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Abstract 

Nowadays, polyoxometalate attracting much attention in many applications such as energy 

conversion and storage, molecular magnetism and oxidative (photo-) catalysis. The 

incorporation of reactive metal sites into the polyoxometalate framework can lead to novel 

cluster properties, tuning the electronic structures and thus affects the reactivity in redox-

mediated processes. To this end, the present thesis combined the experimental investigations 

with theoretical calculations to achieve a better understanding of the electronic structure, redox 

and catalytic activity of metal-functionalized polyoxometalates. The coordination of CoII to 

cyclic metavanadate [V4O12]
4- via three terminal V=O oxo ligands results in the formation of a 

CoII-based coordination site for a series of anions, which suitable for both homogeneous and 

heterogeneous colorimetric anion sensing – even under harsh conditions – based on spectral 

response upon anion binding. Furthermore, tunable electrochemical properties of 

dodecavanadates via incorporation of redox active centers such as FeIII. Experimental and 

theoretical studies including electron paramagnetic resonance spectroscopy and density 

functional theory verify the formation of the low-valent iron (I) species in the high-valent 

vanadium (V) based molecular metal oxide cluster {FeV12}. 

Tuning of the electronic structure and catalytic activity of the Anderson anion was also achieved 

by incorporation of a series transition metals (e.g. Mn3+, Fe3+, Co3+) into the POM framework. 

Experimental investigations are combined with theoretical calculations to gain insight the 

electronic structure of the cluster framework and the role of the central transition metals for 

electrochemical and photocatalytic properties. Beyond the metal-functionalized POMs, organo-

functionalization of POMs with phosphonates anchoring group as well as a reactive azide unit 

via covalent attachment was achieved. Subsequent “CLICK” chemistry via Cu(I)-catalyzed 

alkyne-azide cycloaddition was investigated to verify accessibility and reactivity of the azide. 

 

 



In the field of energy conversion and storage, colloidal manganese vanadium oxide particles 

with catalytic water oxidation activity were generated by the conversion of the manganese-

based water oxidation catalyst {Mn4V4}.  Recently, molecular vanadium oxide clusters mainly 

decavanadate have received enormous interest as molecular alternatives for solid-state 

vanadium oxide active materials in batteries. Here we investigated the molecular structural 

stability of decavanadate under typical electrode fabrication processes and pre-heat treatment 

for the removal of crystal water. XRD and Raman spectroscopy together with wet-chemical 

studies showed that the molecular vanadium oxide clusters are unstable under these conditions 

and undergo irreversible structural degradation and conversion to solid-state vanadium oxides.  

Furthermore, new strategy towards the fabrication of carbon conductive additives - and binder- 

free POMs-based electrode material for Li-ion batteries and post-Li-ion batteries was designed 

and successfully employed.  To this end, the integration of POMs in conducting organic 

polymers (CPs) was achieved by in-situ chemical or electropolymerization of EDOT in the 

presence of POM.  
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List of Abreviations 
 

In addition to standard notation, the following abbreviations were used in this thesis: 

POM Polyoxometalate 

POVs Polyoxovanadates 

0D, 1D, 2D, 3D Zero-, one-, two- and three-dimensional 

M Metal 

e.g. For example 

π Pi 

μ Mu 

σ Sigma 

IL Ionic liquid 

ESI-MS  Electrospray ionization mass spectrometry 

UV-Vis Ultraviolet-visible 

DMF N, N-dimethylformamide 

XRD X-ray diffraction 

DMSO Dimethyl sulfoxide 

pH Potential of hydrogen 

MeCN Acetonitrile 

nBu tert-Butyl-group 

i.e. For example 

Me Methyl 

etc et cetera 

X  Hetero atom 

TM Transition metal 

L Ligand 

LUMO Lowest unoccupied molecular orbital 

HOMO Highest occupied molecular orbital 

DFT Density functional theory 

HF Hartree–Fock  

Td Tetrahedral 

Oh Octahedral 
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ESP Electrostatic potential 

mA milliampere 

e electron 

M Molar 

kcal kilocalorie 

g gram 

LFP LiFePO4 

LIB Lithium ion battery 

NIBs Sodium ion batteries 

μA Anodic electrochemical potentials  

μC Cathodic electrochemical potentials 

Voc Open- circuit voltage 

σe Electronic conductivity 

LiPF6 Lithium hexafluorophosphate 

D Diffusion coefficient 

S cm−1 Siemens per centimetre 

HEVs Hybrid electric vehicles 

MWCNTs Multi-walled carbon nanotubes 

SWCNTs Single walled carbon nanotubes 

MCB Molecular cluster battery 

XAFS X-ray absorption fine structure 

XANES X-ray absorption near edge structure 

CPs Conducting polymers 

HOIM Hybrid Organic–Inorganic Materials 

LbL Layer-by-Layer 

OLEDs Organic light-emitting diodes 

PANI Polyaniline 

PPy Polypyrrole 

PT Polythiophene 

PEDOT Poly(3,4-ethylenedioxy thiophene) 

PEDOT:PSS PEDOT:poly(4-styrene sulfonate) 
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Table of compounds 
 

No Formula Abbreviation 

1 (nBu4N)4[V4O12]  
 

{V4}  

2 (nBu4N)3(Me2NH2)2[V12O32Cl] {V12} 

3 (nBu4N)2(Me2NH2)[FeClV12O32Cl] {FeV12} 

3 (nBu4N)3(Me2NH2)[MnClV12O32Cl] {MnV12} 

4 (nBu4N)3H3[V10O28] {V10} 

5 Li6[V10O28] × 16H2O {LiV10} 

6 (nBu4N)3[Co(X)V4O12], X = mono-anion  X@{CoV4}) (X = AcO-, SCN-, 

PhCOO-, OCN- I-, Br-, F-, Cl-)  

7 (nBu4N)3[CoMo6O18((OCH2)3CNH2)2]  {CoMo6}  

8 (nBu4N)[MnMo6O18((OCH2)3CNCH(C33H26N4Ir))2]  Ir-POMMn  

9 (nBu4N)[FeMo6O18((OCH2)3CNCH(C33H26N4Ir))2]  Ir-POMFe  

10 (nBu4N)[CoMo6O18((OCH2)3CNCH(C33H26N4Ir))2]  Ir-POMCo  

11 Rb4[Mo5O15(O3PCH2PhN3)2]  {Mo5-azide2}  

12 (nBu4N)3[Mn4V4O17(OAc)3] ∙ 3 H2O {Mn4V4} 

 

 

Notation 

For clarification and simplification reasons, the complete formulae of cluster compounds are 

simplified by an abbreviated notation using curly brackets, which enclose the number and type 

of metal centres, e.g. (nBu4N)2(Me2NH2)[FeClV12O32Cl] are simplified to {FeV12}. 

In addition, polyhedral subunits are indicated using the square bracket notation [MOn] (M= 

central metal, n = 4 – 6). For example, an octahedral building blocks with six oxygen ligands 

(O) coordinate to a central transition metal (M) will be noted as [MO6]. In most occasions the 

corresponding cluster charge is missing due to the intention of giving only structural 

information concerning the polyhedral geometry. Metal-oxygen single and double bonds are 

indicated as M-O and M=O, respectively. 
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1. Introduction 

1.1 Polyoxometalates  

1.1.1 Classification and structural principles 

Polyoxometalates (POMs) are inorganic metal-oxo cluster anions of the general formula 

[MxOy]
n- consisting of early transition metals called addenda atoms (M) (e.g. M = Mo, W, V, 

Nb and Ta) in their highest oxidation states (typically d0, d1) linked by bridging μ-oxo and 

surrounded by terminal oxo ligands. The formation of polyoxometalates follows a unique self-

assembly of small building blocks of metal-oxo anion coordination polyhedra [MOy] (y = 4-7) 

which can be linked by the edge-, corner- or more rarely faces-sharing (see Figure 1). 

 

Figure 1 Illustration of linkage modes of two [MO6] octahedral units. Left: corner-sharing 

mode via one bridging μ2-oxo ligands. Middle: linkage of two octahedral [MO6] units sharing 

edges via two bridging μ2-oxo ligands.  Right: Face-linkage via three bridging μ-oxo ligands. 

Colour scheme: teal: addenda atom M, red: O, teal: polyhedral [MO6]. 

 

Based on their chemical composition polyoxometalates are divided into two main subclasses: 

isopolyoxometalates and heteropolyoxometalates.[1] 

Isopolyoxometalates are composed of a metal oxide framework consisting of one species of 

addenda atom and oxo ligands. Their general formula is [MmOy]
n-, with the addenda atoms M 

= Mo, V, W, Nb, Ta[1].  Stable, discrete POM clusters can only form if the addenda atoms 

provide empty d-orbitals for strong π-back-bonding in addition to the primary σ-bond between 

the addenda atom M and the oxo ligand, which limits the range of possible transition metal 

candidates to high valent, early transition metals. The strong π-bonding between addenda metal 

and terminal oxygen atom lowers the basicity and nucleophilicity of the terminal M=O ligand 
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and thus limits the growth of the metal-oxide species from forming infinite solid-state-metal 

oxides.[2] 

Heteropolyoxometalates presented by the general formula [XxMmOy]
n- with x ≤ m and X being 

one or more additional heteroatoms. These heteroatoms can serve as templating ion (e.g. Si in 

the well-established Keggin anion [SiW12O40]
4-). Furthermore, they can act as linkers between 

two or more polyoxometalate units to form larger supramolecular POM-based structures (e.g. 

[Co4(H2O)2(PW9O34)2]
10–)[3] or be incorporated in a polyoxometalate framework as a sterically 

exposed new reactive site (see section 1.1.3). The coordination geometry, size and oxidation 

state of the heteroatom can decisively affect the electronic structure of the polyoxometalate 

cluster and gives a handle for the deliberate modification of properties like the basicity of the 

protonation sites, light absorption characteristics and overall stability to the redox potential of 

the cluster.[4] 

Polyoxometalates (POMs) were first reported by Berzelius in 1826,[5] and it was later found that 

this substance contains the [PMo12O40]
3− anion. However, the molecular structure remained 

unknown for more than 100 years, until Keggin resolved the structure of a related 

heteropolyacid species, H3[PW12O40]·nH2O, using powder X-ray diffractometry in 1933 and 

thus lent his name to this class of cluster-compounds: the Keggin-clusters.[6] Since then other 

relevant POM structures, for instance, the smaller Isopoly Lindqvist structure[7] ([M6O19]
2−) and 

larger heteropoly structures such as the Anderson−Evans[8] ([XM6O24]
x−)and Dawson[9] 

([X2M18O62]
x−) structures, have been reported as well (see Figure 2 for the most common POM 

clusters). 

The structural versatility of POMs and the ability to form aggregates ranging in size from the 

nano- to the micrometer scale[10] make polyoxometalates attractive for key technological 

applications such as catalysis both in homogeneous and in heterogeneous conditions,[11] 

molecular magnetism,[12,13] medicine[14] and materials science.[15]  
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Figure 2 Polyhedral illustrations of the most common polyoxometalates showing their 

structural diversity. a) Keggin structure [XM12O40]
 n−; b) Anderson structure [XM6O24]

n−; c) 

Lindqvist structure [M6O19]
 n−; d) Dawson structure [X2M18O62]

n−. Colour scheme: addenda 

atoms M = e. g. Mo(VI), W(VI), V(V): teal, templating metal X:orange, O: red. 

 

 

The formation of POMs in aqueous media via consecutive condensation reactions, starting from 

metal oxide precursors and consecutive self-assembly of polyoxometalates via oligo-nuclear 

reactive fragments is discussed in the following section. The vanadium-based POM chemistry 

will thereby serve as a model system to explain formation principles in polyoxometalate 

chemistry. 

