
 

 

 

Molecular Metal Oxides for 

Electrochemical Energy 

Storage 
 

Neelam Sahar Mughal 

4275192 

School of Chemistry 

 

A thesis submitted to the University of Nottingham for the Degree of 

Doctor of Philosophy 

 

March 2021 

 



i 
 

Acknowledgements  

My biggest thanks go to my supervisors, Dr Darren Walsh and Dr Graham 

Newton. Thank you both so much for being incredibly supportive mentors, 

giving me a tremendous amount of guidance, pep talks and periodic reality 

checks. I truly appreciate the both of you, you have made me a better scientist 

and taught me so much. I am grateful for all the advice you have given me for 

both scientific and non-scientific matters. Similarly, a special thanks to Dr Jamie 

Cameron for his motivational talks, unwavering support, sharing great stories 

and being incredibly hilarious.  

I would also like to thank my fellow PhD students, in particular Dr Jack 

Jordan, Sharad Amin and Dr Alexander Kibler. You have all been present in my 

PhD journey right from the very beginning and it has never once been dull. I will 

treasure all the laughs, stress, and embarrassing photos we’ve accumulated 

over the years. I can confidently say my life is more interesting with you guys in 

it, and our Japan memories are precious. 

I have been lucky enough to meet so many wonderful people during my 

time in Nottingham. Thank you to the Walsh and Licence groups for helping me 

when I first started in the CNL, especially Grace Lowe, Matt Bird and Sean 

Goodwin for teaching me how to do electrochemistry and always having 

interesting discussions. Thanks to my fellow foodies, Astrid Delorme and Meike 

Leu for being so supportive and making my time in the CNL and Nottingham so 

enjoyable. I would like to thank the Mokaya group and Alison Taylor for her 

friendship, accommodating me in her lab and teaching me about BET and farm 

animals. Thank you to Lisa Hampson and Laís Dias Ferreira for their kindness and 

sharing in my PhD woes, you are both wonderful humans. I may have started off 

as your mentor, Heather Damian and Catherine Peake, but I am so grateful to 

the two of you for the friendship that followed. Thank you, Cath, for 

proofreading my work and providing a stream of constant encouragement, I will 

never forget it.  A special thanks to the best masters students, Rory McNulty and 



ii 
 

Jack Castle. Rory your passion for science is infectious, thank you for being 

interested in my work and always being happy to help. Jack C, I appreciate all 

the troubleshooting you’ve provided me and keeping me company when I was 

frequently trapped in the glovebox. Thank you to everyone else in the NAMI 

Group, I have truly cherished working in such a dynamic and collaborative 

atmosphere.  

Thank you to Emily Smith, David Scurr and Julie Watts for their expertise 

in XPS and ToF-SIMS. I would also like to thank Perislava Williams and the EPSRC 

CDT in Sustainable Chemistry for providing me with so many valuable 

opportunities.  

Words cannot express my gratitude for my family, closest friends and my 

husband Ash, for supporting me during the toughest times and indulging my 

PhD journey.  

 

  



iii 
 

Publications 

The following article has been published as a result of the work undertaken 

during the course of this PhD program: 

N. S. Mughal, D. A. Walsh and G. N. Newton, Functionalization of Carbon 

Surfaces Tunes the Redox Stability of Polyoxometalate@Carbon Electrodes, ACS 

Appl. Energy Mater., 2020, 3, 12308–12315. 

. 

 

 



iv 
 

Abstract 

The work presented in this thesis is a multifaceted approach to the 

fabrication of low cost and high performance composite electrode materials. 

The incorporation of polyoxometalates (POMs) within carbonaceous materials 

represents an important platform for creating bespoke electrode materials. 

Both materials have high degrees of tuneability with respect to the structure,, 

electrochemical performance and surface chemistry. 

 Chapter 1 provides an overview into the evolution of Li-ion battery 

technology. This section highlights how the concerted efforts of battery 

chemists since the discovery of Alessandro Volta’s ‘voltaic pile’ have led to the 

commercialisation of batteries in today’s society. The challenges of Li-ion 

technology moving forward are addressed and POMs are subsequently 

introduced as a promising candidate for the batteries of the future.  

The electrochemical behaviour of a library of plenary and modified 

POMs is assessed. The obtained redox profiles are examined in detail for 

aqueous and organic solvents, including a battery electrolyte. The tuneable and 

versatile nature of the studied POMs is discussed with respect to addenda metal 

substation, transition metal substitution and hybridisation. Interesting cation – 

dependent electrochemistry in the presence of metal ions (Li+/Na+/Mg2+) is also 

presented.  

The proceeding chapter describes the preparation of a surface modified 

conductive carbon black, by way of chemical oxidation. The material is 

characterised and compared to its unmodified analogue. POMs are 

incorporated on to the two different matrices. The composite materials are 

analysed and tested using cyclic voltammetry in a range of different solvents, 

including a battery electrolyte. The effect of surface oxidation of carbon on the 

retention of POMs during electrochemical cycling is explored.   

Subsequently, the penultimate chapter corroborates the 

electrochemical performance of the POM/carbon composites observed thus far. 
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The unmodified carbon POM composite and the surface oxidised carbon POM 

analogue are used as the positive electrode in lithium metal test batteries. The 

performance is assessed with regards to reversible redox POM chemistry and 

achieving capacities close to that of the calculated theoretical value. For 

batteries, one size does not fit all, and as such, different experimental 

parameters and electrode preparation techniques are probed to inform future 

experimental design. 

The final chapter explores a novel method for the preparation of POM-

activated carbon based composite electrodes. This approach seeks to apply the 

principles of template design to prepare dimensionally controlled porous 

architectures with POMs encapsulated in the pores. Such a method, if 

successfully controlled, could assure mechanically robust redox active 

composite materials for energy storage applications.  
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1. Introduction 

Our planet is facing formidable energy challenges due to several factors 

such as the rising levels of anthropogenic CO2, increasing global population and 

an unrelenting dependency on fossil fuels.1 The empirical evidence from recent 

trends and the rise of organisations such as the Faraday Institution and UK 

Battery Industrialisation Centre, suggest that renewable energy sources will be 

an important paving stone in the pathway to a sustainable, decarbonised and 

secure electrical grid. Favouring the use of decarbonised electricity inevitably 

leads to dramatic changes in supply and demand, coupled with the variability of 

renewable sources and seasonal profile of electricity demand for heat. Thus, the 

intermittent nature of renewables inextricably drives towards harnessing, 

storing and delivering this abundance of energy in efficient and affordable ways. 

Electrochemical energy storage is a strong option poised to meet these 

challenges. This type of technology refers to the process of converting electrical 

energy into a storable form and then reconverted back into electrical energy 

when it is needed.2 Established forms of electrochemical energy storage include 

Li-ion batteries3, supercapacitors4 and fuel cells5. It is difficult to overstate the 

importance of batteries in our future. Batteries play a crucial role in decreasing 

greenhouse gas emissions and providing clean, low-carbon energy to our 

homes, businesses and vehicles. Batteries are also important in powering the 

digital economy as well an ever-growing number of portable electronics. 

Therefore, it is of profound interest to scientists to research and develop energy 

storage technologies to combat the vicissitudes of climate change. 

1.1 Battery Fundamentals  

The evolution of any given device is of course influenced by its history, 

and such is the case with batteries. A battery consists of a series of one or more 

electrochemical cells. An electrochemical cell is a device that is capable of 

generating electrical energy from the energy liberated during a chemical 

reaction. It was in the end of the 18th century that the discovery of this type of 



Chapter 1: Introduction  2 
 

cell was made. Alessandro Volta demonstrated the production of electricity 

through his invention of the ‘voltaic pile’. This was composed of an alternating 

sequence of two different metals; zinc and silver disks that were separated by a 

cloth soaked in brine solution. He found that the amount of current produced 

varied when different metals were used, and it was in this way that he defined 

the electrochemical series. It can be argued that Volta’s discovery is romantically 

related to Luigi Galvani’s work at the time on ‘animal electricity’ but it is without 

a doubt that it was Volta’s invention of the electric pile that paved the way for 

electrochemistry as a new experimental discipline.6 

Battery cells store chemical energy in their electroactive electrode 

materials. This chemical energy can be converted into electrical energy on 

demand, typically by means of an electrochemical oxidation – reduction 

reaction. Batteries are categorised into two types: primary and secondary. Both 

batteries have three main components (Figure 1):  

1. The negative electrode – also known as the anode where oxidation 

takes place and electrons are liberated to the external circuit;  

2. The positive electrode – cathode – electrons are accepted from the 

external circuit and the reduction reaction takes place; 

3. The electrolyte – which separates both negative and positive terminals 

and is the medium for charge transfer such as shuttling ions between the two 

electrodes in the cell. The electrolyte is typically a liquid solvent with dissolved 

salts, acids, or alkalis to impart ionic conductivity. It must be a non – conductor 

of electrons to avoid self-discharge of the cell.  

Primary, or non-rechargeable batteries, are supplied fully charged and once 

they have been discharged (released their energy), they are discarded and 

cannot be reused. In secondary, or rechargeable batteries, the electrochemical 

reaction is reversible and thus can be recharged by applying a current from an 

external source in the opposite direction of discharge. These batteries can 

discharge into a load and be re-charged many times. 
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The terms anode and cathode refer to the function of the electrode and 

not its structure. In primary batteries, the negative and positive terminals are 

identified as the anode and cathode respectively. Oxidation occurs at the anode 

whilst reduction takes place at the cathode. The electrodes in a rechargeable 

battery are appropriately referred to as negative and positive, as the function of 

the electrodes is dependent on which way the current is flowing.  

A conventional current describes the direction in which positive 

electronic charges move. Electrons have a negative charge, so the flow of 

electrons is opposite to current flow. During discharge, the anode is oxidised, 

releasing electrons. These flow in an external circuit towards the cathode which 

is subsequently reduced. The cathode is the positive terminal since negative 

electrons flowing in constitutes a positive current going out; therefore, the 

anode is the negative terminal. For a secondary battery, the opposite holds true 

during charge (taking electrical energy from a current provided by an external 

source) where the cathode is negative, and the anode is positive. 

 

Figure 1 - The three main components of a battery: negative electrode and positive 
electrode separated by a conductive electrolyte. Electron flow depicts discharge 

process. 
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1.1.1 Rechargeable Batteries  

Further down the timeline of battery evolution, French scientist Gaston 

Planté invented the first commercialised rechargeable battery in 1859; the lead-

acid battery. The cell comprises of a lead negative electrode and a lead oxide 

(PbO2) positive electrode, with a sulphuric acid electrolyte.7
 During discharge, 

lead (IV) oxide is reduced to lead (II) sulphate (PbSO4) and lead is oxidised to also 

yield PbSO4.  It is one of the most used batteries today in photovoltaics and the 

automobile industry by virtue of its low cost and good performance.8
  

A direct competitor to the lead-acid battery emerged in 1899. The nickel-

cadmium battery invented by Swedish engineer, Waldemar Jungner. Though the 

initial cost of materials was much more expensive than the lead-acid battery, Ni-

Cd batteries offered higher specific energy/energy density (energy stored in 

watt-hours per unit of mass or volume respectively), long cycle life, tolerance of 

high charge and discharge rates, high resistance to mechanical abuse and ability 

to operate at low tempetaures.9,10 However, Ni-Cd batteries possess a unique 

feature that makes them unsuitable: a pronounced memory effect. This means 

highly repetitive shallow charge–discharge cycling where the battery is not fully 

discharged before being recharged, causes the battery to lose its capacity, thus 

requiring reconditioning. The primary trade-off however is the use of the heavy 

metal cadmium which poses a major environmental threat and is highly toxic to 

human life.  

Although modified by innovations in construction design and in materials 

packaging, lead-acid and nickel-cadmium systems form the foundation of 

today’s popular commercial batteries used in automobile applications such as 

starting, lighting and ignition, portable tools and back-up power supplies.11,12 

For the technology at the time, these batteries were sufficient and thus 

advancement in the field came to a relative standstill for more than a century. 

It was later in the 1960s that technological innovation surged and called for 

portable energy. Innovations such as the likes of implantable medical devices 

required high-energy dense and long-lasting energy sources. The military 
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required high-energy and high-power sources and the eruption of the consumer 

electronics market demanded revolutionised batteries. It was abundantly clear 

that these conventional batteries would be inadequate in the face of rapid 

innovative progress. Fundamentally these batteries were limited by their 

respective electrode combinations that offered limited values of specific 

capacity (maximum amount of charge that can be withdrawn from a battery 

under specified conditions of discharge, in ampere-hours per gram, Ah g –1). 

These batteries were also too heavy and too big to function efficiently for the 

evolving technology.  

Cardiac pacemakers are an illustrative example. one of the earliest 

examples of such a device used a primary zinc-mercury battery. The resultant 

device was heavy and bulky and ran out of charge after two years, requiring 

patients to undergo another operation to replace them.13 Clearly moving 

forward, the development of new concept batteries boasting higher energy 

densities and longer operational life are required.  

1.1.2 Lithium Metal as an Electrode Material 

A breakthrough in the hunt for batteries with higher specific energy and 

energy density was made when lithium metal was explored as an electrode 

material. Metals possess properties that make them well suited as electrode 

materials for batteries. They are readily oxidised from their metallic state to 

produce ions and electrons as shown in the following half reaction: 

M → M𝑛+ + 𝑛𝑒− 

The metal can conduct the liberated electrons and therefore becomes the 

negative electrode for a given cell. Metals that have been commonly used as 

negative electrodes in commercial batteries are listed in Table 1.14 The ‘redox 

couple’ denotes the ion formed as a product of the oxidation half – reaction. 

The ‘standard reduction potential’ is a measure of the tendency of that ion to 

be reduced back to its metallic state. The ‘electrochemical capacity’ is a property 

defined as the amount of electric charge (i.e., capacity) that can be produced 

per gram of the metal in the specified oxidation half – reaction.   
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Table 1 - Commonly used metals for metal negative electrodes and their properties. 

Metal Atomic 

Weight 

Density/ 

g cm –3 

Redox 

Couple 

Standard 

Reduction 

Potential/V 

Electrochemical 

Capacity/mAh g –1  

Lithium 6.94 0.53 Li/Li+ –3.04 3.86 

Sodium 22.99 0.97 Na/Na+ –2.71 1.17 

Magnesium 24.31 1.74 Mg/Mg2+ –2.70 2.21 

Aluminium 26.98 2.70 Al/Al3+ –1.66 2.98 

Calcium 40.08 1.54 Ca/Ca2+ –2.87 1.34 

Iron 55.85 7.86 Fe/Fe2+ –0.45 0.96 

Zinc 65.39 7.14 Zn/Zn2+ –0.76 0.82 

Cadmium 112.41 5.64 Cd/Cd2+ –0.40 0.48 

Lead 207.2 11.30 Pb/Pb2+ –0.13 0.26 

 

Lithium has the most negative reduction potential. The implication of 

this is that the Li+ ion has the lowest tendency to be reduced back to Li, but more 

importantly this reduction potential signifies that lithium metal shows the 

highest tendency to be oxidised to Li+.  Additionally, lithium has the highest 

electrochemical capacity, which is thanks to its exceptionally low atomic weight. 

This translates to a greater quantity of charge per unit weight through the use 

of a lithium metal negative electrode.15
  

One of the earliest batteries incorporating lithium was the lithium-iodine 

(Li-I) battery, developed in a bid to replace the zinc-mercury battery used in 

pacemakers.13
 The Li-I battery greatly improved the efficiency of pacemakers, 

reduced their weight and size as well as extending their operational life.16 

1.1.3 First Era of Primary Lithium Batteries 

The development of high-performance battery systems commenced in 

the 1960s and focussed on primary batteries employing metallic lithium as the 
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anode. A broad range of positive electrode materials were available on the 

market such as lithium-sulphur dioxide17 (Li-SO2) in 1969, lithium–carbon 

monofluoride18 (Li-CFx) commercialised by Matsushita in 1973 and lithium–

manganese oxide19 (Li-MnO2) batteries commercialised by Sanyo in 1975. Due 

to the reactivity of lithium towards water, various non-aqueous solvents were 

explored as the electrolyte. These ranged from organic solvents such as 

propylene carbonate and to inorganic ones such as thionyl chloride and lithium 

perchlorate.20 These cells were used for LED fishing floats, cameras, digital 

watches and memory backup applications.  

1.1.4 Rechargeable Lithium Batteries 

The success of these commercialised primary batteries intensified 

research efforts to implement lithium chemistry into rechargeable technology. 

At the time, there were no apparent difficulties at the negative electrode side 

since it was assumed that the lithium ions liberated during discharge would plate 

back onto the lithium metal upon charge. Hence initial research sought to 

identify new positive electrode materials that could partake in reversible lithium 

uptake and endure long cyclability.  

1.1.5 Intercalation Positive Electrodes 

The development of “intercalation” or “insertion” electrodes in 1978 

was revolutionary.21 This type of positive electrode is constructed from a host 

lattice, a crystalline or partially crystalline solid, in which a guest species i.e. 

lithium can be intercalated (inserted) interstitially during discharge and 

subsequently de-intercalated (extracted) during recharge with little or no 

structural alteration to the host. Electric current is generated by the migration 

of Li-ions from the lithium metal negative electrode to the intercalative positive 

electrode through the electrolyte during discharge. Reversing this process 

results in the removal of Li-ions from the positive electrode and returning to the 

negative electrode to produce the charged state.  

Metal chalcogenides such as titanium disulphide (TiS2) possess a layered 

structure and can exchange Li-ions across it with minimal lattice expansion. In 
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1973 and 1974, Whittingham applied TiS2 as the cathode for batteries and 

subsequently demonstrated a 2.5 V cell in 1976.22 The implementation of this 

type of positive electrode material led to the first commercial rechargeable 

lithium batteries appearing in the late 1970s to early 1980s. Exxon (now Exxon 

Mobil) in the USA used TiS2 and Moli Energy (now E-One Moli Energy) in Canada 

used molybdenum disulphide (MoS2) as positive electrode materials, both using 

liquid organic electrolytes.23,24 

For a long time, TiS2 was the most promising intercalation material for 

positive electrodes in rechargeable lithium batteries. However, when exposed 

to air, TiS2 reacts to form malodourous hydrogen sulphide compounds. As such, 

commercial interest in TiS2 waned because it had to be synthesised under 

completely sealed conditions. This was time-consuming and extremely 

expensive. TiS2 was eventually superseded by other layered materials but, 

nonetheless TiS2 is an important conceptual milestone. 

In the hunt for new materials capable of intercalating lithium-ions at 

higher potentials, Goodenough explored the oxide equivalents of metal 

chalcogenides (MX2, where X = O). In 1980, Goodenough and Mizushima 

demonstrated the electrochemical removal of lithium from LiCoO2 and 

constructed a 4 V rechargeable lithium cell with a lithium metal anode.25 

1.1.6 Challenges of a Lithium Metal Negative Electrode  

However, the early rechargeable lithium cells were plagued with 

operational faults and safety problems (Figure 2). The crux of the matter was 

the high reactivity of lithium metal with the electrolyte, forming a passivation 

layer on the surface of the anode. This layer is known as the solid electrolyte 

interface (SEI) and is permeable to Li-ions which allows the ongoing of the 

discharge process. The SEI consists of polymeric and inorganic materials which 

prevent ongoing, irreversible reactions between the lithium and electrolyte. A 

robust SEI layer is essential for the reversible transport of Li-ions. However, a 

poorly formed SEI with the non-uniform deposition of lithium-ions during charge 

incites the formation of needle-like lithium crystals, known as dendrites.26 This 
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process consumes the electrolyte by continuous reformation of the SEI with 

each cycle and also lowers the energy density of the cell. Additionally, this 

process also results in high safety risks. These dendrites are electrochemically 

inactive however they are chemically reactive, such that the dendritic growth 

can pierce the separator, resulting in an internal short-circuit or thermal 

runaway. 27 

 

 

Figure 2 - Challenges in the design of lithium metal batteries include non- uniform 
electrodeposition, volume expansion, high reactivity of lithium metal/unstable SEI, 
and shuttling of active cathode materials. Reproduced from27 with permission from 

the Royal Society of Chemistry. 

The promise of ultrahigh capacity from using lithium metal was the 

impetus of an overwhelming amount of research on electrolyte formulations in 

a bid to suppress, even eliminate, the dendritic growth. Perchlorate electrolytes 

were discontinued for safety reasons due to the very strong oxidising nature of 

the LiClO4 salt and very reactive fine powder deposits during recharge. Amongst 

the various electrolyte systems investigated, one approach was to try and 

promote homogeneous lithium deposition. The feasibility of this approach was 



Chapter 1: Introduction  10 
 

established by Armand in 1978 through the use of a polymer electrolyte; a 

complex between a lithium salt and a coordinating polymer (e.g. lithium triflate 

and poly (ethylene oxide) PEO).28,29 In spite of this and other research in the 

area, lithium-polymer rechargeable batteries never reached large scale 

commercialisation because the operational risks associated with a lithium metal 

electrode were never completely overcome. 

Another notable example of a novel electrolyte was reported by an 

Israeli company. They showed that metallic lithium electrode was highly stable 

in a solution of LiAsF6 in 1,3 -dioxolane.30 The lithium was stable up to 120 °C 

due to excellent surface passivation and over 300 discharge cycles were 

reported.31 It was also found that the redox reaction between the LiAsF6 salt and 

the dioxolane solvent shut down the cell chemistry at temperatures exceeding 

125 °C thus preventing thermal runaway.32 However the problems associated 

with a lithium anode were not completely eliminated and dendrite formation, 

particularly at high charge rates still resulted in capacity fade.33 Metallic lithium 

was the natural choice as a negative electrode material during the 1970s and 

1980s, with researchers seeking to capitalise on its unrivalled high specific 

energy, despite its dendrite issues. However, fire incidents due to rechargeable 

lithium batteries in electronic devices, coupled with subsequent manufacturer 

recalls, dampened the general enthusiasm for metallic lithium anodes and they 

largely fell out of favour.  

1.1.7 Naissance of the Lithium-ion Battery 

The term ‘Lithium-ion’ identifies batteries that do not contain metallic 

lithium but rather the principal ion that is being shuttled. Lithium-ion batteries 

are the result of a ‘host-guest’ concept that embraced the combination of two 

intercalative electrodes, one capable of accepting Li-ions (lithium sink) and the 

other capable of releasing Li-ions (lithium source). In this dual-intercalation 

system, Li-ions are shuttled between the two electrodes during the discharge – 

charge cycle. This type of system is also known by its moniker “rocking – chair 

battery”. The “rocking-chair” concept was confirmed experimentally by 

employing lithiated oxides (Li6Fe2O3, LiWO2) as negative electrodes and other 
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oxides (WO3, TiS2, V2O5) as positive eletrodes.34,35 Though these offered 

enhanced safety and cycle life vs lithium metal batteries, they were 

accompanied by a penalty in energy density, and thus they never reached 

commercialisation.36  

On the basis of this seminal concept, the most pertinent question for Li-

ion batteries moving forward was how to improve the energy density in order 

to realise commercialisation. A breakthrough was made when it was discovered 

that carbonaceous materials such as graphite or amorphous carbon could be 

applied as intercalation host anodes. This discovery was based on earlier studies 

of lithium intercalation into graphite chemically37 and electrochemically.38  

Japanese researchers at Asahi Kasei Corporation also discovered that petroleum 

coke could reversibly intercalate Li-ions at a low potential of ~0.5 V vs Li/Li+, 

without encountering structural destruction.39 Notably, these carbonaceous 

materials are of low cost and displayed only minor volume changes upon 

lithiation. Additionally, intercalation occurs at a potential close to the reduction 

potential of metallic lithium, making high energy density Li-ion batteries 

achievable. 

Indeed, in 1991 Sony commercialised this lithium-ion technology 

through the introduction of a high energy dense (80 Wh kg−1; 200 Wh L−1) and 

high voltage (≈ 3.7 V) cell based on petroleum coke as the negative electrode, 

LiCoO2 as the positive electrode and a non-aqueous electrolyte.40,41 This was 

revolutionary for the portable electronics industry. 

1.1.8 Working Principle of the ‘Rocking Chair Battery’ 

As alluded to previously, intercalation involves reversibly incorporating 

and removing lithium ions within host structures without significant structural 

disruption to the host. Figure 3 illustrates the intercalation process during 

discharge. During discharge, the Li+ ions de-intercalate from the negative 

electrode, graphite, and migrate towards the positive electrode, LiCoO2, and 

intercalate into the lattice. The electrons travel in an external circuit 

simultaneously, in the same direction as the Li+ ions, whereas current moves in 
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the opposite direction to the Li+ ions.  During charge, a higher voltage than that 

produced by the battery is applied, forcing the current to pass in the reverse 

direction. Thus, the Li+ ions are de-intercalated from the ordered lattice of 

LiCoO2 and move to become intercalated between the graphene sheets.  

 

Figure 3 - A schematic illustration of the working principles of a graphite/LiCoO2 
lithium-ion cell. 

The half – reactions that take place at each electrode during discharge (left to 

right) and charge (right to left) are as follows: 

Negative electrode: 

𝐿𝑖𝑛 𝐶6  ↔  𝑛𝐿𝑖+ + 6𝐶 + 𝑛𝑒− 

Positive electrode: 

𝐶𝑜𝑂2 + 𝑛𝐿𝑖+ + 𝑛𝑒− ↔ 𝐿𝑖𝐶𝑜𝑂2 

Overall discharge reaction: 

𝐿𝑖𝑛 𝐶6 + 𝐶𝑜𝑂2 ↔  6𝐶 + 𝐿𝑖𝑛𝐶𝑜𝑂2 
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1.1.9 Negative Electrode Materials for Li – ion Batteries 

Graphite  

In order to circumvent safety issues associated with lithium metal 

electrodes, industry focussed on creating secondary negative electrodes, such 

as carbonaceous intercalation materials (Figure 4). This is because carbon – 

based materials are abundant, of low cost and electrically conducting. Graphite 

electrodes enabled the Li-ion battery to become commercially viable more than 

20 years ago and remains the dominant negative electrode of choice today. 

Electrochemical activity in graphite arises from the intercalation of Li+ ions 

between the graphene planes, which offer good 2D mechanical stability and 

electrical conductivity. One lithium atom can be intercalated per six carbon 

atoms (LiC6), yielding a specific capacity of 372 mAh g –1. It also has the combined 

properties high Li+ ion diffusivity and low delithiation potential vs. Li (0.1 – 0.23 

V), meaning graphite exhibits good lithium intercalation and de-intercalation 

reversibility.42,43 Its structure can also swell modestly (10%) to accommodate 

the Li+ ions with building charge whilst retaining a stable morphology. Lithium 

dendrites do not grow on graphite, which enhances safety and means that the 

electrode can be cycled reliably.44 

 

Figure 4 - Structure of lithiated graphite. 

Lithium Titanate Oxide – LTO  

A second successfully commercialised negative electrode is that of spinel 

lithium titanium oxide (Li4Ti5O12, LTO). LTO chemistry is often employed for fast 

charging applications because LTO can accommodate Li+ rapidly and reversibly.  
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Unlike other insertion electrodes, LTO undergoes only an infinitesimal volume 

change (0.2 %) and its structure remains almost unaltered during lithium 

intercalation/deintercalation.42 It is classed as a zero – strain material that cycles 

extremely well.43 The lithiation of LTO occurs by insertion of Li+ into the spinel 

phase Li4Ti5O12 to yield the rock salt phase, Li7Ti5O12 (Figure 5),however both of 

these phases have poor lithium conductivity. This is paradoxical considering it is 

a fast – charging electrode. Zhang et al. tracked the real time migration of Li+ 

ions in LTO nanoparticles and found that a metastable pathway exists between 

the two phases which overcomes the kinetic limitations of Li+ diffusion.45 The 

metastable   intermediate configurations of LTO have local “polyhedral” 

distortions which lower the energy barriers, provide a pathway through which 

lithium ions can travel quickly.43  Its high operating potential of < 0.8 V (vs. Li/Li+) 

means an SEI is seldom formed as electrolyte reduction does not occur whereas 

SEI formation in graphitic negative electrodes can slow Li+ insertion and induce 

lithium losses. LTO is extremely safe because this high potential also prevents 

lithium dendrite formation. However, LTO is inferior to graphite in terms of its 

lower specific capacity of 175 mAh g –1 and low electronic conductivity in bulk 

materials ~10–13 S cm–1.46 

 

Figure 5 – Structures of Li4Ti5O12 and Li7Ti5O12 showing no volume change after charge 
and discharge. (a) Li4Ti5O12 spinel structure. Blue tetrahedra represent lithium, and 
green octahedra represent disordered lithium and titanium. (b) Li7Ti5O12, rock salt 

structure. Blue octahedra represent lithium, and green octahedra represent 
disordered lithium and titanium. Reprinted from47. Copyright 2006 American Chemical 

Society. 
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1.1.10 Positive Electrode Materials for Li – ion Batteries 

The term Lithium-ion does not connote a single technology, but rather a 

family of technologies. Although they all use lithium as the shuttling ion, 

different versions of the technology combine the lithium with a variety of other 

materials to confer different properties. Each type of lithium-ion battery is 

typically abbreviated to reflect its active cathode materials. For example, 

Lithium Cobalt Oxide, one of the most successful and common type (used in 

portable batteries), is called ‘LCO’, meanwhile Lithium Nickel Manganese Cobalt 

Oxide is named ‘NMC’, which is increasingly being used in mobility applications. 

LiCoO2 – LCO 

The state-of-the-art positive electrode material is represented by 

Lithium Cobalt Oxide, LiCoO2 (Figure 6). This layered transition metal oxide 

makes for a very attractive positive electrode material due to its relatively high 

theoretical specific capacity of 274 mAh g –1, low self-discharge, high discharge 

voltage, and good cycling performance. 42,48 Self-discharge is an inherent 

characteristic of all batteries and refers to the loss of useful capacity due to 

internal chemical reactions whilst the battery is not in use and “on the shelf”. A 

higher discharge voltage results in a reduction of the number of cells needed for 

a battery module or pack in a battery49; a single lithium-ion cell incorporating 

LiCoO2 can replace three Ni-Cd cells. Cycle performance relates to the number 

of times a battery can undergo complete charging and discharging processes 

until permanent capacity loss.50 

However, there are limitations. Though its theoretical capacity is as high 

as 274 mAh g –1, when the LCO electrode is cycled between 3 and 4.2 V 

(measured vs. Li/Li+), its actual reversible capacity is limited to 140 mAh g –1 

which corresponds to only 50 % extraction of lithium ions during charge.51 Deep 

cycling, which means charging above 4.2 V to achieve greater than 50 % lithium 

ion extraction, induces lattice distortion from hexagonal to monoclinic 

symmetry.52 This provokes structural collapse of the LiCoO2 lattice as there is 

significant electrostatic repulsion between the transition metal polyhedral and 

in turn, deteriorates cycling performance.53 Furthermore, LCO electrodes are 
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expensive because cobalt is less abundant and so has a high cost associated with 

procuring it.54 Cobalt also has a risky supply chain as its deposits are located in 

the Democratic Republic of Congo, sanctioned for human rights abuses.55 The 

low thermal stability is also a concern in the large-scale application of Li-ion 

batteries such as the indefinite grounding of all Boeing 787 aircrafts in 2013.56 

This low thermal stability refers to the exothermic release of oxygen when a 

transition metal intercalation electrode is heated above a certain temperature 

resulting in thermal runaway. While this is a general issue for transition metal 

oxide intercalation electrodes, LiCoO2 has the lowest thermal stability amongst 

commercialised electrodes of this type (~ 200 °C).57 

 

Figure 6 - The solid consists of layers of monovalent Li+ that lie between extended 
anion sheets of cobalt and oxygen atoms, arranged as edge – sharing octahedra.58    

Lithium Nickel Oxide – LNO 

Lithium Nickel Oxide, LiNiO2, is isostructural with LiCoO2 and has a similar 

theoretical specific capacity of 275 mAh g –1. The lower cost of Ni vs. Co is the 

main driver for research into NCO electrodes. However, it is difficult to 

synthesise stoichiometric LiNiO2 as Ni2+ has tendency to occupy the interlayer 

Li+ sites. This tendency also extends during the charge process (delithiation), 

such that the Ni2+ blocks Li diffusion pathways.59  
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Lithium Nickel Cobalt Aluminium Oxide – NCA 

Partial substitution of Ni with Co was found to be an effective strategy 

to alleviate cation disorder.60 The addition of a small amount of  aluminium also 

proved beneficial in improving the thermal stability and electrochemical 

performance. 61 Thus, LiNi0.8Co0.15Al0.05O2, NCA, found commercial recognition 

as NCA has a high usable discharge capacity (200 mAh g–1) and a long storage 

life.  The major manufacturer of NCA batteries is Panasonic for some Tesla 

electric vehicle models.62 The principal disadvantages associated with NCA 

electrodes are the high costs associated with cobalt. Variants dubbed ‘nickel 

rich’ NCA,  LiNixCoyAlzO2 where x ≥ 0.8 are more cost effective, however the 

increase in Ni content also decreases the thermal stability and can cause 

premature aging of the battery. 63  

Lithium Manganese Oxide – LMO  

Another cheaper electrode material is lithium manganese oxide, 

LiMn2O4 with a spinel structure (Figure 7). This electrode composition uses 

abundant, low cost and environmentally benign materials, namely Mn. The 

manganese occupies the octahedral sites and the lithium predominantly 

occupies the tetrahedral sites within the Mn2O4 poylhedra.64 This three – 

dimensional framework lends itself to high rate capability by providing a well – 

defined 3D network of channels for Li+ diffusion during lithiation (discharge) and 

delithiation (charge).65 However there are surface degradation challenges 

associated with LMO electrodes arising from the dissolution of manganese 

during cycling. This phenomenon occurs when Mn3+ ions disproportionate to 

form Mn2+ and Mn4+.66 The Mn2+ that is formed is soluble in most electrolytes 

and its dissolution causes degradation.  
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Figure 7 - Crystalline structure of spinel LiMn2O4 and (b) its corresponding lithium 
diffusion pathways. Reproduced from67 with permission from Elsevier. 

Lithium Nickel Manganese Cobalt – NMC  

Using element substitution strategies outlined above, the combination 

of all three transition metals, Ni, Mn, and Co, led to a class of electrodes known 

as NMC (Figure 8). One of the most extensively studied NMC compositions is 

known as NMC–333, LiNi1/3Mn1/3Co1/3O2, which delivers a practical capacity of 

160 mAh g –1 between 2.7 – 4.2 V68. Different NMC compositions have been 

extensively studied to optimise the trade – off between the capacity, cycle life 

and safety of NMC based batteries.  

It is generally understood that increasing the Ni content can increase the 

discharge capacity as Ni can cycle between the Ni2+/3+ and Ni3+/4+ redox couples 

without incurring large variations in voltage during the charge/discharge 

process.69 However, Ni – rich electrode materials are susceptible to capacity 

fade during cycling and also have reduced thermal stability. Addition of Mn 

improves the thermal stability, and its spinel structure is beneficial for enhanced 

structural integrity69 and lower internal resistance.70 However Mn is not an 

electroactive component and therefore decreases the discharge capacity of 

NCM.68,71 Increasing the Co content can reduce the capacity loss during cycling 

as the smaller radius of Co3+ can inhibit the occupation Li+ sites by Ni2+, thereby 

stabilising the structure and Li+ diffusivity.72 However, this is at the expense of 

increased material cost. To date, a library of various NMC compositions have 
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been reported and commercialised for electric vehicles such as the Nissan Leaf, 

Chevy Volt and BMW i3.73  

 

Figure 8 – Transition metal − oxide octahedral complexes in NMC. (a) Ni, Mn, and Co 
reside at the octahedral site surrounded by six O atoms. (b) Local view of the TM−O 
octahedral complexes. The grey, blue and purple spheres represent Ni, Co and Mn 
atoms in the TM layer respectively and red spheres represent O atoms. Reprinted 

with permission from74. Copyright 2017 American Chemical Society.    

Lithium Iron Phosphate – LFP  

Aside from layered oxides and spinel oxide structures, another class of 

positive electrode material is polyanion oxides, LixFe2(XO4)3 (X = S, Mo, W, etc.). 

The polyanion oxides were found to undergo reversible insertion/extraction of 

two lithium ions per formula unit.75,76 The working voltages across the 

isostructural polyanions such as Fe2(MoO4)3 (3.0 V), Fe2(WO4)3 (3.0 V), Fe2(SO4)3 

(3.6 V) are greater than their simple oxide analogues such as Fe2O3 and Fe3O4 (< 

2.5 V) despite the fact they all operated with the same Fe2+/Fe3+ redox couple.77 

This elucidated the influence of the counter cations (Mo6+, W6+, S6+) in shifting 

the redox potential of the Fe2+/Fe3+ couple through alteration of the covalency 

of the Fe – O bond. In the LixFe2(XO4)3 structure, the FeO6 octahedra share 

corners with the XO4 tetrahedra, such that the linkage is as follows: – O – Fe – O 

– X – O – Fe – O –. Through the inductive effect, the stronger covalent X – O 

bond weakens that of the Fe – O bond, thereby lowering the energy of the 

Fe2+/Fe3+ couple and simultaneously increasing the working voltage (Figure 9).78  
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Figure 9 - Role of counter-cations in shifting the redox potentials in polyanion oxides. 
Lowering the potential of the Fe2+/3+ couple results in an increase in the cell voltage, 

moving from a simple oxide (Fe2O3) to a polyanion oxide (Fe2(MoO4)3). Adapted from78 
with permission from Springer Nature. 

LiFePO4 (LFP) possesses an olivine structure and is the representative 

material for the polyanions (Figure 10). It presents several advantages over the 

layered and spinel type electrodes such as cost and safety. A reduction in cost is 

due to the use of abundant transition metals like Fe and it also contains no Ni or 

Co.79 The improved thermal stability (up to 400 °C) and safety stems from the 

strong covalent bonds between oxygen and P5+ to form the PO4
3–  polyanion.80 

However, LFP suffers from poor electronic conductivity and therefore requires 

the synthesis of small particle size81 and coatings with conductive carbon.82  
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Figure 10 - Olivine structure of LiFePO4. Reprinted from83 with permission of AIP 
Publishing. 

Next Generation Positive Electrodes 

Thus far, we have witnessed the concerted scientific research that has 

enabled the development of viable, commercialised positive electrode 

materials. The progression from simple single transition metal oxides such as 

LinNiO2 and Fe2O3 to derivatives substituted with two, or more elements and 

possessing polyanionic structures, highlights the delicate interplay between 

composition, structure, and performance.  

Moving forward, the projected impact of Li-ion batteries goes beyond 

portable electronics and extends to sustainability, electrification of transport, 

rural electrification and large – scale energy storage. To meet the demands for 

such sectors, continued materials discoveries with game – changing chemistries 

and unique electrochemical properties are required to evolve the field of energy 

storage. Attention is now turned towards polyoxometalates as an avenue 

towards alternative metal oxide materials for electrochemical energy storage.   
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1.2 Polyoxometalates (POMs) 

Polyoxometalates, referred to as POMs, are an extraordinary class of 

discrete metal oxide clusters.84 These polyatomic anions are formed from three 

or more transition metal oxo-anions (typically V, Nb, Ta, Mo and W), in their 

highest oxidation state which are linked by shared oxygen atoms to form three 

– dimensional frameworks. This class of metal oxides unveil a range of tuneable 

properties that are determined in large part by their size, shape and electronic 

structure. These properties have been exploited for applications such as 

homogenous catalysis85, water oxidation86 and metallodrugs87. These promising 

multi – functional materials have also proven useful for numerous solid – state 

applications such as heterogeneous catalysis88,89, single molecule magnets90, 

proton conduction materials91 and energy storage92,93,94.    

1.2.1 Principles of Bonding & Formation 

While POMs can adopt a myriad of elaborate structures adopting 

different shapes and compositions, understanding their structure and formation 

can be defined using straightforward principles. If we consider an individual 

[MOx] polyhedral unit, where M is the central metal atom (addenda atom) 

coordinated to O2– oxo O – ligands and x = 4 – 7 (Figure 11a). The addenda atoms 

must satisfy certain criteria in order to form discrete clusters, which include; 

capable of changing coordination number from 4 – 6 upon polymerisation in 

solution (usually acidification); possessing a high positive charge and being 

amongst the smaller of the metal ions to adopt an octahedral arrangement with 

oxygen atoms; having the ability to form M = O double bonds with terminal 

oxygens via pπ and dπ orbital interactions.95 Therefore it follows that early 

transition metals from groups 6 and 6 such as V, Mo, W and Nb in their highest 

oxidation states (i.e. d0 or d1) are well suited as addenda atoms for POM 

structures.  

Under aqueous acidic conditions, the simple (MOx)n units undergo self – 

assembly, in which they aggregate to form large compounds with specific 

structures. What is most curious in regard to this POM cluster formation, is the 
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fact that they can be isolated at all, and do not undergo uncontrolled 

polymerisation to form extended metal oxides.  The O2– oxo ligands which 

constitute the vertices of each polyhedral unit are responsible for the structural 

versatility as they are capable of bridging and terminal modes. The oxo ligands 

facilitate polycondensation through bridging of metal atoms and the stable 

terminal bonds limit their propagation into infinite metal oxide structures. In the 

commonly adopted octahedral configuration, the M = O bond shows greater 

polarisability towards the addenda metal than the bridging M – O bonds and 

thus the terminal oxo ligands exert a strong thermodynamic trans – effect.  

Traditionally, the trans – effect denotes a labilisation of oppositely situated 

ligands, which are sharing the same metal orbital, to more strongly electron 

donating groups.96 With respect to the POM, the trans – effect is exerted by the 

terminal oxo ligand which weakens the bond to the oxygen atom located at the 

opposite vertex of the octahedron (which shares its orbital). This results in a 

structural displacement from idealised octahedral geometry as the addenda 

metal is pulled towards the terminal M = O, resulting in a clear discrepancy in 

the bond length (Figure 11b). The implication of this distortion is significantly 

reduced basicity of the oxide surface, reducing the propensity for further 

protonation and therefore preventing the structure from spiralling into further 

condensation reactions.    
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Figure 11 - Left: The main structural features of the primary [MO6] polyhedral unit 
common to most POM structures and; right: a comparison of the possible [MOx] 

polyhedra found in POM structures and the addenda metal species capable of forming 
them. Reprinted with permission from J.M.Cameron, PhD Thesis, University of 

Glasgow, 2014.  

1.2.2 Synthesis  

POMs are typically synthesised under ‘one – pot’ conditions through pH 

mediated self – assembly of metal oxyanions in aqueous conditions. The metal 

oxo-anion is introduced as an oxometalate salt (i.e. Na2WO4, Na2MoO4, NaHVO3) 

and for the synthesis of heteropolyoxometalates, a heteroatom source is also 

added in the form of a mineral acid or alkali metal derivative.   

Synthesis of isopolyoxometalate: 

7WO4
2– + 8H+ → [W7O24]6– + 4H2O 

Synthesis of heteropolyoxometalate: 

12WO4
2– + H3PO4 + 21H+ → [PW12O40]3– + 12H2O 

As mentioned previously, the single oxometalate units undergo 

polycondensation reactions when acidified. Initially, the tetrahedral [MO]4
n–  

precursors expand their coordination sphere, forming protonated [MOx(OH)y]n–

y– metal – hydroxide complexes. These are particularly susceptible to 

condensation reactions due to the increased Lewis acidity of the metal coupled 
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with the labile water ligands. Indeed, there are several experimental 

considerations97 which can influence the self – assembly process to some 

degree. Most commonly these include temperature, pH, solvent, choice of 

cation and ratio of M:X (addenda: heteroatom). 

 

 

Figure 12 - Schematic representation of the synthesis of POM clusters from 
monomeric oxo-anions and simple cations (left); through to intermediate, polynuclear 
secondary building units (centre); and finally, to the polyoxometalate-cation complex 
itself which forms the isolable product. Reprinted with permission from J.M.Cameron, 

PhD Thesis, University of Glasgow, 2014.   

