can be broadly 

subdivided into two families. The first one corresponds to the structures based on the ɛ-Keggin-

type POMs stabilized by capping metallic cations (mostly Zn2+) that are generally connected 

by (poly)carboxylate ligands. The resulting anionic frameworks generally exhibit voids in 

which organic cations are located. The second family of POMOF is built from N-donor ligands 

recognized to bind soft metal ions, such as AgI, CuI/II, CoII or NiII. In contrast to the first POMOF 

family, this second class exhibits usually dense structures.  

4.2.2. Non-covalently immobilized POMs in MOFs (POM@MOF) 

 

As electrocatalysts, the POM@MOF compounds have been used mostly for water oxidation. 

Nevertheless, a recent report highlights their ability to reduce also CO2 into CO. The activity 

of POM@MOF can be also exploited to perform the electrocatalytic reduction of bromate ions 

and H2O2 in aqueous solution. Table 2 summarizes the different reports dealing with the 

electrocatalytic activities of these POM@MOF based systems.  

      

Table 2. POM@MOFs based systems for electrocatalysis 

POM MOFs 
Electrocatalytic 

Reaction 

Overpotential 

(mV) 

Tafel slope 

(mV.dec-1) 
Ref 

[Co4(H2O)2(PW9O34)2]10- MIL-101 (Cr3+) 
Water oxidation  

(pH = 8) 

493 

(1 mA cm-2) 
69  186 
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[Co4(H2O)2(PW9O34)2]10- MIL-100 (Fe3+) 
Water oxidation  

(pH = 8) 
N/A N/A 187 

[Co(H2O)(CoW11O39)]7- MIL-100 (Fe3+) 
Water oxidation  

(pH = 8) 
N/A N/A 187 

[CoW12O40]6- ZIF-8 (ZnII) 
Water oxidation  

(pH = 7) 
800 mV 783 188 

[Co3O3(H2O)3(SiW9O34)]10– ZIF-8 (Zn2+) 
Water oxidation 

(pH = 13) 

2730 

(10 mA cm-2) 
69.4 189 

[Co3O3(H2O)3(SiW9O34)]10– ZIF-67 (Co2+) 
Water oxidation 

(pH = 13) 

470 

(10 mA cm-2) 
113.6 189 

[SiW12O40]4- HKUST-1 (Cu2+) 
Water oxidation 

(pH = 14) 
340 73 190 

[SiW12O40]4- 

ZIF-8 (Zn2+) + 

[Fe(salen)(OH)] 

as co-catalyst 

Water oxidation 

(pH = 13) 

516 

(1 mA cm-2) 
344 191 

[Co(H2O)(CoW11O39)]7- PCN-222(Co) 
CO2 reduction  

(CO production) 
N/A 216 192 

[PW12O40]3- HKUST-1 (Cu2+) 
BrO3

- reduction 

(pH = 2) 
N/A N/A 193 

[PMo12O40]3- HKUST-1 (Cu2+) 
BrO3

- reduction 

 (pH = 2) 
N/A N/A 193 

[PMo12O40]3- HKUST-1 (Cu2+) 
H2O2 reduction 

 (pH = 7.4) 
N/A N/A 194 

Abbreviations: MIL: Matériaux de l′Institut Lavoisier; ZIF: Zeolitic Imidazolate Frameworks; 

HKUST: Hong Kong University of Science and Technology; PCN: Porous Coordination Network; 

N/A= Not available 

 

In 2010, the group of Hill discovered that the noble metal-free catalyst 

[Co4(H2O)2(PW9O34)2]
10− was an efficient molecular catalyst for water oxidation.13 The 

encapsulation of this POM required MOF exhibiting large cavities, such as the mesoporous 

MOFs, namely the MIL-100 or the MIL-101. This Weakley-type POM 

[Co4(H2O)2(PW9O34)2]
10− was immobilized on Cr3+-based MIL-101 by an ion exchange method 

involving the F- anions. Such a process allows the introduction of about 7 POMs per POM 

cavity. The electrocatalytic performance of the resulting material has been investigated in 

borate buffer (pH = 8). It was showed that the [Co4(H2O)2(PW9O34)2]
10−@MIL-101 material 

exhibited a moderate overpotential (493 mV for a current density of 1 mA cm-2) and the 

calculated Tafel slope was about 69 mV dec-1.186 Long-term electrolysis over ~3 hours at 1.3 V 

vs NHE yielded a slight decrease of the current density (from 1.6 to 1.5 mA cm-2), which was 

thought to be caused by the release of the POM. The POM leaching during electrocatalysis is 

probably favored by the large apertures of the MIL-101 large window size (17 Å) that are larger 
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than the POM size (~10 Å). Based on this observation, the group of Kögerler has employed a 

mesoporous Fe3+-based MIL-100, a MOF with pore windows of 5.5 Å and 8.6 Å, as host matrix 

for the encapsulation of POM-based water oxidation catalysts.187 The encapsulation of 

[Co4(H2O)2(PW9O34)2]
10− and another cobalt-based Keggin-type POM 

[Co(H2O)(CoW11O39)]
7−, recognized for its ability as water oxidation catalyst has been 

achieved through one-pot hydrothermal preparation of the MOF. At pH = 8, the two 

POM@MOF composites display lower onset potential and a higher current density than those 

of the native POM. Nevertheless, no significant difference in the electrocatalytic activity was 

observed between these two hybrid materials.  

In 2018, the group of Das reported the use of the Keggin-type anion [CoW12O40]
6− as acidic 

form encapsulated within the archetypal ZIF-8, a MOF built from zinc centers and imidazolate 

ligands, with the perspectives of developing efficient and robust electrocatalyst for water 

oxidation.188 This successful synthetic approach has been also used for encapsulation of other 

Keggin-type POMs in various ZIF hosts (Zeolite Imidazolate Framework) (see Figure 12A). 

The electrochemical performance of this composite material has been studied using a 

{H6[CoW12O40]}@ZIF-8 modified electrode prepared by dropping a mixture of 

{H6[CoW12O40]}@ZIF-8 with black carbon and Nafion® on a glassy carbon electrode. In acid 

condition (pH = 1.9), the authors observed the oxidation of the Co center (CoII→CoIII) of the 

encapsulated [CoW12O40]
6− ion, occurring at a lower potential than that usually found for the 

free POM (shift of about -120 mV). Moreover, the authors found that the oxidation process 

from CoIII to CoIV is also observable in the POM@MOF assembly. Das et al. explain this 

unsusual redox event by a partial electronic redistribution of the POM unit in 

{H6[CoW12O40]}@ZIF-8 which results from electronic density donation from the MOF to the 

low lying W-centered LUMOs of the POM. At neutral pH, a large current onset over the 

potential range of CoII and CoIII oxidations is observed and attributed to the electrocatalytic 
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water oxidation. In such conditions, the {H6[CoW12O40]}@ZIF-8 exhibits a turnover frequency 

of 10.8 mol O2 (mol Co)−1 s−1 which remains highly stable over 1,000 cycles. Furthermore, no 

formation and contribution of CoOx along the water oxidation electrocatalysis was detected. 

However, the measured overpotential remains quite high (~800 mV vs RHE) at a current density 

of 1 mA cm−2, and the Tafel slope is also high (783 mV dec-1) due to the inherent resistive 

nature of ZIF-8 that induces high ohmic resistance. All these characteristics have been reported 

for POM-MOF materials with a low POM loading (25% of cavities occupied by POMs). Larger 

loading, up to one POM per cavity, does not improve the electrochemical performance. Besides, 

The cavity of ZIF-8, that exhibits similar size to that of the Keggin-type POM, behaves as a 

protecting matrix which prevents any hydrolytic decomposition of the POMs. For instance, 

mechanical mixtures of POM and ZIF-8 exhibit weak electrocatalytic efficiencies due to the 

degradation of the POM after only few cycles. Such investigations upon water oxidation 

catalysis have been also extended to other Keggin-type POMs encapsulated within ZIF-8, 

leading to constrated catalytic performances. For instance, the encapsulated 

[Co3O3(H2O)3(SiW9O34)]
10– ion (see Figure 5A-c for the structural arrangement) in ZIF-8 with 

low loading (about 6% of ZIF cage are occupied by the POM), shows very weak activity in 

basic conditions (0.1M KOH), featured by high overpotential and low current density.189 In 

contrast, the same Keggin-type POM entrapped within ZIF-67, a porous host with similar 

structure to that of ZIF-8 where Zn2+ coordinated nodes have been substituted for Co2+, exhibits 

excellent electrocatalytic activity (see Figure 12A).189 This POM@MOF material exhibits a 

lower overpotential (470 mV vs RHE for a current density of 10 mA cm-2), decreasing 

significantly the overpotential of the hosting ZIF-67 matrix (580 mV vs RHE for a current 

density of 10 mA cm-2) and Tafel slope of about 113.6 mV dec-1. The OER performance of 

[Co3O3(H2O)3(SiW9O34)]
10– @ZIF-67 is also enhanced in comparison with the respective 

activities of its individual components (see Figure 12C). Therefore, such a synergistic effect 
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was believed to result from i) a better electron transfer from the MOF to the electron-poor POMs 

and ii) undercoordinated Co nodes in the ZIF-67 frameworks due to the presence of POMs 

which induce defects. The electrocatalyst system [Co3O3(H2O)3(SiW9O34)]
10–@ZIF-67 

exhibited high electrochemical stability since no decrease of the OER activity has been 

observed for at least 12 hours of electrolysis.  