 

1.1.2 Polyoxometalate formation processes ˗ self-assembly  

Synthetically, the route to produce new POM clusters are often very simple synthetic 

manipulations requiring a small number of steps which can be formed both in aqueous or 

organic media in hydrothermal[16] or continuous flow conditions.[17] Microwave[18] or ionic 

liquid (IL) techniques[19] or even just one step (one-pot syntheses at room temperature) have 

also been exploited for the formation of polyoxometalates. High nuclearity POM based clusters 
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are typically formed in aqueous solution by the self-assembly of small and reactive oxometalate 

precursors. Even though the process of self-assembly in polyoxometalates is described very 

well,[1] and has been studied extensively by in-situ 1H-, 17O-, 51V- and 138W-nuclear magnetic 

resonance spectroscopy, ESI-MS and UV-Vis spectroscopic methods, the exact reaction 

mechanism is still poorly understood. However, it is well-known that the initial steps involve 

acidifying an aqueous solution containing the relevant metal oxide anions (molybdate, tungstate 

or vanadate). This gives rise to metal oxide fragments, which increase in nuclearity as the pH 

of the solution decreases.[1] The decrease of pH results in an expansion of the metal coordination 

shell of the starting materials from a tetrahedral to an octahedral coordination sphere leading to 

an increased polarization of the M=O double bonds. After this the oxo-ligands can be 

protonated more easily, initiating series of consecutive condensation reactions between the 

metal oxide units which are hereby linked by one or two bridging μ-oxo-ligands resulting in 

corner- and edge-sharing complexes (see Figure 3). Amongst metal oxides, the formation of 

molecular species rather than solid-state materials by early transition metals is unique and is 

caused by the presence of high valent metal centers (MoVI , WVI ,VV) capable of forming M=O 

multiple bonds. This significantly reduces the electron density on the terminal oxo ligands while 

forming a kinetically inert M-O bond.[20] Therefore, an effective growth termination mechanism 

is established, which prevents the formation of infinite solid-state compounds.  

 

Figure 3 Schematic representation of a condensation reaction between two coordination 

octahedra of [MO6]-octahedra to form larger polynuclear polyoxometalate anion [MxOy]
n- (M 

= V, Mo, W). 
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The self-assembly process is influenced by a multitude of reaction parameters; amongst this 

proton concentration, reactant concentration and the relative ratio of metal oxide precursors 

together with the concentration and type of heteroatoms have major influence on the cluster 

formation. Reaction temperature, reaction time, solvent type, pressure, ionic strength, presence 

of reducing agents or additional ligands, the nature of the counter ions and processing 

methodology are secondary reaction parameters that influence e.g. shape and size of the 

resulting product.[21,22] The following section will illustrate the formation of well-known 

polyoxovanadate clusters, which are the type of POMs mainly used in the present work. 

 

1.1.3 Vanadium-based Polyoxometalates  

Aqueous vanadium oxide chemistry traditionally used for POMs, is usually limited to ten metal 

centres per cluster which makes the synthesis of new vanadium oxide clusters problematic. 

Over a wide range of pH, the decavanadate cluster [HxV10O28]
(6-x)- is formed as the 

thermodynamically most stable species. This is due to the condensed structure of the 

decavanadate, where ten octahedral [VO6] units are linked in edge-sharing mode. [23]  At highly 

alkaline conditions, only [VO4]
3- ions are present in the solution. Slightly decreasing the pH 

results in the formation of intermediates such as [HVO4]
2-, [H2VO4]

- and H3VO4. At a pH 

between 8 and 13, monovanadates, e. g. [HVO4]
- and divanadates [V2O7]

4- and metavanadates 

[VnO3n]
n- (n = 3 or 4), formed via condensation reactions, can be obtained. A further decrease 

of the pH leads to protonated and non-protonated forms of decavanadate [V10O28]
6- and 

eventually to the precipitation of vanadium pentoxide, V2O5. At highly acidic pH, the vanadyl 

cation [VO]2+, which is the smallest fragment in vanadium oxide chemistry, can be obtained.[24] 

Thus, the development of different vanadate structures (based on fully oxidized VV) under 

aqueous acidic to neutral conditions is difficult.[23] Only by using hydrothermal synthetic 
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methods, which offer a higher temperature and pressure range, can larger clusters be obtained 

from aqueous solution.[25] 

To overcome these synthetic challenges, non-aqueous assembly routes for polyoxovanadates 

have been explored and have led to a diverse family of vanadium oxide clusters obtained from 

organic coordinating solvents like acetonitrile (MeCN), N, N-dimethylformamide (DMF) and 

dimethyl sulfoxide (DMSO). Typically, an organo-soluble labile precursor such as 

(nBu4N)4[V4O12] is deliberately fragmented using thermal, chemical or photochemical means, 

and the resulting fragments self-assemble under the given reaction conditions. 

The self-assembly of larger, highly symmetric clusters such as the [V10O28]
6- cluster, which is 

stable in the pH region of 2 – 6, starts from, mononuclear orthovanadate [VO4]
3- units under 

basic conditions.[23] Lowering the pH enables the extension of the coordination sphere from 

four to six and the formation of the decavanadate cluster via condensation reactions and 

aggregation of oligo-nuclear [VxOy]
n- species ( see Figure 3). The cluster can then be isolated 

via diffusion crystallisation or precipitation with organic cations such as tetrabutylammonium 

or tetraphenylphosphonium to form (nBu4N)3H3[V10O28] or ((C6H5)4P)3H3[V10028],
[26] or 

isolated as hydrated salt, i.e. X6[V10O28] × xH2O (X =Li+ or Na+; x = 9-16).[27] Organic salts of 

the decavanadate anion ([V10O28]
6- ) are sources of new organic-solvent-soluble 

polyoxovanadate. The decavanadate anion [V10O28]
6- , presenting a cage-like structure, is 

composed of ten VO6 octahedra combined via shared edges and shared corners as shown in 

Figure 4. Six octahedra are arranged in a 2 × 3 equatorial plane sharing edges with one another; 

the other four octahedra are distributed above and below the equatorial plane, connected by 

shared sloping edges with the central six octahedra.[28] For the assembly of larger reactive metal 

oxide clusters in organic media vanadium oxide precursors such as (nBu4N)4[V4O12] need to be 

soluble in organic media. The cluster formation is often driven by templates present in solution 



1. INTRODUCTION 

 

 

 

15 
 

during synthesis. For this, templates such as oxo-anions, which typically act as tetrahedral or 

octahedral molecules [XOx]
n-, are incorporated into the cluster framework and the oxygen 

atoms surrounding the central heteroatom form coordinative bonds to the addenda metal centres 

of the cluster.[1] Prime examples for POM-clusters featuring tetrahedral anionic templates are 

the Keggin (general formula [(XO4)M12O36]
n-, X = Si, As, V, W, B, P, S etc. and M = usually 

Mo, W) and Dawson (general formula [(XO4)2M18O54]
n- X = Si, As, V, W, B, P, S etc. and M 

= usually Mo, W) polyoxometalates. 

 

Figure 4 Self-assembly of the decavanadate anion [V10O28]
6- starting from an orthovanadate 

[VO4]
3- anion. Protonation of the terminal oxo ligands and extension of the metal coordination 

shell result in a highly reactive, octahedral [VO6]
7- species. This moiety undergoes further 

condensation reactions, formally resulting in the formation of [V10O28]
6- which is composed of 

ten VO6 octahedra combined via shared edges and shared corners. Six octahedra are arranged 

in a 2 × 3 equatorial plane sharing edges with one another; the other four octahedra are 

distributed above and below the equatorial plane, connected by shared sloping edges with the 

central six octahedra. 

 

In contrast to the traditional oxoanion templates, many non-oxoanions such as halides, 

pseudohalides and even weakly coordinating oxoanions such as nitrate or perchlorate can be 

incorporated into vanadate shells where they formally act as structure-directing anions.[29] Size 

and shape of the template usually control the overall cluster geometry. Spherical halides 

therefore tend to form rather spherical cluster frameworks while perchlorates or azides lead to 

rather elongated ellipsoidal cluster cages.[30–32]  



1. INTRODUCTION 

 

 

 

16 
 

Recently, Streb et al.[30] reported the first systematic access to metal-functionalized vanadium 

oxide clusters. In this context, a spherical chloride templated dodecavanadate cluster 

[V12O32Cl]5- featuring two hexagonal binding sites was obtained via reaction of the precursor 

[V4O12]
4- in acetonitrile in the presence of dimethylamine hydrochloride (Me2NH2Cl) and a 

Lewis acid under ambient reaction conditions. The overall cluster framework results in the 

formula (n-Bu4N)3(Me2NH2)2[V12O32Cl] = {V12}. {V12} is assembled from four isostructural, 

linear {V3} units; each {V3} is formed by three edge-sharing [VO5] square pyramids. Linkage 

of two {V3} rings in corner-sharing fashion gives hexagonal {V6} (={V3}2) rings (see Figure 

5). {V12} is obtained by linking two {V6} rings along their rims with a torsion angle of 30°. 

Within the cluster cavity, a central chloride template is found. Both hexagonal binding sites are 

blocked by one dimethyl ammonium (Me2NH2
+) cation which is weakly interacting with the 

closest μ2-oxo ligands of the cluster framework via hydrogen bonds.  

 

Figure 5 The lacunary dodecavanadate cluster {V12} (= (Me2NH2)2[V12O32Cl]5-) with two 

placeholder blocked binding sites. Formal assembly of the cluster framework: two {V3} units 

form a cyclic {V6} unit. Two {V6} units which are rotated by 90° against each other to form a 

{V12} framework around a templating Cl- ion, Colour coding: teal polyhedra: [VO5], red: O, 

green: Cl, blue: N, grey: C, white: H.[30] 

 

Stepwise cluster functionalization is achieved by replacing one placeholder cation with a 

transition metal giving a series of clusters with the general formula [{TM(L)}V12O32Cl]n- = 

{TMV12} (with TM = Mn2+, Fe3+, Co2+, Cu2+, Zn2+, L = Cl- for Mn, Fe and Zn; L = MeCN for 

Co and Cu).[30,33] Reductive activation of the vanadate shell can be employed to increase the 
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electrostatic interaction yielding two metal centers coordinated to the metal binding sites, see 

Figure 6.[33] The inclusion of redox reactive metals as active sites into the cluster offers a wide 

range of  tuneable properties interesting for applications such as energy conversion, (photo-) 

catalysis[34–36], molecular magnetism[37,38] or materials science.[39–41]  

 

Figure 6 Mixed polyhedral and ball-and-stick representation of systematic metal-

functionalization of the lacunary dodecavanadate clusters. The weakly bound dimethyl 

ammonium cations (left) can be easily replaced by MnII giving the mono-functionalized 

polyoxovanadate {MnV12} (middle). Followed by di-functionalization by reacting {MnV12} 

with MnII giving {Mn2V12} (right). Colour coding: teal polyhedra [VO5] units, green: Cl, 

lavender: Mn, blue: N, grey: C, red: O, white: H. 