1.2.3 Structure  

POMs can be broadly categorised into isopolyoxometalates and 

heteropolyoxometalates (Figure 13). The isopolyoxometalates composed of one 

type of metal and oxide ligand ([MxOy]n–) and heteropolyoxometalates 

constitute metal oxide units templated by a heteroatom ([XzMxOy]n–). Typically, 

the heteroatoms are located within the core of the hetero – POM structure and 

are referred to as the non – addenda atoms. Heteroatoms must be able to form 

at least three bonds to oxygen atoms and therefore heteroatoms are usually p 

– or d – block elements.  
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Figure 13 – Representative isopolyoxometalates and heteropolyoxometalates; a) 
Lindqvist, b) Keggin, c) Wells-Dawson. 

While there are thousands of compounds that can be classified as a 

polyoxometalate, the majority of these are derivatives of archetypal anions. 

These archetypes have been recognised as general building blocks98 and their 

structures are referred to by the name of the crystallographer who first reported 

or theorised the structure.  

Lindqvist Anion 

The most representative type of the isopolyoxometalates is the Lindqvist 

anion [M6O9]n– which was first reported in 1950.99 The structure contains one 

metal environment and three oxygen ones: central (Oa), bridging (Ob) and 

terminal (Oc) (Figure 14). It exhibits high point group symmetry (Oh) with six 

octahedra MO6 units that share edges. The high stability has been probed using 

DFT and its stability is thought to originate from the aromaticity of the M4O4 

rings.100,101  The Lindqvist structure has been isolated for several of the early 

transition metals including W, Mo, Ta and Nb but not for V, as the [V6O19]8– 

requires additional stabilisation, and is often synthesised as the 

polyoxoalkoxometalate derivative (POMs incorporating alkoxo ligands).102 

Although the chemistry of the Lindqvist anions may not be as vast as other 

archetypes,  it has been functionalised extensively. Mixed – addenda moieties 

such as [VMo5O19]3– have been explored for photocatalysis103 and some fluoro-

functionalised arylimido-substituted hexamolybadates, (n-Bu4N)2[Mo6O18(NAr)] 

(Ar = 2-CH3-4-FC6H3) have been tested for herbicidal activity.104  
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Figure 14 – Ball and stick (left) and polyhedral (right) representation of the Lindqvist 
polyoxometalate (M6O19) showing the unique oxygen atom environments within the 

cluster. Reprinted with permission from A.J.Kibler, PhD Thesis, University of 
Nottingham, 2019. 

Anderson – Evans Anion 

The Anderson structure presents an unusual type of 

heteropolyoxometalate in the sense that the core heteroatom is an octahedral 

transition metal. The general formula is [HyXM6O24]n–  (where y = 0 – 6) with a 

hexameric planar ring of edge sharing [MO6] units (typically Mo or W) around 

the central heteroatom (Figure 15). The three oxygen environments are as 

follows: six Oa atoms link the central heteroatom to a pair of addenda metals, 

six Ob atoms bridge each pair of addenda metals on the ring periphery and lastly 

there are six pairs of Oc atoms on each addenda metal.  Anderson structures can 

be further classified into Type A (non – protonated) or Type B (protonated) 

structures.105 Type A structures incorporate heteroatoms in a high oxidation 

state such as TeVI 106 or IVII 107 in the general formula [Xn+M6O24](12 – n)– whereas 

the B – Type protonated structures have low oxidation state heteroatoms such 

as CrIII 108 and FeIII 109 in the general formula [Xn+(OH)6M6O18](6 – n)–. The six 

protons in the B – type structure are located on the six Oa atoms bound to the 

heteroatom.  
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Figure 15 - Ball and stick (left) and polyhedral (right) representation of the Anderson 
polyoxometalate (XM6O24) showing the unique oxygen atom environments within the 

cluster. 

The Anderson structure is a prominent example of a Type II POM (vide 

infra) and consequently does not display any useful redox activity. Nevertheless, 

the structural diversity of this cluster is extensive given that a wide variety of 

elements can be used as the heteroatom such as p – block and transition metals. 

Figure 16 exemplifies this diversity and highlights all the elements that have 

been incorporated into inorganic Anderson structures, with oxidation states 

spanning II to VII. All first – row transition metals except for Sc, Ti and V have 

been reported for the molybdate system (element symbol in red) and clearly, 

the Mo structure has incorporated a greater variety of heteroatoms compared 

to the tungstate Anderson (element symbol green).110 The Anderson structure 

has provided a platform for synthesising a host of unusual, complex and 

interesting architectures.111,112  

 

Figure 16 - Periodic table illustrating heteroatoms in XMo6 and XW6 systems and the 
different cations successfully applied. Reprinted from110 with permission of Elsevier. 
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Keggin Anion 

The first reported Keggin structure was [H3PW12O40], known as 

phosphotungstic acid.113 Since this discovery in 1993, an enormous amount of 

literature has been devoted to the Keggin moiety and its derivatives. Its 

structure comprises a tetrahedral [XO4] heteroatom ‘template’ surrounded by 

four groups of [M3O13] triads, in the general formula [XM12O40]n– (Figure 17). Mo 

and W are the most prevalent addenda elements, and the most common 

heteroatoms are P5+, Si4+ and B3+. The Keggin motif has four different oxo ligand 

environments: the central Oa that bridges the heteroatom X and addenda M 

atoms, Ob (corner) and Oc (edge) which bridge the metal octahedra and lastly 

the terminal Od oxo ligands for each metal octahedron.114  

 

 

Figure 17 - Ball and stick model (left) and polyhedral (right) representation of the 
Keggin polyoxometalate (XM12O40) highlighting the various oxygen atom environments 

present in the cluster. 

Disparate to the Lindqvist species, Keggin anions can exist as one of five 

isomers through rotational isomerism (Figure 18), with the original known as the 

 isomer. Through 60° rotations, the [M3O13] triads can undergo one, two, three 

and four rotations to yield the , ,  and  isomers respectively.115  
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Figure 18 – The five theoretically possible geometric isomers of the Keggin archetype 
(rotated caps shown in green. Reproduced from116 with permission from Springer 

Nature. 

Rotation of the triads beyond the  isomer results in a change from corner – 

sharing to edge – sharing modes between adjacent triads, thereby increasing 

the intra – cluster coulombic repulsion. Therefore the stability of fully oxidised 

Keggin anions decreases in the order  >  >  >  > .117 The  and  isomers 

are the most stable and have clear literature procedures for their synthesis and 

isolation of their reduced forms. However, the 118, 119 and 120 isomers are 

much more scarce, requiring special synthetic procedures for their preparation 

and the  and  can only be isolated in their reduced form when bound to a 

transition metal ion.121,122  

Wells – Dawson Anion 

Another seminal archetype is known as the Wells – Dawson POM, often 

referred to as the Dawson cluster, and is just as prolific as the Keggin amongst 

heteropolyoxometalates. The cluster has the general formula [X2W18O62]n– 

which was first proposed in 1945 by Wells123 and was corroborated by Dawson’s 

x – ray elucidation of the potassium polyoxotungstate, K6[P2W18O62].14H2O.124 

This eponymous anion differs from that of the Keggin as it features not one, but 

two tetrahedral heteroatom cores. Therefore, there are two distinct metal sites 

known as the ‘cap’ and ‘belt’ (Figure 19). There are six cap positions comprising 

two [M3O13] triads and twelve equatorial ‘belt’ positions, created by two dyads 

[M2O10] sharing three corners. Additionally, the cap and belt regions give rise to 

eight different oxygen environments (Figure 19). Two Oa1 atoms connect the 

central heteroatoms to the ‘cap’ metals and six Oa2 atoms do the same for the 

‘belt’ metals. Six bridging Ob1 atoms link the ‘cap’ metals, twelve Ob2 atoms link 

the cap region to the belt, another twelve Ob3 atoms that connect the belt 
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metals and the six Ob4 atoms connect the two ‘belt’ regions. Lastly, there are six 

terminal Oc1 atoms at the cap region and twelve terminal Oc2 located at the 

equatorial ‘belt’. 

 

Figure 19 – Ball and stick model (left) and polyhedral (right) representation of the 
Wells-Dawson cluster (X2M18O62) highlighting the unique oxygen environments 

within the framework.  

Unsurprisingly, the Dawson structure can also experience rotational 

isomerism differing through orientation of the [M3O13] triads or the half [XM9] 

units (Figure 20). Successive 60° rotations of the triads yield the , , and  

isomers and further isomers, *, *, and *, can be derived from rotations of 

the ‘staggered’ form (180° rotation of the [XM9] unit). However, only four of the 

isomers, , ,  and * have been isolated. 125,126 
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Figure 20 – Depiction of the geometrical isomerism observed in the Dawson cluster 
showing the six theoretically possible isomers which can be obtained by subsequent 

rotation of either the {M3} capping triads (top row, rotated triads highlighted in grey) 
or further ro rotation of an entire {XW9} half-unit (bottom row, rotated half-units 
shown in cyan, or a combination of cyan/grey if the {M3} cap is also rotated). The 

eclipsed and staggered conformations which are possible between two tetrahedral 
{XO4} units in each isomer type (i.e. ‘standard’ or ‘starred’) is also shown for 

comparison. Reprinted with permission from J.M.Cameron, PhD Thesis, University of 
Glasgow, 2014. 

1.2.4 Electronic Properties of POMs 

POM chemistry is multifaceted but arguably the most fascinating aspect 

is their unique and complex electrochemical properties. It was discovered early 

on that certain POMs were readily reduced and produced a deep blue colour, 

which are referred to as ‘heteropoly blues’.127 The discovery that certain 

archetypal POMs can exist in electron – rich reduced forms has fuelled research 

into harnessing and tuning these properties for  catalytic128,129, magnetic130 and 

electronic131,132 properties.   

As mentioned previously, the addenda metal atoms in most POM 

structures are in their highest oxidation state (d0 or d1) and thus it follows that 

these clusters can behave as oxidising agents. However, this property is not 
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ubiquitous for all POM structures and so POMs can be further classified into 

Type I, Type II and Type III with respect to the coordination environment of the 

addenda atom. Type I structures feature one only terminal M = O bond, Type II 

have two terminal M = O bonds per addendum atom and Type III feature a 

combination of these sites.  

The reducibility of POMs can be rationalised according to molecular 

orbital theory with respect to the local environment of the addenda atoms. Type 

I and Type III structures feature octahedral metal oxo units with one terminal M 

= O bond which has a vacant non – bonding t2g orbital which can be filled upon 

reduction.  Whereas a Type II structure has two terminal M = O bonds and thus 

lack a non – bonding t2g, since these orbitals are required for π – bonding. 

Accordingly, amongst the archetypal structures discussed only the Lindqvist, 

Keggin and Wells – Dawson motifs are capable of reversible reductions. Type II 

anions such as the Anderson – type POMs experience irreversible reductions 

leading to fragmentation or rearrangement to other structures.97  

The number of electrons a particular POM can accept i.e., the degree of 

reduction depends on its charge to nuclearity ratio. This ratio can be described 

by q/m where q is the overall negative charge and m is the number of addenda 

metals in the structure.  

Poblet et al. showed that in analysing the redox properties of POMs, the 

size of the cluster as well as the nuclear charge must be considered.133 POMs 

which are large in size with a low negative charge are more readily reduced 

compared to smaller, more highly charged POMs. For example [S2W18O62]4– is a 

powerful oxidant due to its large size bearing a small negative charge whereas 

[W6O19]2– is a weaker oxidant.  

In comparing isostructural POMs but with differing addenda metal, the 

LUMO energies of the POM decrease as the electronegativity of the d0 metal is 

increased (W6+ < Mo6+ < V6+).134 As such, in a mixed – addenda Mo/W POM, the 

Mo sites are preferentially reduced over W. 135 Additionally, polyoxomolybdate 

have more positive reduction potentials than the corresponding 
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polyoxotungstate. For example in acetone, the redox couple [PMo12O40]3–

/[PMo12O40]4 –  lies at – 468 mV whereas the [PW12O40]3– /[PW12O40]4– is shifted 

negative by approximatively 400 mV to – 895 mV.136  

Lastly, for heteropolyoxometalates, the nature of the templating 

heteroatom can also influence the electronic properties of the POM. Studies on 

this phenomenon for Keggin anions are exhaustive. In a study with Keggin 

polytungstates [XW12O40]n– (where X = B, Al, Ga, Si, Ge, P, As) the internal [XO4] 

unit carrying the same charge directly influenced the reduction potential.137  

This phenomenon is consistently observed where the one – electron reduction 

potential of the Keggin motif decreases linearly with the decreasing valence of 

the heteroatom.138 The origin of this has been shown to be a shift in surface 

charge density: Heteroatoms with lower atomic mass are also smaller in size and 

so a more negative electrostatic potential is generated, decreasing the ability of 

the addenda metals to accept electrons.  

1.2.5 Merits of POMs as Energy Materials 

Though there has been extensive research on new electrode materials 

for Li-ion batteries, it mostly focuses on a select few, namely the intercalation 

compounds presented earlier. It is becoming increasingly difficult to discover 

new lithium intercalation materials and make a breakthrough in battery 

performance. As such, designing and engineering new materials has been given 

particular emphasis in the field of energy storage.  

POMs provide a spectrum of useful properties that are determined in 

large part by their size, shape, and electronic structure. Several of these 

properties can be exploited for battery materials. The structural diversity of 

POMs goes far beyond the archetypes presented herein, which are 

steppingstones to thousands of functionalised derivatives. With regards to 

battery materials, POM derivatives which are redox active are of obvious 

interest as they contain multiple redox active sites within the three – 

dimensional framework. The rapid and reversible redox chemistry could 

potentially assure a high capacity owing the multi – electron redox centres. A 
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Keggin and bi – capped Keggin structure have been shown to have an initial 

discharge capacity of 200 mAh g –1.139,140 The tremendous diversity observed 

within POMs is particularly desirable as it imparts tuneability with respect to the 

structure but also the function i.e., tuning the electronic structure through 

modification of the countercation, heteroatom or addenda metal.  

The most prevalent Li-ion positive electrode materials presented so far 

including layered LiCoO2, spinel LiMn2O4, and olivine LiFePO4 which all undergo 

changes in the crystal structure during lithium intercalation and deintercalation, 

which is expressed as a loss of capacity during prolonged cycling.141,142,143,144 

Therefore, their observed capacities are lower than their theoretical calculated 

values. However, the open frameworks of POMs consisting of individual 

molecular units could demonstrate advantages over conventional insertion 

electrodes with respect to the Li+ intercalation/deintercalation mechanism. 

Especially since the multi – electron charge transfer does not induce significant 

structural changes to the POM cluster. 

Conventional lithium intercalation materials involve a relatively arduous 

synthesis. LiCoO2
145 is synthesised at temperatures exceeding 800 ᵒC over 24 

hours and LiFePO4 is synthesised > 550 ᵒC over 6 hours.146 In contrast, POM 

synthesis is much more straightforward, economical and less energy 

demanding. Most POMs can by synthesised by means of self-assembly via pH 

adjustment, at temperatures below 100 ᵒC.147  

It is evident that the unique structural properties of these metal oxide 

clusters show good prospects for application to lithium batteries, but of course, 

not without challenges. POMs are poor electrical conductors, and they are also 

soluble in a wide variety of aqueous and organic solvents which can be 

attributed to their ability to interact with most solutions via electrostatic forces, 

hydrogen bonding, covalent and non-covalent interactions (Figure 21). 

Therefore, the use of a pristine POM based electrode would result in low cycling 

stability and poor rate performance of a Li – POM battery. In order to circumvent 

these issues, POMs are typically combined with a conductive support such as 

conductive organic polymers or carbonaceous materials.148  
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Figure 21 – Various modes of interaction in POM – based materials. Reprinted from149 
with permission from the Royal Society of Chemistry. 
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2. Solution Phase Voltammetry of 

Polyoxometalates in Non-Aqueous & 

Aqueous Solvents 

2.1 Introduction 

As alluded to previously, polyoxometalates (POMs) represent a class of 

early transition metal oxide clusters that possess an unparalleled range of 

physical and chemical properties. Owing to their multitudinous architectures, 

POMs are prolific in several research disciplines, including medicine1,2, 

nanotechnology3,4, macromolecular crystallography5,6, catalysis7,8, molecular 

magnetism, electrochemistry9,10, and materials chemistry11. Arguably, perhaps 

the most intriguing feature of POMs is their rich electrochemistry. These species 

have been identified as powerful electron reservoirs due to their propensity to 

participate in multi – electron redox reactions rapidly, reversibly and under 

marginal structural rearrangement. 9,12 Moreover, these redox properties are 

tuneable via substitution of the framework metals, central heteroatoms and 

countercations.13 Different solvents can also influence the redox properties of 

POMs which provides scope for tailoring and engineering these redox – active 

materials for a specified application.  

Of course, this electrochemical tuneability means that the 

electrochemical behaviour of POMs in solution can be complicated and this 

behaviour must therefore be interpreted with respect to the particular set of 

conditions. POMs can undergo several rapid one- and two- electron reversible 

reductions and sometimes further irreversible multi – electron reductions with 

concomitant decomposition. It is well known that the position of POM redox 

couples can be influenced by pH, namely that the redox peaks can converge and 

shift to more positive potentials with decreasing pH. This is because POMs can 

be regarded as weak Lewis bases due to their surface oxo ligands. When 

reduction occurs, the charge density of the POM anion is increased, and 
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consequently its basicity. With each subsequent reduction, the anion acquires 

an increasing negative charge, thereby encouraging protonation. This results in 

the negative charge being lowered and allowing further reductions to proceed. 

However, in neutral aqueous or organic solutions where no protonation can 

occur, both Keggin and Dawson-type anions may undergo several one-electron 

reductions. Many studies exist in the literature which corroborate these types 

of observations.14–17 A particularly comprehensive compilation of 

electrochemical studies of redox-active POMs in aqueous and organic solvent 

systems can be found in the review by Sadakane and Steckhan.18  

2.2 Approach 

Cyclic Voltammetry (CV) is the electroanalytical technique of choice to 

reveal the redox properties of an active species in solution. This technique is 

used here to probe the electrochemical behaviour of a selected library of POMs. 

A classic three – electrode cell setup is used as illustrated in Figure 1.  

 

Figure 1 - Three electrode cell setup for solution phase cyclic voltammetry consisting 
of a glassy carbon working electrode, platinum wire counter electrode and Ag/AgCl 

reference electrode. 

 

During a CV experiment, a potential is applied to the working electrode 

and is scanned over a potential range of interest, as a function of time. The 

potential scan is then reversed at a set potential (switching potential) and 

scanned back in the direction of the initial potential. The current response is 

recorded, providing a current vs. potential graph, known as a voltammogram. 
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This current results from the active species of interest being reduced or 

oxidised, giving rise to a reduction (𝐸𝑝𝑐) and oxidation peak (𝐸𝑝𝑎). Figure 2 

depicts a typical simplified voltammogram for a reversible one – electron redox 

process. The reduction process is initiated by scanning negatively from point A 

until the switching potential, point C. The corresponding reduction peak occurs 

at point B which is called the ‘cathodic’ peak potential (𝐸𝑝𝑐) and the resulting 

current is the ‘cathodic’ current (𝑖𝑝𝑐). The  𝐸𝑝𝑐 represents the point at which all 

of the substrate at the working electrode has been reduced. After point C, the 

potential is reversed to the positive region, until point E, the final potential. The 

positive scan results in a parallel oxidation peak at point D with the anodic peak 

potential (𝐸𝑝𝑎) and anodic current. Accordingly, the 𝐸𝑝𝑎 represents the point at 

which the substrate at the working electrode surface has been oxidised.  

 

Figure 2  - Cylic voltammogram depicting the US convention to report CV data: 
potential axis moves from positive potential to negative potential. 
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The term ‘reversible’ is an ambiguous and often misused term in 

electrochemistry. The following passage serves to clarify the ways in which a 

reaction can be defined as ‘reversible’.  

The reduction of an oxidised form of a solution species at a solid 

electrode interface can be represented by the following equation: 

𝑂𝑥 + 𝑛𝑒−  ↔ 𝑅𝑒𝑑 (1) 

where 𝑛 represents the stoichiometric number of electrons for the 

process and 𝑅𝑒𝑑 signifies the reduced form of the solution species, 𝑂𝑥. This is 

the reaction for the forward scan (toward negative potentials). The oxidised 

form of the solution species can be regenerated from the reduced form if the 

product is stable on the time scale of the voltammetric experiment, thus 

demonstrating chemical reversibility of the solution species.  

Electron transfer is a heterogenous process occurring between a solid 

working electrode and a solution species close to, or at the surface of the 

electrode. Electrochemical reversibility describes the rate of electron transfer 

and a reversible wave arises when the rate of electron transfer is very fast. It is 

important to note that this rate is related to the ease of electron transfer, 

meaning it occurs facilely and frequently whenever an analyte molecule 

approaches the electrode, as opposed to the speed of the electron transfer 

(smaller Δ𝐸𝑝 values). When there is a high barrier to electron transfer 

(electrochemical irreversibility), electron transfer reactions are slower and thus 

more negative potentials are required to facilitate reduction reactions, giving 

rise to larger Δ𝐸𝑝 values (vide infra).  

There are several important parameters to note when conducting data 

analysis of cyclic voltammograms and determining electrochemical reversibility: 

1. The peak potentials of the forward and reverse peaks (𝐸𝑝𝑐 and 𝐸𝑝𝑎), 

allowing for calculation of the peak-to-peak separation Δ𝐸𝑝  
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2. The ratio of the peak current (𝑖𝑝) of the reverse scan and forward 

scan (
𝑖𝑝𝑎 

𝑖𝑝𝑐 
) 

3. The dependence of peak current on the scan rate (𝜈)  

For a chemically and electrochemically reversible process, the peak 

potentials at which the current reaches a maximum or minimum during the 

electron transfer event are referred to as 𝐸𝑝𝑐 and 𝐸𝑝𝑎. These 𝐸𝑝 values do not 

change with scan rate for reversible waves, whereas the 𝐸𝑝 values of an 

irreversible wave will tend to shift with increasing scan rates. A voltammogram 

that features a forward and a reverse wave, regardless of whether it is reversible 

or irreversible, should be defined by its midpoint potential, 𝐸𝑚𝑖𝑑 , which is the 

potential exactly in the middle of the two peaks as defined by Equation 2: 

𝐸𝑚𝑖𝑑 =  
𝐸𝑝𝑐 +  𝐸𝑝𝑎

2
 (2) 

The difference of the two peak potentials, Δ𝐸𝑝, can also be used to ascertain 

the electrochemical reversibility of a redox couple with Equation 319: 

Δ𝐸𝑝  =  
59 𝑚𝑉

𝑛
 (3) 

for the case of a reversible single electron transfer. This value is independent of 

the scan rate for fast electron transfer. Increasing values of Δ𝐸𝑝 as a function of 

increasing scan rate indicates the presence of a quasi-reversible process or 

electrochemical irreversibility as well as uncompensated solution resistance. 

The Δ𝐸𝑝 is also useful in determining 𝑛, as a reversible two-electron transfer 

(where 𝑛 = 2) will give an approximate Δ𝐸𝑝 of 29 mV. However, in reality, this 

value of Δ𝐸𝑝 is seldom observed as it is an ideal theoretical value only equal to 

59 mV at exactly 25 °C. Thus, processes with Δ𝐸𝑝 values close to the ideal value 

can be deemed reversible, but larger deviations can warrant further inquiry. 

The stability of an electrochemically generated product can be assessed 

by observing the current ratio for the forward and reverse scan. If the product 

is stable during the timescale of the experiment, then the peak observed for the 
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return wave should be of a similar magnitude to that of the forward scan. This 

indicates that electron transfer is reversible in both directions, such that the 

peak current ratio is at unity: 

𝑖𝑝𝑎

𝑖𝑝𝑐
= 1 (4) 

However, the measurement of peak current comes with the caveat that more 

complicated voltammograms present difficulties in locating a proper baseline 

from which to define the magnitude of a peak.   

Using the Randles-Ševčík equation (Equation 5), the scan rate 

dependence of the peak current can be a useful diagnostic tool for the 

characterisation of an electrochemically reversible process. The equation is as 

follows: 

𝑖𝑝 = 0.446𝑛𝐹𝐴𝐶 (
𝑛𝐹𝜈𝐷

𝑅𝑇
)

1
2

 (5) 

where 𝑖𝑝 = peak current in amps, 𝑛 = number of electrons transferred in the 

redox event, 𝐴 = electrode area in cm2, 𝐹= Faraday’s Constant in C mol–1, 𝐷 = 

diffusion coefficient of the analyte cm2 s–1, 𝐶 = bulk concentration in mol cm–3, 

𝜈 = scan rate in V s–1, 𝑅 = gas constant in J K–1 mol–1 and 𝑇 = temperature in K. 

For an electrochemically reversible electron transfer process, that involves 

freely diffusing redox species, a plot of 𝑖𝑝 vs. 𝜈
1

2 should be linear. Deviations from 

linearity are indicative of complications in the kinetics of the observed electron 

transfer or that the reaction is in the quasi-reversible or irreversible regime.  

In some instances, throughout this chapter, differential pulse 

voltammetry (DPV) has been used to determine the number of electrons 

involved for a given redox process. DPV is a voltammetric technique which is the 

first derivative of linear sweep voltammetry (LSV), a method where the current 

at the working electrode is measured as the potential between the working and 

references electrodes is swept linearly over time. DPV offers an enhanced 

discrimination of Faradaic currents (i.e. electron transfer to and from an 

electrode) where the current is measured immediately before the potential 
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pulse is applied and then again after a predetermined time. This current 

variation is then plotted as a function of potential, giving rise to peaks. DPV is 

mainly useful in separating closely overlapped redox couples, although it can 

also be used as a diagnostic tool to help determine the number of electrons in a 

redox couple. For a reversible process at 25 °C the width of the peak at half 

height (full width at half maximum, FWHM) is given by Equation 620: 

𝐹𝑊𝐻𝑀 =  
3.52𝑅𝑇

𝑛𝐹
 =  

90.4

𝑛
 (𝑚𝑉) (6) 

Where the widths for n = 1, 2, 3 are 90.4, 45.2 and 30.1 mV respectively. 

Nevertheless, it must be taken into account that DPV presents two limitations20: 

1. Even though DPV works well with solid working electrodes under 

stationary conditions, in principle, it requires the use of the dropping 

mercury electrode (since by definition, polarographic measurements 

such as LSV from which DPV is derived, use dropping mercury working 

electrodes). Therefore, the reliability of DPV can vary with the use of 

alternative working electrodes;  

2. It employs rather low scan rates (lower than 0.02 V s–1), which can lead 

to difficulty in interpreting responses in those cases in which the 

electrogenerated species are not stable (i.e., they undergo chemical 

reactions). 

Of course, the relationship described above can be used in principle to 

determine the number of electrons, but taking into account the limitations, 

discrepancies in reversibility and the fact that real peaks are wider (for example 

experiments that are conducted under non – standard conditions), 

experimental variation in FWHM values is to be expected.  

2.3 Aims 

This chapter seeks to evaluate the electrochemical properties of 

selected Keggin and Wells-Dawson type POMs, presented with a view toward 

their potential application in rechargeable lithium batteries. The redox 

properties of POMs with different countercations (H+, K+, [N(C4H9)4]+ (tetra-n-
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butylammonium,TBA)) and different framework metals (W and Mo) are 

compared in N, N – dimethylformamide (DMF) with a tetra-n-butylammonium 

heaxafluroophosphate (TBAPF6) supporting electrolyte. Other structural 

variations include a lacunary structure, an inorganic-organic hybrid POM and a 

transition metal-substituted POM. DMF was the solvent of choice due to its 

relatively wide potential window (+1.4 to -4 V vs. Fc/Fc+) and more importantly, 

all the POM materials showed good solubility in DMF.  

Additionally, the redox properties of three plenary POM motifs are 

studied in aqueous solvents, namely sulphuric acid and perchlorate – based 

(perchlorates (HClO4, LiClO4, NaClO4, Mg(ClO4)2) supporting electrolytes. Here 

we observe how the differing cations present in the electrolyte dictates the 

electrochemical behaviour of the POM.  

2.4 Results & Discussion  

2.4.1 Voltammetry in Organic Solvents – N, N-

Dimethylformamide  

2.4.1.1 Wells-Dawson Polyoxotungstates [P2W18O62]6–   

The voltammetry of the following polyoxotungstates H6[P2W18O62], 

TBA6[P2W18O62] and K6[P2W18O62] was studied in an aprotic solvent system of 

DMF containing 0.1M tetrabutylammonium hexafluorophosphate (TBAPF6) as 

the supporting electrolyte. The cyclic voltammogram of H6[P2W18O62], denoted 

{H6W18}, shows four one – electron redox couples; I/I’, II/II’, III/III’, IV/IV’ 

(Equations 1 – 4). These appear from positive to negative potentials with 

reduction occurring at the ‘cathodic’ current (positive current) and the 

corresponding oxidation at the ‘anodic’ peak current (negative current) (Figure 

3). The first three pairs are more well-defined than the fourth. The mid-point 

potentials 𝐸𝑚𝑖𝑑 and peak-to-peak separations, Δ𝐸𝑝 of each redox couple are in 

Table 1. The Δ𝐸𝑝 values indicate that these processes are indeed reversible as 

they are close to the theoretical value of 59 mV for a reversible freely diffusing 

redox species.  
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Figure 3 - CV of {H6W18} in 1M TBAPF6 in DMF, performed using a 3 mm GC WE, Pt CE, 
Ag wire pseudoreference electrode and Fc/Fc+ internal reference electrode. The scan 

rate was 100 mV s−1. 

 

 

Table 1 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{H6W18} in 1M TBAPF6 in DMF.   

Process Emid/V ΔEp/mV 

I/I’  – 0.85 37 

II/II’ –1.01 39 

III/III’ –1.27 41 

IV/IV’ –1.56 62 

 

 

 

I/I’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–             (1) 

II/II’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–             (2) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–            (3) 

IV/IV’: [P2W18O62]9– + e– ⟷ [P2W18O62]10–           (4) 

 

 

Equations 1 – 4: Redox couples for {H6W18} in 1M TBAPF6 in DMF. 
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In contrast, when TBA is the countercation, different redox behaviour is 

observed. Three successive redox couples appear for {(TBA6)W18} which 

correspond to three one-electron waves (processes I – III, equations 4 – 6, Figure 

4). The Δ𝐸𝑝 values for all three processes indicate they are reversible as they are 

very close to the ideal value of 59 mV.  

 

Figure 4 - CV of {(TBA)6W18} in 1M TBAPF6 in DMF, performed using a 3 mm GC WE, Pt 
CE, Ag wire pseudoreference electrode and Fc/Fc+ internal reference electrode. The 

scan rate was 100 mV s−1. 

 

Equations 4 – 6: Redox couples for {(TBA)6W18} in 1M TBAPF6 in DMF. 

 

 

 

I/I’: [P2W18O62]6– + e–⟷ [P2W18O62]7–            (4) 

II/II’: [P2W18O62]7– + e–⟷ [P2W18O62]8–             (5) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–            (6) 
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Table 2 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{(TBA)6W18} in 1M TBAPF6 in DMF.   

Process Emid/V ΔEp/mV 

I/I’ –1.14 62 

II/II’ –1.54 62 

III/III’ –2.14 72 

   

The electrochemical behaviour of {K6W18} in DMF is different yet again. 

Four reduction processes up to –2.2 V vs. Fc/Fc+ are observed, however only two 

corresponding oxidations are discernible (Figure 5). The first two waves are 

monoelectronic (equations 4 – 5 above). A sharp irreversible oxidation is 

observed shortly after the II/II’ redox couple. This is likely due to a degradative 

process that occurs in solution at more negative potentials, resulting in a 

deposition of degraded POM on the working electrode, thereby obscuring the 

return waves for reductions III and IV. The Δ𝐸𝑝 values calculated for processes I 

and II indicate reversibility. This degradation process does not appear in 

aqueous conditions, most likely a consequence of the increased solubility of the 

potassium salt POM in aqueous solvent.  
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Figure 5 - CV of {K6W18} in 1M TBAPF6 in DMF, performed using a 3 mm GC WE, Pt CE, 
Ag wire pseudoreference electrode and Fc/Fc+ internal reference electrode. The scan 

rate was 100 mV s−1. 

 

Table 3 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{K6W18} in 1M TBAPF6 in DMF.   

Process Emid/V ΔEp/mV 

I/I’ –1.17 69 

II/II’ –1.34 91 

 

All four redox processes I—IV for {H6W18} have the most positive 𝐸𝑚𝑖𝑑 

values vs. Fc/Fc+. The midpoint potentials for processes I and II for {K6W18} are 

shifted by approximately 320 mV and 376 mV negative of processes I and II for 

{H6W18}. This negative shift coupled with the larger Δ𝐸𝑝 value (91 mV for process 

II) indicates that process II for {K6W18} has a higher barrier to electron transfer 

and the processes are quasi-reversible as opposed to the reversible waves 

observed for {H6W18}. Process I for {(TBA6)W18} which is a one – electron process 

has a midpoint potential that is 290 mV more negative than the mean 𝐸𝑚𝑖𝑑 

values of the monoelectronic processes I and II for {H6W18}; but is at a very 
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similar potential to the mean  𝐸𝑚𝑖𝑑 values for I and II of {(TBA6)W18} (Figure 6). 

Lastly the final two-electron process for {(TBA6)W18} is centred at –2.14 V and 

occurs at the most negative potential vs. Fc/Fc+.   

 

Figure 6 – Stacked solution phase CVs of {H6W18}, {(TBA)6W18} and {K6W18} highlighting 
shifts in Emid values. 

2.4.1.2 Keggin Polyoxotungstates/Polyoxomolybdate [PW12O40]3-

/[PMo12O40]3- in DMF 

Phosphotungstic acid, H3[PW12O40], abbreviated {H3W12}, has the 

strongest acidity among Keggin-type heteropoly acids. Due to their strong 
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acidity and redox properties, they have been applied as homogenous catalysts 

and prompted investigation into their use as heterogenous catalysts.21–23 Solid 

phosphotungstic acid has also been explored as a potential solid acid to supplant 

corrosive and environmentally toxic liquid acid catalysts that are currently used 

by industry.24 Investigations into the proton positions and acid strength of 

phosphotungstic acid have led to the consideration of {H3W12} as a 

superacid.25,26  

Keggin-type heteropolyanions can accept a limited number of electrons 

without decomposition, and in some cases the reduced compounds have been 

isolated.18 The voltammetry of the following Keggin moieties H3[PW12O40], 

TBA3[PW12O40] and H3[PMo12O40] was studied in an aprotic solvent system of 

DMF containing 0.1M tetrabutylammonium hexafluorophosphate (TBAPF6) as 

the supporting electrolyte. K3[PW12O40] only partially dissolved in DMF and did 

not exhibit any redox activity.  

The CV of {H3W12} shows three well-defined redox waves which are all 

monoelectronic processes (processes I-III Figure 7, equations 7 – 9). 

 

Figure 7 - CV of {H3W12} in 1M TBAPF6 in DMF, performed using a 3 mm GC WE, Pt CE, 
Ag wire pseudoreference electrode and Fc/Fc+ internal reference electrode. The scan 

rate was 100 mV s−1. 
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Equations 7 – 9 - Redox couples for {H3W12} in 1M TBAPF6 in DMF. 

 

Table 4 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{H3W12} in 1M TBAPF6 in DMF.   

 

 

 

 

The Δ𝐸𝑝 values for process I and II are 63 and 59 mV respectively, 

signifying their reversible nature. However, process III has a much greater value 

of 165 mV, and is therefore quasi – reversible. Interestingly, shoulders in the 

voltammogram can be observed close to process II. Typically, these can be 

associated with protonation events. Since the solvent is aprotic, it may be 

possible that the acidic Keggin introduces adventitious water into the electrolyte 

system, potentially allowing for ‘self-protonation’ or proton – coupled charge 

transfer. This hypothesis would require further investigation.  

{(TBA)3W12} has an almost identical voltammogram, with three 

monoelectronic waves and with no major shifts in midpoint potentials (Figure 8 

Equations 10 – 12). The Δ𝐸𝑝 values follow the same trend as {H3W12} with 

process I and II being reversible but process III being irreversible (Table 5).  

 

Process Emid/V ΔEp/mV 

I/I’ –0.7 63 

II/II’ –1.37 59 

III/III’ –1.91 165 

I/I’: [PW12O40]3– + e–⟷ [PW12O40]4–            (7) 

II/II’: [PW12O40]4– + e–⟷ [PW12O40]5–             (8) 

III/III’: [PW12O40]5– + e– ⟷ [PW12O40]6–             (9) 

 



Chapter 2: Solution Phase Voltammetry of Polyoxometalates  59 
 

 

Figure 8 - CV of {(TBA)3W12} in 1M TBAPF6 in DMF, performed using a 3 mm GC WE, Pt 
CE, Ag wire pseudoreference electrode and Fc/Fc+ internal reference electrode. The 

scan rate was 100 mV s−1. 

 

Equations 10 – 12 - Redox couples for {(TBA)3W12} in 1M TBAPF6 in DMF. 

 

Table 5 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{(TBA)3W12} in 1M TBAPF6 in DMF.   

Process Emid/V ΔEp/mV 

I/I’ –0.78 59 

II/II’ –1.38 59 

III/III’ –2.02 202 

   

Due to the facile hydrolysis of [PMo12O40]3- , it is difficult to obtain well-

defined redox waves in aqueous electrolytes and so much of the literature is 

centred on voltammetry in organic solvents to stabilise the polymolybdate 

anion.18 In the experimental conditions of this study, {(TBA)3Mo12} undergoes 

I/I’: [PW12O40]3– + e–⟷ [PW12O40]4–            (10) 

II/II’: [PW12O40]4– + e–⟷ [PW12O40]5–             (11) 

III/III’: [PW12O40]5– + e– ⟷ [PW12O40]6–             (12) 
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three one-electron reductions, similar to {H3W12} and {(TBA)3W12} (Figure 9). 

Polyoxomolybdates are more readily reduced than polyoxotungstates.18 This is 

confirmed by all three redox waves appearing at much more positive potentials 

than those of their tungsten analogues. The Δ𝐸𝑝 values show that all three 

processes are reversible (Table 6), different from the irreversibility observed for 

the third processes of {H3W12} and {(TBA)3W12}.  

 

Figure 9 - CV of {(TBA)3Mo12} in 1M TBAPF6 in DMF, performed using a 3 mm GC WE, 
Pt CE, Ag wire pseudoreference electrode and Fc/Fc+ internal reference electrode. The 

scan rate was 100 mV s−1. 

 

Equations 13 – 15 - Redox couples for {(TBA)3Mo12} in 1M TBAPF6 in DMF. 

 

 

 

I/I’: [PMo12O40]3– + e–⟷ [PMo12O40]4–            (13) 

II/II’: [PMo12O40]4– + e–⟷ [PMo12O40]5–             (14) 

III/III’: [PMo12O40]5– + e–⟷ [PMo12O40]6–            (15) 
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Table 6 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{(TBA)3Mo12} in 1M TBAPF6 in DMF.   

Process Emid/V ΔEp/mV 

I/I’ –0.36 55 

II/II’ –0.85 63 

III/III’ –1.61 64 

   

The Δ𝐸𝑝 values of processes I – III for {H3W12} and {(TBA)3W12} fall at very 

similar potentials, with process III for {(TBA)3W12} being shifted approximately 

100 mV more negative than for process III of {H3W12}. All three redox processes 

for {(TBA)3Mo12} occur at much more positive potentials than both tungsten 

analogues and this trend agrees with the literature. Processes I – III for 

{(TBA)3Mo12} are positively shifted by approximately 424 mV, 525 mV and 408 

mV respectively, in relation to {(TBA)3W12}. Figure 10 highlights these 

differences among the different cation-substituted and addenda metal-

substituted Keggin species.   
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Figure 10 - Stacked solution phase CVs of {H3W12}, {(TBA)3W12} and {(TBA)3Mo12} 
highlighting shifts in Emid values. 
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2.4.2 Modified Polyoxometalates  

2.4.2.1 Hybridised POMs 

The definition of hybrid polyoxometalates is very broad, as it is an 

umbrella term for functionalisation through the addition of inorganic or organic 

components to design composite materials. Hybridisation is a means of 

synergising the intrinsic properties of the organic and inorganic moieties, to 

directly influence the physiochemical properties of the POM such as 

photo(electro)chemistry, catalytic activity, and solubility.  

Hybrid POMs can be classified based on the nature of the component 

and how it is integrated into the plenary POM structure. 27 Inorganic hybrids 

pertain to the addition of transition metals or f-block metals to the POM. This 

strategy affords a convenient platform for the stabilisation of unusually high 

oxidation state metal oxo species, as the POM can coordinate and 

electrostatically stabilise the highly charged cationic centre.28–30 These 

polynuclear complexes are important building blocks for the construction of 

highly connected coordination frameworks.31,32 Additionally, transition metal 

substituted POMs have demonstrated multifaceted bioactivity that 

encompasses anti-viral, anti-cancer and anti-bacterial properties.33,34 

Organic hybrids can be separated into two distinct categories with 

respect to the nature of the interaction between the organic components: class 

I and class II hybrids. Class I hybrids refer to a system where the association 

between the POM and organic component is dictated by non-covalent 

interactions such as electrostatics where the anionic POM pairs with organic 

cations.35 Other examples include hydrogen bonding and host-guest 

interactions.36,37 On the contrary, the organic and inorganic moieties in class II 

hybrids are linked by covalent bonds. Organic chemistry allows for a multitude 

of possibilities of hybrid structural diversity tailored to a given application. 

Accordingly, organofunctionalisation of POMs is represented by an exhaustive 

literature precedent. 38–40 
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2.4.2.2 Organic-Inorganic Hybrid 

While it is possible to directly graft organic groups onto plenary 

polyoxovanadate and polyoxomolybdate anions, this is not the case for 

polyoxotungstates. Covalent functionalisation of Keggin and Dawson anions 

must proceed via the lacunary species.  POMs are synthesised via condensation 

reactions in acidic solution, and they can be partially disassembled in controlled 

basic conditions. The removal of one or more addenda atoms from the plenary 

POM results in a subclass of POMs with vacancies in their structure, known as 

lacunary POMs.   

Condensation of phenyl phosphonic acid with the mono-lacunary 

Dawson anion [P2W17O61]10-, yielded the hybrid POM K6[P2W17O59(PO3C6H5)2] 

(referred to as {K6W17}hybrid, Figure 11). The nature of the grafted organic 

groups is known to have a major effect on the redox behaviour of hybrid-

POMs.41–43  

 

Figure 11 - Polyhedral representation of the hybrid POM K6[P2W17O59(PO3C6H5)2], 
referred to as {K6W17}hybrid. 

 

CV experiments can be used to determine the magnitude of the effect 

of the organophosphonate moieties on the electronic properties of the POM 

core. The hybrid shows three quasi-reversible peaks compared to its 

equivalently charged plenary parent anion [P2W18O62]6-
 (Figure 12). Each peak 



Chapter 2: Solution Phase Voltammetry of Polyoxometalates  65 
 

corresponds to a one-electron process (equations 1–3). All three processes 

occur at more positive potentials than the processes observed for the plenary 

POM {K6W18}. Processes I and II for the hybrid {K6W17} are positively shifted by 

410 mV and 330 mV respectively when compared to processes I and II for 

{K6W18}. This positive shift is suggestive of a change in the electronic structure 

of the POM framework upon modification with organic moieties. It also indicates 

a lowering of the LUMO energy relative to its parent structure {K6W18}, which is 

in good agreement with a previous report on band gap manipulation of this 

species.44   

 

Figure 12 - CV of {K6W17}hybrid in 1M TBAPF6 in DMF, performed using a 3 mm GC 
WE, Pt CE, Ag wire pseudoreference electrode and Fc/Fc+ internal reference 

electrode. The scan rate was 100 mV s−1.  