 

Figure 12. A/ Preparation of POM@ZIF nanocomposites by in situ one-pot approach. B/ SiW9Co3 unit 

activity estimations for “bulk” POMs (TBA)6H4[SiW9Co3(H2O)3O37]) and ZIF-encapsulated POMs in 

the different nanocomposites—expressed as attoamperes, aA, per POM cluster. C/ Mass-normalized 

LSV polarization curves of OER for [SiW9Co3(H2O)3O37]10–@ZIF-67 compared with the sum (dash 

lines) of the respective individual components. Adapted with permission from ref 189. Copyright 2020 

American Chemical Society. 

Zhou et al. have recently prepared a POM@MOF composite prepared from silicotungstic 

acid H4[SiW12O40], Cu2+ and trimesic acid in water/ethanol mixture.190 The authors proposed 

that the resulting material {Cu2[SiW12O40]}@HKUST-1 corresponded to the Keggin anion 

[SiW12O40]
4- encapsulated within HKUST-1 host where two copper ions per POM units 

neutralizes the negative charge of the polyanion. However, no convincing data supported this 

hypothesis. Anyway, the electrocatalytic activity for OER has been studied in 1.0 M KOH and 

the measured overpotentials and the Tafel slopes revealed the {Cu2[SiW12O40]}@HKUST-1 

A/ 

B/ 

C/ 
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(340 mV; 73 mV.dec−1) exhibited better OER activity than the archetypal MOF, HKUST-1 

(420 mV; 84 mV dec−1). Nevertheless, such a catalyst had excellent long-term stability. 

Besides initiating the development of heterogeneous pure POM@MOF OER 

electrocatalysts, the co-encapsulation of molecular transition metal complexes and POMs can 

improve the OER efficiency as shown by the co-encapsulation of the inorganic coordination 

complex [FeIII(salen)(H2O)]+ and [SiW12O40]
4- in the ZIF-8 pore system.191 This study 

evidenced three important benefits of the co-encapsulation of the POM: i) faster formation of 

the hybrid composite, ii) higher loading of cationic Fe-based complex, and iii) lowering of 

overpotential for electrochemical OER by more than 150 mV in comparison with the ZIF-8 

containing exclusively the [FeIII(salen)(H2O)]+ complex. It was proposed that the introduction 

of the POMs can facilitate electrical charge conduction in the MOF. Importantly, the 

electrocatalytic studies had been performed in 1M KOH, while [SiW12O40]
4- ion decomposed 

at pH values higher than 4, thus questioning on the true nature of the POMs in such conditions.  

 

Figure 13. A) Illustration of the synthetic process and the structure of [Co(H2O)(CoW11O39)]7−@PCN-

222(Co). In this composite, the Keggin-type POM forms an electron-transfer channel from the electrode 

to active Co center of the metalloporpherin, and consequently favors the multi-electron-transfer process 

A/ 
B/ 

C/ 
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to enrich the electron density of the active Co center wherein the CO2-to-CO reduction occurs. B) 

Electrocatalytic CO2RR performance of [Co(H2O)(CoW11O39)]7−@PCN-222(M) in which the nature of 

the three 3d metallic cation of the porphyrin is varied (M = Co2+, Fe2+, Mn2+, Mn2+, Ni2+). C) Evolution 

of the Faradaic efficiencies for CO formation with different metals and at different potentials. Adapted 

with permission from ref 195. Copyright 2021 Wiley-VCH. 

 

The PCN-222 (PCN: Porous Coordination Network) corresponds to a robust mesoporous 

zirconium-porphyrin MOF used to design POM@MOF electrocatalysts for the reduction of 

CO2.
195 The insertion of [Co(H2O)(CoW11O39)]

7− within the channel of the MOFs has been 

performed by impregnation (see Figure 13A). The POM loading is strongly influenced by the 

nature of the metal center of the metalloporphyrin, and the best loading was obtained for the 

Co-based porphyrin. The electrocatalytic reduction of CO2 has been studied in 0.5 M KHCO3 

solution, revealing that the onset potential for [Co(H2O)(CoW11O39)]
7−@PCN-222(Co) was 

reduced by 350 mV. Investigation of the electrochemical properties (onset potential and 

faradaic efficiency) of the POM@MOF materials revealed the key role of coordinated metal 

cations at the porphyrins (see Figure 13B and C). This electrocatalytic material gave a high 

faradaic efficiency of 96.2% for electroreduction of CO2 into CO with a good stability over 10h 

of electrolysis. DFT calculations confirm that the directional electron transfer, which 

accelerates the multi-electron transfer from the electrode to active single-metal site Co, enriches 

the electron density of the Co center, and ultimately reduces the energy of the rate-determining 

step of the CO2RR process. 

The electrocatalytic activities of the POM@MOFs compounds have been also exploited for 

the electrochemical detection of H2O2 or bromate.193,194 The electrocatalytic composite 

resulting from the combination of Ketjenblack carbon with the NENU-5 material (NENU: 

Northeast Normal University), an HKUST-1 (HKUST: Hong Kong University of Science and 

Technology) containing encapsulated Keggin-type POM [PMo12O40]
3-, enable electrochemical 

detection of H2O2 with a low detection limit of 1.03 μM, a broad linear range from 10–50 mM 

and an excellent selectivity and stability.194 These electrocatalytic properties are believed to 
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result from synergistic effects between the redox activity of the POM, the high specific surface 

area of the MOF and the conductivity of the carbon material. The NENU-3 ([PW12O40]
3-

@HKUST-1) and NENU-5 ([PMo12O40]
3-@HKUST-1) grown in-situ on carbon cloth have 

been obtained by a facile one-step solvothermal method.193 Actually, these resulting materials 

behave as electrochemical sensors to detect bromate in aqueous solution with a low detection 

limit (0.55 and 1.18 µM for NENU-3 and NENU-5) and a large linear range (from 5 to 560 

µmol L-1 for NENU-3 and from 15 to 380 µmol L-1 for NENU-5).  

4.2.3. POMOFs 

The electrocatalytic properties of POMOF compounds have been massively investigated 

with a special attention paid to the HER process, NO2
- reduction, BrO3

- reduction, IO3
- 

reduction, H2O2 reduction and oxidation of ascorbic acid (see Tables 3 and 4).  

The POMOFs built from the reduced ɛ-Keggin type POM capped by four zinc cations (see 

Figure 14A) have been identified as electrocatalytically active for hydrogen production in acidic 

conditions. Due to the insulating character of the POMOFs compounds, these solids are 

systematically combined with black carbon. The electrochemical properties and the HER 

activities of such POMOFs compounds have been evaluated in diluted H2SO4 aqueous solution. 

So far, the best HER properties have been observed for the compound NENU-500, formulated 

(TBA)3(ε-PMo12O40H4Zn4)(btb)4/3 (btb = benzene tribenzoate) exhibiting a 3D porous extended 

framework (see Figure 14B) with a permanent porosity (BET surface area = 195 m² g-1).196 In 

0.1 mol·L–1 H2SO4 aqueous solution, this compound shows three reversible redox waves, 

located at −0.09, +0.18, and +0.3 V vs Ag/AgCl (see Figure 14C). This electrochemical 

signature is similar to that observed for other POMOFs based on the (ε-PMo12O40HxZn4). These 

three redox waves are bielectronic. Two of them correspond to the reduction of the MoVI centers 

(events I and II), while the redox process observed at about +0.3V is thought to correspond to 

the oxidation of MoV. The polarization curves of the NENU-500 in 0.5 M H2SO4 revealed a 
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better HER electrocatalytic activity, featured by low overpotential (237 mV) and a Tafel plot 

of 96 mV dec-1. This performance appears to be much higher than that observed for other 

POMOFs compounds (see Table 3), and has been attributed to the synergistic effects between 

the electrocatalytic activity of the POMs and porosity of the hybrid framework favoring the 

electrolyte diffusion to the catalytic sites.  

Table 3. Electrocatalytic applications of POMOFs based on electron-rich ɛ-Keggin anion. 

