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I	
		

	

Abstract	
 

 

Nowadays, a dependence on coal, oil and natural gas has created severe air pollution and 

global warming with alarming consequences. Solar energy, wind power, nuclear energy, as 

well as geothermal energy represent sustainable energy sources which are however 

“uncontrollable” in dimensions of time and space. The electricity grid, which is powerful in 

accumulating and re-distributing all the power generated from the above ways, requires high 

financial investments and infrastructural built-up. Therefore, the whole society’s concerns are 

concentrating attention once again on portable chemical energy storage systems. The lithium 

ion battery provides the portability of chemical energy and at the same time delivers this 

energy as electricity with high conversion efficiency and without pollution. With the fast-

increasing development of electric vehicles, the research and development of low-cost, safe, 

highly efficient rechargeable Li batteries is becoming a priority on the agenda of material 

scientists. As such, the large-scale fundamental implementation of lithium batteries (or other 

rechargeable batteries) can not only benefit the stationary storage of electricity connected with 

the grid, but also provide convenient power usage for portable electric products including 

vehicles. 

 

Polyoxometalate (POM) chemistry, features a large group of earth-abundant, redox active 

metal oxide clusters and provides material scientists with infinite possibilities to develop 

POM-based novel battery materials. POMs are ideal components for molecular cluster 

batteries (MCBs) which exhibit excellent features including multi-electron storage, where the 

transition metals provide empty d orbitals that can host excess electrons in order to realize the 

Li-interaction within molecular structure. The nanocarbon family, including various 

dimensional carbon allotropes, offers great conductive pathways and architectural building 

blocks which can incorporate POMs to construct a wide range of POM/nanocarbon 

hybrid/composite supramolecular structures.  

 



II	
		

In this PhD thesis, a state-of-the-art of the POM/nanocarbon energy materials is summarized 

and the research works that have been contributed by the author during his PhD studies are 

discussed. The linkage of POMs and various dimensional nanocarbon allotropes can be 

generally classified into covalent binding, non-covalent attachment and electrostatic assembly. 

On the other hand, the architectural built-up can be summarized by the topological 

characteristics of nanocarbon substrates, including 0D graphene quantum dots, 1D carbon 

nanotubes, 2D graphene and graphene oxide as well as 3D porous carbon matrix. In this 

context, according to the author and his collaborators’ own contribution, four different types 

of POM based superstructures are critically investigated which are:  

 

1) Sonication-driven-growth of POM nanocrystals on 1D single-walled carbon nanotubes; 

 

2) Self-assembly of POM clusters and 0D graphene quantum dots into nanorod-like 

composites; 

 

3) Immobilization of POM clusters on 3D hierarchical porous polymers; 

 

4) Incorporation of polyoxovanadates into 3D metal organic framework followed by pyrolysis 

to form alloyed cobalt vanadium oxide/carbon hierarchical composites. 
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Notation	
	

	

The standard notation of POM clusters, using square brackets e.g. [CoII
4(H2O)2(PW9O34)2]10-, 

does not add to the clarity of the text. Therefore the complete formulae of cluster compounds 

are simplified by an abbreviated notation using square brackets, which enclose only the type 

and number of metal centers within the POM framework, e.g. [Co4(PW9)2]. In this case, {Co4} 

is used sometimes for further simplification. 

 

Polyhedral subunits are indicated using the square bracket notation [MOx] (M = central 

transition metal, x = 4 - 6). For example, an octahedral building unit where six oxygen ligands 

(O) coordinate to a central transition metal (M) will be noted as [MO6]. The assignment of the 

corresponding charge is missing due to the intention of giving only structural information.  
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1.	Introduction		
 

 

Along with a rapid-growing global economy, the world’s energy consumption has 

dramatically increased.[1] Therefore, the issue of the sustainability of energy supplies has 

attracted worldwide concern due to the energy and environmental crisis created by the 

depletion of traditional fossil fuel and its related environmental pollution.[2,3] It is well-known 

that the clean energy generated by solar power and windmills not only exhibit limited 

application scopes, but also demand huge energy-storage systems because of their localization 

and time-dependent, unpredictable energy output. In addition, a fast developing market for 

portable electronic devices and electrical vehicles has also led to the vigorous research and 

development of the next-generation energy-storage systems. Such systems should not only 

feature high electrochemical performance, but also be sustainable, easy to be recycled, cost-

effective etc. In evaluation of the energy content, terms of “energy density” (expressed in Wh 

L-1 or Wh Kg-1) and “power density” (expressed in W L-1 or W Kg-1) are used.[4][5]  

 

Polyoxometalates (POMs) are a family of molecular metal oxide clusters which are built by 

transition metals such as V, Mo, W, Nb etc. It is proven that POMs can act as a molecular 

cluster reservoir to store multiple electrons.[6] To harness the superior electron/energy storage 

of POMs and to synergistically incorporate conducting nanocarbon substrates, hybrid 

supramolecular structures can be fabricated, which feature excellent interfacial electron 

transfer and storage when used in Lithium ion batteries. 

 

In this thesis, we will pay main attention on:  

1) the fundamental redox properties of the basic building units, which are POMs and 

nanocarbons; 

2) supramolecular assembly of the hierarchical POM-based nanocarbon complex; 

3) explore the above mentioned composite materials used in Lithium ion batteries  

 

In the last 30 years (1988-2017) there are over 36000 publications that involve at least some 

aspects in the topic of polyoxometalate/carbon materials associated with energy and 
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environment.[7] The rate exhibits a linear trend when plotting on a logarithmic scale, which 

implies that the investment and investigation into the POM/nanocarbon composite materials 

are still developing vigorously. 
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Figure 1. The number of publications that feature the term of “polyoxometalate/carbon materials for 

energy and environment” against the year. The Y axis on the right is plotted on a logarithmic scale 

showing a linear trend. Source: SciFinder, American Society of Chemistry.  
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1.1	Fundamental	POM	properties	
 

1.1.1	General	POM	structure		
 

Polyoxometalates (POMs) are inorganic metal-oxo cluster anions that have the general 

formula [XmMxOy]n-, which consists of two or more high-valent transition metals (M) (e.g. 

M=W, V, Mo…) linked via bridging µ-oxo-ligands (O). In the formula X represents a 

heteroanion, which could be P, Si, etc. The early transition metals (M), which are called 

addenda atoms, exist as oxoanions in the cluster in a high oxidation state (d0, d1). The 

formation of the coordination polyhedra [MOy] (y=4-7), which act as building blocks for the 

formation of POMs, is enabled by terminal oxo-ligands and bridging µ-oxo-ligands. During 

the process of POM assembly, the building blocks can be linked by sharing corners, edges and 

faces.[8] 

 

Long and colleagues have developed a “polyoxometalate periodic table”, which encompasses 

a classification of the POM formula that are currently discovered (Figure 2).  
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Figure 2. POM nuclearity using a classification based on building blocks of high-nuclearity clusters 

(Mo, W, V and Nb POMs). The generic building blocks (in boxes with solid black lines) have been 

isolated as stable clusters: W11 isopolyanion, lacunary Keggin (W9X, W10X, W11X), lacunary Dawson 

(W(18-z)P2), and Nb24 isopolyanions. These building blocks can be linked to form higher nuclearity 

clusters of nuclearity n by linkers L that contain a transition metal ion, alkyl metals, or heteroions. 

Thus (W9)n(Lm) is composed of n W9 building blocks assembled with several linkers of general 

formula Lm (the heteroatoms X are omitted here). Structural building blocks (in boxes with dashed 

lines) have not been isolated as clusters to date, but can be considered as building blocks for high-

nuclearity POMs. These are: M5 (one-metal lacunary Lindqvist; M=W, V, Nb), W12P2 (hexavacant 

lacunary Dawson), and M(M5) (pentagonal building blocks; M=Mo, W and Nb). Note: solid and 

dashed arrows do not correspond to synthetic routes. In a separate category are the noble metal POMs, 

where X=As for the Pd compound, and X=S for the Pt compound. Reproduced with permission from 

(Angew. Chem. Int. Ed., 2010, 49, 1376-1758). Copyright (2010) John Wiley and Sons.[7]  
 

Generally, the structure of POMs can be separated into three broad subsets: 

1) Heteropolyanions are metal oxide clusters that include heteroanions such as SO4
2- and 

PO4
3-. Typically, the Keggin [XM12O40]n- and Wells-Dawson [X2M18O62]n- anions (where 

M=W or Mo; X is a tetrahedral template) are the most investigated POM clusters. Vacancies 

(i.e. structural defects) can be introduced to tungsten-based POMs by controlled hydrolysis. 

There can be linked to larger, well-defined 2D or 3D architectures through organic ligands or 

metal complexes.[9,10](Figure 3, Figure 7) 

 
Figure 3 Polyhedral representation of the Keggin polytungstate anion [PW12O42]n- (=[PW12]) (bottom) 

and its lacunary derivatives (up). The removal of [WOn] units (represented by -1 W, -2 W and -3 W) 

leand to the mono-vacant [PW11O39]n-(= [PW11]), di-vacant [PW10O36]n- (=[PW10]), and the tri-vacant 

[PW9O34]n- (=[PW9]) clusters, respectively. 
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The vacant binding sites of the lacunary polytungstates can be subsequently functionalized by 

other metal cations For example, such modified clusters can be [RuIII(DMSO)SiW11O39]5- 

(=[RuW11]),[11] [γ-PW10O38V2(µ-OH)2]3-(=[V2W10]),[12] [MnIII
3MnIV(CH3COO)3SiW9O34]6- 

(=[MnIII
3MnIVW9])[13,14] In the latter case of (=[MnIII

3MnIVW9], the functional core of 

oxygenic photosynthesis is recognized to take charge of catalytic water oxidation by a multi-

redox MnIII/MnIV manifold that evolves through five electronic states. 
 

Recently, the so called “sandwich-type” POMs which is built from two equivalent [PW9], 

[PW10], or [PW11] units have shown interesting physical and/or chemical properties and have 

attracted significant attention of POM chemists. In 1998, Michael T. Pope et al have reported 

an optimized synthetic strategy to obtain K10[(PW11O39Rh)2]·xH2O (here abbreviated as 

[Rh2(PW11)2]10-.[15] Subsequently, Maxim N. Sokolov et al. have developed the 

[Re2(PW11O39)2]8- structure.[16] Leroy Cronin et al have reported a series of “sandwich-type” 

POMs single-molecule magnets, which feature a general formula as [MnIII
4 MnII

2 

(H2O)4(XW9O34)2]12- (X=Ge, Si).[17]  

 

 
 

Figure 4. Polyhedral representation of the molecular structure of the polyanions 

[Co4(H2O)2(PW9O34)2]10– ({Co4}, left), [Co4(H2O)2(P2W15O56)2]10– ({Co4}-Dawson, center), and 

{Co9(H2O)6(OH)3(HPO4)2(PW9O34)3}16– ({Co9}, right). WO6= gray octahedra; PO4= black octahedra; 

Co = pink; P = black; O = red.	 Reprinted with permission from (Inorg. Chem., 2012, 51, 11707-

11715). Copyright (2012) American Chemical Society.[18] 

 

During the last decades, significant efforts have been paid to investigate their catalytic 

performance. The “sandwich-type” POMs themselves can act as good WOC catalysts either in 
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homogeneous or heterogeneous system. Also, when being immobilized on various substrates 

through covalent or non-covalent bonding, the hybrid clusters or composites have exhibited 

great potential for application driven research. However, the hybrid materials will be 

discussed in a separate section. 

 

Noritaka Mizuno et al have enriched the [M2(H2O)2M2(CH3CN)2(SiW10O36)2]6- (M=Ce, Zn) 

family (abbreviated as [M4(SiW10)2]) by incorporating them into the homogeneous and 

heterogeneous catalysis, including chemoselective oxidation of secondary alcohols and 

photocatalytic oxidative transformations of amines.[19,20] Craig Hill et al have pioneered the 

research by developing [CoII
4(H2O)2(PW9O34)2]10- clusters (abbreviated as [Co4(PW9)2])[21–23] 

in water oxidation, where the rhombic tetracobalt structure {Co4} is proven to be catalytically 

active site. (Figure 4, left) However, the identical rhombic {Co4} site in Dawson analogue 

was found to be inert in the catalysis.[24] (Figure 4, middle) In 2011, Richard G. Finke et al 

have reported that, rather than the catalysis contribution of [Co4(PW9)2] itself, the colloidal 

CoOx produced during catalysis acted as real catalyst.[25] (Figure 5) Marcella Bonchio et al 

have discovered the [Ru4(H2O)4(SiW10O36)2]10- by using highly active Ru metal and di-vacant 

[SiW10] clusters and subsequently applied them into water oxidation. The “sandwich-type” 

POM cluster exhibited excellent catalytic performance through the synergetic effects of POM 

and nanocarbon substrates.[26,27] 

 

Besides the “sandwich-type” assembly through intermolecular dimerization, even larger 

clusters can be formed by more than two lacunary tungsten- and molybdenum-based 

Keggin/Dawson derivatives. For example, J. R. Galán-Mascarós et al have synthesed the 

{Co9(H2O)6(OH)3(HPO4)2(PW9O34)3}16- cluster (here denoted as [Co9(PW9)3]; Figure 4 right). 

It forms in a solution of sodium tungstate, sodium phosphate, and cobalt(II) acetate at pH > 7. 

The molecular structure contains three triads of edge-sharing CoIIO6 octahedra supported by 

three trivacant Keggin type [PW9O34]9- units. The triads are interconnected through three OH- 

and two HPO4
2- bridges. Six of the Co ions complete their coordination sphere with terminal 

water molecules.[18] This novel WOC showed good performance in oxygen evolution in the 

7< pH< 9 range without any sign of fatigue or decomposition. Most recently, the same group 

has updated the excellent ability of the same cluster in hydrogen evolution under acidic 

conditions, which outperforms the state-of-the-art IrO2 catalyst with super-low overpotential 

at 1 mA cm-2.[28] Wang et al. have reported a series of supramolecular POM cluster which 

feature the general formula [{Co4(OH)3(PO4)}4(XW9O34)4]n- (X= Si, Ge, P, or As; n=28 or 
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32).[29] Each cluster contains a {Co4O4} cubane that has been proven to be effective in 

photocatalysis of water oxidation, by maintaining its structural integrity under the catalytic 

condition. In 2015, Wang et al used tri-vacant {SiW9} fragments to build three types of POM-

based polynuclear nickel clusters, where {Ni12}, {Ni13} and {Ni25} functioned as catalytic 

center in light-driven water oxidation.[30]  
 

 
 

Figure 5. Proposed heterogeneous CoOx catalyst formation pathway and a polyhedral plus ball-and-

stick model of the cobalt POM starting material (WO6, blue polyhedra; PO4, orange polyhedra; Co, 

purple; H, white; O, red). Reprinted with permission from (J. Am. Chem. Soc. 2011, 133, 14872–

14875). Copyright (2011) American Chemical Society.[25] 
 

2) Isopolyanions are composed of a metal oxide framework, but without the internal 

heteroatom/heteroanion. They feature the general formula [MxOy]n- with M=addenda atom 

(M= Mo, V, W, Nb, Ta, etc.) The empty d-orbitals of the transition metals enable a strong 

metal-oxide π-bonding situation in addition to the primary coordinative bond between the 

addenda atom M and the oxygen atom, which further leads to the formation of a stable cluster 

architecture. The strong π-bonding between addenda metal and terminal oxygen atoms 

decreases the basicity and nucleophilicity of the terminal M=O ligand and hence inhibits the 

infinite self-assembly of the metal oxide clusters. Therefore, comparably small-sized, 

dynamically stable, individually discrete molecular clusters are developed.[31] In addition, the 

low basicity results in only weak hydrogen binding between these terminal oxo ligands, which 

leads to the generally high acidity of polyoxometalates.[32] Consequently, the metal atoms that 

can be used as addenda atoms need to provide empty d- orbitals which helps to narrow the 

range of possible transition metal candidates into a catalog that contains only the early 

transition metals with high valence.[33] Hence, the unique properties such as the high charges 
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and strongly basic oxygen environment make them very attractive building blocks for further 

applications in either molecular assembly or functional outlets.[34] 

 

One of the most explored isopolyanion is hexanuclear Lindqvist cluster [M6O19]n- (M=MoVI, 

WVI, NbV, TaV).[35] It consists of six edge-sharing [MO6] octahedra, in which a central oxygen 

is bound covalently as µ6 -sharing template to all six MVI addenda. The remaining eighteen 

oxo ligands additionally compensate the positive charge of the metal centres and are bound as 

six terminal M=O ligands and as twelve µ2 -bridged M-O-M units. The Lindqvist ion has a 

general symmetry of Oh, however it can be changed to less symmetric when various 

heterometals (M’) are introduced (M’= transition metal, e.g. Ti, Zr, Hf, Co, V etc.).[36–38] For 

example, cis and trans isomers can be formed when two of the [MO6] octahedras are replaced 

by [M’O6] (Figure 6). Such subtle modification in structure allows the Lindqvist cluster to 

acquire tunable ability and hence variable photo- or electro- properties. For instance, under 

UV light the absorption band of parent homometallic custer [M6O19]2- is mainly located below 

400 nm, whereas the incorporation of a vanadium exhibits a bathochromic shift with light 

absorption up to 480 nm by forming a low-energy O®V LMCT transitions.[39] The 

electrochromic properties will be discussed as redox mechanism in a separate chapter. 

 

 

 
 

Figure 6 Ball and stick representation of Lindqvist ions of the formula [M´2M4O19]4- containing two 

heterometals (M´) in cis (left structure) or trans position (right structure). Color scheme: O (red), 

heterometals M´ (turquoise), addenda atoms M (black). 
 

3) Molybdenum blue and molybdenum brown reduced POM clusters are related to the 

archetypal “molybdenum blue” species, which were first reported by Scheele in 1783. Müller 
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et al. have done much important work in synthesis and structural characterization of very-

high-nuclearity clusters such as {Mo154}.[40] Changing the pH and increasing the amount of 

reducing agent along with incorporation of acetate ligands can lead to the formation of a 

spherical ball-like cluster {Mo132}. In this thesis, however, we will not focus on this subset. 

 

 

1.1.2	Formation	process	and	mechanism	

 

After the first polyoxometalate, namely [PMo12O40]3-, was reported by Berzelius in 1826, two 

structural isomers of silicotungstic acid H4[SiW12O40] were discovered by Marignac, which 

today are referred to as the α- and β- form.[41] The first classic type POM is Keggin, which 

was named after the chemist J. F. Keggin who had experimentally solved the α- isomer crystal 

structure in 1933 using powder XRD.[42] Nowadays, a variety of POM clusters are discovered, 

among which the four prototypes listed below are most well-known and most investigated 

(see Figure 7) 

 
Figure 7. Four classic types of polyoxometalates are shown by polyhedral illustration, which are 

Keggin structure [XM12O40]n-; Dawson structure [X2M18O62]n-; Lindqvist structure [M6O19]n-; and 

Anderson structure [XM6O24]n-. Color scheme: addenda atoms M= e.g. MoVI, WVI, VV: cyan, 

templating metal X: purple, O: red. 
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Keggin-, Dawson-, Lindqvist- and Anderson-type POMs are most investigated classic POMs, 

as they exhibit a tremendous diversity in terms of structure and function.[23,43] 
 

Generally, the synthesis of POM takes place in aqueous media. The size and geometry of 

POMs are influenced by many parameters like pH, temperature, pressure, ionic strength, 

stoichiometry, etc.[44–46] Besides molybdenum and tungsten based POM chemistry where 

octahedral [MO6] units dominate the structures, whereas vanadate family forming the 

polyoxovanadates provide a great structural diversity starting with the basic oxo-coordinated 

vanadium building blocks, e.g. [VO4], [VO5], [VO6].[47] Figure 8 has shown three typical 

polyoxovanadate molecular structure, which are {[V10O28]6-}, {[V12O32Cl]3-}, and 

{[V14O42P]9-}.[48–50] Characterization techniques including 51V-NMR, 17O-NMR, as well as 

UV-Vis spectroscopy have been implemented to investigate aqueous, pH-dependent 

vanadium oxide chemistry.[51,52]  

 

 
 

Figure 8. Three types of polyoxovanadate molecular structure. Left: [V10O28]6-; middle: [V12O32Cl]3-, 

and right:[V14O42P]9-. Color scheme: addenda oxoanions, cyan, template atoms such as P, Cl, etc, green.  
 

As shown in Figure 9, at highly alkaline conditions, only [VO4]3- ions can exist in solution. 

As the pH slightly decreases, the intermediates such as [HVO4]2-, [H2VO4]- and H3VO4 can be 

developed. In the range of pH value from 8 to 13, monovanadates, e.g. [HVO4]-, divanadates 

[V2O7]4- and metavanadates [VnO3n]n- (n= 3 or 4) can be formed through condensation 

reactions. Further decrease of the pH value can lead to protonated and non-protonated forms 

of decavanadate [V10O28]6- and finally to the precipitation of vanadium pentoxide, V2O5. 

Whereas in the condition of very acidic pH, the vanadyl cation [VO]2+ can be obtained as the 

smallest fragment in vanadate chemistry.[53,54] The highly symmetric cluster [V10O28]6- can be 

self-assembled from mononuclear orthovanadate [VO4]3- units in the pH range of 2-6. The 
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Figure 9. The formal condensation/hydrolysis equilibriums of anions and oxides in vanadium (V) 

chemistry. Reprinted from (Coord. Chem. Rev., 2011, 255, 2270-2280), Copyright (2011), with 

permission from Elsevier[53]. 
 

addition of acid enables the extension of the Vanadium coordination number from four to six 

and the formation of the decavanadate cluster via condensation reactions and aggregation of 

oligo-nuclear [VxOy]n- species. The cluster can finally be isolated through diffusion 

crystallization or just by addition of another component that makes the product precipitate, e.g. 

using tetrabutyl ammonium cations as the counter cations. 

 

The addenda metal atoms in the cluster provide empty d- orbitals for strong π-bonding with 

oxygen atoms, which leads to a subsequent decrease of basicity and therefore the 

nucleophilicity of the terminal oxygen ligand. As such, the driving force for further 

condensation reactions are limited and the cluster size is controlled discretely instead of 

expanding infinitely.[31] (Figure 10) 

	
 

Figure 10. Schematic illustration of a condensation reaction of two coordination octahedra in aqueous 

media forming reactive fragments by formation of µ-oxo-bridges between the metal centres 

(oxolation), the fragments assemble further yielding a stable POM anion [MxOy]n- (M=V, Mo, W). 
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To date the exact self-assembly mechanisms behind the formation of the stable POMs have 

not been fully discovered, despite tremendous progress which has been made in recent years. 

As the crystallization of well-formed clusters is thermodynamically favored, the isolation and 

analysis of intermediate products seems to be very difficult based on the current techniques. 

However, important tools such as 17O-NMR studies,[55] theoretical calculations,[56] and real-

time observation techniques could be implemented to monitor the process during self-

assembly.[57–60] Hopefully in the near future, the breakthrough in discovery of the formation 

mechanism will further lead us to build up new POM chemistry from structure to function. 

 

1.1.3	Mechanism	in	redox	activity	
 
POMs have been used to fabricate a variety of photochromic or electrochromic materials due 

to their unique redox activity, such as nanocomposite molecular devices,[61] photocatalysis,[62] 

rewritable paper,[63] composite membrane,[64] etc. 

 

 

 
 

Figure 11. A) Simplified model showing the electronic transitions in the polyoxometalates containing 

electron donor and acceptor: (a) generation of charge carriers; (b) electron and hole trapping; (c) 

electron release due to stimulation; (d) recombination between electron and hole. Electrons are e-, and 

holes are h+. B) Energy scheme for the electrochromism of polyoxometalates: (a) electrochemical 

reduction; (b) electrochemical oxidation. 

 

A) B) 
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The photochromic or electrochromic-induced color change of POM and related metal oxide is 

due to the trapping of d1 electrons at certain metal sites (usually octahedral MO6 sites), which 

is caused by photoexcitation of O→M LMCT bands or from electrochemical reduction. The 

trapped d1 electrons cause visible light to be absorbed at d-d and/or inter valence charge-

transfer bands. In photo- induced redox changes, the holes (counter carriers) are trapped at a 

metastable site in the lattice. The relaxation of the O→M LMCT excited states in the 

polyoxometalate lattices is closely related to both electron and energy transfers. 