 

Equations 16 – 18 - Redox couples for {K6W17}hybrid in 1M TBAPF6 in DMF. 

 

I/I’: [P2W17O59(PO3C6H5)2]6– + e– ⟷ [P2W17O59(PO3C6H5)2]7– (16) 

II/II’: [P2W17O59(PO3C6H5)2]7– + e–⟷ [P2W17O59(PO3C6H5)2]8–  (17) 

III/III’: [P2W17O59(PO3C6H5)2]8– + e– ⟷ [P2W17O59(PO3C6H5)2]9– (18) 
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Table 7 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{K6W17}hybrid in 1M TBAPF6 in DMF.   

Process Emid/V ΔEp/mV 

I/I’ –0.76 120 

II/II’ –1.05 64 

III/III’ –1.36 71 

   

 

Figure 13 - Stacked solution phase CVs of plenary anion {K6W18} and the derived 
{K6W17}hybrid, highlighting shifts in Emid values. 
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2.4.2.3 Inorganic-Organic Hybrid 

Among different families of transition metal-substituted POMs, mono-

substituted Keggin derivatives have been studied extensively because they can 

be systematically modified on the molecular scale; on the basis of size, shape, 

charge density, acidity, redox activity, stability, solubility, and so forth, thus, 

these properties lead to diverse catalytic platforms.45 The transition metals 

which are substituted into the POM may also be involved in reversible redox 

processes. Previous electrochemical studies have been carried out in aqueous 

media of mono-substituted Keggin structures [XM11M’O39]n- (X = P, Si, B; M = W, 

Mo; M’ = Cr, Mn, Fe, Co, and Ni).46  

In this study, the CV of the anion [PW11Fe(H2O)O39]4- showed two redox 

processes which are both monoelectronic. Interestingly, the first wave 

corresponds to a one-electron transfer at the substituting metal iron centre and 

FeIII is reduced to FeII. The second wave corresponds to the tungsten reduction 

process WVI/WV, however at a much more negative potential (< 1 V) than the 

first reduction process of the acid and TBA salt Keggin anions (Figure 14).  

 

Figure 14 - CV of {(TBA)4W11Fe} in 1M TBAPF6 in DMF, performed using a 3 mm GC 
WE, Pt CE, Ag wire pseudoreference electrode and Fc/Fc+ internal reference 

electrode. The scan rate was 100 mV s−1.  
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Equations 19 – 20 - Redox couples for {(TBA)4W11Fe} in 1M TBAPF6 in DMF. 

 

Table 8 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{(TBA)4W11Fe} in 1M TBAPF6 in DMF.   

Process Emid/V ΔEp/mV 

I/I’ –1.08 75 

II/II’ –1.96 116 

 

Figure 15 highlights the extremely negative shift ( < 1V) observed for the 

tungsten redox process (WVI/WV) in the Fe-substituted Keggin compared to the 

equivalent process for the acid and TBA salt clusters.   

 

I/I’: (TBA)4[PWVI
11FeIII(H2O)O39] + e– ⟷ (TBA)5[PWVI

11FeII(H2O)O39]  (19) 

II/II’: (TBA)4[PWVI
11FeII(H2O)O39] + e– ⟷ (TBA)6[PWVI

10WVFeII(H2O)O39] (20) 
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Figure 15 – Negative shift of the first one-electron redox couple observed for the Fe-
substituted Keggin in comparison to {H3W12) and {(TBA)3W12}. 
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2.4.3 Voltammetry in Organic Battery Solvent  

With a view towards energy storage applications, it is useful to assess 

the electrochemical behaviour of POMs within a typical battery solvent. 1M 

lithium hexafluorophosphate (LiPF6) dissolved in a 50/50 (v/v) solution of 

ethylene carbonate (EC) and ethyl methyl carbonate (EMC) was used as the 

electrolyte. The CV measurements were performed in a glovebox under an 

argon atmosphere, using a standard three-electrode cell setup: glassy carbon 

working electrode, platinum counter electrode and a lithium iron phosphate 

(LiFePO4) reference electrode, which was then referenced to Li/Li+. Moving 

forward, the following POMs are the subject of further electrochemical studies: 

H3[PW12O40], H6[P2W18O62], K6[P2W18O62], denoted {H3W12}, {H6W18} and 

{K6W18}.  

The CV of {H3W12} in 1M LiPF6 EC/EMC shows two redox processes within 

the potential range 3.6 – 2.6 V vs. Li/Li+ (Figure 16). Both processes are 

monoelectronic and possess Δ𝐸𝑝 values close to 59 mV, indicating reversibility. 

Looking at Figure 17, the effect of increasing the potential range to more 

negative values in order to access additional processes can be seen. The top CV 

(grey) shows that the Keggin is ‘stable’ between 3.6 – 2.6 V and the two redox 

processes are visible. When the range is extended further to 2.4 V, a third 

process starts to form at approximately 2.7 V, however the return waves for all 

three processes are now indiscernible (middle, navy). When the potential range 

is reverted to 3.6 - 2.6 V, the two original redox processes are not recovered 

(bottom, pink), indicating irreversible chemical decomposition of the Keggin 

anion.  
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Figure 16 - CV of {H3W12} in 1M LiPF6 in EC/EMC, performed in the glovebox, using a 3 
mm GC WE, Pt CE, LFP reference electrode which was then converted to Li/Li+. The 

scan rate was 50 mV s−1.  

 

Equations 21 – 22 – Redox couples for {H3W12} in 1M LiPF6 in EC/EMC. 

 

 

Table 9 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{H3W12} in 1M LiPF6 in EC/EMC. 

Process Emid/V ΔEp/mV 

I/I’ 3.22 48 

II/II’ 3.07 51 

 

I/I’: [PW12O40]3– + e–⟷ [PW12O40]4–            (21) 

II/II’: [PW12O40]4– + e–⟷ [PW12O40]5–             (22) 
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Figure 17 – Solution phase CVs for {H3W12} in 1M LiPF6 in EC/EMC showing the 
changes observed in the redox profile as the potential window is increased.  

 

The CV of {H6W18} shows three well-defined redox peaks between the 

potential range of 4 – 3 V vs. Li/Li+ (Figure 18). Each process corresponds to a 

one-electron transfer and the Δ𝐸𝑝 values (Table 10) indicate that the first two 

processes are reversible (75 and 85 mV) and the third is quasi-reversible in 

nature (109 mV). The potential range was extended to lower potentials (4 – 2.6 

V) and a fourth reduction process arises at approximately 2.76 V (marked by *, 

olive trace), with no corresponding oxidation. This caused the peak-to-peak 

separations to widen for the first three redox waves (86, 124 and 135 mV), 

shifting the second reversible wave into the quasi-reversible regime. By 

increasing the potential window further by 0.2 V (4 – 2.4 V), the formation of a 
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fifth reduction process (marked *, orange trace) is observed. Process I still has a 

well-defined reoxidation wave, however the reoxidation waves for processes II 

and III have consolidated into a single peak and also diminished in intensity. 

Further increasing the potential window to 4 – 2.2 V shows a flatlining of 

reoxidation peaks for processes II and III and miscellaneous processes IV and V 

(marked by *, purple trace). Additionally, the Δ𝐸𝑝 value for process I sees a 

drastic increase to 175 mV, transitioning from reversible to irreversible. 

Reverting the potential range back to 4 – 3 V (not shown) does not reintroduce 

any semblance of reversibility to processes I – III, which means the chemical 

changes that occur at lower potentials are destructive to the Dawson’s 

electrochemistry and is also irretrievable.     

 

Figure 18 - CV of {H6W18} in 1M LiPF6 in EC/EMC, performed in the glovebox, using a 3 
mm GC WE, Pt CE, LFP reference electrode which was then converted to Li/Li+. The 

scan rate was 50 mV s−1.  
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Equations 23 – 25 - Redox couples for {H6W18} in 1M LiPF6 in EC/EMC. 

 

Table 10 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{H6W18} in 1M LiPF6 in EC/EMC. 

Process Emid/V ΔEp/mV 

I/I’ 3.72 75 

II/II’ 3.48 87 

III/III’ 3.22 109 

 

 

I/I’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–             (23) 

II/II’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–             (24) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–            (25) 
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Figure 19 - Solution phase CVs for {H6W18} in 1M LiPF6 in EC/EMC showing the 
irreverble changes that are induced in rensponse to the potential window being 

increased. 
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Table 11 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{H6W18} in 1M LiPF6 in EC/EMC in response to the potential window being increased. 

Potential Range/V Process Emid/V ΔEp/mV 

4 – 2.6  I/I’ 3.72 86 

4 – 2.6  II/II’ 3.50 124 

4 – 2.6  III/III’ 3.22 135 

4 – 2.4  I/I’ 3.72 86 

4 – 2.2  I/’ 3.75 175 

 

Lastly, the CV of {K6W18} (Figure 20) in the battery solvent exhibits similar 

behaviour to that of {H6W18). Three redox processes are observed in the 

potential range 4.2 – 2.75 V vs. Li/Li+, each corresponding to a one-electron 

transfer and the Δ𝐸𝑝 values indicate that the first process is reversible (75 mV) 

whereas the second and third processes are in the quasi-reversible regime (117 

and 142 mV). Continuing the examination of the stability of the electrochemical 

window, the potential was lowered (4.2 – 2.4 V) and a fourth reduction process 

is observed, centred at approximately 2.55 V (marked with *, green trace). This 

is likely to be a two-electron reduction, given that the magnitude of the peak is 

much larger than the preceding peaks. However, this fourth process does not 

have a corresponding oxidation and its appearance causes the oxidation waves 

for II and III to coalesce into a single ill-defined peak. Additionally, the Δ𝐸𝑝 value 

for process I increased to 141 mV, becoming quasi-reversible.  Reducing the 

potential further still (4.2 – 2.2 V, lilac trace), results in an even larger separation 

between the reduction and oxidation peaks for process I, driving the process 

into the irreversible regime (Δ𝐸𝑝 = 302 mV).  Reverting the potential range back 

to 4.2 – 2.6 V (not shown) does not reintroduce reversibility to process I and 

processes II and III do not recover their reoxidation waves, meaning the 

chemical changes that occur at lower potentials are irreversible and destructive 

to the Dawson’s electrochemistry. These results signify that the potential 

window in which the POM is subject to redox reactions must be chosen 
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judiciously to maximise cycling and rate capability within a POM – Lithium test 

battery. 

 

Figure 20 - CV of {K6W18} in 1M LiPF6 in EC/EMC, performed in the glovebox, using a 3 
mm GC WE, Pt CE, LFP reference electrode which was then converted to Li/Li+. The 

scan rate was 50 mV s−1. 

 

Equations 26 – 28 - Redox couples for {K6W18} in 1M LiPF6 in EC/EMC. 

 

Table 12 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{K6W18} in 1M LiPF6 in EC/EMC. 

Process Emid/V ΔEp/mV 

I/I’ 3.43 68 

II/II’ 3.35 103 

III/III’ 2.98 124 

 

I/I’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–             (26) 

II/II’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–             (27) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–            (28) 
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Figure 21 - Solution phase CVs for {K6W18} in 1M LiPF6 in EC/EMC showing the 
irreverble changes that are induced in rensponse to the potential window being 

increased. 

 

Table 13 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
process I of {K6W18} in 1M LiPF6 in EC/EMC in response to the potential window being 

increased.  

Potential Range Process Emid/V ΔEp/mV 

4.2 – 2.6 V I/I’ 3.47 75 

4.2 – 2.4 V I/I’ 3.50 141 
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2.4.4 Voltammetry in Aqueous Solvent - 1M Sulphuric 

Acid (H2SO4) 

As alluded to previously, the electrochemical behaviour of POMs in 

aqueous electrolytes is greatly influenced by the pH of the solvent and the 

presence of protons. In this section, the electrochemistry of {H3W12}, {H6W18} 

and {K6W18} are characterised in a protic environment, using 1M H2SO4 as the 

electrolyte.  

The CV of {H3W12} in 1M H2SO4 shows three redox processes within the 

potential range of 0.2 – -0.8 V vs. Ag/AgCl (Figure 22). The first two process are 

monoelectronic and the third comprises a two-electron transfer which is also 

accompanied by protonation (Equations 1 – 3). The Δ𝐸𝑝 values for processes I 

(44 mV) and II (42 mV) are close to 59 mV and the Δ𝐸𝑝 for process III is 28 mV, 

close to the theoretical value of 29 mV for a two-electron process, therefore 

indicating that all three processes are reversible (Table 14). From the DPV trace 

(Figure 23), it can be seen that peaks I – 3 have a ratio of 1:1:2 based on current 

intensity. Additionally, the full width at half maximum (FWHM) values (Table 14) 

are close to the theoretical values of 90.4 mV for a one-electron process and 

45.2 mV for a two-electron process, further confirming the correct electron 

assignment for each process as well as their reversible nature.  
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Figure 22 - CV of {H3W12} in 1M H2SO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 

 

Equations 29 – 30 - Redox couples for {H3W12} in 1M H2SO4. 

 

I/I’: [PW12O40]3– + e–⟷ [PW12O40]4–    (29) 

II/II’: [PW12O40]4– + e–⟷ [PW12O40]5–   (30) 

III/III’: [PW12O40]5– + 2e– + 2H+ ⟷ [H2PW12O40]5–   (31) 
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Figure 23 – DPV trace of {H3W12} in 1M H2SO4 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Table 14 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {H3W12} in 1M 

H2SO4. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ 0.032 44 86 1.1 (1) 

II/II’ -0.23 42 82 1.1 (1) 

III/III’ -0.56 28 58 1.6 (2) 

 

The CV of {H6W18} shows four redox processes between the potential 

range of 0.2 – -0.8 V vs. Ag/AgCl (Figure 24). The first two peaks are one-electron 

processes and the third and fourth peaks are two-electron processes, both 

involving protonation (Equations 32 – 35).  The Δ𝐸𝑝 values suggest that all four 

processes are reversible with respect to the number of electrons involved for 

each peak (1, 1, 2, 2, Table 15). Though the DPV trace (Figure 25) shows a clear 

ratio of 1:1:2:2 for the peak current intensity, the FWHM values for processes III 
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and IV deviate from the theoretical value of 45.2 for a two-electron transfer, 

giving n values lower than 2.  This exemplifies that experimental variation is not 

uncommon and that some caution must be exercised when interpreting FWHM 

values. 

 

Figure 24 - CV of {H6W18} in 1M H2SO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 

 

Equations 32 – 35 - Redox couples for {H6W18} in 1M H2SO4. 

 

 

I/I’: [P2W18O62]6– + e–⟷ [P2W18O62]7–   (32) 

II/II’: [P2W18O62]7– + e–⟷ [P2W18O62]8–   (33) 

III/III’: [P2W18O62]8– + 2e– + 2H+⟷ [H2P2W18O62]8–  (34) 

IV/IV’: [H2P2W18O62]8– + 2e– + 2H+ ⟷ [H4P2W18O62]8– (35) 
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Figure 25 - DPV trace of {H6W18} in 1M H2SO4 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Table 15 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {H6W18} in 1M 

H2SO4. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ 0.065 42 82 1.1 (1) 

II/III -0.095 39 83 1.1 (1) 

III/III’ -0.34 36 69 1.3 (~2) 

IV/IV’ -0.57 34 62 1.5 (~2) 

 

Lastly, the CV of {K6W18} exhibits similar behaviour to that of {H6W18} in 

1M H2SO4. Four redox processes are observed in the potential range of 0.2 – -

0.8 V vs. Ag/AgCl (Figure 26), corresponding to two one-electron and two two-

electron transfers, with the latter being accompanied by protonation.  The 𝐸𝑚𝑖𝑑 

values show infinitesimal shifts of no more than 10 mV for each redox process 

when compared to the midpoint potentials of {H6W18}. The  Δ𝐸𝑝 values indicate 
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that all four processes are indeed reversible.  The DPV trace (Figure 27) and 

FWHM values show a similar trend to that of {H6W18}, where the redox peaks 

are present in a 1:1:2:2 ratio but the FWHM values for the last two processes 

deviate from the theoretical value of 45.2 for a two-electron transfer, thus giving 

n values lower than 2.  This does not mean that the electron assignment is 

incorrect, it simply reiterates that FWHM values are a complementary source of 

information, combined with what is already known about the system of study.  

 

Figure 26 - CV of {K6W18} in 1M H2SO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 

 

Equations 36 – 39 - Redox couples for {K6W18} in 1M H2SO4. 

 

 

I/I’: [P2W18O62]6– + e–⟷ [P2W18O62]7–   (36) 

II/II’: [P2W18O62]7– + e–⟷ [P2W18O62]8–   (37) 

III/III’: [P2W18O62]8– + 2e– + 2H+⟷ [H2P2W18O62]8–  (38) 

IV/IV’: [H2P2W18O62]8– + 2e– + 2H+ ⟷ [H4P2W18O62]8– (39) 
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Figure 27 - DPV trace of {K6W18} in 1M H2SO4 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Table 16 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {K6W18} in 1M H2SO4. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ 0.075 50 86 1.1 (1) 

II/II’ -0.081 42 85 1.1 (1) 

III/III’ -0.33 34 70 1.3 (~2) 

IV/IV’ -0.56 32 64 1.2 (~2) 
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2.4.5 Cation-dependent Electrochemistry 

Recently, interactions between redox-active molecules and alkali ions 

have been investigated for the modulation of the electrochemical properties of 

energy storage materials, for the purpose of influencing the potentials at which 

redox events occur, without incurring significant changes to the molecular 

structure of the system.47–51 Abruña  et al. reported that the coordination of 

small alkali cations (Li+ and Mg2+) to the Lewis basic oxygen atoms of carbonyl 

entities of 1,2-di(thiophen-2-yl)ethane-1,2-dione (DTED) resulted in a positive 

shift of the redox potential of the analyte. In turn this increased the cell voltage, 

thereby increasing the overall gravimetric energy density in the context of 

electrochemical energy storage.52 The voltammograms of DTED were 

conducted in DMF containing different perchlorate supporting electrolytes. In 

TBAP (tetra-n-butylammonium perchlorate), DTED showed two well-defined 

one-electron processes. In the presence of LiClO4, a positive shift of 400 mV for 

the second reduction process was observed, which reflects the ionic 

stabilisation of the dianion by Li+. A similar effect was observed in the presence 

of NaClO4 but to a lesser extent, which was ascribed to a difference in cation size 

and ionic interaction. However, when applying the same experimental 

conditions using Mg(ClO4)2, the changes were significant. In the presence of 

Mg2+, the shift of the second wave is such that rather than observing two one-

electron processes (as for TBA+, Li+ and Na+), a single two-electron process is 

obtained at a much more positive potential. Computational studies allowed for 

estimation of the binding energy between the carbonyl moiety and the cation 

which quantifies the ionic coupling. In the case of TBA+, the binding was found 

to be negligible, whereas Li+ and Mg2+ were found to be strongly interacting, 

with the latter having the highest binding energy.52   

Over the past few decades, several studies have been performed to 

further understand different factors that may govern the redox chemistry of 

POMs such as pH, transition metal substitutions and organofunctionalisation.53–

55  Additionally, one of the most fundamental roles of cations in POM chemistry 

is controlling solubility. While many studies rely on moderating solubility in 
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various solvents, other applications require insolubility, to prevent leaching 

from a material or device for example. Indeed, the electrostatic interactions 

between polyoxoanions and their countercations in aqueous and organic media 

have been noted to significantly influence their redox behaviour and 

electrocatalytic activity.56,18  Cation pairing interactions as shown by Abruña et 

al. have also been shown to induce similar stabilising effects on the 

electrochemical profiles of POM anions, causing positive shifts of redox events 

corresponding to the formation of reduced polyoxoanions in solution.57,58 A 

comprehensive review that highlights the role of cations in POM chemistry going 

beyond simple electrostatic charge-balancing can be found by Streb et al.56  

Several studies have sought to explore the effect of cations other than 

H+, including the non-coordinating tetrabutylammonium and 

tetramethylammonium cations (TBA+, TMA+), alkali metal cations (Li+ and Na+) 

as well as small radius multivalent cations (Mg2+). Maeda et al. conducted 

studies in acetonitrile with the addition of different concentrations of triflic acid 

(CF3SO3H) to observe changes in electrochemical behaviour of [PMo12O40]3- and 

[SiMo12O40]4-. They found that when the proton concentration was varied 

independently such that the ratio of H+ to POM increased, the redox peaks 

shifted to more positive potentials and the one-electron processes converged 

to form a series of three two-electron waves.59  

Himeno et al. examined the effect of Li+ on [PMo12O40]3- and [PW12O40]3- 

in acetonitrile via the addition of different concentrations of lithium perchlorate 

(LiClO4).60 Generally, the effect was qualitatively similar to that of increasing H+ 

concentration but specific changes depend on the identity of the cation and the 

POM anion. As the H+ concentration increased, the three successive one-

electron peaks for [PMo12O40]3- changed to three two-electron processes but 

consolidated into two peaks in the presence of Li+. For [PW12O40]3-, the four one-

electron processes merged into two two-electron processes. Whereas in the 

presence of Li+, the first one electron peak was unaffected and did not merge 

with the second one-electron process. This second process had also shifted to a 
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more positive potential and the third peak became a two-electron process, also 

occurring at more positive potentials than in the absence of Li+.60 

Matson et al. reported the ion-pairing interactions of the Lindqvist-type 

polyoxovanadate alkoxide (POV alkoxide) cluster, [V6O7(OCH3)12]2– , with 

alkylammonium, lithium, sodium and potassium cations.61 In all cases, the 

presence of alkali cations positively shifts the mid-point potentials of the first 

two redox processes of the POV alkoxide cluster relative to alkylammonium. The 

magnitude of these shifts increases as the size of the alkali metal decreases (in 

the order K+ < Na+ ≪ Li+). They concluded that the relatively small shift in 𝐸𝑚𝑖𝑑 

values for the first redox process across all supporting electrolytes indicated that 

only a very weak interaction exists between the alkali cations and the singly 

reduced form of the cluster. In contrast, the 2nd redox process was much more 

sensitive to the identity of the compensating cation, suggesting that the alkali 

cations have a higher affinity for the dianionic form of the POV alkoxide cluster. 

However, these positive shifts are also accompanied by an increase in Δ𝐸𝑝 

values, meaning that the stabilisation using alkali cations is accompanied by a 

loss of electrochemical reversibility.61  

Previous ion-pairing studies of POMs and metal cations have taken place 

in organic solvents. Our studies have been conducted in aqueous solutions of 

perchlorate salts. In aqueous media, the metal cations are hydrated, and thus 

their binding affinity to anions is more likely to be dictated by the charge density 

of the hydrated ion (hydrated radii) as opposed to the bare ion (ionic radii).62 

For instance, although the bare ion of Li+ has the highest charge density 

(smallest ionic radius) among the alkali metal cations, the charge density of a 

hydrated Li+ ion is the lowest (largest hydrated radius), rendering it the weakest 

alkali metal cation for the anion−cation interaction. Therefore, the common 

trends of binding affinity follow as Li+ < Na+ < K+ < Rb+ < Cs+ for monovalent 

cations and Mg2+ < Ca2+ < Sr2+ < Ba2+ for divalent cations.63–66 
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2.4.5.1 Electrochemistry of {H6W18} in Perchlorate-based 

Electrolytes 

The electrochemical behaviour of the {H6W18} Dawson motifs observed 

in the various perchlorate electrolyte systems (1M 

HClO4/LiClO4/NaClO4/Mg(ClO4)2) is described below. 

 In all cases, {H6W18} shows four redox waves, corresponding to two one-

electron processes, followed by two two-electron processes (Figures 27, 30, 32, 

34 and Equations 40 – 43 apply in all cases). Small shifts in 𝐸𝑚𝑖𝑑 values towards 

more positive potentials are observed for process I in the presence of Li+, Na+ 

and Mg2+ compared to HClO4 (38, 54, 65 mV respectively), indicating ion-

association effects between the metal cations and the singly reduced 

[P2W18O62]7- anion (Table 21). Process II also experiences positive shifts in 𝐸𝑚𝑖𝑑 

values in the presence of the metal cations but to a lesser extent.  

In contrast, processes III and IV, are shifted into the negative regime, 

meaning that these processes are more difficult to access in the presence of the 

metal cations (Table 21: process III shifts Li+/Na+/Mg2+ vs. H+ = -100/-84/-75 mV; 

process IV shifts Li+/Na+/Mg2+ vs. H+ = -124/-109/-105 mV). In the highly acidic 

medium of 1M HClO4, the redox couples III/III’ and IV/IV’ arise at more positive 

potentials.  Interestingly, the processes experience a greater negative shift in 

the presence of Li+ whereas the smallest negative shifts occur in the presence 

of Mg2+. Since processes III and IV are proton-coupled and therefore pH 

dependent, these results can be explained by examining the pH of each 

electrolyte system; 1M HClO4 = pH 0, LiClO4 = pH 9, NaClO4 = pH 8 and Mg(ClO4)2 

= pH 7. For every change in one pH unit, a shift of approximately 59 mV is 

expected. Our results are consistent with this; as the pH increases, consequently 

the proton concentration decreases and so processes III and IV all experience 

negative shifts in the presence of the metal cations. The largest negative shift is 

observed for the most basic solution of LiClO4 and the smallest shift is observed 

for the least basic of the metal cation electrolytes, Mg(ClO4)2. Figure 36 

highlights the aforementioned shifts in 𝐸𝑚𝑖𝑑 values.  
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The Δ𝐸𝑝 values for processes I and II of {H6W18} in the presence of 

H+/Li+/Na+/Mg2+ all correlate to a one-electron process (Table 21). Conversely, 

the Δ𝐸𝑝 values for processes III and IV in the presence of Li+/Na+/Mg2+ are much 

higher than the theoretical value of 29 mV for a reversible two-electron transfer 

as opposed to the Δ𝐸𝑝 values in 1M HClO4, suggesting these processes are 

quasi-reversible in the presence of the metal cations (Table 21).   

In the four electrolytes, the DPV traces for {H6W18} show four peaks in 

the ratio of 1:1:2:2 for the peak current intensity (Figures 29, 31, 33 and 35). In 

all instances, the FWHM values for processes I and II relate to a one-electron 

transfer. The FWHM values in the presence of the metal cations are in better 

agreement with the theoretical value of 90.4 mV for a one-electron transfer, 

attesting to the more reversible nature of these peaks vs. in IM HClO4. However, 

the FWHM values for processes III and IV in the presence of Li+/Na+/Mg2+ are 

much larger than expected for a two-electron transfer (> 45.2 mV), giving n 

values lower than 2 (Tables 17 – 20). This deviation can be ascribed to the quasi-

reversible nature of the redox peaks as observed in the corresponding CVs.  

 

Figure 28 - CV of {H6W18} in 1M HClO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 
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Equations 40 – 43 - Redox couples for {H6W18} in all 1M Perchlorate electrolytes. 

 

 

Figure 29 - DPV trace of {H6W18} in 1M HClO4 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

 

 

 

 

I/I’: [P2W18O62]6– + e–⟷ [P2W18O62]7–   (40) 

II/II’: [P2W18O62]7– + e–⟷ [P2W18O62]8–   (41) 

III/III’: [P2W18O62]8– + 2e– + 2H+⟷ [H2P2W18O62]8–  (42) 

IV/IV’: [H2P2W18O62]8– + 2e– + 2H+ ⟷ [H4P2W18O62]8– (43) 
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Table 17 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {H6W18} in 1M 

HClO4. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ 0.034 47 79 1.1 (1) 

II/II’ -0.12 41 73 1.2 (1) 

III/III’ -0.38 35 66 1.4 (~2) 

IV/IV’ -0.61 31 61 1.5 (~2) 

 

 

Figure 30 - CV of {H6W18} in 1M LiClO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 
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Figure 31 - DPV trace of {H6W18} in 1M LiClO4 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Table 18 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {H6W18} in 1M 

LiClO4. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ 0.072 50 85 1.1 (1) 

II/II’ -0.11 46 87 1 (1) 

III/III’ -0.48 46 76 1.2 (2) 

IV/IV’ -0.73 60 93 0.97 (2) 
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Figure 32 - CV of {H6W18} in 1M NaClO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 
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Figure 33 - DPV trace of {H6W18} in 1M NaClO4 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Table 19 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {H6W18} in 1M 

NaClO4. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ 0.087 45 82 1.1 (1) 

II/II’ -0.087 43 84 1 (1) 

III/III’ -0.46 49 83 1.1 (~2) 

IV/IV’ -0.72 59 100 0.9 (~2) 
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Figure 34 - CV of {H6W18} in 1M Mg(ClO4)2 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Figure 35 - DPV trace of {H6W18} in 1M Mg(ClO4)2 performed using a 3 mm diameter 
GC working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 
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Table 20 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {H6W18} in 1M 

Mg(ClO4)2. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ 0.098 48 86 1.1 (1) 

II/II’ -0.065 42 90 1 (1) 

III/III’ -0.45 65 100 0.9 (~2) 

IV/IV’ -0.71 77 132 0.7 (~2) 
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Figure 36 – Stacked solution phase CVs of {H6W18} in the studied perchlorate systems, 
highlighting the metal cation association effects vs. H+. 
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Table 21 – Comparison of Emid and ΔEp values for {H6W18} in 1M perchlorate 
electrolytes. 

Process 
HClO4 LiClO4 NaClO4 Mg(ClO4)2 

Emid/V ΔEp/mV Emid/V ΔEp/mV Emid/V ΔEp/mV Emid/V ΔEp/mV 

I/I’ 0.0335 47 

0.072 
(+38 mV 

shift vs. H+) 

50 

0.0875 
(+54 mV 

shift vs. H+) 

45 

0.098 
(+65 mV 

shift vs. H+) 

48 

II/II’ -0.1215 41 

-0.11 
(+11 mV 

shift vs. H+) 

46 

-0.0875 
(+34 mV 

shift vs. H+) 

43 

-0.065 
(+57 mV 

shift vs. H+) 

42 

III/III’ -0.3765 35 

-0.477 
(-100 mV 

shift vs. H+) 

46 

-0.4605 
(-84 mV 

shift vs. H+) 

49 

-0.4515 
(-75 mV 

shift vs. H+) 

65 

IV/IV’ -0.6065 31 

-0.73 
(-124 mV 

shift vs. H+) 

60 

-0.7155 
(-109 mV 

shift vs. H+) 

59 

-0.7115 
(-105 mV 

shift vs. H+) 

77 

 

2.4.5.2 Electrochemistry of {K6W18} in Perchlorate-based Electrolytes 

The most striking difference between the electrochemical behaviour of 

{K6W18} and {H6W18} is that in the presence of Li+/Na+/Mg2+, six redox peaks are 

observed instead of four. Analogous to {H6W18}, {K6W18} exhibits the canonical 

voltammogram of four redox waves in 1M HClO4, corresponding to two one-

electron processes, proceeded by the two proton-coupled two-electron 

processes (Figure 37, Equations 44 – 47). Upon changing the electrolyte, the last 

two processes separate such that they convert from two two-electron processes 

to four one-electron redox waves which are no longer proton-coupled (Figures 

39, 40, 42 and Equations 48 – 53 apply to 1M LiClO4/NaClO4/Mg(ClO4)2).  

Similar to {H6W18}, process I and II for {K6W18} experience shifts in 𝐸𝑚𝑖𝑑 

values towards more positive potentials in the presence of Li+/Na+/Mg2+ 

compared to HClO4 (Table 26: process I shifts Li+/Na+/Mg2+ vs. H+ = +30/+48/+64 

mV; process II shifts Li+/Na+/Mg2+ vs. H+ = +10/+27/+58 mV respectively). These 

shifts indicate ion-association effects between the alkali metal cations and the 

singly and doubly reduced [P2W18O62]7- and [P2W18O62]8- anions. Considering the 

hydrated radii of the cations in decreasing order Mg2+ > Li+ > Na+ and the trend 
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in charge density Mg2+ > Li+ > Na+, it appears that the larger but doubly charged 

Mg2+ cation is the most stabilising compared to the smaller, singly charged 

cations which is a rather interesting observation.  

The next four one-electron process III – VI that arise in the presence of 

Li+/Na+/Mg2+ all occur at potentials negative (in the range of -0.5 – -1 V) of the 

two two-electron processes exclusive to {K6W18} in IM HClO4 (𝐸𝑚𝑖𝑑 III/III’ = -0.38 

V; 𝐸𝑚𝑖𝑑  IV/IV’ = -0.61 V). It is remarkable that these processes are no longer 

proton-coupled. Though speculative on our part, these differences are likely due 

to differences in pH. In the case of {H6W18}, the POM can be considered as a 

superacid as we have 6 H+ countercations per POM. Whereas for {K6W18}, we 

have an overall more basic solution, simply due to a change in the countercation.  

Looking at processes V and VI, the reduction occurs at more positive potentials 

moving from Li+ to Na+ to Mg2+. As seen with {H6W18}, the greatest negative 

shifts occur in the presence of Li+ whereas the opposite is observed in the 

presence of Mg2+. It is clear that this phenomenon is linked to decreasing the 

pH.  

The Δ𝐸𝑝 values for processes I and II of {K6W18} in the presence of 

H+/Li+/Na+/Mg2+ correlate to a one-electron process (Table 26). Additionally, 

these  Δ𝐸𝑝 values are very close to the theoretical value of 59 mV for a one-

electron transfer, suggesting that these processes are highly reversible in the 

presence of the metal cations and in 1M HClO4. The Δ𝐸𝑝 values for processes III 

and IV in the presence of H+ both correspond to two-electron transfers.  In the 

presence of Li+, the Δ𝐸𝑝 values for the subsequent four one-electron processes 

(III – VI) steadily increase (Δ𝐸𝑝 > 59 mV), indicating these processes become less 

reversible in the lithium medium. The deviations in Δ𝐸𝑝 values observed for 

processes III – VI in Na+ and Mg2+ are not as significant. Though it is clear an 

interaction between the metal cations and POM anions exists, the fundamental 

nature of the interaction is unknown. However, we can hypothesise that the 

interaction between the metal cations and POMs does lead to a perturbation in 

the electron transfer processes, by making them slower or less favourable. 
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Figure 43 showcases the different redox profiles in the presence of H+ and metal 

cations as well as shifts in 𝐸𝑚𝑖𝑑 values.  

 The DPV trace for {K6W18} in 1M HClO4 shows four peaks in the ratio of 

1:1:2:2 for the peak current intensity (Figure 38). The FWHM values for 

processes I and II are in good agreement with the theoretical value of 90.4 mV 

for a one-electron transfer. Though the FWHM values for processes III and IV 

are larger than expected for a two-electron transfer (> 45.2 mV, Table 22), this 

is likely due to errors in peak fitting. In the presence of Na+ (Figure 41) and Mg2+ 

(Figure 43), the DPV trace shows six peaks in a 1:1:1:1:1:1 ratio, albeit the last 

two peaks in both electrolytes being asymmetrical (DPV trace in 1M LiClO4 not 

recorded). These asymmetric peaks complicate the peak fitting process as false 

FWHM values can be derived from an ill-fitting baseline. This is reflected in the 

large deviations in FWHM values obtained for processes V and IV in the presence 

of Na+ and Mg2+
, giving n values less than 1 (Tables 24 and 25).  

 

Figure 37 - CV of {K6W18} in 1M HClO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 
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Equations 44 – 47 - Redox couples for {K6W18} in 1M HClO4. 

 

 

Figure 38 - DPV trace of {K6W18} in 1M HClO4 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Table 22 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {K6W18} in 1M HClO4. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ 0.035 45 85 1.1 (1) 

II/II’ -0.12 38 80 1.1 (1) 

III/III’ -0.38 38 67 1.3 (2) 

IV/IV’ -0.61 34 60 1.5 (2) 

 

 

I/I’: [P2W18O62]6– + e–⟷ [P2W18O62]7–   (44) 

II/II’: [P2W18O62]7– + e–⟷ [P2W18O62]8–   (45) 

III/III’: [P2W18O62]8– + 2e– + 2H+⟷ [H2P2W18O62]10–  (46) 

IV/IV’: [H2P2W18O62]10– + e– + 2H+ ⟷ [H4P2W18O62]12– (47) 
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Figure 39 - CV of {K6W18} in 1M LiClO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 

 

Equations 48 – 53 – Redox couples for {K6W18} in 1M LiClO4/NaClO4/Mg(ClO4)2 

 

 

 

 

 

I/I’: [P2W18O62]6– + e–⟷ [P2W18O62]7–   (48) 

II/II’: [P2W18O62]7– + e–⟷ [P2W18O62]8–   (49) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–   (50) 

IV/IV’: [P2W18O62]9– + e– ⟷ [P2W18O62]10–   (51) 

V/V’: [P2W18O62]10– + e– ⟷ [P2W18O62]11–    (52) 

VI/VI’: [P2W18O62]11– + e– ⟷ [P2W18O62]12–    (53) 
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Table 23 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{K6W18} in 1M LiClO4. 

 

Process Emid/V ΔEp/mV 

I/I’ 0.064 50 

II/II’ -0.11 49 

III/III’ -0.50 57 

IV/IV’ -0.68 65 

V/V’ -0.98 88 

VI/VI’ -1.07 87 

 

Figure 40 - CV of {K6W18} in 1M NaClO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 
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Figure 41 - DPV trace of {K6W18} in 1M NaClO4 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Table 24 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {K6W18} in 1M 

NaClO4. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ 0.082 52 84 1.1 (1) 

II/II’ -0.094 47 91 1.0 (1) 

III/III’ -0.48 52 90 1.0 (1) 

IV/IV’ -0.65 52 92 0.98 (1) 

V/V’ -0.94 56 123 0.7 (1) 

VI/VI’ -1.09 50 96 0.94 (1) 

 

 



Chapter 2: Solution Phase Voltammetry of Polyoxometalates  106 
 

 

Figure 42 - CV of {K6W18} in 1M Mg(ClO4)2 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

 

Figure 43 - DPV trace of {K6W18} in 1M Mg(ClO4)2 performed using a 3 mm diameter 
GC working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 
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Table 25 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {K6W18} in 1M 

Mg(ClO4)2. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ 0.098 49 83 1.1 (1) 

II/II’ -0.064 45 93 0.97 (1) 

III/III’ -0.44 52 97 0.93 (1) 

IV/IV’ -0.60 49 96 0.94 (1) 

V/V’ -0.89 51 137 0.66 (1) 

VI/VI’ -1.03 45 75 1.2 (1) 
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Figure 44 - Stacked solution phase CVs of {K6W18} in the studied perchlorate systems, 
highlighting the metal cation association effects vs. H+. 
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Table 26 - Comparison of Emid and ΔEp values for {H6W18} in 1M perchlorate 
electrolytes. 

Process 
HClO4 LiClO4 NaClO4 Mg(ClO4)2 

Emid/V ΔEp/mV Emid/V ΔEp/mV Emid/V ΔEp/mV Emid/V ΔEp/mV 

I/I’ 0.035 45 

0.064 
(+30 mV 

shift vs. H+) 

50 

0.082 
(+48 mV 

shift vs. H+) 

52 

0.099 
(+64 mV 

shift vs. H+) 

49 

II/II’ -0.121 38 

-0.11 
(+9.5 mV 

shift vs. H+) 

49 

-0.095 
(+27 mV 

shift vs. H+) 

47 

-0.064 
(+58 mV 

shift vs. H+) 

45 

III/III’ -0.375 38 

-0.50 
(-125 mV 

shift vs. H+) 

57 

-0.475 
(-100 mV 

shift vs. H+) 

52 

-0.44 
(-60 mV 

shift vs. H+) 

52 

IV/IV’ -0.605 34 

-0.68 
(-75 mV 

shift vs. H+) 

65 

-0.65 
(-49 mV 

shift vs. H+) 

52 

-0.60 
(+4.5 mV 

shift vs. H+) 

49 

V/V’ - - -0.98 88 -0.94 56 -0.89 51 

VI/VI’ - - -1.11 87 -1.1 50 -1.03 45 

 

2.4.5.3 Electrochemistry of {H3W12} in Perchlorate-based 

Electrolytes 

The redox profiles obtained for {H3W12} in the presence of metal cations 

exhibit much more complicated behaviour. The CV of {H3W12} in 1M HClO4 

shows the typical redox profile of the tungstate Keggin in acidic media as seen 

with 1M H2SO4, where three reversible redox waves are obtained, 

corresponding to two one-electron processes and one two-electron process 

(Figure 45). The latter is accompanied by protonation (Equations 54 – 56). The 

Δ𝐸𝑝 and FWHM values are in good agreement with the electron assignment.  
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Figure 45 - CV of {H3W12} in 1M HClO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 

 

Equations 54 – 56 – Redox couples of {H3W12} in 1M HClO4. 

 

 

I/I’: [PW12O40]3– + e–⟷ [PW12O40]4–    (54) 

II/II’: [PW12O40]4– + e–⟷ [PW12O40]5–   (55) 

III/III’: [PW12O40]5– + 2e– + 2H+ ⟷ [H2PW12O40]7–   (56) 
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Figure 46 - DPV trace of {H3W12} in 1M HClO4 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Table 27 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {H3W12} in 1M 

HClO4. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ -0.014 46 89 1.0 (1) 

II/II' -0.27 48 82 1.1 (1) 

III/III’ -0.61 32 59 1.5 (2) 

 

In the presence of Li+, four redox process are observed, and the potential 

window in which these processes appear narrows, due to the occurrence of 

both positive and negative shifts (Figure 47).  Process I for {H3W12} in 1M LiClO4 

is negatively shifted by 186 mV in relation to process I of {H3W12} in 1M HClO4, 

whereas process IV is positively shifted by 170 mV with respect to process III in 

1M HClO4. Lacunary POMs are generated by treating the parent POM with a 

weak base. In this instance, it is very possible that the Keggin is undergoing 
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partial hydrolysis in the alkaline conditions of 1M LiClO4. The electrolyte is pH 9 

which constitutes the regime of POM degradation and lacunary POM 

generation, thus there is a combination of factors that complicate the 

electrochemical behaviour. The DPV trace is included below, but due to the ill-

defined peaks for processes I – III and subsequent probable peak fitting errors, 

it is difficult to declare with certainty the electron assignment for the redox 

processes.   

 

Figure 47 - CV of {H3W12} in 1M LiClO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 
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Figure 48 - DPV trace of {H3W12} in 1M LiClO4 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Table 28 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {H3W12} in 1M 

LiClO4. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ -0.2 35 46 1.0  

II/II’ -0.26 28 65 1.1  

III/III’ -0.35 18 42 1.5  

IV/IV’ -0.44 29 58 1.6 

 

In the presence of Na+, five redox process are observed in the range of 

0.05 – -0.7 V vs. Ag/AgCl (Figure 49).  The very small currents for each process 

coupled with the larger background capacitive current suggests a loss of 

concentration of the POM within the electrolyte as well as deposition occurring 

on the surface of the working electrode. During the electrochemical 

measurements, a white precipitate was also observed in the analyte. Typically, 
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potassium hydrogen carbonate (KHCO3) or sodium hydrogen carbonate 

(NaHCO3) are used to generate lacunary POMs as K+ and Na+ are considered as 

ideal stabilising cations. Once again, it is possible that the Keggin is being 

hydrolysed in the alkaline conditions of 1M NaClO4 and is precipitating out of 

solution on to the electrode surface. The DPV trace is included below (Figure 

50), however the complicated redox profile leads to a false baseline in the peak 

fitting. This means the FWHM values are overestimates and as such will not be 

used to assign electron counts for the redox waves.   

 

Figure 49 - CV of {H3W12} in 1M NaClO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 
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Figure 50 - DPV trace of {H3W12} in 1M NaClO4 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Table 29 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {H3W12} in 1M 

NaClO4. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ 0.023 45 333 0.27 

II/II’ -0.24 51 119 0.76 

III/III’ -0.43 35 92 0.98 

IV/IV’ -0.55 35 66 1.4 

V/v’ -0.71 41 155 0.6 

 

The redox profile of {H3W12} in the presence of Mg2+ is very interesting 

as four redox waves are observed (Figure 51). The intensity of the redox waves 

coupled with the peak height ratio observed in the DPV (Figure 52), indicate that 

these processes correspond to two one-electron processes and two two-

electron processes. This would be a total of six electrons, two more than for 
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{H3W12} in acidic media. It is not unheard of for Keggin anions to undergo 

reductions greater than four electrons67 but it is interesting to observe this in 

aqueous media in the presence of Mg2+.  