Anionic POM 
Electrocatalytic 

Reaction 

Overpotential 

(mV) 

Tafel slope 

(mV.dec-1) 
Ref 

(TBA)6[(ε-PMo12O40H3Zn4)2(biphen)3] 
HER 

pH = 1 
N/A N/A 197 

(TBA)2[(ε-PMo12O40H2Zn4)(bim)3(biphen)0.5] 
HER 

pH = 1 
N/A N/A 197 

(TBA)3[(ε-PMo12O40H2Zn4)(bim)2(isop)] 
HER 

pH = 1 
N/A N/A 197 

(TBA)7/3[(ε-PMo12O40H2Zn4)(bim)2(trim)2/3] 
HER 

pH = 1 
N/A N/A 197 

(TBA)2(Co(2,2’-bipy)3)[(ε-PMo12O40H3Zn4)2(btb)4/3] 
HER 

pH = 1 

419  

(10 mA cm-2) 
N/A 198 

(Co(2,2’-bpy)3)[(ε-PMo12O40H3Zn4)(trim)(2,2’-bpy)2] 
HER 

pH = 1 

452  

(10 mA cm-2) 
N/A 198 

(Ru(2,2’-bpy)3)3[(ε-PMo12O40H2Zn4)2(trim)2] 
HER 

pH = 1 

617 

(10 mA cm-2)  
N/A 198 

(Ru(2,2’-bpy)3)3[(ε-PMo12O40H3Zn4)2(biphen)2] 
HER 

pH = 1 

337  

(10 mA cm-2) 
N/A 198 

(PPh4)[(ε-PMo12O40H3Zn4)2(trim)2] 
HER 

pH = 1 

335  

(10 mA cm-2) 
N/A 198 

(TBA)3[(ε-PMo12O40H4Zn4)(btb)4/3] 
HER 

pH < 0.5 

237  

(10 mA cm-2) 
96 196 

(TBA)3[(ε-PMo12O40H3Zn4)(btt)] 
HER 

pH < 0.5 

392  

(10 mA cm-2) 
137 196 

 [ε-PMo12O40H3Zn4)(bimb)2] 

+ ultrasmall Pt nanoparticles 

HER 

pH < 0.5 

23  

(10 mA cm-2) 
71.3 199 

(TBA)3[(ε-PMo12O40H4Zn4)(5-mip)2] 
BrO3

- reduction 

pH < 0.5 
N/A N/A 200 

(TBA)3[(PMo12O40H3Zn4)2(btb)] 
BrO3

- reduction 

pH < 0.5 
N/A N/A 201 

(TBAOH)1.5[(PMo12O40H5Zn4)2(Co-TCPP)] 
CO2 reduction 

pH = 7.2 
N/A 98 202 

(TBAOH)1.5[(PMo12O40H5Zn4)2(Fe-TCPP)] 
CO2 reduction 

pH = 7.2 
N/A 211 202 

(TBAOH)1.5[(PMo12O40H5Zn4)2(Ni-TCPP)] 
CO2 reduction 

pH = 7.2 
N/A 675 202 

(TBAOH)1.5[(PMo12O40H5Zn4)2(Zn-TCPP)] 
CO2 reduction 

pH = 7.2 
N/A 206 202 

Abbreviations: TBA = tetrabutylammonium; PPh = tetraphenylphosphonium; isop = 1,3-benzenedicarboxylate; trim = 

1,3,5-benzenetricarboxylate; biphen = 4,4′-biphenyldicarboxylate; bim = benzimidazole; 2,2’-bpy = 2,2′-bipyridine; btt = 

[1,1′-biphenyl]-3,4′,5-tricarboxylate; bimb = 1,4-bis(imidazol-1-yl) benzene; btb = benzene tribenzoate; TCPP =  tetrakis 

(4-carboxyphenyl) porphyrin; 5-mip = 5-methylisophthalate; N/A= not available 

 

The HER electrocatalytic properties of POMOFs based on the reduced ɛ-Keggin type POM 

can be improved by doping with a low loading of Pt nanoparticles (<0.5 wt%).199 The resulting 
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materials exhibited a remarkable HER performance in 0.5 M H2SO4 since it only requires an 

overpotential of 23 mV for a current density of about 10 mA cm-2. Comparison with the 

commercial 20% Pt/C catalyst revealed the mass activity of Pt@POMOF was almost 100 times 

that of 20% Pt/C at an overpotential of 50 mV. 

 

Figure 14. A/ Polyhedral representation of the Keggin core {ε-PMoV
8MoVI

4O36HxZn4} with x= 2, 3, 4 

or 5. B/ Space-filling representation of the compound (TBA)3(ε-PMo12O40Zn4)(btb)4/3 (NENU- 501), 

showing voids in the hybrid organic-inorganic framework. C/ CVs of NENU-500-GCE at different scan 

rates (mV·s–1) measured in 0.1 mol·L–1 H2SO4 aqueous solution. Adapted with permission from ref 196. 

Copyright 2015 American Chemical Society. D/ Comparison of the polarization curve of the NENU-

500-GCE (red curve) in 0.5 M H2SO4 aqueous solution with those obtained for other catalysts (other 

POMOFs or MOFs). Adapted with permission from ref 196. Copyright 2015 American Chemical 

Society. 

 

Assembling electron-rich POMs, such as the ɛ-Keggin type POM capped by zinc cations, 

with metalloporphyrins to construct POMOFs, leads to highly stable, selective and efficient 

electrocatalysts for CO2 reduction.202 The performance of this material should arise from the 

presence of i) reduced POM units able to offer electrons, ii) the conjugated π-electron system 

{ε-PMoV
8MoVI

4O40HxZn4}

NENU - 501

A/ B/

C/ D/
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(metalloporphyrins) facilitating the electron mobility, and iii) the open hybrid framework which 

presumably induces an oriented electron transportation. Linear sweep voltammetry curves 

indicate that the POMOF material has a small onset potential of −0.35 V vs RHE for Co-based 

porphyrins in CO2-saturated 0.5 M KHCO3 (pH = 7.2) solution which is much less negative 

than that of the porphyrins containing other metals such as Fe (−0.53 V), Ni (−0.58 V) or Zn 

(−0.60 V). The POMOF containing Co centers selectively converted CO2 to CO with a superior 

faradaic efficiency of 99% and high TOF of 1656 h−1 at −0.8 V vs RHE. These electrocalytic 

performances remained stable for more than 36 h of electrolysis. 

In contrast to the POMOFs built from the ɛ-Keggin type POM, the POMOFs built from 

archetypal POMs, N-donor ligands and soft metal ions (AgI, CuI/II, CoII..) have not yet been 

studied for HER or CO2 reduction, but have been widely used for BrO3
-, IO3

-, H2O2 or NO2
- 

reduction (see Table 3 and Table 4) and for the oxidation of ascorbic acid (see Table 4).  

Table 4. Electrocatalytic applications of POMOFs built from the assembly of electron-poor 

POMs, transition metals and N-donor ligands. 

Electrocatalytic 

Reaction 
POMOF compoundsa Ref 

Electrocatalytic 

Reaction 
POMOF compoundsa Ref 

BrO3
- reduction 

Acid media 

Ag4(2-btz)4(HPMo12O40) 203 

IO3
- reduction 

pH < 0.5 

Cu(bimb)1.5(Mo8O26)0.5 204 

Ag4(2-btz)4(SiW12O40) 203 Cu(bimb)(Hbimb)2(PMo12O40) 204 

Ag4(2-btz)4K(SiW12O40) 203 Cu4(bimb)4(SiMo12O40) 204 

Cu4(2-btz)16(Mo8O26)2 203 Co2(bimb)3(VW12O40) 205 

Cu4(3-btz)8(PMo12O40)2 203 Co5(bimb)8(PW11V2O40)2] 206 

Cu7(3-btz)16(P2W18O62)2 203 Co2(bimb)3(GeW12O40) 206 

[Cu2(2-pdya)(CrMo6(OH)5O19) 207 Co2(bimb)2(BW12O40)(Hbimb) 206 

Cu4(μ3-OH)2(3-dpyh)(γ-Mo8O27) 207 Co2(bimb)2(H2W12O40)(H2bimb) 206 

Cu3(3-dpyb)2(TeMo6O24) 207 Cu(bimb)(BW12O40)(H2bimb)2 206 

Cu2(3-dpyb)2(C2O4)(CrMo6(OH)6O18) 208 (Hbib)Cu2(bib)2(PMo12O40) 209 

Cu4(OH)2(4-dpyh)(TeMo6O24) 208 (Hbib)2Cu(bib)(PMo12O40) 209 

NO2
- reduction 

Acid or neutral 

media 

Co2(tib)2(HBW12O40) 210 

H2O2 reduction, 

Acid or neutral 

media 

(Hbib)Cu2(bib)2(PMo12O40) 209 

Co2(tib)2(SiW12O40) 210 (Hbib)2Cu(bib)(PMo12O40) 209 

Co2(H2tib)4(BW12O40) 210 Cu2(3-dpyb)2(C2O4)(CrMo6(OH)6O18) 208 

Ag4(2-btz)4(HPMo12O40) 203 Cu4(OH)2(4-dpyh)(TeMo6O24) 208 

Ag4(2-btz)4(SiW12O40) 203 Cu2(pbmbpc)2(SiW12O40) 211 

Ag4(2-btz)4K(SiW12O40) 203 Co2(pbmbpc)2(SiW12O40) 211 

Cu4(2-btz)16(Mo8O26)2 203 Ni2(pbmbpc)2(SiW12O40) 211 

Cu4(3-btz)8(PMo12O40)2 203 Ni13(tri)24(VW12O40)2 212 

Cu7(3-btz)16(P2W18O62)2 203 
Ni13(tri)24(W10V5O40)(W9V6O4

) 
212 

Cu7(Hbat)2(bat)4(PMo12O40) 213 [Cu2(2-pdya)(CrMo6(OH)5O1) 207 

Ag7(Hbat)2(bat)4(AsW12O40) 213 Cu4(μ3-OH)2(3-dpyh)(γ-Mo8O27) 207 

Ag9(H2bim)2(bim)4(H2PW12O40

) 
213 Cu3(3-dpyb)2(TeMo6O24) 207 

(H3bim)3(H2bim)(PMo12O40) 213 Ag4(2-btz)4(HPMo12O40) 203 

Ni(Htib)4(PW12O40)2 214 Ag4(2-btz)4(SiW12O40) 203 
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Ni2(tib)2(GeW12O40) 214 Ag4(2-btz)4K(SiW12O40) 203 