 

Oxygen-to-metal (O→M) ligand-to-metal charge transfer (LMCT) can cause the oxidized 

metal oxides, featuring d0 electronic configurations, to exhibit an absorption band in the near-

UV range. Upon irradiation, electrons are promoted from the low-energy O 2p states, which 

are HOMO, to the high energy metal d orbitals, which are LUMO. The fundamental 

transitions in POMs are illustrated schematically in Figure 11A. Specifically in mixed metal 

POMs, the charge carriers which are created by the light or electric field may be trapped in 

electron traps and hole traps. These traps provide states of localized energy in the O→M 

LMCT energy gap due to the heteroatoms or counter cations which correspond to impurities 

or lattice defects in the band model. If the trap depth, ∆E, is large compared to kT, the 

probability for thermal escape from the trap will be negligibly small and a metastable 

situation will exist. The trapped carriers can be released by thermal or optical stimulation. It 

should be noted that the O→M LMCT states also can be generated by the application of very 

high electric fields to the polyoxometalate solids, as demonstrated by the observation of 

electroluminescence.[65] 

 

If an external electric field, whose potential is more negative than the energy levels of the 

vacant orbitals involved in the O→M LMCT transition, is applied to a POM molecule on the 

electrode surface, an electrochemical reduction reaction will take place. And hence the 

electrons from the electrode will be injected into the vacant orbitals of the POM. (Figure 11B) 

However, the electrons can also return to the electrode by electrochemical oxidation at an 

electrode potential more positive than the energy levels for the d1 electron states. 

 

J. Wayne Rabalais and his colleagues have summarized the photo- and electro-induced redox 

properties of transition metal oxide films. The metal oxides can exist in a well-defined less 

oxygen-containing condition, when the starring WO3, MoO3, and V2O5 are evaporated into 

thin membranes. Upon UV irradiation, the membranes can be colored to be deep blue, and 
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then can be bleached by heating in the presence of oxygen.[66] The above-mentioned general 

mechanisms are of great importance for us to further understand the complicated mechanisms 

in POM redox chemistry. 

Vanadium oxide (V2O5) can show good electrochromic performance only at high oxygen flow 

when they are deposited by reactive sputtering technique as a thin film. 

According to the reaction formula as: 

 

V2O5 + xLi+ + xe- → LixV2O5                                                                                                   (1) 

 

The films are cathodically colored at wavelengths of > 500 nm, leading to an amorphous 

microstructure and high hydrogen loading that is present as O-H groups or as water 

molecules.[67] As mentioned before, the fundamental vanadate species can act as building 

blocks, which undergo photochemical self-assembly in the presence of small, negatively-

charged or neutral species, to yield a larger and well-defined crystal structure.[68–70] Therefore, 

a family of mixed-valence isomers can be easily controlled and prepared through the 

template-induced self-assembly. For example, under prolonged photolysis in basic aqueous 

solution, the [V4O12]4- species can interact with the templates such as CO3
2-, Cl-, N3

-, and 

PO4
3- to form [V15O36(CO3)]7-, [V18O42(Cl)]13-, [V18O44(N3)]14-, and [V18O42(PO4)]11- which 

have approximate  symmetries of D3h, D4d, D2h, and Td, respectively. While the structural 

difference in molecular scale strongly rely on the electrostatic force with templates. Most of 

the cluster consist of [VO5] square pyramids, whereas in [V15O36(CO3)]7- and [V18O42(PO4)]11-, 

additional [VO6] octahedra are coordinated to those [VO5] species. Yamase et.al. have found 

that the [HV2O7]3- cluster is photosensitive and can be used in photocatalysis of H2 evolution 

from electron-donating organic substances.[71] Chemically induced dynamic electron 

polarization (CIDEP) spectroscopy of the POM/alcohol systems reveals that the precursor in 

the photoredox reaction of the POMs has O→M LMCT triplet states which abstract a 

hydrogen from an alcohol to yield a singly protonated POM and α-hydroxyalkyl radical.[68] 

 

As the research illustrated, in aqueous solution the lifetime of the O→M LMCT triplet states 

at room temperature should be much shorter than 100 µs, which is close to their lifetime at 

100 K in the solid state. The decay rate of the polarization of the •CH2OH radical by [V4O12]4- 

in water is estimated to be approximately (0.9 µs)-1. While for the polyoxomolybdate and 

polyoxotungstate (here represented by [Mo7O24]6- and [W10O32]4-), a similar result has been 
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collected. As discussed before, we can conclude that the O→M LMCT triplet states 

participate in both electron-transfer and energy-transfer processes in the POM lattices. [72] 

In addition, a large number of classic mixed-addenda Keggin- and Dawson-type POM clusters, 

which feature the general formula as XM12-xM’xO40
n- or X2M18-xM’xO62

n- (X: template ion; M: 

original addenda metal; M’: replacing addenda metal), are developed by substitution of one or 

more tungsten(VI) or molybdenum(VI) ions.[73] Subsequently, the electrochemical character 

of such POM clusters can be widely tuned because of the different addenda atoms. Due to the 

oxidizing ability, the addenda atoms can be ordered in the following way: V(V) > Mo(VI) > 

W(VI). As revealed in the reference, a one electron reduced mixed addenda POM has its 

electrons localized on the highly reducible atom at room temperature.[74–76] For example, in 

the one-electron-reduction process, the Mo(VI) and V(V) in PWVI
11MoVIO40

3- and 

PWVI
11VVO40

4- will accept the electron respectively, forming PWVI
11MoVO40

4- and 

PWVI
11VIVO40

5-. Generally, for heteroatoms of XWVI
11VVO40

n-, the reduction potentials 

exhibit a linearly decreasing trend in parallel with the increment of their negativity.[75] 

 

Due to the unique redox properties, the POM molecular clusters can be both homogeneously 

and/or heterogeneously applied as reductive electrocatalysts: 

(1) by being homogeneously dissolved in the electrolyte solution  

(2) by being deposited to electrode surface.  

 

As such there are three commonly used methods to immobilize POMs onto the electrode 

surface. The first method is the adsorption of POMs on the electrode surface by dip coating. 

The second way is to encapsulate POMs into polymers on the electrode surface. The last way 

is the electro-deposition under constant potential, where the dissolved POM molecules can 

adsorbed onto the surface of the electrode through redox reaction. Therefore, the adsorbed 

clusters can increase the negative charge of the electrode surface thus influencing the 

heterogeneous electron-transfer rate between the interface of electrode and the substrate.[77] 

 

While transition metal-substituted and mixed-addenda heteropolyanions are promising 

candidates for electrocatalysis, the mechanism behind the phenomena is still unclear. 

However, the arising problems concerning conductivity and leaching cannot be ignored. Even 

though POMs are proven to be molecular cluster batteries (MCB) by Awaga et. al. through 

implementing in operando X ray absorption fine structure (XAFS) characterization, the 
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POMs can still not show their huge potentials or advantages when themselves solely being 

fabricated into the prototype coin cell.[78] On the other hand, without a good method to 

immobilize and stabilize POMs structurally and thermodynamically, the problem of leaching 

or decomposition that happens during catalytic reaction or battery cycling is still haunting the 

POM chemists.[25] 

 

To summarize, heterogeneous electron transfers between the electrode and the substrate is 

sometimes very slow because of poor electronic interactions. In these cases the electrode 

reaction occurs only at high overpotentials. Electrocatalysts can minimize the activation 

energy and hence allow such an electrode reaction to occur at high current density close to the 

equilibrium potential or even considerably below it (electron transfer against the potential 

gradient).[79] The POM chemists have paid tremendous efforts in configuring or tailoring the 

redox properties through incorporation of different heteroatoms, replacement of one or more 

metal ions on the cluster shell. Although the achievements by such modifications cannot be 

ignored, the essential disadvantages like poor conductivity, decomposition, leaching make the 

POM-based catalysts or electrodes not sustainable and hence not ideal for real 

applications.[80,81] 
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1.1.4	POM	based	lithium	ion	batteries	
 

1.1.4.1	Lithium	ion	batteries	
 

 
 

Figure 12. The working mechanism of lithium ion battery. Reprinted with permission from (J. Am. 

Chem. Soc. 2013,135,1167-1176). Copyright (2013) American Chemical Society.[82] 

 

J. B. Goodenough is considered to be the “Father of the Lithium ion battery”.[83] In 2013, he 

and his colleagues have summarized a breakthrough perspective with the title “The Li-Ion 

Rechargeable Battery: A Perspective” in the highly reputed journal Journal of the American 

Chemical Society. Figure 12 shows the working principle of Li ion battery. The reactions that 

take place during charge and discharge process, are illustrated as following equations. 

 

Anode: nC + Li+ + xe → LixCn                                                                                              (2) 

Cathode: LiCoO2 → Li1-xCoO2 + xLi+ +xe                                                                            (3) 

Full reaction: LiCoO2 + nC → Li1-xCoO2 + LixCn                                                                  (4) 

 

In secondary rechargeable batteries, anode acts as a reductant and cathode as an oxidant with 

separation energy (Eg) of the lowest unoccupied molecular orbital (LUMO) and the highest 

occupied molecular orbital (HOMO) of electrolyte that is called the working voltage window 
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of electrolyte.[84] Both electrodes are electronic conductors with electrochemical potentials µA 

and µC for anode and cathode, respectively (their Fermi energies εF). Normally, anodes with 

electrochemical potential above the LUMO reduce the electrolyte and result in the formation 

of a passivation layer. This layer acts as a barrier for electron transfer from anode to LUMO. 

Similarly, cathodes with electrochemical potentials below the HOMO oxidize the electrolyte 

until a blockage layer creates which stops electron transfer from cathode to HOMO.[85] Thus, 

the thermodynamic stability of batteries require that electrochemical potentials µA and µC 

must fall in the working voltage window of electrolyte, which defines the open circuit 

potential ( VOC ) of battery cell as presented in Equation (5) : 

 

 eVOC = µA - µC ≤ Eg                                                                                                                (5)  

 

where e is magnitude of electronic charge, while passivating SEI film give the kinetic stability 

to a large VOC but difference of eVOC - Eg should not be extra-large.[86] 
 

 
 

Figure 13. Schematic open-circuit energy diagram of an aqueous electrolyte. ΦA and ΦC are anode and 

cathode work functions, respectively. Eg is the window of electrolyte for thermodynamic stability. A 

µA > LUMO and/or a µC < HOMO requires a kinetic stability by the formation of an SEI layer. 

Reproduced with permission. Reprinted with permission from (Chem. Mater. 2010, 22, 587–603). 

Copyright (2010) American Chemical Society[87]. 
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Figure 13 shows the schematic illustration of electron energies of electrode and electrolyte for 

a thermodynamically stable battery. Commonly on discharge, electrons move from anode to 

cathode through an external circuit where they deliver energy, while to maintain charge 

neutrality, cations are released from anode to electrolyte and at the same time cations are 

captured by the cathode on receiving electrons to maintain the ionic concentration of 

electrolyte.[88] This reversible charge transfer per unit weight/volume between anode and 

cathode is called capacity and multiplication of capacity with VOC results in the energy density 

of the battery. The capacity of anode or cathode varies at different charge/discharge rates due 

to different charge transfer rate that ultimately affect the energy density of batteries. Thus, the 

development of new electrode materials with higher performance is dependent on the working 

window of available electrolytes.[10] Li ion batteries (LIB) are considered one of the most 

promising storage systems, because of its high absolute potential against the standard 

hydrogen cell (-3.04 V) and its low atomic weight (M(Li) = 6.94 g mol-1 ), which leads to the 

large energy density with a theoretical value of up to ~400 Wh kg-1.[90,91] 
 

There are basically two charge-storage mechanisms, including faradaic reaction (redox 

reactions) and non-faradaic reaction through the formation of electrical double layers. The 

non-faradaic process involves no charge transfer but only electrostatic force between charged 

ions and the electrode. This is mostly observed in electric double-layer capacitance (EDLC), 

for which the cations and anions in the electrolyte are attached on both electrodes with an 

applied voltage to form two ideal charged double layers. No electrochemical reaction is 

involved during ion adsorption (charging). Electrons are released through an outer circuit to 

generate electricity during ion desorption (discharging) back to the electrolyte. For the 

faradaic process, the major mechanism of carbon materials can be classified into 

pseudocapacitance, which occurs at the surface of the materials.[92,93] Besides, there are other 

lithium storage mechanisms, including 1) Alloying-type using e.g. Sn; and 2) conversion-type 

employing transition metal compounds MaXb, (M = Co, Ni, Fe, Cu etc.; X = O, S, P, N etc.). 

(Equation 6).[94,95] 
 

MaXb + cLi+ + ce- → LicXb + aM                                                                                        (6) 
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1.1.4.2	POM	clusters	used	in	LIB	
 

Kunio Awaga et.al. have developed the concept of Molecular Cluster Batteries (MCB) by 

using density functional theory and first-principles molecular dynamics simulations during the 

last decade, subsequently In Operando X-ray absorption fine structure (XAFS) studies played 

an important role to substantiate a reversible 24-electron redox process of typical Keggin 

cluster [PMo12].[78,96] (Figure 14) Their research has exhibited that after intercalation of Li 

atoms, the original structure of α-type Keggin POM is distorted because of the formation of 

intramolecular metal-metal bonds. The driving force for this unusual geometrical and 

electronic structure change is a local Jahn-Teller distortion at individual transition-metal 

octahedral sites, where the triply degenerate t2 d orbitals become partially filled during 

reduction.[97] 

 
 

Figure 14. Electronic state change during super-reduction of POM3− by 24 excess electrons. The top 

panel shows the structures used to compute the 1POM3−, 25POM27−, and 1POM27− geometries, while the 

bottom panel illustrates the ligand field orbital occupation patterns for a single Mo site coordinated by 

six oxygen atoms. A Jahn-Teller distortion to a local C4v environment (with the outward-pointing, 

axial Mo−O bond becoming elongated) lifts the local orbital degeneracy in the doubly occupied t2 

level, resulting in the more stable closed-shell singlet electronic state 1POM27-. Reprinted with 

permission from (J. Am. Chem. Soc. 2014, 136, 9042−9052). Copyright (2014) American Chemical 

Society.[96] 
 

POMs can be fabricated into lithium ion batteries either as cathode or anode materials. 

Typically, POM, carbon black and polyvinylidene fluoride (PVDF) are mixed homogeneously 

according to a given ratio. (Figure 15) Li metal was isolated from the POM-based electrode 
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by a polyolefin film separator. And then both Li electrode and POM-based electrodes were set 

in a coin cell with an electrolyte (LiPF6) in a mixed solution of diethyl carbonate (DEC) and 

ethylene carbonate (EC) (DEC/EC=1:1) in an inert atmosphere. The charging/discharging 

measurements were performed at a constant current density (i.e. 1 mA cm-2) in the voltage 

range of 1.5-4.0 V. Herein, the theoretical capacity is calculated using equation 7: 

 

Q=(nF)/3.6Mw                                                                                                                          (7) 

 

where Q is the theoretical capacity, n is the numbers of reduced electrons, F is Faraday 

constant, and Mw is molar mass of the cluster. As such, with knowing the capability of 

numbers of transfer, theoretical capacity can be calculated and compared within different 

POM-based electrode systems. 

 

In the early researches, the POMs show good redox activity and multi-electron transfer ability 

with a tunable structure. Therefore, they can be electrode candidates for the LIBs, 

electrochemical supercapacitor as well as electrocatalysis of water splitting. However, the 

conductivity of the POMs is poor and they are easy to leach during the electrode reaction. As 

a result, the large scale application of POMs in	LIB electrodes is limited. 

 

 
 

Figure 15: The simplified illustration of a typical half coin-cell structure. 

 

Sonoyama et al. have developed LIB cathode material based on the K7[NiV13O38] cluster,[98] 

K7[MnV13O38] cluster,[99] as well as K5.72H3.28[PV14O42] cluster[49] and they have proposed the 

lithium storage mechanism by using ex situ EXAFS and ex situ XRD techniques. Their study 
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has shown that after lithium intercalation into the crystal lattice, the POM becomes 

amorphous. The intercalated Li+ ions changed the intermolecular distance and hence 

attributed to the amorphization of POM in the bulk. Recently, Chen and Cronin et al have 

integrated polyoxovanadates into both Li and Na ion batteries. The Na2H8[MnV13O38] 

cluster[100](Figure 16) and Li7[V15O36(CO3)][101][102] cluster (Figure 17) were both proven to be 

efficient electron storage sites and showed promising battery performance. 

 
 

Figure 16. Charge storage mechanism. (a) Molecular structure evolution from [MnV13O38]8- to 

[MnV13O38]20- upon Na+ insertion. (b) Charge redistribution of [MnV13O38]20- upon 12 Na+ insertion by 

calculating the charge difference based on formula, ΔCH(r)=CHMVO-Na(r)−CHMVO(r)−CHNa(r), where 

CHMVO-Na(r), CHMVO(r), and CHNa(r) are the real-space electronic charge distributions of 

Na12H8MnV13O38, isolated H8MnV13O38 and isolated 12 Na atoms, respectively. (c) Schematic 

illustration of Na ion storage in a notion of electron/ion sponge. Reprinted with permission from (ACS 

Nano, 2017, 11, 6911-6920). Copyright (2017) American Chemical Society.[100] 
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Figure 17. A simple model to demonstrate the charging process of symmetric electrochemical devices 

based on [V15O36(CO3)]7-. VV centers are shown in yellow and VIV centers in teal. The reverse process 

corresponds to the discharging process. Reproduced with permission from (Adv. Energy Mater. 2018, 

8, 1701021). Copy right (2018) John Wiley and sons.[102] 

 

Polyoxovanadates were hypothesized to exhibit higher capacities and rapid 

charging/discharging while also providing a larger operating voltage (4.0-1.9 V versus Li+/Li) 

than their counterparts, i.e. polyoxotungstates and polyoxomolybdates. [V15O36(CO3)]7- is a 

mixed-valence POM that formally contains eight VIV centers and seven VV centers. When the 

counter ion is Li+, [V15O36(CO3)]7- shows two different sets of redox potentials with high 

reversibility at 3.5 and 2.4 V versus Li+/Li. Both the VIV and VV centers in [V15O36(CO3)] 

exhibit a specific capacity of around 120 mA h g-1 for Li+ storage at their respective voltage 

ranges. When Li7[V15O36(CO3)] was used as cathode material in LIB, it features a power 

density of 25.7 kW kg-1 (55 kW L-1). Control experiments using equivalent loadings of LiVO3 

and V2O5 (two likely decomposition products of Li7[V15O36(CO3)] showed that these simpler 

oxides of vanadium exhibit impaired and/or less stable behavior than Li7[V15O36(CO3)]  when 

used as the base materials for Li battery cathodes.[101] Subsequently, the same group has 

proven that the Li7[V15O36(CO3)] based LIB contains battery-like energy densities (125 W h 

kg-1) with supercapacitor-like power densities (51.5 kW kg-1). When tested as cathode 

material for Na ion batteries, Li7[V15O36(CO3)] exhibited a high specific capacity of 240 mAh 

g-1 and an energy density of 390 W h kg-1 for the full Na-ion battery.[102] 

 

In conclusion, although POMs have shown great potential in LIB due to the “molecular 

electron sponge” characteristics, they still suffer from the non-ignorable problems such as low 

conductivity, poor distribution, leaching, decomposition etc. Therefore, developing structural 



24	
	

stable, highly conductive, and highly efficient POM-based composite LIB materials is of high 

priority for the POM scientists. 

 

However, compared with polyoxotungstates and polyoxomolybdates, polyoxovanadates show 

better structural variety, lighter weight, higher surface to bulk ratio, larger operating voltage 

etc. which could lead to ideal battery materials waiting to be further investigated. The 

hybrid/composite materials based on polyoxovanadates and conducting nanocarbon substrates 

will be discussed in a separate chapter. 
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1.2	Nanocarbon	
 

 

Nanocarbon is generally considered to include carbon quantum dots, fullerenes (0D), carbon 

nanotubes, carbon nanofibers (1D), graphene, graphene oxide (2D), as well as porous carbon 

matrices (3D). The nanocarbon family is well known for their wide application in energy 

storage and conversion devices because of their excellent conductivity, versatile structure 

buffer, and thermodynamic stability.[103] For example, in lithium ion battery, nanocarbon 

plays an imperative role in Li storage, Li ion and electron transport and structural stability 

during cycling. Nowadays the huge potential of nanocarbon in the next generation 

rechargeable lithium batteries, such as Li-S, Li-O, and Li-Oragnic batteries has being 

investigated vigorously, both for stationary and mobile applications.[104][105][106] Traditionally, 

carbon is used in LIB in the form of component materials (e.g. graphite) and functional 

additive (e.g. acetylene black) by mixing with electrically insulating active materials. 

However, the potential of nanocarbon can be discovered and expanded by integrating them 

into molecular hybrid/composite materials, whose structure and function can be tuned as 

desired.[107]  

 

Regarding mechanistic studies, many cutting-edge techniques such as X-ray absorption near 

edge structure (XANES) spectroscopy has been utilized to characterize the chemical bonding 

and charge transfer at the interface of inorganic nanomaterials and nanocarbon substrates.[108] 

 

 

1.2.1	Graphene/graphene	quantum	dots	
 

Graphite, as a highly crystalline graphitic carbon, is a well-defined layered structure and is the 

most common anode in LIBs. The maximum lithium content in graphite is one Li guest atom 

per six carbon host atoms (i.e., LiC6 ) at ambient pressure according to the following equation 

(8):[5] 

 

6 C + x Li+ + x e- → LixC6.                                                                                                    (8) 
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in which x=1 in LixC6. In LiC6, the Li ions avoid occupation of the nearest neighbor sites 

owing to Columbic repulsive forces, which yields a maximum Li-storage capacity of 372 

mAh g-1. 
 

Graphene, a one-atom-thick planar sheet of carbon that is densely packed in a honeycomb 

crystal lattice, has emerged in recent years as an alternative to other carbon allotropes, 

including CNTs.[109] Because the carbon atoms form in robust covalent bonds in sp2 

hybridized states, the extended honeycomb morphology affords a strength to weight ratio that 

outperforms metals and metal composites.[110] Theoretically from the topological point of 

view, the different allotropes such as carbon nanotubes, nanohorns and fullerenes can be 

derived from graphene sheets.[111–113] Furthermore, the zero band gap of graphene gives it 

excellent electron mobility, which is an important property when being used as a replacement 

of current semiconductors in electronic devices.[114,115] A single sheet of graphene is ∼97.7% 

transparent to white light, which contributes to the investigation of wearable electronics, soft 

screens that represents a huge revolution in delivering information.[116]  

 

Graphene oxide, in the form of single or a few layered sheets in micrometer size, can be 

obtained by using strong oxidants such as KMnO4, H2SO4 to oxidize graphite.[117] When the 

hydrothermal facility is implemented, even smaller sized graphene quantum dots can be 

synthesized.[118] Indeed, the application of graphene, graphene oxide (GO), reduced graphene 

oxide (rGO) as well as carbon/graphene quantum dots (CQDs/GQDs) in electrode materials 

for LIBs and supercapacitors has already been intensively investigated, as it is highly 

conductive, mechanically robust, non-toxic, chemically and thermally tolerant, and it has a 

large electrochemical stability window. The reported capacity of graphene anodes can easily 

reach over 1000 mAhg-1, which is almost three times higher than that of graphite anodes.[119] 

The superb Li storage capacity is attributed to the unique interaction between the Li+ ions and 

the graphene layers. It is assumed that Li+ ions can be absorbed on both sides of graphene by 

forming a Li2C6 stoichiometry.[5] 

 

The graphene sheets can be used as a platform to build much more complex and functional 

structures. The general illustration of π−π interaction types observed in graphene is shown in 

Figure 18a. Besides that, it is also possible that CH-π-like interactions could occur around the 

edge of graphene that may be terminated with a hydrogen atom or from phenyl rings oriented 
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perpendicular to the surface of graphene. For GO or rGO, the basal plane is relatively similar 

to their mother template graphene except for defects by epoxides or hydroxides bound to the 

carbon atoms. As such, similar π-interactions will likely take place, but there could be 

additions of both hydrogen-bond donors and acceptor moieties from the epoxides, alcohols, 

ethers, carboxylic, etc that can contribute various modes for interactions. As shown in Figure 

18b, the oxygen moieties on GO may dominant near or on the edges, which are ready for 

binding. Although it is still difficult to quantitatively determine the distribution of the various 

oxygen bearing functional groups within the basal plane, the reduction of GO can remove the 

groups to some extent, leading to a more stable and conductive functional starting material. 