 

Figure 51 - CV of {H3W12} in 1M Mg(ClO4)2 performed using a 3 mm diameter GC 
working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

However, the electron assignments from the DPV trace (Figure 52, Table 

30) do not reconcile a six-electron reduction. With Mg(ClO4)2 being a weak base, 

the possibility of POM degradation occurring cannot be completely eliminated.  
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Figure 52 - DPV trace of {H3W12} in 1M Mg(ClO4)2 performed using a 3 mm diameter 
GC working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The 

scan rate was 100 mV s−1. 

 

Table 30 - Observed Midpoint Potentials (Emid), Peak-to- Peak Separations (ΔEp), Full 
Width at Half Maximum (FWHM) and number of electrons (n) for {H3W12} in 1M 

Mg(ClO4)2. 

Process Emid/V ΔEp/mV FWHM/mV n (no. of electrons) 

I/I’ -0.21 45 83 1.1 

II/II’ -0.36 51 90 1 

III/III’ -0.49 35 94 0.96 

IV/IV’ -0.64 35 235 0.38 

 

Evidence from the Dawson motifs show that the most positive redox 

processes are observed in the presence of Mg2+, which suggests that there 

might be an inherently stronger affinity between the POM and Mg2+. It can be 

hypothesised that with the Keggin, there is a possibility that the Mg2+ in fact 

protects the Keggin from hydrolysis and stabilises the polyanionic structure. 

Whereas the weaker affinities of Li+ and Na+ for the Keggin means it is more 

susceptible to decomposition in their presence. It is noteworthy that neither 
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Dawson motif shows evidence of decomposition in the basic electrolytes, 

presumably due to the greater thermodynamic stability of the Dawson 

archetype. For {H3W12}, the Δ𝐸𝑝 and FWHM values for process I and II are in 

good agreement with one-electron processes. The Δ𝐸𝑝 values for processes III 

(65 mV) and IV (77 mV) are higher than expected a for a reversible two-electron 

process (expected 29 mV), and concomitantly so are the FWHM values (process 

III = 100 mV, process IV = 132 mV, expected 45.2 mV), indicating these final two 

processes are quasi-reversible.  

Magnesium-ion batteries are a key contender in battery chemistries 

going beyond Li-ion, owing to their prospective benefits including operational 

safety, high theoretical capacity, and abundance of raw materials.68,69 Very few 

examples on the use of POM precursors for Mg-ion batteries exist, however 

recently Jacobson and co-workers showed that the microporous molybdenum-

vanadium oxide can be used as an intercalation cathode not only for Li+ ions but 

also for Mg2+.70 The 3D mixed metal microporous framework Mo2.5+yVO9+δ 

(containing Mo5+/6+ and V4+/5+) contains large open tunnels which can overcome 

the problem of sluggish Mg2+ diffusion kinetics present in traditional electrodes. 

Additionally, all of the metal ions with mixed-valences (including V4+, V5+, Mo5+, 

and Mo6+) actively participated in the electrochemical reaction processes during 

the insertion of Mg2+, massively enhancing the electrochemical performance of 

the Mg-ion battery.70 The fascinating electrochemistry of the K6[P2W18O62] POM 

in the presence of Mg2+ could be further investigated for multivalent batteries. 
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2.5 Conclusion & Future Work 

Cyclic voltammetry was used to evaluate the electrochemical properties 

of a library of different POMs, including the plenary Dawson and Keggin motifs 

as well as a handful of their derivatives. Differential pulse voltammetry clarified 

the electron stoichiometry of the couples where appropriate.  

The redox properties of the Keggin and Dawson POMs were examined in 

organic DMF solvent which showed that the same anion can have a different 

electrochemical profile depending on the featured countercation (H+, K+, TBA). 

The identity of the countercation also influences the solubility and subsequent 

electrochemical behaviour as seen with the degradation of the K6[P2W18O62] 

motif. Amongst the Keggin and Dawson tungstates, the most positive redox 

potentials (𝐸𝑚𝑖𝑑) were observed for the H+ countercation. The Keggin 

molybdate showed the most positive 𝐸𝑚𝑖𝑑 values compared to its tungsten 

counterpart. This is a result of the inherent difference in electronegativity 

between tungsten and molybdenum (W6+ > Mo5+) resulting in a lowering of the 

LUMO energies and facilitating reduction.    

A similar phenomenon was observed for the organic – inorganic hybrid 

K6[P2W17O59(PO3C6H5)2] electrochemistry in DMF. The LUMO energy was 

lowered through hybridisation with electron – withdrawing moieties which 

manifested as more positive 𝐸𝑚𝑖𝑑  values in comparison to its purely inorganic 

counterpart (K6[P2W18O62]). The Fe-substituted Keggin showed drastically 

different electrochemistry to the acid Keggin (H3[PW12O40]) and its TBA salt 

(N(C4H9)4)3[PW12O40]. The Fe3+/Fe2+ redox event occurred first and the W6+/W5+ 

redox couple was shifted negatively by over 1 V, which exemplifies the 

tuneabilty that can be imparted onto POMs.  

The acid Keggin H3[PW12O40], acid Dawson H6[P2W18O62], and potassium 

salt K6[P2W18O62] were analysed in a classic battery solvent. This fundamental 

study showed that the Keggin did not display well – defined or reversible 

electrochemistry, contrary to the Dawson motifs. The stability studies in 

increasingly wider potential windows showed complex and irreversible redox 
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behaviour, emphasising that the potential window must be taken into account 

for the operational design of a POM – Lithium battery. 

The aqueous electrolyte studies highlighted the pH sensitive behaviour 

(pH) of POMs in solution and how protons can act as a countercation to induce 

proton – coupled behaviour, depending on the anionic charge of the POM 

(degree of reduction).   

1M H2SO4 and 1M HClO4 induced proton – coupled redox behaviour 

across all three POM motifs (H3[PW12O40], H6[P2W18O62], K6[P2W18O62]). Striking 

differences were observed between the electrochemical profiles of 

H6[P2W18O62] and K6[P2W18O62]. Both showed positive shifts of the first two one-

electron processes upon association with an alkali metal cation. However, the 

potassium Dawson did not show any proton – coupled behaviour in the 

presence of metal ions and six one-electron processes were observed as 

opposed to four processes for the acid Dawson (two one-electron, two two-

electron). In particular, the behaviour of K6[P2W18O62] in the presence of Mg2+ 

presents an intriguing proposition with respect to multivalent POM – based 

batteries, either as an active material or electrolyte component. The redox 

profiles of the acid Keggin were more complicated to assign the number of 

electrons transferred due to potential stability issues, arising from insolubility 

and structural perturbation given the basic nature of the electrolytes. Future 

studies on the cycling behaviour of the Dawson and Keggin POMs using titration 

experiments to progressively alter the basicity of the electrolyte solutions could 

be useful in elucidating the tolerance limits in basic electrolytes. Through 

progressive measurements, it could be possible to see the redox waves 

transition from stable and well-defined redox couples to more complicated 

quasi and irreversible peaks as observed in this chapter.  
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2.6 Experimental 

Solvents and reagents were purchased from either Sigma Aldrich, Acros 

Organics, Fischer scientific or VWR and were used without further purification.  

1H and 31P NMR spectra were obtained using a Bruker DPX 300 

spectrometer or AV400. Infra-red spectra were measured using a Bruker Alpha 

FTIR spectrometer with a platinum ATR module. 

Synthesis of K6[P2W18O62].9H20 

K6[P2W18O62].9H20 was synthesised according to Graham and Finke.71 

Na2WO4.2H2O (100 g, 0.303 mol) was dissolved in deionised water (120 ml) and 

stirred vigorously. After 5 minutes, 4M HCl (83 ml, 0.332 mol) was added 

dropwise at a rate of 2 drops per second. A milky white precipitate appeared 

and then dissolved with continued stirring, leaving a colourless solution. 

Immediately after, 4M H3PO4 (83 ml, 0.332 mol) was added dropwise at a rate 

of 4 drops per second, resulting in a pale yellow solution. This was then refluxed 

at 100 ᵒC for 24 hours, forming a bright yellow solution. The solution was cooled 

to room temperature before adding KCl (50 g, 0.671 mol), resulting in the 

formation of a chalky yellow precipitate. Buchner filtration gave the crude 

product as a pale yellow powder. Following recrystallisation from a minimum 

amount of boiling water, the final product was obtained as yellow crystals.   

Yield: 80.93 g, 99 %. 31P NMR (δ, D2O): -13.01. IR (ATR) cm-1: 1085 (P-O, s), 954 

(W=Od, s), 906 (W-Ob-W, s), 735 (W-Oc-W, s). 

Synthesis of H6[P2W18O62].6H20 

K6[P2W18O62].9H20 (10 g, 2.57 mmol) was dissolved in deionised water 

(150 ml). Diethyl ether (200 ml) was then added and the flask placed in an ice 

bath. 12M HCl (100 ml, 400 mmol) was added slowly before sealing the flask and 

leaving to stir overnight. The solution formed three layers; diethyl ether (top), 

aqueous (middle), etherate (bottom). The etherate was isolated using a 

separating funnel and resembled a golden yellow oil. The etherate was left to 

dry at 50 ᵒC on a hotplate, resulting in a pale yellow-green powder.  
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Yield: 4.06 g. 31P NMR (δ, D2O): -13.01. IR (ATR) cm-1: 1085 (P-O, s), 956 (W=Od, 

s), 904 (W-Ob-W, s), 727 (W-Oc-W, s). 

Cation Exchange K6[P2W18O62].9H20 → TBA6[P2W18O62].9H20 

K6P2W18O62 (1.9 g, 0.49 mmol) was dissolved in distilled water (90 ml) to 

form a clear yellow solution. To this an aqueous solution of TBAB (1.25 g) in 

water (10 ml) was added dropwise, resulting in the immediate formation of a 

milky white precipitate. After stirring for an hour, the solvent volume was 

reduced, and the precipitate was filtered and air dried.  

Yield: 2.41 g. 31P NMR (δ, D2O): -13.01. IR (ATR) cm-1: 1085 (P-O, s), 955 (W=Od, 

s), 905 (W-Ob-W, s), 730 (W-Oc-W, s). 

Synthesis of H3[PW12O40].3H20 

Na2WO4.2H2O (100 g, 0.303 mol) and Na2HPO4.2H2O (50 g, 0.281 mol) 

were added to deionised water (160 ml) and dissolved with vigorous stirring. 

The solution was refluxed at 80 ᵒC for 1 hour. 12M HCl (100 ml, 0.4 mol) was 

added slowly and the solution became yellow. It was then left to reflux overnight 

at 80 ᵒC. A white precipitate formed which was filtered and washed with diethyl 

ether. The white powder was recrystallised from a minimum amount of boiling 

water, yielding large white crystals.  

Yield: 54.32 g, 70 %. 31P NMR (δ, D2O): -15.27. IR (ATR) cm-1: 1072 (P-O, s), 973 

(W=Od, s), 904 (W-Ob-W, s), 770 (W-Oc-W, s). 

Synthesis of TBA3[PMo12O40].3H20 

1 M H3PO4 (10 ml, 0.01 mol) was added to a mixture of Na2.MoO4 (120 

ml, 1M), 13M HNO3 (18 ml, 0.234 mol) and 1, 4-dioxane (100 ml). The resulting 

bright yellow solution was precipitated by adding TBAB (10 g, 0.031 mol) in 

water (10 ml). The mixture was stirred for 30 mins before filtering. After 

filtration, the yellow solid was treated by boiling water (100 ml), filtered again 

and washed with water, ethanol and ether. A yellow powder was obtained and 

recrystallised in hot acetone.  
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Yield: 13.38 g, 74 %. 31P NMR (δ, DMSO): -4.11. IR (ATR) cm-1: 1059 (P-O, s), 948 

(Mo=Od, s), 880 (Mo-Ob-Mo, s), 783 (Mo-Oc-Mo, s). 

Synthesis of K10[P2W17O61].9H20 (lacunary POM) 

K6[P2W18O62].9H20 (40 g, 0.01 mol) was dissolved in deionised water (100 

ml). To this was added a solution of KHCO3 (10 g, 0.099 mol) in water (100 ml) 

whilst stirring. The reaction was complete after 1 hour and the white precipitate 

was filtered. It was then redissolved in hot water (250 ml, 95ᵒC). After cooling 

to room temperature, the snow like crystals were filtered after 3 hours, dried 

under suction for 5 hours and then air-dried for 2 days.  

Yield: 30.61 g, 62 %. 31P NMR (δ, D2O): -7.23, -14.37. IR (ATR) cm-1:1084 (P-O, 

s), 1050 (W=Od, s), 1012 (W-Ob-W, s). 

Synthesis of K6[P2W17O57(PO3H5C6)2].6C4H9NO 

K10[P2W17O61].9H20 (125.0 mg, 0.025 mmol), phenylphosphonic acid 

(17.8 mg, 0.113 mmol) and KCl (39.9 mg, 535 mmol) were suspended in N,N’-

dimethylacetamide (6 ml) before adding 12 M HCl (20 µL). The reaction mixture 

was then heated at 90 ᵒC for 24 hours. After cooling to room temperature, the 

reaction mixture was filtered to give a green solution. Subsequent 

centrifugation with diethyl ether, then ethanol and again with diethyl ether gave 

a green solid which dried to a green powder.  

Yield: 88.34 mg, 75%. 31P NMR (δ, DMSO): 15.27, -10.92, -12.54. IR (ATR) cm-

1:1614 (C=C, m), 1402 (C=C, m), 1190 (W=Od, s). 

Synthesis of TBA4[PW11Fe(H2O)O39].4H20 

Na2WO4.2H2O (3.29 g, 10 mmol) was dissolved in distilled water (20 ml). 

Na2HPO4 (0.13 g, 0.91 mmol) and Fe(NO3)3.9H2O (0.49 g, 1.2 mmol) were added 

to this solution. The pH was adjusted to 4.5 under stirring and the mixture was 

heated to 85 ᵒC. following this, an aqueous solution of TBAB (1.45 g) in distilled 

water (5 ml) was added dropwise to the above solution. The mixture was stirred 

and a white-yellow precipitate formed. The precipitate was recovered by 

filtration, washed with ether, and air-dried. 
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Yield: 3.67 g, 92%. 31P NMR (δ, DMSO): -11.55. IR (ATR) cm-1:1068 (P-O, s), 962 

(W=Od, s), 887 (W-Ob-W, s), 793 (W-Oc-W, s). 

Solution Phase Cyclic Voltammetry – DMF 

A 0.01 M concentration of POM was dissolved in 5 mL DMF (supporting 

electrolyte 0.1 M TBAPF6) or. All experiments were performed using a CH 

Instrument 600E potentiostat with a three-electrode electrochemical cell 

configuration. A 3 mm glassy carbon (GC) working electrode was used with a 

platinum (Pt) wire counter electrode and a silver (Ag) wire as the pseudo-

reference electrode. Ferrocene (Fc/Fc+) was used an internal reference and 

added at the end of the measurements. The GC surface was polished 

successively using a slurry of 0.3 μm, 0.1 μm, and 0.05 μm alumina, and then 

washed with water and acetone before gently drying. Analyte solutions were 

purged with argon for at least 10 minutes before CV experiments. The CV 

experiments were controlled with CHI software and were typically carried out 

at a scan rate of 100 mV s –1.  

Solution Phase Cyclic Voltammetry – Battery Solvent  

A 0.01 M concentration of POM was dissolved in 5 mL battery solvent: 

1M LiPF6 in ethylene carbonate (EC) + ethyl methyl carbonate (EMC) (1:1 v/v).  

All experiments were conductive in an air and moisture-free environment inside 

an argon-filled glovebox. All experiments were performed using a CH Instrument 

600E potentiostat with a three-electrode electrochemical cell configuration. A 3 

mm glassy carbon (GC) working electrode was used with a platinum (Pt) wire 

counter electrode and a lithium iron phosphate (LFP) reference electrode was 

used to reference the potentials vs. Li/Li+. The LFP electrode is stored in the 

glovebox at all times. The GC surface was polished successively using a slurry of 

0.3 μm, 0.1 μm, and 0.05 μm alumina, and then washed with water and acetone 

before gently drying. The WE, CE, glassware and POM were purged in the 

antechamber for at least 45 mins prior to the CV experiments. The CV 

experiments were controlled with CHI software and were typically carried out 

at a scan rate of 50 mV s –1.  
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Solution Phase Cyclic Voltammetry – Aqueous Electrolytes 

A 0.01 M concentration of POM was dissolved in 10 mL of a 1M 

concentration of the aqueous electrolyte: 1M 

H2SO4/HClO4/LiClO4/NaClO4/Mg(ClO4)2. All experiments were performed using a 

CH Instrument 600E potentiostat with a three-electrode electrochemical cell 

configuration. A 3 mm glassy carbon (GC) working electrode was used with a 

platinum (Pt) wire counter electrode and a glass frit containing a silver/silver 

chloride (Ag/Ag+) reference electrode. The GC surface was polished successively 

using a slurry of 0.3 μm, 0.1 μm, and 0.05 μm alumina, and then washed with 

water and acetone before gently drying. Analyte solutions were purged with 

argon for at least 10 minutes before CV experiments. The CV experiments were 

controlled with CHI software and were typically carried out at a scan rate of 100 

mV s –1.  
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3. Preparation & Characterisation of 

Polyoxometalates Supported on Vulcan 

Carbon  

3.1 Introduction 

As outlined previously, one of the most prominent features of POMs is 

their unique redox behaviour. POMs are stable in a variety of oxidation states, 

which span a wide potential range, and can participate in rapid and reversible 

multi-electron transfer processes. Their structural diversity and tuneable 

chemical properties make them particularly useful building blocks for functional 

nanomaterials.1–4 Consequently, POMs have been used as the active redox 

species in a range of devices and systems, such as batteries5, supercapacitors6, 

dye-sensitized solar cells6, electrocatalysis7, water-splitting8 and proton 

conductors9. As solid-state electrode materials are often preferred in such 

systems, and POMs exhibit relatively little electronic conductivity, the 

development of methods for attaching POMs to conductive (often carbon) 

supports is a very active area of research.10,11  

Aside from the negligible conductivity, their high solubility is another 

reason to heterogenise POMs to prevent leaching and enhance the long-term 

stability of the proposed composite system. It is also important to understand 

how this stability is affected by the operating conditions. For example, Singh et 

al. reported the synthesis of Ru- and Ir- functionalized octamolybdate clusters, 

deposited on Ni-foam electrodes as model catalysts. However, under the harsh 

hydrogen evolution reaction conditions, the POMs experienced significant 

chemical changes, resulting in the formation of nanocomposites with much 

higher electrocatalytic activity than the POM precursors.12  

Another approach to circumvent structural evolution and leaching of 

POMs is to use protective coatings such as Al2O3.13 This would be particularly 
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beneficial for water oxidation catalysts, which are susceptible to degradation via 

detachment of the catalyst during prolonged (photo)electrochemical 

operation.14 Care must be taken in the thickness of the coating; too thick and it 

will hinder catalyst accessibility, resulting in poor performance. Numerous 

strategies also exist to trap and stabilize POMs in porous structures such as 

metal-organic frameworks (MOFs)15, covalent-organic frameworks (COFs)16 and 

zeolitic imidazolate frameworks (ZIFs)17. Here, principles of size matching the 

POM moiety to pore size, organic functionalisation with linker groups as well as 

exchanging the POM counteractions for larger MOF/ZIF framework clusters are 

applied. However, these composites are generally not electrically conductive 

and synthetically challenging.  

With this in mind, carbons are the material of choice which have the 

desired conductivity, strong affinity for POMs and structural versatility owing to 

a considerable number of allotropes. High-surface-area carbons such as 

activated carbons (ACs), carbon blacks (CBs), and carbon nanotubes (CNTs) are 

increasingly popular catalyst supports, due to their chemical, electrochemical 

and mechanical properties and their chemical flexibility.  

CBs such as Vulcan XC-72R are especially promising due to their low cost 

and high conductivity, and have been used as supports for Pt-based 

electrocatalysts in fuel cells.18,19 Though its hydrophobic nature may affect how 

readily an active phase can be supported, the advantage with CBs is that their 

surface chemistry can be readily modified. Most carbons contain an intrinsic 

level of native oxygen and by using oxidative treatments, this oxygen content 

can be increased. This occurs through the introduction of surface oxides and 

polar functional groups, promoting hydrophilic binding sites on a hydrophobic 

surface. In the field of polymer electrolyte membrane fuel cells (PEMFC), the 

electrocatalyst is typically platinum supported on carbon black.19 It has been 

shown that surface chemistry governed by oxygen containing functional groups 

serve as nucleation points for depositing the platinum.20,21 This means a greater 

number of oxygenated sites facilitates better metal dispersion.22  
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The properties of carbon supports, including their ability to interact with 

adsorbates, can be chemically tuned using acid treatments23,24 and 

gaseous/vapor phase reactions,25,26 which can introduce carboxylic acid, 

carbonyl, quinone and ether groups to the carbon surface.27,28 These treatments 

also increase the hydrophilicity, dispersion stability and wettability of the carbon 

surface.  

A range of non-covalent strategies is available for forming POM/carbon 

composites, which exploit electrostatic interactions,29,30 𝜋-𝜋 interactions,31 and 

layer-by-layer assembly (LbL).32 However, these strategies must often be used 

in conjunction with one another to ensure a stable composite. Often for LbL, 

extra conductive linkers which exhibit their own redox activity may need to be 

added to the system, as many common polyelectrolytes have limited electrical 

activity and conductivity, thereby limiting the performance of the composite. 

This type of multi-component layered assembly renders the translation to 

industrial application challenging, with respect to generating these systems at 

sufficiently high throughput and low cost. 

Electrostatic interactions between POMs and carbon supports are 

particularly favoured at microporous and hydrophilic carbons, and are 

encouraged by the presence of oxygen-based functional groups.33,34 Hydrophilic 

supports can offer a platform for hydrogen bonding with the POM and 

micropores (< 2 nm) are the ideal size for trapping POM clusters (Keggin 1 nm, 

Dawson 1.2 nm). Chemisorption of POM motifs onto carbon surfaces is a 

popular covalent strategy to preparing POM-carbon composites. It has been 

applied to a spectrum of different carbon substrates including activated 

carbons35, carbon nanotubes36, and graphene37.  

The importance of carbon oxidation for chemisorption was illustrated in 

a study by Kang on [P2W18O62]6--CNT composites.38 Kang found that post-

sonication in a POM solution, CNTs that had been oxidised using HNO3 yielded 

POM-CNT composites with a well-dispersed surface decoration of POM 

particles, whereas the unoxidised CNTs showed little to no POM tethering.38 

Cuentas-Gallegos et al. also explored the role of carbon oxidation for the 
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preparation of POM-CNT composites. They showed that treatment using 2M 

H2SO4 led to a high concentration of surface carboxylic acid groups, and resulted 

in the most homogeneous dispersion of POM particles on the carbon surface.39 

In both of these instances, the POM tethering has been attributed to surface 

carboxylic acid groups and a mechanism for the covalent chemisorption binding 

mode has been proposed (Scheme 1).39 However, no electrochemical studies 

were performed on these composite systems.  

Scheme 1 - Proposed reaction scheme which suggests POM-chemisorption through 
the hydroxyl group and electron transfer appearing as the reduction of MoVI. 
Reproduced from39 with permission from Elsevier. 

 

Using a different approach, Cuentas-Gallegos et al. employed a multi-

step procedure to graft diazonium derivatives to introduce -NH2 and -OH groups 

onto the Vulcan carbon surface and found that greater POM loading was 

observed on the matrix rich in -OH groups compared to the -NH2 rich matrix or 

unmodified Vulcan.40 However, upon electrochemical cycling in aqueous 

conditions, they observed that a higher percentage of POM is lost from the OH- 

and -NH2 modified Vulcan supports compared to its unmodified counterpart. 

Despite the higher loadings on the modified matrices, the unmodified Vulcan 

showed better electrochemical stability in aqueous conditions, thus no 

discernible electrochemical benefit to the chemical modification of Vulcan 

carbon was observed.40 These results were surprising considering the literature 

precedent which generally favours oxidised supports for adsorbates.  

Herein we explored a simple and scalable route to carbon modification. 

We employ a single-step oxidation procedure in order to introduce carboxylic 

acid groups onto the Vulcan carbon matrix and synthesise a more 

electrochemically stable redox-active POM-carbon composite.  
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3.2 Aims 

The aim of this chapter is to explore the influence of oxidation on the 

Vulcan XC-72R carbon surfaces and how it alters the surface chemistry. The 

plenary POMs H3[PW12O40], K6[P2W18O62] and H6[P2W18O62] were loaded onto 

the oxidised Vulcan and unmodified Vulcan matrices to form a library of 

POM/Vulcan composites. The POMs will be referred to as {H3W12}, {K6W18} and 

{H6W18} respectively. Using voltammetric analysis, the electrochemical cycling 

capability, stability and electrochemical accessibility of the POM/Vulcan 

composites were established.  

Extensive structural characterisation has only been completed for the 

{K6W18}@V and {K6W18}@[O]V composites. The electrochemistry of these 

composites was studied in aqueous systems (1M H2SO4 and 1M perchlorates) as 

well as organic battery solvent (1M LiPF6 in 50/50 (v/v) ethylene carbonate (EC) 

and ethyl methyl carbonate (EMC)).    

We also hypothesised that the acid Dawson and acid Keggin, which can 

be considered as superacids, could perform an in-situ oxidation and 

simultaneous adsorption when added to the Vulcan matrix. This hypothesis is 

explored herein.  

These results have significant implications for the development of 

composite electrode materials based on POMs and could lead to new 

approaches to the development of long-lived devices using these materials.    

3.3 Results & Discussion  

3.3.1 Preparation 

Oxidised Vulcan XC-72R, denoted as [O]V, was prepared using an 

adapted procedure, by refluxing Vulcan XC-72R in 2M H2SO4 for 5 h, followed by 

filtration and drying overnight.39 The POM-Vulcan composites were formed by 

stirring 100 mg of Vulcan or 100 mg of [O]Vulcan in a 20 mM aqueous solution 

of the respective POM (Figure 1). The POMs studied include K6P2W18O62 

denoted as {K6W18}, H6P2W18O62 denoted {H6W18} and H3PW12O40 denoted 
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{H3W12}. The solid products, {K6W18}@V, {H6W18}@V, {H3W12}@V, 

{K6W18}@[O]V, {H6W18}@[O]V and {H3W12}@[O]V were then filtered and dried 

overnight at 70 °C.  

 

Figure 1 - A to B: Chemical oxidation of Vulcan XC-72R; B to C: Incorporation of POM 
with Oxidised Vulcan to form POM@[O]V.  

3.3.2 Structural Characterisation  

Thermogravimetric analysis of Vulcan and [O]V was used to determine 

the influence of oxygen functionalisation on the thermal stability of the carbon 

black (Figure 2). Vulcan exhibits a high resistance to air oxidation and shows little 

mass loss up until the onset of its oxidation at 646 °C. The thermogram of [O]V 

shows a two mass loss events, with the onset of the first at 172 °C and the 

second at 629.5 °C. The first mass loss event corresponds to the loss of the 

surface functional groups which were generated by chemical oxidation. This is 

then followed by air oxidation of the [O]V matrix at a lower temperature than 

Vulcan, indicating that [O]V shows less resistance to air oxidation compared to 

its unmodified counterpart. This decrease in thermal stability following chemical 

oxidation can be ascribed to the destabilisation of the carbon structure, caused 

by an increase in the concentration of oxygenic groups on the carbon surface.41  
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Figure 2 - TG curves for Vulcan and Oxidised Vulcan, showing the onset temperature 
of their mass loss events. 

 

Figure 3 shows the thermogravimetric curves for the POM/Vulcan 

composites. {K6W18}@Vulcan shows a reduction in its thermal stability 

compared to its parent carbon matrix. The onset of its decomposition occurs at 

570 °C which is due to the presence of the inorganic POM. {K6W18}@[O]V also 

shows a reduction in thermal stability compared to the [O]V matrix, with the 

onset of its decomposition at 580 °C. Interestingly there is no significant mass 

loss below 200 °C, which was previously ascribed to desorption of surface 

functional groups. This indicates that there is an interaction between the POM 

and these surface functional groups such that they are not oxidised in air as early 

as they are in [O]V.    



Chapter 3: Polyoxometalates Supported on Vulcan Carbon  137 
 

 

Figure 3 - TG curves for {K6W18}@Vulcan and {K6W18}@ Oxidised Vulcan, showing the 
onset temperature of their mass loss events and the approximate weight percent 

loading of POM within each composite. 

 

As the organic carbonaceous material is completely combusted, the 

weight of the residual inorganic material can be used to estimate the percentage 

weight loading of POM within the Vulcan and [O]V composites. The loadings are 

70.2 wt% and 55.7 wt% for {K6W18}@Vulcan and {K6W18}@[O]V, respectively. 

The discrepancy in loadings will be addressed later.   

3.3.3. Surface Characterisation  

X-ray photoelectron spectroscopy (XPS) is a highly sensitive technique 

used to analyse the surface chemistry of a material. XPS of Vulcan, [O]V, 

{K6W18}@Vulcan, and {K6W18}@[O]V was used to probe the concentrations, 

chemical environments and oxidation states of the components of the 

composite materials.  The atomic concentrations of elements present in each 

sample are presented in Table 1 and show that the oxygen concentrations of the 

carbons increased after treatment with H2SO4. The presence of tungsten in the 

composite materials confirms that the POMs were incorporated into both 

matrices.  
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Table 1 – Elemental atomic concentrations as determined by XPS. 

Sample Atomic Concentration % 
 C 1s O 1s S 2p W 4f 

Vulcan 94.2 4.6 0.6 0 

[O]V 68.2 22 5 0 

{K6W18}@V 87 9.6 0.3 1 

{K6W18}@[O]V 80 15.1 0.7 1 

 

 

Figure 4 - High-resolution XP spectra of the carbon matrices: (a) C 1s and (b) O 1s 
spectra of Vulcan and (c) C 1s and (d) O 1s spectra of [O]V. Note that the purple 

O−C=O fit in (c) overlaps with the experimental envelope peak centered at 288.7 eV. 

 

Analysis of the high-resolution XP spectra of the materials in the carbon 

regions (Figure 4a and 4c) reveals peaks at 284.7 eV due to the graphitic carbon 

in the Vulcan and [O]V, respectively.  The peaks at 285.0 eV and 285.8 eV are 

due to the presence of C-O functionalities in Vulcan and [O]V, respectively, while 

those at 286.2 eV are due to C=O functionalities. The peak at 288.6 eV in Figure 

1C is due to the presence of carboxylic acid functionalities (O-C=O) in [O]V.28,42–

45 Analysis of the O 1s region of the high-resolution XP spectra reveals the 
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presence of C-O (532.5 – 533 eV), C=O (531 – 532.2 eV) and O-C=O (533.3 eV) 

functionalities in each material (Figure 4b and 4d).42  

High-resolution W4f XP spectra of {K6W18}, {K6W18}@Vulcan, and 

{K6W18}@[O]V are shown in Figures 5, 6 and 7 respectively. Deconvolution of the 

W 4f photoemission signal in the spectrum of {K6W18} reveals a doublet with 

peaks at  35.6 eV and 37.7 eV, due to the W 4f7/2 and W 4f5/2 signals, respectively, 

as expected for W6+.46 The spectra of {K6W18}@Vulcan and {K6W18}@[O]V exhibit 

peaks centered at 36.2 eV 38.3 eV; the position and the shape of these peaks 

are again representative of W atoms with an oxidation state of +6.46 The O 1s 

peak for the POM-containing samples is in the range of 532 - 533 eV which is 

expected for the oxo ligands of the POMs.47  

 

Figure 5 - Deconvoluted W4f XPS spectra of {K6W18}. 
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Figure 6 - Deconvoluted W4f XPS spectra of {K6W18}@V. 

 

 

Figure 7 - Deconvoluted W4f XPS spectra of {K6W18}@[O]V. 

 



Chapter 3: Polyoxometalates Supported on Vulcan Carbon  141 
 

Overall, the XPS analysis indicates that the chemical oxidation of Vulcan 

leads to the introduction of hydrophilic carboxylic acid groups onto the carbon 

support and that both the pristine and oxidised Vulcan act as supports for the 

adsorption of POMs.  

3.3.4 Textural Characterisation  

SEM-EDX analysis was used to elucidate the morphology of the samples 

and study the homogeneity of the composite materials. Figure 8 offers a direct 

comparison of the morphologies of Vulcan and [O]V, illustrating the stark 

difference in their structure. Vulcan is quite ‘fluffy’ and dominated by loosely-

packed spherical aggregates, whereas [O]V has a much more compacted 

structure, with an apparently lower surface area. BET analysis of the materials 

revealed that the specific surface area (SBET) of Vulcan is 234 m2 g–1, while that 

of [O]V is lower at 108 m2 g–1. This finding is in line with previous studies that 

have shown that oxidation of Vulcan reduces porosity, leading to a decrease in 

specific surface area.27,41  The discrepancy in POM-loadings of the composites 

seen in the TGA data is likely to arise from a combination of the differences in 

surface area (high surface area favouring high loading) and chemistry of the 

carbons (oxidation improves tethering). Despite increasing the surface 

concentration of oxygenic groups which should have a higher affinity for POMs, 

the concomitant reduction in total surface areas leads to an overall lower 

loading of POMs onto Oxidised Vulcan.   
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Figure 8 - SEM images of unmodified Vulcan (left) and [O]V (right). 

 

Figure 9a shows an SEM image and the corresponding overall elemental map of 

{K6W18}@Vulcan. The image suggests that the deposition of the hydrophilic 

POMs onto the hydrophobic carbon results in a scattering of POM microcrystal 

agglomerates over the surface. This is in contrast to the SEM image and 

elemental map obtained for {K6W18}@[O]V, where a much more homogenous 

distribution of POM is achieved across the surface of [O]V (Figure 9b).  

 

Figure 9 - SEM images and the corresponding overall element map of the POM/Vulcan 

composites: (a) {K6W18}@Vulcan and (b) {K6W18}@[O]V; orange (tungsten), purple 
(carbon), and green (oxygen). 
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3.3.5 Electrochemical Characterisation in 1M Sulphuric Acid 

The electrochemical properties of Vulcan and [O]V were analysed by 

dropcasting GC electrodes with suspensions of both materials. This dropcast 

method is depicted in Figure 10. 

 

Figure 10 - Preparation of POM/Vulcan ink with binder and ethanol. Subsequent 
dropcasting and drying prior to use in a three electrode cell for solid state cyclic 

voltammetry. 

 

 Largely featureless voltammograms, which are characteristic of a 

capacitive material such as conductive carbon, were observed (Figure 11). A 

small oxidation peak is seen for Vulcan at approximately 0.2 V vs. Ag/AgCl which 

can be ascribed to oxidation of the Vulcan surface, given that the experiment 

was conducted in 1M H2SO4.  
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Figure 11 - Solid state CVs of Vulcan and Oxidised Vulcan in 1M H2SO4, recorded using 
a 3 mm diameter glassy carbon working electrode, a Pt counter electrode, and a 

Ag/AgCl reference electrode. The scan rate was 100 mv s–1. 

 

Solid-state voltammetry of the POM/Vulcan composites was performed 

to ascertain POM-induced redox activity. The electrodes were prepared as per 

Figure 10. For reference, the solution phase CV of {K6W18} dissolved in 1M 

aqueous H2SO4 is shown in Figure 12. Four redox couples I - IV (from positive to 

negative potentials) were observed which correspond two consecutive 1-

electron processes followed by two 2-electron processes (equations 1 – 4).  The 

latter are proton-coupled as seen in the literature and discussed in Chapter 2. 

The mid-point potential, 𝐸𝑚𝑖𝑑, and peak-to-peak separation, Δ𝐸𝑝, values of each 

redox couple are provided in Table 2. These are in good agreement with the 

values found in the literature.48  
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Figure 12 - Solution phase CV of {K6W18} in 1M H2SO4, recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

Equations 1 – 4 - Redox couples for {K6W18} in 1M H2SO4. 

 

Table 2 - Observed Midpoint Potentials (Emid) and Peak-to-Peak Separations (ΔEp) for 
{K6W18} in 1M H2SO4.  

Process Emid /V ΔEp/mV 

I/I’ 0.075 50 

II/II’ -0.08 42 

III/III’ -0.33 34 

IV/IV’ -0.56 32 

   

Emid = (Ec + Ea)/2; Ec = cathodic peak potential and Ea = anodic peak potential. 

 

I/I’: [P2W18O62]6– + e–⟷ [P2W18O62]7–   (1) 

II/II’: [P2W18O62]7– + e–⟷ [P2W18O62]8–   (2) 

III/III’: [P2W18O62]8– + 2e– + 2H+⟷ [H2P2W18O62]8–  (3) 

IV/IV’: [H2P2W18O62]8– + 2e– + 2H+ ⟷ [H4P2W18O62]8– (4) 
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Solid-state voltammetry of the POM/Vulcan composites revealed well-

defined redox waves, demonstrating that the POMs within each composite 

material were still electrochemically accessible. The CV of {K6W18}@V exhibits 

three reduction/oxidation couples; A/A’, B/B’ and C/C’ (Figure 13) whereas 

{K6W18}@[O]V exhibits four redox couples labelled I/I’, II/II’, III/III’, IV/IV’ (Figure 

14).   

 

Figure 13 – Solid state CV of {K6W18}@Vulcan in 1M H2SO4, recorded at a scan rate of 
100 mv s–1, showing cycles 10 – 300.  

 

Equations 5 – 7 - Redox couples for {K6W18}@Vulcan in 1M H2SO4. 

 

 

 

 

A/A’: [P2W18O62]6– + 2e– ⟷ [P2W18O62]8–   (5) 

B/B’: [P2W18O62]8– + 2e– + 2H+ ⟷ [H2P2W18O62]8–  (6) 

C/C’: [H2P2W18O62]8– + 2e– + 2H+ ⟷ [H4P2W18O62]8– (7) 
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Table 3 - Observed Midpoint Potentials (Emid) and Peak-to-Peak Separations (ΔEp) for 
{K6W18}@Vulcan in 1M H2SO4. 

Process Emid /V ΔEp/mV 

A/A’ -0.11 9 

B/B’ -0.33 19 

C/C’ -0.55 23 

 

 

Figure 14 – Solid state CV of {K6W18}@Oxidised Vulcan in 1M H2SO4, recorded at a 
scan rate of 100 mv s–1, showing cycles 10 – 500. 

 

Equations 8 – 11 - Redox couples for {K6W18}@Oxidised Vulcan in 1M H2SO4. 

 

 

 

I/I’: [P2W18O62]6– + e–⟷ [P2W18O62]7–   (8) 

II/II’: [P2W18O62]7– + e–⟷ [P2W18O62]8–   (9) 

III/III’: [P2W18O62]8– + 2e– + 2H+ ⟷ [H2P2W18O62]8–  (10) 

IV/IV’: [H2P2W18O62]8– + 2e– + 2H+ ⟷ [H4P2W18O62]8– (11) 
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Table 4 - Observed Midpoint Potentials (Emid) and Peak-to-Peak Separations (ΔEp) for 
{K6W18}@Oxidised Vulcan in 1M H2SO4. 

Process Emid /V ΔEp/mV 

I/I’ 0.182 77 

II/II’ 0.021 41 

III/III’ -0.31 70 

IV/IV’ -0.56 62 

 

Interestingly, processes I/I’ and II/II’ from the voltammogram of 

{K6W18}@[O]V appear to have coalesced to yield a single process (A/A’) in the 

voltammogram of {K6W18}@V.  Moreover, processes I/I’ and II/II’ are shifted by 

approximately 292 mV and 131 mV positive of process A/A’ (Figure 15). Indeed, 

they are even positively shifted relative to their redox potentials in the solution 

phase voltammogram (Figure 12, Table 2).  These data demonstrate that 

reduction of POMs at the oxidised carbon surface was more thermodynamically 

favourable than at the unoxidised surface, most likely due to interactions 

between the POM clusters and surface carboxylic acid groups. Processes B/B’ 

and C/C’ and processes III/III’ and IV/IV’ occur at the same potentials are remain 

largely unaffected by the nature of the Vulcan matrices.  
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Figure 15 - Overlay of second cycles of {K6W18}@Vulcan and {K6W18}@[O]V showing 
the positive shift in the midpoint potentials of processes I/I′ and II/II′ compared to 

process A/A′. 

 

It is interesting to note that the peaks for {K6W18}@V appear to be more 

symmetrical whereas those of {K6W18}@[O]V are slightly offset. Symmetrical 

peaks are expected for a surface-confined heterogenous process, but the offset 

in the redox peaks for {K6W18}@[O]V could be indicative that the processes are 

slightly diffusional in nature. This could allude to the presence of a combination 

of homogeneous and heterogenous electron-transfer states, where the POM 

remains tethered to the oxidised Vulcan surface while also participating in 

solution phase redox reactions.  

For a fully reversible surface-confined process, the peak-to-peak 

separation of a redox couple is expected to be 0 mV. For {K6W18}@V, the Δ𝐸𝑝 

values for processes A, B and C are much lower than for the [P2W18O32]6– anion 

dissolved in a solution of 1M H2SO4. The values were found to be 9, 19 and 23 

mV respectively, approaching the value of 0 mV, confirming that the processes 

are surface confined but quasi-reversible. The Δ𝐸𝑝 values for processes I, II, III 

and IV of {K6W18}@[O]V are further away from 0 mV and closer to the values 
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observed for [P2W18O32]6– dissolved in 1M H2SO4. We can surmise that 

discrepancies in these values arise from the complicated electron transfer 

mechanisms at play (combination of diffusion and surface confined 

electrochemistry), coupled with reduced reversibility.  

Analysis of the effects of increasing the voltammetric scan rate revealed 

that the peak heights for each redox couple in each composite material 

increased in direct proportion to the increasing scan rate (Figures 16 and 17), as 

expected for a surface-immobilised redox species.49  

 

 

Figure 16 - Peak currents of redox processes A – C for {K6W18}@Vulcan plotted against 
increasing scan rate. 
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Figure 17 - Peak currents of redox processes I – IV for {K6W18}@Oxidised Vulcan 
plotted against increasing scan rate. 

 

The composite materials were then subjected to electrochemical cycling 

tests to compare their POM retention over multiple charge-discharge cycles. In 

both experiments the currents observed in the initial scan decreased upon 

cycling, indicating that the molecular redox species were slowly lost from the 

electrode surface. The currents decreased more rapidly over time for 

{K6W18}@V and the redox processes observed in the voltammogram were 

almost entirely lost by the 250th cycle (Figure 13). In contrast, the currents 

decreased much more gradually over repeated cycling for the {K6W18}@[O]V 

sample, and the redox activity was clearly retained beyond the 500th cycle 

(Figure 14). These results demonstrate that the electrochemical stability of 

{K6W18}@[O]V is significantly enhanced compared to the non-oxidised analogue. 

Indeed, Figure 18 shows the impact of electrochemical cycling on the 

voltammogram peak current (processes III and B) and highlights the significant 

enhancement in POM retention induced by oxidation of the Vulcan. 
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Figure 18 - Peak current of processes III and B in the voltammograms of {K6W18}@[O]V 
and {K6W18}@Vulcan, respectively, over multiple charge−discharge cycles. The plots 

demonstrate the rapid loss of redox species from the unmodified carbon (V) 
compared to the effective retention of the POMs on the Oxidised Vulcan ([O]V). 

 

{K6W18} readily dissolves in 1M aqueous H2SO4, so the fact that the POM 

remained anchored to [O]V for hundreds of cycles is a validation of our 

experimental strategy. We propose that this stability stems from the carboxylic 

acid sites of [O]V providing anchorage points for the POMs via electrostatic 

interactions such as hydrogen bonding. This interaction hinders leaching of the 

electroactive material and translates to enhanced cycling stability.  