Cu2(pbmbpc)2(SiW12O40) 211 Cu4(2-btz)16(Mo8O26)2 203 

Co2(pbmbpc)2(SiW12O40) 211 Cu4(3-btz)8(PMo12O40)2 203 

Ni2(pbmbpc)2(SiW12O40) 211 Cu7(3-btz)16(P2W18O62)2 203 

Ni13(tri)24(VW12O40)2 212 Co(icmp)(β-Mo8O26)0.5 215 

Ni13(tri)24(W10V5O40)(W9V6O40

) 
212 Co2(icmp)2(Mo7O23) 215 

Ascorbic acid 

oxidation 

Acid media  

Co2(tib)2(HBW12O40) 210 Co2(icmp)3(β-Mo8O26)0.5(δ-Mo8O26)0.5 215 

Co2(tib)2(SiW12O40) 210 Co2(icmp)3(H4Mo8O28) 215 

Co2(H2tib)4(BW12O40) 210 (Cu(pyr)2)6(As2Mo18O62) 216 

Co(icmp)(β-Mo8O26)0.5 215 (Cu(pyr)2)6(As2Mo18O62) 216 

Co2(icmp)2(Mo7O23) 215 Ascorbic acid 

oxidation 

Acid media 

Ni(Htib)4(PW12O40)2 214 

Co2(icmp)3(β-Mo8O26)0.5(δ-Mo8O26)0.5 215 Ni2(tib)2(GeW12O40) 214 

Co2(icmp)3(H4Mo8O28) 215  214 

Abbreviations: bim = benzimidazole; 2,2’-bpy = 2,2′-bipyridine; btt = [1,1′-biphenyl]-3,4′,5-tricarboxylate; bimb = 1,4-bis(imidazol-

1-yl) benzene ; 5-mip = 5-methylisophthalate. tib = 1,3,5-tris(1-imidazoly)benzene), 2-btz = 1-benzyl-1H-(1,2,4)triazole ; 3-btz = 1-
benzyl-1H-(1,3,4)triazole ; icmp = 1,3-bis(1H-imidazole-4-carboxamido)metaphenylene ; pyr = pyrazole ; bat = benzotriazolate; 2-

pdya = pyridyl–pyrazinamide 2-pyridyl–pyrazinamide ; 3-dpyb = N,N′-bis(3-pyridinecarboxamide)-1,4-butane, 3-dpyh = N,N′-bis(3-

pyridinecarboxamide)-1,6-hexane) ; pbmbpc = 1,1′-(1,4-phenylene-bis(methylene))-bis(pyridine-3-carboxylic acid) ; tri = 1,2,4-
triazole ; bib = 4-bis(imidazol-1-yl) benzene). a The solvent molecules (H2O, DMF…) have been removed from the compound formula. 

 

 

4.3. Carbon-based composite material/POM  

4.3.1. POMs attached to reduced graphene oxide (POM/rGO) 

The electrical conductivity properties of graphene make this 2D material an ideal candidate 

to elaborate POM-based electrocatalysts. However, the preparation of defect-free and single-

layer graphene in large quantities is still a process under development. In contrast, the 

preparation of graphite oxide, which consists of stacks of individual graphene oxide (GO) 

sheets, is much easier and well mastered since the publication of the Hummer method in 

1958.217 Despite its ability to be completely exfoliated to individual GO sheets in different 

solvents, GO exhibits low conductivity due to the presence of the numerous oxygen functional 

groups. However, the properties of GO can be restored, at least partially, to those of graphene 

by reduction process. The resulting reduced graphene oxide (rGO) has been largely employed 

to develop POM/rGO composite electrocatalysts which were catalytically active for HER,218,219 

OER, ORR, alcohol oxidation, nitrite oxidation/reduction, or  formic acid oxidation. Table 5 

summarizes the different POM/rGO based systems used for electrocatalytic purposes. 
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Table 5.  POM/rGO based systems for electrocatalytic applications. 

POM Carbon materials 
Electrocatalytic 

Reaction 

Overpotential 

(mV) 

Tafel slope 

(mV.dec-1) 
Ref 

[H7P8W48O184]
33- rGO  

HER   

pH < 0.5 
28  38 218 

[H2W12O40]
6- rGO 

HER   

pH < 0.5 
188  N/A 218 

[P2W18O62]
6- rGO flakes 

HER   
pH < 0.5 

35 37 219 

[P5W30O110]
15- rGO flakes 

HER   

pH < 0.5 
33 33 219 

[H7P8W48O184]
33- rGO flakes 

HER   

pH < 0.5 
44 41 219 

[PW11NiO39]
5- rGO 

HER   
pH < 0.5 

550-700 N/A 220 

[PW11NiO39]
5- 

rGO with Ru NPs 

 

HER   

pH < 0.5 
480 N/A 221 

[PW11CoO39]
5- 

rGO with Ru NPs 

 

HER   

pH < 0.5 
500 N/A 221 

[PW11CuO39]
5- 

rGO with Ru NPs 
 

HER   
pH < 0.5 

590 N/A 221 

[PMo12O40]
3- rGO with Au@Pd NPs 

HER   

pH < 0.5 
109  N/A 222 

[PW12O40]
3- 

rGO with Pt NPs and with 

cationic polymer (PDDA) 

OER 

pH = 7 
540 mV  190 223 

[PW12O40]
3- rGO with Ag NPs 

ORR 
pH=13 

N/A N/A 224 

[{(PW9O34)Ni3(OH)(H2O)2

(alen)}2Ni] 
rGO 

ORR 

pH=7 
N/A N/A 225 

[PMo12O40]
3- rGO with Pt NPs  Methanol oxidation N/A N/A 226 

[PMo12O40]
3- rGO with Pt NPs Methanol oxidation N/A N/A 227 

[PW12O40]
3- rGO with PdNi NPs Methanol oxidation N/A N/A 228 

[PW12O40]
3- rGO with PdNi NPs Ethanol oxidation N/A N/A 228 

[PMo12O40]
3- rGO with Au@Pd NPs 

Ethanol oxidation  

pH > 13 
N/A N/A 222 

[PMo12O40]
3- rGO H2O2 reduction N/A N/A 229 

[PMo12O40]
3- rGO H2O2 reduction N/A N/A 230 

[PMo12O40]
3- rGO NO2

- reduction N/A N/A 229 
[PMo11VO40]

4- PDDA- rGO NO2
- oxidation N/A N/A 231 

[PMo10V2O40]
5- 

rGO with cationic polymers 

(PDDA) 
NO2

- oxidation N/A N/A 232 

[PMo11VO40]
4- 

rGO with cationic Gemini 

surfactants 
NO2

- oxidation N/A N/A 233 

[SiMo12O40]
4- rGO with chitosan S2O8

2- reduction N/A N/A 234 

[PMo10V2O40]
5- 

rGO with cationic polymers 

(PDDA) 
Dopamine oxidation N/A N/A 232 

[PMo10V2O40]
5- 

rGO with cationic polymers 

(PDDA) 

Ascorbic acid 

oxidation 
N/A N/A 232 

Abbreviations: rGO= reduced graphene oxide; NPs= nanoparticles; PDDA= polydiallyldimethylammonium; alen= alendronate 

 

The POM/rGO and NPs/POM/rGO (NPs: nanoparticles) composite electrocatalysts 

materials are generally prepared from an acidic aqueous mixture of reduced “heteropoly blues” 

POMs and graphene oxide (see Figure 15). The reduced POMs, usually belonging to the 

structural Type I and III, are reduced chemically, electrochemically or also photochemically in 

acidic aqueous medium, generating a solution of “heteropoly blues”. It must be noticed the 

reduction state of the POMs is rarely reported in the synthetic procedures.218,219 Then, a redox 

reaction between reduced POMs and graphene oxide occurs, giving rise to reduced graphene 
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oxide decorated by oxidized POMs. Such nanocomposites are usually characterized by 

microscopy techniques (low-magnification HAADF-STEM, EDS, TEM), XPS, Raman and FT-

IR spectroscopies. Electron microscopy images and EDS analysis enable to control the good 

dispersion of the POMs on rGO surface. Raman and XPS spectroscopies allow the 

characterization of the rGO and evidence the decrease of oxygen functional groups (alcohols, 

epoxides, and carboxylic acids) concomitantly with the restoration of the sp3/sp2-hybridized 

carbon structures. IR and Raman spectroscopies combined with elemental analysis are 

particularly useful to assess the integrity of the POMs. Furthermore, it is worth mentioning that 

the solid-state NMR (31P MAS) spectroscopy provides further structural insights on 

phosphorous-containing POMs attached to reduced graphene oxide.218      

 

Figure 15. Schematic representations of the preparation of the POM/rGO and the NPs/POM/rGO 

composites. 