 

 

1.2 Theoretical Considerations: DFT Calculations 

In the last decade, the number of papers on polyoxometalates (POMs) published per year 

containing some computational analysis has grown exponentially.[42] The theoretical modelling 

of POMs remained totally unexplored until 1986, where the electronic structure of 

dodecamolybdophosphate anion, [PMo12O40]
3- is calculated by the model potential Xα 

method.[43] In a series of works published during the 1990s, the electronic properties of a series 

of polyoxovanadates were thoroughly analysed. The first structure reported was the 

decavanadate anion, [V10O28]
6-. The HF wave function allowed studying the relative basicity of 

the external oxygen sites. This was done via a detailed analysis of molecular electrostatic 

potential (ESP) distribution[44] and the laplacian of the charge density.[45] Other 

polyoxovanadates were studied are those featuring host–guest interactions. The bowl-shaped 
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dodecavanadate cluster [V12O32]
4- was obtained by Klemperer et al.[46] [V12O32]

4-, is an open 

structure that allows small- to medium-sized RCN (R=H, CH3,C6H5) organic molecules to 

occupy the cavity. and be stabilised thanks to a surprisingly high electrostatic potential in the 

interior.[47,48] The Hartree–Fock stabilisation energies for three R–CN guest molecules (R = H, 

CH3 and C6H5) were found to have similar energies ranging from -12.8 to -14.4 kcal mol-1.[48] 

A similar analysis was reported for [V18O42]
12- and [V7O12(O3PH)6]

- polyoxovanadates, 

characterised as electronically inverse host–guest complexes, in which a halogen is 

encapsulated by the two anionic cages.[49] The chronological boundary between pioneering and 

routine or modern computational studies for POM could be established at the end of the 1990s 

when the DFT calculations in the field of POM has been explored, the main goal being the 

introduction of the electron correlation, missing in previous works based on Hartree–Fock 

calculations. The ab initio Hartree–Fock (HF) approximation provided a reasonable starting 

point for understanding reaction mechanisms involving small organic molecules but for 

transition metals, the error in HF methods, the  correlation energy, is generally too large.[42]  

The earliest quantum chemical calculations on POMs were aimed at obtaining qualitative 

information on structural features or the shape of molecular orbitals instead of accurate 

numerical data. For more ambitious goals, electron correlation is required, the DFT being an 

appropriate and not very time-consuming method. These give reliable structures and bonding 

energies with only moderate computational effort.  Previously, high-level computational studies 

on POMs was limited due to a combination of three factors: the large size of polyoxoanions, 

the presence of transition metal ions and the high negative charge. The increasingly powerful 

hardware and software have turned these calculations routine, being much faster and accurate 

nowadays. Present DFT-level calculations provide critical understanding of different properties 

related to POMs such as, electronic structure,[50,51] HOMO–LUMO energy gaps,[52,53] redox 

properties[54] and magnetic properties,[50,55] Moreover, it provides critical understanding of 
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physical effects not taken into account originally, namely, relativistic and solvation effects, as 

well as large atomic basis sets, hybrid functionals, etc.  In the latest years, many papers 

combining both the experimental results with theoretical calculations, a fact that shows the 

synergism between those two fields: experimentalists trust in theoretical methods as a tool for 

understanding chemistry, whereas theoreticians are keen to collaborate with experimentalists 

so as to provide fast and accurate answers to complex problems 

 

1.3 Polyoxometalates based Li ion batteries 

1.3.1 Lithium ion batteries 

Li-ion batteries, with their high energy and power density, and their flexible and lightweight 

design are the system of choice amongst the rechargeable battery technologies for portable 

electronic devices (cell phones, laptops, and computers, etc.) Beyond this application lithium-

ion battery can play a much bigger role in our modern society, most specifically as a key 

component in the development towards energy sustainability.   

Batteries are inherently electrochemical systems under- going oxidation/reduction reactions. As 

illustrated in Figure 7 each cell of a battery stores electrical energy as chemical energy in two 

electrodes, an anode (reductant) with electrochemical potentials μA and a cathode (oxidant) with 

electrochemical potentials μC. Both electrodes are separated by an electrolyte that has good ionic 

conductivity and poor electronic conductivity so that the electronic component is forced to 

traverse an external circuit. The energy separation Eg of the lowest unoccupied molecular 

orbital (LUMO) and the highest occupied molecular orbital (HOMO) of the electrolyte is the 

so called “window” of the electrolyte. A thermodynamically stable battery requires locating the 

electrodes’ electrochemical potentials μA and μC within the window of the electrolyte, which 

defines the open- circuit voltage Voc of a battery cell.[56]  
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Figure 7 Schematic energy diagram of the electrodes’ electrochemical potentials μA and μC and 

their relative energy positions with respect to the HOMO and LUMO of the electrolyte. 

 

A key element that limits the performance of batteries is the active element of the positive 

electrode. LiCoO2 layered structure [57],  LiMn2O4 spinels[58] and LiMPO4 (M = Fe, Mn, etc.) 

olivine family[59] have been widely studied and effectively applied to the construction of 

commercial Li-ion batteries.  LiCoO2, introduced by Goodenough[57] in 1981, was the first and 

the most commercially successful form of layered transition metal oxide cathodes. Yoshino et 

al[60] assembled the first Li1−xCoO2/C cell (Figure 8), which was originally commercialized by 

the SONY Corporation in 1990. The cell composed of a graphite-based anode and LiCoO2 

cathode. During the charge lithium ions are deintercalated from the layered LiCoO2, pass across 

the electrolyte, and are intercalated between the graphite layers in the anode, while the electrons 

pass around the external circuit.  The reverse process occurs during the discharge by an electric 

current flowing in the direction opposite to the flow of current when the cell was charged.  
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Figure 8 Schematic representation of the first Li-ion battery, composed of an intercalation 

graphite anode and a discharged LiCoO2. During the charge, lithium ions are removed from the 

LiCoO2 positive electrode and they are intercalated into the graphite framework in the anode 

and the electrons pass around the external circuit. This process is able to be reversed during 

discharge process.[61] (Copyright © 2013, American Chemical Society) 

 

Although this cathode material has key advantages such as a relatively high theoretical specific 

capacity of 274 mAh g-1, a high theoretical volumetric capacity of 1363 mAh cm-3, low self-

discharge and fully developed synthetic routes, it also has some unavoidable shortcoming 

highlighting its high cost, low thermal stability and oxygen evolution at high charging 

potential.[62] The last one could cause serious safety issues for practical application demanding 

more power, such as electric and hybrid vehicles. This is why layered transition metal oxides 

are only widely used as electrode materials in small-scale batteries for portable electronic 

equipments. Consequently, surface modification by metal-oxide coating such as ZrO2, Al2O3, 

TiO2, etc. was demonstrated being an effective strategy to improve the cathode 

performance.[63,64] 
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Mn-based spinels such as LiMn2O4 are an appealing alternative to LiCoO2 due to their safety, 

high power capability, low cost, environmental benignity and good thermal stability.[65] 

Furthermore the spinel LiMn2O4 has strong edge-shared [Mn2O4] octahedral lattice and exhibits 

good structural stability during the charge-discharge process.[66] However, it suffers from 

insufficient long-term cyclability, which I caused by the leaching of Mn2+ ions from the positive 

electrode framework into the electrolyte due to the disproportionation of Mn3+ ( see equation 1 

)at the particle surface into Mn2+ and Mn4+ in the presence of  trace amounts of protons 

generated by the LiPF6 and the solvent decompositions.[67] 

                                         Mn3+
 (solid) → Mn4+ (solid) + Mn2+ (solution)                                           (1) 

Irreversible side reactions with the electrolyte, oxygen loss from the delithiated LiMn2O4 and 

formation of tetragonal Li2Mn2O4 at the surface especially at the fast c-rates have also been 

proposed as explanation for the capacity loss.[62,68] Furthermore, structural changes from cubic 

to tetragonal symmetry due to the Jahn-Teller distortion associated with the high-spin Mn3+ 

ions occur at the end of the discharge inducing a huge volume change and as a result severe 

capacity fade.[69] The poor cycle stability of LiMn2O4 has hindered its widespread 

commercialization. Thus, several approaches have been carried out to improve the rate 

performance of this electrode, as for example controlling the size and morphology of the active 

particles or surface coating of the particles to prevent the Mn2+ dissolution by a thin layer of an 

inorganic material such as Al2O3
[70], MgO[71], etc.. 

Beside oxides, compounds containing a polyanion have been studied as positive electrode 

materials. The first demonstration of a polyanionic insertion compound was introduced in 1997 

by Padhi et al.[59] in the form of phospho-olivine LiFePO4 (LFP)with theoretical specific 

capacity of 170 mAh g−1 at moderate current densities. LFP was successfully commercialized, 

thanks to its excellent thermal stability, low cost and non-toxicity with respect to cobalt-oxide-

based materials.[66] Nevertheless, the low electronic conductivity (σe < 10−9 S cm−1) and the low 
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diffusion coefficient of the Li+ ion (D ≈ 10−14 cm2 s−1) in LFP may result in losses in capacity 

during high-rate discharge. It has been shown that the synthesis of carbon-coated LFP 

significantly enhances the electrical conduction between particles and prevents particles 

agglomeration.[72] In addition, the reduction of the LFP particles to the nanosize provides short 

Li+ ion diffusion paths within the positive electrode.[72] Despite all this efforts, its relatively low 

energy density (~3.3V vs. vs. Li+/Li cell voltage and ~170 mAh g-1 capacity) prompted a search 

for alternative cathode materials with higher energy density, leading to investigations in many 

polyanion-based cathode materials such as borates (LiMBO3 
[73]), silicates (Li2MSiO4 

[74]), 

fluorophosphates (LiMPO4F [75]), fluorosulfates (LiMSO4F [76]), etc.  

In summary, the battery performance of the cathode materials aforementioned depends on the 

recoverability of its crystal structure and the volume changes during extraction (charge)-

insertion (discharge) of the lithium ion located in the lattice structure.  Once the lithium ion 

extracted or inserted surpasses the ratio of recoverability of the crystal structure, these cathode 

materials lose cycle stability and battery performance significantly. Furthermore, the achievable 

specific capacity of the conventional lithium intercalation materials is usually lower than 200 

mAh g-1, which hinder their large- scale applications, such as in hybrid electric vehicles (HEVs) 

and electric vehicles (EVs). Therefore, research continues on new electrode materials to push 

the boundaries of cost, energy density, power density, cycle life, and safety. Polyoxometalates 

(POMs), a type of molecular metal oxide, are currently receiving much attention as promising 

cathode active materials for LIBs. The next chapter will go into more detail about POM based 

LIBs. 
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1.3.2 Polyoxometalates (POMs) electrode materials for lithium ion batteries 

The current cathode materials for lithium batteries aforementioned are metal oxides or 

phosphates including lithium ion in their lattices. For these materials, the capacity is mainly 

determined by the recoverability of the structure during the lithium intercalation/extraction. For 

example, in the case of LixMn2O4 with a spinel structure, the phase changes from cubic to 

tetragonal during the intercalation process in the region x ≥1.0 (3 V region) and this change is 

accompanied by a 6% increase in the volume owing to the Jahn ̶ Teller effect of the Mn3+ 

ion.[69,77]  The urgent need for high-performance battery electrode components which combine 

high redox-activity and stability with chemical tunability and economic viability has recently 

led to the exploration of the concept of Molecular Cluster Battery (MCB).  Molecular cluster 

batteries have been developed as a new type of rechargeable lithium battery in which the 

cathode active material is a molecular cluster and as such it exhibits a multi-step redox 

behaviors. These cluster ion materials are expected to show redox activity as a molecular 

cluster, not as a continuum. Therefore, the capacity and stability of the cluster material are 

independent from the stability or recoverability of its crystal. Awaga et.al.[78] Fabricated a 

rechargeable molecular cluster battery based on [Mn12O12(CH3COO)16(H2O)4] = {Mn12} as a 

cathode material. This cluster complex shows an initial discharge capacity of over 200 mAhg−1 

with significant decrease in capacity on the second cycle (ca. 100 mAhg−1 afterwards). 

Subsequently, ex situ X-ray absorption fine structure (XAFS) analyses of the 

charging/discharging processes of the {Mn12} MCBs demonstrated that the 

charging/discharging processes include four-electron-redox reaction of {Mn12} with a 

significant change in its molecular structure.[79] To enhance the charging/discharging rates, 

Kawasaki et al.[80] have developed a nanohybrid system in which  Keggin ions bound via 

physisorption to single walled carbon nanotubes (SWCNTs) as charge storage material without 
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chemical decomposition to achieve both smooth electron transfer through SWNTs and quick 

lithium-ion diffusion. 

Notably, previous studies have reported the reversible storage of up to 24 electrons in the 

Keggin-type polyoxomolybdate anion [PMo12O40]
3- (see Figure 9), highlighting the high charge 

storage capacity of POMs.[81] a property that finds its expression in the terms “electron 

reservoir” or “electron sponge”[82] 

Figure 9 Schematic illustration of  Molecular structure of [PMo12]
3− and model molecular 

structure of [PMo12]
27− show reversible storage of up to 24 electrons per POM, corresponding 

to the uptake of two electrons per molybdenum (Mo6+↔ Mo4+).[82] 

 

While pioneering studies of POMs as battery components were focused on 

polyoxomolybdates,[83] recent studies have reported significant breakthroughs in the use of 

polyoxovanadates (POVs) as active battery electrode components in lithium ion and sodium 

ion batteries.[84,85] The enormous interest in POV-based batteries is due to the low atomic weight 

of V (50.96 g/mol) compared with the traditional POM metals Mo (95.96 g/mol) and W(183.84 

g/mol) which enables higher gravimetric energy densities. In addition, vanadium is highly 

redox-active (accessible redox-states in POVs: mainly V(V), V(IV) and more rarely V(III)), 
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which in principle enables the storage of multiple electrons per V atom. These benefits 

combined with the low cost of vanadium and recent developments in the redox-tuning of 

polyoxovanadates has led to fast-paced progress in the exploration of POV-based batteries.[84–

86] To-date, most studies were focused on the POV prototype decavanadate which is typically 

synthesized under aqueous conditions and isolated as hydrated salt, i.e. X6[V10O28] × xH2O (X 

=Li or Na; x = 9-16) ( see chapter1.1.3).  