Though the redox processes observed for {K6W18}@V display the 

characteristics of surface-confined electrochemistry, the limited cycling 

performance of {K6W18}@Vulcan indicates that the redox species readily desorb 

from the surface; an unsurprising consequence of the relatively weak 

interaction between the POMs and the Vulcan support. As shown by the SEM 

and EDX, the POMs appear to sit on the carbon surface as block microcrystals, 

effectively minimizing the contact between the active species and the support.  



Chapter 3: Polyoxometalates Supported on Vulcan Carbon  153 
 

The percentage of POMs that were electrochemically accessible on the 

different matrices was calculated using the equation nE = Q/zF, where nE is the 

number of moles electrolysed, Q = the area under a CV peak (in this case, 

process III or process B), z = number of electrons transferred (2 e–) and F is 

Faraday’s constant. The nominal number of moles of POM present on the 

electrode was estimated using the mass difference before and after drop-

casting the slurry, combined with the percentage POM loading determined by 

thermal gravimetry (vide supra). The results of these calculations are shown in 

Table 5.  

 

Table 5 – Percentage of POMs electrochemically accessible over repeated cycling. 

Cycle no. {K6W18}@V (%) {K6W18}@[O]V (%) 

2 3.9 19 

10 3.4 16.5 

300 0.13 15 

500 - 10.3 

 

The two matrices exhibit significant differences in this regard; 19% of the 

POMs are reduced in the second reduction scan of {K6W18}@[O]V, while only 

3.9% are reduced in the voltammogram of {K6W18}@Vulcan. Upon 

electrochemical cycling, the accessibility values drop for both materials with 

{K6W18}@[O]V reaching 10.3% by the 500th cycle  and {K6W18}@Vulcan falling to 

0.13% by the 300th cycle. Despite the gravimetrically-determined POM loadings 

of 70.2% and 55.7% for {K6W18}@Vulcan and {K6W18}@[O]V, respectively, the 

material with the higher POM content ({K6W18}@Vulcan) has significantly fewer 

electrochemically-accessible sites than {K6W18}@[O]V. As evidenced from the 

SEM images, the presence of large microcrystals on the surface of Vulcan, which 

are electrically insulating mean that not all of the POMs in the crystals will be 

able to participate in redox reactions. In contrast, the better dispersion of POMs 

on the Oxidised Vulcan surface means that more POMs are in contact with the 

conductive support. This is reflected in the enhanced cycling stability of 
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{K6W18}@[O]V  compared to {K6W18}@V. These findings render the 

{K6W18}@[O]V system a more efficient and stable composite redox material, and 

more promising for energy storage applications, than the unmodified analogue, 

{K6W18}@Vulcan.  

3.3.6 Electrochemical Characterisation in Perchlorate-based 

Electrolytes 

Having already tested the solution phase voltammetry of the {K6W18} 

POM in perchlorate-based electrolytes in chapter 2, this next section is a 

complementary assessment of the electrochemical stability of the 

corresponding Vulcan and [O]V {K6W18} based composites in 1M HClO4, 1M 

LiClO4, 1M NaClO4 and 1M Mg(ClO4)2.  

1M HClO4 

Starting with 1M HClO4, the observed voltammograms for POM/Vulcan 

composites are parallel to those in 1M H2SO4. Four distinct processes are seen 

for {K6W18}@[O]V (processes I – IV) (Figure 19) analogous to {K6W18} in 1M HClO4 

solution (Figure 20), corresponding to two one-electron transfers proceeded by 

two two-electron proton-coupled processes.  
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Figure 19 – Solid state CV of {K6W18}@[O]V in 1M HClO4 recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

Equations 12 – 15 - Redox couples for {K6W18}@[O]V in 1M HClO4. 

 

I/I’: [P2W18O62]6– + e–⟷ [P2W18O62]7–   (12) 

II/II’: [P2W18O62]7– + e–⟷ [P2W18O62]8–   (13) 

III/III’: [P2W18O62]8– + 2e– + 2H+⟷ [H2P2W18O62]8–  (14) 

IV/IV’: [H2P2W18O62]8– + 2e– + 2H+ ⟷ [H4P2W18O62]8– (15) 
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Figure 20 – Solution phase CV of {K6W18} in 1M HClO4, recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

 

{K6W18}@V has three redox waves (A – C) corresponding to three two-

electron processes. Once again, the one-electron processes, I and II, present for 

{K6W18} in solution and {K6W18}@[O]V in the solid state, have consolidated to 

form a single two-electron process, A, for {K6W18}@V (Figure 20).  
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Figure 21 – Solid state CV of {K6W18}@V in 1M HClO4 recorded using a 3 mm diameter 
glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl reference 

electrode. The scan rate was 100 mv s–1. 

 

Equations 16 – 18 - Redox couples for {K6W18}@V in 1M HClO4. 

 

Moreover, processes I/I’ and II/II’ of {K6W18}@[O]V are shifted by 

approximately 267 mV and 125 mV positive of process A/A’ for {K6W18}@V 

(Figure 21). In fact, processes I/I’ and II/II’ for {K6W18}@[O]V are even positively 

shifted relative to their redox potentials in the solution phase voltammogram, 

by 81 mV and 95 mV respectively (Table 6). Process A/A’ is negatively shifted by 

186 mV and 30 mV with respect to process I/I’ and II/II’ of {K6W18}. These positive 

and negative shifts indicate that the reduction of {K6W18} is more 

thermodynamically favourable at the oxidised carbon surface, than at the 

unoxidised surface, most likely facilitated by the surface carboxylic acid groups. 

The potentials at which processes B/B’ and C/C’ for {K6W18}@V and processes 

A/A’: [P2W18O62]6– + 2e– ⟷ [P2W18O62]8–   (16) 

B/B’: [P2W18O62]8– + 2e– + 2H+ ⟷ [H2P2W18O62]8–  (17) 

C/C’: [H2P2W18O62]8– + 2e– + 2H+ ⟷ [H4P2W18O62]8–  (18) 
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III/III’ and IV/IV’ for {K6W18}@[O]V remain unchanged and occur at the same 

potentials observed for {K6W18} in solution (Table 6).  

 

Figure 22 - Stacked CVs featuring the solution phase CV of {K6W18} and the solid state 
voltammograms of {K6W18}@[O]V and {K6W18}@V to compare the redox profiles and 

peak shifts in 1M HClO4. 
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For {K6W18}@V, the Δ𝐸𝑝 values for processes A, B and C are lower than 

for the [P2W18O32]6– anion dissolved in a solution of 1M H2SO4. The values were 

found to be 12, 24 and 30 mV respectively, approaching the value of 0 mV, 

confirming that the processes are surface confined but quasi-reversible. The 

Δ𝐸𝑝 values {K6W18}@[O]V are less straightforward in their interpretation due to 

the mix of homogenous and heterogeneous electron transfer mechanisms, but 

as they are larger than expected for either surface-confined or diffusional 

processes, we can deduce they are less reversible in nature.  

 

Table 6 - Comparison of Emid and ΔEp values for {K6W18} dissolved in 1M HClO4 and for 
the {K6W18}@[O]V and {K6W18}@V solid state CVs in 1M HClO4. 

Process 
 {K6W18}  

Process 
{K6W18}@V  

Process 
{K6W18}@[O]V  

Emid/V ΔEp/mV Emid/V ΔEp/mV Emid/V ΔEp/mV 

I 0.034 45 A -0.15 12 I 0.12 77 

II -0.12 38 B -0.38 24 II -0.03 107 

III -0.37 38 C -0.60 30 III -0.35 113 

IV -0.60 34 - - - IV -0.60 107 

 

With regards to cyclability, there is a clear difference between the 

composites {K6W18}@V and {K6W18}@[O]V. The former shows a rapid loss in 

peak currents for the POM redox processes, indicating that the POMs are readily 

desorbed form the Vulcan surface over repeated cycling (Figure 23). Its stability 

does not persist beyond 100 cycles, after which only a capacitive current from 

the conductive Vulcan remains. For {K6W18}@[O]V, it is clear that the signature 

POM peaks are still accessible beyond 200 cycles (Figure 24). Cycling data after 

250 cycles was not included due to the onset of hydrogen evolution, obscuring 

the POM redox processes.  
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Figure 23 – Solid state CV of {K6W18}@Vulcan in 1M HClO4, recorded at a scan rate of 
100 mv s–1, showing cycles 2 – 200. 

 

Figure 24 - Solid state CV of {K6W18}@[O]V in 1M HClO4, recorded at a scan rate of 100 
mv s–1, showing cycles 2 – 250. 

  

 



Chapter 3: Polyoxometalates Supported on Vulcan Carbon  161 
 

1M LiClO4 

In the presence of the metal cations Li+/Na+/Mg2+, very interesting 

electrochemical behaviour is observed. In 1M LiClO4, the voltammogram for 

{K6W18}@[O]V (Figure 25) shows six distinct one-electron processes (I – VI), 

which are proton-decoupled, as previously seen for {K6W18} dissolved in 1M 

LiClO4 (Figure 26). In the presence of H+, these processes coalesce to produce 

two two-electron redox waves. All six one-electron redox processes for 

{K6W18}@[O]V occur at similar potentials to those of the solution phase 

voltammogram, albeit at slightly more positive potentials with the positive shifts 

ranging between 20 – 62 mV (Table 7).  

 

Figure 25 - Solid state CV of {K6W18}@[O]V in 1M LiClO4 recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 
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Equations 19 – 24 - Redox couples for {K6W18}@[O]V in 1M LiClO4. 

 

 

Figure 26 - Solution phase CV of {K6W18} in 1M LiClO4, recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

{K6W18}@V has five redox waves (A – E) corresponding to one two-

electron process followed by four one-electron processes. As seen previously in 

the presence of 1M H2SO4 and 1M HClO4, the first two one-electron processes, 

I and II, present for {K6W18} in solution and {K6W18}@[O]V in the solid state, have 

coalesced to form a single two-electron process, A, for {K6W18}@V (Figure 27).  

I/I’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–   (19) 

II/II’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–   (20) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–   (21) 

IV/IV’: [P2W18O62]9– + e– ⟷ [P2W18O62]10–   (22) 

V/V’: [P2W18O62]10– + e– ⟷ [P2W18O62]11–    (23) 

VI/VI’: [P2W18O62]11– + e– ⟷ [P2W18O62]12–    (24) 
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Figure 27 - Solid state CV of {K6W18}@V in 1M LiClO4 recorded using a 3 mm diameter 
glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl reference 

electrode. The scan rate was 100 mv s–1. 

 

Equations 25 – 29 - Redox couples for {K6W18}@V in 1M LiClO4. 

 

 

The mid-point potential for process A/A’ is negatively shifted from 

processes I/I’ and II/II’ for {K6W18} in 1M LiClO4 by 205 mV and 30 mV 

respectively (Figure 28). Process A/A’ is 243 mV and 91 mV more negative than 

processes I/I’ and II/II’ of {K6W18}@[O]V. Processes I/I’ and II/II’ for {K6W18}@[O]V 

are positively shifted by 38 mV and 62 mV with respect to processes I/I’ and II/II’ 

for {K6W18} dissolved in 1M LiClO4. Processes B – E for {K6W18}@V and processes 

III – VI for {K6W18}@[O]V occur at comparable potentials to {K6W18} dissolved in 

solution. These results signify that process A of {K6W18}@V and processes I and 

A/A’: [P2W18O62]6– + 2e– ⟷ [P2W18O62]8–   (25) 

B/B’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–   (26) 

C/C’: [P2W18O62]9– + e– ⟷ [P2W18O62]10–   (27) 

D/D’: [P2W18O62]10– + e– ⟷ [P2W18O62]11–   (28) 

E/E’: [P2W18O62]11– + e– ⟷ [P2W18O62]12–    (29) 
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II of {K6W18}@[O]V are the most influenced by the presence of Li+. However, the 

surface chemistry of the oxidised Vulcan support plays some cooperative role in 

rendering the redox processes more thermodynamically favourable as the 

general trend is that positive potential shifts occur on the oxidised Vulcan 

support and negative potential shifts are associated with the unmodified Vulcan 

(Table 7). The rest of the processes (B – E of {K6W18}@V and III – VI 

{K6W18}@[O]V) remain largely unaffected by the presence of Li+ or the 

environment of the conductive carbon support, as evidenced by their very small 

shifts in 𝐸𝑚𝑖𝑑  values when compared to the potentials observed for {K6W18} 

dissolved in solution (Table 7). This finding is in line with what was previously 

observed in Chapter 2 where only the first two processes of {K6W18} experienced 

a positive shift when moving from the acidic electrolytes to the basic metal 

cation-based electrolytes.  
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Figure 28 - Stacked CVs featuring the solution phase CV of {K6W18} and the solid state 
voltammograms of {K6W18}@[O]V and {K6W18}@V to compare the redox profiles and 

peak shifts in 1M LiClO4. 
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Table 7 - Comparison of Emid and ΔEp values for {K6W18} dissolved in 1M LiClO4 and for 
the {K6W18}@[O]V and {K6W18}@V solid state CVs in 1M LiClO4. 

Process 
 {K6W18}  

Process 
{K6W18}@V  

Process 
{K6W18}@[O]V  

Emid/V ΔEp/mV Emid/V ΔEp/mV Emid/V ΔEp/mV 

I 0.064 50 A -0.14 26 I 0.10 104 

II -0.11 49 B -0.49 36 II -0.05 100 

III -0.50 57 C -0.69 34 III -0.47 84 

IV -0.68 65 D -0.96 28 IV -0.65 83 

V -0.98 88 E -1.09 60 V -0.96 97 

VI -1.11 87 - - - VI -1.10 98 

 

Electrochemical cycling revealed a stark contrast in stability between the 

composites {K6W18}@V and {K6W18}@[O]V. {K6W18}@V shows significantly 

reduced stability in the presence of Li+, than when in the presence of H+. In 1M 

LiClO4, the signature POM redox processes are lost in between cycles 2 and 10 

(Figure 29).  For {K6W18}@[O]V, the loss of redox active material from the 

oxidised Vulcan surface is much more gradual,  and can be cycled 250 times 

before the complete loss of POM is seen (Figure 30). 
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Figure 29 - Solid state CV of {K6W18}@Vulcan in 1M LiClO4, recorded at a scan rate of 
100 mv s–1, showing cycles 2 – 100. 

 

 

Figure 30 - Solid state CV of {K6W18}@[O]V in 1M LiClO4, recorded at a scan rate of 100 
mv s–1, showing cycles 2 – 300. 

 



Chapter 3: Polyoxometalates Supported on Vulcan Carbon  168 
 

The Δ𝐸𝑝 values for processes A – E of {K6W18}@V and I – VI of 

{K6W18}@[O]V are larger than expected for their respective electronic 

assignments (two-electron or one-electron processes). Coupled with the fact 

that some of the processes are ill-defined, namely E/E’ and V/V – VI/VI’, it is clear 

that both systems operate in a quasi-reversible regime. Whether the processes 

are surface-confined or diffusion controlled cannot be ascertained so easily 

either, as particularly for the {K6W18}@V material, scan rate studies were not 

possible due to the rapid dissolution of POM in the time-frame of the 

experiment.  

1M NaClO4 

The electrochemical behaviour in the presence of Na+ is akin to the 

behaviour witnessed in the presence of Li+. In 1M NaClO4, the voltammogram 

for {K6W18}@[O]V (Figure 31) shows six distinct one-electron processes (I – VI), 

as previously seen for {K6W18} dissolved in 1M NaClO4 (Figure 32). Following the 

trend thus far, all six of these redox processes for {K6W18}@[O]V occur at 

comparable potentials to those of the solution phase voltammogram. Positive 

shifts ranging between 6 – 50 mV are observed (Table 8).  
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Figure 31 - Solid state CV of {K6W18}@[O]V in 1M NaClO4 recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

Equations 30 – 35 - Redox couples for {K6W18}@[O]V in 1M NaClO4. 

 

I/I’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–   (30) 

II/II’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–   (31) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–   (32) 

IV/IV’: [P2W18O62]9– + e– ⟷ [P2W18O62]10–   (33) 

V/V’: [P2W18O62]10– + e– ⟷ [P2W18O62]11–    (34) 

VI/VI’: [P2W18O62]11– + e– ⟷ [P2W18O62]12–    (35) 
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Figure 32 - Solution phase CV of {K6W18} in 1M NaClO4, recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

{K6W18}@V has five redox waves (A – E) corresponding to one two-

electron process followed by four one-electron processes. As seen previously in 

the presence of 1M H2SO4, 1M HClO4 and 1M LiClO4, the first two one-electron 

processes, I and II, present for {K6W18} in solution and {K6W18}@[O]V in the solid 

state, have coalesced to form a single two-electron process, A, for {K6W18}@V 

(Figure 33).  
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Figure 33 - Solid state CV of {K6W18}@V in 1M NaClO4 recorded using a 3 mm diameter 
glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl reference 

electrode. The scan rate was 100 mv s–1. 

 

Equations 36 – 40 - Redox couples for {K6W18}@V in 1M NaClO4. 

 

 

The mid-point potential for process A/A’ is negatively shifted from 

processes I/I’ and II/II’ for {K6W18} in 1M NaClO4 by 247 mV and 70 mV 

respectively. Process A/A’ is 280 mV and 120 mV more negative than processes 

I/I’ and II/II’ of {K6W18}@[O]V. Processes I/I’ and II/II’ for {K6W18}@[O]V are 

positively shifted by 33 mV and 50 mV with respect to processes I/I’ and II/II’ for 

{K6W18} dissolved in 1M NaClO4. The 𝐸𝑚𝑖𝑑  values for processes B – E for 

{K6W18}@V and processes III – VI for {K6W18}@[O]V occur at comparable 

potentials to {K6W18} dissolved in solution, with the general trend being that 

A/A’: [P2W18O62]6– + 2e– ⟷ [P2W18O62]8–   (36) 

B/B’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–   (37) 

C/C’: [P2W18O62]9– + e– ⟷ [P2W18O62]10–   (38) 

D/D’: [P2W18O62]10– + e– ⟷ [P2W18O62]11–   (39) 

E/E’: [P2W18O62]11– + e– ⟷ [P2W18O62]12–    (40) 
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positive potential shifts occur on the oxidised Vulcan support and negative shifts 

are associated with the unmodified Vulcan (Table 8).  

 

Figure 34 - Stacked CVs featuring the solution phase CV of {K6W18} and the solid state 
voltammograms of {K6W18}@[O]V and {K6W18}@V to compare the redox profiles and 

peak shifts in 1M NaClO4. 
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Table 8 - Comparison of Emid and ΔEp values for {K6W18} dissolved in 1M NaClO4 and for 
the {K6W18}@[O]V and {K6W18}@V solid state CVs in 1M NaClO4. 

Process 
 {K6W18}  

Process 
{K6W18}@V  

Process 
{K6W18}@[O]V  

Emid/V ΔEp/mV Emid/V ΔEp/mV Emid/V ΔEp/mV 

I 0.082 52 A -0.17 20 I 0.12 200 

II -0.09 47 B -0.49 20 II -0.045 220 

III -0.47 52 C -0.66 25 III -0.44 218 

IV -0.65 52 D -0.95 35 IV -0.62 231 

V -0.94 56 E -1.1 30 V -0.94 246 

VI -1.09 50 - - - VI -1.09 226 

 

Electrochemical cycling yielded similar voltammograms to those of the 

composites in 1M LiClO4. In the presence of Na+, {K6W18}@V  shows poor cycling 

stability, as the signature POM redox processes are rapidly lost in between 

cycles 2 and 10, beyond which only the capacitive current of Vulcan is observed 

(Figure 35). However this loss of redox active material from the oxidised Vulcan 

surface is much more steady and it can be seen that {K6W18}@[O]V can be cycled 

250 times before the complete loss of POM redox activity is observed (Figure 

36).  

The Δ𝐸𝑝 values for processes A – E of {K6W18}@V in 1M NaClO4 are 

smaller and closer to 0 mV than the Δ𝐸𝑝 values for processes A – E of {K6W18}@V 

in 1M LiClO4. Additionally, the forward and reverse waves are better resolved in 

NaClO4 than LiClO4. This suggests that the surface-confined redox processes are 

more reversible in the presence of Na+ than Li+, even though this reversibility is 

only short-lived. In contrast, the Δ𝐸𝑝 values for processes I – VI of {K6W18}@[O]V 

are much larger (> 200 mV) than expected for a one-electron surface-confined 

or diffusion-controlled processes, meaning the redox activity of {K6W18}@[O]V 

operates in the quasi-reversible/irreversible regime. Scan rate studies were not 

possible due to the rapid dissolution of POM in the time-frame of the 

experiment, especially for {K6W18}@V.  
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Figure 35 - Solid state CV of {K6W18}@Vulcan in 1M NaClO4, recorded at a scan rate of 
100 mv s–1, showing cycles 2 – 50. 

 

Figure 36 - Solid state CV of {K6W18}@[O]V in 1M NaClO4, recorded at a scan rate of 
100 mv s–1, showing cycles 2 – 300. 
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IM Mg(ClO4)2 

Finally, in the case of Mg(ClO4)2, the redox profiles for {K6W18}@V and 

{K6W18}@[O]V follow the same general trends as seen for LiClO4 and NaClO4, but 

with some notable differences in the cycling. In the presence of Mg2+, the 

voltammogram for {K6W18}@[O]V (Figure 37) shows six distinct one-electron 

processes (I – VI), analogous to the solution phase voltammogram of {K6W18} 

(Figure 38). The 𝐸𝑚𝑖𝑑 values for the six redox processes of {K6W18}@[O]V are  

similar to those of the dissolved moiety with some small positive shifts ranging 

between 15 – 53 mV (Table 9).  

 

Figure 37 - Solid state CV of {K6W18}@[O]V in 1M Mg(ClO4)2 recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 
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Equations 41 – 46 - Redox couples for {K6W18}@[O]V in 1M Mg(ClO4)2. 

 

 

Figure 38 - Solution phase CV of {K6W18} in 1M Mg(ClO4)2, recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

Figure 39 shows that {K6W18}@V exhibits five redox waves (A – E) in line 

with results observed with the other metal salts. Process A is a two-electron 

process which is the product of the first two one-electron processes I and II 

merging (I and II for {K6W18} in solution and {K6W18}@[O]V in the solid state). 

Process A is followed by four successive one-electron processes (B – E).  

I/I’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–   (41) 

II/II’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–   (42) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–   (43) 

IV/IV’: [P2W18O62]9– + e– ⟷ [P2W18O62]10–   (44) 

V/V’: [P2W18O62]10– + e– ⟷ [P2W18O62]11–    (45) 

VI/VI’: [P2W18O62]11– + e– ⟷ [P2W18O62]12–    (46) 
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Figure 39 - Solid state CV of {K6W18}@Vulcan in 1M Mg(ClO4)2 recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

Equations 47 – 51 - Redox couples for {K6W18}@V in 1M Mg(ClO4)2. 

 

 

The mid-point potential for process A/A’ is negatively shifted from 

processes I/I’ and II/II’ for {K6W18} in 1M Mg(ClO4)2 by 183 mV and 21 mV 

respectively. Process A/A’ is 198 mV and 102 mV more negative than processes 

I/I’ and II/II’ of {K6W18}@[O]V. Processes I/I’ and II/II’ for {K6W18}@[O]V are 

positively shifted by 15 mV and 46 mV with respect to processes I/I’ and II/II’ for 

{K6W18} dissolved in 1M Mg(ClO4)2. The 𝐸𝑚𝑖𝑑  values for processes B – E for 

{K6W18}@V and processes III – VI for {K6W18}@[O]V occur at similar potentials to 

the parent anion {K6W18} dissolved in solution. The general trend has persisted 

A/A’: [P2W18O62]6– + 2e– ⟷ [P2W18O62]8–   (47) 

B/B’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–   (48) 

C/C’: [P2W18O62]9– + e– ⟷ [P2W18O62]10–   (49) 

D/D’: [P2W18O62]10– + e– ⟷ [P2W18O62]11–   (50) 

E/E’: [P2W18O62]11– + e– ⟷ [P2W18O62]12–    (51) 



Chapter 3: Polyoxometalates Supported on Vulcan Carbon  178 
 

whereby positive potential shifts occur on the oxidised Vulcan support, but 

negative shifts are linked to the unmodified Vulcan (Table 9).  

 

Figure 40 - Stacked CVs featuring the solution phase CV of {K6W18} and the solid state 
voltammograms of {K6W18}@[O]V and {K6W18}@V to compare the redox profiles and 

peak shifts in 1M Mg(ClO4)2. 
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Table 9 - Comparison of Emid and ΔEp values for {K6W18} dissolved in 1M Mg(ClO4)2 and 
for the {K6W18}@[O]V and {K6W18}@V solid state CVs in 1M Mg(ClO4)2. 

Process 
 {K6W18}  

Process 
{K6W18}@V  

Process 
{K6W18}@[O]V  

Emid/V ΔEp/mV Emid/V ΔEp/mV Emid/V ΔEp/mV 

I 0.099 49 A -0.084 68 I 0.11 131 

II -0.064 45 B -0.43 46 II -0.018 132 

III -0.44 52 C -0.60 46 III -0.40 142 

IV -0.60 49 D -0.89 46 IV -0.56 152 

V -0.89 51 E -1.03 54 V -0.84 177 

VI -1.03 45 - - - VI -1.00 122 

 

In the presence of Mg2+, {K6W18}@V still shows poor cycling stability 

(Figure 41). However the loss of redox processes attributed to the POM does 

not commence until after the 25th cycle, as opposed to the Li+ and Na+ 

environments where this loss occurs between cycles 2 and 10. The most 

remarkable difference in the cycling data for {K6W18}@[O]V in the presence of 

Mg2+ is that the loss of POM from the oxidised Vulcan is much less pronounced, 

such that the signature POM peaks are retained at 500 cycles (Figure 42). This is 

in contrast to the cycling data for {K6W18}@[O]V in 1M LiClO4 and NaClO4 where 

the POM redox profile was not discernible beyond 250 cycles.  

The Δ𝐸𝑝 values for processes A – E of {K6W18}@V and I – VI of 

{K6W18}@[O]V are difficult to interpret due to a combination of factors such as 

ill-defined peaks, interplay of surface-confined or diffusion controlled processes 

and a lack of scan rate studies. From what we know about the solution phase 

voltammogram of {K6W18}, it is reasonable to suggest the composites 

{K6W18}@V and {K6W18}@[O]V also display quasi-reversible behaviour.  
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Figure 41 - Solid state CV of {K6W18}@V in 1M Mg(ClO4)2, recorded at a scan rate of 
100 mv s–1, showing cycles 2 – 100. 

 

Figure 42 - Solid state CV of {K6W18}@[O]V in 1M Mg(ClO4)2, recorded at a scan rate of 
100 mv s–1, showing cycles 2 – 500. 
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Summary 

In all cases, it was observed that the oxidised Vulcan support exhibited 

enhanced POM retention during electrochemical cycling vs. the unmodified 

Vulcan. In the presence of the metal cations Li+/Na+/Mg2+, additional interesting 

electrochemical behaviour is observed. As we know from the solution phase 

voltammograms, pH plays a substantial part in dictating the redox profiles of 

POMs. However, from the solution phase experiments, we also know that the 

{K6W18} moiety is fundamentally stable in the perchlorate electrolytes and thus 

changes in the solid-state are induced by the nature of the Vulcan support.  

Regarding the solution phase voltammograms, positive shifts in the first 

two processes, I and II, for {K6W18} dissolved in the metal-based electrolytes was 

indicative of ion-pairing between the Li+/Na+/Mg2+ cations with the singly and 

doubly reduced {K6W18} anion. In the case of the composites, the first two 

processes, I and II for {K6W18}@[O]V remain as one-electron processes as seen 

in the solution CVs and it also retains proton decoupled behaviour in the 

presence of Li+/Na+/Mg2+ with six sequential monoelectronic processes. But in 

the case of the {K6W18}@V composite, the first two one-electron processes 

always coalesce to produce a single two-electron redox process, A/A’. 

Additionally, I and II for {K6W18}@[O]V are always positively shifted in relation to 

process A. This would imply that the difference in surface chemistry between 

the oxidised Vulcan and unmodified Vulcan impacts the nature of the cation 

association interaction.  

{K6W18}@V shows better cycling stability in presence of H+ (100 cycles) 

when compared to Li+/Na+/Mg2+ (< 25 cycles).  It is possible that metal cation 

association exacerbates the dissolution of the POMs adhered ono the 

hydrophobic Vulcan surface. The destabilisation of the redox active species 

(POM) on the surface is effectively brought about by the relatively strong 

interactions between the solvated cations in solution and the POM. In the case 

of protons, the steric component contributing to the destabilisation of POMs 

from the Vulcan surfaces is inconsequential. Whereas in the case of the metal 
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cations, which possess larger hydrated radii, a steric factor is introduced with 

respect to charge balancing which is no longer trivial.  

The oxidised Vulcan support has a surface decorated with carboxylic acid 

groups, providing anchorage points for POM tethering during electrochemical 

cycling. As such, it is likely that during charge balancing, the metal cations can 

associate with the reduced POMs via an interaction with the weakly acidic 

carboxylic acid groups. The combined effect of the surface chemistry and 

effective metal cation association could explain the prominent differences in 

electrochemical cyclability between the unmodified Vulcan and oxidised Vulcan 

composites. This synergy is most pronounced for the {K6W18}@[O]V composite 

in Mg(ClO4)2, which is the least basic (pH 7) and has double the cycling capability 

compared to LiClO4 and NaClO4. Interestingly, no ‘penalty’ is incurred for ion-

pairing with a divalent cation. The Mg2+ cation could be bound to both the POM 

and the carboxylic acid sites on the oxidised Vulcan surface. This charge 

balancing conundrum is very intriguing for energy storage applications, as 

effectively half the number of cations is needed to charge balance the {K6W18} 

anion reduced by six electrons. Certainly, this phenomenon warrants further 

work for investigation.   

3.3.7 Electrochemical Characterisation in Battery Solvent 

The electrochemical behaviour of the {K6W18}@V and {K6W18}@[O]V 

composites were tested in non-aqueous battery solvent (1M lithium 

hexafluorophosphate (LiPF6) in 50/50 (v/v) ethylene carbonate (EC):ethyl methyl 

carbonate (EMC)). This study was conducted to further explore the effect of 

surface oxidation of Vulcan in a traditional battery solvent with a view towards 

energy storage applications. The solution phase voltammogram of {K6W18} 

dissolved in the battery solvent from Chapter 2 is shown in Figure 43. 



Chapter 3: Polyoxometalates Supported on Vulcan Carbon  183 
 

 

Figure 43 – Solution phase CV of {K6W18} in 1M LiPF6 in EC/EMC, performed in the 
glovebox, using a 3 mm GC WE, Pt CE, LFP reference electrode which was then 

converted to Li/Li+. The scan rate was 50 mV s−1. 

 

Equations 52 – 54 - Redox couples for {K6W18} in battery solvent. 

 

Solid-state voltammetry of the composites revealed three redox waves, 

demonstrating that the POMs within each composite material were still 

electrochemically accessible in the organic battery solvent. Both CVs exhibit 

three monoelectronic reduction/oxidation couples; A/A’, B/B’, C/C’ for 

{K6W18}@V (Figure 44, Equations 55 – 57) and I/I’, II/II’, III/III’ for {K6W18}@[O]V 

(Figure 45, Equations 58 – 60). Contrary to what was previously observed in the 

aqueous electrolytes, the 𝐸𝑚𝑖𝑑 values for all three processes in each composite 

are close to the 𝐸𝑚𝑖𝑑 values for {K6W18} dissolved in the battery solvent. As such, 

no large positive or negative shifts were observed. The differences in the Vulcan 

I/I’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–             (52) 

II/II’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–             (53) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–            (54) 
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and [O]V surface chemistry also have little influence over the 𝐸𝑚𝑖𝑑 values as 

generally the [O]V support induced positive shifts in aqueous environments. 

 

Table 10 - Comparison of Emid and ΔEp values for {K6W18} dissolved in battery solvent 
and for the {K6W18}@[O]V and {K6W18}@V solid state CVs in battery solvent. 

Process 
 {K6W18}  

Process 
{K6W18}@V  

Process 
{K6W18}@[O]V  

Emid/V ΔEp/mV Emid/V ΔEp/mV Emid/V ΔEp/mV 

I 3.47 75 A 3.54 227 I 3.49 149 

II 3.30 117 B 3.34 217 II 3.29 171 

III 3.01 142 C 3.07 244 III 3.03 191 

 

 However, looking at the cycling data, there is an undeniable difference 

in cyclability, arising from the chemical differences of the supports.  For the 

{K6W18}@V composite, a very rapid desorption of POM from the surface of 

Vulcan is observed (cycles 10 – 15).  

 

Figure 44 - Solid state CV of {K6W18}@Vulcan in 1M LiPF6 in EC/EMC, performed in the 
glovebox, using a 3 mm GC WE, Pt CE, LFP reference electrode which was then 

converted to Li/Li+. The scan rate was 50 mV s−1. 
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Equations 55 – 57 - Redox couples for {K6W18}@V in battery solvent. 

 

In contrast, the {K6W18}@[O]V demonstrates enhanced cyclability with 

redox activity still being observed at 400 cycles. This is impressive given the 

highly polar nature of the solvent, though the processes do become less 

reversible over time (Δ𝐸𝑝 > 59 mV).  It is very interesting that the dissolution of 

POM off the Vulcan surface happens so quickly, given that the {K6W18} does not 

readily dissolve in the organic battery solvent without agitation. Thus, 

immobilisation on the oxidised Vulcan provides a superior platform for Li+ cation 

exchange. The driving force for the POM dissolution from the Vulcan vs. [O]V is 

undoubtedly due to the mode of attachment of the POM on each support. The 

carboxylic acid groups provide efficient anchorage sites for the POM to remain 

‘docked’ at the oxidised Vulcan surface, this supportive interaction is absent for 

the unmodified Vulcan surface. As seen from the SEM images, POM 

agglomerates are adhered to the surface of the unmodified Vulcan, and these 

are readily lost during electrochemical characterisation and cycling.  

A/A’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–             (55) 

B/B’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–             (56) 

C/C’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–             (57) 
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Figure 45 - Solid state CV of {K6W18}@[O]Vulcan in 1M LiPF6 in EC/EMC, performed in 
the glovebox, using a 3 mm GC WE, Pt CE, LFP reference electrode which was then 

converted to Li/Li+. The scan rate was 50 mV s−1. 

 

Equations 58 – 60 - Redox couples for {K6W18}@[O]V in battery solvent. 

 

3.38 Oxidation Using Acidic Polyoxometalates  

As evidenced from the findings above, oxidation of the Vulcan surface 

has a clear benefit with respect to POM retention during electrochemical 

cycling. We hypothesised that the superacid Wells-Dawson H6[P2W18O62], and 

the free acid Keggin motif H3[PW12O40] could be used to perform a simultaneous 

in-situ oxidation and adsorption to the Vulcan surface. In this sense, Vulcan was 

stirred in solutions of either {H3W12} or {H6W18} and the composites are denoted 

as {H3W12}@V and {H6W18}@V. The properties of these composites were 

compared to the composites {H3W12}@[O]V and {H6W18}@[O]V which were 

prepared by adding already Oxidised Vulcan (by 2M H2SO4 as detailed in 

I/I’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–             (58) 

II/II’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–             (59) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–            (60) 
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experimental section) to solution of the {H3W12} or {H6W18} POM. This study was 

done to explore the difference in countercation (K+ vs. H+) and its influence on 

the preparation of such Vulcan based composites. 

Keggin/Vulcan Composites 

Starting with the TGA data for the Keggin/Vulcan composites, the onset 

of their decomposition events occurs at similar temperatures (Figure 46). With 

respect to the approximate POM loading, we see a parallel with the {K6W18} 

composites whereby the unmodified Vulcan has a higher POM loading vs. the 

oxidised support: 46.7% loading for {H3W12}@V is and 29.5% for {H3W12}@[O]V.  

 

Figure 46 – TG curves for {H3W12}@Vulcan and {H3W12}@ Oxidised Vulcan, showing 
the onset temperature of their mass loss events and the approximate weight percent 

loading of POM within each composite. 

 

The electrochemical behaviour of the Keggin/Vulcan composites in 1M 

H2SO4 presents some similarities and some differences to what was previously 

observed for the {K6W18}/Vulcan composites. {H3W12}@V and {H3W12}@[O]V 

retain the same redox profile as {H3W12} dissolved in 1M H2SO4 (Figure 47).  
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Figure 47 – Solution phase CV of {H3W12} in 1M H2SO4 performed using a 3 mm 
diameter GC working electrode, a Pt counter electrode, and a Ag/AgCl reference 

electrode. The scan rate was 100 mV s−1. 

 

Equations 61 – 63 - Redox couples for {H3W12} in 1M H2SO4.  

 

Both voltammograms show three redox waves corresponding to two 

one-electron processes, followed by a proton-coupled two-electron process.50 

No merging of the one-electron processes is observed: the first two processes I 

and II for {H3W12} in solution remain as I and II for {H3W12}@[O]V (Figure 48) and 

correspond to A and B for {H3W12}@V (Figure 49) in the solid state.  

I/I’: [PW12O40]3– + e– ⟷ [PW12O40]4–    (61) 

II/II’: [PW12O40]4– + e– ⟷ [PW12O40]5–   (62) 

III/III’: [PW12O40]5– + 2e– + 2H+ ⟷ [H2PW12O40]5–   (63) 
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Figure 48 - Solid state CV of {K6W18}@[O]V in 1M H2SO4 recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

Equations 64 – 66 - Redox couples for {H3W12}@[O]V in 1M H2SO4. 

 

 

I/I’: [PW12O40]3– + e– ⟷ [PW12O40]4–    (64) 

II/II’: [PW12O40]4– + e– ⟷ [PW12O40]5–   (65) 

III/III’: [PW12O40]5– + 2e– + 2H+ ⟷ [H2PW12O40]5–   (66) 
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Figure 49 - Solid state CV of {K6W18}@[O]V in 1M H2SO4 recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

Equations 67 – 69 - Redox couples for {H3W12}@V in 1M H2SO4. 

 

Processes A and B and processes I and II for {H3W12}@[O]V are negatively 

shifted compared to processes I and II {H3W12}  in solution (negative shifts vs. I 

and II in solution: A = 103 mV B = 88 mV, I = 111 mV, II = 113 mV). Processes C 

and III for {H3W12}@V and {H3W12}@[O]V respectively, occur at similar potentials 

to III in solution (Figure 50, Table 11). More interestingly, the 𝐸𝑚𝑖𝑑 values for 

processes A, B and C of {H3W12}@V are very close to the 𝐸𝑚𝑖𝑑 values for 

processes I, II and III for {H3W12}@[O]V. This is in contrast to the {K6W18}/Vulcan 

composites where an obvious positive shift for the first two processes was 

always observed on the oxidised surface, demonstrating the oxidised support 

provided a more favourable environment for reduction to occur. The fact that 

the 𝐸𝑚𝑖𝑑  values for the Keggin/Vulcan composites are so comparable indicates 

A/A’: [PW12O40]3– + e– ⟷ [PW12O40]4–   (67) 

B/B’: [PW12O40]4– + e– ⟷ [PW12O40]5–   (68) 

C/C’ [PW12O40]5– + 2e– + 2H+ ⟷ [H2PW12O40]5–   (69) 
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that the Keggin was able to oxidise the Vulcan support to some extent (though 

unlikely to the same chemical extent as the oxidation method to produce 

[O]Vulcan). However, control experiments with the potassium salt of the Keggin 

are needed to further support this conclusion. 
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Figure 50 - Stacked CVs featuring the solution phase CV of {H3W12} and the solid state 
voltammograms of {H3W12}@[O]V and {H3W12}@V to compare the redox profiles and 

peak shifts in 1M H2SO4. 
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Table 11 - Comparison of Emid and ΔEp values for {H3W12} dissolved in 1M H2SO4 and 
for the {H3W12}@[O]V and {H3W12}@V solid state CVs in 1M H2SO4. 

Process 
 {H3W12}  

Process 
{H3W12}@V  

Process 
{H3W12}@[O]V  

Emid/V ΔEp/mV Emid/V ΔEp/mV Emid/V ΔEp/mV 

I 0.032 44 A -0.07 123 I -0.08 37 

II -0.23 42 B -0.32 171 II -0.34 51 

III -0.56 28 C -0.53 166 III -0.55 23 

 

For a fully reversible surface-confined process, the peak-to-peak 

separation of a redox couple is expected to be 0 mV. The Δ𝐸𝑝 values for 

{H3W12}@V are much larger than 0 mV and the peaks are not symmetrical, so it 

is clear the {H3W12}@V composite operates in the quasi-reversible/irreversible 

regime. The 𝛥𝐸𝑝 values for {H3W12}@[O]V are approaching the value of 0 mV, 

confirming that the processes are surface-confined but quasi-reversible. Process 

III seems to be the most reversible (Δ𝐸𝑝 = 23 mV).  

With regards to electrochemical cyclability, the {H3W12}@[O]V still 

outperformed the {H3W12}@V composite, though the cyclability is poorer 

overall when directly compared to the {K6W18) composites. The intensity in peak 

current for {H3W12}@V diminished quickly with cycling and was only stable up 

until 50 cycles (Figure 51), whereas {H3W12}@[O]V showed a more gradual loss 

of {H3W12} from the surface, and was stable to approximately 200 cycles (Figure 

52).  
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Figure 51 - Solid state CV of {H3W12}@V in 1M H2SO4, recorded at a scan rate of 100 
mv s–1, showing cycles 2 – 100. 

 

Figure 52 - Solid state CV of {H3W12}@[O]V in 1M H2SO4, recorded at a scan rate of 
100 mv s–1, showing cycles 2 – 250. 
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Acid Dawson/Vulcan Composites 

For the acidic Dawson/Vulcan composites, the TGA data shows that the 

onset of their decomposition events occurs at similar temperatures (Figure 53). 

As seen previously, the unmodified Vulcan bears a much higher POM loading vs. 

the oxidised support: 82% loading for {H6W18}@V and 54% for {H6W18}@[O]V. 

Higher loadings on the Vulcan support have been consistently observed for the 

different POMs. As we saw from the SEM images, large POM crystallites 

aggregate on the Vulcan surface, in contrast to the more uniform deposition for 

the Oxidised Vulcan. 

 

Figure 53 - TG curves for {H6W18}@Vulcan and {H6W18}@ Oxidised Vulcan, showing the 
onset temperature of their mass loss events and the approximate weight percent 

loading of POM within each composite. 

 

The electrochemical behaviour for {H6W18}/Vulcan composites displays 

additional interesting deviations from its potassium analogue. {H6W18}@V and 

{H6W18}@[O]V display a similar redox profile to one another, both having three 

redox waves, which is in contrast to {H6W18} dissolved in 1M H2SO4, possessing 

four redox waves (Figure 54).  
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Figure 54 - Solution phase CV of {H6W18} in 1M H2SO4 performed using a 3 mm 
diameter GC working electrode, a Pt counter electrode, and a Ag/AgCl reference 

electrode. The scan rate was 100 mV s−1. 

 

The solid state voltammograms for {H6W18}@V and {H6W18}@[O]V are 

shown in Figures 55 and 56. 
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Figure 55 - Solid state CV of {H6W18}@V in 1M H2SO4 recorded using a 3 mm diameter 
glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl reference 

electrode. The scan rate was 100 mv s–1. 

 

 

Equations 70 – 72 - Redox couples for {H6W18}@V in 1M H2SO4. 