 

Reported studies from different groups have evidenced the POM/rGO  nanocomposites are 

excellent HER electrocatalysts characterized by both low overpotentials and small Tafel slopes, 

highlighting the excellent electrocatalytic activity of this material built exclusively from Earth-

POM/rGO
Graphite GO

POMs
“heteropoly blues”

Oxidation

(Hummers method)

Reduction

Electro-, Photo- or
Chemical- reduction

rGO
Nanoparticle 

precursors
Reduced 

POMs

Pd2+, Pt2+, Au3+ 

NPs/POM/rGO
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abundant elements with performance metrics close to those of the state-of-the-art catalyst 

Pt/C.218,219 It is also important to mention these excellent HER electrocatalysts are exclusively 

obtained with pure polyoxotungstates or polyoxomolybdates. In contrast, transition metal-

containing POMs exhibit much lower electrocatalytic performance, even when Ru 

nanoparticles are present within the composite material.221 Importantly, it should be mentioned 

the polyoxotungstate based rGO materials required an electrochemical activation step involving 

~20 voltammetric cycles in the potential range -0.4 to +0.7 V vs RHE. This activation step 

yields a dramatic decrease of the overpotential (> 200 mV, see Figure 16A), associated with 

stable HER response. While the nature of this activation process remains unclear, it was 

proposed the exceptional high HER activity of polyoxotungstate/rGO composite was due to 

“microenvironment effects” resulting from the combination of high-quality rGO and a 

polyoxometalate behaving as high capacity proton and electron reservoir.218 Activated 

polyoxotungstate/rGO composite materials exhibited long-term electrochemical stability for up 

to 1000 potential sweeps (see Figure 16A).218,219 Systematic studies reported by Freire and co-

workers revealed that the nature of the polyoxotungstate anions influenced moderately the HER 

activity. However, any clear trend has been observed since many other significant factors have 

also to be taken in consideration (POM shape, size, charge, composition, and redox activity).  

 

Figure 16. A) Evolution of the cyclic voltammograms of P8W48/rGO over a potentiodynamical cycling 

and B) stability tests for P8W48/rGO in 0.5 M H2SO4, initially and after 1,000 scans between +0.20 and 

A/ B/ 
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−0.30 V vs. RHE at 100 mV s−1. Adapted with permission from ref 218. Copyright 2016 Royal Society 

of Chemistry. 

POM/rGO composites in which the anionic 3d-substituted POM is associated with a cationic 

copper coordination complex, exhibit ORR activity in both neutral and basic media.225  ORR 

electrocatalytic activity in basic medium (pH = 13) has also been observed for 

AgNPs/POM/rGO composites containing 15 nm-diameter Ag nanoparticles and a Keggin-type 

[PW12O40]
3-. The authors claimed the AgNPs/POM/rGO composite exhibited excellent long-

term stability, supported by the measured so-called constant electrocatalytic current. However, 

poor hydrolytic stability of Keggin-type [PW12O40]
3- at pH = 13 should lead to the POM 

degradation under such electrochemical conditions, and therefore the real catalyst is most likely 

generated from the hydrolytic degradation of the [PW12O40]
3- ion.  

4.3.2. Carbon nanotubes 

The direct encapsulation of POMs within carbon nanotubes (CNTs) has been perceived as 

incompatible due to the apparent mismatch between the water-soluble POMs and the 

hydrophobic interiors of the CNTs. Consequently, pioneered studies on the association of 

POMs and CNTs have been achieved by either electrostatic grafting on cationic functionalized 

CNTs or functionalized POMs attached to the surface of CNTs through π–π interactions.235–237 

These methodologies required sophisticated time-consuming methodologies based on low-

yield multi-step processes and constituted therefore an important drawback for the use of such 

advanced materials in some applications. Moreover, the covalent link can be hydrolytically 

fragile preventing its use in aqueous media and the conductivity of the CNTs can be 

dramatically reduced by the covalent modification of the sp2 surface carbon.  
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Figure 17. High-magnification transmission electron microscopy (TEM) images of polyoxomolybdates 

encapsulated {PMo12O40} (A) and {P2Mo18O62} (B) within single-walled carbon nanotubes (SWNT). C) 

Illustration of host–guest structural arrangement of {PMo12O40}@SWNT. The POM units are closely 

packed and uniformly dispersed inside the nanotube. Adapted with permission from ref 238. Copyright 

2022 Wiley-VCH. 

 

It was recently evidenced that single-walled CNTs (SWNTs) and low charge density POMs, 

such as [PM12O40]
3- and [P2M18O62]

6- with M = Mo or W, could spontaneously form in water 

host-guest POM@CNT nanohybrid materials.238–240 TEM analysis of such systems has 

demonstrated the entrapment of POMs within the nanotube (see Figure 17), that are closely 

packed together defining POM-based wires. The mechanism of this nano-confinement occurs 

through a charge transfer that arises from the spontaneous reduction of the POMs and the 

concomitant oxidation of the CNTs. This redox process facilitates the encapsulation of the 

POMs within the CNTs, that can be mostly described as electrostatic interactions supported by 

desolvation of the chaotropic POMs. The formation of such unique host-guest systems requires 

that the redox potential of the first electron transfer step of the POM is more positive than the 

top of the valence band of CNTs. It was observed this encapsulation within the CNTs did not 

occur in acetonitrile, because the redox potential of the first reduction event of the POM was 
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dramatically shifted toward negative potentials in this solvent, preventing consequently the 

redox reaction between the POM and the CNTs. In such confining situations, the redox activity 

of the encapsulated POMs appears fully retained. More importantly, it was demonstrated that 

the nano-encapsulation of the POMs conferred a significant hydrolytic stability to POMs even 

in basic solution such as 1M NaOH. Clearly, all these recent discoveries offer new perspectives 

in the use of the host-guest POM@CNT hybrid materials for applications in 

(photo)electrocatalysis.  

Table 6. POM/CNTs based systems for electrocatalytic applications 

POM Carbon materials 
Electrocatalytic 

Reaction 
Ref 

[PMo12O40]3- 

[PMo11VO40]4- 

[PMo10V2O40]5- 

Single-walled CNTs 

Oxidation of 

ascorbic acid 

(pH = 2.5) 

241 

[PMo11O39]7- Single-walled CNTs 
Reduction of NO2

- 

pH=1 
242 

[PMo11VO40]4- Single-walled CNTs 
ORR 

pH=2.5 
243 

[Co4(H2O)2(PW9O34)2]10− Multi-walled CNTs Triiodide reduction 244 

[PMo12O40]3- Multi-walled CNTs + 

Polyanline 
Reduction of IO3

- 245 

[PMo11VO40]4- 

[PMo10V2O40]5- 

[PMo9V3O40]3- 

Multi-walled CNTs + 

Ag@Pt 
ORR 246 

 

Before the recent discovery evidencing Keggin anions are spontaneous encapsulated by 

SWCNTs when the both entities are in water, few studies was reported on the electrocatalytic 

activities of hybrid systems resulting from the association of POMs {PMo12-xVxO40} and 

SWCNTs in organic solvents (see Table 6).241 The characterizations of {PMo12-

xVxO40}/SWCNT composites did not provide any experimental evidence on the encapsulation 

phenomenon. The electrocatalytic performance of {PMo12-xVxO40}/SWCNT materials toward 

the ascorbic acid oxidation was superior to that of the free POM. This efficieny enhancement 

arises from the strong electronic communication between POMs {PMo12-xVxO40} and 
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SWCNTs. Using the same synthetic way, the hybrid materials prepared by incorporation of 

{PMo11VO40} in CNTs, showed an electrocatalytic activity for ORR in acid medium.243 It was 

observed that the electrocatalytic ORR performance was better when {PMo11VO40} was 

associated with CNTs than when this POM was combined with carbon black. Nevertheless, 

graphene appears to be the best carbon-based matrix for boosting the ORR activity of 

{PMo11VO40}. Similarly, composite materials based on single-walled CNTs and lacunary 

Keggin-type POMs, such as [PMo11O39]
7-, have proven to be effective for the electrocatalytic 

reduction of NO2
-.242 This system has been elaborate with the perspective of developing 

amperometric sensors for nitrite ions. Such a sensor exhibited a low detection limit, a wide 

range of the response linearity and also low sensitivity towards interfering ions such as 

phosphate, chlorate or nitrate.   