Initial lithium-ion battery (LIB) studies used thermally dehydrated Li6[V10O28] (= {LiV10}) as 

LIB cathode material, leading to initial discharge capacities of ca. 130 mAh g-1 at 0.2 mA/cm2 

current density between 2.0 and 4.2 V vs Li+/Li.[87] Subsequent studies investigated the 

performance of the component after thermal treatment: samples heated up to 450 °C showed 

high initial specific capacities (ca. 400 mAh g-1) but low cycling stability while samples treated 

at 600 °C showed lower initial specific capacities (ca. 200 mAh g-1) but high cycling 

stability.[88]  

Further, the thermally dehydrated decavanadate salt Na6[V10O28] was recently reported as anode 

material with high cycling stability in sodium ion batteries (NIBs).[84] The authors reported a 

reversible capacity of approx. 280 mAh g-1 with an average discharge potential of 0.4 V vs 

Na+/Na. Subsequent in situ X-ray absorption spectroscopic (XANES) studies of the 

Na6[V10O28]-based electrode in LIB indicated that all ten V5+ ions can be reversibly reduced to 

V4+ in a potential range of 4–1.75 V vs. Li+/Li.[89]  Most of these studies focus on electrode 

preparation starting from hydrated POV salts where a thermal treatment step is involved to 

remove the water of hydration, which would otherwise lead to water electrolysis and H2/O2 

evolution, (“gassing”) at the typical voltages employed in LIBs and NIBs.[90] However, thus 

far, there is little information of the impact of the thermal dehydration treatment on the 

structural integrity of the POV clusters, although it is literature-known that POVs can easily 
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convert into the corresponding solid-state metal oxides by chemical,[24,91,92] thermal[92,93] or 

even ultrasonic energy input.[94] In addition, other studies focused on more complex POVs such 

as the Keggin anion derivative K5.72H3.28[PV14O42] (KPV) cluster[95], K7NiV13O38 cluster[96], 

K7MnV13O38 cluster[97] and the carbonate-templated POV Li7[V15O36(CO3)]
[98,99] which showed 

high performance as LIB cathode materials. Sonoyama et al.[100] have proposed discharge-

charge reaction mechanism by using ex situ EXAFS and ex situ XRD techniques as shown in 

Figure 10. In the initial discharge process the crystal structure changes to amorphous while 

lithium ions insert into the cathode. In the following recharge process, the POM is still in 

amorphous state, and the molecular cluster ion reacts reversibly with lithium ion in the 

subsequent discharge-charge processes.  

 

Figure 10 Schematic illustration of the discharge-charge reaction mechanism of Keggin-type 

polyoxovanadate. 
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Exploring POMs as functional materials for common applications is limited because of their 

solubility in aqueous and many organic solvents. Immobilization of POMs in nanocomposites 

is a practical way to circumvent solubility issues while retaining their unique electrochemical 

redox behaviour. In this regard the fabrication of inorganic–organic POM nanocomposites and 

integration of POMs in conducting organic polymers (CPs) have developed into one of the most 

actively pursued research fields. Further information is provided in the next two chapters. 

 

1.4 Fabrication of inorganic-organic POM nanocomposites 

Hybrid Organic–Inorganic Materials (HOIM) are generally described as the combination, at the 

nanoscale, of an inorganic component and an organic one and thus fall within the category of 

nanocomposite materials. The building blocks of a nanocomposite are often very different in 

terms of their structure, composition, and physical/chemical properties. This diversity of 

constituents, along with potential synergies deriving from their combinations yields multi-

functional composite materials with remarkable properties and a wide range of applications. In 

this regard, polyoxometalates (POMs) have developed as highly promising building blocks for 

new nanocomposites. Furthermore, utilizing POMs as functional materials for common 

applications is limited because of their solubility in water and many organic solvents. 

Immobilization of POMs in nanocomposites is a practical way to circumvent solubility issues 

while retaining their unique electrochemical redox behaviour. 

For the fabrication of inorganic–organic POM nanocomposites, the three most straightforward 

and effective techniques to be used are: (i) chemisorption on carbon surfaces, (ii) 

immobilization in a polymer matrix, and (iii) layer-by-layer (LbL) self-assembly.[101] 

The procedure for developing chemisorbed carbon–POM nanocomposites is generally straight- 

forward and starts with an oxidation of the carbon substrate by strong oxidizing acids (e.g. 2 M 

HNO3, 2 M H2SO4), in order to impart surface functional group (e.g. – COH, – COOH) that 
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can serve as binding sites for POM modification.[94,102,103] The carbon material is then dispersed 

in an aqueous or organic POM solution and agitated by stirring or ultrasonication. The binding 

is proposed to occur through a direct covalent bond between the POM and a surface oxygen 

atom under POM reduction, causing a strong grafting to the carbon substrate.[10,104] 

Figure 11 shows an example of the Anderson cluster [MnMo6O24]
9-, functionalized with two 

Tris (NH2C(CH2OH)3) moieties, giving the new organic–inorganic hybrid [N(nC4H9)4]3 

[MnMo6O18{(OCH2)3CNH2}2]. This hybrid is covalently attached to carboxylic acid-

functionalized SWNTs by amide bond formation as charge storage material in lithium ion 

batteries. As such it achieves better performance (up to 932 mAh g-1) as an anode material in 

lithium ion batteries compared with the individual components, that is, SWNTs and/or 

Anderson clusters or their physical mixture.[103] 

 

Figure 11 Schematic illustration of the SWNT/Anderson hybrid as anode material in lithium 

ion batteries). Colour coding: dark blue polyhedra [MoO6] units, teal: Mn, light blue: N, grey: 

C, red: O, pink: Li+, white: H. 

 

 

Chemisorption is an effective technique to immobilize POMs on the surface of a variety of 

carbon substrates. The simplicity of chemisorption and strong bonding[105] makes the method 

highly attractive e.g. for the fabrication of high-performance rechargeable batteries, super-
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capacitors or nanoelectronics, where carbon materials like carbon nanotubes present promising 

possibilities owing to their large surface areas, high electrical conductivity and mechanical 

strength. However, chemisorption is not always the method of choice, as it can be time 

consuming, especially for more porous carbon materials where the POM deposition can take 

up to 24 h. Furthermore, this technique is restricted to carbon substrates, limiting its 

versatility.[101] A much faster and more versatile approach for the preparation of POM 

nanocomposite thin films is the LbL-technique, whereby oppositely charged polyelectrolytes 

(polymers or surfactants) are coated stepwise onto a support. Each deposition step takes only a 

few minutes.[101] 

The main drawback of immobilizing POMs by means of the LBL method is that the degradation 

of the POM structures may occur during the adsorption process.[106] Furthermore, many of the 

common polyelectrolytes exhibit insufficient electrochemical activity and conductivity. 

Immobilization of POMs in matrixes of inherently high conductivity is a logical way to decrease 

problems arising from charge transport limitations and to optimize the electronic properties of 

POM clusters. In this regard the integration of POMs in conducting organic polymers (CPs) has 

developed into one of the most actively pursued research fields. The cooperation between the 

pseudo capacitive conductive polymer and the redox active polyoxometalate creates novel 

materials with high electrochemical activity emerging from simple, cost-effective synthesis. 

POM-doped CPs will be discussed in more detail in the following section.  
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1.5 Polyoxometalate doped conductive polymers (POM-CPs) 

Electrically conductive polymers are of great interest in the field of high-performance energy 

storage systems, as materials that demonstrate high conductivity, in addition to the benefits of 

polymeric materials such as low cost, light weight, and good processability.[107]   

The tremendous advances of conductive polymers in the last two decades, was acknowledged 

when in the year 2000, the Nobel Prize in Chemistry was awarded to Alan J. Heeger, Alan G. 

MacDiarmid and Hideki Shirakawa “for the discovery and development of conductive 

polymers”.[108–110] Since that, conductive polymers have evolved into new applications such as 

organic light-emitting diodes (OLEDs),[111,112] chemical- or bio-sensors,[113,114] functional 

coatings[115] and capacitors.[116,117]  

Among a wide variety of conductive polymers, polyaniline (PANI), polypyrrole (PPy), 

polythiophene (PT), poly(3,4-ethylenedioxy thiophene) (PEDOT) and PEDOT:poly(4-styrene 

sulfonate) (PEDOT:PSS)  are widely used because of their relatively high conductivity and 

facile synthesis. For practical use, conductive polymers can be polymerized by direct oxidation 

reactions using various polymerization methods. Such methods include bulk polymerization in 

solvent, electrochemical polymerization,[118] solid-state polymerization,[119] vapour-phase 

polymerization,[120] and water-based nano-emulsion polymerization.[121] The conductivity of 

neutral conjugated polymers is rather low, but their conductivity can be increased from a 

semiconducting or even insulating state to values of metallic conductivity through chemical or 

electrochemical redox reactions, so-called ‘‘doping’’.[110] Doping can be either oxidatively (p-

type doping)[122]  or reductively (n-type doping).[123]  

The heart of energy conversion and energy storage technologies, such as batteries, is the 

electron transfer between chemical species. One promising synthetic route is the “wiring” 

nanoscale redox active inorganic species with conducting polymers (CPs), which led to the 
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formation of composite materials that couple the properties of electric conductivity and unique 

inherent reactivity.[124]  

POM-CPs composite are typically formed via chemical or electrochemical polymerization[125] 

of the monomers in presence of a POM dopant (See Figure 12). Under pre-polymerization 

conditions, the POM is combined with the monomer before polymerization takes place.[126]  In 

contrast, under post-polymerization conditions,[125] the polymer is formed prior to 

functionalization with the POM cluster.  Electrochemical polymerization gives facile access to 

CP films on electrode surfaces, whereas chemical polymerization often leads to bulk 

materials.[107] 

Figure 12 A) Typical chemical polymerization method for POM-CPs composites synthesized 

from monomers and catalysts in a solvent. B) Electrochemical polymerization on a conductive 

substrate at a specific potential. 

 

Such polymerization methods have been used to develop electroactive composites and devices 

with unique catalytic, magnetic, and optoelectronic properties,[127] which can be applied in 

different applications. Table 1 summarizes the prototype POM-CPs composites reported in the 

last two decades, which are synthesized chemically or electrochemically. Their possible 

application is given according to the original work (see references). 
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Table 1 Overview of prototype POM-CPs composites synthesized chemically or 

electrochemically. Possible applications are cited according to original work (see references). 

PPy = polypyrrole, PANI = polyaniline, PEDOT = poly-3,4-ethylendioxythiophen, PT = 

poly(3-methylthiophene), PPE = (poly phenylene-ethynylene). 
 

Year Composites Substrates Application Re 

2017 [PMo12O40]
3-

/PANI/MWNTs 

___ Li-ion battery [128] 

2017 [PW12O40]
3-/ rGO@PANI ___ Li-ion battery [129] 

2016   [PMo12O40]
3-/ PPy Nanopillar film Pseudocapacitor, sensor [130] 

2012 [P2W17O61M]n-/ PPy 

M=Cu2+, Co2+, Fe3+ 

Glassy carbon H2O2-sensing [131] 

2012 [Mo6O18NR]2-/ PPE ___ vesicle 

formation 

[132] 

2010  [PMo12O40]
3-/ PPy Carbon paper capacitors, 

electrocatalysis 

[133] 

2010  [PW12O40]
3-/ PEDOT 

 

Carbon paper capacitors, 

electrocatalysis 

[133] 

2002 [SiCr(H2O)W11O39]
5-/ 

PPy  

Pt Heterogeneous catalysis, 

electrodes, sensors 

[134] 

2000  [PW12O40]
3-/ PPy Pt ___ [135] 

1994 [SiW12O40]
4-; 

[P2W18O62]
6- / PPy 

Pt Charge storage [136]
 

 

POM clusters can be combined with conducting polymers matrices via three types of 

interactions: First, physical blending; through mixing POMs with polymers in a solvent, to form 

a homogeneous solution which can be used to prepare composite films by the simple dipping 

or spin-coating methods on various substrates.[107] However, the stability of the hybrid materials 

are low due to the lack of strong interactions between POMs and polymer matrices. Second, 

POMs, as a type of polyanion, can be electrostatically immobilized to cationic CPs matrix. 