 

 
 

Figure 18 a). Idealized π−π or C−H···π interactions from benzene, naphthalene, or pyrene molecules 

above and below the basal plane of graphene.	 b). Schematic representation of both hydrogen bonds 

and/or π−π stacking with GO.[117] (Distributed under CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/) 

 

Passerini et al. have summarized the general classification of graphene-based composite 

materials. (Figure 19a) (1) Encapsulated: Single active-material particles are encapsulated by 

graphene, which acts as either an active (for example, LIB anodes) or an inactive (for example, 

LIB cathodes) component. (2) Mixed: Graphene and active materials are synthesized 

separately and mixed mechanically during the electrode preparation. In this structure, 

graphene may serve as an inactive conductive matrix (for example, LIB cathodes) or an active 

material (for example, LIB anodes). (3) Wrapped: The active-material particles are wrapped 

by multiple graphene sheets. This structure well-represents pseudocapacitor electrodes, in 

which graphene is the active material, as well as metal-ion battery cathodes, where graphene 

is an inactive component. 

a) b) 
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Figure 19 a) Schematic illustration of the structures of graphene composite electrode materials. b) Li+ 

paths in carbon black- (left) and graphene- (right) based electrodes in the mixed structural model. The 

figure highlights a possible drawback of graphene in terms of Li+ mobility. (copyright) Reproduced 

with permission from (Nat. Mater., 2015, 14, 271−279). Copy right (2015) Springer Nature.[120] 
 

 (4) Anchored: This is the most common structure for graphene composites, in which 

electroactive nanoparticles are anchored to the graphene surface. This structure is very 

relevant for metal-ion battery anodes and pseudocapacitors, where graphene serves as an 

active material, as well as for metal-ion battery cathodes and in LSBs, where graphene acts as 

an inactive component. (5) Sandwich-like model: Graphene is used as a template to generate 

active material/graphene sandwich structures. This graphene-composite model, although not 

widespread, is used for LIB cathodes. (6) Layered model: Active-material nanoparticles are 

alternated with graphene sheets to form a composite layered structure, which has been 

proposed for use in metal-ion battery anodes and cathodes. However, Figure 19b highlights a 

possible drawback of graphene in Li+ mobility, when rGO is mixed in a manner similar to 

conventional carbon additives during electrode preparation, which decreases the 

electrochemical performance of the composite material.[121] 



29	
	

 

Even though graphene and its derivatives have shown great potential in energy storage and 

conversion devices, it still suffers from the large-scaled production to commercial exploitation 

of graphene materials. Commercially viable synthetic strategies must be explored in order to 

translate laboratory discoveries into functional electronic devices.[122] 

 

1.2.2	Carbon	nanotubes	

 
Figure 20. Structure representations of (a) MWNT and (b) SWNT. Reprinted with permission from 

(Acc. Chem. Res., 2009, 42, 1161-1171). Copyright (2009) American Chemical Society.[123] 
 

Carbon nanotubes (CNTs) can be mainly classified into two types (Figure 20): multiwalled 

carbon nanotubes (MWNTs), which are comprised of multiple layers of concentric cylinders 

with an interlayer spacing of about 0.34 nm, and single-walled carbon nanotubes 

(SWNTs),[124–126] which can be considered as rolled single layers of graphene sheets into 

cylindrical tubes. According to the rolling angle of the graphene sheet against the tube axis, 

CNTs have three topologies: armchair, zigzag and chiral. However, we will not go that far 

into the details in the aspect of the topological structure in this thesis. Since the discovery of 

CNTs, tremendous research efforts have been paid towards understanding their fundamental 

properties and practical applications.[126] To date, four primary methods have been developed 

to synthesize CNTs, which includes chemical vapor desposition (CVD), arc-discharge,  laser 

ablation as well as gas-phase catalytic growth.[127] Among them, the gas phase techniques, 
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such as CVD provides a better possibility for massive production of high quality CNTs at low 

cost. 

 

Many theoretical studies about the lithium ion storage mechanisms in CNTs have been done 

in the past few years by using different calculation methods.[128–130] The main conclusions can 

be briefly summarized: Li+ ions can be stored both outside the tube and inside the tube as well 

as at the interstitial spaces between nanotubes.[131,132] CNTs with diameters on a nanometer 

scale and controlled lengths can offer nearly 100% accessibility of the entire carbon structure 

to Li interaction, especially when the tube ends are opened by simple techniques, such as ball 

milling. The accessibility is often limited if the CNTs are agglomerated, but they still provide 

inherently a much higher accessibility than any other conventional graphitic materials.[133] 

The high accessibility of the structure also offer a high mobility to ion exchange processes, a 

fundamental requirement for dynamic response of batteries based on intercalation. 

 

From the capacity point of view, the CNTs themselves cannot offer excellent battery 

performance. However, just as graphene, more and more CNTs derivatives such as oxidized 

CNTs, heteroatom doped CNTs have shown enhanced capacity. Much oxygenated species (-

OH-, -COO-, -CHO, etc.) can be introduced to CNTs through chemical oxidation using high 

concentrated nitric acid. For example, surface C-O-H groups adsorb Li through formation of 

C-O-Li+, which adds extra capacity when compared with unmodified CNTs.[5] In addition to 

oxidized CNTs, heteroatom-doped CNTs have been demonstrated to be effective in 

promoting the battery performance. For example, N-doped CNTs have enhanced conductivity 

and reactivity because of the higher electronegativity of N, which withdraws electrons from C 

atoms and therefore changes the electronic properties of CNTs. The improved performance 

can be attributed to (1) structural defects that enhance Li-ion absorption and ion diffusion; (2) 

increased redox active sites to absorb Li ions; (3) better electrolyte wettability and a larger 

interlayer distance between the tube layers.[134,135]  

 

Currently, the main approaches for the assembly of CNTs-based supermolecular structure can 

be grouped into three categories (Figure 21): (a) the covalent attachment of chemical groups 

through reactions onto the π-conjugated skeleton of CNT; (b) the noncovalent adsorption or 

wrapping of various functional molecules; and (c) the endohedral filling of their inner empty 

cavity.[136] 
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There are important challenges in the development of CNT-based materials which are 

environment-friendly, low-cost, high efficient, as well as safe when being used in the battery 

systems.[122] Functionalized CNT energy materials will be discussed in section 1.3.2. 

 

 
 

Figure 21. Schematic illustration of three ways for the assembly of CNTs-based supermolecular 

structure. a) non-covalent attachment; b) covalent linkage; c) endohedral filling. 

 

1.2.3	Porous	carbon	matrices	
 

Y. H. Lee et al have designed carbon nanotube-bridged graphene 3D building blocks via the 

coulombic interaction between positively charged CNTs grafted by cationic surfactants and 

negatively charged graphene oxide sheets, followed by KOH activation. The CNTs were 

intercalated into the nanoporous graphene layers to build pillared 3D structures, which 

enhance accessible surface area and allow fast ion diffusion.[137] (Figure 22) 

 

Porous carbon matrices can be formed not only from hierarchical CNTs and/or graphene 

architecture, but also from calcined 3D carbonaceous network such as zeolite, metal organic 

framework etc.[138][139][140] 

 



32	
	

An essential issue to improve the rate performance is the optimization of the ion transport 

pathways, without sacrificing electron transport, as the chemical diffusion of Li ions within 

the bulk electrode materials may be a rate-limiting step.[141,142] A design of a hierarchy of 

 

 
 

Figure 22. Schematic for fabricating the graphene/SWNT hybrid nanostructure. (a) The CTAB-grafted 

SWNTs are positively charged, and the GO layers are negatively charged due to their functional 

groups. (b) Schematic of the 3D SWNT-bridged graphene block. KOH activation generates nanoscale 

pores in the graphene layers, which are expected to provide a simple means of ion diffusion. Reprinted 

with permission from (ACS Nano, 2015, 9, 2018-2027). Copyright (2015) American Chemical 

Society.[137] 
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transport routes within the storage medium is desirable. Ordered mesoporous carbon (OMC) 

materials can be synthesized by the carbonization of suitable carbon precursors inside silica or 

aluminosilicate mesopores followed by the removal of the template.[143,144] 
 

The exceedingly high reversible capacity (LixC6: x= 2.3-3.0) is most probably a combination 

of several Li storage mechanisms discussed above. Mesoporous materials usually exhibit a 

very large irreversible capacity (first cycle) and hysteresis in the charge-discharge curves. 

This is characteristic of this kind of material, where a much large surface area with many 

active sites leads to an increased interaction at the electrode/electrolyte interface. These 

intrinsic properties could provide positive chances for the material scientists to design novel 

and highly efficient battery materials. However, it could also be a double-edged sword which 

produces complicated mechanistic questions on the molecular interfacial scale. In the 

following chapter, we will talk about the strategic assembly of POM/nanocarbon composite 

materials in different dimensions, including 0D graphene quantum dots, 1D carbon nanotubes, 

2D graphene/GO/rGO, as well as 3D carbon porous matrices as a outlook. 
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1.3	POM/Nanocarbon	composite	materials	
 

	

1.3.1	Materials	design	and	fabrication	
 

Nanoscaled materials represent a rapidly growing area in the field of LIBs because of their 

substantial advantages in terms of mass transport. Transport in nanoparticle systems typically 

encompasses shorter transport lengths for both electrons and Li ions, larger electrode-

electrolyte contact area and better accommodation of the strains arising from Li ion 

insertion/extraction. The strategy of combing molecular POM clusters and nanocarbon 

materials can be generally classified into 3 subsets, including covalent linkage, non-covalent 

assembly as well as electrostatic attachment (such as layer by layer assembly). Recently, a 

review article by Ji, Streb, Song et al. has summarized these findings and is presented in the 

following chapter. In this chapter, we will discuss the state-of-the-art in POM-based 

(highlighting polyoxovanadate-based) nanocarbon composite materials in the aspect of the 

topological dimensions of the nanocarbon substrates. 

 

 

	

1.3.2	Linkage	strategies		
 

1.3.2.1	One	dimensional	carbon	nanotubes	
 

Li3VO4 is a kind of basic lithium vanadate, which can be embedded in a porous carbon 

network. The obtained composite material delivers good lithium storage when applied as LIB 

anode.[145] While for Li3VO4 bulk crystals, they can be wired by carbon nanotubes to form 

Li3VO4/CNT composite through hydrothermal reaction.[146] Such phenomena could also be 

extended to polyoxometalate, mixed addenda POM, etc. Awaga et al. have pioneered the 

CNT/POM assembly research by firstly attaching {PMo12} molecules onto single walled 

carbon nanotubes through electrostatic bonding.[147] (Figure 23) Subsequently, a series of 
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POM/CNT composite/hybrid materials have been developed. For example, Ji, Song, and Streb 

et al. have not only incorporated Keggin/Dawson/Anderson-type POMs onto the carbon 

nanotubes through covalent binding and non-covalent attachment,[148–151] but also wired 

mixed addenda Dawson-type micro-crystals on the CNT through sonication-driven 

immobilization.[152] (Figure 24) 

 
 

Figure 23 Schematic illustration of a molecular cluster battery (MCB) based on POM/SWNTs 

composites. Well-dispersed POM clusters are attached to CNTs via electrostatic interactions to 

improve electronic conductivity and ion diffusion. Inset: TEM image of POM/SWNT hybrid materials. 

Reprinted with permission from (Energy Environ. Sci., 2015, 8, 776-789). Copyright (2015) Royal 

Society of Chemistry.[153] 
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Figure 24. Schematic illustration of the ultrasonication-driven periodic patterning of POM 

nanocrystals on CNTs. Reprinted with permission from (Energy Environ. Sci., 2016, 9, 1095-1101). 

Copyright (2016) Royal Society of Chemistry.[152] 

 

 

Jun, Ji, Song and Streb et al have fabricated a series of necklace-like POM/CNT composites 

by ultrasonication-driven deposition. By tuning the cations and anions, different morphology 

could be realized accordingly. (Figure 24) This work will be discussed separately in the 

following sections. 

 

Bonchio et al. have first grafted Ru4(SiW10)2 clusters into carbon nanotubes and used the 

hybrid materials as WOC, which exhibited excellent catalytic performance towards oxygen 

evolution.[154] In this study, the CNT surface was firstly electrostatically connected by 

polycationic dendrimers and then the negatively charged Ru4(SiW10)2 clusters were adsorbed 

onto the functionalized CNT surface also by electrostatic force to form the redox active 

hybrid electrode materials. (Figure 25) The enhanced catalytic performance has substantiated 

the good electron/energy transfer at the interface of POM molecules and CNT. 

 

 
 

Figure 25 Nanostructured oxygen-evolving material. a) Electrostatic capture of polyanionic 

ruthenium-containing clusters Ru4(SiW10)2 (negatively charged, red surface) by polycationic 

dendrimers on the MWCNT surface (positively charged, blue surface) and polyhedral structure 

showing the side and front view of the POM (red)-embedded tetra-ruthenate core of Ru4(SiW10)2 

(yellow). b) General scheme for a water-splitting electrocatalytic cell with the integrated 

nanostructured OEA. Reprinted with permission from (Nat. Chem., 2010, 2, 826-831). Copyright 

(2010) Springer Nature.[154] 
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Recently the near infrared fluorescence spectroscopy was implemented to observe the charge 

transfer between the adsorbed POM clusters and carbon nanotubes. As the result shows the 

nonionic surfactants can stabilize donor-acceptor hybrids, which rules out the hypothesis of 

the direct charge communication between POM and CNT.[155] However, the even more 

detailed mechanistic insights about the electron/energy transfer at the interface is still 

unknown. In the future, more cutting-edge techniques along with theoretical calculations 

could hopefully fuel the understanding towards the truth behind their phenomena.[156] [157]  

 

 

1.3.2.2	Two	dimensional	graphene	(graphene	oxide/graphene	quantum	dots)	
 

POM clusters can be integrated into graphene networks by in-situ redox reaction, where 

POMs changed from “polyblue” to neutrality and acted as intermolecular linkers.[158] (Figure 

26) 

 
 

Figure 26. Schematic illustration of the formation process of the POM/graphene composites. 

Reproduced with permission from (Adv. Funct. Mater. 2010, 20, 2717-2722). Copyright (2010) John 

Wiley and sons.[158] 

 

Liu and Jiang et al have deposited {P5W30} or {P8W48} clusters onto graphene layers through 

photochemical-assisted[159] and electrochemical-assisted[160] redox process, respectively, and 

the as-prepared composites have exhibited excellent performance in ORR and HER.[161] 

 

In 2013 and 2014, Bonchio et al have linked the Ru4POM clusters on the functionalized 2D 

graphene layers electrostatically[162] and covalently[163] to fabricate WOCs. S. B. Lee et al 
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have fabricated POM-coupled graphene, where a kind of polymeric ionic liquid was served as 

an interfacial linker. When testing as supercapacitor, the hybrid material exhibited a high 

specific capacitance, rapid rate capability and high energy and power densites.[164] The 

interaction between POM anion and graphene layer was monitored by in situ HRTEM, in 

which the motivation of POM anion was recorded and simulated.[165–167] In the aspect of 

theoretical calculation, the adsorption energy and charge transfer in the interface also favors 

the feasibility towards the application in energy storage and conversion.[168,169] 

 

 

 

 

1.3.2.3	Three	dimensional	carbon	matrix	
 

 
 

Figure 27. Covalent grafting of phosphonate derivatives of vacant Keggin-POMs onto the walls of 

NH2-functionalized SBA-15 silica. Counterions associated with the POMs are not represented for 

reasons of clarity. Reprinted with permission from (Inorg. Chem., 2015, 54, 7607-7616). Copyright 

(2015) American Chemical Society.[138] 

 

The POM clusters can be introduced to the inside channels of the 3D carbon matrix covalently 

or non-covalently. For example, Ordomsky et al have encapsulated Keggin type POM clusters 

in a carbon matrix through a controlled “coking” method, in which the gas phase reaction of 

formaldehyde and isobutene takes place in situ. The as-prepared material showed unique 

stability toward leaching in the aqueous phase.[170] Xie et al. have immoblilized [Co4(PW9)2] 

clusters into the cavities of the mesoporous carbon nitride (MCN) by vacuum-assisted 
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impregnation in a two-step process. Firstly, MCN was synthesized and removed with 

impurities and air under vacuum. Subsequently, the protonated MCN matrix was immersed in 

an aqueous solution of [Co4(PW9)2], during which time POM was infiltrated into the 

mesopores or channels by capillary forces. The negatively charged POM anions were bound 

by the protonated –NH3
+ groups through electrostatic forces. The obtained materials have 

exhibited high efficiency in water oxidation.[171] Proust et al. have compared three POM-

based mesoporous systems, obtained with three different covalent linkages. The principle was 

illustrated using an organophosphonate derived trivacant Keggin cluster bearing carboxylic 

acid, which was linked with NH2-functionalized mesoporous SBA-15 support. (Figure 27)  

 

The as-prepared materials were evaluated through epoxidation of cyclooctene and 

cyclohexene with hydroperoxide in acetonitrile. The recycling tests and catalyst filtration 

experiments indicated no significant leaching of the supported active POM clusters.[138][139] 

However, if the POM-based mesoporous silica materials were designed to be used in 

electrochemistry such as LIB or water splitting, even more conductivity through “de-

templating” would be required. As such hydrofluoric acid would be a good option to remove 

the silica-component, in order to gain the conductive carbon based matrix.[170] Form the 

economic point of view, various cost-competitive carbon materials can be obtained from the 

low-cost biomass,[140] which can be treated to be structurally tunable, conductive, and 

environmentally benign etc. And the subsequent functionalization by POM or even the other 

chemical active components is considered to be very promising.[172][173] 

	

1.3.2.4	Concluding	remarks	and	outlook	
 

As we have discussed above, POM clusters can be grafted onto nanocarbon substrates through 

various methodologies. In the aspect of binding modes, covalent and non-covalent strategies 

together with mechanistic and theoretical investigations have been established to-date. From 

the dimensional viewpoint of the nanocarbon building blocks, comprehensive 

hybrids/composites from 0D to 3D structures have also been discovered. Polyoxometalates 

with their unique redox activities, molecular-scale advantage, and structural variety have 

exhibited tremendous potential in the fields of energy storage and conversion, environment 

and sustainability. However, POM-based composite materials can also be enriched by 

“downsizing” the molecular length scales to simple metal oxides, metal carbides etc. In this 
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case, the molecular structure of POM is no longer retained and the newly derived species 

function as active materials.[174] 

 

Traditionally, POMs have been introduced into the 3D carbon frameworks as molecular units 

when applied in LIB, oxygen evolution and so on.[175,176] However, such materials normally 

suffer from the problems like low conductivity, low catalytic performance and leaching. As 

such, post modification that can not only immobilize the active components within the porous 

matrix, but also enhance the conductivity and followed by promoted electrochemical 

performance is urgently required. 

 

Lan et al. have designed and fabricated a two-dimensional (2D) coupled hybrid consisting of 

Mo2C encapsulated by N, phosphorus (P)-codoped carbon shells and N, P-codoped RGO 

(denoted as Mo2C@NPC/NPRGO) using a PMo12 (H3PMo12O40)-PPy/RGO nanocomposite as 

the precursor. (Figure 28) Three main advantages of this method are attributed to the 

Mo2C@NPC/ NPRGO hybrid:  

(1) the Mo2C NPs obtained from calcination are nanosized and uniformly embedded in the 

carbon matrix without aggregation;  

(2) the Mo2C NPs are coated with carbon shells, which effectively prevent Mo2C NPs from 

aggregating or oxidizing and impart them with fast electron transfer ability;  

(3) owing to the heteroatom dopants (N, P), a large number of active sites are exposed.  

 

 
 

Figure 28 Schematic illustration of the synthetic process of Mo2C@NPC/NPRGO. (a) Synthesis of 

PMo12-PPy/RGO via a green one-pot redox relay reaction. (b) Formation of Mo2C@NPC/NPRGO 
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after carbonizing at 900 oC.[174] (Distributed under CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0/) 

 

Lou et al. have introduced POM clusters into metal organic frameworks (MOF), followed by 

calcination. Specifically, POMs were in situ encapsulated in the NENU-5 type MOF 

structures followed by pyrolysis in N2 at 800 oC to get MoCx-Cu composites. Subsequently, 

the as-prepared MoCx-Cu composites were etched to remove metallic Cu, in order to get pure 

carbon matrix-supported MoCx hierarchical catalysts, which was proven to be highly efficient 

in hydrogen evolution reaction. (Figure 29) 

 

 

 

 

 
 

Figure 29 Schematic illustration of the synthesis procedure for porous MoCx nano-octahedrons. (a) 

Synthesis of NENU-5 nano-octahedrons with Mo-based POMs residing in the pores of HKUST-1 host. 

(b) Formation of MoCx-Cu nano-octahedrons after annealing at 800 oC. (c) Removal of metallic Cu 

nanoparticles by Fe3+ etching to produce porous MoCx nano-octahedra for electrocatalytic hydrogen 

production.[177]	(Distributed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/) 

 

To summarize, the original molecular structures of POMs are sometimes not retained under 

specific treatment, e.g. pyrolysis, hydrothermal reaction. However, the positive point is that 

the obtained materials are more thermodynamically stable and they can exhibit enhanced 
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chemical activities. For example, Song, Streb et al. have converted classic Keggin POM 

cluster into highly catalytically active Dexter-Silverton POM catalyst 

[Co6.8Ni1.2W12O42(OH)4(H2O)8] in a hydrothermal reaction in presence of elements Ni and 

Co.[178] As such, from the material point of view, the family of POM-based or POM-derived 

composite materials can be enriched, even if the original molecular structures of POMs are 

destroyed. To think differently, it can be deserved to synthesize new active materials featuring 

better electrochemical performance by converting POM precursors into structurally stable 

composite materials. 

 

 

	

1.3.3	Fundamental	requirements	for	active	materials	in	batteries		
 
The fundamental requirements for active materials in battery can be summarized in the 

following three aspects. 

 

1) Capability of reversible multi-electron transfer provided by transition metals with empty d 

orbitals. 

Awaga et al. have pioneered the multi-electron-storage in POM active materials and here 

demonstrated that the Keggin anion [PMo12] is capable of reversibly storing 24 electrons. In 

addition to the heteropolyanions, isopolyoxoanions such as [V10O28]6- (=[V10]) are also 

reported to be capable of storage of 10 electrons, which was also substantiated by X-ray 

absorption fine structure studies. The electron transfer performance of [V10] exceeds 

commercial LIB materials, e.g. LiFePO4 and LiCoO2 in electron transfer rates and theoretical 

capacity.[179] Specifically, the electron transfer rate of [V10] is 6.0 X 10-3 s-1, which is almost 

30 times faster than that of Li FePO4 (2.0 X 10-4 s-1).[180] The theoretical capacity of [V10] is 

245 mAh g-1, which is higher than those of LiCoO2 (137 mAh g-1) and LiFePO4 (170 mAh g-

1).[181] However the relatively low redox potential of [V10] (2.55 V vs. Li/Li+) could be a 

problematic drawback for future high energy applications.[91] The development of battery 

materials can therefore be envisaged by chemical tuning of POM structure, elemental 

composition and metal redox properties. 

 

2) Conductivity enhancement contributed by external materials such as nanocarbon.  
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Because POMs themselves cannot provide conductivity, the incorporation by highly 

conductive nanocarbon substrate would be ideal to realize the huge potential application in 

energy storage systems i.e. LIB. As is discussed above, the designing of various dimensional 

POM-based nanocarbon superstructures have taken a great pace towards POMs’ commercial 

application in LIB. Here we do not expand the topic in detail. 

 

3) Understanding the electron transfer at the interface is strongly based on mechanistic studies, 

which is highly imperative for material scientists to really understand processes beyond the 

empirical scale. Nowadays, updated theoretical calculations assisted by first principles, DFT, 

etc together with state-of-the-art techniques i.e. in situ XPS, in situ HRTEM, as well as in 

operando XAFS, etc have paved a way towards mechanical insights of the POM/carbon 

interfacial reactions. 

 

In Table 1, the battery performances of a series of POM-based, POM-derived as well as 

structurally similar metal oxide materials are summarized, including cathodes and anodes. 

Due to the variations in the experimental setups, it is hardly to find a universal standard to 

simply evaluate the quality of a single kind of material. However, what can be concluded is 

that the POM-based or POM-derived composite/hybrid materials have shown great potential 

in LIBs, which are regarded as potential replacements for the commercially used LIBs. 