Some electrocatalysts prepared from POMs and multi-walled CNTs have been studied for 

various other applications.244–246 Among them, the highly dispersed POM/CNT nanocomposites 

prepared by a simple ultrasonic driving strategy, have been identified as efficient 

electrocatalysts for the triiodide reduction in dye-sensitized solar cells.244 For such 

electrocatalytic reactions, a series of POMs ([PMo12O40]
3-, [PW12O40]

3-, [P2Mo18O62]
6-, 

[P2W18O62]
6- and [Co4(H2O)2(PW9O34)2]

10-) have been tested and the Co-containing POM 

showed the best performances.   

 

4.4. POM/Metal composites  

4.4.1. Ni foam 

Metal foams, and particularly Ni foam, have been used as POMs immobilization supports in 

order to take advantage of their well-established conducting and three-dimensional porous 

nature, their high accessible specific area and high electronic conductivity as well. Such 

characteristics are thus beneficial for generating high electrochemical currents with improved 

mass transfer and facilitated release of gas bubbles (e.g. H2 and O2) during the HER and OER 
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electrolytic tests.247 Also interestingly, Ni foam may play a dual role acting as both a conducting 

electrode with high specific area and a material chemically reacting with POMs to form 

composites, as highlighted by Streb and co-workers.248 In their report, Dexter-Silverton POM 

microcrystals [M8W12O42(OH)4(H2O)8] (with M = Co, Zn, Mn) were synthesized on Ni foam 

by hydrothermal reaction between a Keggin-type POM precursor [PW12O40]
3− and a transition 

metal (Ni, Co, Mn, Zn) salt in the presence of Ni foam (Figure 18). During this step, Ni2+ ions 

were released from the Ni foam and were incorporated into the POM lattice to generate the 

composite NiM-POM/Ni. Among the as-prepared composites, the NiCo-POM/Ni exhibited the 

best electrocatalytic performance for HER in alkaline aqueous solution (pH 13) with low 

overpotential of 64 mV at 10 mA cm−2 and without significant degradation of its 

electrochemical response after 2,000 voltammetric cycles.248  

 

Figure 18. Left) Deposition of Dexter-Silverton polyoxometalate microcrystals on Ni foam electrode. 

Right) Structural representation of the Dexter–Silverton POM catalyst. W blue, Ni grey, M (M=Co, Zn, 

Mn) green, O red and hydrogen atoms omitted for clarity. Reprinted with permission from ref 248. 

Copyright 2019 Wiley-VCH. 

Such an electrode also showed a remarkable OER activity (360 mV overpotential at 10 mA 

cm-2) under the same pH conditions, with no chemical or mechanical degradation observed after 

prolonged operation time (>10 h) as evidenced by post-electrolysis SEM and XRD data.249 

The decoration of such Dexter-Silverton POM-based composites with transition metal based 

phosphides, such as Co2P, yielded bifunctional electrodes active for both HER and OER in 

alkaline medium, with overpotentials of 130 mV and 336 mV at 50 mA cm-2 for HER and OER, 

respectively.250 Besides metal phosphides, earth-abundant transition metal sulfides have also 
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emerged as low-cost and bifunctional electrocatalysts for HER and OER.251 Thus, such POMs-

incorporating heterostructures constitute good candidates for boosting both the electrocatalytic 

activity and the stability in operation. So, Keggin-type [PW12O40]
3- anchored ZnCo sulfide 

nanowires on Ni foam displayed significantly low HER and OER overpotentials of 170/337 

and 200/300 mV to reach a current density of 10/40 and 20/50 mA cm−2, respectively.252 

In another study, a tetra-ruthenium-containing POM [Ru4O4(OH)2(H2O)4(γ-SiW10O36)2]
10- 

was immobilized on nickel foam through a silane coupling and the POM-modified electrode 

was effective for OER under near neutral pH conditions (pH 6) with a moderate 550 mV 

overpotential at 10 mA cm-2 and a stability in operation longer than 10 h.253 As emphasized in 

Section 4.1, the frequently remarkable stability of these aforementioned composites under such 

electrochemical conditions (both alkaline and oxidative) is somewhat unexpected even though 

experimental evidence has been provided in the concerned reports on both the chemical and 

structural integrity of immobilized POMs. Besides heteropolyoxotungstates, 

polyoxomolybdates in the form of organometallic-functionalized POM clusters, 

H3[(Cp*Rh)4(PMo8O32)] and H5[Na2(Cp*Ir)4PMo8O34] (with Cp = cyclopentadienyl), have 

been attached onto nickel foam through a hydrothermal process.254 The electrocatalytic activity 

of the so modified electrodes has been examined for HER in 0.1M KOH. The immobilized 

POMs were converted to metal oxide MoO2 after a 48h electrolysis and the newly generated 

material exhibited significantly higher electrocatalytic HER rates than their parent POMs. 

4.4.2. Metal nanostructures 

The passivation of catalytically active metal nanostructures by POMs acting as inorganic 

ligands is a valuable strategy to elaborate nanomaterials with controllable size and morphology 

exhibiting synergistic effects for electrocatalytic reactions of interest. The most commonly 

explored method to produce such POM/Metal composites consists in the electrochemical 

reduction of a metal salt in the presence of reduced POM.255 Following this way, semi-noble 
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(Ag),256 noble (Au,257,258 Pt259,260 and Pd259,261–264) and transition (Cu262,265) metal 

nanostructures (nanoparticles, nanocrystals and nanodendrites) have been decorated and 

stabilized with various POM shells (Figure 19). Interestingly, the POMs may play a crucial role 

in both the nucleation and growth kinetics of metal nanostructures, giving access to different 

morphology-controlled nanostructures.261 Owing to its high reduction potential and the 

propensity of its reduced form to strongly adsorb on various types of surfaces,266 the Keggin-

type [PMo12O40]
3- was the most employed POM to produce POM/Metal composites with 

controlled morphology. Globally, the electrocatalytic performance of the POM/Metal 

nanostructures for diverse reactions of interest was superior to those of metal and POM 

components tested alone. Clear synergistic effects resulting in an decrease in the overpotential, 

an enhancement in the electrocatalytic current density and an improvement of the stability of 

the catalytic electrodes in operation, were reported for the electrocatalysis of CO2-to-CO 

reduction,256 alcohol257,259,263 or formic acid261,262 oxidation, HER260,265 and O2
264 reduction (see 

Table 7). Such a catalytic performance enhancement was ascribed not only to well-known 

remarkable electron reservoir/transfer properties of POMs265 but also to changes in the 

electronic structure of metal induced by the POM264 or a strong interaction between the POM 

and some reaction intermediates.256,261 As a representative example, [PMo12O40]
3- boosted the 

catalytic activity of Pd nanocrystals toward formic acid oxidation owing to the formation of 

oxygen-containing species at a lower potential following the easy activation of water molecules 

by Mo atoms present in [PMo12O40]
3-.261 This event resulted in an increase of the measured peak 

current densities and the corresponding mass activity of [PMo12O40]
3-/Pd nanocrystals by three 

and two times, respectively, compared with POM-free Pd nanocrystals.  
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Figure 19. POM/Metal nanostructures composites. Left) POM/Pd nanocrystals with controlled shapes 

and sizes for the electrocatalytic oxidation of formic acid to CO2. Reprinted with permission from ref 
261. Copyright 2015 Wiley-VCH Right) Adsorption of POMs on the surface of Ag nanoparticles for the 

electrocatalytic reduction of CO2 to CO. Adapted with permission from ref 267. Copyright 2018 

American Chemical Society. 

 

Table 7. POM/Metal nanostructures composites. 