Prime example for this approach is cationic PPy which has been electrostatically functionalized 
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with various POM anions such as Anderson–Evans, Lindqvist, Keggin and Wells–Dawson type 

clusters.[137] Third, covalent interaction, organo-functionalized POMs can be covalently linked 

to CPs by (1) side-chain incorporation, where the POM anions are chemically linked to 

functionalized polymer side-chains; (2) backbone incorporation where the POM is directly graft 

into the main polymer chain.[138] The hybrid materials thus obtained possess relatively high 

strength and stability, which is suitable for practical applications.  
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2. Objective 

Vanadium-based polyoxometalates are currently attracting much attention due to the large 

structural variety and interesting redox activity of vanadium.[37,139] Tuning of the electronic and 

redox properties of vanadium-based polyoxometalate frameworks via functionalization with 

redox active metals offers a wide range of  properties interesting for many applications, such as 

energy conversion and (photo-) catalysis.33–36 However, utilizing the remarkable properties of 

POMs is limited because of their solubility in water and many other organic solvents and their 

low electrical conductivity in the bulk.  

The main goal of this work is to utilize POMs for the development of multifunctional POM-

composite materials and combined the experimental investigations with theoretical calculations 

to gain insight into the electronic properties, redox and catalytic activity of metal-functionalized 

polyoxometalates. 

Two major projects were addressed within this work: 

I) Controlled reactivity tuning of metal / organo-functionalized polyoxometalates via 

experimental and theoretical methods: 

Metal or organo-functionalization of polyoxometalates is a convenient method towards 

versatile clusters with tuneable electronic and redox properties. Within this work, a series of 

3d-block transition metals were incorporated into the Anderson-based polyoxomolybdates 

followed by covalent linkage to an established iridium photosensitizer resulting in the formation 

of covalent POM–photosensitizer. Modification of the central metal ion is used to modulate the 

hydrogen evolution reaction (HER) activity. While molybdates and tungstates are mainly 

limited to octahedral coordination geometries, vanadates readily adopt tetrahedral ligand 

environments. To this end, cyclic metavanadates were applied as precursors for the self-
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assembly of CoII-functionalized polyoxovanadate structures capable of binding mono-anions in 

homogeneous solution and when supported on silica.  

Iron(III)-functionalized dodecavanadate {FeV12} is another example of the tunable 

physicochemical properties of polyoxovanadate on molecular level by incorporation of redox 

active center. The two-electron reduction of {FeV12} leads to the formation of a low-valent FeI 

species. Herein, we show the first example of a low-valent FeI center stabilized in a high-valent 

polyoxometalate framework. For the above mentioned systems, DFT level calculations provide 

critical understanding of the underlying changes of the electronic structure of the metal-

functionalized polyoxometalates and identify the redox-active metal sites by investigating their 

frontier molecular orbitals and HOMO-LUMO energy gaps. 

II) Polyoxometalate-based energy conversion and energy storage materials: 

Sonication of a molecular manganese vanadium oxide water oxidation catalyst, {Mn4V4}, 

resulted in spontaneous conversion into colloidal manganese vanadium oxide particles (average 

particle size ca. 70 nm) with stability and water oxidation activity upon addition of chemical 

oxidants.  

Previous reports reported decavanadate as a novel electrode material for lithium and sodium 

ion batteries. While exploring POMs as electrode material for energy storage applications, 

molecular structural stability and POMs reactivity under operational conditions are critical 

factors. Within this work, the effect of pre-heat treatment and electrode fabrication processes 

on the molecular decavanadate units is investigated. A straightforward methodology based on 

thermal analyses, Raman, XPS, powder-XRD and wet-chemical studies indicates the 

conversion of the molecular vanadium oxide units into crystalline layered solid state vanadium 

oxides. Based on these results, new strategy towards the fabrication of POMs-based battery 

electrodes at room temperature was achieved by bottom-up fabrication of molecular vanadium 
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oxides/ conducting polymers (CPs) composites, which led to the formation of composite 

materials that couple the properties of electric conductivity and unique inherent reactivity. 

Furthermore, immobilization of POMs in nanocomposites is a practical way to circumvent 

solubility issues while retaining their unique electrochemical redox behaviour. Future studies 

will explore the true performance of these molecular vanadium oxide units as battery electrodes. 
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3. Results and Discussion 

3.1 Controlled reactivity tuning of metal-functionalized Polyoxometalates 

3.1.1 Anion Sensing by a Molecular Cobalt Vanadium Oxide (MA2) 

Spectroscopic anion sensing by molecular “sensors” under homogeneous conditions offers vast 

possibilities for chemistry, biochemistry and bio-medicine, where small anions (e.g. halides, 

carboxylates) often play a pivotal role.[140] 

However, Coordination compounds often lack sufficient stability under harsh conditions, they 

are ideal candidates for the development of homogeneous anion sensors as the ligands of 

coordination compounds provide a spectral response upon successful anion coordination.[141]
 

POMs are promising alternatives under these conditions as they combine high stability with 

unique chemical tenability.[142] Recently, Streb at al.[143] have reported the facile formation of 

cobalt(II) vanadium oxide cluster( Figure 13, Left), [Co(X)V4O12]
3- (= X@{CoV4}) (X = AcO-

, Cl-) where anion binding is visually signalled by a significant change of the solution color. In 

addition, the compound (AcO-@{CoV4}) shows anion sensing properties with short response 

times and high thermal stability, see Figure 13, Right. 

 

Figure 13 Left: Structural representation of OAc-@{CoV4}. Right: Formation of AcO-

@{CoV4} upon addition of an acetate solution to an equimolar of Co(NO3)2 x 6H2O and 

(nBu4N)4V4O12. Anion binding is detected UV-Vis spectrometrically. Color scheme: V: teal, 

O: red, Co: light turquoise, O: red, C: light grey. H atoms are omitted for clarity.[143] 
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In this study, a first series of experiments investigated the formation of {CoV4} in the presence 

of halide anions. Only chloride and to a lesser extent, fluoride result in a spectral response by 

{CoV4}, whereas no spectral changes were noted for bromide and iodide (Figure 14, Left). To 

gain insight into the different binding behaviour of the halide anions, DFT-level computations 

are performed. As shown in Figure 14, right the relative stabilities observed computationally 

are Cl-@{CoV4} > F-@{CoV4} > Br-@{CoV4} ≈ I-@{CoV4}. This corresponds well to the 

experimental data where complex formation was observed for Cl- and, to a lesser degree for F- 

while no binding was noted for Br- and I-. 

    

Figure 14 Left: UV-Vis spectral response of a 1:1 mixture of Co(NO3)2 x 6H2O and 

(nBu4N)4[V4O12] upon addition of 0.5, 1.0 or 5.0 equivalents of (nBu4N)X (X = F-, Cl-, Br-, I-). 

Right: Calculated total gas phase energies for the halide-{CoV4} species X@{CoV4} (X = F-, 

Cl-, Br-, I-), showing the relative cluster stabilities. [144] 
 

Next, the response of the system to a series of pseudohalides, OCN-, SCN-, N3
- and I3

- was 

investigated, anion binding with characteristic spectral changes was observed for OCN-, SCN- 

and N3
-. Notably, no specific spectral response indicating successful cluster formation was 

observed for I3
-. Furthermore, Investigation of organo-acid anions showed that the detection of 

carboxylates and phosphonates is possible, whereas no binding of sulfonic acid anions was 
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observed. Structural characterization of Cl-@{CoV4}, OCN-@{CoV4}, N3
-@{CoV4} and 

PhCOO-@{CoV4} was possible by single crystals X-ray diffraction as shown in Figure 15. 

 

Figure 15 Ball-and-stick representation of the X@{CoV4} species obtained from single-crystal 

XRD analysis. Note that Cl-@{CoV4} and PhCOO-@{CoV4} have been reported 

previously.[143] Color scheme: V: teal, Co: turquoise, O: red, N: blue, C: light grey, H: grey.[144] 

 
A series of competitive binding studies where anion detection by {CoV4} in solutions 

containing equal amounts of two anions showed that Cl-@{CoV4} is formed selectively in the 

presence of Br- and no interference is noted. Under the given experimental conditions, 

formation of OCN-@{CoV4} is preferred over Cl-@{CoV4} and SCN-@{CoV4}, in 

combination with minor decrease in absorbance with respect to a pure OCN--containing 

solution. Competitive binding of SCN- and Cl- resulted in the formation of new spectral 

properties, which is inconsistent with the spectral features of each anion and thus de-ligation of 

CoII is assumed.  

For facile anion detection, a {CoV4}-based dip-stick probe was prepared by immobilization of 

the compound on piece of thin layer chromatography silica. Anion sensing was tested 

exemplary with DMF solutions of acetate and an instantaneous color change from light-brown 

to blue was observed after dipping into analyte solution. Notably, the intensity of the blue color 
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can be correlated with the acetate concentration indicating that semi-quantitative anion 

detection by the dip-sticks could be possible. 

In summary, the anion sensing in homogeneous solution or on a heterogeneous silica support 

by a self-assembled small cobalt vanadate cluster anion is reported. The binding behavior the 

binding behavior is rationalized by Visual, UV-Vis spectroscopy and theoretical calculations. 

It is shown, that anions can be selectively detected from mixtures as chemically related groups 

show significantly different binding behavior to the cobalt vanadate cluster.  

These results were published in “Homogeneous and Heterogeneous Anion Sensing by a 

Molecular Cobalt-Vanadium Oxide”, Magdalena Heiland, Andrey Seliverstov, Benjamin 

Schwarz, Montaha H. Anjass and Carsten Streb, Chem. Eur. J. 2017, 23, 2201 – 2205. For 

detailed information see Chapter 6.2. 

3.1.2 Light-Driven Hydrogen Evolution by Polyoxometalate-Photosensitizer Dyads (MA3) 

Tuneable catalyst reactivity and catalyst-photosensitizer interactions require a detailed 

fundamental understanding of the system to rationalize the observed reactivities. Incorporation 

of various transition metals into Anderson anion catalyst units results in modification of electronic 

structures and thus affects the reactivity in redox-mediated processes. The incorporation of 

transition metals into polyoxometalates and the resulting influence on catalytic reactivity is 

already well investigated for Keggin-type polyoxotungstates[145] and Lindqvist-type 

polyoxomolybdates/-tungstates.[146] Whereas, only few numbers of comprehensive studies for 

Anderson-type polyoxomolybdates are known. 

To this end, detailed theoretical and experimental studies of series of dyads based on Ir-

photosensitizers and metal-functionalized Anderson anions [MMo6O18((OCH2)3CNH2)2]
3- (M 

= Mn3+, Fe3+, Co3+) (See Figure 16) were performed regarding electronic properties and 

performances as HER catalyst in POM-photosensitizer dyads.  
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Figure 16 Synthesis of the POM-photosensitizer dyads starting from TRIS-Anderson anions 

{MMo6} (M = Mn3+, Fe3+, Co3+) (left). Formation of photosensitizer-catalyst dyads Ir-POMMn, 

Ir-POMFe and Ir-POMCo by subsequent attachment of two bipyridyl units via Schiff base 

formation and coordination of the Ir-photosensitizer (right). Color scheme: dark teal polyhedra: 

Mo, transparent green polyhedron: replaceable transition metal M, red: O, grey: C; blue: N, 

yellow polyhedron: Mn, magenta polyhedron: Fe, teal polyhedron: Co.[147] 

 

The electrochemical properties of the TRIS-functionalized Anderson anions {MnMo6}, 

{FeMo6}, and {CoMo6} were examined using cyclic voltammetry (CV). Further insight into 

the experimental electrochemical observations was obtained by calculating the theoretical 

redox potentials using density functional theory (DFT). Calculated redox potentials are in line 

with the experimental values. This data is summarized in Table 2 and shows that all three 

complexes feature comparable redox properties.  