 

 

A/A’: [P2W18O62]6– + 2e– ⟷ [P2W18O62]8–   (70) 

B/B’: [P2W18O62]8– + 2e– + 2H+ ⟷ [H2P2W18O62]10–  (71) 

C/C’: [H2P2W18O62]10– + 2e– + 2H+ ⟷ [H4P2W18O62]12– (72) 

 

 

 



Chapter 3: Polyoxometalates Supported on Vulcan Carbon  198 
 

 

Figure 56 - Solid state CV of {H6W18}@[O]V in 1M H2SO4 recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

Equations 73 – 75 - Redox couples for {H6W18}@[O]V in 1M H2SO4. 

 

The three redox processes for the composites correspond to three two-electron 

processes, with the last two being proton-coupled48. In both instances, 

{H6W18}@V and {H6W18}@[O]V, the first two-electron redox process (A/A’ and 

I/I’), is a product of the two one-electron processes I/I’ and II/II’ merging for 

{H6W18} in solution. This is in contrast to the {K6W18}/Vulcan composites where 

merging of the first two one-electron processes was only observed for the 

Vulcan support, and {K6W18}@[O]V retained the same redox profile as {K6W18} 

in solution. Figure 57 shows the shifts in 𝐸𝑚𝑖𝑑 values between the composites 

and in relation to the parent anion dissolved in solution. Process A/A’ for 

{H6W18}@V and process I/I’ {H6W18}@[O]V are negatively shifted compared to 

I/I’: [P2W18O62]6– + 2e– ⟷ [P2W18O62]8–   (73) 

II/II’: [P2W18O62]8– + 2e– + 2H+ ⟷ [H2P2W18O62]8–  (74) 

III/III’: [H2P2W18O62]8– + 2e– + 2H+ ⟷ [H4P2W18O62]8– (75) 
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processes I and II {H6W18}  in solution (negative shifts vs. I in solution: A = 197 

mV, I = 183 mV; negative shifts vs. II in solution: A = 37 mV, I = 23 mV). The 𝐸𝑚𝑖𝑑 

values for B/B’, C/C and III/III’, IV/IV’ for {H6W18}@V and {H6W18}@[O]V 

respectively, are very close to the 𝐸𝑚𝑖𝑑 values for processes III/III’ and IV/IV’ in 

solution, and so appear to be largely unaffected by the nature of the conductive 

support (Table 12).  
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Figure 57 - Stacked CVs featuring the solution phase CV of {H6W18} and the solid state 
voltammograms of {H6W18}@[O]V and {H6W18}@V to compare the redox profiles and 

peak shifts in 1M H2SO4. 
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Table 12 - Comparison of Emid and ΔEp values for {H6W18} dissolved in 1M H2SO4 and 
for the {H6W18}@[O]V and {H6W18}@V solid state CVs in 1M H2SO4. 

Process 
 {H6W18}  

Process 
{H6W18}@V  

Process 
{H6W18}@[O]V  

Emid/V ΔEp/mV Emid/V ΔEp/mV Emid/V ΔEp/mV 

I 0.065 42 A -0.13 23 I -0.12 33 

II -0.095 39 B -0.36 24 II -0.35 24 

III -0.34 36 C -0.59 29 III -0.58 25 

IV -0.57 34       

 

Additionally, the 𝐸𝑚𝑖𝑑 values for processes A, B and C of {H6W18}@V are 

comparable to the 𝐸𝑚𝑖𝑑 values for processes I, II and III for {H6W18}@[O]V. This 

is in contrast to the {K6W18}/Vulcan composites where an obvious positive shift 

for the first two processes was always observed on the oxidised surface, 

demonstrating the oxidised support provided a more favourable environment 

for reduction to occur vs. the Vulcan matrix. The Δ𝐸𝑝 values for processes A – C 

and I – III are approaching the value of 0 mV, confirming that the processes are 

surface-confined but quasi-reversible (Table 12). 

The similarity in 𝐸𝑚𝑖𝑑 values for the (H6W18}/Vulcan composites coupled 

with their parallel redox profiles suggests that the unmodified Vulcan, having 

been in contact with {H6W18} in solution during composite preparation, is not so 

dissimilar in nature to the oxidised Vulcan support. The hypothesis that the 

superacidic {H6W18} POM could perform a simultaneous oxidation of Vulcan and 

adsorption to the surface is certainly plausible. However further structural 

characterisation such as XPS is needed to clarify the nature of this oxidation.  

With regards to electrochemical cyclability, the trend thus far has been 

that the oxidised Vulcan enhances the cyclability in all tested electrolytes. 

However in this instance, the {H6W18}@V (Figure 58) and {H6W18}@[O]V (Figure 

59) have very similar cyclability but more interestingly, the {H6W18}@V 

composite appears to be more stable. The first two redox processes for 
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{H6W18}@V are still visible even after 300 cycles whereas the cyclability for 

{H6W18}@[O]V does not extend past 200 cycles.  

 

Figure 58 - Solid state CV of {H6W18}@V in 1M H2SO4, recorded at a scan rate of 100 
mv s–1, showing cycles 2 – 300. 
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Figure 59 - Solid state CV of {H6W18}@[O]V in 1M H2SO4, recorded at a scan rate of 
100 mv s–1, showing cycles 2 – 250. 

 

Overall, the intensity in peak currents for {H6W18}@V and {H6W18}@[O]V 

declined steadily with increased cycling but beyond 100 cycles, the peak current 

for {H6W18}@[O]V decreased more quickly. This trend is depicted for process II 

of {H6W18}@[O]V and process B of {H6W18}@V (Figure 60).  
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Figure 60 - Peak current of processes II and B in the voltammograms of {H6W18}@[O]V 
and {H6W18}@Vulcan, respectively, over multiple charge−discharge cycles.  

 

Analysis of the effects of increasing the voltammetric scan rate revealed 

that the peak heights for each redox couple in each composite material 

increased in direct proportion to the increasing scan rate (Figures 61 and 62), as 

expected for a surface-confined redox process.  
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Figure 61 - Peak currents of redox processes A – C for {H6W18}@Vulcan plotted against 
increasing scan rate. 
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Figure 62 - Peak currents of redox processes I – III for {H6W18}@Vulcan plotted against 
increasing scan rate. 

 

The percentage of POMs that were electrochemically accessible on the 

different matrices was calculated using the equation nE = Q/zF, where nE is the 

number of moles electrolysed, Q = the area under a CV peak (in this case, 

process II or process B), z = number of electrons transferred (2 e–) and F is 

Faraday’s constant. The nominal number of moles of POM present on the 

electrode was estimated using the mass difference before and after drop-

casting the slurry, combined with the percentage POM loading determined by 

thermal gravimetry (vide supra). The results of these calculations are shown in 

Table 13. The percentages listed reflect the trend seen in peak current intensity, 

where a more accelerated loss of electrochemically accessible POMs is seen 

beyond 100 cycles for {H6W18}@[O]V. This is in stark contrast to the values 

obtained for the {K6W18}@[O]V analogue which displayed significantly enhanced 

electrochemical accessibility vs. {K6W18}@[O]V. Additionally, the percentage of 

electrochemically accessible POMs for {H6W18}@[O]V is far lower than the 

potassium analogue (2.3% at cycle 2 vs. 19%) which raises questions about the 

verity of an in-situ oxidation and adsorption.  
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Table 13 - Percentage of POMs electrochemically accessible over repeated cycling. 

Cycle no. {H6W18}@V (%) {H6W18}@[O]V (%) 

2 3.8 2.3 

10 3.5 2.1 

50 2.8 1.5 

100 2.1 1.2 

150 2 0.55 

200 1.7 0.21 

250 1.3 - 

 

 

3.4 Conclusion 

A comparative study encompassing several different POM@Carbon 

nanocomposites was conducted. Vulcan XC-72R was oxidised with H2SO4 in 

order to impart surface functional groups that could serve as binding sites for 

POM incorporation. We show that our approach increases the accessibility and 

stability of redox sites within the composite material compared to those within 

a composite formed using unoxidised Vulcan XC-72R.   

For {K6W18}, we observe that the oxidised substrate showed enhanced 

POM retention during electrochemical cycling (over 500 cycles) compared to its 

unoxidised counterpart. Surface oxidation of the conductive Vulcan support is 

demonstrated to be an effective technique to anchor POMs onto the material, 

not just within aqueous acidic media but also in the presence of metal cations 

(Li+/Na+/Mg2+) and in an organic battery solvent. In all cases, it was observed 

that the oxidised Vulcan support exhibited enhanced POM retention during 

electrochemical cycling (250 – 500 cycles) vs. the unmodified Vulcan (> 25 

cycles). The longevity of the electrochemical performance of {K6W18}@[O]V in 

the presence of Mg2+ poses a fascinating avenue to explore for the reversible 

intercalation of Mg2+ cations in the context of batteries beyond Li-ion.  

Using these findings, we hypothesised that the free acid analogues, 

{H3W12} and {H6W18}, could be combined with Vulcan to perform an in-situ 
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oxidation and simultaneous adsorption to the surface. This approach worked 

better with the Wells-Dawson motif given that it is more strongly acidic in nature 

than the Keggin moiety. Though the study is preliminary, the voltammograms of 

the {H6W18}-Vulcan composites are not vastly different and does confirm that 

the acidic POM is able to oxidise the Vulcan in-situ. This requires further work 

to explore the effectiveness of this method, but it does present another easy 

method to prepare such composite materials in the future.  

As it has been ascertained that the acid Dawson can oxidise the Vulcan 

support, it is also likely that it further oxidises the already oxidised Vulcan 

support as well. However, this additional oxidation is disadvantageous to the 

overall cycling performance. This could be induced by a further loss of surface 

area and consequently a loss of electrochemically accessible POMs on the 

surface.   

Our work is a focused attempt to tune and understand the surface 

chemistry of potential energy materials. This method of simple carbon surface 

oxidation can be used to improve the performance and efficiency of 

POM@Carbon systems. The results thus far in aqueous and organic battery 

solvents have been very promising and indicates that such an approach could 

be used design POM-composite electrodes for lithium batteries.  
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3.5 Experimental  

Oxidation of Vulcan XC-72R  

500 mg of Vulcan was dispersed into 300 ml of 2M H2SO4 and left to 

reflux for 4 hours. The resulting suspension was filtered under vacuum and the 

solid was dried overnight at 80 °C. 

POM Incorporation to form POM@Vulcan and POM@[O]V 

100 mg of each carbon matrix, Vulcan and Oxidised Vulcan, was stirred 

into 15 mL of a 20 mM aqueous solution of the desired POM 

(K6[P2W18O62]/H6[P2W18O62]/H3[PW12O40]) at room temperature for 1 hour. The 

resulting suspension was washed with deionised water to remove any excess, 

unbound POMs. Following this, the solution was centrifuged, decanted and 

finally dried overnight at 80 °C to yield the POM/Vulcan composites.  

Thermogravimetric Analysis 

TG analysis was carried out with a Discovery TGA (TA instruments) 

analyser. A small quantity of sample (3 – 5 mg) was added to a platinum pan of 

known weight and analysed under a constant air flow. Samples were heated 

from room temperature to 1000 °C at a ramp rate of 10 °C min-1 including a 10-

minute isothermal step at 100 °C.  

X-ray Photoelectron Spectroscopy 

Samples were analysed using the Kratos AXIS ULTRA with a mono-

chromated Al kα X-ray source (1486.6eV) operated at 10 mA emission current 

and 12 kV anode potential (120 W). Spectra were acquired with the Kratos 

VISION II software.  A charge neutralizer filament was used to prevent surface 

charging. Hybrid –slot mode was used measuring a sample area of 

approximately 300 x 700 μm. The analysis chamber pressure was better than 5 

x 10-9 mbar. Three areas per sample were analysed. A wide scan at low 

resolution (Binding energy range 1400 eV to -5 eV, with pass energy 80 eV, step 

0.5 eV, sweep time 20 minutes). The wide scan spectra were used to estimate 

the total atomic % of the detected elements. High resolution spectra at pass 
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energy 20 eV, step of 0.1 eV, and sweep times of 10 minutes each were also 

acquired for photoelectron peaks from the detected elements, and these were 

used to model the chemical composition.  The spectra were charge corrected to 

the C 1s peak (adventitious carbon or a known polymer CH2 or CH3 peak) set to 

285 eV. 

Scanning Electron Microscopy 

SEM images were taken using a ZEISS EVO MA10 SEM with an EDAX 

Element, at a working distance of 8.50 mm, an accelerating voltage of 8.00 kV 

and a beam current of 50.0 pA.  

Gas Adsorption – Brunauer-Emmett-Teller (BET) 

Approximately 40-80 mg of each sample was added to a measurement 

tube of a precisely known weight. The sample was degassed for 16 h at 230 °C 

and the weight of the sample and tube was measured accurately. The outgassed 

sample was characterised using a Micrometrics Physisorption Analyser (3Flex) 

at 77 K with N2 as the adsorptive gas. 

Cyclic Voltammetry – Dropcasting  

Carbon inks were prepared by dispersing 10 mg of the desired carbon 

sample into 200 μL of ethanol and 20 μL of an aqueous 3 wt % 

polytetrafluoroethylene (PTFE) binder. The mixture was sonicated for 10 

minutes to ensure adequate dispersion. Blank CVs of the bare glassy carbon 

working electrodes were taken prior to ink addition on to the surface. 5.5 µl of 

carbon ink was dropcast on the GC surface and left to dry for a minimum of 2 

hours. Aqueous CVs were performed in 1 M H2SO4 with a Pt wire counter 

electrode and Ag/AgCl reference electrode. Aqueous CVs were carried out at a 

scan rate of 100 mv s–1 unless otherwise stated. Organic battery solvent CVs 

were conducted in an argon-filled glovebox using 1M LiPF6 in 50/50 (by volume) 

ethylene carbonate and ethyl methyl carbonate, using a lithium iron phosphate 

(LFP) reference electrode and Pt wire counter electrode. CVs performed int he 

glovebox were conducted at a scan rate of 100 mv s–1.  
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4. Evaluation of POM/Vulcan Electrodes in 

Lithium Batteries  

4.1 Introduction 

Li-ion batteries are the pinnacle of battery development since the 1990s 

and remain the leading commercial battery of choice, especially for electric 

vehicles.1 As discussed in detail in Chapter 1, batteries are an established form 

of energy storage, both for stationary and portable applications. Current 

positive electrode materials for secondary Li-ion batteries include an array of 

bulk transition metal oxides (LiCoO2)2, spinel structures (LiMn2O4)3 and olivine 

structures (LiFePO4)4. However, many of these materials suffer from either 

limited electrical conductivity, slow Li-ion transport, low thermal stability or 

dissolution.5  

Figure 1 depicts the working principle of a commercialised Li-ion battery 

employing a dual – intercalation mechanism during discharge. Li-ion batteries 

are distinguished from Li-metal batteries as the former only uses lithiated 

compounds/electrolytes as a source of Li+ with no metallic lithium source, 

whereas the latter employs a lithium metal negative electrode. The negative 

electrode is constructed of graphite and the positive electrode is LiCoO2. 

Intercalation refers to the process of reversibly inserting and removing lithium 

ions within host structures without incurring significant structural changes. 

During discharge, the Li+ ions de-intercalate from the negative electrode, 

graphite, and migrate towards the positive electrode, LiCoO2, and intercalate 

into the lattice. The electrons travel in an external circuit simultaneously, in the 

same direction as the Li+ ions, whereas current moves in the opposite direction 

to the Li+ ions.  During charge, the reverse occurs: Li+ ions are de-intercalated 

from the ordered lattice of LiCoO2 and move to become re-intercalated between 

the graphite layers.  
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Figure 1 - A schematic illustration of the working principles of a graphite/LiCoO2 
lithium-ion cell. 

 

A great advantage of the Li-ion battery is its versatility with respect to 

the combination of positive and negative electrodes that can be used. This offers 

many possibilities in designing new high-performance electrodes based on low-

cost elements. New positive electrode materials that are capable of multi-

electron redox reactions that enable rapid Li-ion transportation whilst still 

maintaining stable cycling performance are required.6 Layered LiCoO2 has long 

been the benchmark and research on alternative positive electrode materials is 

presently divided between improving layered oxides and designing new 

polyanionic compounds.7,8 Among these materials, composites based on 

polyoxometalates have received significant attention in the field of energy 

storage.9 Polyoxometalates (POMs) are polyanionic molecular metal oxides 

based on high valent transition metals (e.g., WVI, MoVI, VV) are promising multi-

functional materials which have proven useful for numerous solid-state 

applications such as catalysis10, water-splitting11, single molecule magnets12 and 

as proton conduction materials13. 
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As discussed in Chapter 1, POMs present several merits as an electrode 

material; 

1- The rapid and reversible redox chemistry could potentially assure a high 

capacity due to the multiple metal addenda atoms all capable of 

undergoing multi – electron redox reactions simultaneously; 

2- POMs constitute a whole library of extremely tuneable metal oxides, which 

not only imparts tuneability with respect to the physical structure but also 

the functional properties i.e., tuning the photochemistry or 

electrochemistry through modification of the countercation, hybridisation 

with organic linkers and substitution of the heteroatom or addenda metal;  

3- Conventional intercalation electrodes undergo structural changes with 

prolonged cycling (Li+ intercalation/deintercalation) resulting in capacity 

fade. However, POMs do not consist of extended crystal structures, but 

rather of isolated, discrete polyanions, leveraging them with unique 

structural characteristics over typical intercalation electrodes.  For 

example, the stability of the POM based electrode is dependent on the 

stability of the cluster ion unit and not on the recoverability of its crystal 

structure;  

4- Conventional lithium intercalation materials employ harsh synthetic 

procedures, for example LiCoO2 is synthesised at temperatures exceeding 

800 ᵒC over 24 hours. In contrast, POM synthesis is relatively 

straightforward, using a one-pot approach by means of self-assembly via 

pH adjustment, typically at temperatures below 100 ᵒC.  

Sonoyama et al. studied the electrochemical properties of a Keggin type 

heteropolyoxomolybdate crystal K3[PMo12O40] (KPM) as a positive electrode 

material for lithium metal batteries.14 It showed charge–discharge performance 

in the potential region from 4.2 to 1.5 V with an initial capacity of over 200 mAh 

g–1. Reversible expansion and contraction of the crystalline KPM lattice was 

confirmed via XRD. However, the main discharge voltage (2.1 V average) was 

lower than usual positive electrode material in lithium batteries and low cycle 

stability was observed. Capacity fade is a phenomenon observed in rechargeable 

batteries where the amount of charge a battery can deliver at the rated voltage 

decreases with use. In highly reducing conditions, the [PMo12O40]3− anion in 
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solution experienced a structural change as one of the [Mo3O9] units of 

[PMo12O40]3− rotated by 60ᵒ. Though it was not clearly determined as to whether 

the same change occurs within the solid crystal, the low cycle stability and 

capacity fade of KPM was attributed to this α - β isomerisation. 

Building upon these findings, Sonoyama et al. synthesised a new 

molecular cluster K5.72H3.28[PV14O42] (KPV); a heteropolyoxovanadate possessing 

a bi-capped Keggin structure.15 The most improved property of KPV compared 

with the previously synthesised KPM was greater cycle stability. KPV retained 

95% of its initial discharge capacity (370 mAh g–1) after 50 discharge-charge 

cycles whereas KPM retained only 35%. To account for the difference in cycle 

capability, ex-situ XRD and X-ray absorption fine structure (XAFS) measurements 

were carried out on KPV. It was found that a structural change occurred during 

the first discharge-charge process; the KPV crystal became amorphous. 

However, the cluster ion that is formed, [PV14O42]9-, which is no longer a regular 

crystal structure, was stable during the subsequent discharge-charge processes 

and continued to cycle. The authors suggest that the amporphisation could be 

due to the release of crystal water as a drying process and not by isomerisation 

as seen with KPM. They concluded that the stability of this KPV positive 

electrode material is mainly dependent on the stability of the cluster ion unit, 

not on the recoverability of its crystal structure. 

Following this work, Sonoyama et al. turned their attention to an 

Anderson type polyoxomolybdate, Na3[AlMo6O24H6] (NAM) as a positive 

electrode material.16 This structure was expected to be stable during redox 

reactions due to the presence of strong covalent bonds. Furthermore, the 

crystal structure of NAM has a 3D framework in which lithium ions can diffuse. 

POMs possess poor electrical conductivity and so to overcome this, NAM was 

mixed with conductive carbon additives such as acetylene black (AB) and ketjen 

black (KB) by hand-grinding and ball-milling. The discharge capacity and cycle 

performance of the NAM positive electrode varied according to the type of 

conductive additive and the mixing method used. The capacities of each system 

were investigated and it was found that NAM ball-milled with ketjen black (KB) 
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showed very high initial discharge capacity of 437 mAh g–1 as well as the most 

stable cycle performance; it retained 91.2% of its capacity after 50 cycles. The 

reaction mechanism was also investigated. XRD showed lattice expansion upon 

Li+ ion insertion and also amporphisation over the discharge-process; NAM was 

irreversibly amorphised after 5 cycles. This is similar to the KPV electrode 

reported previously. However, the molecular cluster ion [AlMo6O24H6]3– was 

found to be stable, confirmed by ex-situ Raman spectroscopy. Despite this 

structural change, the stable cluster unit continued to interact reversibly with 

lithium ions giving rise to good cycle stability. This is in contrast to conventional 

lithium intercalation materials where the amount of usable lithium for 

intercalation and de-intercalation is dependent on the recoverability of crystal 

structure. Insertion and extraction of Li+ ions in NAM proceeded despite 

amporphisation. 

In 2007, researchers in Japan designed a new battery concept called the 

molecular cluster battery (MCB).17 Molecular metal clusters are small 

aggregates of metal ions connected by (organic) ligands which are used as the 

positive electrode material and lithium metal is the negative electrode. Wang et 

al. have explored POM-carbon composites as potential materials for lithium 

batteries.18 Once again, the Keggin type POM anion [PMo12O40]3− was explored 

as a positive electrode material but this time for a molecular cluster battery. 

TBA3[PMo12O40] (TBA = [N(CH2CH2CH2CH3)4]+ was mixed with carbon black to 

form the positive electrode and lithium metal was used as the negative 

electrode. The POM-MCB exhibited a large capacity of up to 270 mAh g–1 in a 

voltage range of 4 – 1.5 V. Operando X-ray absorption near edge structure 

(XANES) disclosed that all 12 Mo6+ ions in the PMo12 cluster were reduced to 

Mo4+ during discharge, yielding a super-reduced state of the POM; 

[PMo12O40]27−, which stores 24 electrons. This is different from typical lithium-

ion batteries where only 50% of the Co ions of LiCoO2 are reduced but for the 

PMo12-MCB, all of the Mo ions contribute to the battery capacity. Additionally, 

the PMo12-MCB presented reasonably good stability with a capacity of 210 mAh 

g–1 after the tenth discharge cycle. This so called “electron sponge” behaviour is 
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a newly unveiled feature as a promising positive electrode material for high-

performance rechargeable batteries. 

4.2 Approach  

One of the most prominent features of POMs is the ability to tailor their 

redox properties for the desired output.19 However it is necessary to address 

the drawbacks associated with the use of POMs such as their negligible 

electronic conductivity and high solubility in a wide variety of solvents. 

Heterogenising POMs to a conductive host matrix is mandatory in order to 

overcome their intrinsic insulating nature and avoid leaching or dissolution. As 

discussed in Chapter 3, POMs have previously been integrated into a diverse 

range of carbon matrices including activated carbon20, carbon nanotubes21 and 

graphene22. 

Our own studies from Chapter 3 saw the anchoring of the Dawson POM 

(K6[P2W18O62]) onto a surface modified carbon black, known as Vulcan.23 The 

surface was oxidised using 2M H2SO4, which introduced carboxylic acid 

functionalities on to the Vulcan surface. The {K6W18}@[O]V composite was 

formed by stirring the Oxidised Vulcan in a solution of the {K6W18} POM. 

Compared to the unmodified Vulcan analogue ({K6W18}@V), the {K6W18}@[O]V 

composite exhibited homogeneous dispersion of {K6W18} on the surface, 

enhanced cycling stability in both aqueous and non-aqueous solvents, more 

efficient POM retention as well as higher electrochemical accessibility of the 

redox-active POMs.  

The use of lithium metal electrodes to enable rechargeable lithium 

batteries is paramount to significantly advance developments in grid energy 

storage and electrification of transport. Current Li-ion batteries typically use 

graphite as the negative electrode, paired with a metal oxide intercalation 

compound as the positive electrode (LiCoO2, LiFePO4, LiNi1/3Mn1/3Co1/3O2 (NMC) 

etc). This dual intercalation mechanism is responsible for its high cyclability. The 

specific capacity of these materials is usually below 400 mAh g-1 for graphite24 

and 200 mAh g-1  for LiNixCoyAlzO2 (NCA where x + y + z = 1)25, a positive electrode 
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with one of the highest capacities. Thus, it would appear that the cathode is the 

limiting factor in the achievable capacities of current Li-ion technologies. 

However, Albertus et al. discussed the impact on specific capacity by replacing 

graphite electrodes with lithium metal and argue that it is in fact the weight and 

volume of graphite which imposes the upper limit on the energy content of Li-

ion cells.26 Li metal has an ultrahigh specific capacity of 3861 mAh g-1 which 

would assure much higher energy dense batteries in the future. Of course, this 

is subject to materials optimisation and addressing operational difficulties with 

the use of metal anodes, which is not within the scope of this thesis.  

A two-electrode cell can be used for galvanostatic cycling experiments, 

which are classed as half cells or full cells. A half cell constitutes the electrode of 

interest paired with an electrode with a well-known potential as the counter 

electrode.27 A half cell is typically used in the earlier stages of research where 

the reactions and chemistry are studied for only one electrode at a time. Full 

cells, as the name suggests, contain both battery electrodes. Half cells provide 

explicit information about the reactions and performance of an individual 

electrode, whereas a full cell shows how the two electrodes perform in 

conjunction.27 However, for the purposes of this study, the cell will be 

considered as a full cell, with a Li metal negative electrode and a POM/Vulcan 

composite positive electrode.   

4.2.1 Galvanostatic Charge-Discharge Cycling 

As described in this thesis, cyclic voltammetry is useful in determining 

the electrochemical behaviour of a system with respect to but not limited to, its 

stable potential window, redox activity, cycle stability and the effect of scan rate. 

Cyclic voltammetry shows the variation in current in a specified fixed potential 

window. Galvanostatic charge-discharge cycling is conducted by applying a 

constant current between designated voltage cut-off points. Voltage profiles 

(potential vs. capacity) are the output of a galvanostatic experiment, which show 

the changes in the electrochemical cell performance during charge and 

discharge over time. A repetitive loop of charging and discharging constitutes a 

cycle and the charge i.e. capacity, is measured for each procedure. It is one of 
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the most commonly used methods to evaluate battery performance, both at 

new material discovery level, and advanced long-term degradation studies. 

4.2.2 Differential Capacity Analysis  

Understanding how Li-ion batteries degrade and lose capacity has been 

the topic of much research and one approach is to use the Differential 

Capacity.28,29,30,31,32 The first derivative of the obtained galvanostatic curve (
𝑑𝑄

𝑑𝑉
) 

is known as the Differential Capacity (DC).  

The steep increase of charge in a narrow voltage region results in 

plateaus on a potential vs. capacity profile. Therefore, where potential plateaus 

are observed on the voltage profile, a corresponding series of peaks are visible 

on a 
𝑑𝑄

𝑑𝑉
 vs. potential curve. DC plots are complementary to the voltage profiles 

of a given cell as the plateaus can be related to clearly identifiable peaks. In turn, 

these peaks can provide information about the phase transitions of an electrode 

material, the reversibility of the electrode reactions and information about Li+ 

diffusion kinetics33. Changes in peak heights relating to these characteristic 

features can provide insight to the processing occurring in the battery over long-

term cycling. 

4.2.3 Battery Specifications  

To understand the performance characteristics of a given battery there 

are several terms that need to be defined first such as specific capacity, rate 

capability, cyclability and coulombic efficiency.   

The specific capacity of a material is defined as the amount of energy 

that can be stored in a given amount of mass of active material, and it is 

measured in terms of Ampere-hour per gram (Ah g-1).  

When describing batteries, the rate capability can be better expressed 

as C-rate. The C-rate of a battery can be defined as a measure of the rate at 

which a battery is discharged relative to its maximum achievable capacity. This 

is done to normalise against battery capacity which can vary greatly between 

different battery configurations. The C-rate is the capacity of the battery divided 
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by the hourly charging rate. A 1C rate means that the discharge current applied 

will discharge the entire battery in 1 hour. A 2C rate means it would discharge 

twice as fast (30 mins).  For example, when a 4 Ah battery is being charged at 2 

A then it is said to be being charged at a rate of C/2.  

Put simply, the cyclability of a battery can be defined as the number of 

charging cycles a battery can undergo in its lifetime. Commercialised Li-ion 

batteries have a long cycle life, allowing them to operate continuously for long 

periods of time for portable applications.  

The capacity, C-rate and cyclability are all important factors to consider 

for a battery, especially as they are interrelated. The C-rate has a direct effect 

on the cyclability of a battery. If the current is charged or discharged at higher 

C-rates i.e., faster, then this is a source of stress on the battery. This stress can 

exacerbate degradation and decrease the cyclability of the battery when 

compared to lower C-rates.34 Likewise, the capacity of a battery tends to 

continuously decrease with an increasing number of cycles. This results from 

structural changes in the positive electrode material during charging and 

discharging, as not all the lithium that moves toward the negative side of the 

battery (during charge) will make it back to the positive electrode during 

discharge.35 As such, the capacity of a Li-ion battery is directly related to the 

amount of Li+ ions that can be shuttled back and forth during charge and 

discharge. As we have already seen, intercalation type electrodes make this 

shuttling possible. However, as the battery is cycled, these Li+ ions can be 

consumed in other reactions not pertaining to the redox chemistry of the 

battery, for example the formation of a solid electrolyte interphase (SEI).36 This 

interphase is the product of reactions between the highly reactive negative 

electrode (graphite) and the liquid electrolyte that is the transport medium for 

Li+ ions. The SEI is a protective passivation layer on the graphite surface which 

impedes further electrolyte degradation and affords longer shelf life. However, 

the SEI remains poorly understood. For every electrolyte molecule that reacts 

and becomes decomposed during reduction, a lithium ion gets trapped in the 
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interphase. Thus, the capacity of the battery diminishes with increasing amounts 

of trapped lithium.  

 

 

Figure 2 – Depiction of the initial and evolved SEI formed on the graphite anode 
(negative electrode). Reprinted from36 with permission from Elsevier. 

 

Coulombic Efficiency (CE) is widely used as a quantifiable indicator of 

reversibility within a given battery. It can be useful in assessing the lifespan of 

Li-ion batteries but not necessarily Li-metal batteries, which create a high energy 

environment, complicating lifespan prediction.37 CE is defined as the ratio of 

discharge capacity over the charge capacity of a specific electrode as per 

Equation (1).  

𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐶ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 ∗  100 (1) 

  

In an ideal cell, the flow of Li+ ion and electrons are purely from reversible 

electrochemical reactions with no side reactions, and therefore the CE is equal 

to 100%. Realistically, side reactions between electrolyte and electrode 
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materials are ubiquitous. These side reactions could be chemical or 

electrochemical. Parasitic chemical reactions which generate electrons may or 

may not be detected by the current collectors.  Electrochemical side reactions 

involving the loss and acceptance of electrons still takes place on the current 

collectors but are likely to be irreversible. For example, electrolyte 

decomposition such as electrolyte polymerisation incite the formation of 

electrochemically inactive by-products.38,39,40 Electrons generated from these 

types of side reactions could subsequently be accounted for in the calculated 

CE, which adds a degree of complexity to the true meaning of the CE with 

respect to the system in study.  

4.3 Aims 

The aim of this chapter is to appraise a POM-based positive electrode 

material in a Li-metal battery. In addition to this, any differences in the support, 

Vulcan vs. Oxidised Vulcan, will be assessed and whether there is a direct 

influence on the composite stability at device level. As this is a preliminary study 

of an unoptimised material, some experimental parameters are varied i.e., 

potential window of study, post-drying processing and electrode composition. 

The results of these studies will help to optimise experimental design for the 

fabrication and testing of POM based Vulcan materials.  

4.4 Results & Discussion  

4.4.1 Preliminary Characterisation  

As discussed previously, the Wells-Dawson POM, K6P2W18O62, shows 

redox activity within the battery solvent, 1M lithium hexafluorophosphate 

(LiPF6) dissolved in a 50/50 (v/v) solution of ethylene carbonate (EC) and ethyl 

methyl carbonate (EMC). Three redox processes are observed in the potential 

range 4.2 – 2.6 V vs. Li/Li+, each corresponding to a one-electron transfer (Figure 

3, Equations 1 – 3).  
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Figure 3 - CV of {K6W18} in 1M LiPF6 in EC/EMC, performed in the glovebox, using a 3 
mm GC WE, Pt CE, LFP reference electrode which was then converted to Li/Li+. The 

scan rate was 50 mV s−1. 

 

Equations 1 – 3: Redox couples for {K6W18} in 1M LiPF6 in EC/EMC. 

 

Table 1 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{K6W18} in 1M LiPF6 in EC/EMC. 

Process Emid/V ΔEp/mV 

I/I’ 3.43 68 

II/II’ 3.25 103 

III/III’ 2.98 124 

 

 

I/I’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–             (1) 

II/II’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–             (2) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–            (3) 
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Solid state voltammograms were obtained by dropcasting an ink of the 

material on a glassy carbon electrode followed by subsequent testing in a three-

electrode cell, as shown in Figure 4.  

 

Figure 4 - Preparation of POM/Vulcan ink with binder and ethanol. Subsequent 
dropcasting and drying prior to use in a three electrode cell for solid state cyclic 

voltammetry. 

 

When the redox active POM is combined with Vulcan and Oxidised 

Vulcan to form the composites, {K6W18}@V and {K6W18}@[O]V respectively, the 

electrochemistry is retained (Figures 5 and 6). Indeed, {K6W18}@[O]V shows 

significantly better cyclability than the {K6W18}@V material (400 cycles vs. 20 

cycles).  
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Figure 5 - Solid state CV of {K6W18}@Vulcan in 1M LiPF6 in EC/EMC, performed in the 
glovebox, using a 3 mm GC WE, Pt CE, LFP reference electrode which was then 

converted to Li/Li+. The scan rate was 50 mV s−1. 

 

Equations 4 – 6 - Redox couples for {K6W18}@V in battery solvent. 

 

Table 2 - Observed Emid and ΔEp values for {K6W18}@V solid state CV in battery solvent. 

Process Emid/V ΔEp/mV 

A/A’ 3.54 227 

B/B’ 3.34 217 

C/C’ 3.07 244 

 

A/A’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–             (4) 

B/B’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–             (5) 

C/C’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–             (6) 
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Figure 6 - Solid state CV of {K6W18}@[O]Vulcan in 1M LiPF6 in EC/EMC, performed in 
the glovebox, using a 3 mm GC WE, Pt CE, LFP reference electrode which was then 

converted to Li/Li+. The scan rate was 50 mV s−1. 

 

Equations 7 – 9 - Redox couples for {K6W18}@V in battery solvent. 

 

Table 3 - Observed Emid and ΔEp values for {K6W18}@[O]V solid state CV in battery 
solvent. 

Process Emid/V ΔEp/mV 

I/I’ 3.49 149 

II/II’ 3.29 171 

III/III’ 3.03 191 

 

The chemical differences between Oxidised Vulcan and Vulcan clearly 

play a role in the cyclability of the composite materials and retention of the 

I/I’: [P2W18O62]6– + e– ⟷ [P2W18O62]7–             (7) 

II/II’: [P2W18O62]7– + e– ⟷ [P2W18O62]8–             (8) 

III/III’: [P2W18O62]8– + e– ⟷ [P2W18O62]9–            (9) 
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POM’s redox activity. This is a very promising result and certainly merits further 

investigation into their use as an energy material for Lithium batteries.  

4.4.2 Prediction of Galvanostatic Behaviour of POM/Vulcan 

Electrodes 

As we know the number of electrons we expect to be involved in the 

redox reactions of {K6W18} in the battery solvent, the theoretical specific 

capacity with respect to the active material can be calculated, as per Equation 

(2). For clarity, the term ‘active material’ pertains to the {K6W18} POM only and 

not to the Vulcan-based carbon supports.  

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑚𝐴ℎ 𝑔−1 =  
𝑛𝑒𝐹

3600 ∗ 𝑀𝑊
=  17.94 𝑚𝐴ℎ 𝑔−1 (2)  

The equation terms are as follows: 𝑛𝑒 = number of electrons transferred 

(3e–), 𝐹 = Faraday’s constant (96485.3 C mol–1), 3600 is the conversion factor 

for C to Ah and finally MW = molecular weight of the active material (K6P2W18O62 

= 4597.6 g mol–1). Given that the POM has a high mass, it is not surprising that 

the theoretical capacity is so low. However, it will be interesting to see how this 

compares to the observed capacities from galvanostatic charge-discharge 

cycling. In all the presented voltage profiles, the capacities are reported as 

specific capacities. These have been normalised with respect to the specific 

active material mass on the given electrode, to allow for easier comparison 

across the different sets.  

Knowing the expected redox reactions, from the solution phase and solid 

state dropcasted voltammograms allows the prediction of a voltage profile as 

shown in Figure 7. Three voltage plateaus are anticipated, corresponding to the 

three one-electron reductions and oxidations associated with {K6W18}. Given 

that lithium metal is used as the negative electrode, we would expect the 

potential plateaus to be complementary to the reduction/oxidation potentials 

from the solution phase and solid state voltammograms, at approximately 3.5 

V, 3.2 V and 3 V. 
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Figure 7 – Predicted potential profile showing expected voltage plateaus for a 
{K6W18}/Vulcan lithium metal battery. 

 

Additionally, the complementary, predicted  
𝑑𝑄

𝑑𝑉
  vs. potential profile is 

shown in Figure 8. Three peaks corresponding to the three potential plateaus 

would be expected. The POMs are reduced during discharge (right to left, 

bottom trace) and oxidised during charge (left to right, top trace).  
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Figure 8 – Predicted  
𝑑𝑄

𝑑𝑉
  vs. potential profile for a {K6W18}/Vulcan lithium metal 

battery. 

Figure 9 shows the design concept of a lithium metal cell undergoing 

discharge. For lithium metal batteries, the lithium metal electrode is 

conventionally termed the anode. However, it is important to reiterate that the 

terms anode and cathode refer to the function of the electrode and not its 

structure. During discharge, oxidation occurs at the anode, liberating electrons, 

which travel in an external circuit to the cathode, where reduction takes place.  

A conventional current describes the direction in which positive electronic 

charges move. As electrons have a negative charge, the flow of electrons is 

opposite to current flow. Thus, the cathode is the positive terminal since 

negative electrons flowing in constitutes a positive current going out. Therefore, 

during discharge, the anode is the negative terminal, and the opposite holds 

true during charge.  
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Figure 9 – Working cell schematic comprising a lithium metal negative electrode, Li+ 

conducting separator and {K6W18}/Vulcan positive electrode. The electron and ion 
flow depicts discharge. 

 

The expected oxidation and reduction half-reactions during 

discharge and charge are as follows: 

  

Discharge (left to right); Charge (right to left) 

 

Negative Electrode: 

Li ⟷ Li+ + e–   

 

Positive Electrode: 

Li6[P2W18O62]6– + e– ⟷ Li7[P2W18O62]             

Li7[P2W18O62]7– + e– ⟷ Li8[P2W18O62]              

Li8[P2W18O62]8– + e– ⟷ Li9[P2W18O62]              
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4.4.3 Preparation & Cell Assembly 

Electrodes using {K6W18}@V and {K6W18}@[O]V as the cathode material 

were fabricated as detailed in the experimental section. Briefly, the composite 

materials were combined with Super P conductive carbon (not in all sets) and 

polyvinylidene fluoride (PVDF) binder in the desired weight ratio. Following 

successful coating and drying, the electrodes were punched to the required size 

(12 mm) and transferred to an argon-filled glovebox.  

Lithium cells were built using Swagelok fittings. The Swagelok cells were 

composed of stainless steel, including the nuts and body, and the stainless steel 

rods were secured with PTFE ferrules on either side. The cell comprised of 

lithium foil as the counter/reference electrode, {K6W18}@V or {K6W18}@[O]V as 

the working electrode, and two glass fibre separators (all 12 mm diameter) as 

shown in Figure 10. The electrolyte used was a typical battery solvent (1M LiPF6 

in 50/50 EC/EMC) and the cells were left to rest for two hours before cycling 

measurements to allow for adequate electrolyte penetration of the electrodes. 

 

Figure 10 – Swagelok cell design and components used in this study.  
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4.4.4 Battery Components  

In order to assess the electrochemical performance of {K6W18}@Vulcan 

and {K6W18}@[O]Vulcan as positive electrode materials, six different sets of 

electrodes were fabricated. Each set differs by composite material, electrode 

composition and processing techniques. These are tabulated in Table 4.  

 

Table 4 – Electrode compositions and the approximate weight percent loading as 
determined by TGA. 

Electrode Composition Processing TGA wt % 

{K6W18} 

A 8:1:1 {K6W18}@[O]V:Super P:PVDF N/A 55.7 

B 8:1:1 {K6W18}@V:Super P:PVDF N/A 70.0 

C 8:1:1 {K6W18}@[O]V:Super P:PVDF Calendaring 48.8 

D 8:1:1 {K6W18}@V:Super P:PVDF Calendaring 42.8 

E 95:5 {K6W18}@[O]V:PVDF Calendaring 34.5 

F 95:5 {K6W18}@V:PVDF Calendaring 39.7 

    

Prior to cell assembly, each electrode was accurately weighed. The 

specific charging/discharging capacities were calculated on the basis of the 

weight of {K6W18} within that particular positive electrode. Depending on the 

electrode composition, either 80% or 95% of the weight of the cathode is 

{K6W18}@[O]V or {K6W18}@V and then the subsequent TGA weight % loading of 

{K6W18} is taken into account for the respective electrode set.  The capacities are 

normalised to the active material mass to allow for easier comparison of specific 

capacities across the different batteries, irrespective of the electrode 

composition.  
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4.4.5 Performance of {K6W18}@[O]V versus {K6W18}@V as a Positive 

Electrode 

4.4.5.1 Solid State Voltammograms  

The first set of electrodes studied were made of either {K6W18}@[O]V 

(Set A) or {K6W18}@V (Set B) as the positive electrode material in an 8:1:1 weight 

ratio with conductive Super P carbon and PVDF binder.  Prior to charge-

discharge cycling, the solid state voltammetry of an electrode from Set A and 

Set B were tested in a three-electrode setup. This was done according to Figure 

11 with a Set A or Set B positive electrode disc as the working electrode, Lithium 

Iron Phosphate (LFP) as the reference electrode, and a platinum wire counter 

electrode. The electrolyte used was the battery solvent (1M LiPF6 in EC/EMC) 

and the CV was collected in an argon-filled glovebox, with a scan rate of 50 mv 

s-1. 

 

Figure 11 - Three electrode cell setup for solid state disc cyclic voltammetry consisting 
of a POM/Vulcan working electrode, platinum wire counter electrode and Lithium Iron 

Phosphate reference electrode (which is then converted to Li/Li+). 

 

The solid state voltammogram for Set A ({K6W18}@[O]V) shows three 

one-electron reduction/oxidation peaks labelled as I/I’, II/II’, III/III’ (Figure 12). 

The 𝐸𝑚𝑖𝑑  values are converted from the LFP reference electrode to be reported 



Chapter 4: Evaluation of POM/Vulcan Electrodes in Lithium Batteries 236 
 

vs. Li/Li+.36 These are centred at 𝐸𝑚𝑖𝑑 values close to 3.5 V, 3.2 V and 3.0 V vs. 

Li/Li+ (Table 5), as expected from the {K6W18} solution phase 𝐸𝑚𝑖𝑑 values. The 

large deviation in Δ𝐸𝑝 values from the theoretical value of 0 mV expected for 

surface-confined process, indicate that the processes are not very reversible. 