 

 

Table 1. Comparison of the battery performance of the different POM based LIB electrodes 

 Materials Capacity 

(mAh g-1) 

Current 

density  

Weight 

ratio 

(wt.%) 

Refe

rence 

Cathode MoVBiO 380 1 mA cm-2 10 [182] 

[PMo12]/CNT 300 1 mA cm-2 30 [147] 

V-[PMo12]-based open 

framework 

208 1 mA cm-2 10 [183] 

Li7[V15O36(CO3)] 250 50 mA g-1 70 [101] 

[NiMo9O32] 430 17 mA g-1 32 [184] 
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K7[MnV13O38] 300 17 mA g-1 48 [99] 

Anode [SiMo12]/MOF 570 100 mA g-1 70 [185] 

[PMoV
8MoIV

4Zn4]-based 

POMOF 

600 100 mA g-1 70 [186] 

[PW12Cu10]/MCF 570 100 mA g-1 70 [187] 

GO-IL-[P2Mo18] 900 100 mA g-1 80 [188] 

[MnV12]/GQDs 970 100 mA g-1 50 [189] 

Co2V2O7 microplatelets 813 200 mA g-1 70 [190] 

Co3V2O8 nH2O 800 200 mA g-1 70 [191] 

Co3V2O8 nanosheets 880 200 mA g-1 70 [192] 

Co3O4@Co3V2O8 916 200 mA g-1 70 [193] 

[PW9Ni6]-based MOF 350 400 mA g-1 65 [194] 

[PMo12V2]-based 

MOF/rGO 

846 200 mA g-1 70 [195] 

 

Note:  

POMOF: POM-based metal organic frameworks 

MCF: metal-carbene frameworks 

rGO: reduced graphene oxide 
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1.4	State	of	the	art	
 

 
This chapter contains the paper [YJ-1] and was written by Yuanchun Ji, Lujiang Huang, Jun 

Hu, Carsten Streb and Yu-Fei Song as a review article for Energy & Environmental Science 

with the title “Polyoxometalate-functionalized nanocarbon materials for energy conversion, 

energy storage and sensor systems”. 

 

Published in: Energy & Environmental Science, 2015, 8, 776-789. DOI: 
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2.	Objective	
 

 

As discussed above, the POM molecular cluster battery suffers from conductivity and 

component distribution problems even though it represents a huge potential as an 

electron/energy reservoir. The ideal POM-based energy storage materials could be built by 

using nanocarbon substrates, e.g. 0-dimensional graphene quantum dots, 1-dimensional 

carbon nanotubes, as well as 3-dimensional carbon matrix/porous polymer matrices. The 

investigation of the interface between POM and nanocarbon is highly interesting and has 

attracted significant research interests. Upon being immobilized into conductive nanocarbon 

substrate, the POM based molecular cluster battery could exhibit huge advantages, in terms of 

electron and energy transferring across the component interfaces at low activating energies.  

 

In this dissertation, we will explore four types of assembly strategies for POM/carbon 

composites (Figure 30). 

 

1) Sonication-driven-growth of POM nanocrystals on 1D single-walled carbon nanotubes 

 

2) Self-assembly of POM cluster and 0D graphene quantum dots 

 

3) Immobilization of POM cluster into 3D hierarchical porous polymer  

 

4) Incorporation of polyoxovanadate into 3D metal organic framework followed with 

pyrolysis to form cobalt vanadium oxide/carbon hierarchical composites 
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Figure 30. Schematic illustration of assembly strategies for POM/nanocarbon composite materials 
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3.	Results	and	Discussion	
 

3.1	Polyoxometalate-functionalized	1D	carbon	nanotube	supermolecular	
structure	(YJ-1,	YJ-2)	
 

As mentioned before, we have reported that electron-rich pyrene-functionalized Anderson-

POMs can be linked with CNT through π-π stacking, and the amino group bearing Anderson 

cluster can be covalently linked with carboxylate-functionalized CNTs by the formation of 

amide bonds.[151] However, due to the small number of POM types that can be organo-

functionalized as well as the introduction of surface defects in the process of oxidizing CNT, 

the quality and quantity of the POM-functionalized CNTs, this route does not give general 

access to POM/CNT composites. Herein, we will introduce a facile and universal synthetic 

route which allows the firm linkage of POMs to CNTs while retaining the structural and 

electronic integrity of the CNTs. Assisted by ultrasonication, POM micro-crystals can be 

grown periodically along the 1D CNT, resulting in a series of “necklace” shaped POM/CNT 

composites. To choose the best sonication condition for the periodic functionalization, initial 

studies were made by varying the sonication intensity and sonication time. This allowed 

effective control over the size and morphology of the crystalline POM nanostructures 

deposited on CNTs. In the following, different parameters that could affect the periodical 

wiring process were investigated, including ultrasonication time, type of cations, as well as 

the type of anions. All the POM clusters used in this experiment are listed in Table 2. As 

shown in Figure 31,	 the type of POM anion was varied whilst keeping the cation TBA 

unchanged. For the POM anions studied, two main crystal morphologies are observed. When 

TBA-PMo9V3, TBA-PMo10V2, TBA-PMo12 or TBA-PW12 were employed, rhombic 

dodecahedron-shaped crystals of varying size are periodically arranged along the CNTs. 
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Table 2. POM salts employed in this study 

Entry 

no 

POM-salt Abbreviation 

1 H3[PMo12O40]·nH2O PMo12 

2 H3[PW12O40]·nH2O PW12 

3 H3[SiW12O40]·nH2O SiW12 

4 H4[PMo11VO40]·13H2O PMo11V 

5 H5[PMo10V2O40]·9H2O PMo10V2 

6 H6[PMo9V3O40]·12H2O PMo9V3 

7 H4[PW11VO40]·10H2O PW11V 

8 TBA3[PMo12O40] TBA-PMo12 

9 TBA3[PW12O40] TBA-PW12 

10 TBA3[SiW12O40] TBA-SiW12 

11 TBA4[PMo11VO40] TBA-PMo11V 

12 TBA5[PMo10V2O40] TBA-PMo10V2 

13 TBA6[PMo9V3O40] TBA-PMo9V3 

14 TBA4[PW11VO40] TBA-PW11V 

15 TOA4[PMo11VO40] TOA-PMo11V 

16 DDA4[PMo11VO40] DDA-PMo11V 

17 STA4[PMo11VO40] STA-PMo11V 

 

Note: TBA: tetra-n-butylammonium; TOA: tetra-n-octylammonium; DDA: 

dodecyltrimethylammonium; STA: steartrimonium. 

In contrast, when TBA-PW11V or TBA-SiW12 were used, rod-like crystal growth 

perpendicular to the CNTs is observed. The results highlight that a variety of Keggin-based 

POMs with diverse redox-chemistry can be deposited on CNTs. Further, the type of anion 

affects the crystal morphology observed. (Figure 31) 

 

Compared with previous POM-functionalized CNT systems which feature 1-5 nm-sized POM 

cluster, in this work the POM clusters exist in the form of micro-crystals. As a model system, 

the TBA-PMo11V/CNT nanocomposites with regular rhombic dodecahedron morphology 

were used in a standard coin-cell LIB.  
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Figure 31. Effect of POM anion variation (cation: TBA) on the POM/CNT morphology. Sonication 

intensity =0.83 W•cm-2, sonication time=4 h; sonication frequency=60 kHz. 

Figure 32a shows the first and second charge-discharge cycle of the TBA-PMo11V/CNTs 

electrode at a current density of 0.5mA cm-2. The first discharge capacity is 3014.1 mAh g-1; 

in the second cycle, the discharge capacity decreases to 1052.6 mAh g-1. This behaviour is 

well known and is associated with the formation of a solid-electrolyte interface. Over 

subsequent cycles, the specific capacity stabilized at ca. 850 mAh g-1.  

 

 

 

Figure 32. a) The first and second charging and discharging cycle of the LIB prototype based on the 

TBA-PMo11V/CNTs composite; b) the discharge capacity of the nanocomposite (blue), pure CNTs 

(red), pure POM (black) and the physical mixture (non-wired) of POM and CNTs (green) as well as 

the coulombic efficiency of the nanocomposite (cyan), current density is 0.5 mA cm-2. 

b) 
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Figure 32b displays the cycling stability and capacity retention of the TBA-PMo11V/CNTs 

electrode at a current density of 0.5mA cm-2: after an initial drop, the capacity remains stable 

at ca. 850 mAh g-1 for 100 cycles. Coulombic efficiency of the TBA-PMo11V/CNTs 

nanocomposites is examined to evaluate the electrode reversibility and cycling stability. In 

this experiment, a coulombic efficiency of ~99% was found which demonstrated excellent 

cycling performance of the as-prepared POM/CNT composite materials. In addition, rate 

performance, cyclic voltammetry as well as electrochemical impedance spectroscopy are of 

key importance to evaluate the battery performance of the composite materials. More details 

will be discussed in Chapter 6.1. 
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3.2	Polyoxovandate-functionalized	0D	graphene	quantum	dots	as	nanorod	
composite	materials	for	LIB	anodes	(YJ-3)	
 

The 0D graphene quantum dots (GQDs) can be conceived as the smallest fragments of 2D 

graphene oxide (GO), which bear different functional groups i.e. alcohols, carboxylic acids, 

amines, amides, enabling the further linkage of GQDs to metal oxides. In addition, compared 

with carbon nanotubes, GQDs can provide even larger specific surface area and more 

flexibility to form nanoscale composites with metal oxides.[196–198] 

 

Here in our work, we have shown that light-weight manganese vanadate clusters 

(nBu4N)3(DMA)[(MnCl)V12O32Cl] (= [MnV12]) can be deposited on GQDs to form nanorod 

composites, which exhibit excellent battery performance in LIBs. 

 

 

Figure 33. Characterization of Mn-V/GQD composite : TEM images of (a, b) graphene quantum dots 

(inset: luminescence of the as-prepared GQDs under broadband UV irradiation); (c) [MnV12] drop-cast 

on TEM grid; (d) Mn-V/GQD composite; (e, f) HRTEM of Mn-V/GQD composite (inset in f: Fast 

Fourier transform); (g) EDX spectrum of Mn-V/GQD composite; (h) FT-IR spectra of GQDs (black), 
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[MnV12] (red) and Mn-V/GQD composite (blue); (i) emission spectra of GQDs in the presence and 

absence of [MnV12] in acetonitrile/water (2:1, v:v).) 

We hypothesize that the formation was triggered by the energy input provided by 

ultrasonication. A “delamination-re-alignment” process can lead to the conversion of [MnV12] 

to solid-state Mn-V-oxides.[199][200] For the as-prepared GQDs, TEM shows non-aggregated, 

disk-shaped particles with a diameter of approx. 20 nm and a narrow size distribution (Fig. 

33a, b). In addition, HR-TEM shows “superstructures” where several smaller rods are aligned 

in a co-parallel fashion to give structures up to ~150 nm in length. Fast Fourier transforms 

(FFTs) were used to analyze the lattice fringes of the layered structures which feature an inter-

layer spacing of 0.35 nm. The Mn-V/GQD composites show distinct smooth, rod-like 

structures with length between ~400-800 nm and diameter between ~30-50 nm. Besides, 

TEM-coupled energy dispersive X-ray spectroscopy (EDX), emission spectroscopy, FT-IR 

spectroscopy as well as XPS were also implemented to probe the interactions of manganese 

vanadium oxides and GQDs and explore the formation of the well-defined and stable 

composite materials. (Figure 33g-i) 

 

 

 

Figure 34. (a) rate performance of Mn-V/GQDs composites at current densities of 50 mA g-1 to 2000 
mA g-1, (b) specific discharge capacity and coulombic efficiency. 

 

The charge-discharge capacity of the as-prepared materials were tested in a standard coin cell 

at a current density of 100 mA g-1. The composite materials exhibited an initial discharge 

capacity of 1645 mA g-1, followed by a stable discharge capacity of ~970 mA g-1. As 

described before, this capacity loss is related to the formation of a solid-electrolyte interface 
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(SEI). The rate performance of composite was evaluated at current densities between 50 mA 

g-1 and 2000 mA g-1 at voltages between 0 - 3.0 V vs. Li+/Li. (Figure 34a). As expected, 

higher current densities result in lower charge and discharge capacities. When the current 

density is re-set to the original value after 60 cycles, the original discharge capacity is 

recovered and a slight increase to ~1,100 mAh g-1 is noted, indicating an enhanced battery 

performance of the as-prepared composite materials  

 

Electrochemical cycling of the battery is shown in Fig. 34b and illustrates the cycling stability, 

specific capacity and coulombic efficiency of the Mn-V/GQD composite at a current density 

of 100 mA g-1: after an initial drop, the specific capacity remained stable at ca. 970 mAh g-1 

for 100 cycles. In contrast, when tested under identical conditions at identical weight loadings, 

the precursors (GQDs, [MnV12]) and a physical mixture of the components (obtained by 

grinding both components together) show significantly lower specific capacities. A coulombic 

efficiency of ~99% was retained for 100 cycles after an initial drop. (Detailed information 

was shown in Chapter 6.2.) 
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3.3	Polyoxomatalate-incorporated	3D	porous	carbon	matrices	(YJ-4,	YJ-5)	
 

In this chapter, two different strategies for building up POM-based 3D carbon matrices 

composite materials were illustrated based on two different substrates, including 3D-printed 

ABS polymer (acrylonitrile butadiene styrene) and 3D polyhedral metal organic frameworks 

(MOFs). The latter substrate was combined with POM to construct energy materials, while 

the former substrate here is used to explore the concept of incorporation of POM to porous 3D 

polymer matrices, which could pave the way for the future application in energy and 

environmental fields. 

	

3.3.1	Polyoxometalate-incorporated	3D	printed	porous	ABS	composites	
 

 

Figure 35. Schematic illustration of hydrolysis mechanism of ABS polymer 

 

The ABS plates were immersed in a basic hydrolysis solution containing 55 wt.-% water, 35 

wt.-% NaOH and 10 wt.-% 1,4-dioxane. Hydrolysis was performed at 65 oC for periods of 5 

to 15 minutes. Then the ABS plates were taken out and rinsed with deionized water and 2 M 

aqueous HCl and again deionized water. After that the air-dried ABS plates were labelled as 

ABS-X, where X indicates the immersion time. In the following the ABS-15 was taken as an 

example. SEM, FT-IR, Raman, XPS as well as contact angle tests were implemented to prove 

the generating of the well-defined porous structure which bears functional carboxylate and 

amide groups which could enable the anchoring of POM clusters. (Figure 35) 
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Figure 36. SEM images of a) [PW9]@ABS-15; b-c) EDX mapping of elements P and W of a); XPS 
spectra of [PW9]@ABS-15, d) deconvoluted W 4f spectrum, e) deconvoluted P 2p spectrum; f) 
deconvoluted O 1s spectrum. 

 

The tri-lacunary Keggin anion [α-PW9O34]9- ([PW9]), which is capable of coordinative 

binding of up to 6 metal cations, was deposited on ABS-15 by simply immersing the ABS 

sample in an aqueous solution of Na9[α-PW9O34] (10 mM) (pH=7) for 24 h. SEM and coupled 

EDX (energy-dispersive X-ray spectroscopy) showed a homogeneous distribution of ([PW9] 

over the ABS surface.(Figure 36a-c) Further, XPS was performed to assess the elemental 

composition of the composite and verify the ([PW9] integrity after ABS surface deposition. 

Analysis of the deconvoluted XPS spectra shows the characteristic W(4f) and P(2p) signals, 

which are in line with the features expected for ([PW9].[178] The O1s spectrum exhibits a 

characteristic signal at 531.5 eV, which is assigned to W-O from ([PW9]. (Figure 36d-f) 

 

We performed a proof-of-concept study to explore the performance of the composite 

[PW9]@ABS-15 for the adsorption of heavy metals from water. To this end, we immersed 10 

standard ABS plates (ABS-5, ABS-15 and [PW9]@ABS-15) in 2.2 mM aqueous solutions of 

CoCl2 x 6H2O as model heavy metal pollutant. The system was allowed to equilibrate over a 

period of 12 h. The residual Co2+ concentration was determined by inductively coupled 

plasma optical emission spectroscopy (ICP-OES). As the result showed, significantly higher 

removal efficiency is observed for the POM-modified [PW9]@ABS-15 (100 %), compared 

with the purely organic ABS-5 (~8.8 %) and ABS-15 (~12.4 %). 
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In conclusion, we demonstrate a facile route to convert 3D printed polymers into macroporous, 

surface-active solid substrates for the deposition of functional molecular components. 

Embedding of molecular metal oxide cluster anions featuring metal binding sites is used to 

access a host-guest composite, which shows promising heavy metal removal from aqueous 

solutions and no leakage of the deposited molecular metal oxides.  
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3.3.2.	Modular	design	of	multifunctional	cobalt	vanadium	oxide	/	carbon	composites	for	
high-performance	lithium	ion	storage	and	oxygen	evolution	catalysis	
 

In our research, we have firstly synthesized ultra-small-sized Co3V2O8 and CoV3O8 

nanoparticles (average size: 5 nm) trapped within multi-layered graphitic carbon matrices, 

which build up well-defined, hierarchical nanocomposites featuring individual particle size of 

ca. 100 nm. In the first step, the polyoxovanadate clusters [(n-C4H9)4N]3H3[V10O28] 

(abbreviated as {V10}) (size ~1 nm) were incorporated into the cavities of the metal-organic 

framework ZIF-67 (pore size 1.16 nm) to form distorted rhombic dodecahedron particles 

{V10}@ZIF-67. Then, the as-prepared {V10}@ZIF-67 nanoparticles were pyrolyzed at 480 oC 

in N2 to transform into carbon wrapped cobalt vanadates (Co3V2O8 and CoV3O8) hybrid 

materials, which were named as CoVO/C hereafter. This well-matched trapping of {V10} 

clusters into ZIF-67 inner channels were considered to be favorable for the in situ 

transformation under pyrolysis, as the V sources are periodically inserted into the vacancies 

provided by Co2+ and 2-methylimidazole building blocks. During the confined heat-induced 

“disassembly and reassembly” process, the ultra-small nanocrystals of Co3V2O8 and CoV3O8 

that allow the exposure of more catalytically active sites are produced. In our study, this is 

referred to as CoVO/C composite. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used 

to characterize the nanostructure of {V10}@ZIF-67 and CoVO/C. SEM analysis shows that 

{V10}@ZIF-67 is obtained as rhombic dodecahedrons (Fig. 37b,c) which are slightly more 

distorted than the ZIF-67 reference (Fig. 37a). The distortion could be associated with the 

embedding of the {V10} (diameter ~0.9 nm) within the ZIF-67 pore (~1.1 nm pore diameter). 

In addition, the composite features smaller particle size (diameter ~ 100 nm) compared to the 

pure parent compound (diameter ~ 200 nm). After pyrolysis of {V10}@ZIF-67 at 480 oC, the 

surface of the individual CoVO/C composite particles is rough and porous, possibly due to the 

formation of gaseous products upon pyrolysis of the organic ZIF-67 components (Fig. 37d,e). 

In the CoVO/C composite, we observe homogeneously distributed metal oxide particles 

embedded in a carbon matrix while reference samples of pyrolyzed pure ZIF-67 show “empty” 

channel-like structures. At higher pyrolysis temperatures (480 oC), a hierarchically porous 

composite is obtained (Fig. 37f,g) and powder X-ray diffraction (pXRD showed the presence 

of the two crystalline Co-V-oxide phases Co3V2O8 (JCPDS card no. 16-0675) and CoV3O8 
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(JCPDS card no. 22-0598) in the composites (Fig. 38). Note that similar cobalt vanadium 

oxides have recently been used as active materials in LIBs. For example, Lou et al have 

constructed Co3O4@Co3V2O8 hollow nanocomposites, which exhibit a high capacity of 948 

mAh g-1 after 100 cycles at 100 mA g-1 and a reversible capacity of ca. 600 mAh g-1 after 500 

cycles at 1000 mA g-1. (Further information see chapter 6.4). 

Abberation-corrected high resolution TEM (AC-HR-TEM) indicates the presence of 

crystalline Co-V-oxide particles (diameter ~ 5 nm) embedded in a layered carbon matrix with 

layer spacings of ca. 0.34 nm. The corresponding lattice fringes were assigned to the (002) 

planes of graphitic carbon (see Fig. 37h,i). The embedded cobalt vanadates with particle sizes 

around 5 nm (Fig. 37 h,i), possess well-defined crystallinity, several interlayer distances could 

be assigned to the corresponding Miller-planes observed by powder X-ray diffraction (pXRD) 

which were further identified by (AC-HR)TEM and powder X-ray diffraction (powder XRD). 
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Figure 37. SEM images of a) un-modified ZIF-67 polyhedra; b) {V10}@ZIF-67 nanocomposites; TEM 

image of c) {V10}@ZIF-67 nanocomposites; SEM images of d, e) CoVO/C nanocomposites; TEM 

images of f, g) CoVO/C nanocomposites; (AC-HR)TEM images of h, j) CoVO/C nanocomposites. 

 

 

Figure 38. Powder XRD pattern of pyrolyzed {V10}@ZIF-67 polyhedrons and simulated 
XRD patterns of Co3V2O8 (JCPDS: 16-0675), and CoV3O8 (JCPDS: 22-0598) are shown in 
the bottom. 

 

 

 

 

Figure 39. Rate capability test for CoVO/C-based electrode at various current rates (1st–160th cycles) 

and long cycling galvanostatic measurement for CoVO/C anodes (161st–2000th cycles). 
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In the Lithium ion battery test, except for the high discharge capacity (~920 mAh g-1) under 

the normal current density such as 200 mA g-1, the CoVO/C composite material also 

possesses the ultra-fast Lithium storage at the current density of 20 A g-1, which is 

outstanding compared with reported studies. As Figure 39 indicated, the specific capacity 

could be maintained to be as high as 344.8 mAh g-1 at 300th cycle and 426.4 mAh g-1 after 

2000 cycles without any losses, accounting for ~99% and ~122% capacity retention with 

respect to the 162nd cycle capacity. (Detailed battery characterization see chapter 6.4) 

 

Figure 40 a) Polarization curves and b) Tafel plots of CoVO/C, pyrolyzed ZIF-67 and Pt/C in 1M 

KOH for the OER. c) Polarization curves of CoVO/C initially and after 1000 cycles of CV sweeping, 

respectively. Inset in c) i-t curve for CoVO/C over 10 h; d) The experimentally observed and 

theoretically calculated amounts of O2 on CoVO/C. The Faradaic efficiency is close to 100% at test of 

4000 s. 

 

In addition, the activity for OER was evaluated in a three-electrode system in 1 M aqueous 

KOH on glassy carbon electrode with IR correction. As shown in Figure 40a, the CoVO/C 
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nanocomposites exhibit outstanding polarization curves with an overpotential of 350 mV, 

which is lower than 520 mV for pyrolyzed ZIF-67. And both of the above catalysts were far 

better than a commercial Pt/C electrode, which was used in our experimental setup under the 

same condition as the other as-prepared catalysts. The Tafel plot is an inherent method to 

measure the catalytic kinetics for the comparative catalysts by fitting the Tafel equation (η=b 

log j + a, where η is the overpotential, j the current density, and b the Tafel slop). According 

to our experiment, the Tafel plot of CoVO/C is about 75 mV dec-1, which is lower than 131 

mV dec-1 of pyrolyzed ZIF-67 and 212 mV dec-1 of commercial Pt/C electrode, respectively.  

Furthermore, the long-term stability for CoVO/C nanocomposite was studied by 

chronoamperometry at an overpotential of 350 mV corresponding to a current density of 10 

mA cm2 with a scan rate of 100 mV s-1. Obviously, after 1000 cycles of cyclic votammetry 

(CV), there is no obvious fading observed according to the results from linear sweep 

voltammetry (LSV) (Fig. 40c). The i-t curve obtained with a stationary potential of 1.58 V for 

10 h further identifies the good stability of the CoVO/C nanocomposites (inset in Fig. 40c). In 

this experimental setup, the CoVO/C nanocomposite materials were pasted on a standard 

carbon fibre paper to avoid the leaking problem of active materials that often occurring in the 

case of glassy carbon electrode. The faradaic efficiency of the CoVO/C electrode was 

quantified by determining the molar amount of oxygen evolved (using an oxygen sensitive 

optical probe) while performing a bulk electrolysis at E = 1.58 V in deoxygenated 1 M KOH 

under a positive pressure of Ar atmosphere (Fig. 40d). The observed O2 amount was plotted in 

parallel with the theoretically calculated one, which fits well with the four-electrons principle 

of water oxidation. It is worth noticing that, the small gap between the two curves at the 

beginning of bulk electrolysis is owing to the trace oxygen remained in the cell, which does 

not influence the results in our experiment. The faradaic efficiency is calculated to ~100% for 

the OER over 4000 s, highlighting the promising performance of the CoVO/C 

nanocomposites. 

In conclusion, we have accurately incorporated the molecular polyoxovanadate clusters into 

the inner channels of zeolitic imidazolate frameworks-67, followed by pyrolysis-induced 

transformation to give bi-cobalt vanadate hybrid composites that embedded in hierarchical 

carbon matrices. When used in LIB anode material, the CoVO/C nanocomposite can 

remarkably deliver the ultra-fast Lithium transfer up to 420 mAh g-1 at 20 A g-1 after 2000 

cycles, which is extremely competitive compared with already reported studies. In addition, 

the CoVO/C nanocomposite also provides excellent OER performance, featuring 
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comparatively lower overpotential of 350 mV and robust durability in alkaline media. This 

novel bi-cobalt vanadates catalyst can keep structural stability after prolonged CV cycles, as 

well as up to 10 h of bulk electrolysis. The synthesis of this ultra-small Co3V2O8 and CoV3O8 

nanoparticles embedded hierarchical porous carbon composites provides a platform for the 

synergistic effect of each component, which sheds light on the development of novel energy 

materials with ultra-fast Lithium storage and competitive oxygen evolution performance for 

water splitting and metal-air batteries. 
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4.	Summary	and	Outlook	
 

 

Grafting molecular metal oxide clusters to highly conductive nanocarbon substrates to form a 

family of composite materials can not only improve the electron/energy transfer within the 

interfaces in electronic devices, but also expand the earth-abundant metal oxides into the 

application beneficial to human society and sustainability. 