 

 

 



3. RESULTS AND DISCUSSION 

 

 

43 
 

Table 2 Experimental and theoretically calculated reduction potentials (V vs. Fc+/Fc) for 

{MnMo6}, {FeMo6} and {CoMo6}.[147] 

 {MIIIMo6}3 ̶ + e ̶ →{MIIMo6}4 ̶ {MIIMo6
VI}4 ̶ + e ̶ →{MIIMoVMo5

VI}5 ̶ 

Sample Exp. [V] Calcd [V] Exp. [V] Calcd [V] 

{MnMo6} ̶ 1.30 ̶ 1.18 ̶ 2.50 ̶ 2.46 

{FeMo6} ̶ 1.42 ̶ 1.48 ̶ 2.30 ̶ 2.47 

{CoMo6} ̶ 1.31 ̶ 1.39 ̶ 2.26 to  ̶ 2.42 ̶ 2.49 

 

Emission spectroscopy (Figure 17, Left) shows that all three covalent Ir–POM dyads exhibit 

one emissive state with an emission maximum (λmax) of roughly 574 nm  and that overall 

emission intensities are decreased compared to the iridium reference photosensitizer Ir (λmax = 

587 nm). Interestingly, Significant differences in emission intensity are noted for the three 

dyads; while only minor emission quenching was observed for Ir-POMFe and Ir-POMCo , 

significantly higher quenching  is observed for Ir-POMMn. 

Figure 17 Left: Emission spectra of the covalent POM-photosensitizer dyads Ir-POMMn, Ir-

POMFe and Ir-POMCo compared to the iridium reference photosensitizer Ir’ (black) highlighting 

emission quenching efficiencies within the covalent dyads. Right: HER activities of the three 

dyads showing turnover numbers of the visible-light driven hydrogen evolution. Conditions: 

dyad (0.1 mM), TEA (1 M), acetic acid (0.2 M) in dry, de-oxygenated DMF, irradiation: λ = 

470 nm (LED).[147] 

All three dyads  show catalytic hydrogen evolution reaction (HER) activity, however based on 

the turnover numbers obtained, significant differences in catalytic activity were observed (see 

Figure 17, Right). Ir-POMMn shows the highest HER activity (TON = 80) compared to Ir-
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POMCo (TON = 34) and Ir-POMFe (TON = 20). These findings seem to be consistent with 

emission quenching results as described above. 

To gain theoretical insight into the electronic structure of the TRIS-Anderson anion, their 

frontier molecular orbitals and HOMO–LUMO energy gaps were investigated using DFT 

computations. The HOMO and LUMO orbitals (see Figure 18) indicate that the first electron 

transfer to the native clusters should lead to a reduction of the central metal, that is, Mn3+/2+, 

Fe3+/2+ and Co3+/2+, respectively. Furthermore, the energy of the lowest unoccupied molecular 

orbital (LUMO) were calculated as 3.95 eV ({MnMo6}), 4.58 eV ({CoMo6}), and 4.74 eV 

({FeMo6}) indicating that {MnMo6} has the highest electron affinity, that is, within the 

{MMo6} series investigated, {MnMo6} is the easiest species to reduce, followed by {CoMo6} 

and {FeMo6}. 

 

Figure 18 HOMO-LUMO energy diagram and frontier molecular orbital plots for optimized 

geometries of the metal-functionalized TRIS-Anderson anions {MMo6} (M = Mn3+, Fe3+, 

Co3+).[147] 
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These results were published in “Experimental and Theoretical Investigation of the Light-

Driven Hydrogen Evolution by Polyoxometalate-Photosensitizer Dyads”, S. Schönweiz, M. 

Heiland, M. Anjass, T. Jacob, S. Rau and C. Streb, Chem. Eur. J., 2017, 23, 15370 – 15376.  

Further information is provided in chapter 6.3. 

3.1.3 Stabilization of Low-valent iron(I) in a High-valent Vanadium(V)-Oxide Cluster (MA5) 

Recently, Streb at al.[33] have explored a controlled cluster functionalization route to selectively 

incorporate one iron(III) ion into the dodecavanadate (DMA)2[V
V

12O32Cl]5– (= {V12}, DMA –

dimethyl ammonium) to give the iron functionalized cluster (DMA)[FeIIIClVV
12O32Cl]3– (= 

{FeV12}, Figure 19). 

 

 

Figure 19 Mixed polyhedral and ball-and-stick representation of systematic metal-

functionalization of {V12} (=(DMA)2[V
V

12O32Cl]5–) with FeIII to give {FeV12} 

((DMA)[FeIIIClVV
12O32Cl]3–) and the cyclic voltamogram of the {FeV12} in the potential range 

of –1.0 - 0.8 V vs. Fc+/Fc. Color scheme: teal polyhedra [VO5], Fe: brown, O: red, Cl: green, 

N: blue: C: black, H: gray.[33] 

 

The electrochemistry of {FeV12} was examined by using cyclic voltammetry (CV) (see Figure 

19), {FeV12} exhibits three redox processes in the potential range studied (–1.0 - 0.8 V vs. 
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Fc+/Fc): Two reversible processes are observed at mid-point potentials Em = 0.45 V vs. Fc+/Fc 

(I/I'), and Em = 0.03 V vs. Fc+/Fc (II/II'). The third process is quasi-reversible (Em = –0.41 V 

vs. Fc+/Fc) with an oxidative peak at Eox = –0.32 V vs. Fc+/Fc (III) and a reductive peak at Ered 

= –0.49 V vs. Fc+/Fc (III').This redox process corresponds to the V5+/4+ couple.  

To gain insight into the electrochemistry of {FeV12}, DFT-level calculations provide critical 

understanding of the underlying changes of the electronic structure of {FeV12} and identify the 

redox-active metal sites. redox potential of {FeV12} were calculated by DFT-level calculations 

(using the B3LYP functional via the Jaguar program suite).[148] As shown in Figure 20 the 

calculated reduction potentials are in excellent agreement with the experimentally observed 

values, with maximum deviations of only 0.04 – 0.08 V. Furthermore, Frontier molecular 

orbital analysis of the highest occupied molecular orbitals (HOMO) of the one-, two- and three-

electron reduced {FeV12} species (Figure 20) indicate that the first two reduction processes (I') 

and (II') are related to the iron center in {FeV12}, while the third reduction process (III') results 

in the reduction of a vanadium center. 

 

Figure 20 Frontier molecular orbital plots showing the highest occupied molecular orbitals 

(HOMO) for the native {FeV12} (right) as well as the one-, two and three-electron reduced 

species. Roman numerals mark the reduction steps observed in cyclic voltammetry with the 

corresponding experimental and calculated reduction potentials for each step (Figure 19).[149] 

 

Bulk electrolysis (BE) was performed to examine the two reversible processes (I/I'; II/II') for 

{FeV12} (Figure 19). For the first process (I/I') the number of electrons transferred per molecule 
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was determined 0.87 and 0.86 for the second process (II/II'), which is within experimental error 

of the expected value of n = 1. This indicates that the tow redox reversible transitions (I/I'; 

II/II') are one-electron processes. Furthermore, the formation of a low-valent Fe(I) species in 

a high-valent vanadium(V) oxide framework confirmed by electron paramagnetic resonance 

(EPR) spectroscopy. Figure 21 shows the experimental and simulated EPR spectra of the native 

{FeIIIV12} (Left) and the two-electron reduced {FeIV12} (Right).  The EPR spectrum of native 

{FeV12} at 77 K shows a strong resonance at 114 mT (g ~ 5.93) and a weak additional feature 

at 338 mT (g ~ 2.005); these resonances are expected for a FeIII center in the high-spin in near-

axial symmetry. For the two-electron-reduced species, the EPR spectrum at 4 K shows two 

signals at g~3.88 (ca. 174 mT) and less-intense feature at g~2.01 (ca. 338 mT), typical for a 

high-spin (S = 3/2) FeI in axial symmetry.[150] The residual signals (*) at 114 mT and 338 mT 

are due to cavity artefacts and possibly due to incomplete reduction of FeIII starting material. 

 

Figure 21 Experimental and simulated EPR spectra of the native {FeIIIV12} (Left) and the two-

electron reduced {FeIV12} (Right). Conditions: [{FeV12}]=1.0 mm in frozen MeCN at 77 K, 

microwave frequency 9.485 GHz. The features in the experimental spectrum of {FeIV12} at 114 

mT and 338 mT (marked with *) are discussed in the text. [149]  
 

In conclusion, our studies indicate that two-electron reduction of {FeV12} leads to the formation 

of a low-valent Fe(I) species in a high-valent vanadium(V) oxide framework. Low-valent iron 

centers are typically stabilized by organic ligands often featuring nitrogen donors.[151] Here we 
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report the first example of a low-valent iron(I) center stabilized in an all-oxo environment 

provided by a molecular vanadium oxide cluster. Detailed experimental and theoretical analyses 

provide insights into the reversible two electron reduction of the native {FeIIIV12} species and 

the electronic features of the resulting FeI unit. 

These results were published in “Stabilization of Low-Valent Iron(I) in a High-Valent 

Vanadium(V) Oxide Cluster”, M. H. Anjass, K. Kastner, F. Nägele, M. Ringenberg, J. F. Boas, 

J. Zhang, A. M. Bond, T. Jacob and C. Streb,  Angew. Chem. Int. Ed. 2017, 56, 14749–14752 

Further information is provided in chapter 6.4. 

3.2 Polyovovanadate based electrode materials for lithium ion batteries 

3.2.1 Differentiating Molecular and Solid-State Vanadium Oxides as Active Materials in 

Battery Electrodes (MA6) 

Polyoxometalates (POMs) are currently receiving much attention as promising electrode active 

materials for LIBs, as POMs have high charge storage capacity.[80]  Recently, studies have  

reported significant breakthroughs in the use of polyoxovanadates (POVs) as active battery 

electrode components, due to low cost and low atomic weight of V (50.96 g/mol) compared 

with the traditional POM metals Mo (95.96 g/mol) and W(183.84 g/mol), which enables higher 

gravimetric energy densities. In addition, vanadium is highly redox-active (accessible redox-

states in POVs: mainly V(V), V(IV) and more rarely V(III)), which in principle enables the 

storage of multiple electrons per V atom. To-date, most studies were focused on decavanadate 

X6[V10O28] × xH2O (X =Li or Na; x = 9-16) as electrode material for Li-ion and Na-ion 

batteries.[84,87,88] However, little attention has been paid to the structural and chemical stability 

of the POVs under typical electrode fabrication processes. Here we show how molecular 

vanadium oxides can be differentiated from solid-state vanadium oxides as active materials in 

battery electrodes by combined spectroscopic techniques, X-ray diffraction and element-
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analytical data. In this study we focus on the molecular structural stability of the hydrated 

decavanadate compound Li6[V10O28].16H2O (1) - which is typically used as starting material in 

decavanadate-based LIB electrode fabrication - during pre-heat treatment and removal of 

crystal water. Structural changes in the heat-treated samples were investigated by powder X-

ray diffraction and Raman spectroscopy. Heating of the well-ordered, crystalline 1 to 120 °C 

leads to broad, uncharacteristic diffraction patterns (see Figure 22), indicative of the loss of 

crystallinity and formation of an amorphous phase. At temperatures of 200- 250 °C, the 

formation of new, crystalline phases were observed.  

The analysis of the diffraction pattern of heated sample at 250 °C indicates the conversion of 

the molecular vanadium oxide units into two crystalline layered solid state vanadium oxides. 

The first phase corresponds to LiV3O8 and the second phase was indexed as LiVO3. 

 

Figure 22 XRD pattern of derivatives of 1, obtained by heat treatment at different temperatures 

in the range of 120 °C ̶ 400 °C. Signals marked with an asterisk (*) indicate the formation of a 

thus far unidentified intermediate.[152] 
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Heating 1 to temperatures higher than 250 °C led to the removal of 16 water molecules as 

confirmed by TGA. Diffraction patterns of heated samples at temperatures higher than 250 °C 

indicate the formation of two mixed phases LiV3O8 and LiVO3. Briefly, In LiV3O8, square 

pyramidal [VO5] building units are linked into sheets by a complex combination of corner and 

edge-sharing modes (Figure 23). LiVO3 is composed of corner-shared [VO4] tetrahedra forming 

infinite chains along the crystallographic a-axis, which are separated by Li+ ions. The vanadium 

oxide sheets are separated by Li+ ions, see Figure 23. 