Additionally, it is interesting to note that moving from the dropcasted GC style 

solid state study to this disc electrode ‘solid state’ study has resulted in 

differences in the cycling stability. Previously, the dropcast method shows that 

the {K6W18}@[O]V material could be cycled at least 400 times. Whereas when 

{K6W18}@[O]V is incorporated into an electrode material, the POM redox peaks 

are lost between the 15th and 20th cycle. This could be due to fundamental 

differences in sample preparation, with respect to the binder used as well as 

air/moisture exposure.  

 

Figure 12 - Solid state disc CV of {K6W18}@[O]V Set A electrode in battery solvent, 
recorded in a glovebox at a scan rate of 50 mv s–1, showing cycles 5 – 20. 
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Table 5 - Observed Emid and ΔEp values for {K6W18}@[O]V Set A electrode in battery 
solvent. 

Process Emid/V ΔEp/mV 

I/I’ 3.49 149 

II/II’ 3.29 171 

III/III’ 3.03 191 

   

The solid state voltammogram for the Set B electrode ({K6W18}@V) is 

shown in Figure 13. Three one-electron reduction/oxidation peaks labelled as 

A/A’, B/B’, C/C’ are observed, which are centred at the expected 𝐸𝑚𝑖𝑑 values 

close to 3.5 V, 3.2 V and 3.0 V (Table 6). Similar to Set A, the very large Δ𝐸𝑝 

values indicate the processes are not very reversible in nature. After 20 cycles, 

the POM redox peaks in the Set B electrode are still discernible. This is in 

contrast to the dropcasted GC style ‘solid state’ voltammogram obtained for 

{K6W18}@V, where no POM redox activity was observed beyond the 20th cycle 

(Figure 13). 

 

Figure 13 - Solid state disc CV of {K6W18}@V Set B electrode in battery solvent, 
recorded in a glovebox at a scan rate of 50 mv s–1, showing cycles 5 – 20. 
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Table 6 - Observed Emid and ΔEp values for {K6W18}@V Set B electrode in battery 
solvent. 

Process Emid/V ΔEp/mV 

A/A’ 3.40 286 

B/B’ 3.21 310 

C/C’ 2.88 284 

 

This result for the Set B electrode is also in contrast to the analogous 

voltammogram for Set A ({K6W18}@[O]V, Figure 12). For Set A, the flattening of 

POM redox peaks had occurred by the 20th cycle.  Until now, the Oxidised Vulcan 

matrix outperformed the Vulcan matrix with respect to cyclability and POM 

retention in the battery solvent. However, the difference in voltammograms for 

the Set A and Set B electrodes presents an interesting proposition, whereby the 

Vulcan matrix may actually be a more favourable support for the POM during 

battery cycling.  

4.4.5.2 Charge – Discharge Cycling for Set A: {K6W18}@[O]V Positive Electrode 

The first set of charge – discharge curves for Set A were measured at a 

constant current of 50 µA in the voltage range of 1.5 – 3 V. During the discharge 

process, the POM reduction is accompanied by lithium oxidation. The difference 

in potential (V) between these two processes occurring manifests as a voltage 

plateau on the charge/discharge curve. From the CV experiments, the potential 

range in which we expect these reactions to happen is known. Figure 14 shows 

the 1st and 2nd charge/discharge curve obtained for Set A, using {K6W18}@[O]V 

as the positive electrode. Interestingly, four voltage plateaus are observed 

(dashed lines) instead of the anticipated three. Additionally, the four redox 

events take place at lower potentials, shifted by approximately 1 V lower when 

compared to the {K6W18}@[O]V solid state voltammogram (Figure 6). 
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Figure 14 – 1st and 2nd charge-discharge profile for Set A in the voltage range 1.5 – 3 V. 

 

The initial charge/discharge capacities are 16.3 mAh g–1 and 18.7 mAh g–

1 respectively (Figure 15). These capacities are very close to the theoretical 

specific capacity of 17.94 mAh g–1. This is a very good result considering that this 

is an unoptimised material using a very standard electrode composition, with no 

additional processing or modifications.  

The CE values are greater than 100%, suggesting that the cell chemistry 

does have some irreversible or parasitic side reactions.  The observed capacities 

steadily decrease with repetitive charge – discharge cycling, levelling off at 

approximately 8 mAh g–1 (Figure 15). The discharge process corresponds to 

lithiation of the {K6W18}@[O]V electrode and the charge process is delithiation.  

As the charge – discharge cycling continues, some lithium is irreversibly 

consumed for additional processes such as the formation of a solid electrolyte 

interface (SEI)41 or side reactions with the electrolyte.42 This lithium cannot be 

recovered in the following charge – discharge cycles, resulting in a loss of 

capacity. This capacity loss is apparent from the 2nd charge/discharge curve and 

continues to fade quite dramatically in the first 10 cycles as seen in Figure 15. 
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We also know from the cyclic voltammetric cycling studies of the {K6W18}@[O]V 

material in various aqueous and organic solvents that POM leaching over time 

does occur. Within a lithium cell, this POM leaching phenomenon is likely to 

persist, which is a trigger for irreversible capacity loss.   

 

 

Figure 15 – Specific charge/discharge capacity and coulombic efficiency values per 
cycle. 

 

Figure 16 shows the first ten charge – discharge cycles, as well as the 

15th, 20th, 30th and 50th cycles. The capacity loss can be clearly seen from the 1st 

charge/discharge (light blue trace) curve to the 50th (dark green trace). Looking 

more closely at the curves, they become increasingly linear which indicates less 

redox activity with repetitive cycling. As seen in Figure 16, the voltage plateaus 

are still visible beyond the 10th cycle, and linearity of the curves occurs beyond 

the 30th cycle (dark blue trace). This would suggest that most of the POM 

leaching occurs in the first 20 cycles.  
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Figure 16 – First ten charge/discharge cycles as well as the 15th, 20th, 30th and 50th cycles. 

 

The differential capacity plot for the 1st charge/discharge curve is shown 

in Figure 17 with an inset of the 30th and 50th charge/discharge cycles. The DC 

curve for the 1st cycle shows four peaks which correspond well to the four 

plateaus observed in the voltage profile. Though the charge – discharge curves 

in Figure 16 for the 30th and 50th cycles look linear, the DC curve for each 

respective cycle shows that redox chemistry is in fact still happening. The 

intensity and magnitude of these four peaks is greatly reduced compared the 

peaks for the 1st charge/discharge cycle, which is likely due to a loss of active 

material, however some POM is still present which continues to participate in 

reduction – oxidation reactions. 
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Figure 17 – Differential capacity plot, 
𝑑𝑄

𝑑𝑉
 vs. potential for the 1st charge-discharge cycle 

and an inset for the 30th and 50th cycle.  

 

4.4.5.3 Charge – Discharge Cycling for Set B: {K6W18}@V Positive Electrode  

Like Set A, the first set of charge – discharge curves for Set B were 

measured at a constant current of 50 µA in the voltage range of 1.5 – 3 V. Figure 

18 shows four ill-defined potential plateaus which can be discerned at similar to 

potentials to the Set A plateaus (between 1.70 – 2.70 V).  
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Figure 18 - 1st and 2nd charge-discharge profile for Set B in the voltage range 1.5 – 3 V. 

 

Figure 19 shows the capacity fade over 50 cycles. The initial charge and 

discharge capacities are 10 mAh g–1 and 14.13 mAh g–1 respectively, which are 

lower than the theoretical capacity. The capacities decline rapidly in the first five 

cycles and then plateau to a capacity between 6 – 8 mAh g–1. The initial CE of 

141 % is very high and attests to unusual behaviour occurring inside the cell, 

besides the chemistry of interest. Further anomalous behaviour in the CE is 

observed between cycles 20 – 35 where the CE suddenly drops but then steadily 

recovers itself. This behaviour may be unrelated to conventional charge – 

discharge characteristics and rather pertains to the evolution of parasitic 

pathways dependent on the cell’s electrode/electrolyte chemistries, which is 

beyond the scope of this thesis.  
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Figure 19 - Specific charge/discharge capacity and coulombic efficiency values per 
cycle. 

 

Figure 20 shows the first ten charge/discharge curves, with ill – defined 

plateaus which rapidly become linear in appearance. The plateaus observed in 

cycles 1 and 2 do not persist beyond the 4th cycle.  
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Figure 20 - First ten charge/discharge cycles as well as the 15th, 20th, 30th and 50th 
cycles. 

 

The differential capacity plot for the 1st charge/discharge curve is shown 

in Figure 21 with an inset of the 30th and 50th charge/discharge cycles. The DC 

curve for the 1st cycle shows four peaks corresponding to the four observed 

plateaus, however the peaks are much lower in intensity in comparison to the 

analogous plot for Set A. Furthermore, the peaks corresponding to the last two 

charge processes around 2.4 V and 2.7 V have very poorly resolved 

corresponding discharge peaks, which look very flat from the 1st 

charge/discharge. The increasing linearity of the charge – discharge curves 

coupled with the ill – defined 
𝑑𝑄

𝑑𝑉
 peaks certainly allude to the reduced 

reversibility of the POM redox chemistry in this system.  
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Figure 21 - Differential capacity plot, 
𝑑𝑄

𝑑𝑉
 vs. potential for the 1st charge-discharge cycle 

and an inset for the 30th and 50th cycle. 

 

 

Despite the promising solid state disc electrode voltammogram (Figure 

13) for Set B, which hinted at good cyclability of the material within the battery 

solvent, the respective lithium cells do not come close to this performance. 

Voltage plateaus between 1.5 – 3 V are not well-defined but their presence was 

confirmed using dQ/dV analysis.  

The results from Set A and Set B are very interesting because firstly, 

there is a clear difference between the nature of the voltage profiles of 

{K6W18}@[O]V and {K6W18}@V. This is in line with our previous studies which 

acknowledge the enhanced POM retention capability of the Oxidised Vulcan 

support vs. unmodified Vulcan in several electrolyte systems. It is interesting 

though that the potentials at which the redox processes occur in the cell are 

lower than where we would expect them to be, according to the 

voltammograms. This allows for a 4th redox event to take place in the cell, which 

is not observed in the voltammograms due to the instability of the POM in 
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battery solvent at lower potentials. However, the 
𝑑𝑄

𝑑𝑉 
 curves do show that the 

first two discharge processes lose intensity over time and appear flat. 

Prior to the charge – discharge cycling, the cells were allowed to rest for 

2 hours. Given that the solid state GC dropcast study for {K6W18}@V (Figure 5) 

in battery solvent showed very rapid dissolution of the POM from the Vulcan 

surface, it is likely that a large proportion of the POM leached out of the Vulcan 

matrix during the resting period. Whereas the Oxidised Vulcan matrix with its 

carboxylic acid anchorage points, displays superior POM redox chemistry. Thus 

far, the {K6W18}@[O]V composite shows greater promise as a positive electrode 

material than the {K6W18}@V composite.  

4.4.6 Investigating the Effect of Calendaring on Electrode 

Performance {K6W18}@[O]V versus {K6W18}@V  

Following the coating and drying of electrodes, they can be ‘processed’ 

by way of calendaring. This is a common compaction technique whereby the 

electrodes are passed through two rollers, at a set thickness, as shown in Figure 

22. This technique can eliminate structural deformations on the surface. 

Calendaring has been shown to improve electrode adhesion and rate capability 

of the battery.43 Lu et al. analysed calendared LiFePO4 electrodes and found that 

the improvement in rate capability was a result of enhanced contact between 

the active material and the conductive carbon additives.44  
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Figure 22 – Aluminium foil coated and dried with electrode material is passed through 
calendar rollers at a specified thickness.   

 

Set C uses {K6W18}@[O]V as the positive electrode material and Set D 

uses {K6W18}@V. They are fabricated in the weight ratio of 8:1:1 with Super P 

and PVDF binder, akin to Set A and Set B. However, Set C and Set D differ from 

Set A and B with respect to post – drying processing via calendaring.  

4.4.6.1 Solid State Voltammograms 

Solid state voltammograms of an electrode from Set C and Set D were 

collected using the same three electrode setup as described earlier in Figure 11. 

Both solid state voltammogram for Set C and Set D show three one-electron 

reduction/oxidation processes which are labelled as I/I’, II/II’, III/III’ and A/A’, 

B/’B, C/C’ respectively (Figures 23 and 24). Once again, the 𝐸𝑚𝑖𝑑 values lie in the 

expected potential range (Tables 7 and 8). The Δ𝐸𝑝 values deviate greatly from 

the theoretical value of 0 mV expected for surface-confined processes, 

indicating the low reversibility of the redox reactions. This deviation is twice as 

large for the Vulcan based Set D electrode compared to the Oxidised Vulcan Set 

C electrode. Additionally, the cycling stability differs between the two sets 

where flattening of the POM redox peaks is observed earlier for Set D, within 

the first 20 cycles. Set C shows better cyclability where loss of POM redox activity 

is observed around the 75 cycles mark, however this is still inferior to the cycling 
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stability previous observed for {K6W18}@[O]V in the dropcasted solid state 

voltammogram (minimum 400 cycles). 

 

Figure 23 - Solid state disc CV of {K6W18}@[O]V Set C electrode in battery solvent, 
recorded in a glovebox at a scan rate of 50 mv s–1, showing cycles 5 – 100. 

 

Table 7 - Observed Emid and ΔEp values for {K6W18}@[O]V Set C electrode in battery 
solvent. 

Process Emid/V ΔEp/mV 

I/I’ 3.52 168 

II/II’ 3.32 160 

III/III’ 3.04 199 
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Figure 24 - Solid state disc CV of {K6W18}@V Set D electrode in battery solvent, 
recorded in a glovebox at a scan rate of 50 mv s–1, showing cycles 5 – 100. 

 

Table 8 - Observed Emid and ΔEp values for {K6W18}@V Set D electrode in battery 
solvent. 

Process Emid/V ΔEp/mV 

A/A’ 3.46 376 

B/B’ 3.22 408 

C/C’ 2.90 357 

 

4.4.6.2 Charge – Discharge Cycling for Set C: {K6W18}@[O]V 

Figure 25 shows the 1st and 2nd charge/discharge curve obtained for Set 

C, using {K6W18}@[O]V as the positive electrode in the potential range of 1.5 – 3 

V. Four very well – defined charge and discharge plateaus are observed (dashed 

lines). These four redox events take place between 1.7 – 2.7 V, at least 1 V lower 

than anticipated form the voltammetric studies.  
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Figure 25 - 1st and 2nd charge-discharge profile for Set C in the voltage range 1.5 – 3 V. 

 

The initial charge/discharge capacities are 20.3 mAh g–1 and 30.4 mAh g–

1 respectively (Figure 26). These capacities are higher than expected in relation 

to the theoretical specific capacity of 17.94 mAh g–1 but they are also higher than 

the observed capacities for the uncalendared electrode of Set A. The charge and 

discharge capacity falls below the theoretical capacity (pink line) within the first 

few cycles, and slowly decline to a final capacity between 9 – 11 mAh g–1.  The 

high CE value starts at 149 % and steadily declines to 120 %. At this early stage 

of study, the CE cannot be interpreted as a literal reflection of the stability of 

the cell with regards to electrochemical reversibility of the POM-lithium redox 

reactions or the nature of SEI formation. Firstly, the observed redox activity in 

the charge – discharge profiles is already more than what we expected. 

Secondly, how long a lithium metal cell can cycle stably is determined by several 

factors45 such as the depletion rate of lithium metal and electrolyte as well as 

the build-up rate of cell impedance, which have not been measured in this study.  
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Figure 26 - Specific charge/discharge capacity and coulombic efficiency values per 
cycle. 

 

Figure 27 shows the first ten charge – discharge cycles, as well as the 

15th, 20th, 30th, 40th and 50th cycles. The reduction in capacity with repetitive 

cycling can be seen from the 1st charge/discharge curve (light blue trace) to the 

50th (dark green trace). The curves with the lowest capacity values are more 

linear in appearance (beyond 30 cycles).  The principal cause of this is likely to 

be a deficiency of active material over time, including both loss of the active 

positive electrode material {K6W18} through leaching and loss of active lithium 

through inefficient lithiation and delithiation (as described for the SEI formation 

process, vide supra). 
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Figure 27 - First ten charge/discharge cycles as well as the 15th, 20th, 30th, 40th and 50th 
cycles. 

 

The differential capacity curve for the 1st charge/discharge curve is 

shown in Figure 28 with an inset of the 30th and 50th charge/discharge cycles. 

The DC curve for the 1st cycle shows four broad peaks which correspond to the 

four plateaus observed in the voltage profile. However, it is interesting to note 

that the peaks between 1.5 – 1.8 V and 2.2 – 2.5 V have double humps which 

certainly prompts further investigation into the working mechanism of the cell 

with regards to the lithiation and delithiation of the {K6W18}@[O]V electrode. 

The first double hump between 1.5 – 1.8 V very quickly smoothens to just one 

peak whereas the double humped peak between 2.2 – 2.5 V persists until at 

least the 30th cycle.  

Despite the linear appearance of the 30th and 50th charge/discharge 

curves in Figure 27, the DC curve for each respective cycle shows that redox 

chemistry continues to take place. The intensity and magnitude of these 
𝑑𝑄

𝑑𝑉
 

peaks do diminish over time which is echoed the loss of capacity over time.   
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Figure 28 - Differential capacity plot, 
𝑑𝑄

𝑑𝑉
 vs. potential for the 1st charge-discharge cycle 

and an inset for the 30th and 50th cycle. 

 

4.4.6.3 Charge – Discharge Cycling for Set D: {K6W18}@V 

Figure 29 shows the 1st and 2nd charge/discharge curve obtained for the 

Set D electrode where {K6W18}@V is the positive electrode. Four charge and 

discharge plateaus are observed between 1.5 – 3 V (dashed lines) which are 

better defined than the uncalendared analogue (Set B). These four redox events 

also take place between 1.7 – 2.7 V as seen with all the charge – discharge curves 

so far.  
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Figure 29 - 1st and 2nd charge-discharge profile for Set D in the voltage range 1.5 – 3 V. 

 

The initial charge/discharge capacities are 25.3 mAh g–1 and 29.1 mAh g–

1 respectively (Figure 30). These capacities are both higher than the theoretical 

specific capacity and the initial capacities observed for the uncalendared 

analogue (Set B). A steep decline in the initial capacities occurs within the first 

ten cycles before they reach the theoretical capacity (pink line). The final charge 

and discharge capacities are approximately 14 mAh g–1.  The CE values start at 

114 % and steadily decrease to 102 %.  These results are interesting because the 

calendaring process has clearly had a marked effect on the performance of the 

{K6W18}@V composite. The calendaring has improved the contact between the 

POM and the Vulcan surface which is evidenced by the better-defined plateaus 

compared to Set B. Better contact has resulted in capacities more comparable 

to the theoretical specific capacity as well as the capacities exhibited by the 

Oxidised Vulcan composites (Set A and C).  
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Figure 30 - Specific charge/discharge capacity and coulombic efficiency values per 
cycle. 

 

The first ten charge – discharge cycles as well as the 15th, 20th, 30th, and 

50th cycles are shown in Figure 31. The capacity fade with increasing cycles can 

be seen from the 1st charge/discharge curve (light blue trace) to the final 50th 

(dark green trace). Though the plateaus are better defined in this set of 

electrodes compared to Set B, the curves still assume a linear appearance 

beyond 20 cycles.  
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Figure 31 - First ten charge/discharge cycles as well as the 15th, 20th, 30th and 50th cycles. 

 

Figure 32 shows the DC curve for the 1st charge/discharge curve 

alongside an inset for the 30th and 50th charge/discharge cycles. In the 1st 

charge/discharge cycle, four broad peaks can be seen. Once again, the peak 

between 2.2 – 2.5 V has a double hump, raising questions about the number of 

electrons we think are being transferred versus what is actually observed. 

Additionally, the corresponding discharge 
𝑑𝑄

𝑑𝑉
 peak in the later cycles has a 

drastic reduction in intensity as well as the preceding discharge 
𝑑𝑄

𝑑𝑉
 peak (~ 2.7 

V), which looks flat (Figure 32). This indicates that the redox reactions become 

increasingly irreversible through progressive cycling.   
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Figure 32 - Differential capacity plot, 
𝑑𝑄

𝑑𝑉
 vs. potential for the 1st charge-discharge cycle 

and an inset for the 30th and 50th cycle. 

 

The effect of calendaring is evident for both Set C and Set D as their 

potential plateaus are much more well-defined than their uncalendared 

counterparts, Set A and B.  Additionally the increase in capacity, particularly for 

Set B ({K6W18}@V), attests to the advantage of calendaring, which increases the 

contact between the redox active POM and its conductive support ([O]V or V) 

as well as the Super P additive. Calendaring can also help to eliminate any 

structural deformations on the surface as well as increasing contact between 

the coating and aluminium foil current collector. These have positive knock-on 

effects during the galvanostatic cycling and therefore this form of post-drying 

processing should be taken into consideration for future preparation of such 

electrodes.  

Generally, for the electrodes studied, the discharge capacity is higher 

than the charge capacity. The discharge process involves lithiation of the 

POM/Vulcan materials and charge is the reverse. This means more energy is 

being released from the material than it has when it is charged. Therefore, 
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alongside the lithiation, current is likely being passed through additional 

processes which contribute to the discharge capacity. We hypothesise that 

when the POM/Vulcan electrodes are lithiated, it becomes an unstable 

electrode. The implication of this is that there are now several competing factors 

preventing all the lithium to return to the negative electrode side i.e., lithium 

leaching into the system, the formation of an unstable interface on the 

electrode which consumes lithium or parasitic side reactions. It would not be 

unsurprising to see these phenomena occurring in an unoptimised material and 

battery. Further investigation using in-situ monitoring and post-mortem 

analyses would be beneficial.  

4.4.7 Effect of Increasing the Potential Window  

Between the range of 1.5 – 3V, extra redox chemistry was accessed than 

predicted. Of course, experimental parameters will have an influence over the 

cell chemistry and cell performance. In the next set of galvanostatic 

measurements, electrodes from Set A and B were subjected to a constant 

current of 50 µA in a wider potential window between 1.5 – 4.2 V. This voltage 

range has previously been reported for POM-based battery systems using 

similar electrolyte composition.15,18,6,46 Using a wider potential window will 

allow us to garner behavioural characteristics of the POM/Vulcan electrodes 

under conditions reported in the literature.  

4.4.7.1 Charge – Discharge Cycling for Set A: {K6W18}@[O]V 

Figure 33 shows the 1st and 2nd charge/discharge curve obtained for 

{K6W18}@[O]V as the positive electrode. Four potential plateaus are observed, 

in line with our observations between 1.5 – 3V. However, the fourth charge 

plateau (2.8 V) and 1st discharge plateau (4.1 V) are much longer than all the 

other plateaus and are accompanied by a sharp climb (during charge) or steep 

drop (during discharge) in potential. This suggests the presence of other charge 

storage mechanisms, not related to the active material {K6W18}.   
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Figure 33 - 1st and 2nd charge-discharge profile for Set A in the voltage range 1.5 – 4.2 
V. 

 

If we compare this voltage profile to its corresponding  
𝑑𝑄

𝑑𝑉
 profile which 

is shown in Figure 34, we see that the chemistry occurring during the first charge 

does not resemble POM redox chemistry. Though this does stabilise on the 2nd 

charge/discharge curve, a level of complexity has been introduced following the 

literature protocol of increasing the potential window. By the 50th cycle, these 

peaks reduce into a rectangular shaped curve and so the capacity that is being 

recorded is not due to POM redox chemistry.  
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Figure 34 - Differential capacity plot, 
𝑑𝑄

𝑑𝑉
 vs. potential for the 1st, 2nd and 50th charge-

discharge cycles. 

 

The initial charge and discharge capacities are quite high, 52.1 mAh g–1 

and 45.5 mAh g–1 respectively, much higher than what we have observed thus 

far (Figure 35). In fact, the observed capacity in these first 10 cycles is also much 

higher than the calculated theoretical specific capacity of 17.94 mAh g–1. There 

are a number of caveats which concern the validity of these capacity values. 

Increasing the potential window has taken the system outside the realm of POM 

redox chemistry. The wide window has allowed for a large amount of charge to 

be stored on the Oxidised Vulcan support and subsequently discharged. The 

charge storage capabilities of the carbon support are not accounted for in the 

theoretical capacity calculation.  
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Figure 35 - Specific charge/discharge capacity and coulombic efficiency values per 
cycle. 

 

Moreover, a wide potential window is desirable for the development of 

high energy batteries as it allows for greater flexibility with respect to bespoke 

and novel battery chemistries. A wide electrochemical window is an important 

criterion, such that electrolyte degradation should not occur within the range of 

the redox chemistry of interest at the positive and negative electrodes.47 Our 

previous studies of the solution phase behaviour of the {K6W18} POM in the 

battery solvent show that between 2.2 – 4.2 V, complex electrochemistry is 

observed (Figure 36).  The POM redox chemistry becomes irreversible with the 

appearance of new peaks (marked with *), birthed from solvent induced POM 

degradation. At cell level, there is no evidence to suggest that the addition of 

Oxidised Vulcan remedies the POM stability within the region of 2.2 – 4.2 V. 

Thus, the observed capacity values are likely not attributable to the desired POM 

redox chemistry. Instead, electrons which are liberated from electrolyte 

degradation mechanisms or from charge stored on the Oxidised Vulcan support 

all contribute to the observed capacity, providing misleadingly high values. The 

high coulombic efficiency for the cell between 90 – 100% would suggest that 
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the redox reactions are reversible and stable, but as per the reasons outlined 

above, these values are not a true reflection of the cell performance in this case.  

 

 

Figure 36 - Solution phase CVs for {K6W18} in 1M LiPF6 in EC/EMC showing the 
irreverble changes that are induced in rensponse to the potential window being 

increased. 

 

The region in which the chemistry of interest is actually happening is 

between 1.5 V and 2.7 V, which is marked with a green dashed trace in Figure 

37.  
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Figure 37 – Green line marks region of interest for battery testing experiments, with 
respect to observing clear POM redox chemistry. 

4.4.7.2 Charge – Discharge Cycling for Set B  

The 1st and 2nd charge/discharge curves for the Set B electrode 

({K6W18@V) between 1.5 – 4.2 V are shown in Figure 38. No discernible voltage 

plateaus are observed, and the curves are highly linear in appearance. This is in 

stark contrast to the 1st charge/discharge curve for the Set B electrode cycled in 

the potential range of 1.5 – 3 V, where four plateaus could be detected. The 

linear appearance of the curves indicates low accessibility of the POMs.   
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Figure 38 - 1st and 2nd charge-discharge profile for Set B in the voltage range 1.5 – 4.2 
V. 

 

The 
𝑑𝑄

𝑑𝑉
 show three very small peaks which quickly diminish in intensity 

by the final 20th cycle (Figure 39). Between 2.7 V and 4.2 V capacitive charging 

and discharging of the Vulcan support is occurring.  
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Figure 39 - Differential capacity plot, 
𝑑𝑄

𝑑𝑉
 vs. potential for the 1st and 20th charge-

discharge cycle. 

 

The maximum observed charge – discharge capacity for this system was 

15.7 mAh g–1/15.9 mAh g–1 (Figure 40). The poor performance for electrode B is 

multifaceted. We already know that the Vulcan support has a greater tendency 

to succumb to POM leaching, which is very likely to have transpired in the 2 

hours resting period to galvanostatic measurements. This was alleviated to 

some extent by way of calendaring. We also know that within this wider 

potential window of study, the POMs are susceptible to degradation, 

introducing complexity and irreversibility to the system. This degradation 

coupled with the wider potential window allows capacitive charging and 

discharging of the Vulcan carbon support, which renders the measured capacity 

values ineffectual.    
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Figure 40 - Specific charge/discharge capacity and coulombic efficiency values per 
cycle. 

 

4.4.8 Effect of Narrowing the Potential Window  

The next set of charge – discharge curves were recorded in a narrower 

potential window between 2.6 – 3.8 V. This is the range in which the POM redox 

peaks appear in the solution phase voltammogram (Figure 3).  
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Figure 3 - CV of {K6W18} in 1M LiPF6 in EC/EMC, performed in the glovebox, using a 3 
mm GC WE, Pt CE, LFP reference electrode which was then converted to Li/Li+. The 

scan rate was 50 mV s−1. 

 

The charge – discharge profiles of Set A, B, C and D are shown below in 

Figures 41 – 44 . An inset of the 
𝑑𝑄

𝑑𝑉
 curves is also shown for each set of charge – 

discharge curves. Interestingly, no POM redox chemistry is detected in any of 

the sets, which is confirmed by the featureless 
𝑑𝑄

𝑑𝑉
 curves. As a result, the 

capacities observed are very low and are due to the capacitive charging and 

discharging of the Vulcan and Oxidised Vulcan supports. Interestingly, the 

calendared electrode of Set D which has {K6W18}@V as the positive electrode 

material exhibits the highest initial discharge capacity of 36 mAh g–1.  This study 

reiterates that it is important to choose an appropriate potential window with 

respect to the system of interest. In this case, it may be necessary to extend the 

window to lower potentials starting at 1.5 V to instigate the POM redox 

reactions.  
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Figure 41 - 1st and 50th charge-discharge curves for Set A in the voltage range 2.6 – 3.8 

V with an inset of the 
𝑑𝑄

𝑑𝑉
 curve for the 1st charge-discharge cycle. 

 

 

Figure 42 - 1st and 50th charge-discharge curves for Set B in the voltage range 2.6 – 3.8 

V with an inset of the 
𝑑𝑄

𝑑𝑉
 curve for the 1st charge-discharge cycle. 
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Figure 43 - 1st and 50th charge-discharge curves for Set C in the voltage range 2.6 – 3.8 

V with an inset of the 
𝑑𝑄

𝑑𝑉
 curve for the 1st charge-discharge cycle. 
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Figure 44 - 1st and 50th charge-discharge curves for Set A in the voltage range 2.6 – 3.8 

V with an inset of the 
𝑑𝑄

𝑑𝑉
 curve for the 1st charge-discharge cycle. 

 

4.4.9 Effect of Removing Super P  

Set E and Set F electrodes were fabricated with either {K6W18}@[O]V or 

{K6W18}@V and PVDF binder in a weight ratio of 95:5. The electrodes were also 

calendared post drying. This study was conducted in order to make an 

assessment on the effect of removing extra additives, which will inform 

decisions about tailoring the electrode composition.  

Solid state voltammograms were collected using the three-electrode 

setup as described in Figure 11.  Figure 45 shows the voltammogram for Set E 

and Figure 46 shows the voltammogram for Set F. There does not appear to be 

any obvious differences between the nature of the support, as their 

voltammetric profiles look very similar and both show a distinct absence of well-

defined POM redox peaks.   
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Figure 45 - Solid state disc CV of {K6W18}@[O]V Set E electrode in battery solvent, 
recorded in a glovebox at a scan rate of 50 mv s–1. 

 

Figure 46 - Solid state disc CV of {K6W18}@V Set F electrode in battery solvent, 
recorded in a glovebox at a scan rate of 50 mv s–1. 
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The corresponding 1st and 2nd charge/discharge cycles for Set E and F are 

shown in Figure 47 and Figure 48 respectively. Four plateaus can be discerned 

for each voltage profile between the range of 1.8 – 2.8 V. Due to the wider 

potential window used to measure these profiles, we once again see the long, 

continuous charge – discharge plateaus, especially beyond 2.7 V.  

 

Figure 47 - 1st and 2nd charge-discharge profile for Set E in the voltage range 1.5 – 4.2 
V. 
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Figure 48 - 1st and 2nd charge-discharge profile for Set F in the voltage range 1.5 – 4.2 
V. 

 

What is most interesting about this electrode composition is the 

resultant extremely high observed capacities. The Set E electrode has an initial 

charge and discharge capacity of 77 mAh g –1 and 133 mAh –1 (Figure 49) which 

is more than four and seven times greater than the theoretical specific capacity.  

The Set F electrode also exhibits a very large initial charge and discharge capacity 

of 54 mAh g –1 and 95 mAh g –1 (Figure 50). The capacities for each electrode do 

not decline so much that they reach the theoretical capacity, in fact the final 

capacity values remain at least twice as high as the theoretical capacity.  
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Figure 49 - Specific charge/discharge capacity and coulombic efficiency values per 
cycle. 

 

Figure 50 - Specific charge/discharge capacity and coulombic efficiency values per 
cycle. 
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Additionally, the coulombic efficiencies are consistently above 100 % 

which certainly demonstrates the irregular behaviour of the system. Clearly, 

these capacities are not related to the POM redox chemistry. Since POMs are 

insulating in nature, it may be predicted that the absence of a conductive 

additive would result in very low capacities. It appears that the absence of Super 

P does quash the POM redox chemistry, which is surprising as it would be 

expected that the Vulcan and Oxidised Vulcan supports are sufficiently 

conductive to relay the charge from the POM redox processes.  Indeed, the 

suppression of the POM redox chemistry results in the capacitive characteristics 

of the Vulcan and Oxidised Vulcan dominating the charge – discharge 

measurements, thereby massively increasing the observed capacity. As we have 

already ascertained, the wide potential window is also a gateway to undesirable 

side reactions, which also contribute to the erroneous capacity and CE values. 

This study highlights the importance of the conductive additive to ensure the 

redox chemistry of interest prevails. The results pair well with the studies 

conducted in wide and narrow potential windows to inform future experimental 

design.    

4.5 Conclusions & Future Work 

In this chapter, a series of electrodes made from the materials of 

interest, {K6W18}@[O]V and {K6W18}@V were tested for their potential as 

positive electrodes for lithium batteries. Using a standard electrode composition 

and Swagelok assembly, a clear difference in the electrochemical performance 

was observed between Set A and Set B, continuing the trend that the Oxidised 

Vulcan support shows enhanced POM retention vs. Vulcan. This trend extends 

to the calendared analogues, Set C and Set D. This processing technique proved 

to be advantageous as it allowed for an increase in the observed capacities, 

making them closer to the theoretical value, most likely by enhancing the 

contact between the active material and its conductive support.  

Between the potential window of 1.5 – 3V, from the voltage profiles and 

𝑑𝑄

𝑑𝑉 
 curves, we see that the POM redox chemistry is reversible, achieves 
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capacities close to the theoretical value and generally fits the trends observed 

from the voltammetric studies. Interestingly, the potential plateaus occur at 

lower potentials than the redox waves observed from the solution phase and 

solid state voltammograms. This discrepancy allows for a 4th reversible redox 

event to take place in the cell, which was not observed in the voltammograms 

due to the instability of the POM in battery solvent at lower potentials, giving 

rise to irreversible peaks. Although the 
𝑑𝑄

𝑑𝑉 
 curves do show that this 4th plateau 

in the voltage profile (1st discharge plateau and 4th charge plateau) loses 

intensity over time and appears flat at later cycles. The 2nd discharge process 

also reduces in intensity over time. Thus, it would be valuable to shorten the 

window further, to perhaps 1.5 – 2.7 V to investigate this phenomenon and see 

whether the reduced reversibility of the 2nd discharge process is coupled to that 

of the 1st discharge process. Additional measurements such as cyclic 

voltammetry of the Swagelok cell within different potential windows may 

provide more clarity. The use of a ‘control’ battery setup where only Vulcan and 

Oxidised Vulcan are used as the positive electrode material would provide 

insight to the capacities achieved in relation to the lithiation and delithiation of 

the carbon in the absence of POM.  

Studies conducted in the potential range of 1.5 – 4.2 V show that a level 

of complexity is introduced into the system, stemming from a combination of 

the Oxidised Vulcan and Vulcan supports being charged and discharged as well 

as undesirable side reactions (POM degradation). The effect of narrowing the 

potential window to match that of the CV experiments did not show that POM 

redox chemistry was happening in the cell but rather capacitive charging and 

discharging of the Vulcan based supports was observed. These potential window 

studies will inform the design of future experiments of this nature.    

Lastly, the plateaus on the charge curve tend to be more well – defined 

than their corresponding partners on the discharge curve i.e., when the 

POM/Vulcan material is being delithiated. This could be due to the potential 

window used as mentioned earlier, however the interplay between the redox 

chemistry of the POM and lithium has not been well characterised in the 
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literature. K6[P2W18O62] is an open-framework material consisting of multiple 

individual clusters, each of which has multiple tungsten centres capable of 

participating in redox reactions. As such, it may have a rather different Li-ion 

transportation mechanism to that of conventional bulk metal oxides which 

poses a very interesting premise for future study.  

Future work will involve investigations into enhancing the capacity by 

optimising the loading of POM on [O]V. For example, instead of stirring the two 

materials in an aqueous solution of POM, the two materials could be ball-milled 

instead. Ball-milling is a widely used mechanical grinding technique which does 

not require solvent. By controlling the particle size morphology, the POM could 

be even more well distributed within the [O]V matrix which may help in 

maintaining stable, consistently high capacities. The experiments conducted 

thus far provide a proof of concept that POM/Vulcan based systems can be 

applied as a positive electrode material for Li-metal batteries.  

 

 

 

 

 

 

 

 

 

 



Chapter 4: Evaluation of POM/Vulcan Electrodes in Lithium Batteries 279 
 

4.6 Experimental  

Preparation of POM/Vulcan electrodes – Set A and Set B  

The electrodes were prepared by mixing an 80 wt % mass of the 

composite material ({K6W18}@V or {K6W18@[O]V) with 10 wt % conductive 

Super P carbon, and 10 wt% polyvinilidenefluoride (PVDF) binder. Slurries were 

made by adding N-methyl-2-pyrrolidone (NMP) solvent and subsequently 

casted on to aluminium foil using a doctor blade. The coated Al foils were then 

dried at 80 °C overnight in a vacuum oven before being punched into circular 

electrodes, 12 mm in diameter. The electrodes were dried again in a vacuum 

oven at 80 °C overnight before being transferred to a dry, argon-filled glovebox.  

Preparation of POM/Vulcan electrodes – Set C and Set D 

The electrodes were prepared in exactly the same way as Set A and Set 

B, with the addition of a calendaring step prior to punching circular electrodes.  

Preparation of POM/Vulcan electrodes – Set E and F  

 The electrodes were prepared by mixing a 95 wt % mass of the 

composite material ({K6W18}@V or {K6W18@[O]V) with 5 wt % of 

polyvinilidenefluoride (PVDF) binder with the exclusion of Super P carbon. 

Slurries were made by adding N-methyl-2-pyrrolidone (NMP) solvent and 

subsequently casted on to aluminium foil using a doctor blade. The coated Al 

foils were then dried at 80 °C overnight in a vacuum oven before being 

calendared and punched into circular electrodes, 12 mm in diameter. The 

electrodes were dried again in a vacuum oven at 80 °C overnight before being 

transferred to a dry, argon-filled glovebox.  

Swagelok cell assembly  

The electrochemical performance of the Set A, B, C and D positive 

electrodes was tested using Swagelok type cells in an argon-filled dry glovebox. 

Li metal foil was used as the negative electrode (also known as counter or 

reference electrode in a ‘half cell’). Two glass fibre discs were used as the 

separator. All electrodes/discs were punched to 12 mm in diameter. 120 μL of 
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the commercially available battery electrolyte (Merck) was used, which 

consisted of 1M LiPF6 in a 50/50 by volume ethylene carbonate/ethyl methyl 

carbonate (EC/DMC, 1:1, v/v). The cells were allowed to rest for 2 hours at room 

temperature after assembly, in order to ensure adequate wettability of the 

electrodes and separation with electrolyte.  

Galvanostatic Cycling  

The cell cycling experiments were performed by galvanostatic charge –

discharge cycling over the desired potential range at a constant applied current 

of 50 μA. The measurements were conducted using a computerised multi-

channel battery-testing instrument from BioLogic.  
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5. Dimensionally Controlled 

Polyoxometalate Impregnated Activated 

Carbons 

5.1 Introduction 

Polyoxometalates are at the crux of many application-driven material 

design strategies and so, the heterogenisation of POMs has been reported using 

a whole host of immobilisation techniques on a variety of functional 

substrates.1,2,3 This is because POMs possess a unique range of physiochemical 

properties including cation-controlled solubility in aqueous and organic 

solvents, high redox activity, photoactivity in the UV and near-visible region, 

high Bronsted acidity, oxygen transfer capability and chemical tunability via 

structural modification.4,5 Though early research was focused on homogeneous 

catalysis, the heterogenisation of POMs allows for their unique properties to be 

incorporated into a functional substrate to create a synergistic material 

specifically tailored for the application, for example catalyst recoverability.  

In the context of electrochemical energy storage, it is necessary to 

anchor POMs onto a conductive surface to hone their electrochemical 

properties, as they are intrinsically insulating. Additionally, POMs are soluble in 

a wide variety of solvents and so leaching of the redox active material must be 

prevented by immobilisation. The development of hybrid nanocomposite 

materials which could combine faradaic and double-layer capacities are 

favoured for future devices with improved energy and power densities. As such, 

combinations of carbon and oxides seem especially well-suited to the task since 

they could provide the right mixture of double-layer and faradaic activities. 

Electrochemical Capacitors (EC) are one such avenue for the 

aforementioned materials. ECs have emerged as attractive electrochemical 

energy storage devices, owing to their high-power capability, long cycle life, and 
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simple operation. There are two primary categories of ECs, (i) Electrochemical 

Double Layer Capacitors (EDLCs) which store charge through reversible 

adsorption of ions from the electrolyte and (ii) pseudocapacitors which store 

charge through reversible surface redox reactions which occur at the interface 

between the electrode and the electrolyte. For the former, different kinds of 

(nano)carbon species e.g. activated carbon, carbon nanotubes, and graphene 

have been used due to their high electrical conductivities, wide availability and 

tuneable morphologies.6,7,8,9 Regarding the latter, pseudocapacitive materials 

include but are not limited to transition metal oxides10 or chalcogenides10 (RuO2 

and MoS2) or conductive polymers such as polyaniline11 and polypyrrole12.  

However, if used individually, each of these components suffers from 

particular disadvantages that preclude their optimal implementation into 

supercapacitive devices. For example, porous carbon materials exhibit a wide 

pore size distribution, and it is important that the pores of the electrode material 

match the size of the electrolyte ions to avoid ion-sieving effects. Whereas metal 

oxides suffer from low electronic conductivity. Therefore, a practical way to 

overcome these limitations lies in the synergistic combination of two or more of 

the above components. This hybrid material can combine both the EDL and the 

pseudocapacitive energy storage mechanisms to form an enhanced 

supercapacitor. The rapid and reversible multi-electron transfer demonstrated 

by POMs makes them well-suited for pseudocapacitance and consequently 

there have been several reports on the use of POMs for EC applications.13,14,15,16 

Porous carbon materials have long been of scientific interest as they can 

interact with atoms, ions, molecules and supramolecules.17 Activated carbons 

are perhaps the most widely explored class of porous carbons, due to their array 

of advantageous properties. These include high specific surface area, chemical 

inertness, high conductivity and capacitance, good thermal stability and low cost 

of starting materials. Typically, activated carbons have been employed for use 

as catalyst supports and adsorbents. However they have now burgeoned for use 

in energy storage, especially for applications that require constrained space or 

pores for ion access such as electrode materials.18   
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Several examples of POMs supported on ACs exist in the literature, with 

a view towards catalysis and capacitor electrodes. Frenzel et al. prepared a 

series of transition metal substituted Keggins supported on activated carbon 

using the incipient wetness method. The Keggin anion, ([PW11O39M(H2O)]5−, 

where M= Ni2+,Co2+,Cu2+, Zn2+)  served as the catalyst for the sulfoxidation of 2-

(methylthio)-benzothiazole (2-MTBT), an emerging environmental pollutant. 