 

Here in this thesis, we have developed state-of-the-art synthetic strategies to 

POM/nanocarbon composites, leading to a family of POM-based nanocarbon energy materials 

for energy conversion and storage. The work that we have done is illustrated according to the 

topology of the nanocarbon substrates, which feature 0-3 dimensions respectively. 

1) Sonication-driven-growth of POM nanocrystals along 1D single-walled carbon nanotubes 

Ultrasonication serves two purposes in this structure. 

First during preparation of the individually distributed CNTs, ultrasonication helped to 

overcome the intermolecular binding forces. In the stage of assembly of POM/CNT 

nanocomposite, ultrasonication exhibited its unique function to drive the selective formation 

of POM micro-crystals. Instead of chemically oxidizing the CNT to have uncontrolled surface 

defects, the crystallization of POM on the individual CNT was realized under mild synthetic 

condition. Parameters such as sonication duration, types of cations, types of polyanions were 

tuned to obtain various kinds of POM/CNT “necklace” nanocomposites. 

 

2) Self-assembly of POM clusters and 0D graphene quantum dots into nanorod-like 

composites 

Graphene quantum dots can be conceived as the smallest fragments of graphene oxides, 

which possess multiple functional groups, such as –COOH, -OH, -CHO etc. These functional 

groups provide various opportunities for the metal oxides. Manganese vanadium oxides, with 

excellent redox activity were combined with nano-sized GQDs to form the layered hybrid 

composites which feature good battery performance. Compared with CNT, GQDs are cost-
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effective and easily produced at a large scale, which could be ideal for further industrial 

applications. 

 

3) Immobilization of POM clusters into 3D-printed hierarchical porous polymer 

3D hierarchically structured porous substrate was provided by a commercial 3D printer which 

used ABS copolymer as feedstock. We have converted the comparatively smooth ABS 

surface into a macroporous hierarchical 3D structure by a facile hydrolysis process. After 

hydrolysis, the porous polymer structure was functionalized with various groups including 

carboxylate and amide, which provided a platform for further interaction with tri-vacant POM 

molecules. The as-prepared POM/3D porous structure was proven to be stable without 

leaching in the following solvent-based metal removal. In a typical heavy metal adsorption 

experiment, this POM/3D porous structure showed good removal efficiency towards 2.2 mM 

aqueous solution of CoCl2 x 6H2O. In addition, this composite material exhibited high 

removal efficiency for Cu2+ (67.1 %), followed by Ni2+ (44.2 %) and Co2+ (40.5 %) in a 

control experiment. ICP-OES and SEM-EDX were implemented to monitor the leaching and 

adsorption phenomena respectively. 

 

4) Incorporation of polyoxovanadates into 3D metal organic framework followed by pyrolysis 

to form cobalt vanadium oxide/carbon hierarchical composites 

Pyrolyzed MOF nanopolyhedral composites are good candidates for energy conversion and 

storage. Pyrolyzed MOF and/or ZIF porous carbon matrix is an ideal material which has a 

large specific surface area, plenty of cavities/channels as well as high conductivity. Promising 

initial studies explored the incorporation of POMs into the pyrolyzed ZIF carbon matrix. The 

molecular structures of POMs could be maintained by a “post-insertion” method, where the 

POM was immobilized into the cavities of pyrolyzed ZIF matrix without further treatment 

that could decompose the POM, e.g. pyrolysis. On the other hand, the POM can be 

immobilized into the ZIF structure through an in situ synthesis. In the formation process of 

the ZIF skeleton, the POM is simultaneously present as building block. However, in this 

approach, the original morphology of ZIF was affected due to the strong acidity of POMs. 

Since the as-synthesized materials show very low conductivity, they are insufficient to be 

used in energy conversion and storage devices, e.g. in LIBs. Therefore, we have heated the 

composite materials under Ar atmosphere to obtain a carbon-wrapped cobalt vanadium oxide 

hybrid material Co3V2O8/CoV3O8/C (CoVO/C in abbreviation), which showed great potential 

for delivering large discharge capacity. In our calculation, the pseudo-capacitance which 
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stems from the large specific surface area is a main contribution to the excellent battery 

performance. In addition, when applied for the oxygen evolution reaction, the CoVO/C 

composite material exhibited excellent performance featuring lower overpotential, robust 

durability in alkaline media. This work is attached in the following as a manuscript to be 

submitted. 

 

In the future, it is foreseeable that more well-defined POM-based or POM-derived carbon 

composite materials can be designed and used in energy conversion and storage systems. 

However, large discharge capacity will not be the main criteria to evaluate the LIB, but ultra-

fast charging and discharging is urgently required by stationary power storage systems and 

electric vehicles. The composite materials which can exhibit the synergetic effect of both 

metal oxides and carbonaceous matrices would be ideal to further generate fast, stable and 

safe Lithium storage. 
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Abstract 

The first example of a convergent bottom-up materials design approach for the 

development of multifunctional metal oxide / carbon composites is reported. Thermal 

conversion of a polyoxovanadate-functionalized metal organic framework gives a 

nanostructured composite where redox-active crystalline Co-V-Oxide nanoparticles 

(~5 nm) are firmly linked to a high-surface-area N-doped graphitic carbon matrix. The 

multifunctional composite shows outstanding performance as lithium ion battery 

electrode which overcomes several current bottlenecks in stability, rate-capability and 

capacity. Further, the use of the composite as highly active, stable and efficient 

oxygen evolution reaction electrocatalysts for alkaline water electrolysis is 

demonstrated. This convergent approach forms a starting point for a generalized 
materials design for electrochemical energy conversion and storage. 
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Introduction 

Redox-active metal oxide / carbon composites play an essential role in future energy 

conversion and storage technologies such as batteries and water electrolysis. On 

one hand, the development of cost-efficient oxygen evolution reaction (OER) 

electrocatalysts based on earth-abundant transition metal oxides is still a major 

challenge in materials chemistry. This is due to the significant obstacles associated 

with effective OER catalysts including the need for low overpotentials, long 

operational times and chemical stability under highly oxidative and corrosive 
conditions.  

On the other hand both stationary and mobile batteries urgently need economically 

viable electrode materials which combine high energy density and cycling stability 

with fast charging and discharging capability. To-date, many commercial LIB 

electrode materials suffer from relatively slow Li+ ion diffusion while the number of 

charges stored per formula unit still needs to be increased to reach the maximum 
theoretical energy densities.[1] 

Both technologies share many common materials requirements such as redox-active 

sites, efficient charge-transport and high stability under chemically demanding 

conditions. Despite these common requirements, current energy materials design 

uses a divergent approach where materials are either developed for battery 

electrodes or for electrocatalysis. Here, we propose that a converging approach 

could open new avenues for efficient materials design. By understanding the 

fundamental requirements of batteries and electrocatalysts, a joint materials design 

approach can be possible leading to technologically relevant platform composites 

which can subsequently be optimized for use in battery technologies as well as 
eletrocatalysis.  

One of the most promising approaches to this end is a modular bottom-up materials 

design where redox-active molecular metal oxide precursors (so-called 

polyoxometalates, POMs)[2] are incorporated into porous metal-organic frameworks 

(MOFs).[3] The beauty of this concept is the combination of POMs which offer vast 

structural, chemical and redox- tunability[4,5] with modular MOFs where ordered pores 

suitable for POM-uptake are combined with the presence of carbon-rich organic 

ligands as precursors for conductive carbon nanostructures. In the context of high 
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gravimetric energy density, reversible multi-electron storage and high redox-activity,[6] 

polyoxovanadates, i.e. highly redox-active vanadium oxide clusters are ideal 

prototypes for MOF incorporation choice.[7] Polyoxovanadates offer wide structural 

variability and chemical tunability,[7,8] so that a large number of redox-active transition 

metals can be incorporated in the cluster shell to modulate the electrochemical and 

electrocatalytic performance.[9–13] Further reactivity tuning is possible by systematic 

introduction of a second type of transition metal (heterometal) into the vanadate shell 

to tune redox-potentials or introduce catalytic reaction sites.[10,12,14,15] However, to the 

best of our knowledge, no POM-based systems have been reported which show 

general utility for both electron storage in battery electrodes and electrocatalytic 

activity in water electrolysis. Over recent years, several strategies have been 

developed to directly incorporate POMs into MOF matrices, leading to hybrid host-

guest composites.[16–19] In their native state, the performance of these composites is 

often hampered by low electrical conductivity, limited stability and poor catalytic 

performance. Pioneering studies to address these challenges have used the thermal 

conversion of the POM@MOF precursor into nanostructured solid-state compounds. 

In one striking example, Lou et al. have synthesized transition metal carbides (MoCx) 

by pyrolysis of [PMo12O40]3-@NENU-5 POM-MOF composites. The materials exhibit 

remarkable electrocatalytic hydrogen evolution performance combined with high 

stability in acidic and basic aqueous solutions.[20] In the field of LIB battery materials, 

Qiu et al. have simultaneously inserted [PMo12O40]3- and [PW12O40]3- into NENU-5. 

Pyrolysis of the material gave mixed Mo-W-Cu oxide / porous carbon composites 

which showed superb stability as LIB cathodes (2000 cycles at a current density of 5 
A g-1).[21]  

Here, for the first time, we report how one principal materials design approach gives 

access to a metal oxide/carbon composite which can be directly used as LIB cathode 

as well as electrocatalyst for the oxygen evolution reaction. The superior 

performance in both fields is demonstrated together with initial leads for further 

materials design and optimization:  a simple two-step process starting from molecular 

vanadium oxide clusters embedded in a ZIF-67 MOF framework is used to access a 

hierarchically structured composites where crystalline Co-V-oxide nanoparticles (~5 

nm diameter) are embedded in a layered porous carbon matrix. When used as LIB 

anode material, the composite combines high specific capacity (420 mA g-1 after 

2000 cycles at 200 mA g-1) with high stability at high current densities of up to 20 A g-
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1. When used as OER electrocatalyst, the composite shows excellent performance 

featuring low overpotential (350 mV) and small Tafel slopes (75 mV dec-1). This new 

class of materials therefore paves the way for developing multifunctional composites 
based on one family of molecular precursors. 

 

Results and Discussion 

As shown in Scheme 1, the carbon-coated cobalt vanadium oxide composites were 

synthesized using a facile two-step process. As model vanadium oxide cluster we 

used decavanadate anions [H3V10O28]3- (={V10});[22] as MOF model, we employed ZIF-

67 which is based on Co2+ ions linked by 2-methylimidazole ligands into a 3d porous 

framework. The {V10}@ZIF-67 composite was obtained by reaction of {V10}, Co(NO3)2 

x 6 H2O and 2-methylimidazole in methanol at room temperature (treaction = 12 h). The 

solid samples were recovered by centrifugation, washed and dried and pyrolyzed in a 

tube furnace (480 oC; heating rate: 10 oC/min; N2 atmosphere; t = 4 h), giving the 

final composite, hereafter referred to as CoVO/C. FT-IR, CHN elemental analysis and 

TGA were used to establish the composition and purity of the products (see SI, 
Figure S1-S3 and Table S1). 

 

Scheme 1: Illustration of the two-step fabrication process of the CoVO/C composite. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

were used to characterize the nanostructure of {V10}@ZIF-67 and CoVO/C. SEM 

analysis shows that {V10}@ZIF-67 is obtained as rhombic dodecahedrons (Fig. 1b,c) 
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which are slightly more distorted than the ZIF-67 reference (Fig. 1a). The distortion 

could be associated with the embedding of the {V10} (diameter ~0.9 nm) within the 

ZIF-67 pore (~1.1 nm pore diameter). In addition, the composite features smaller 

particle size (diameter ~ 100 nm) compared to the pure parent compound (diameter ~ 

200 nm). After pyrolysis of {V10}@ZIF-67 at 480 oC, the surface of the individual 

CoVO/C composite particles is rough and porous, possibly due to the formation of 

gaseous products upon pyrolysis of the organic ZIF-67 components (Fig. 1d,e). In the 

CoVO/C composite, we observe homogeneously distributed metal oxide particles 

embedded in a carbon matrix  while reference samples of pyrolyzed pure ZIF-67 

show “empty” channel-like structures (Fig. S3a). At higher pyrolysis temperatures 

(480 oC), a hierarchically porous composite is obtained (Fig. 1f,g, S3d,e) and, powder 

X-ray diffraction (pXRD showed the presence of the two crystalline Co-V-oxide 

phases Co3V2O8 (JCPDS card no. 16-0675) and CoV3O8 (JCPDS card no. 22-0598) 

in the composites (Fig. S4). Note that similar cobalt vanadium oxides have recently 

been used as active materials in LIBs. For example, Lou et al have constructed 

Co3O4@Co3V2O8 hollow nanocomposites, which exhibit a high capacity of 948 mAh 

g-1 after 100 cycles at 100 mA g-1 and a reversible capacity of ca. 600 mAh g-1 after 
500 cycles at 1000 mA g-1.[23] (Further comparison see Table S3, SI). 

Abberation-corrected high resolution TEM (AC-HR-TEM) indicates the presence of 

crystalline Co-V-oxide particles (diameter ~ 5 nm) embedded in an layered carbon 

matrix with layer spacings of ca. 0.34 nm. The corresponding lattice fringes were 

assigned to the (002) planes of graphitic carbon, see Fig. 1h,i.[24] The embedded 

cobalt vanadates with particle sizes around 5 nm (Fig. 1 h,i and Fig. S3 e), possess 

well-defined crystallinity, several interlayer distances could be assigned to the 

corresponding Miller-planes observed by powder X-ray diffraction (pXRD) which were 

further identified by (AC-HR)TEM and powder X-ray diffraction (powder XRD), see 
Fig. 1 h,I and Fig. S4[25] 
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Figure 1. SEM images of (a) non-modified ZIF-67 and (b) {V10}@ZIF-67; (c) TEM images of 

{V10}@ZIF-67; SEM (d, e) and TEM (f, g) images of CoVO/C pyrolyzed at 480 oC; (h, j) (AC-

HR)TEM images of CoVO/C. The interlayer distances of 0.201 nm and 0.250 nm are 

assigned to the (400), (311) lattice planes of Co3V2O8. The interlayer distances of 0.265 nm 

and 0.234 nm can be assigned to the (303) and (114) lattice planes of CoV3O8. 

X-ray photoelectron spectroscopy (XPS) of CoVO/C confirmed the presence of Co, V, 

O and C and gave a Co-V-oxide content of ~57 wt-% and ca C/N content of 

~43 %(Table S2). As shown in Fig S5, the deconvoluted C 1s spectrum indicates the 

presence of O=C-O, C-O/C-N, and C=C/C-C/C-H species. The N 1s deconvoluted 

spectrum shows signals for pyrrolic and pyridinic nitrogen atoms, thereby indicating 

the nitrogen-doping of the carbonaceous matrix. The deconvoluted O 1s spectrum 

gives signals for metal oxide and C-O species. The vanadium spectral region shows 
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three peaks assigned to VV 2p1/2 (525.2 eV), VIV 2p1/2 (523,8 eV) and VIV 2p3/2 (517,4 

eV). The deconvoluted Co 2p spectrum features two peaks, which correspond to Co 

2p1/2 (796.7 eV) and Co 2p3/2 (781.0 eV), thus further supporting the presence CoII 

and CoIII species. This is in line with the presence of Co3VV
2O8 and CoVIV

3O8 
observed by pXRD.[26] 

As a high specific surface area is desirable for most electrochemical applications, we 

used nitrogen soption (BET) studies to examine the CoVO/C composite. The study 

shows that the composite features a high specific surface area (SBET = 931 m2 g-1) 

and an average pore diameter of 3.0 nm. In contrast, when non-modified ZIF-67 is 

pyrolyzed under identical conditions, significantly lower porosity (SBET = 128 m2 g-1) is 

observed, highlighting that the incorporated {V10} modifies the pore formation 

process. (Fig. S6) 

Next, we examined the performance of CoVO/C composite as Lithium ion battery 

anode in coin-type half cells (using Li metal as cathode). The working electrodes (WE) 

were composed of 80 wt.% CoVO/C powder as active material, 10 wt.% SuperC65 

as conductive carbon and 10 wt.% polyvinylidene fluoride (PVdF) as binder. Cyclic 

voltammetry (CV) curves of the first six cycles are shown in Figure 2a. In the first 

cathodic sweep, a minor peak centered at ca. 1.73 V is observed which has 

previously been assigned to to the Li+ insertion in CoV3O8.[27] Further, two peaks at 

ca. 1.23 and 0.77 V are observed, which have previously been attributed to the 

transformation of Co3V2O8 to CoO and LiyV2O5, respectively.[26,28] The peak below 0.4 

V is generally ascribed to the decomposition reaction of CoO to metallic Co and Li2O, 

and the Li-ion insertion into the carbon, as well as the formation of the solid-

electrolyte interphase (SEI) layer.[26,29,30] During the anodic scan, an oxidation peak is 

observed at ca. 1.17 V, indicating the extraction of Li+ from LixV3O7 and LiyV2O5 and 

the conversion of metallic Co to CoO.[27,28] Furthermore, a broader peak at around 

2.33 V could be associated with the extraction of Li+ from LiyV2O5.[28] In the following 

cycling, only three distinct peaks at 1.1, 0.6 and < 0.3 V are observed, which are 

assigned to multi-step lithiation processes. In operando spectroscopic analyses are 

underway to gain more detailed insight into the active phases formed during 

electrochemical cycling. 

Importantly, apart from the initial scan, the subsequent cycles remain virtually 

identical, suggesting the formation of a stable active electrode material and 
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highlighting the reversibility of the CoVO/C electrode materials upon repeated (dis-

)charge.[30]  

 

Figure 2. Electrochemical performance of CoVO/C LIB anodes: a) cyclic voltammetry 

showing the first six cycles between 0.01 V and 3.0 V (scan rate: 0.05 mV s-1); b) cycling 

performance at a current density of 200 mA g-1; c) rate performance at current densities from 

0.5 to 20 A g-1; d) long-term cycling performance at high current densities (10 and 20 A g-1). 

Fig. 2b shows the long-term cycling performance of the CoVO/C electrode at a 

current density of 200 mA g-1 over 100 cycles. After an initial decrease in specific 

capacity during the first 10 cycles, the electrode recovers and stabilizes, reaching 

reversible specific capacities of ~ 920 mAh g-1 and coulombic efficiencies > 99 %. 

This behavior has been observed for metal oxide anodes before and is typically 
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associated with structural changes of the metal oxide (see above) as well as 

formation of the SEI layer.[30–32] The stable performance of the electrode after initial 

cycling is further shown in Fig. S7 by the charge-discharge profiles of the 100 cycles 

studied.  

In addition to cycling stability, high rate capability is a key feature for high-

performance LIBs. Accordingly, the CoVO/C-based electrode was investigated at 

current densities from 0.5 to 20 A g-1, as shown in Fig. 2c and Fig. S8. The 

electrodes showed excellent stability at all C-rates tested and gave specific 

capacities between 574 mAh g-1 (at 0.5 A g-1) and 215 mAh g-1 (at 20 A g-1). 

Strikingly, we note that upon cycling, the specific capacity of the electrode increases 

(e.g. from 502 mAh g-1 after cycle 1 to 636 mAh g-1 after cycle 70 and 710 mAh g-1 

after cycle 90 (at 1 A g-1, see Fig. 2c), indicating that structural changes within the 

electrode under operation can be used to optimize battery performance. When the 

charge-discharge experiment shown in Fig. 2c (cycle 1-90) is repeated (cycle 91-150), 

we note an increase of the specific capacity by ca. 40 % for all current densitites 

tested. This suggests that the structural changes of the CoVO/C composite during 

the first run leads to a highly stable electrode with outstanding capacity and 

reversibility which is not negatively affected by two successive high C-rate 

experiments. A third run (cycle 151-180) shows that the electrode finally shows stable, 

unchanged performance at low (1 mA g-1) and high (20 mA g-1) current densities. 

We further examined the electrode stability and reversible C-rate performance at high 

current densities was in a 2000 cycle test at current densities of 10 and 20 A g-1. 

Here, we observed outstanding stability with final specific capacities of 430 mAh g-1 

(at 20 A g-1) after cycle 2000 (see Fig. 2d and Fig. S9). When compared with recently 

reported Co-V-oxide LIB anode materials (Fig. S11 and Table S3), we note that 

CoVO/C shows outstanding performance, particularly at high specific current 

densities which are required for high-performance applications, e.g. in e-mobility.[26–

28,33–37]  
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Figure 3. Kinetic analysis of lithium storage in CoVO/C electrodes. (a) CV curves at different 

sweep rates. (b) b-value for CoVO/C plotted against voltage for cathodic and anodic scans. 

(c) Capacitive- (cyan) and diffusive (grey) contributions to lithium ion charge storage at 0.2 

mV s-1. (d) Pseudo-capacitive contribution at scan rates from 0.05 to 2.0 mV s-1. 

To gain further insights into the roles of the nanoscale Co-V-oxide particles (~5 nm) 

combined with a N-doped porous carbon matrix on the (pseudo-)capacitive lithium 

storage,[38] we performed kinetic electrochemical analyses using scan-rate dependent 

CV studies. (between 0.05 to 2.0 mV s-1, see Fig. 3 and S10). At the scan rates 

studied, the CV curves show no significant changes and only marginal shifts of the 

redox peaks (Fig. 3a, S10), indicating small polarization of the CoVO/C electrode. 

The (pseudo-)capacitive and diffusive processes were analyzed using equation 

(1):[38–40] 

I = avb   (1) 

where the current (I) follows the power-law relationship with scan rates (v) and a is 

constant. The b-value can be calculated from the slope of the plots of log(I) versus 

log(v). A b-value is 0.5 indicates a diffusion-dominated process, whereas a b-value of 

1.0 suggests ideal (pseudo-)capacitive behavior. The calculated cathodic/anodic b-

values (potential range 0.01 - 3.0 V, Fig. 3b) suggest a primarily (pseudo-)capacitive 

storage mechanism under the given conditions.  
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The contribution of the surface capacitance from the total current could be further 

quantified via separating the current into (pseudo-)capacitive effects (k1v) and 

diffusion contributions (k2v1/2) at a given voltage according to[38,39] 

I(V) = k1v + k2v1/2    (2) 

where k1 and k2 are adjustable values, and I is the total current response for a fixed 

voltage V. By plotting I(V)/v1/2 vs. v1/2 at a particular potential, the corresponding k1 

and k2 values can be determined. The present system is dominated by 

(pseudo)capacitive contribution which increase from ~73 % at low sweep rates (0.05 

mV s-1) to >93 % at sweep rates of 2.0 mV s-1. This dominant contribution by 

(pseudo)capacitive processes particularly for high C-rate charging/discharging and 

long-term cycling stability. 

In sum, the LIB performance of CoVO/C electrodes is highly competitive compared 

with related recent materials (for detailed comparison see SI, Table S4). In CoVO/C, 

the redox-active Co-V-oxide nanoparticles embedded in a hierarchical, porous 

carbon matrix could give a composite which compensates volume variations during 

charging/discharging, offers high specific surface area and stable as well as efficient 

electronic coupling between matrix and metal oxide.  

Based on the known oxidative reactivity of Co-oxides, we examined the activity of 

CoVO/C drop-cast on glassy carbon electrodes for OER in a three-electrode setup 

using 1 M aqueous KOH as electrolyte (experimental details see SI). Linear sweep 

voltammetry (LSV, see Fig. 4a) indicates that CoVO/C shows high OER activity with 

an overpotential of 350 mV (at 10 mA cm-2) and a Tafel slope of 75 mV dec-1. In 

contrast, the pyrolyzed pure ZIF-67 reference shows significantly higher 

overpotentials (520 mV at 10 mA cm-2) and Tafel slopes (131 mV dec-1). When 

compared with recent related OER electrocatalysts, we note that CoVO/C shows 
highly competitive performance (Table S4, SI).  

The long-term stability of the CoVO/C electrode was examined by performing 1000 

CV cycles between 0 and 1 V and no fading of the electrochemical response was 

observed.LVS analyses before and after the cycling (Fig. 4c) showed virtually 

identical traces so that no deterioration of the OER performance was observed. The 

long-term stability of the catalyst was tested by chronoamperometry at a potential of 
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1.58 V for 10 h. The study showed no drop of current density over this period and 

suggests high long-term stability under harsh chemical conditions. (Fig. 4c, inset). 