 

Figure 23 Schematic illustration of the conversion of the molecular vanadium oxide units in 1 

(Right) into two crystalline layered solid state vanadium oxides of LiVO3 and LiV3O8 (Left) 

after dehydration. Colour scheme: orange polyhedra [VOx] unit, O: red, Li: grey. [152] 
 

For 1-400, Separation of both phases was achieved by extraction of the mixture with water over 

a period of ca. 8 h, giving the crystalline green solid LiV3O8 and a yellow solution, which upon 

solvent evaporation gave an orange crystalline powder which was identified as phase-pure 1 by 

pXRD (see Figure 24). We suggest that 1 is formed from LiVO3 as a precursor under aqueous 

conditions based on literature results which report the identical reaction when dissolving 

NH4VO3 in aqueous solution.[27] 
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Figure 24. (1) XRD pattern of 1-400 show the presence of the two mixed phases LiV3O8 and 

LiVO3, (2) Pure LiV3O8 phase separated by using water as a solvent. (3) Pure phase 1 formed 

by extraction of 1-400 with water. [152] 

 

To gain insight into the electrochemical behaviour of 1-120 and 1-400, Galvanostatic 

charge/discharge and cyclic voltammetry were investigated to compare their behavior with 

earlier reports, which claimed to use POVs as battery electrodes under same electrode 

fabrication methods that we show result in mixed phases of solid-state vanadium oxides.  

Galvanostatic charge/discharge profiles of 1-120 at  a current density of 50 mA/g in the voltage 

range of 1.2 V - 4.0 V (vs. Li+/Li)) shows sloping charge/discharge curves and no plateau, 

suggesting a solid solution system (Figure 25, (A)). The data are in line with a previous study, 

which reported virtually identical data but suggested that the performance is based on the 

molecular decavanadate 1.[87] In contrast, the charge/discharge curves of 1-400 (Figure 25, (B)) 

show several plateaus, which might be related to the different lithium vanadate phases present 

in the sample. The charge/discharge curves are in good agreement with cyclic voltammogram 

of 1-400 (Figure 26, (A)), which shows six main reduction peaks between 3.6 to 1.5 V (vs. 

Li+/Li). Several of the signals show peak splitting which might correspond to lithium insertion 
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in sites with different binding energies.[153] In the subsequent anodic scan, six oxidation peaks 

between 2.2 to 2.9 V (vs. Li+/Li) are observed corresponding to the extraction of lithium from 

the crystal lattice. These data are in line with previous reports on the electrochemical behavior 

of LiV3O8-based electrodes.[154,155] 

 

Figure 25 Galvanostatic charge/discharge profile of (A) 1-120 and (B) 1-400 in the voltage 

range of 1.2 and 4.0 V versus Li+/Li at current density of 50 mA/g.[152] 

To explore the behavior of molecular decavanadate-based electrodes in LIBs, the cyclic 

voltamograms of 1-400 with those of the as-prepared Li6[V10O28].16H2O were investigated 

(Figure 26, (B)). The first CV cycle for the as-prepared Li6[V10O28].16H2O shows a broad peak 

in a potential range of 2.7 – 1.9 V (vs. Li+/Li) for the first cathodic process, which can be 

attribute to the Li+ insertion into the structure. A broad anodic peak is observed between 3.2 – 

4.1 V (vs. Li+/Li) which can be assigned to the lithium extraction. In the second/third cycle, 

new redox process are observed at high positive voltage (>3.5 V) which is indicative of 

structural changes within the electrode. 
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Figure 26 Cyclic voltammetry curves of (A) Li6[V10O28].16H2O and (B) 1-400 in the voltage 

range of 1.2 and 4.2 V (vs. Li+/Li)  at a scan rate of 0.1 mVs-1 showing the 1st, 2nd and 3rd cycles. 

[152] 

In summary, we investigated how typical electrode fabrication conditions affect the structural 

integrity of the decavanadate prototype [V10O28]
6- and reported how molecular 

polyoxovanadates can be differentiated from solid-state vanadium oxides as active materials in 

battery electrodes using combined spectroscopic, powder-XRD and element-analytical data, so 

that in future, clear assignments as to the nature of the active material become possible. 

These results were published in “Differentiating Molecular and Solid-State Vanadium Oxides 

as Active Materials in Battery Electrodes”, M. H. Anjass, M. Deisböck, S. Greiner, M. Fichtner 

and C. Streb, ChemElectroChem. 2019, 6, 398–40. 

Further information is provided in chapter 6.6. 
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3.3 Inorganic-organic polyoxometalate hybrids with remarkable properties and a wide range of 

applications 

3.3.1 Azide-functionalized phosphonates for the surface-modification of molecular metal 

oxides (MA1) 

The organo-functionalization of oxide surfaces has enabled ground-breaking applications 

ranging from energy conversion, biological and medical technology to opto-electronics. [156–160] 

These developments are based on the fact that organo-functionalized oxides form an interface 

between functional molecular components and technologically important materials such as 

semiconductors or porous adsorbents. Here, a bifunctional linker which combines both a 

phosphonate site for general attachment to metal oxides as well as a reactive organo-azide group 

for general attachment of organic moieties through CLICK-chemistry[161] is presented. The 

bifunctional tether 4-azidobenzyl phosphonate was achieved by de-protection of the 

commercial precursor diethyl 4-aminobenzyl phosphonate to give the corresponding 

phosphonic acid and successive diazotization with sodium nitrite and sodium azide gave the 

pure target product in quantitative yield. 

The literature-known phosphonate functionalized Strandberg anion [Mo5O15(PO3R)2]
n- (R = 

organic groups)[161] was used as model system to demonstrate the anchoring of the linker to 

metal oxides and to gain insight into the exact binding mode. The covalent attachment of the 

linker was achieved by self-assembly in aqueous solution. The reaction of the molybdenum 

oxide precursor (Na2MoO4 x 2 H2O) and the bifunctional tether 4-azidobenzyl phosphonate 

linker in aqueous acidic solution (pH ≈ 4) and subsequent crystallization resulted in the 

formation of a single-crystalline product. Crystallographic analysis showed the formation of a 

phosphonate-linked Strandberg cluster [Mo5O15(O3PCH2PhN3)2]
4- (= {Mo5-azide2}) (See 

Figure 27) with free dangling azide-functionalities, thus representing a versatile platform 
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molecule for various coupling of functional groups (for detailed synthetic information see 

chapter 6.1). 

  
Figure 27 Structure of the phosphonate-functionalized Strandberg anion {Mo5-azide2} in side 

view (left) and top view (right, only the top phosphonate linker is shown for clarity). Colour 

scheme: dark teal: [MoO6] polyhedra, pink: P, red: O, grey: C, blue: N, hydrogen atoms are 

omitted for clarity.[162] 

 

The surface modification of solid state metal oxides (model: TiO2, type Degussa P25) with the 

phosphonate azide was examined by reacting the bifunctional tether 4-azidobenzyl phosphonate 

linker with TiO2 dispersions at room temperature. UV-Vis spectroscopy was used to verify the 

adsorption (Figure 28, (a)). The success of the CLICK reaction was monitored using ATR-FT-

IR spectroscopy whereby the disappearance of the characteristic azide stretching vibration at 

2118 cm−1 and the appearance of a characteristic triazole vibrational mode at 1520 cm−1 was 

observed (Figure 28, (b)). Furthermore, Quantitative information of the CLICK reaction was 

obtained by thermogravimetric analysis which determines the amount combustible organic 

materials on the TiO2, the corresponding weight loss suggested that the CLICK reaction 

proceeds with approximately 90% conversion (Figure 28, (c)). This is supported by FT-IR data 

where a small residual azide stretching mode is still observed after the CLICK reaction (Figure 
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28, (b)). Moreover, qualitative information of the bulk surface modification was investigated 

by scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM-EDX), whereby 

EDX-elemental mapping of a representative TiO2 sample showed the presence of all expected 

elements thus giving further proof of successful surface modification (Figure. 28, (d)).

 

                            

Figure 28 (a) Adsorption and leaching experiments of the bifunctional linker on TiO2 verified 

by UV-Vis spectroscopy and (b) ATR-FT-IR spectra of the composite before and after the 

CLICK reaction. Quantitative and qualitative information of the CLICK reaction were obtained 

by thermogravimetric analysis (c) and energy-dispersive X-ray spectroscopy (d), 

respectively.[162] 

 

These results were published in “CLICKable” azide-functionalized phosphonates for the 

surface-modification of molecular and solid-state metal oxides, S. Schönweiz, S. Knoll, M. 

Anjass, M. Braumüller, S. Rau and C. Streb, Dalton Trans., 2016, 45, 16121–16124.  

For more detailed information see chapter 6.1. 
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3.3.2 Colloidal manganese vanadium oxides as heterogeneous water oxidation catalysis 

(MA4) 

Water oxidation catalysts (WOCs) require high oxidation and hydrolysis resistance combined 

with the ability to perform the proton-coupled four-electron oxidation of water to dioxygen near 

the thermodynamic potential (E0(O2/ H2O) = 1.23 V).[163] Most available water splitting 

catalysts are based of expensive noble metals (such as platinum, ruthenium, iridium and 

rhodium),[164] but for real large-scale application, catalysts based on inexpensive earth-abundant 

elements are urgently required. In this perspective, the conversion of a POM-based WOC into 

stable colloidal metal oxide particles and the ability to catalyze water oxidation is investigated.  

(nBu4N)3[Mn4V4O17(OAc)3] ∙ 3 H2O (= {Mn4V4}) previously reported as water oxidation 

catalyst.[164] {Mn4V4} is sparsely soluble in water due to the presence of bulky nBu4N
+ cations 

and can only be dissolved by prolonged stirring or sonication. Dynamic light scattering (DLS) 

showed the formation of soluble colloidal particles with an average size of ca. 70 nm and a 

particle size distribution between ca. 25 -200 nm (Figure 29, left). Notably, the average particle 

size is independent of the initial concentration of {Mn4V4} ([{Mn4V4}] = 0.02 – 1.0 gL-1).  

       
Figure 29 Left: Dynamic light scattering measurement (DLS) of the colloid shows 

concentration independent average particle size of ca. 70 nm. Inset: Particle size distribution of 

a representative colloid sample. Right: Transmission electron microscopy (TEM) images of the 

colloid shows spherical particles exhibit a smooth surface and same size distribution as 

determined by DLS analysis.[165] 
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Ex situ scanning electron microscopy (SEM), transmission electron microscopy (TEM) and 

atomic force microscopy (AFM) investigations of drop-cast, dried samples showed spherical 

particles with a smooth particle surface and a size distribution of ca. 30 – 190 nm, which is in 

good agreement with DLS analysis, see Figure 29.  

The elemental composition of the colloidal particles was assessed using energy-dispersive X-

ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS). XPS data show a fully 

oxidized vanadium centers (VV) and mixture of MnIII and MnIV in an atomic ratio of ca. 1:1 as 

(see Figure 30), this is in agreement with the oxidation states of the precursor {Mn4V4} where 

the average Mn oxidation state was 3.5.[164]   

 

Figure 30 (A) Energy-dispersive X-ray spectroscopy (EDX) analysis,(B) X-ray photoelectron 

spectroscopic analysis (XPS) of the colloid indicating the presence of the expected elements 

Mn, V, O and C. (C) and (D) Detailed XPS spectrum of the V2p and Mn3s region, respectively. 

The observed splitting of ΔE = 5.1 eV for Mn3s region suggests mixed-valent Mn centers in 

the oxidation states +III/+IV.[165] 

Quantitative information was achieved by thermogravimetric analysis (TGA) of the colloid, 

whereby TGA shows a weight loss of ca. 16.5 wt% corresponding to the loss of ca. six water 
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molecules. Furthermore, XPS, TGA and FT-IR indicate the presence of ca. 0.2 nBu4N
+ cations 

per formula unit. As a result, an approximate composition of (~0.2nBu4N
+) [VMn5O10]. ~ 6H2O 

is suggested for the colloidal particles. 