POM 
Metal 

nanostructures 
Shape Electrocatalytic reaction Ref 

[PMo12O40]3- Ag Oval-shaped NPs CO2-to-CO reduction 256 

[PMo12O40]3- Au Spherical NPs Ethanol oxidation 257 

[PW12O40]3- Au 
Pseudo-spherical 

NPs 

Acetaminophenol or NADH 

oxidation, H2O2 reduction 
258 

[PMo12O40]3- Pd@Pt 
Core-shell 

octahedral NCs 
Methanol oxidation 259 

[SiW11O39]8-, 

[SiW12O40]4-, 

[P2W18O62]6- 

Pt 
Pseudo-spherical 

NPs 
HER 260 

[PMo12O40]3- Pd 

Octahedral, cubic 

and concave cubic 

NCs 

Formic acid oxidation 261 

[PW12O40]3- PdCu 
Bimetallic 

spherical NPs 
Formic acid oxidation 262 

[PMo12O40]3- Pd 
Pseudo-spherical 

NPs 
Ethanol oxidation 263 

[PMo12O40]3- Pd 
Pseudo-spherical 

NPs 
O2 reduction 264 

[H6NiMo6O24]4-, 

[H6CrMo6O24]3-, 

[H6AlMo6O24]3- 

Cu Dendrites HER 265 

Abbreviations: NPs = Nanoparticles; NCs = Nanocrystals. NADH = Nicotinamide adenine dinucleotide 
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5. POMs-Functionalized Semiconducting Photoelectrodes 

As emphasized in Section 3.2, the use of photoactive semiconducting materials as 

immobilization supports for POMs provides a real benefit in the field of the electrochemical 

catalysis because it allows that the electrocatalytic process to be activated by light. This energy-

saving route is therefore an exciting solution to convert solar power into clean, energy dense 

and storable fuels, such as H2 and CO2 reduction products. In that context, numerous SCs with 

a bandgap comprised in the range of 1.1 eV (Si) to 3.2 eV (TiO2) have been derivatized with 

POMs to efficiently promote light-driven cathodic or anodic reactions (Figure 8). Among these 

SCs, silicon has appeared as one of the most promising candidates to be used as a photocathode 

because of its abundance, biocompatibility, and ability to harvest photons from a large portion 

of the solar spectrum, as well as its tunable electronic properties.268,269 Moreover, the position 

of its conduction band is particularly appropriate relatively to the H+/H2 redox potential for HER 

and the different proton-assisted multielectron reduction potentials for CO2.
268,270,271 

Nevertheless, bare silicon like other SCs fail to promote efficient multielectron transfers 

because of slow charge-transfer kinetics.268,272 Additionally, these are often susceptible to be 

degraded under certain harsh electrochemical conditions by the notorious photocorrosion 

phenomenom. Therefore, the interfacing between the semiconductor and the POM constitutes 

a critical step to sustain an efficient and durable photoelectrocatalysis. Toward this goal, some 

essential criteria must be fulfilled to prepare catalytically effective POM-functionalized 

photoelectrodes. Although it is obvious for an electrocatalyst, the immobilization of POM onto 

an appropriate semiconducting surface must lead to an increase in the charge transfer kinetics. 

Second, the immobilized POM alone or tied to another stabilizing coating must efficiently and 

durably protect the SC while not substantially reducing light intensity transmitted to the SC. 

Lacunary Keggin [PW11O39]
7--type POM hybrids have been covalently grafted on Si/SiO2 

substrates through carboxylic acid binding units.273 However, the presence of electrically 
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insulating SiO2 layer precluded the use of these modified surfaces for photoelectrocatalytic 

purposes. Improved interfacial electron transfer properties have been obtained when these 

hybrid assemblies were covalently attached to hydrogen-terminated, oxide-free Si (Si-H) 

surfaces through the aryldiazonium chemistry.274,275 Unlike SiO2, Si-H possesses a very low 

density of electrically active surface defects (the so-called surface states),276,277 which renders 

it particularly attractive for electrical applications. But again, the applied grafting procedure has 

introduced a significant amount of surface silicon oxide resulting from Si-H decomposition. 

Using the secondary functionalization of Si-H based on the two-step chlorination/methylation 

procedure pioneered by the N. S. Lewis’ group,278 M. J. Rose and co-workers have prepared 

high electronic quality and densely packed lacunary Keggin [PW11O39]
7- POM monolayers 

covalently bound to p- or n-type Si(111).279 Despite promising photoelectrochemical properties 

evidencing the redox integrity of the POM after immobilization with 150-310 mV photovoltage 

values, these POM-modified photoelectrodes have not been used for photoelectrocatalytic 

applications. The principal drawback of the monolayer approach vs multilayer/polymer one for 

electrocatalytic applications is that it leads usually to smaller surface coverage of the 

electrocatalyst and smaller electrochemical currents which often make less efficient 

electrocatalysis, weaker apparent electrochemical stability, and less efficient passivating 

layer.154  

Recently, Fabre, Cadot and co-workers have reported on the remarkable catalytic properties 

for HER of silicon photocathodes functionalized with polyoxothiometalate-incorporating 

polymer assemblies. The so-called anionic thio-POM resulting from the covalent association of 

the [Mo3S4(H2O)9]
4+ cluster with the robust macrocyclic polyoxotungstate [H7P8W48O184]

33− 

was electrostatically entrapped into a conducting polymer film, namely poly(3,4-

ethylenedioxythiophene) (PEDOT) to retain durably the catalyst at the interface of the silicon 

photocathode.138 In the context of HER, it makes sense to covalently link such an 
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electron/proton collecting POM module to the [Mo3S4(H2O)9]
4+ core which has been identified 

as one as the most promising MoSx-based HER electrocatalysts.138,280 This covalent association 

produced a striking synergistic effect featured by high HER performance both in homogeneous 

conditions138,281,282 and in supported phase using a microstructured silicon surface283,284,285 as 

the immobilization substrate instead of flat silicon. So, this molecular and material engineering 

strategy has led to thio-POM/PEDOT-coated micropyramidal silicon photocathodes able to 

produce H2 under one Sun illumination at a rate of ca. 100 μmol cm-2 h-1 at 0 V vs RHE (Figure 

20).138   

 

Figure 20. Polyoxothiometalate (thio-POM)/PEDOT-coated micropyramidal silicon photocathodes for 

solar-driven HER. (a) Schematic view of the electrocatalyst resulting from the covalent association of 

[Mo3S4(H2O)9]4+ cluster with the robust macrocyclic polyoxotungstate [H7P8W48O184]33−; (b) SEM 

picture of the thio-POM/PEDOT-coated micropyramidal silicon surface and (c) photocurrent density-

time curve obtained during the potentiostatic electrolysis at 0 V vs RHE using the functionalized 

photocathode under simulated sunlight (AM 1.5G, 100 mW cm-2) in 1.0 mol L-1 H2SO4. Adapted with 

permission from ref 138. Copyright 2019 American Chemical Society. 

 

 

Besides silicon, a p-type Cu2O photocathode with a direct bandgap of 2.0 eV (Figure 10) has 

been modified with a catalytic multilayer of anionic Ni-containing Weakley-type POM 

[Ni4(H2O)2(PW9O34)2]
10- using a cationic polyethyleneimine as an electrostatic adhesive.286 The 

POM-incorporating multilayer is expected to enhance catalytic charge transfer and protect 

Cu2O against some detrimental reactions, such as its well-documented deactivation to CuO and 

Cu by self-oxidation and photocorrosion, respectively.287,288 Despite a significant improvement 

in the stability of the photocathode under HER electrolytic conditions, the maximum 
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photocurrent densities reached for the POM-functionalized photocathode were quite low (ca. 

0.2 mA cm-2 at 0.35 V vs RHE) and only weakly higher than those measured for a bare Cu2O 

photocathode.286 

In parallel to these POM-modified p-type SC photocathodes designed for 

photoelectrocatalytic HER, some studies focused on the fabrication of POM-modified n-type 

photoanodes to catalytically promote oxidation reactions with photogenerated holes. A ternary 

nanocomposite photoanode consisting of TiO2 nanoparticles, Dawson-type POM [P2W18O62]
6- 

and Cu quantum dots has been fabricated to perform the photoelectrocatalytic oxidation of 

formic acid. However, anodic photocurrents in the µA range were measured revealing poor 

catalytic performance which can be probably explained by unefficient charge transfer processes 

between the three components. In another recent report, an organic lead halide perovskite 

(bandgap of 1.5 eV,289 see Figure 10) photoanode was judiciously modified with dual POMs, 

namely [PW12O40]
3- and [Ag10[Co(H2O)32{CoBi2W19O66(OH)4}], both to improve the quality 

of the perovskite film and facilitate transfer of photogenerated holes.290 By effectively reducing 

the photogenerated charge carrier recombination, the photoelectrocatalytic efficiency for the 

oxidation of benzene into phenol was obviously boosted. Compared with a pure perovskite 

photoanode, the modified photoanode showed 2.6-fold higher photocurrent densities and a 

significantly increased conversion yield (32% vs. 26%) (see Figure 21). 

 

Figure 21. Perovskite photoanode modified with dual POMs, [PW12O40]3- (PW12) and 

[Ag10[{Co(H2O)3}2{CoBi2W19O66(OH)4}] (CoPOM), for the photoelectrocatalytic oxidation of benzene 

 
a b 
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to phenol (a). Yield of benzene oxidation to phenol for diversely modified perovskite photoanodes (b). 

Conditions: 1M KOH with 0.1 mM benzene, 0.96 V vs RHE under 100 mW cm-2 illumination. Adapted 

with permission from ref 290. Copyright 2020 Royal Society of Chemistry. 