The faradaic efficiency of the CoVO/C OER catalyst was quantified by determining 

the molar amount of oxygen evolved (using an oxygen sensitive fluorescence probe) 

while performing a bulk electrolysis at E = 1.58 V in deoxygenated 1 M aqueous KOH 

under a positive Argon pressure (Fig. 4d). When comparing the observed O2 amount 

with the theoretically calculated amount, we observe a faradaic efficiency of ~ 100 %, 
highlighting the efficient OER performance of the composite.  

 

 

 

Figure 4 a) LVS polarization curves and b) Tafel plots of CoVO/C, and the pyrolyzed ZIF-67 

reference in 1M aqueous KOH for the OER. c) Polarization curves of CoVO/C before and 

after 1000 CV cycles. Inset: chronoamperometric data (E = 1.58 V) for CoVO/C over 10 h; d) 

Observed vs calculated oxygen evolution showing the high faradaic OER efficiency (~100 %) 

of CoVO/C. 
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Conclusion 

We report a convergent materials design approach to multi-functional electroactive 

metal oxide / carbon composites based on earth-abundant molecular precursors. The 

modular bottom-up integration of highly redox-active vanadium oxide clusters in a 

porous metal-organic framework gives rise to a supramolecular material. Thermal 

conversion the compound gives a hierarchically nanostructured Co-V-oxide / carbon 

composite with remarkable performance as lithium ion battery anode and oxygen 

evolution reaction electrocatalyst. Outstanding battery performance is reported where 

high cycling stability, high specific capacity and high rate capability is noted at 

challenging charge/discharge rates up to 20 A g-1. The electrocatalytic oxygen 

evolution reaction performance under conditions used technologically in alkaline 

water electrolyzers shows remarkable long-term stability and outstanding faradaic 

efficiency without loss of catalytic reactivity. In future, this new design paradigm can 

be transferred to a multitude of (mixed) metal oxide / carbon composites, so that a 

new class of multifunctional materials for general use in electrochemical energy 

applications becomes available.  
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1. Instrumentation 

High resolution scanning electron microscopy (HRSEM): The morphology and structure 

of all samples was investigated via field-emission scanning electron microscopy (SEM, 

ZEISS 1550VP). Samples were measured at 10 k eV acceleration voltage. 

Transmission electron microscop (TEM): TEM was performed on JEOL JEM-1300 under 

an accelerating voltage of 200 kV. 	

Cs-corrected high-resolution electron microscopy (AC-HRTEM): High resolution 

transmission electron microscopy was carried out using a Cs-corrected FEI 80-300 TEM 

operated at 80 and 300 kV. The aqueous solution of the respective materials was drop-cast 

on holey carbon films and air-dried. 

X-ray photoelectron spectroscopy (XPS): XPS measurements were performed using 

monochromatized Al Kα radiation on a PHI Quantera SXM system. Peak fitting was done 

with the CasaXPS software using Shirley background subtraction and mixed Gaussian-

Lorentzian peak shapes. 
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Thermogravimetric analysis (TGA): TGA was performed on a Setaram Setsys CS Evo, 30 

- 800 °C at 10 K/min, 50 mL/min air, graphite crucible 0.5 mL. 

Cyclic Voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 

carried out on a CH Instruments CHI660E electrochemical workstation.  

Battery capacity and galvanostatic charging/discharging were measured on a LAND-

CT2001A battery test system within a voltage range of 0–3.0 V. 

Powder X-ray diffraction (Powder XRD) was collected on a Rigaku XRD-6000 

diffractometer using Cu Kα radiation (λ = 0.154 nm).  

Brunauer-Emmette-Teller (BET) method was used to measure N2 absorption-desorption 

isotherms of samples. Data were analyzed by the (Autosorb-iQ, Quantachrome). Barrett-

Joyner-Halenda (BJH) method was used to determine pore size distribution. 

General remarks: All chemicals were purchased from Sigma Aldrich, ABCR or VWR and 

were of reagent grade. The chemicals were used without further purification.  

 

2. Experimental  

2.1 Synthesis of TBA3[H3V10O28] cluster (= TBA3{V10})  

TBA3[H3V10O28] was synthesized based on reference[1]. Aqueous HCl (25.0 mL, 3 mol/L) was 

added drop by drop to an aqueous solution of Na3VO4 (5.00 g, 35.0 mL) under stirring. The 

orange solution was slowly added in an aqueous solution of (n-C4H9)4NBr (= TBABr, 20g, 30 

mL), resulting in the precipitation of a large amount of yellow-orange solid. The yellow 

precipitate was collected by suction filtration, washed successively with 20 mL of H2O, 20 mL 

of ethanol, and 50 mL of ether, and finally dried for 3 h under vacuum to give 3.5 g of yellow-

orange solid. The crude material was purified by recrystallization from CH3CN using diethyl 

ether diffusion. The yellow-orange crystals were collected by suction filtration, washed with 

ether, and dried overnight under vacuum to give 1.0 g (22% based on V) of yellow-orange 

solid. 

 

2.2 Synthesis of ZIF-67 

The synthesis of ZIF-67 was based on reference[2]. A methanolic solution (80 mL) of CoCl2 X 

2H2O (519 mg, 3.1 mmol) and 2-Methylimidazole (C4H6N2) (2630 mg, 32.0 mmol) were 

mixed under stirring. The mixture was stirred at room temperature for 12 h. The bright purple 
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powder formed (ZIF-67) was collected by centrifugation, washed several times with methanol, 

and dried at 80 °C.  

2.3 Synthesis of {V10}@ZIF-67 composites  

40 mL methanolic solution of CoCl2 X 2H2O (519 mg, 3.1 mmol) and TBA3[H3V10O28] (25 mg, 

0.015 mmol) was prepared under stirring and added to 40 mL of methanolic solution of 2-

Methylimidazole (C4H6N2) (2630 mg, 32.0 mmol), followed by stirring. After 10 h of stirring, a 

dark purple powder of {V10}@ZIF-67 was collected by centrifugation, washed several times 

with methanol, and dried at 80 °C. 

2.4 Synthesis of CoVO/C nanocomposites 

{V10}@ZIF-67 powder was transferred into a tube furnace in a porcelain boat and pyrolyzed 

at 480 oC under N2 atmosphere for 4 h (heating ramp: 10 oC min-1).  

 

2.5 LIB characterization 

The electrochemical performance of the CoVO/C sample was measured using stainless steel 

2032 coin cells with lithium metal (Rockwood Lithium, battery grade) as counter electrode.  

The working electrodes (WE) were composed of 80 wt.% CoVO/C powder as active material, 

10 wt.% SuperC65 (TIMCAL) as conductive carbon and 10 wt.% polyvinylidene fluoride 

(PVdF) as binder. For the WE preparation, PVdF powder was dissolved in N-

methylpyrrolidinone (NMP, Sigma-Aldrich) to get a 10 wt.% solution. Then, the CoVO/C 

powder and SuperC65 were added and the suspension was stirred overnight. The resulting 

homogeneous black slurry was spread onto copper foil (SCHLENK, 99.9%) using doctor 

blading with a wet film thickness of 120 µm. As-obtained electrodes were dried at 60 °C 

overnight, subsequently punched into 12 mm diameter and vacuum-dried for 24 h at 120 °C. 

The mass loading of the active materials was 0.9-1.2 mg cm-2. The WE and lithium metal 

(counter electrode) were separated by a sheet of glass fiber (GF/D, Whatman) as separator. 

The electrolyte (UBE) was 1 mol L-1 LiPF6 in ethylene carbonate/diethyl carbonate (EC/DEC, 

1:1 v:v) solution with 1 vol-% vinylene carbonate (VC). The 2032-type coin cells were 

assembled in a glove box (MBraun UNIlab; O2 and H2O content < 0.1 ppm). All 

electrochemical measurements were performed at 20 ± 2 °C. The galvanostatic (dis-)charge 

experiments were performed using a Maccor 3000 battery tester, with the voltage range of 

0.01-3.0 V (vs. Li/Li+). Cyclic voltammetry (CV) was conducted using a VMP3 potentiostat 

(Bio-Logic Science Instruments) in the same potential range, i.e., 0.01-3.0 V vs. Li/Li+. 

2.6 Oxygen evolution electrolysis 
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Electrochemical measurements were performed in a standard three electrode system 

controlled by an electrochemical workstation (CHI730, CH Instruments) with a glassy carbon  

rotating disk electrode (RDE) as the working electrode, saturated Ag/AgCl as the reference 

electrode, and a Pt mesh as counter electrode. All electrodes were equilibrated in O2-

saturated aqueous KOH solution (1 M) for 30 min prior to use. The working electrodes were 

prepared by dispersing the respective composites (3 mg) in EtOH (1 mL) by sonication (30 

min). Then 12.6 µL of the catalyst ink was loaded onto a GC rotating disk electrode (RDE) of 

4 mm diameter (the loading of catalyst was 0.3 mg cm-2). After drying, the electrode was 

coated with a thin Nafion film by dropping 1.0 µL 0.1 wt% Nafion solution (solvent: 

isopropanol) onto its surface. The potential of the reference electrode was converted to RHE 

according to the Nernst equation (ERHE = EAg/AgCl + E0
Ag/AgCl+ 0.059 pH, pH (based on activity) 

= 13.8). Prior to electrochemical analysis, the catalyst was pre-conditioned by 100 cyclic 

voltammetry scans (0-1 V, scan rate = 100 mV s-1). Electrode polarization curves were 

obtained by linear sweep voltammetry at a scan rate of 5 mV s-1. All polarization curves were 

corrected for IR losses unless noted otherwise. Chronoamperometry was performed at 1.58 

V (vs RHE) in an O2-saturated aqueous KOH solution (1 M). Oxygen evolution 

measurements were carried out using a CH Instruments CHI730 potentiostat using CoVO/C 

on carbon fibre paper (size: 1 x 4 cm2) as working electrode, a Pt mesh counter electrode 

and an Ag/AgCl reference electrode. To prepare the working electrode, 0.3 mg catalyst was 

dispersed in 2 mL EtOH followed by sonication for 30 min. The catalyst ink (150 µL) was 

drop-coated onto carbon fibre paper (1 x 1 cm2 loaded area) and allowed to air-dry. After 

drying, the electrode was coated with a thin Nafion film by dropping 10 µL 0.1 wt% Nafion 

solution onto its surface. Experiments were carried out in an Argon-filled glove bag in de-

gassed aqueous 1.0 M KOH solution. Oxygen evolution was followed using a Pyro Science 

FireSting optical oxygen sensor. The charge flow and oxygen evolution were recorded, and 

theoretical and experimental molar amounts of oxygen evolution were calculated as follows: 
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Figure S1. ATR-IR spectra of TBA3{V10}, ZIF-67 and {V10}@ZIF-67. 

The characteristic signals of TBA3{V10} are observed in the fingerprint region below 1000 cm-1. 

The bridging symmetric and asymmetric vibrations of V-O-V are observed at 585, 730, and 

840 cm-1, respectively. The strong IR band at 960 cm-1 is assigned to V-Oterminal stretching 

vibrations.[3–5] 

	

Figure S2 TGA curves of ZIF-67, TBA3{V10} and {V10}@ZIF-67. 
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Figure S3. TEM images of a) pristine ZIF-67 pyrolyzed at 280 oC; b) {V10}@ZIF-67 pyrolyzed 

at 280 oC; c) {V10}@ZIF-67 pyrolyzed at 400 oC; d) {V10}@ZIF-67 pyrolyzed at 480 oC; 

HRTEM image of e) CoVO/C; and f) XPS survey spectrum of CoVO/C. 
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Figure S4. Powder XRD pattern of CoVO/C. The database entries for Co3V2O8 (JCPDS: 16-

0675) and CoV3O8 (JCPDS: 22-0598) are shown in the bottom. 

Powder X-ray diffraction (pXRD) showed the presence of the two crystalline Co-V-

oxide phases Co3VV
2O8 (JCPDS card no. 16-0675) and CoVIV

3O8 (JCPDS card no. 

22-0598) in CoVO/C (Fig. S4). Specifically, the (110), (220), (311), (400), (511) and 

(440) lattice planes of Co3V2O8 as well as the (200), (211), (411), (303), (114) and 
(532) planes of CoV3O8 match well with the experimental pXRD pattern.  

 

Figure S5. XPS deconvoluted spectra of CoVO/C, a) C 1s, b) N 1s, c) V 2p, d) O 1s and e) 

Co 2p. 
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Table S1. CHN Elemental analysis of pristine ZIF-67 and {V10}@ZIF-67 

 ZIF-67 {V10}@ZIF-67 

C 37.59 33.63 

H 4.23 4.75 

N 21.32 18.90 

 

Table S2. XPS elemental composition of CoVO/C  

 atom-% wt.-% 

C 1s 51.3 33.8 

N 1s 11.3 8.7 

O 1s 25.9 22.7 

V 2p 5.3 14.8 

Co 2p 6.2 20.0 

 

 

	

Figure S6 a) Nitrogen-sorption isotherm at 77 K of CoVO/C; b) Pore size distribution for 

CoVO/C, determined from the adsorption isotherm using the BJH (Barrett-Joyner-Halenda) 
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method; c) Nitrogen-sorption isotherm at 77 K of pyrolyzed ZIF-67; d) Pore size distribution 

for pyrolyzed ZIF-67, determined from the adsorption isotherm by using the BJH (Barrett-

Joyner-Halenda) method. 

 

Figure S7. Charge-discharge profiles of CoVO/C for selected cycles (cycle 10 à 100) at 200 

mA g-1. 

 

Figure S8. Potential profiles of CoVO/C at various current densities based on the rate 

capability test (Figure 2d, main text). 
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Figure S9. Rate capability test for CoVO/C anodes at various current rates (cycle 1 – 160) 

and long cycling galvanostatic measurement for CoVO/C anodes (cycle 161 - 2000). 
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Figure S10. CV curves recorded for CoVO/C anodes vs. lithium metal at various scan rates. 

 

 
Figure S11. comparison of Li-ion storage rate capability of CoVO/C and related literature 

systems: Co3V2O8 sponge network,[6] mesoporous Co3V2O8 nanoparticles,[7] Co3V2O8 hollow 

nanofibers,[8] Co3V2O8 multilayered nanosheets,[9] Co3V2O8 hexagonal pyramid,[10] 

Co3V2O8·nH2O,[11] Co3V2O8 microspheres,[12] CoV3O8 nanorods.[13] 
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Table S3. Comparison of the battery performance of the different POM-based and 

cobalt vanadate-based LIB anode materials 

 
Materials RC (mAh g-1) / Largest CD 

(mA g-1) 

RC (mAh g-1)/ CD 

(mA g-1) 

AMR (wt.%) Ref. 

CoVO/C 

composites 

510/10,000 

426/20,000 

920/200 80 This work 

[SiMo12]/MOF 370/1,000 570/100 70 [3] 

[PMoV
8MoIV

4Zn4]-

based POMOF 

250/1,000 600/100 70 [4] 

[PW12Cu10]/MCF 298/1,000 553/100 70 [5] 

[PMo12V2]-

ILs@MOFs 

348/3,000 930/200 70 [17] 

Co2V2O7 

microplatelets 

344/5,000 813/200 70 [18] 

Co3V2O8 nH2O 496/5,000 800/200 70 [8] 

Co3V2O8 

nanosheets 

300/10,000 880/200 70 [9] 

Co3O4@Co3V2O8 578/5,000 916/200 70 [10] 

[PW9Ni6]-based 

MOF 

NA 350/400 65 [11] 

[PMo12V2]-based 

MOF/rGO 

428/2,000 846/200 70 [21] 

 

POMOF: POM-based metal organic frameworks;  

MCF: metal-carbene frameworks;  

RC: Reversible capacity;  

AMR: Active material ratio;  

CD: Current density. 
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Table S4. Comparison of the OER performance of literature-known POM-MOF-

based noble-metal-free catalysts 

 

Catalyst Loading 

density 

(mg/cm2) 

Onset 

potential (V) 

Overpotential 

(mV) at 10 mA 

cm-2 

Tafel slope 

(mV dec-1) 

Ref. 

CoVO/C 

composites 

0.3 1.5 350 75 This 

work 

POM@ZIF-8 0.566 -- 784 (at 1 mA 

cm-2, neutral 

pH) 

784 [22] 

MoxCoxC 

particles 

0.708 1.5 295 35 [23] 

Co3O4/CoMoO4 0.255 1.47 318 63 [24] 

NiCoP/C 0.255 1.48 330 96 [25] 

Co3O4/NiCo2O4 

cages 

1 1.53 340 88 [26] 

Co3ZnC/Co@CN 0.344 1.5 366 81 [27] 

NCNTFs 0.2 1.47 370 93 [28] 

Ni-Co mixed 

oxide cages 

-- 1.56 380 50 [29] 

Co@NCNT 0.425 1.58 429 116 [30] 

CoMoO4 0.240 1.6 410 84 [31] 

Co3O4 0.136 1.52 400 72 [32] 

CoV2O6-

V2O5/NRGO-1 

0.14 -- 239 50 [33] 

 

	

	

	

	

	



114	
	

References	

[1]	 V.	W.	Day,	W.	G.	Klemperer,	D.	J.	Maltbie,	J.	Am.	Chem.	Soc.	1987,	109,	2991–3002.	

[2]	 J.	Tang,	R.	R.	Salunkhe,	J.	Liu,	N.	L.	Torad,	M.	Imura,	S.	Furukawa,	Y.	Yamauchi,	J.	Am.	Chem.	
Soc.	2015,	137,	1572–1580.	

[3]	 I.	Omri,	T.	Mhiri,	M.	Graia,	J.	Mol.	Struct.	2015,	1098,	324–331.	

[4]	 P.	Román,	A.	Aranzabe,	A.	Luque,	J.	M.	Gutiérrez-Zorrilla,	M.	Martínez-Ripoll,	J.	Chem.	Soc.	
Dalt.	Trans.	1995,	2225–2231.	

[5]	 G.	C.	Ou,	L.	Jiang,	X.	L.	Feng,	T.	B.	Lu,	Dalton	Trans.	2009,	71–76.	

[6]	 V.	Soundharrajan,	B.	Sambandam,	J.	Song,	S.	Kim,	J.	Jo,	S.	Kim,	S.	Lee,	V.	Mathew,	J.	Kim,	ACS	
Appl.	Mater.	Interfaces	2016,	8,	8546–8553.	

[7]	 G.	Gao,	S.	Lu,	B.	Dong,	Y.	Xiang,	K.	Xi,	S.	Ding,	J.	Mater.	Chem.	A	2016,	4,	6264–6270.	

[8]	 J.	Xiang,	X.-Y.	Yu,	U.	Paik,	J.	Power	Sources	2016,	329,	190–196.	

[9]	 G.	Yang,	H.	Cui,	G.	Yang,	C.	Wang,	ACS	Nano	2014,	8,	4474–4487.	

[10]	 Q.	Zhang,	J.	Pei,	G.	Chen,	C.	Bie,	D.	Chen,	Y.	Jiao,	J.	Rao,	Electrochim.	Acta	2017,	238,	227–236.	

[11]	 F.	Wu,	S.	Xiong,	Y.	Qian,	S.-H.	Yu,	Angew.	Chem.	Int.	Ed.	2015,	54,	10787–10791.	

[12]	 H.	Chai,	Y.	Wang,	Y.	Fang,	Y.	Lv,	H.	Dong,	D.	Jia,	W.	Zhou,	Chem.	Eng.	J.	2017,	326,	587–593.	

[13]	 G.	H.	Jeong,	I.	Lee,	D.	Lee,	H.-M.	Lee,	S.	Baek,	O.-P.	Kwon,	P.	N.	Kumta,	S.	Yoon,	S.-W.	Kim,	
Nanotechnology	2018,	29,	195403.	

[14]	 X.-Y.	Yang,	T.	Wei,	J.-S.	Li,	N.	Sheng,	P.-P.	Zhu,	J.-Q.	Sha,	T.	Wang,	Y.-Q.	Lan,	Inorg.	Chem.	2017,	
56,	8311–8318.	

[15]	 Q.	Huang,	T.	Wei,	M.	Zhang,	L.-Z.	Dong,	A.-M.	Zhang,	S.-L.	Li,	W.-J.	Liu,	J.	Liu,	Y.-Q.	Lan,	J.	
Mater.	Chem.	A	2017,	5,	8477–8483.	

[16]	 P.-P.	Zhu,	N.	Sheng,	M.-T.	Li,	J.-S.	Li,	G.-D.	Liu,	X.-Y.	Yang,	J.-Q.	Sha,	M.-L.	Zhu,	J.	Jiang,	J.	Mater.	
Chem.	A	2017,	5,	17920–17925.	

[17]	 M.	Zhang,	A.	M.	Zhang,	X.	X.	Wang,	Q.	Huang,	X.	Zhu,	X.	L.	Wang,	L.	Z.	Dong,	S.	L.	Li,	Y.	Q.	Lan,	
J.	Mater.	Chem.	A	2018,	6,	8735–8741.	

[18]	 F.	Wu,	C.	Yu,	W.	Liu,	T.	Wang,	J.	Feng,	S.	Xiong,	J.	Mater.	Chem.	A	2015,	3,	16728–16736.	

[19]	 Y.	Lu,	L.	Yu,	M.	Wu,	Y.	Wang,	X.	W.	D.	Lou,	Adv.	Mater.	2017,	1702875,	1702875.	

[20]	 Y.	Yue,	Y.	Li,	Z.	Bi,	G.	M.	Veith,	C.	A.	Bridges,	B.	Guo,	J.	Chen,	D.	R.	Mullins,	S.	P.	Surwade,	S.	M.	
Mahurin,	H.	Liu,	M.	P.	Paranthaman,	S.	Dai,	J.	Mater.	Chem.	A	2015,	3,	22989–22995.	

[21]	 T.	Wei,	M.	Zhang,	P.	Wu,	Y.	Tang,	S.	Li,	F.	Shen,	X.	Wang,	Nano	Energy	2017,	34,	205–214.	



115	
	

[22]	 S.	Mukhopadhyay,	J.	Debgupta,	C.	Singh,	A.	Kar,	S.	K.	Das,	Angew.	Chem.	Int.	Ed.	2018,	57,	
1918–1923.	

[23]	 C.	Chen,	A.	Wu,	H.	Yan,	Y.	Xiao,	C.	Tian,	H.	Fu,	Chem.	Sci.	2018,	DOI	10.1039/C8SC01454J.	

[24]	 L.	Zhang,	T.	Mi,	M.	A.	Ziaee,	L.	Liang,	R.	Wang,	J.	Mater.	Chem.	A	2018,	6,	1639–1647.	

[25]	 P.	He,	X.	Y.	Yu,	X.	W.	D.	Lou,	Angew.	Chem.	Int.	Ed.	2017,	56,	3897–3900.	

[26]	 H.	Hu,	B.	Guan,	B.	Xia,	X.	W.	Lou,	J.	Am.	Chem.	Soc.	2015,	137,	5590–5595.	

[27]	 J.	Su,	G.	Xia,	R.	Li,	Y.	Yang,	J.	Chen,	R.	Shi,	P.	Jiang,	Q.	Chen,	J.	Mater.	Chem.	A	2016,	4,	9204–
9212.	

[28]	 B.	Y.	Xia,	Y.	Yan,	N.	Li,	H.	Bin	Wu,	X.	W.	D.	Lou,	X.	Wang,	Nat.	Energy	2016,	1,	1–8.	

[29]	 L.	Han,	X.	Y.	Yu,	X.	W.	(David)	Lou,	Adv.	Mater.	2016,	4601–4605.	

[30]	 E.	Zhang,	Y.	Xie,	S.	Ci,	J.	Jia,	P.	Cai,	L.	Yi,	Z.	Wen,	J.	Mater.	Chem.	A	2016,	4,	17288–17298.	

[31]	 Y.	Yang,	S.	Wang,	C.	Jiang,	Q.	Lu,	Z.	Tang,	X.	Wang,	Chem.	Mater.	2016,	28,	2417–2423.	

[32]	 Y.	Wang,	T.	Zhou,	K.	Jiang,	P.	Da,	Z.	Peng,	J.	Tang,	B.	Kong,	W.	Bin	Cai,	Z.	Yang,	G.	Zheng,	Adv.	
Energy	Mater.	2014,	4,	1–7.	

[33]	 F.-C.	Shen,	Y.	Wang,	Y.-J.	Tang,	S.-L.	Li,	Y.-R.	Wang,	L.-Z.	Dong,	Y.-F.	Li,	Y.	Xu,	Y.-Q.	Lan,	ACS	
Energy	Lett.	2017,	2,	1327–1333.	