The catalytic water oxidation activity of the colloid was investigated by addition of the chemical 

oxidant CeIV in water. As shown in Figure 31, upon cerium(IV) addition to the colloid solution 

([{Mn4V4}] = 0.2 – 1.0 gL-1), oxygen evolution starts instantly and follows an exponential 

increase after which a plateau is reached after ca. 50 min. it was found a linear correlation 

between the amount of oxygen evolved and the initial concentration of the colloid solution 

([{Mn4V4}] = 0.2 – 1.0 gL-1). 

 

Figure 31 Left: Oxygen evolution by the colloid upon addition of cerium (IV) nitrate (50 mM) 

to different concentration of {Mn4V4} in water. Right: Final oxygen concentrations as a 

function of the initial concentration of {Mn4V4} showing a linear correlation.[165] 
 

 

The recovery and reuse of the colloid as a water oxidation catalyst was tested by the 

precipitation of the colloid from the reaction solution and subsequent re-dispersion. DLS 

analysis of the re-dispersion colloid showed colloid particles with an average particle size of 

ca. 78 nm and no larger particles or precipitates were observed. However, the amount of 

evolved oxygen is dropped by ca. 49 % with respect to the native sample, this is likely due to a 

loss of colloidal particles during the recovery procedure.  
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In summary, the spontaneous conversion of molecular manganese vanadium oxide into 

manganese vanadate colloids is reported. The colloids show chemical water oxidation catalytic 

activity and can be recovered from the solution and re-used. Colloid stabilization under highly 

acidic conditions was achieved by cerium cations, leading to a self-stabilization of the chemical 

water oxidation system under operating conditions.  

These results were published in “From molecular to colloidal manganese vanadium oxides for 

water oxidation catalysis”, Benjamin Schwarz, Johannes Forster, Montaha H. Anjass, Sven 

Daboss, Christine Kranz and Carsten Streb, Chem. Commun. 2017, 53, 11576 – 11579.  

For detailed information see Chapter 6.5. 
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4. Summary and outlook 

Within this work, experimental investigations are combined with theoretical calculations to 

achieve a better understanding of the electronic structure, redox and catalytic activity of metal-

functionalized polyoxometalates. Furthermore, the use of vanadium- and molybdenum based 

polyoxometalates in multi-functional molecular and composite materials was studied in order 

to broaden the range of properties and potential applications for the versatile inorganic class of 

polyoxometalates. 

Three main projects were addressed in the present work: 

4.1 Controlled reactivity tuning of metal-functionalized polyoxovanadates and 

polyoxomolybdates  

The ability of vanadium to form wide range of coordination geometries allows for the design 

of highly flexible ligand environments suitable for the stabilization of additional metal centers. 

The coordination of CoII to cyclic metavanadate [V4O12]
4- via three terminal V=O oxo ligands 

results in the formation of a CoII-based coordination site for a series of anions. Notably, 

significant spectral changes were noted upon anion binding. Furthermore, the distinct halide 

and pseudo-halide anions exhibit characteristic absorption features, which allows for selective 

anion detection from mixtures in solution. Amongst halides (e.g. F-, Cl-, Br-, I-), only chloride 

and to a lesser extent, fluoride result in a spectral response by {CoV4}, whereas no spectral 

changes were noted for bromide and iodide. Furthermore, a series of pseudohalides, OCN-, 

SCN- and N3
- show characteristic spectral changes and anion binding. While, no specific 

spectral response was observed for I3
-. Finally, the compound was immobilized on thin layer 

chromatography silica for the facile anion detection with a dip-stick probe. An instantaneous 

color change from light brown to blue was observed after dipping into acetate solution upon 
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binding of acetate, which allows for semi-quantitative anion detection based on the intensity of 

the color correlated to the initial anion concentration. 

Since photochemical and electrochemical properties of polyoxometalates strongly depend on 

their chemical composition, the electronic structure of the cluster framework significantly 

affects overall catalytic activity. To this end, Tuning of the electronic structure and catalytic 

activity of the Anderson anion was achieved by incorporation of a series of 3d-block transition 

metals (e.g. Mn3+, Fe3+, Co3+) into the POM framework. To gain insight into the role of the 

central transition metal and to examine the modification of electrochemical properties by 

incorporation of redox-active 3d-block transition metals, the theoretical redox potentials, 

frontier molecular orbitals and HOMO-LUMO energy gaps were calculated using density 

functional theory (DFT) for all cluster derivatives. Amongst the metal-functionalized Anderson 

anions, the Mn-containing derivative has the highest electron affinity due to the lowest LUMO-

energy within the series. Furthermore, the location of HOMO and LUMO orbitals showed that 

the first electron transfer to the native cluster led to the reduction of the central transition metal. 

Spectroscopic and catalytic investigations of the corresponding POM-photosensitizer dyads 

were in line with the theoretical data. The Mn-based dyad showed significantly higher 

quenching, highlighting enhanced electronic coupling within the dyad. Further comparative 

HER activity showed significant differences in catalytic activity and determined the Mn-based 

dyad as the superior HER catalyst within the series.  

{FeV12} is another example of the tunable electrochemical properties of polyoxovanadates via 

incorporation of redox active centers. The cyclic voltammogram of the {FeV12} exhibits three 

redox processes in the potential range of (–1.0 - 0.8 V vs. Fc+/Fc), two reversible processes and 

one quasi-reversible process. It is difficult to define which part of the POM was reduced or 

oxidized from only the cyclic voltammetry curves. Density functional theory (DFT) 
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calculations could provide clues into the redox positions of the POMs. However, pure 

theoretical modelling for a complex system may not be able to predict the real behaviour of 

POM without further experimental supports. To this end, experimental and theoretical studies 

including electron paramagnetic resonance spectroscopy and density functional theory verify 

the formation of the low-valent iron (I) species in the high-valent vanadium (V) based molecular 

metal oxide cluster {FeV12}. Work is ongoing to isolate the pure, 1- and 2-electron reduced 

species to enable spectroscopic and magnetometric characterization. Future studies will aim at 

extending this synthetic route to related 3d-metal-functionalized dodecavanadates. 

 

4.2 Polyoxovanadate based electrode materials for lithium ion batteries 

Inspired by previous reports on polyoxometalate based electrode materials for Li-Ion Batteries 

(LIB)[84, 87,88, 96,98] this study aimed at studying the molecular structural stability of the hydrated 

decavanadate compound Li6[V10O28].16H2O - which is typically used as starting material in 

decavanadate-based LIB - under typical electrode fabrication processes and pre-heat treatment 

for the removal of crystal water. Powder X-ray diffraction and Raman spectroscopy together 

with wet-chemical studies showed that the molecular vanadium oxide clusters are unstable 

under typical battery electrode fabrication conditions – even at moderate temperatures – and 

undergo irreversible structural degradation and conversion to solid-state vanadium oxides. 

Future work will explore how molecular vanadium oxides clusters can be stabilized as active 

electrode materials in rechargeable molecular cluster battery by means of immobilization on 

conductive nanostructured supports mainly conductive polymers, to explore the true 

performance of these molecular species as battery electrodes material. Preliminary results 

related to this project are presented in the following section. 
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4.3 Inorganic-organic polyoxometalate hybrids with remarkable properties and a wide 

range of applications 

Exploring POMs as functional materials for common applications is limited because of their 

solubility in aqueous and many organic solvents. Immobilization of POMs on nanostructured 

supports is a practical way to circumvent solubility issues while retaining their unique 

electrochemical redox behaviour. Furthermore, the structural stability of molecular vanadium 

oxides during typical electrode fabrication processes limits their use as active electrode 

materials in batteries. High-performance batteries and supercapacitors require stable chemical 

and electrical linkage between a redox-active material such as polyoxometalates (POMs), and 

electrically conductive supports such as conductive polymers.   

The new strategy towards the integration of POMs in conducting organic polymers (CPs) was 

designed and successfully employed. Here, we report the fabrication of hybrid materials based 

on the embedding of the highly redox-active metal-functionalized molecular vanadium oxides 

a series of clusters - with the general formula [{TM(L)}V12O32Cl]n- = {TMV12} (with TM = 

Mn2+, Fe3+, Co2+, Cu2+, L = Cl- for Mn and Fe; L = MeCN for Co and Cu)- into conductive 

polymers via chemical or electrochemical polymerization. {FeV12} and {CuV12} are used as 

catalysts for the oxidative formation of poly 3,4-ethylenedioxythiophene (PEDOT). During 

polymerization, the POM is embedded within the conductive polymer. The POM-PEDOT 

composite was investigated by scanning electron microscopy/energy-dispersive X-ray 

spectroscopy (SEM-EDX), whereby EDX-elemental mapping of the composite showed the 

presence of all expected elements and the homogeneous distribution of the POM within the 

conductive polymer matrices (see Figure 32).  
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Figure 32 EDX spectrum and EDX-elemental mapping of the {FeV12}-PEDOT composite 

show the presence of all expected elements and the homogeneous distribution of the {FeV12} 

within the conductive polymer matrices. 

 

Non-catalytic clusters, e.g. {MnV12} and {CoV12} are embedded in the polymer matrices via 

electropolymerization, SEM-EDX verify the formation of the hybrid materials (see Figure 33).  

 

Figure 33 EDX spectrum for the PEDOT (Top) and {MnV12}-PEDOT hybrid materials 

(Bottom) formed by electropolymerization on Al-mesh working electrode. 
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Future work will be directed towards providing molecular-level insight into the structure, 

conductivity and redox activity of the formed hybrid materials. To this end, the electrochemical 

characterization, structural and morphological characterization will be investigated by electron 

microscopy, Raman-spectroscopic, Energy-dispersive X-ray spectroscopy and X-ray 

photoelectron spectroscopy techniques together with density functional theory (DFT) 

calculations.  

Furthermore, we will explore how carbon black- and binder- free electrode materials can be 

developed by using a highly conductive polymer which can be promising electrode material for 

Li-ion batteries and post-Li-ion batteries. 

 

In the field of organofunctionalized reactive POMs, a bifunctional linker that combines a 

phosphonate anchoring group and a reactive organo-azide unit for attachment of functional 

complexes, was synthesized and grafted on molecular and solid-state metal oxides. The 

anchoring of the bifunctional tether to molecular metal oxides was demonstrated by covalent 

grafting of the phosphonate binding sites onto Strandberg anions [Mo5O15(PO3R)2]
n- (R = 

organic groups) as suitable model system. Organo-functionalization of polyoxomolybdates 

with phosphonates via covalent attachment was achieved by self-assembly in aqueous solution. 

Single-crystal X-ray diffraction confirmed the formation of a phosphonate-linked Strandberg 

cluster [Mo5O15(O3PCH2PhN3)2]
4-. The concept of functional platform assemblies was further 

extended to solid-state metal oxides. The Surface of TiO2 was modified by stable anchoring of 

the bifunctional linker and verified by UV-Vis spectroscopic adsorption and leaching 

experiments. The general “CLICKability” of the functional azide unit was further investigated 

via Cu(I)-catalyzed alkyne-azide cycloaddition of the model reagent phenyl acetylene. TGA 

and ATR-FT-IR spectroscopy showed successful acetylene coupling giving overall conversion 
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of approximately 90%. Further verification of the bulk surface modification was given by SEM-

EDX spectroscopy showing the presence of all expected elements. 

The sonication of the highly efficient homogeneous water oxidation catalyst {Mn4V4} aqueous 

conditions led to the formation of soluble colloidal metal oxide particles, with the approximate 

composition VMn5O10 ∙ ca. 6 H2O ∙ ca. 0.2 nBu4N
+ as confirmed by TGA and EDX. Ex situ 

particle analysis by TEM, SEM and AFM showed spherical particles with a smooth surface and 

a size distribution of ca. 30 – 190 nm, which is in good agreement with in situ DLS analysis 

that showed the formation of colloidal particles with an average size of ca. 70 nm and a particle 

size distribution between ca. 25 -200 nm. XPS-analysis showed fully oxidized vanadium 

centers and a mixture of MnIII and MnIV in an atomic ratio of ca. 1:1, similar to the situation 

observed in the precursor {Mn4V4}. The colloids show chemical water oxidation catalytic 

activity in combination with cerium-based oxidants and high stability under highly acidic 

conditions. Colloid stabilization was achieved by cerium cations, leading to a self-stabilization 

of the water oxidation system under operating conditions and can be recovered from solution 

and re-used.  
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