 

Apart from the two aforementioned examples, all the other recent studies dealt with POM-

modified photoanodes for sunlight-driven OER. As a matter of fact, it is anticipated that the 

selected SCs efficiently transfer photogenerated holes from their valence band which is well 

positioned relatively to the O2/H2O redox potential for OER (see Figure 10). In the report 

published by C. L. Hill and co-workers, a Earth-abundant and cost-effective hematite -Fe2O3 

photoanode (bandgap of 2.0-2.2 eV,287 see Figure 10) was decorated with 

[RuIV
4(OH)2(H2O)4(γ-SiW10O34)2]

10- and then protected by an optimized 4 nm-thick Al2O3 

stabilizing layer.291 Thanks to this protecting layer, the POM-modified photoanode was able to 

sustain the photoelectrochemical production of O2 at 1.24 V vs RHE in aqueous solution pH = 

8.3 with nearly 100% Faradaic yield and a stability in operation >12 h which is much greater 

than that of an unfunctionalized photoanode. In another study, semiconducting photoanodes 

consisting of TiO2 nanoparticles and electrostatically immobilized tetra-ruthenium POMs 

([RuIV
4O5(OH)(H2O)4(γ-PW10O36)2]

9- and [RuIV
4(OH)2(H2O)4(γ-SiW10O34)2]

10‑) have been 

prepared and operated UV light-driven OER with photocurrent densities of 1.2 mA cm-2 at 1.5 

V vs RHE and pH = 10.292 Even though POMs and the Al2O3 layer enabled the photoanode 

stability to be increased, the delivered photocurrent was however too low for practical 

applications. Such a situation is common for a large bandgap metal oxide semiconductor like 

TiO2 that is able to absorb only the UV range of the solar spectrum thus resulting in a low 

energy conversion efficiency.293 

Besides binary metal oxides, there is also some examples of POM-modified photoanodes 

using the ternary oxide BiVO4 as the electrode material. This SC has emerged as one of the 

most promising materials for photoelectrochemical water splitting because of its suitable 

bandgap of 2.4 eV and its very favorable conduction band position allowing it to theoretically 
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achieve more than 1 V of photovoltage for water oxidation.287,294 In the first example, a BiVO4 

photoanode modified with Keggin-type POMs ([PW12O40]
3- or [CoW12O40]

6-) was prepared. 

Nevertheless, such assemblies exhibited poor photoelectrocatalytic performance with 

disappointingly low photocurrent densities of 0.2 mA cm-2 at about 1.8 V vs RHE in sulfate 

solution (pH = 5.9).295 Better performance was reported for a BiVO4 photoanode modified with 

an anionic Co-containing Weakley-type POM [Co4(H2O)2(VW9O34)2]
10- electrostatically 

entrapped into a cationic polyethyleneimine multilayer.286 Indeed, such a photoanode working 

at pH = 7, showed an onset potential for OER of 0.24 V vs RHE and a photocurrent density of 

2.3 mA cm-2 at 1.23 V vs RHE. The beneficial effect of the immobilized POM was clearly 

evidenced by a ca. 400 mV cathodic shift of the onset potential and a three-fold higher 

photocurrent relative to the pristine BiVO4 photoanode. Based on the significant 

photoelectrocatalytic activity of the individual [Ni4(H2O)2(PW9O34)2]
10- -modified Cu2O 

photocathode and [Co4(H2O)2(VW9O34)2]
10- -modified BiVO4 photoanode for sunlight-driven 

HER and OER, respectively, a bias-free photoelectrochemical cell for overall solar water 

splitting has been fabricated.286 Despite a low operating current of 0.2 mA cm-2 and a limited 

stability (~2 h), this demonstrator constitutes the only and promising achievement of a complete 

photoelectrochemical cell incorporating POMs in both photocathode and photoanode. 

In addition to metal oxide semiconductors, a recent exploratory study has focused on the 

potential of graphitic carbon nitride (g-C3N4) as POM-integrating composite material. This SC 

has received a tremendous attention due to its intrinsic fascinating properties, such as moderate 

bandgap (~2.7 eV), nontoxicity, low cost, good stability, and easy preparation.296 However, the 

photo(electro)catalytic performance of g-C3N4 is limited by the high recombination rate of its 

photogenerated charge carriers and its weak light absorption. Therefore, the combination of 

POMs with g-C3N4 could reduce some of the intrinsic drawbacks of g-C3N4. To examine this 

aspect, g-C3N4 was combined with an anionic Preyssler-type POM [NaP5W30O110]
14- and the so 
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formed composite was then deposited on an optically transparent fluorine-doped SnO2 (FTO) 

electrode.297 The presence of the POM was obviously beneficial for the photoelectrocatalytic 

OER activity of the photoanode. Compared with pristine g-C3N4, higher photocurrent densities 

were measured at 1.23 V vs RHE in sulfate solution at pH = 6.4 (44 vs 18 µA cm-2) and the 

photoconversion efficiency was 3.45 times greater. Overall, these modest performance metrics 

are however encouraging and can be improved by optimizing the g-C3N4/POM composite 

formulation and engineering the interface with the electrode material. 

 

6. Conclusions and Outlook 

The transposition of homogeneous electrocatalysis to (photo)electrode-supported 

electrocatalysis using POMs and its derivatives constitutes a really promising avenue toward 

the development of modern electrochemical devices, which could be of high interest for 

applications in chemical sensing, biosensing, electroanalysis and solar-driven fuel cells. 

Overall, considerable efforts have been paid by researchers to decrease the kinetic limitations 

and improve both chemical and electrochemical stabilities of the immobilized POM assemblies, 

in order to produce catalytically effective and robust POMs-modified (photo)electrodes. 

Numerous immobilization platforms, such as MOFs, carbon nanomaterials and metal 

nanostructures, have been used with the aim of (i) strongly attaching POMs onto 

semiconducting and conducting electrodes, (ii) increasing the electron conductivity in the 

POM-incorporating film, (iii) enhancing the electron transfer across the film to the electrode 

surface, and (iv) controlling the structural organization of the POM-incorporating assembly or 

the three-dimensional distribution of the immobilized POM. It is obvious that achieving all of 

these goals is nowadays still challenging.  

It must be also emphasized that the majority of POMs attached to (photo)electrode surfaces 

pertains the family of Keggin-, Dawson-type structures, their lacunary and metal-substituted 
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derivatives. Although these basic structures are appealing for building robust and effective 

catalytic electrodes, they suffer sometimes from non-optimal electron/proton-collecting 

properties and/or fail often to promote electrocatalytic reactions with high selectivity. As a 

representative example, a POM-modified electrode which delivers both high electrocatalytic 

current density (> 10 mA cm-2) and is highly selective for the multi-electron and multi-proton 

reduction of CO2 has still to be discovered. In that context, the elaboration of modified 

electrodes from engineered and structurally complex POMs, such as giant POMs, shown in 

Figure 1 (Keplerates, 3d metal containing macrocyclic cryptates…), and cluster-POMs as well, 

could pave the way towards innovative and multifunctional catalytic systems with improved 

redox properties. Unfortunately, the attachment of such sophisticated structures to electrodes 

has been either scarcely or not explored at all. It is also worth mentioning the chaotropic 

properties of POMs have not been exploited so far for the building of electrodes functionalized 

with hierarchical multi-component POM-based architectures. Overall, these facts raise the 

question of the obvious lack of interactions and knowledge sharing between the communities 

of molecular chemists and surface/interface physicochemists. It is therefore highly desirable 

that these communities meet together in the future to propose breakthrough molecular 

engineering POMs allowing, amongst others, the selectivity of the electrocatalytic reaction to 

be controlled and to reach outstanding performance metrics (in terms of stability in operation, 

current density and overpotential) and high sensitivity when an electrochemical detection is 

targeted. 

Importantly, compared with the large number of examples devoted to POMs-modified 

conducting electrodes, the immobilization of POMs on semiconducting surfaces has been much 

less studied. This thematic area is clearly under-explored, and the few promising studies aimed 

at integrating POM electrocatalysts into different semiconductors should prompt other research 

groups to pursue this route toward novel modified photoelectrodes. Let us recall here that the 
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key difference between photoactive semiconducting photoelectrodes and non-photoactive 

working electrodes traditionally used for electrocatalytic applications (e.g., metals, carbon) is 

that for the semiconductors, light serves as an important source of energy input. Such a property 

based on photovoltaic conversion can achieve an energy-saving route to electrochemical 

catalysis. Therefore, the production of solar fuels other than H2, such as CO2 reduction products 

(e.g. CO and CH4) and ammonia, from POMs attached to photocathodes merits exploration. It 

is also noteworthy that the photoelectrocatalytic oxidation of water and some organics from 

POMs-modified photoanodes requires effective and convenient engineering and protection 

strategies to avoid the so-called photocorrosion phenomenon of the semiconductor (particularly 

prominent for low bandgap semiconductors, such as silicon) and its oxidation under anodic 

polarization which result in disappointingly low current densities and poor stability of the 

photoanode in operation. Interestingly, the thoughtful mix between the photocatalytic activity 

of some POMs with the photoactivity of SCs could yield particularly innovative modified 

photoelectrodes which could find applications in photoelectrochemistry and in the design of 

light-addressable or switchable devices. 
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