	

	

	 	



116	
	

 

 

5.	References	
 

[1]	 S.	Chu,	A.	Majumdar,	Nature	2012,	488,	294–303.	

[2]	 P.	Simon,	Y.	Gogotsi,	Nat.	Mater.	2008,	7,	845–854.	

[3]	 L.	L.	Zhang,	X.	S.	Zhao,	Chem.	Soc.	Rev.	2009,	38,	2520.	

[4]	 M.	Winter,	R.	J.	Brodd,	Chem.	Rev.	2004,	104,	4245–4269.	

[5]	 F.	Yao,	D.	T.	Pham,	Y.	H.	Lee,	ChemSusChem	2015,	8,	2284–2311.	

[6]	 N.	I.	Gumerova,	A.	Rompel,	Nat.	Rev.	Chem.	2018,	2,	0112.	

[7]	 D.	L.	Long,	R.	Tsunashima,	L.	Cronin,	Angew.	Chemie	-	Int.	Ed.	2010,	49,	1736–1758.	

[8]	 Y.	P.	Jeannin,	Chem.	Rev.	1998,	98,	51–76.	

[9]	 X.	Fang,	P.	Kögerler,	Y.	Furukawa,	M.	Speldrich,	M.	Luban,	Angew.	Chemie	-	Int.	Ed.	2011,	50,	
5212–5216.	

[10]	 W.-C.	Chen,	C.	Qin,	Y.-G.	Li,	H.-Y.	Zang,	K.-Z.	Shao,	Z.-M.	Su,	E.-B.	Wang,	H.-S.	Liu,	Chem.	
Commun.	2015,	51,	2433–2436.	

[11]	 L.	Bi,	U.	Kortz,	B.	Keita,	L.	Nadjo,	Dalt.	Trans.	2004,	3,	3184–3190.	

[12]	 N.	Mizuno,	K.	Kamata,	Coord.	Chem.	Rev.	2011,	255,	2358–2370.	

[13]	 R.	Al-Oweini,	A.	Sartorel,	B.	S.	Bassil,	M.	Natali,	S.	Berardi,	F.	Scandola,	U.	Kortz,	M.	Bonchio,	
Angew.	Chemie	-	Int.	Ed.	2014,	53,	11182–11185.	

[14]	 R.	Al-Oweini,	B.	S.	Bassil,	J.	Friedl,	V.	Kottisch,	M.	Ibrahim,	M.	Asano,	B.	Keita,	G.	Novitchi,	Y.	
Lan,	A.	Powell,	U.	Stimming,	U.	Kortz,	Inorg.	Chem.	2014,	53,	5663–5673.	

[15]	 X.	Wei,	R.	E.	Bachman,	M.	T.	Pope,	J.	Am.	Chem.	Soc.	1998,	120,	10248–10253.	

[16]	 M.	N.	Sokolov,	V.	S.	Korenev,	N.	V	Izarova,	E.	V	Peresypkina,	C.	Vicent,	V.	P.	Fedin,	M.	N.	
Sokolov,	V.	S.	Korenev,	N.	V	Izarova,	E.	V	Peresypkina,	C.	Vicent,	V.	P.	Fedin,	2009,	48,	1805–
1807.	

[17]	 C.	Ritchie,	A.	Ferguson,	H.	Nojiri,	H.	N.	Miras,	Y.	F.	Song,	D.	L.	Long,	E.	Burkholder,	M.	Murrie,	P.	
Kögerler,	E.	K.	Brechin,	L.	Cronin,	Angew.	Chemie	-	Int.	Ed.	2008,	47,	5609–5612.	

[18]	 S.	Goberna-Ferrón,	L.	Vigara,	J.	Soriano-López,	J.	R.	Galán-Mascarós,	Inorg.	Chem.	2012,	51,	
11707–11715.	

[19]	 Y.	Kikukawa,	K.	Yamaguchi,	N.	Mizuno,	Angew.	Chemie	-	Int.	Ed.	2010,	49,	6096–6100.	

[20]	 K.	Suzuki,	F.	Tang,	Y.	Kikukawa,	K.	Yamaguchi,	N.	Mizuno,	Angew.	Chemie	-	Int.	Ed.	2014,	53,	
5356–5360.	



117	
	

[21]	 Q.	Yin,	J.	M.	Tan,	C.	Besson,	Y.	V	Geletii,	D.	G.	Musaev,	A.	E.	Kuznetsov,	Z.	Luo,	K.	I.	Hardcastle,	
C.	L.	Hill,	Science	(80-.	).	2010,	328,	342–345.	

[22]	 Y.	V.	Geletii,	Z.	Huang,	Y.	Hou,	D.	G.	Musaev,	T.	Lian,	C.	L.	Hill,	J.	Am.	Chem.	Soc.	2009,	131,	
7522–7523.	

[23]	 H.	Lv,	Y.	V.	Geletii,	C.	Zhao,	J.	W.	Vickers,	G.	Zhu,	Z.	Luo,	J.	Song,	T.	Lian,	D.	G.	Musaev,	C.	L.	Hill,	
Chem.	Soc.	Rev.	2012,	41,	7572.	

[24]	 S.	Tanaka,	M.	Annaka,	K.	Sakai,	Chem.	Commun.	2012,	48,	1653–1655.	

[25]	 J.	J.	Stracke,	R.	G.	Finke,	J.	Am.	Chem.	Soc.	2011,	133,	14872–14875.	

[26]	 A.	Sartorel,	P.	Miró,	E.	Salvadori,	S.	Romain,	M.	Carraro,	G.	Scorrano,	M.	Di	Valentin,	A.	Llobet,	
C.	Bo,	M.	Bonchio,	J.	Am.	Chem.	Soc.	2009,	131,	16051–16053.	

[27]	 M.	Orlandi,	R.	Argazzi,	A.	Sartorel,	M.	Carraro,	G.	Scorrano,	M.	Bonchio,	F.	Scandola,	Chem.	
Commun.	2010,	46,	3152.	

[28]	 M.	Blasco-Ahicart,	J.	Soriano-Lopez,	J.	J.	Carbo,	J.	M.	Poblet,	J.	R.	Galan-Mascaros,	Nat.	Chem.	
2018,	10,	24–30.	

[29]	 X.	B.	Han,	Z.	M.	Zhang,	T.	Zhang,	Y.	G.	Li,	W.	Lin,	W.	You,	Z.	M.	Su,	E.	B.	Wang,	J.	Am.	Chem.	Soc.	
2014,	136,	5359–5366.	

[30]	 X.	B.	Han,	Y.	G.	Li,	Z.	M.	Zhang,	H.	Q.	Tan,	Y.	Lu,	E.	B.	Wang,	J.	Am.	Chem.	Soc.	2015,	137,	5486–
5493.	

[31]	 A.	Müller,	S.	Roy,	Coord.	Chem.	Rev.	2003,	245,	153–166.	

[32]	 L.	C.	W.	Baker,	D.	C.	Glick,	Chem.	Rev.	1998,	98,	3–50.	

[33]	 D.	L.	Long,	P.	Kögerler,	L.	J.	Farrugia,	L.	Cronin,	Angew.	Chemie	-	Int.	Ed.	2003,	42,	4180–4183.	

[34]	 D.	L.	Long,	L.	Cronin,	Chem.	-	A	Eur.	J.	2006,	12,	3698–3706.	

[35]	 S.	Cong,	L.	K.	Yan,	P.	Song,	W.	Guan,	Z.	M.	Su,	C.	C.	Sun,	Chinese	Sci.	Bull.	2012,	57,	976–982.	

[36]	 R.	J.	Errington,	G.	Harle,	W.	Clegg,	R.	W.	Harrington,	Eur.	J.	Inorg.	Chem.	2009,	5240–5246.	

[37]	 R.	J.	Errington,	S.	S.	Petkar,	P.	S.	Middleton,	W.	McFarlane,	W.	Clegg,	R.	A.	Coxall,	R.	W.	
Harrington,	J.	Am.	Chem.	Soc.	2007,	129,	12181–12196.	

[38]	 R.	J.	Errington,	S.	S.	Petkar,	B.	R.	Horrocks,	A.	Houlton,	L.	H.	Lie,	S.	N.	Patole,	Angew.	Chemie	-	
Int.	Ed.	2005,	44,	1254–1257.	

[39]	 W.	Deng,	Q.	Zhang,	Y.	Wang,	Dalt.	Trans.	2012,	41,	9817.	

[40]	 A.	Müller,	E.	Krickemeyer,	J.	Meyer,	H.	Bögge,	F.	Peters,	W.	Plass,	E.	Diemann,	S.	Dillinger,	F.	
Nonnenbruch,	M.	Randerath,	C.	Menke,	Angew.	Chemie	Int.	Ed.	English	1995,	34,	2122–2124.	

[41]	 J.	J.	Berzelius,	Ann.	Phys.	1826,	82,	369–392.	

[42]	 J.	F.	Keggin,	Nature	1933,	131,	908–909.	

[43]	 Y.-F.	Song,	R.	Tsunashima,	Chem.	Soc.	Rev.	2012,	41,	7384.	

[44]	 A.	Müller,	P.	Kögerler,	C.	Kuhlmann,	Chem.	Commun.	1999,	1347–1358.	



118	
	

[45]	 M.	T.	Pope,	A.	Müller,	Angew.	Chemie	Int.	Ed.	1991,	30,	34–48.	

[46]	 O.	Glemser,	E.	Preisler,	1960,	436.	

[47]	 Y.	Gao,	Y.	Chi,	C.	Hu,	Polyhedron	2014,	83,	242–258.	

[48]	 H.	Kumagai,	M.	Arishima,	S.	Kitagawa,	K.	Ymada,	S.	Kawata,	S.	Kaizaki,	Inorg.	Chem.	2002,	41,	
1989–1992.	

[49]	 S.	Uematsu,	Z.	Quan,	Y.	Suganuma,	N.	Sonoyama,	J.	Power	Sources	2012,	217,	13–20.	

[50]	 T.	Kobayashi,	S.	Kuwajima,	T.	Kurata,	Y.	Hayashi,	Inorganica	Chim.	Acta	2014,	420,	69–74.	

[51]	 R.	K.	Murmann,	K.	C.	Giese,	Inorg.	Chem.	1978,	17,	1160–1166.	

[52]	 A.	S.	Tracey,	J.	S.	Jaswal,	S.	J.	Angus-Dunne,	Inorg.	Chem.	1995,	34,	5680–5685.	

[53]	 Y.	Hayashi,	Coord.	Chem.	Rev.	2011,	255,	2270–2280.	

[54]	 J.	Livage,	Coord.	Chem.	Rev.	1998,	178–180,	999–1018.	

[55]	 L.	Pettersson,	I.	Andersson,	F.	Taube,	I.	Toth,	M.	Hashimoto,	O.	W.	Howarth,	Dalt.	Trans.	2003,	
146–152.	

[56]	 Z.-L.	Lang,	W.	Guan,	L.-K.	Yan,	S.-Z.	Wen,	Z.-M.	Su,	L.-Z.	Hao,	Dalt.	Trans.	2012,	41,	11361.	

[57]	 D.	L.	Long,	C.	Streb,	Y.	F.	Song,	S.	Mitchell,	L.	Cronin,	J.	Am.	Chem.	Soc.	2008,	130,	1830–1832.	

[58]	 P.	J.	Robbins,	A.	J.	Surman,	J.	Thiel,	D.-L.	Long,	L.	Cronin,	Chem.	Commun.	2013,	49,	1909.	

[59]	 E.	F.	Wilson,	H.	N.	Miras,	M.	H.	Rosnes,	L.	Cronin,	Angew.	Chemie	-	Int.	Ed.	2011,	50,	3720–
3724.	

[60]	 I.	Nakamura,	H.	N.	Miras,	A.	Fujiwara,	M.	Fujibayashi,	Y.	F.	Song,	L.	Cronin,	R.	Tsunashima,	J.	
Am.	Chem.	Soc.	2015,	137,	6524–6530.	

[61]	 T.	Yamase,	Chem.	Rev.	1998,	98,	307–326.	

[62]	 J.	Z.	Liao,	H.	L.	Zhang,	S.	S.	Wang,	J.	P.	Yong,	X.	Y.	Wu,	R.	Yu,	C.	Z.	Lu,	Inorg.	Chem.	2015,	54,	
4345–4350.	

[63]	 D.	Li,	J.	Wei,	S.	Dong,	H.	Li,	Y.	Xia,	X.	Jiao,	T.	Wang,	D.	Chen,	ACS	Appl.	Mater.	Interfaces	2018,	
10,	1701–1706.	

[64]	 S.	Yamazaki,	H.	Ishida,	D.	Shimizu,	K.	Adachi,	ACS	Appl.	Mater.	Interfaces	2015,	7,	26326–
26332.	

[65]	 T.	Yamase,	K.	Uheda,	1993,	140,	2378–2384.	

[66]	 R.	J.	Colton,	A.	M.	Guzman,	J.	W.	Rabalais,	Acc.	Chem.	Res.	1978,	11,	170–176.	

[67]	 A.	Lourenço,	A.	Gorensteint,	S.	Passerini,	W.	H.	Smyrlt,	M.	C.	A.	Fantini,	M.	H.	Tabacniks,	J.	
Electrochem.	Soc.	J.	Appl.	Phys.	This	J.	1998,	145,	2338–259.	

[68]	 T.	Yamase,	K.	Ohtaka,	J.	Chem.	Soc.,	Dalt.	Trans.	1994,	0,	2599–2608.	

[69]	 T.	Yamase,	K.	Ohtaka,	M.	Suzuki,	J.	Chem.	Soc.	Trans.	1996,	283–289.	

[70]	 T.	Yamase,	M.	Suzuki,	K.	Ohtaka,	J.	Chem.	Soc.	Dalt.	Trans.	1997,	44,	2463–2472.	



119	
	

[71]	 T.	Yamase,	R.	Watanabe,	Inorganica	Chim.	Acta	1983,	77,	193–195.	

[72]	 D.	M.	Bartels,	R.	G.	Lawter,	A.	D.	Trifunac,	J.	Chem.	Phys.	1985,	83,	2686–2707.	

[73]	 C.	L.	Hill,	C.	L.	Hill,	C.	M.	Prossermccartha,	C.	M.	Prossermccartha,	Coord.	Chem.	Rev.	1995,	
143,	407–455.	

[74]	 T.	Okuhara,	N.	Mizuno,	M.	Misono,	Adv.	Catal.	1996,	41,	113–252.	

[75]	 J.	J.	Altenau,	M.	T.	Pope,	R.	A.	Prados,	H.	So,	Inorg.	Chem.	1975,	14,	417–421.	

[76]	 J.	N.	Barrows,	M.	T.	Pope,	Adv.	Chem.	1989,	403–417.	

[77]	 C.	Rong,	F.	C.	Anson,	Anal.	Chem.	1994,	66,	3124–3130.	

[78]	 H.	Wang,	S.	Hamanaka,	Y.	Nishimoto,	S.	Irle,	T.	Yokoyama,	H.	Yoshikawa,	K.	Awaga,	J.	Am.	
Chem.	Soc.	2012,	134,	4918–4924.	

[79]	 E.	Steckhan,	Angew.	Chemie	1986,	98,	681–699.	

[80]	 J.	A.	Fernández,	X.	López,	C.	Bo,	C.	De	Graaf,	E.	J.	Baerends,	J.	M.	Poblet,	J.	Am.	Chem.	Soc.	
2007,	129,	12244–12253.	

[81]	 C.	Ritchie,	C.	Streb,	J.	Thiel,	S.	G.	Mitchell,	H.	N.	Miras,	D.	L.	Long,	T.	Boyd,	R.	D.	Peacock,	T.	
McGlone,	L.	Cronin,	Angew.	Chemie	-	Int.	Ed.	2008,	47,	6881–6884.	

[82]	 J.	B.	Goodenough,	K.	S.	Park,	J.	Am.	Chem.	Soc.	2013,	135,	1167–1176.	

[83]	 K.	Mizushima,	P.	C.	Jones,	P.	J.	Wiseman,	J.	B.	Goodenough,	Mat.	Res.	Bull.	1980,	15,	783–789.	

[84]	 J.	Goodenough,	Solid	State	Ionics	1994,	69,	184–198.	

[85]	 K.	Edström,	T.	Gustafsson,	J.	O.	Thomas,	Electrochim.	Acta	2004,	50,	397–403.	

[86]	 C.	M.	Julien,	A.	Mauger,	K.	Zaghib,	H.	Groult,	Inorganics	2014,	2,	132–154.	

[87]	 J.	B.	Goodenough,	Y.	Kim,	Chem.	Mater.	2010,	22,	587–603.	

[88]	 N.	Mahmood,	T.	Tang,	Y.	Hou,	Adv.	Energy	Mater.	2016,	6,	1–22.	

[89]	 Leland	Smith	and	Bruce	Dunn,	Science	(80-.	).	2015,	350,	918–919.	

[90]	 M.	R.	Palacín,	Chem.	Soc.	Rev.	2009,	38,	2565.	

[91]	 J.	M.	Tarascon,	M.	Armand,	Nature	2001,	414,	359–367.	

[92]	 M.	S.	Whittingham,	Science	(80-.	).	1976,	192,	1126–1127.	

[93]	 J.	N.	Reimers,	J.	R.	Dahn,	J.	Electrochem.	Soc.	1992,	139,	2091–2096.	

[94]	 Y.-G.	Guo,	J.-S.	Hu,	L.-J.	Wan,	Adv.	Mater.	2008,	20,	2878–2887.	

[95]	 X.	Huang,	X.	Qi,	F.	Boey,	H.	Zhang,	Chem.	Soc.	Rev.	2012,	41,	666–686.	

[96]	 Y.	Nishimoto,	D.	Yokogawa,	H.	Yoshikawa,	K.	Awaga,	S.	Irle,	J.	Am.	Chem.	Soc.	2014,	136,	DOI	
10.1021/ja5032369.	

[97]	 X.	López,	J.	J.	Carbó,	C.	Bo,	J.	M.	Poblet,	Chem.	Soc.	Rev.	2012,	41,	7537.	



120	
	

[98]	 E.	Ni,	S.	Uematsu,	Z.	Quan,	N.	Sonoyama,	J.	Nanoparticle	Res.	2013,	15,	1732.	

[99]	 E.	Ni,	S.	Uematsu,	N.	Sonoyama,	Solid	State	Ionics	2014,	268,	222–225.	

[100]	 J.	Liu,	Z.	Chen,	S.	Chen,	B.	Zhang,	J.	Wang,	H.	Wang,	B.	Tian,	M.	Chen,	X.	Fan,	Y.	Huang,	T.	C.	
Sum,	J.	Lin,	Z.	X.	Shen,	ACS	Nano	2017,	11,	6911–6920.	

[101]	 J.-J.	Chen,	M.	D.	Symes,	S.-C.	Fan,	M.-S.	Zheng,	H.	N.	Miras,	Q.-F.	Dong,	L.	Cronin,	Adv.	Mater.	
2015,	27,	4649–4654.	

[102]	 J.	J.	Chen,	J.	C.	Ye,	X.	G.	Zhang,	M.	D.	Symes,	S.	C.	Fan,	D.	L.	Long,	M.	Sen	Zheng,	D.	Y.	Wu,	L.	
Cronin,	Q.	F.	Dong,	Adv.	Energy	Mater.	2017,	1701021,	1–6.	

[103]	 S.	Xin,	Y.	G.	Guo,	L.	J.	Wan,	Acc.	Chem.	Res.	2012,	45,	1759–1769.	

[104]	 B.	Dunn,	B.	Dunn,	H.	Kamath,	J.	Tarascon,	Science	(80-.	).	2011,	334,	928–936.	

[105]	 Z.	Yang,	J.	Zhang,	M.	C.	W.	Kintner-Meyer,	X.	Lu,	D.	Choi,	J.	P.	Lemmon,	J.	Liu,	Chem.	Rev.	2011,	
111,	3577–3613.	

[106]	 P.	G.	Bruce,	S.	A.	Freunberger,	L.	J.	Hardwick,	J.-M.	Tarascon,	Nat.	Mater.	2012,	11,	19–29.	

[107]	 H.	Wang,	Pure	Appl.	Chem.	2014,	86,	39–52.	

[108]	 H.	Niwa,	K.	Horiba,	Y.	Harada,	M.	Oshima,	T.	Ikeda,	K.	Terakura,	J.	ichi	Ozaki,	S.	Miyata,	J.	
Power	Sources	2009,	187,	93–97.	

[109]	 K.	S.	Novoselov,	A.	K.	Geim,	S.	V	Morozov,	D.	A.	Jiang,	Y.	Zhang,	S.	V	Dubonos,	I.	V	Grigorieva,	
A.	A.	Firsov,	Science	(80-.	).	2004,	306,	666–669.	

[110]	 C.	Lee,	X.	Wei,	J.	W.	Kysar,	J.	Hone,	Science	(80-.	).	2008,	321,	385–388.	

[111]	 J.	N.	Grima,	S.	Winczewski,	L.	Mizzi,	M.	C.	Grech,	R.	Cauchi,	R.	Gatt,	D.	Attard,	K.	W.	
Wojciechowski,	J.	Rybicki,	Adv.	Mater.	2015,	27,	1455–1459.	

[112]	 H.	W.	Kroto,	Nature	1985,	318,	8–9.	

[113]	 S.	Iijima,	M.	Yudasaka,	R.	Yamada,	S.	Bandow,	K.	Suenaga,	F.	Kokai,	K.	Takahashi,	Chem.	Phys.	
Lett.	1999,	309,	165–170.	

[114]	 A.	K.	Geim,	K.	S.	Novoselov,	Nat.	Mater.	2007,	6,	183–191.	

[115]	 K.	I.	Bolotin,	K.	J.	Sikes,	Z.	Jiang,	M.	Klima,	G.	Fudenberg,	J.	Hone,	P.	Kim,	H.	L.	Stormer,	Solid	
State	Commun.	2008,	146,	351–355.	

[116]	 R.	R.	Nair,	P.	Blake,	A.	N.	Grigorenko,	K.	S.	Novoselov,	T.	J.	Booth,	T.	Stauber,	N.	M.	R.	Peres,	A.	
K.	Geim,	Science	(80-.	).	2008,	320,	1308.	

[117]	 V.	Georgakilas,	J.	N.	Tiwari,	K.	C.	Kemp,	J.	A.	Perman,	A.	B.	Bourlinos,	K.	S.	Kim,	R.	Zboril,	Chem.	
Rev.	2016,	116,	5464–5519.	

[118]	 D.	Qu,	M.	Zheng,	L.	Zhang,	H.	Zhao,	Z.	Xie,	X.	Jing,	R.	E.	Haddad,	H.	Fan,	Z.	Sun,	Sci.	Rep.	2014,	
4,	5294.	

[119]	 D.	S.	Su,	R.	Schlögl,	ChemSusChem	2010,	3,	136–168.	

[120]	 R.	Raccichini,	A.	Varzi,	S.	Passerini,	B.	Scrosati,	Nat.	Mater.	2015,	14,	271–279.	



121	
	

[121]	 G.	Kucinskis,	G.	Bajars,	J.	Kleperis,	J.	Power	Sources	2013,	240,	66–79.	

[122]	 X.-M.	Liu,	Z.	dong	Huang,	J.-K.	K.	Sei	woon	Oh,	Biao	Zhang,	Peng-Cheng	Ma,	Matthew	M.F.	
Yuen,	Compos.	Sci.	Technol.	J.	2012,	72,	121–144.	

[123]	 Y.-L.	Zhao,	J.	F.	Stoddart,	Acc.	Chem.	Res.	2009,	42,	1161–1171.	

[124]	 S.	Iijima,	T.	Ichihashi,	Nature	1993,	363,	603–605.	

[125]	 D.	S.	Bethune,	C.	H.	Kiang,	M.	S.	de	Vries,	G.	Gorman,	R.	Savoy,	J.	Vazquez,	R.	Beyers,	Nature	
1993,	363,	605–607.	

[126]	 M.	Ouyang,	J.-L.	Huang,	C.	M.	Lieber,	Acc.	Chem.	Res.	2002,	35,	1018–1025.	

[127]	 M.	M.	A.	Rafique,	J.	Iqbal,	J.	Encapsulation	Adsorpt.	Sci.	2011,	1,	29–34.	

[128]	 T.	Kar,	J.	Pattanayak,	S.	Scheiner,	J.	Phys.	Chem.	A	2001,	105,	10397–10403.	

[129]	 C.	Garau,	A.	Frontera,	D.	Quiñonero,	A.	Costa,	P.	Ballester,	P.	M.	Deyà,	Chem.	Phys.	Lett.	2003,	
374,	548–555.	

[130]	 L.	Jaber-Ansari,	H.	Iddir,	L.	A.	Curtiss,	M.	C.	Hersam,	ACS	Nano	2014,	8,	2399–2409.	

[131]	 B.	Song,	J.	Yang,	J.	Zhao,	H.	Fang,	Energy	Environ.	Sci.	2011,	4,	1379.	

[132]	 J.	Zhao,	A.	Buldum,	J.	Han,	J.	P.	Lu,	Phys.	Rev.	Lett.	2000,	85,	1706–1709.	

[133]	 P.	C.	Ma,	B.	Z.	Tang,	J.	K.	Kim,	Chem.	Phys.	Lett.	2008,	458,	166–169.	

[134]	 W.	J.	Lee,	U.	N.	Maiti,	J.	M.	Lee,	J.	Lim,	T.	H.	Han,	S.	O.	Kim,	Chem.	Commun.	2014,	50,	6818.	

[135]	 J.	P.	Paraknowitsch,	A.	Thomas,	Energy	Environ.	Sci.	2013,	6,	2839.	

[136]	 D.	Tasis,	N.	Tagmatarchis,	A.	Bianco,	M.	Prato,	Chem.	Rev.	2006,	106,	1105–1136.	

[137]	 D.	T.	Pham,	T.	H.	Lee,	D.	H.	Luong,	F.	Yao,	A.	Ghosh,	V.	T.	Le,	T.	H.	Kim,	B.	Li,	J.	Chang,	Y.	H.	Lee,	
ACS	Nano	2015,	9,	2018–2027.	

[138]	 F.	Bentaleb,	O.	Makrygenni,	D.	Brouri,	C.	Coelho	Diogo,	A.	Mehdi,	A.	Proust,	F.	Launay,	R.	
Villanneau,	Inorg.	Chem.	2015,	54,	7607–7616.	

[139]	 R.	Villanneau,	A.	Marzouk,	Y.	Wang,	A.	Ben	Djamaa,	G.	Laugel,	A.	Proust,	F.	Launay,	Inorg.	
Chem.	2013,	52,	2958–2965.	

[140]	 M.	Genovese,	K.	Lian,	J.	Mater.	Chem.	A	2017,	5,	3939–3947.	

[141]	 M.	D.	Levi,	D.	Aurbach,	J.	Phys.	Chem.	B	1997,	101,	4641–4647.	

[142]	 Q.	Wang,	H.	Li,	X.	Huang,	L.	Chen,	J.	Electrochem.	Soc.	2001,	148,	A737.	

[143]	 R.	Ryoo,	S.	H.	Joo,	S.	Jun,	J.	Phys.	Chem.	B	1999,	103,	7743–7746.	

[144]	 S.	Jun,	Sang	Hoon	Joo,	R.	Ryoo,	M.	Kruk,	M.	Jaroniec,	Z.	Liu,	T.	Ohsuna,	O.	Terasaki,	J.	Am.	
Chem.	Soc.	2000,	122,	10712–10713.	

[145]	 D.	Zhao,	M.	Cao,	ACS	Appl.	Mater.	Interfaces	2015,	7,	25084–25093.	

[146]	 Q.	Li,	J.	Sheng,	Q.	Wei,	Q.	An,	X.	Wei,	P.	Zhang,	L.	Mai,	Nanoscale	2014,	6,	11072–11077.	



122	
	

[147]	 N.	Kawasaki,	H.	Wang,	R.	Nakanishi,	S.	Hamanaka,	R.	Kitaura,	H.	Shinohara,	T.	Yokoyama,	H.	
Yoshikawa,	K.	Awaga,	Angew.	Chemie	-	Int.	Ed.	2011,	50,	3471–3474.	

[148]	 D.	Ma,	L.	Liang,	W.	Chen,	H.	Liu,	Y.	F.	Song,	Adv.	Funct.	Mater.	2013,	23,	6100–6105.	

[149]	 W.	Chen,	L.	Huang,	J.	Hu,	T.	Li,	F.	Jia,	Y.-F.	Song,	Phys.	Chem.	Chem.	Phys.	2014,	16,	19668–
19673.	

[150]	 L.	Huang,	J.	Hu,	Y.	Ji,	C.	Streb,	Y.	F.	Song,	Chem.	-	A	Eur.	J.	2015,	21,	18799–18804.	

[151]	 Y.	Ji,	J.	Hu,	L.	Huang,	W.	Chen,	C.	Streb,	Y.	F.	Song,	Chem.	-	A	Eur.	J.	2015,	21,	6469–6474.	

[152]	 J.	Hu,	Y.	Ji,	W.	Chen,	C.	Streb,	Y.	Song,	Energy	Environ.	Sci.	2016,	9,	1095–1101.	

[153]	 Y.	Ji,	L.	Huang,	J.	Hu,	C.	Streb,	Y.	Song,	Energy	Environ.	Sci.	2015,	8,	776–789.	

[154]	 F.	M.	Toma,	A.	Sartorel,	M.	Iurlo,	M.	Carraro,	P.	Parisse,	C.	MacCato,	S.	Rapino,	B.	R.	Gonzalez,	
H.	Amenitsch,	T.	Da	Ros,	L.	Casalis,	A.	Goldoni,	M.	Marcaccio,	G.	Scorrano,	G.	Scoles,	F.	
Paolucci,	M.	Prato,	M.	Bonchio,	Nat.	Chem.	2010,	2,	826–831.	

[155]	 L.	Hong,	N.	Nakashima,	Y.	Li,	H.	Jia,	C.	Yang,	Chem.	-	An	Asian	J.	2017,	210–216.	

[156]	 J.	Muñiz,	C.	Celaya,	A.	Mejía-Ozuna,	A.	K.	Cuentas-Gallegos,	L.	M.	Mejía-Mendoza,	M.	Robles,	
M.	Valdéz,	Theor.	Chem.	Acc.	2017,	136,	1–17.	

[157]	 J.	Muñiz,	A.	K.	Cuentas-Gallegos,	M.	Robles,	M.	Valdéz,	Theor.	Chem.	Acc.	2016,	135,	1–17.	

[158]	 D.	Zhou,	B.	G.	Han,	Adv.	Funct.	Mater.	2010,	20,	2717–2722.	

[159]	 M.	Jiang,	D.	Zhu,	J.	Cai,	H.	Zhang,	X.	Zhao,	J.	Phys.	Chem.	C	2014,	118,	14371–14378.	

[160]	 R.	Liu,	G.	Zhang,	H.	Cao,	S.	Zhang,	Y.	Xie,	A.	Haider,	U.	Kortz,	B.	Chen,	N.	S.	Dalal,	Y.	Zhao,	L.	Zhi,	
C.-X.	Wu,	L.-K.	Yan,	Z.	Su,	B.	Keita,	Energy	Environ.	Sci.	2016,	9,	1012–1023.	

[161]	 H.	Li,	S.	Pang,	S.	Wu,	X.	Feng,	K.	Müllen,	C.	Bubeck,	J.	Am.	Chem.	Soc.	2011,	133,	9423–9429.	

[162]	 M.	Quintana,	A.	M.	López,	S.	Rapino,	F.	M.	Toma,	M.	Iurlo,	M.	Carraro,	A.	Sartorel,	C.	MacCato,	
X.	Ke,	C.	Bittencourt,	T.	Da	Ros,	G.	Van	Tendeloo,	M.	Marcaccio,	F.	Paolucci,	M.	Prato,	M.	
Bonchio,	ACS	Nano	2013,	7,	811–817.	

[163]	 C.	Hadad,	X.	Ke,	M.	Carraro,	A.	Sartorel,	C.	Bittencourt,	G.	Van	Tendeloo,	M.	Bonchio,	M.	
Quintana,	M.	Prato,	Chem.	Commun.	2014,	50,	885–887.	

[164]	 M.	H.	Yang,	B.	G.	Choi,	S.	C.	Jung,	Y.	K.	Han,	Y.	S.	Huh,	S.	B.	Lee,	Adv.	Funct.	Mater.	2014,	24,	
7301–7309.	

[165]	 J.	Sloan,	Z.	Liu,	K.	Suenaga,	N.	R.	Wilson,	P.	A.	Pandey,	L.	M.	Perkins,	J.	P.	Rourke,	I.	J.	Shannon,	
Nano	Lett.	2010,	10,	4600–4606.	

[166]	 N.	Hiyoshi,	Y.	Kamiya,	Chem.	Commun.	2015,	51,	9975–9978.	

[167]	 C.	Bosch-Navarro,	L.	M.	Perkins,	R.	J.	Kashtiban,	J.	P.	Rourke,	I.	J.	Shannon,	J.	Sloan,	ACS	Nano	
2016,	10,	796–802.	

[168]	 J.-P.	Tessonnier,	S.	Goubert-Renaudin,	S.	Alia,	Y.	Yan,	M.	A.	Barteau,	Langmuir	2013,	29,	393–
402.	

[169]	 S.	Wen,	W.	Guan,	J.	Wang,	Z.	Lang,	L.	Yan,	Z.	Su,	Dalt.	Trans.	2012,	41,	4602.	



123	
	

[170]	 V.	L.	Sushkevich,	I.	I.	Ivanova,	C.	Lancelot,	S.	Moldovan,	O.	Ersen,	V.	V.	Ordomsky,	Chem.	
Commun.	2015,	51,	17120–17123.	

[171]	 J.	Wu,	L.	Liao,	W.	Yan,	Y.	Xue,	Y.	Sun,	X.	Yan,	Y.	Chen,	Y.	Xie,	ChemSusChem	2012,	5,	1207–
1212.	

[172]	 S.	De,	A.	M.	Balu,	J.	C.	Van	Der	Waal,	R.	Luque,	ChemCatChem	2015,	7,	1608–1629.	

[173]	 B.	Hu,	K.	Wang,	L.	Wu,	S.	H.	Yu,	M.	Antonietti,	M.	M.	Titirici,	Adv.	Mater.	2010,	22,	813–828.	

[174]	 J.-S.	Li,	Y.	Wang,	C.-H.	Liu,	S.-L.	Li,	Y.-G.	Wang,	L.-Z.	Dong,	Z.-H.	Dai,	Y.-F.	Li,	Y.-Q.	Lan,	Nat.	
Commun.	2016,	7,	11204.	

[175]	 S.	Mukhopadhyay,	J.	Debgupta,	C.	Singh,	A.	Kar,	S.	K.	Das,	Angew.	Chemie	-	Int.	Ed.	2018,	57,	
1918–1923.	

[176]	 G.	Paille,	M.	Gomez-Mingot,	C.	Roch-Marchal,	B.	Lassalle-Kaiser,	P.	Mialane,	M.	Fontecave,	C.	
Mellot-Draznieks,	A.	Dolbecq,	J.	Am.	Chem.	Soc.	2018,	140,	3613–3618.	

[177]	 H.	Bin	Wu,	B.	Y.	Xia,	L.	Yu,	X.	Yu,	X.	W.	(David)	Lou,	Nat.	Commun.	2015,	6,	1–8.	

[178]	 W.	Luo,	J.	Hu,	H.	Diao,	B.	Schwarz,	C.	Streb,	Y.	F.	Song,	Angew.	Chemie	-	Int.	Ed.	2017,	56,	
4941–4944.	

[179]	 H.-Y.	Chen,	J.	Friedl,	C.-J.	Pan,	A.	Haider,	R.	Al-Oweini,	Y.	L.	Cheah,	M.-H.	Lin,	U.	Kortz,	B.-J.	
Hwang,	M.	Srinivasan,	U.	Stimming,	Phys.	Chem.	Chem.	Phys.	2017,	19,	3358–3365.	

[180]	 P.	Bai,	M.	Z.	Bazant,	Nat.	Commun.	2014,	5,	1–7.	

[181]	 N.	Nitta,	F.	Wu,	J.	T.	Lee,	G.	Yushin,	Mater.	Today	2015,	18,	252–264.	

[182]	 Z.	Zhang,	S.	Ishikawa,	M.	Kikuchi,	H.	Yoshikawa,	Q.	Lian,	H.	Wang,	T.	Ina,	A.	Yoshida,	M.	
Sadakane,	F.	Matsumoto,	W.	Ueda,	ACS	Appl.	Mater.	Interfaces	2017,	9,	26052–26059.	

[183]	 Z.	Zhang,	H.	Yoshikawa,	Z.	Zhang,	T.	Murayama,	M.	Sadakane,	Y.	Inoue,	W.	Ueda,	K.	Awaga,	M.	
Hara,	Eur.	J.	Inorg.	Chem.	2016,	2016,	1242–1250.	

[184]	 E.	Ni,	S.	Uematsu,	T.	Tsukada,	N.	Sonoyama,	Solid	State	Ionics	2016,	285,	83–90.	

[185]	 X.-Y.	Yang,	T.	Wei,	J.-S.	Li,	N.	Sheng,	P.-P.	Zhu,	J.-Q.	Sha,	T.	Wang,	Y.-Q.	Lan,	Inorg.	Chem.	2017,	
56,	8311–8318.	

[186]	 Q.	Huang,	T.	Wei,	M.	Zhang,	L.-Z.	Dong,	A.-M.	Zhang,	S.-L.	Li,	W.-J.	Liu,	J.	Liu,	Y.-Q.	Lan,	J.	
Mater.	Chem.	A	2017,	5,	8477–8483.	

[187]	 P.-P.	Zhu,	N.	Sheng,	M.-T.	Li,	J.-S.	Li,	G.-D.	Liu,	X.-Y.	Yang,	J.-Q.	Sha,	M.-L.	Zhu,	J.	Jiang,	J.	Mater.	
Chem.	A	2017,	5,	17920–17925.	

[188]	 J.	Hu,	H.	Diao,	W.	Luo,	Y.	F.	Song,	Chem.	-	A	Eur.	J.	2017,	23,	8729–8735.	

[189]	 Y.	Ji,	J.	Hu,	J.	Biskupek,	U.	Kaiser,	Y.	F.	Song,	C.	Streb,	Chem.	-	A	Eur.	J.	2017,	23,	16637–16643.	

[190]	 F.	Wu,	C.	Yu,	W.	Liu,	T.	Wang,	J.	Feng,	S.	Xiong,	J.	Mater.	Chem.	A	2015,	3,	16728–16736.	

[191]	 F.	Wu,	S.	Xiong,	Y.	Qian,	S.-H.	Yu,	Angew.	Chemie	Int.	Ed.	2015,	54,	10787–10791.	

[192]	 G.	Yang,	H.	Cui,	G.	Yang,	C.	Wang,	ACS	Nano	2014,	8,	4474–4487.	



124	
	

[193]	 Y.	Lu,	L.	Yu,	M.	Wu,	Y.	Wang,	X.	W.	D.	Lou,	Adv.	Mater.	2017,	1702875,	1702875.	

[194]	 Y.	Yue,	Y.	Li,	Z.	Bi,	G.	M.	Veith,	C.	A.	Bridges,	B.	Guo,	J.	Chen,	D.	R.	Mullins,	S.	P.	Surwade,	S.	M.	
Mahurin,	H.	Liu,	M.	P.	Paranthaman,	S.	Dai,	J.	Mater.	Chem.	A	2015,	3,	22989–22995.	

[195]	 T.	Wei,	M.	Zhang,	P.	Wu,	Y.	Tang,	S.	Li,	F.	Shen,	X.	Wang,	Nano	Energy	2017,	34,	205–214.	

[196]	 L.	A.	Ponomarenko,	F.	Schedin,	M.	I.	Katsnelson,	R.	Yang,	E.	W.	Hill,	K.	S.	Novoselov,		a	K.	Geim,	
Science	(80-.	).	2008,	320,	356–358.	

[197]	 Z.	Zhang,	J.	Zhang,	N.	Chen,	L.	Qu,	Energy	Environ.	Sci.	2012,	5,	8869–8890.	

[198]	 Y.	P.	Sun,	B.	Zhou,	Y.	Lin,	W.	Wang,	K.	A.	S.	Fernando,	P.	Pathak,	M.	J.	Meziani,	B.	A.	Harruff,	X.	
Wang,	H.	Wang,	P.	G.	Luo,	H.	Yang,	M.	E.	Kose,	B.	Chen,	L.	M.	Veca,	S.	Y.	Xie,	J.	Am.	Chem.	Soc.	
2006,	128,	7756–7757.	

[199]	 J.	N.	Coleman,	Acc.	Chem.	Res.	2013,	46,	14–22.	

[200]	 S.	Laurent,	D.	Forge,	M.	Port,		a	Roch,	C.	Robic,	L.	V	Elst,	R.	N.	Muller,	Chem.	Rev.	2008,	108,	
2064–2110.	

	

	 	



125	
	

	 	



126	
	

	

	

6.	Publications	
 

	

6.1	 “Wiring”	Redox-active	Polyoxometalates	 to	 Carbon	Nanotubes	Using	A	
Sonication-driven	Periodic	Functionalization	Strategy	[YJ-2]	
 

 

Jun Hu, Yuanchun Ji, Wei Chen, Carsten Streb*, and Y.-F. Song* 

 

* corresponding author 

 

 

Published in: Energy & Environmental Science. 2016, 9, 1095-1101 

 

Published by The Royal Society of Chemistry 

http://pubs.rsc.org/en/content/articlelanding/2016/ee/c5ee03084f#!divAbstract 

distributed under CC BY 3.0, https://creativecommons.org/licenses/by/3.0/ 

 

 

 

 

 

 

 

Author contributions: 

 

Y. Ji: Co-synthesis and characterization of the composites, co-wrote and revised the 

manuscript. 

  



127	
	

 
  



128	
	

 
  



129	
	

 
  



130	
	

 
  



131	
	

 
  



132	
	

 
  



133	
	

 
  



134	
	

 
  



135	
	

 
  



136	
	

 
  



137	
	

 
  



138	
	

 
  



139	
	

 
  



140	
	

 
  



141	
	

 
  



142	
	

 
  



143	
	

  



144	
	

 

 

6.2	 Polyoxometalate-based	 Bottom-up	 Fabrication	 of	 Graphene	 Quantum	
Dot	/	Manganese	Vanadate	Composites	as	Lithium	Ion	Battery	Anodes	[YJ-3]	
 

 

Y. Ji, J. Hu, J. Biskupek, U. Kaiser, Y.-F. Song*, and C. Streb* 

 

* corresponding author 

 

Published in: Chemistry -A European Journal, 2017, 23, 16637-16643. 

 

 

 

https://onlinelibrary.wiley.com/doi/abs/10.1002/chem.201703851 

The reuse of this article is granted by John Wiley & Sons. 

 

 

 

 

 

 

 

 

 

 

 

Author contributions: 

 

Y. Ji: Synthesis and characterization of the composites, wrote and revised the manuscript. 

 

 

 



145	
	

 

 

 
  



146	
	

 
  



147	
	

 
  



148	
	

 
  



149	
	

 
  



150	
	

 
  



151	
	

 
  



152	
	

 
  



153	
	

 
  



154	
	

 
  



155	
	

 
  



156	
	

	



157	
	

 
  



158	
	

 
  



159	
	

  



160	
	

 

 

6.3	Water	Decontamination	by	Polyoxometalate-functionalized	3D-printed	
Hierarchical	Porous	Devices	[YJ-4]	
 

 

Y. Ji, Y. Ma, J. Asenbauer, Y. Ma, S. Passerini, C. Streb* 

 

* corresponding author 

 

 

Published in: Chemical Communications. 2018, 54, 3018-3021. 

 

 

Reproduced by permission of The Royal Society of Chemistry 

http://pubs.rsc.org/en/content/articlelanding/2018/cc/c8cc00821c#!divAbstract 

 

 

 

 

 

 

 

 

 

 

Author contributions: 

 

Y. Ji: Synthesis and characterization of the devices; wrote and revised the manuscript. 

 

  



161	
	

 

 

  



162	
	

 

  



163	
	

 

  



164	
	

 

  



165	
	

 

  



166	
	

 

  



167	
	

 

  



168	
	

 

  



169	
	

 

  



170	
	

 

  



171	
	

   



172	
	

 

6.4	 Modular	 Design	 of	 Multifunctional	 Cobalt	 Vanadium	 Oxide	 /	 Carbon	
Composites	 for	 High-performance	 Lithium	 Ion	 Storage	 and	 Oxygen	
Evolution	Catalysis.	[YJ-5]	
 

 

Yuanchun Ji, Yuan Ma, Rongji Liu, Yanjiao Ma, Kecheng Cao, Ute Kaiser, Alberto Varzi, 

Yu-Fei Song, Stefano Passerini*, and Carsten Streb * 

 

* corresponding author 

 

 

 

 

Manuscript see chapter 4. 

 

 

 

 

 

 

Author contributions: 

 

Y. Ji: Synthesis and characterization of the materials; conducted the OER experiments; wrote 

and revised the manuscript. 

  



173	
	

  



174	
	

 

 

6.5	 Manganese	 Silicate	 Hollow	 Spheres	 Enclosed	 in	 Reduced	 Graphene	
Oxide	as	Anode	for	Lithium-ion	Batteries	[YJ-6]	
 

 

 

Yanjiao Ma, Ulderico Ulissi, Dominic Bresser*, Yuan Ma, Yuanchun Ji, and Stefano 

Passerini 

 

* corresponding author 

 

 

Published in: Electrochimica Acta. 2017, 258, 535-543. 

 

Reproduced by permission of Elsevier 

https://www.sciencedirect.com/science/article/pii/S001346861732457X 

 

 

 

 

 

 

 

Author contributions: 

 

Y. Ji: TEM characterization of the materials, discussed and revised the manuscript. 

	

	

	

	

	

	



175	
	

	

	

	

	

	



176	
	

	

	

	

	



177	
	

	

	

	

	



178	
	

	



179	
	

	



180	
	

	



181	
	

	



182	
	

	



183	
	

	

	

	

	

	 	



184	
	

Supporting	Information	
	
	
	

Manganese	silicate	hollow	spheres	enclosed	in	reduced	graphene	oxide	as	
anode	for	lithium-ion	batteries	

	
Yanjiao	Maa,b,	Ulderico	Ulissia,b,	Dominic	Bressera,b,*,	Yuan	Maa,b,	Yuanchun	Jic,	

Stefano	Passerinia,b	

	

a	Helmholtz	Institute	Ulm	(HIU),	Helmholtzstrasse	11,	89081	Ulm,	Germany	

b	Karlsruhe	Institute	of	Technology	(KIT),	P.O.	Box	3640,	76021	Karlsruhe,	Germany	

c	Institute	of	Inorganic	Chemistry,	Ulm	University,	Albert-Einstein-Allee	11,	89081	Ulm,	Germany	

	

	

*Corresponding	authors:	 dominic.bresser@kit.edu	

	

	 	



185	
	

	

	

Fig.	S1.	SEM	micrograph	of	the	SiO2	precursor	(magnification:	100kx).	

	 	



186	
	

	

	

	

Fig.	S2.	Comparative	TG	analysis	of	MS-rGO	and	MS.	
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Figure	S1.	EDX	analysis	of	Sn0.95Co0.05O2:	(a)	SEM	micrograph	of	the	selected	area	for	the	mapping;	(b)	

the	resulting	EDX	spectrum;	(c)-(f)	the	elemental	maps	for	Sn,	Co,	O	and	C,	respectively	(the	carbon	

signal	corresponds	to	the	sticky	carbon	tape	used	to	trap	the	sample	on	the	SEM	samples	holder).	
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Figure	S2.	EDX	analysis	of	Sn0.90Co0.10O2:	(a)	SEM	micrograph	of	the	selected	area	for	the	mapping;	(b)	

the	resulting	EDX	spectrum;	(c)-(f)	the	elemental	maps	for	Sn,	Co,	O	and	C,	respectively	(the	carbon	

signal	corresponds	to	the	sticky	carbon	tape	used	to	trap	the	sample	on	the	SEM	samples	holder).	
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Figure	S3.	EDX	analysis	of	Sn0.85Co0.15O2:	(a)	SEM	micrograph	of	the	selected	area	for	the	mapping;	(b)	

the	resulting	EDX	spectrum;	(c)-(f)	the	elemental	maps	for	Sn,	Co,	O	and	C,	respectively	(the	carbon	

signal	corresponds	to	the	sticky	carbon	tape	used	to	trap	the	sample	on	the	SEM	samples	holder).	
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Figure	S4.	TGA	curves	recorded	for	(a)	Sn0.90Co0.10O2-C16%	and	(b)	Sn0.90Co0.10O2-C50%	(both	in	black),	

including	the	TGA	results	obtained	for	carbon-free	Sn0.90Co0.10O2	as	reference.		
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Figure	S5.	Dis-/charge	capacity	and	coulombic	efficiency	vs.	cycle	number	plot	for	galvanostatically	
cycled	electrodes	based	on	carbon	only,	which	was	prepared	in	the	same	manner	as	the	carbon	
coating	(cut-off	voltages:	0.01	and	3.0	V	vs.	Li/Li+;	specific	current:	50	mA	g-1).	
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