They showed that the activated carbon efficiently entrapped the Keggin 

moieties such that the Keggin-AC catalyst could be used for the liquid phase 

sulfoxidation of 2-MTBT. Due to the heterogeneous nature of the system, they 

found that the Keggin-AC catalyst could be easily separated and reused without 

appreciable loss of the catalytic activity at least three times.19 

 Gomez Romero et al. explored the use of phosphotungstic acid 

H3PW12O40 supported on activated carbon to form hybrid supercapacitor 

electrodes.20,21 Their approach involved a 24-hour sonication of a 10mM 

aqueous solution of H3PW12O40 with a commercial activated carbon (DLC Super 

30) to form a hybrid material. The POMs adsorbed onto the activated carbon 

surface was found to be beneficial in several ways; increased capacitance and 

operating voltage of the symmetrical supercapacitor cells when compared to 

just the commercial activated carbon. The hybrid material also proved to be 

robust as the presence of the adsorbed POMs provided protection towards 

irreversible oxidation of the carbon matrix, leading to longer-lasting cells with 

excellent cyclability.21    

Genovese et al. used a similar adsorption technique however they 

prepared their own activated carbons using pinecone biochar.  Biochar activated 

carbon which is produced from the pyrolysis of inexpensive biomass feedstock 

such as rice husk, wood, agricultural residues, etc. has been studied as an EDLC 

material.22,23,24 The parent biomass material imparts a natural porous template 

to the biochar carbon and this can be further modified via chemical 

activation.25,26 They found that POM adsorption was greatly favoured within the 

carbon matrix that had micropores in the 1-2 nm range. Additionally, the POM 
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was homogeneously dispersed within the material resulting in a high POM 

loading, such that the areal capacitance of the hybrid material was 2.5 times 

greater than that of just the activated carbon.  

Additional hybrid materials, which involve the entrapment of POM 

moieties in metal organic frameworks (MOFs)27 and CNT networks with 

molecular cages28 have also been reported. This chapter will explore the 

possibility of entrapment of POM clusters within the pores of activated carbon. 

This strategy is discussed further below.  

5.2 Approach  

Many different feedstocks can be used in the production of activated 

carbons and the properties of the resultant activated carbon can be influenced 

by the nature of the precursor used. Structurally, the AC can be classified into 

microporous, mesoporous and macroporous solids with pore sizes of <20 Å, 

between 20-500 Å and larger than 500 Å, respectively. Synthetic pathways to 

porous solids are manifold and often depend strongly on the targeted product. 

Traditionally, two different methods can be used to prepare activated 

carbons; physical or chemical activation. Physical activation involves different 

oxidising gases such as air, O2, CO2, steam or a mixture. A two-step heating 

process is implemented where the first step is pyrolysis of the precursor in an 

inert atmosphere between 400-900 ºC. The porosity and surface area are 

developed during the second step with a flow of oxidising gas over the sample 

at the activation temperature (350-1000 ºC). In contrast, chemical activation is 

a one-step heating process where the precursor is mixed with an activating 

agent (an acid, strong base or a salt) and then heated to the activation 

temperature (450-900 ºC).18  The main advantage of chemical activation over 

physical activation is that there is only one heating step and the temperature 

required is typically lower.  Additionally, the ratio of activating agent to 

precursor and the activation temperature can both be altered to tailor the 

properties of the activated carbon.  
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Hydrothermal Carbonisation (HTC) is also a well-recognised alternative 

thermochemical synthetic route to produce functional activated carbon 

materials with a tuneable chemical structure and ultra-high surface area.29 HTC 

involves heating an aqueous mixture of the precursor in an autoclave between 

200-250 ºC. The autoclave allows the solution to undergo an autogenous 

increase in pressure as the temperature rises. The resulting carbonaceous 

material (hydrochar) is not typically porous, however chemical activation of the 

hydrochar can often elicit the formation of activated carbons with greater 

porosity than those formed by direct chemical activation.30    

The approach used in this study was to introduce the POM during the 

chemical activation process of the cellulose acetate derived hydrochar. Knowing 

that the dimensions of the Keggin and Wells-Dawson anions are between 1 – 

1.2 nm respectively, we hypothesised that the presence of POMs during the 

activation process would force the pore formation around the POM moieties, 

creating a network of POM-occupied pores. Additionally as we saw from the 

preliminary study in Chapter 3, the acid analogues of the Keggin and Dawson do 

have some oxidative influence on to the Vulcan support.  

The design of the chemical activation experiment implemented in this 

study was rationalised with various conditions. Instead of direct chemical 

activation, the activation would proceed via hydrothermal carbonisation (HTC) 

prior to chemical activation to maximise porosity. Among the potential 

precursors that can be employed for HTC, cellulosic materials are the most 

promising as they are by far the most abundant and inexpensive saccharides 

available.30 The chosen starting material was cellulose acetate to produce 

hydrochar prior to chemical activation.  

With respect to the chemical activating agent, KOH is the leading choice 

for the production of highly porous carbons, routinely achieving BET surface 

areas in excess of 2500−3000 m2 g−1, along with a relatively well-controlled pore 

size distribution (PSD).31 Despite these favourable properties, the fact remains 

that it is highly corrosive and toxic. Additionally, POMs are subject to 

degradation under strongly basic conditions. Therefore, potassium oxalate 
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(K2C2O4) was chosen as a mildly basic and less corrosive chemical activating 

agent.32 The ratio of activating agent to hydrochar is also an important 

consideration. Generally, as the amount of activating agent increases, the 

surface area and pore volume also increase but at the expense of a widened 

PSD.  

Using hydrochar can enable the design of ultra-high surface area 

activated carbons, with pore structures that can be customised to 

accommodate molecular modifiers such as POMs. The manipulation of 

preparation parameters also allows for versatility in the design of the desired 

porous solid. A notable concept of this can be referred to as template synthesis. 

Many templating strategies have already been developed for producing porous 

materials such as microporous zeolites33, ordered mesoporous silicas34 and 

nanoparticle templates for mesoporous carbons.35 

The synthesis of activated carbons is manifold and thus ideally only one 

experimental parameter should be modified each time in order to observe clear 

trends. Several ratios and parameters were tested but for the sake of clarity and 

completeness, only a few examples are detailed in this chapter. Ratios of 

activating agent (AA) to hydrochar (HC) to polyoxometalate (POM) included 

4.5:1:0.5 and 2:1:1. Potassium oxalate (K2C2O4) was the primary activating agent 

and activation temperatures of 750 °C and 500 °C were explored.  

5.3 Aims 

This study will look at whether the principles of template synthesis can 

be applied to design polyoxometalate-activated carbon composite materials. 

This is a novel approach for the preparation of structurally-sound electrode 

materials, with confinement of redox active moieties. Such an approach could 

assure materials with high cycling capacity due to reduced dissolution of active 

material.  

 Two different POMs (H3PW12O40 and H6P2W18O62) were introduced as 

an additional component in the chemical activation process of cellulose-derived 

hydrochar. The presence of the POM could either be co-activating or inhibitive. 
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The POM-activated carbon materials will be characterised and compared to the 

parent activated carbon and to see whether the electrochemical properties of 

the POM are retained within the composite POM-activated carbon material. The 

principal aim of this study is to investigate the in-situ carbonisation of POMs as 

a potential methodology for the synthesis of dimensionally controlled AC 

frameworks impregnated with a redox-active species with its electrochemistry 

intact. Figure 1 depicts the two-step synthetic procedure. 

 

Figure 1- Synthetic approach to making dimensionally – controlled POM@AC 
composites using hydrothermal carbonisation as a precursor. 

 

5.4 Results & Discussion  

5.4.1 Preliminary Characterisation   

5.4.1.1 Thermal Characterisation of {H3W12} and {H6W18} 

The thermogravimetric analyses of the two POMs indicate that their 

thermal decomposition is a multi-step process (Figure 2). At first, the Keggin and 

Dawson phosphotungstates lose water molecules below 200 °C. No significant 

mass losses are observed beyond 200 °C and the final weight % residues for the 

Keggin and Dawson is 93.6 % and 96.4 % respectively. However, beyond 600 °C, 

the POMs could also undergo structural rearrangement to generate new phases 
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that would not necessarily constitute a weight loss. The assignment of these last 

structures is difficult, since WO3 and P2O5 are able to combine in multiple 

proportions.36 It is important to note that WO3 is not redox active and so 

experimental parameters must be chosen judiciously to retain the redox activity 

of the plenary structure. 

 

Figure 2 – TG curves for {H3W12} and {H6W18}, showing the onset temperature of their 
mass loss events and the approximate weight percent residue. 

 

These analyses state that the Keggin and Dawson phosphotungstates 

remain intact until around 600 °C. It was hypothesised that if the carbon pores 

formed around the POMs during the ramp up to the activation temperature of 

750 °C, they would be somewhat shielded, causing a delay in the onset of their 

degradation to their corresponding metal oxides. 

5.4.1.2 Infrared Spectroscopy of {H3W12}, {H6W18} and Hydrochar 

Sidgwick37 describes four types of addendum-oxygen connections that 

are responsible for the appearance of peaks in polyoxometalates:  

• Oa – oxygen atoms which bridge the heteroatom, X and the addendum 

metal, M; 
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• Ob – oxygen atoms which bridge two addenda metal atoms, M, located 

in two different sets of triplets M3O13; 

• Oc – oxygen atoms which bridge two addenda atoms within the same 

triplet M3O13; 

• Od – terminal double bond oxygen atoms belonging to the MO6 

octahedron. 

The IR spectra of POMs shows several characteristic metal–oxygen vibrational 

modes in the 1100 – 700 cm−1 range: terminal W = Od bonds, 955 – 970 cm-1; 

W-O-W bridge bonds appear on a wider range, 735 – 970 cm-1, as there are 

several types of such bonds; P-O bond in tungsten complexes appear around 

1080 cm-1. The spectra of {H3W12} and {H6W18} are shown below.  

 

Figure 3 – IR spectrum showing the characteristic absorption signals of {H3W12}. 
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Figure 4 - IR spectrum showing the characteristic absorption signals of {H6W18}. 

 

The IR spectrum for the cellulose acetate derived hydrochar prepared at 

250 °C shows a variety of functional groups and evidence for aromatisation 

(Figure 5). The assignments of these groups is based on previous studies.38,39 

The broad peak between 3600 and 3000 cm-1 (section 1) corresponds to the 

stretching vibration of O–H hydroxyl and carboxyl groups. The peaks between 

3000 and 2800 cm-1 are due to stretching vibrations of aliphatic C–H bonds, 

indicating the presence of aliphatic structures (section 2). The peaks between 

1800 and 1650 cm-1 present in the hydrochar result from C=O carbonyl stretches 

of esters, carboxylic acids, aldehydes or ketones as well as C=C vibrations 

(section 3). Meanwhile the peaks between 1500 and 1000 cm-1 correspond to 

C–O vibrations from esters, ethers, phenols, and aliphatic alcohols (section 4). 

The well-defined peak below 1000 cm-1 (section 5) arises from the deformation 

of C–H out-of-plane bending vibrations in aromatic compounds. Overall, the 

spectrum is complex and has a variety of functional groups. 
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Figure 5 - IR spectrum showing the characteristic absorption signals observed for 
hydrochar. 

5.4.1.3 Powder X-ray Diffraction of {H3W12}, {H6W18}, WO3 and 

Hydrochar 

Powder X-ray Diffraction is a non-destructive characterisation technique 

for nanoscale materials. The diffraction pattern can be used to assess the degree 

of crystallinity or amporphisation within a material as well as phase 

identification and sample purity. PXRD has also been used to detect the 

formation of new crystalline metal oxide phases, for example, due to 

degradation of POMs under operational conditions.40,41,42 For H3PW12O40, the 

most significant peaks are observed between 8 – 10°, 17 – 20°, 26 – 30° and 32 

– 35° according to previous literature reports.43,44,45 For H6P2W18O62, the peaks 

at 2Θ = 7 – 10° , 14 – 19°, and 24 – 30° have been used to confirm the presence 

of the Wells-Dawson anion within various salts.46,47,48  

The PXRD patterns obtained for {H3W12} and {H6W18} are shown below 

(Figures 6 and 7). {H3W12} shows the following notable peaks: 7.9°, 8.8°, 17.6°, 

27.4°, 29.8°, 35.5° which match well with the literature. The Dawson contains 

the following: 9.2°, 24.6°, 25.3°, 27.1°, 29.8° which also correspond well with 



Chapter 5: Polyoxometalate Impregnated Activated Carbons  296 
 

previously reported values. The ranges in which these peaks fall are marked with 

an asterisk for each pattern.  

 

 

Figure 6 – PXRD pattern for {H3W12} with characteristic peaks marked with a (*). 
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Figure 7- PXRD pattern for {H3W12} with characteristic peaks marked with a (*). 

 

A possible degradation product of polyoxotungstates at high 

temperatures is tungsten oxide (WO3). The monoclinic structure of WO3 

possesses three distinct XRD peaks that have been previously reported as 2θ = 

23.14°, 23.60°, and 24.40°.49 A diffraction pattern was obtained for WO3 and the 

following peaks were observed: 22.9°, 23.5° and 24.3° which match well with 

the literature. The range in which these peaks occur is marked with an asterisk 

(Figure 8).  



Chapter 5: Polyoxometalate Impregnated Activated Carbons  298 
 

 

Figure 8 - PXRD pattern for WO3 with characteristic peaks marked with a (*). 

 

Lastly, PXRD analysis was carried out on the cellulose acetate derived 

hydrochar. The absence of sharp diffraction peaks in the pattern for the 

hydrochar confirms that it is indeed amorphous in nature (Figure 9). Two distinct 

broad peaks centered at a 2θ angle of 21.8° and 42.3° are visible, which are 

characteristic of carbon materials and specifically correspond to the (002) and 

(001) planes of graphene, respectively.50  
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Figure 9 - PXRD pattern for hydrochar with characteristic graphitic peaks marked with 
a (*). 

 

5.4.1.4 Electrochemistry of {H3W12} and {H6W18}  

The electrochemistry of the acidic POMs {H3W12} and {H6W18} in 1M 

H2SO4 has already been discussed in detail in Chapter 2 but the key aspects are 

reiterated here. The CV of {H3W12} in 1M H2SO4 shows three redox processes 

within the potential range of 0.2 – -0.8 V vs. Ag/AgCl (Figure 10). The first two 

process are monoelectronic and the third comprises a two-electron transfer 

which is also accompanied by protonation (Equations 1 – 3). The 𝐸𝑚𝑖𝑑  and 𝐸𝑝 

values are reported in Table 1. 
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Figure 10 - Solution phase CV of {H3W12} in 1M H2SO4 performed using a 3 mm 
diameter GC working electrode, a Pt counter electrode, and a Ag/AgCl reference 

electrode. The scan rate was 100 mV s−1. 

 

Equations 1 – 3 - Redox couples for {H3W12} in 1M H2SO4. 

 

Table 1 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{H3W12} in 1M H2SO4. 

Process Emid/V ΔEp/mV 

I 0.032 44 

II -0.23 42 

III -0.56 28 

 

The CV of {H6W18} shows four redox processes between the potential 

range of 0.2 – -0.8 V vs. Ag/AgCl (Figure 11). The first two peaks are one-electron 

processes and the third and fourth peaks are two-electron processes, both 

I/I’: [PW12O40]3– + e– ⟷ [PW12O40]4–    (1) 

II/II’: [PW12O40]4– + e– ⟷ [PW12O40]5–   (2) 

III/III’: [PW12O40]5– + 2e– + 2H+ ⟷ [H2PW12O40]5–   (3) 
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involving protonation (Equations 4 – 7).  The corresponding 𝐸𝑚𝑖𝑑 and 𝐸𝑝 

values are reported in Table 1. 

 

Figure 11 - CV of {H6W18} in 1M H2SO4 performed using a 3 mm diameter GC working 
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode. The scan rate 

was 100 mV s−1. 

 

Equations 4 – 7 - Redox couples for {H6W18} in 1M H2SO4. 

 

Table 2 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{H6W18} in 1M H2SO4. 

Process Emid/V ΔEp/mV 

I/I’ 0.065 42 

II/III -0.095 39 

III/III’ -0.34 36 

IV/IV’ -0.57 34 

I/I’: [P2W18O62]6– + e–⟷ [P2W18O62]7–   (4) 

II/II’: [P2W18O62]7– + e–⟷ [P2W18O62]8–   (5) 

III/III’: [P2W18O62]8– + 2e– + 2H+⟷ [H2P2W18O62]8–  (6) 

IV/IV’: [H2P2W18O62]8– + 2e– + 2H+ ⟷ [H4P2W18O62]8– (7) 
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5.4.1.5 Electrochemical Accessibility of POMs in the Solid State 

To assess the electrochemical accessibility of POMs adsorbed onto 

activated carbon, a rudimentary experiment was first carried out (Figure 12). 

The microcrystalline attachment of POM to an already activated carbon was as 

follows: 1 – 2 mg of {H6W18} was ground with 10 mg of activated carbon. A 

sample amount of this {H6W18}@AC composite were placed on coarse grade 

filter paper and the  glassy carbon electrode was gently rubbed over the 

material, causing some of the compound to adhere to the electrode surface. 

The only driving force here for the POM adsorption onto the carbon surface is 

mechanical grinding. Previous studies have shown this method to be a 

convenient and simple method to probing the redox properties of solids.51,52   

 

 

Figure 12 – Solid state CV of {H6W18} mechanically ground with pre-activated carbon 
and subsequently tested for POM-induced redox activity. CV was conducted in 1M 
H2SO4 using a 3 mm diameter GC working electrode, a Pt counter electrode, and a 

Ag/AgCl reference electrode. The scan rate was 100 mV s−1. 

 



Chapter 5: Polyoxometalate Impregnated Activated Carbons  303 
 

The glassy carbon electrode was then tested in 1M H2S04 electrolyte with 

a classic three-electrode cell using a platinum counter electrode and Ag/AgCl 

reference electrode. Three redox couples of {H6W18} are discerned in the 

voltammogram of {H6W18}@AC. This preliminary test shows that even in the 

absence of a major driving force to attach POMs to a given carbon surface, the 

electrochemistry is still accessible.  

5.4.2 In-situ Carbonisations – Set 1 

5.4.2.1 Preparation of POM-AC Composites - Activating 

Agent:Hydrochar:POM (4.5:1:0.5) at 750 °C 

Full preparation steps are detailed in the experimental section. Briefly, 

the POM-AC composites were prepared by the addition of either {H3W12} or 

{H6W18} into the chemical activation of cellulose acetate-derived hydrochar. The 

activating agent used was potassium oxalate (K2C2O4) in a given ratio at a set 

temperature. Post carbonisation, the composites were washed in deionised 

water for 24 hours before being filtered and dried at 100 °C.  

The first set of samples were produced via chemical activation of 

cellulose acetate derived hydrochar by potassium oxalate and including the 

POMs {H3W12} or {H6W18} at a ratio of 4.5:1:0.5 at 750 °C. The activated carbon 

control sample without any POM is denoted as AC-(4.5)750. The POM@AC 

samples are denoted as {H3W12}@AC-(4.5)750 and {H6W18}@AC-(4.5)750.    

5.4.2.2 Structural Characterisation of Set 1 

Post carbonisation, the activated carbon samples were first analysed 

using thermogravimetric analysis (TGA). For activated carbons, increasing the 

temperature in air leads to a carbon burn off which manifests as a decrease in 

mass. Therefore, TGA can be used to assess the purity of the carbon sample in 

two ways; the presence of a single sharp drop in the percentage mass loss 

indicates that only one component is present, and secondly, if the mass drops 

to < 5% then it can be assumed the sample is pure. If a mass of < 10% remains, 

then this could be due to inorganic impurities that did not oxidise in air despite 
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a single mass loss. The material represented by this mass is extremely stable. 

TGA can also be used to verify the thermal stability of POM-substrate 

composites, to provide an estimate of the POM loading of the composite as well 

whether the presence of POMs affects the thermal stability of the substrate.  

The TG curves of the control activated carbon sample and composites 

are shown below (Figure 13). The control sample AC-(4.5)750 is the most 

thermally stable as it has the highest onset temperature (486.8 °C) and is quite 

pure with a minimal residual weight percent (0.5%). The presence of oxidising 

POMs reduces the thermal stability of the composites. {H3W12}@AC-(4.5)750 

and {H6W18}@AC-(4.5)750 have lower thermal stability with the onset of their 

degradation occurring at 324.7 °C and 370.2 °C respectively. The inorganic 

residues of {H3W12}@AC-(4.5)750 and {H6W18}@AC-(4.5)750 are 11.3% and 

7.3% but whether these correspond to redox active POMs has to be determined.  

 

 

Figure 13 - TG curves for AC-(4.5)750, {H3W12}@ AC-(4.5)750 and {H6W18} AC-(4.5)750, 
showing the onset temperature of their degradation and the approximate weight 

percent of POM within the composite. 
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One of the most common methods used to gain structural information 

of surface-immobilised POMs and confirm their attachment to a substrate is 

attenuated total reflectance (ATR) infrared. ATR is a more surface-sensitive 

method of extracting IR data, which is especially important if the POM loadings 

are very low. IR spectra of carbon materials can be difficult to obtain due to 

problems arising from poor transmission and uneven light scattering related to 

large particle size. Additionally, the electronic structure of carbon materials 

results in a complete absorption band through the visible region to the infrared. 

Interpretation of spectra can also be convoluted due to multiple band overlaps, 

so it is not always straightforward to unequivocally assign specific functional 

groups to observed absorption bands. It is also important to note that IR spectra 

for POM-substrate composites can be difficult to analyse, as often the spectra 

are dominated by the substrate vibrational modes.  

The complex spectrum with several notable absorptions observed for 

the hydrochar are clearly absent in all three of the activated carbon samples 

prepared at 750 °C, which is indicative of complete carbonisation of the 

hydrochar (Figure 14). This could mean that the POM absorption bands are 

shrouded by the AC network as the POM is embedded deep within the pores. It 

is also possible that the POM has degraded during the carbonisation but 

nonetheless, no peaks are visible for possible degradation products such as 

tungsten oxide (WO3).  
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Figure 14 – IR absorption spectrums for AC-(4.5)750, {H3W12}@ AC-(4.5)750 and 
{H6W18} AC-(4.5)750. No major bands were detected. 

 

Powder X-ray diffraction (PXRD) is an analytical technique used to detect 

the degree of crystallisation or amporphisation of a material. Therefore, it can 

be useful to analyse crystalline POM-substrate composites. The absence of 

POM-based XRD signals is usually an indicator of the molecular dispersion of 

POMs on the surface. But the absence of such a signal can also be explained by 

the presence of larger, amorphous aggregates and thus further evidence is 

required in some cases.53  
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The obtained patterns are shown in Figure 15. The amorphous nature of 

the prepared AC-(4.5)750 material is clear. Two distinct broad peaks centered 

at a 2θ angle of 23.5° and 42.3° are visible, which are characteristic of carbon 

materials and specifically correspond to the (002) and (001) planes of graphene, 

respectively.50 These diffractions are also visible in the hydrochar, which is 

amorphous in nature. However, the broadening of the 002-signal post 

carbonisation indicates an increase in the degree of disordering.  

In general, the flattening of XRD signals that come from POM within a 

composite material prove that the POM is homogenously dispersed in the 

substrate matrix. However, this is not the case with the {H3W12}@AC-(4.5)750 

and {H6W18}@AC-(4.5)750 composites. Both composites have many sharp 

diffraction peaks, indicating the materials have a crystalline component. Upon 

further inspection, the following peaks can be found for {H3W12}@AC-(4.5)750:  

23.1°, 23.5° 24.3° and {H6W18}@AC-(4.5)750 has: 23.5°, 23.9° and  24.6°. These 

peaks can be ascribed to WO3 which is a breakdown product of 

polyoxotungstates and have previously been reported at 2Θ = 23.14°, 23.60°, 

24.40°.49 Therefore, this analysis suggests that the in-situ carbonisation at the 

proposed conditions was not successful at incorporating the POM motifs within 

the AC network.  

 



Chapter 5: Polyoxometalate Impregnated Activated Carbons  308 
 

 

Figure 15 – PXRD patterns obtained for AC-(4.5)750, {H3W12}@ AC-(4.5)750 and 
{H6W18} AC-(4.5)750. Some POM peaks are marked with an (*) that correspond to 

WO3. 

 

 

5.4.2.3 Textural Characterisation of Set 1 

The surface area and porosity were determined by the Brunauer-

Emmett-Teller method (BET) using N2 gas as the adsorptive. An adsorption 

isotherm plots the quantity of gas adsorbed against the relative pressure (p/po).  
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Figures 16, 17, and 18 show the isotherms produced with an inset of the 

pore size distribution (incremental pore volume (cm3/g) against pore width (Å)). 

The control sample AC-(4.5)750 exhibits strongly Type I(a)54 isotherm behaviour 

indicating ultramicroporosity. The steep incline at low relative pressures 

followed by a plateau indicates that the micropores are filled rapidly. The sharp 

‘knee’ is representative of a narrow pore size distribution. The inset for the pore 

size distribution (PSD) clearly shows the AC-(4.5)750 sample consisted of only 

narrow micropores under 10 Å and no mesopores (Figure 16). The material has 

a high apparent BET surface area of 1099.3 m2 g-1 which reflects the 

ultramicroporous nature of the material. Additionally, the PXRD data indicated 

an increase in the disorder of the graphitic planes and such an increase in 

activated carbons usually leads to an increase in the porosity and internal 

surface area55, which correlates well to the N2 adsorption isotherm. 

 

Figure 16 - N2 adsorption isotherms of AC-(4.5)750.   

 

{H3W12}@AC-(4.5)750 and {H6W18}@AC-(4.5)750 both show Type I 

isotherm behaviour, characterised by the steep uptake of N2 at very low relative 

pressure (Figures 17 and 18). However, some Type II character is also shown by 
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the slope after the initial rapid uptake of the adsorptive. This implies that these 

samples had a large quantity of micropores but that mesopores were also 

present. A large volume of micropores is accounted for by the PSD, as well as a 

small but broad distribution of larger micropores and mesopores starting from 

14 Å and upwards. {H3W12}@AC-(4.5)750 and {H6W18}@AC-(4.5)750 have a BET 

surface area of 430.7 m2 g-1 and 895.6 m2 g-1 respectively.  

 

Figure 17 - N2 adsorption isotherms of {H3W12}@AC-(4.5)750. 
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Figure 18 - N2 adsorption isotherms of {H6W18}@AC-(4.5)750. 

 

As evidenced by the BET data, the experimental conditions successfully 

produced an activated carbon with a high surface area. CA-PW12@AC-(4.5)750 

showed a much lower surface area and CA-P2W18@AC-(4.5)750 has a modest 

surface area. These results can be interpreted in several ways in which a reduced 

surface area would be expected. Firstly, specific surface areas will generally 

increase as the pore size decreases, thus it is unsurprising that the presence of 

mesopores in the POM-based composites reduces their surface area.  Given that 

the carbonisation conditions are different to the control sample AC-(4.5)750, 

namely the presence of POM, we can consider the role of the POM during the 

carbon activation. The POM crystals could impede the micropore formation 

during activation, resulting in mesopores, and hence a reduced porosity at the 

end. Or we could consider that the POM has no effect on the activation process 

and is in fact sitting in the formed pores thereby blocking access for N2. If the 

gas cannot adsorb then the porosity cannot be analysed. However, the latter 

hypothesis is weakened by the PXRD data which indicates the POMs are not 

intact post carbonisation.  
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Scanning Electron Microscopy (SEM) was used to investigate the 

morphology of the POM@Activated Carbons. Only images for {H3W12}@AC-

(4.5)750 have been obtained. As revealed by Figure 19, the structure is 

dominated by spherical clusters. Some of the clusters appear to be perfect 

spheres whereas some regions contain irregular and deformed spheres. The 

spherical micrometre-sized particles characterise both glucose and cellulose 

derived hydrochar. The mechanism by which HTC modifies the starting material 

has previously been investigated.56 When a polysaccharide, such as cellulose, is 

hydrothermally carbonised, it undergoes hydrolysis which breaks the polymer 

down into glucose. The glucose decomposes into organic acids, furfural-like 

compounds and aldehydes. These units then recombine via polymerisation and 

condensation reactions. The polymers formed are subjected to further 

aromatisation and dehydration reactions to form insoluble microspheres with 

hydrophobic shells. Since these spheres are not homogeneously distributed 

around the sample, the structural irregularities are likely due to the presence of 

POM crystals.  
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Figure 19 - SEM images of {H3W12}@AC-(4.5)750. 

 

Elemental mapping was performed on the section shown in Figure 19. 

The EDX map (Figure 20) reveals the prevalent elements to be carbon, oxygen, 

tungsten and potassium. Figure 20 shows that the perfect spheres indeed 

correspond to unactivated hydrochar as the major elements are oxygen and 

carbon. Figure 21 shows that tungsten is spread out within the areas of 

structural imperfection (orange). However, the elemental map alone is not 

enough to ascertain whether this tungsten signature corresponds to intact POM 

crystals or the degradation product WO3.  
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Figure 20 - Elemental mapping showing oxygen (purple), carbon (green), tungsten 
(orange) and potassium (teal). 

 

 

 

Figure 21 – EDX map highlighting tungsten rich areas (orange). 

20 µm 

20 µm 
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The appearance of potassium in the EDX map is likely due to the 

activating agent, potassium oxalate. Given that all the AC samples were washed 

in water post carbonisation, the washing step could have incited KOH formation. 

POMs are sensitive to degradation in alkaline conditions and thus the presence 

of KOH could have led to an in-situ degradation of the POMs during the washing 

stage. Analysis of the electrochemical behaviour of the composites will help to 

elucidate the nature of the tungsten moieties seen by the SEM analyses.   

5.4.2.4 Electrochemical Characterisation of Set 1 in 1M Sulphuric 

Acid 

Inks were prepared for the two POM-based AC materials and their 

electrochemical properties were analysed using the dropcast method outlined 

in the experimental section. Featureless voltammograms were observed which 

possess a rectangular-shaped curve, typical of capacitive behaviour of materials 

such as activated carbon (Figures 22 and 23). The absence of well‐defined 

reversible redox peaks mean that the POMs did not survive the carbonisation 

process and had devolved into their corresponding redox-inactive metal oxides. 

 

Figure 22 – Solid state CV of {H3W12}@AC-(4.5)750 in 1M H2SO4, recorded using a 3 
mm diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 
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Figure 23 - Solid state Cv of {H6W18}@AC-(4.5)750 in 1M H2SO4, recorded using a 3 
mm diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

5.4.3 In-situ Carbonisations – Set 2 

5.4.3.1 Preparation of POM-AC Composites - Activating 

Agent:Hydrochar:POM (2:1:1) at 500 °C 

This set of samples were produced in milder conditions. The chemical 

activation of cellulose acetate derived hydrochar using potassium oxalate and 

including the POMs {H3W12} or {H6W18} at a ratio of 2:1:1 at 500 °C. This time, 

the samples were washed with HCl post carbonisation, instead of water. The 

activated carbon control sample without any POM is denoted as AC-(2)500. The 

POM@AC samples are denoted as {H3W12}@AC-(2)500 and {H6W18}@AC-

(2)500.    

5.4.3.2 Structural Characterisation of Set 2 

Post carbonisation, the activated carbon samples were analysed using 

thermogravimetric analysis (TGA). The TG curves of the control activated carbon 

sample and composites are shown below (Figure 24). The AC-(2)500 sample is 
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the least thermally stable in this set of samples with a burn off maxima at 366.3 

°C. The residual mass is less than 5%, confirming it is virtually free of inorganic 

residues. This AC sample is less thermally stable than the AC sample prepared 

at 750 °C. And so, it appears that activated carbons prepared at higher 

temperatures are more thermally stable, likely due to an increase in the level of 

graphitisation from exposure to a higher temperature. The onset temperatures 

for {H3W12}@AC-(2)500 and {H6W18}@AC-(2)500 are 416.8 °C and 423.1 °C 

respectively. For this set of samples, the ratio of POM was increased and so an 

increase in POM loading is expected. Accordingly, the inorganic content of 

{H3W12}@AC-(2)500 and {H6W18}@AC-(2)500 is 19.2% and 44% respectively.   

 

Figure 24 - TG curves for AC-(2)500, {H3W12}@ AC-(2)500 and {H6W18} AC-(2)500, 
showing the onset temperature of their degradation and the approximate weight 

percent of POM within the composite. 

 

The infrared spectra of AC-(2)500, {H3W12}@AC-(2)500 and 

{H6W18}@AC-(2)500 are shown in Figure 25. The increase and decreases in the 

IR spectrum peaks show how the experimental conditions affect the activated 

carbon structure.  AC-(2)500 shows broad absorption peaks in the region of 

1700 – 1400 resulting from C=O and C=C stretches. The absorption peak 
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between 1300 – 1000 can be attributed to C-O vibrations. These peaks indicate 

a mixture of functional groups such as esters, carboxylic acids, aldehydes, 

ketones and ethers which were seen in the raw hydrochar. Since this sample 

was activated at a lower temperature, the presence of unactivated hydrochar is 

anticipated.  

With regards to the composites, both spectra show peaks pertaining to 

the respective POM. {H3W12}@AC-(2)500 has peaks at 1079 cm-1, 981 cm-1, 886 

cm-1 and 790 cm-1. {H6W18}@AC-(2)500 has peaks at 1076 cm-1, 973 cm-1, and 

752 cm-1. These absorptions match quite well to the POM peaks observed in the 

preliminary characterisation. Therefore, the carbonisation with this set of 

conditions appears to have been successful thus far.  



Chapter 5: Polyoxometalate Impregnated Activated Carbons  319 
 

 

Figure 25 - IR absorption spectrums for AC-(2)500, {H3W12}@ AC-(2)500 and {H6W18} 
AC-(2)500. Functional groups from unactivated hydrochar as well as characteristic 

POM absorption peaks are marked with an (*). 

 

The amorphous nature of the prepared material is clear. Two distinct 

broad peaks centered at a 2θ angle of 23.4° and 42.3° are visible, which are 

characteristic of carbon materials and specifically correspond to the (002) and 

(001) planes of graphene, respectively. 
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As alluded to previously, the presence of sharp diffraction peaks 

indicates crystallinity within a material. Since both POM-based ACs have many 

sharp peaks, this could mean that the POMs are not situated within AC pores, 

and instead are agglomerated on the carbon surface.  For H3PW12O40, the most 

significant peaks are observed between 8 – 10°, 17 – 20°, 26 – 30° and 32 – 35° 

according to previous literature reports.43,44,45 For H6P2W18O62, peaks in the 

ranges of 2Θ = 7 – 10° , 14 – 19°, and 24 – 30° are expected.46,47,48 In each of 

these 2Θ ranges, both composites show characteristic peaks of the 

polyoxotungstates and the ranges in which these peaks appear are marked with 

an asterisk (Figure 26). Therefore, the presence of the Keggin and Dawson 

structures in the activated carbons was confirmed by IR and XRD. 
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Figure 26 - PXRD patterns obtained for AC-(2)500, {H3W12}@ AC-(2)500 and {H6W18} 
AC-(2)500. Characteristic graphitic and POM peaks are marked with an (*). 

 

5.4.3.3 Textural Characterisation of Set 2  

The surface area and porosity were determined by the Brunauer-

Emmett-Teller method (BET) using N2 gas as the adsorptive. Figures 27, 28, and 

30 show the isotherms produced with an inset of the pore size distribution 

(incremental pore volume (cm3/g) against pore width (Å)). All three samples 

exhibit Type II behaviour which is characteristic of non-porous solids with a wide 
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pore size distribution. The insets show that each sample has an extremely small 

amount of micropores, and generally the samples consist of mesopores (pores 

>20 Å). This reduced porosity is reflected in the low apparent BET surface areas 

where SBET = 228.9 m2g-1 for AC-(2)500, 42.5 m2g-1 for {H3W12}@AC-(2)500 and 

167.1 m2g-1  for {H6W18}@AC-(2)500. Activation at lower temperatures generally 

results in materials which are not very microporous and therefore have lower 

surface areas.  

 

Figure 27 - N2 adsorption isotherms of AC-(2)500. 



Chapter 5: Polyoxometalate Impregnated Activated Carbons  323 
 

 

Figure 28 - N2 adsorption isotherms of {H3W12}@AC-(2)500. 

 

 

Figure 29 - N2 adsorption isotherms of {H6W18}@AC-(2)500. 
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5.4.3.4 Electrochemical Characterisation of Set 2 in 1M Sulphuric 

Acid 

The electrochemical properties of the two composites were assessed by 

preparing inks and using the dropcast method. This time, redox peaks were 

observed for both POM-based composites, confirming that the POMs were 

successfully incorporated into the AC matrix. {H3W12}@AC-(2)500 has two redox 

peaks in the range of 0.3 – 0.5 V vs. Ag/AgCl (Figure 30). The Δ𝐸𝑝 values suggest 

these processes are monoelectronic (Equations 10 – 11, Table 3). These peaks 

are less reversible than their solution counterpart ({H3W12} in 1M H2SO4 vide 

supra) especially given that the peaks are not very well-defined and their Δ𝐸𝑝 

values are greater than 59 mV.  

 {H3W12}@AC-(2)500 was sampled a further two times and the 

electrochemistry of the two samples was tested to ascertain the homogeneity 

of {H3W12} within the AC network. Figure 31 shows the voltammogram for the 

second samples which shows a comparable redox profile to the first 

voltammogram (Figure 30). This is in good agreement with the IR and PXRD data 

which indicated the presence of POM moieties within the AC network. Figure 32 

shows the voltammogram of the third sample and this time there is an absence 

of redox peaks. This highlights a flaw in the carbonisation method: that there is 

variability of redox active material dispersion, even within the same batch of 

composite.  

 



Chapter 5: Polyoxometalate Impregnated Activated Carbons  325 
 

 

Figure 30 - Solid state CV of {H3W12}@AC-(2)500 in 1M H2SO4, recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

Equations 8 – 9 - Redox couples for {H3W12}@AC-(2)500 in 1M H2SO4. 

 

Table 3 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
{H3W12}@AC-(2)500 in 1M H2SO4. 

Process Emid/V ΔEp/mV 

I 0.018 69 

II -0.25 87 

 

 

I/I’: [PW12O40]3– + e–⟷ [PW12O40]4–    (8) 

II/II’: [PW12O40]4– + e–⟷ [PW12O40]5–   (9) 
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Figure 31 – Repeat solid state CV of {H3W12}@AC-(2)500 in 1M H2SO4, recorded using 
a 3 mm diameter glassy carbon working electrode, a Pt counter electrode, and a 

Ag/AgCl reference electrode. The scan rate was 100 mv s–1. 

 

Equations 10 – 11 - Redox couples for {H3W12}@AC-(2)500 in 1M H2SO4. 

 

Table 4 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
repeat CV of {H3W12}@AC-(2)500 in 1M H2SO4. 

Process Emid/V ΔEp/mV 

I 0.018 62 

II -0.25 70 

 

 

I/I’: [PW12O40]3– + e–⟷ [PW12O40]4–    (10) 

II/II’: [PW12O40]4– + e–⟷ [PW12O40]5–   (11) 
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Figure 32 – Second repeat solid state CV of {H3W12}@AC-(2)500 in 1M H2SO4, 
recorded using a 3 mm diameter glassy carbon working electrode, a Pt counter 

electrode, and a Ag/AgCl reference electrode. The scan rate was 100 mv s–1. 

 

{H6W18}@AC-(2)500 was tested in the same fashion. Figure 33 shows the 

voltammogram of the first test sample within this batch. Four well-defined 

redox peaks are observed between the potential range of 0.2 – -0.8 V vs. 

Ag/AgCl, which are reminiscent of the solution phase voltammogram ({H6W18} 

in 1M H2SO4 vide supra). The first two peaks are one-electron processes and the 

third and fourth peaks are two-electron processes, both involving protonation 

(Equations 12 – 15). These assignments agree closely with the observed Δ𝐸𝑝 

values: processes I and II are 45 and 61 mV, close to the theoretical value of 59 

mV for a reversible one-electron transfer in a diffusion-controlled regime. 

Similarly, processes III and IV are 29 and 27 mV, very close to the theoretical 

value of a reversible two-electron transfer in in a diffusion-controlled regime. 

This is a very interesting result as it would appear that the redox profile of the 

composite does not display symmetrical peaks which are characteristic of 

surface-confined electrochemistry. Thus, the redox-active POMs are being 
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accessed from within the AC pores and behaving as though they were dissolved 

in the electrolyte.  

 

Figure 33 - Solid state CV of {H6W18}@AC-(2)500 in 1M H2SO4, recorded using a 3 mm 
diameter glassy carbon working electrode, a Pt counter electrode, and a Ag/AgCl 

reference electrode. The scan rate was 100 mv s–1. 

 

Equations 12 – 15 - Redox couples for {H6W18}@AC-(2)500 in 1M H2SO4. 

 

Table 5 - Observed Midpoint Potentials (Emid) and Peak-to- Peak Separations (ΔEp) for 
repeat CV of {H6W18}@AC-(2)500 in 1M H2SO4. 

Process Emid/V ΔEp/mV 

I -0.005 45 

II -0.17 61 

III -0.41 29 

IV -0.64 27 

I/I’: [P2W18O62]6– + e–⟷ [P2W18O62]7–   (12) 

II/II’: [P2W18O62]7– + e–⟷ [P2W18O62]8–   (13) 

III/III’: [P2W18O62]8– + 2e– + 2H+⟷ [H2P2W18O62]8–  (14) 

IV/IV’: [H2P2W18O62]8– + 2e– + 2H+ ⟷ [H4P2W18O62]8– (15) 
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However, when voltammograms were collected on a further two 

samples from the same batch of {H6W18}@AC-(2)500, the redox profiles are 

dissimilar. Figures 34 and 35 show ill-defined, irreversible looking redox peaks. 

Despite a higher loading of POM within this composite, it seems that the POM 

is not uniformly distributed within the AC matrix.    

 

Figure 34 – Repeat solid state CV of {H6W18}@AC-(2)500 in 1M H2SO4, recorded using 
a 3 mm diameter glassy carbon working electrode, a Pt counter electrode, and a 

Ag/AgCl reference electrode. The scan rate was 100 mv s–1. 
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Figure 35 – 2nd repeat solid state CV of {H6W18}@AC-(2)500 in 1M H2SO4, recorded 
using a 3 mm diameter glassy carbon working electrode, a Pt counter electrode, and a 

Ag/AgCl reference electrode. The scan rate was 100 mv s–1. 
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5.5 Conclusions & Future Work  

Two different sets of activated carbons and POM@activated carbons 

were synthesised. The textural properties of the ACs were clearly influenced by 

parameters such as activating agent ratio and activation temperature. The 

addition of POMs into the carbonisation recipe led to a decrease in the BET 

surface area and changes in the PSD were observed. In one instance, the redox 

activity of the POMs was retained, however the result was not reproducible. This 

indicates the inefficiency of this synthetic procedure to prepare such composite 

materials for energy storage. Preparation of energy storage materials should be 

readily scalable without incurring inconsistencies between the manufacturing 

processes and electrochemical performance. 

The characterisation for the POM@AC samples synthesised at 750 °C 

suggest the POMs did not survive the carbonisation procedure. The 

temperature may have been too high, causing the POMs to devolve into their 

redox-inactive metal oxides. However, the appearance of potassium in the EDX 

map likely arises from the activating agent, potassium oxalate. Washing the AC-

(4.5)750 samples in water post carbonisation could have incited the formation 

of in-situ KOH. Given that POMs are sensitive to degradation in alkaline 

conditions, the presence of KOH could have led to an in-situ degradation of the 

POMs during the washing step, even if they survived the carbonisation process.  

For the second set of POM@AC samples, the redox chemistry of the 

POMs was accessible, which could be aided by several factors. Firstly, the 

lowering of the activation temperature increases the likelihood that the POMs 

would remain intact post carbonisation. This time, the washing step involved 

washing the samples in 1M HCl, avoiding the formation of destructive basic 

media. Additionally, washing in acidic media could result in the surface 

oxidisation of the AC matrix, rendering it more hydrophilic, thereby providing a 

supplementary driving force for POM retention. However, the reproducibility of 

the electrochemistry of the POM@AC composites within the same batch is a 



Chapter 5: Polyoxometalate Impregnated Activated Carbons  332 
 

concern for the preparation of such electrode materials, where homogeneity 

and uniformity are imperative.  

Preparing POMs supported on activated carbon using the in-situ 

carbonation method is not trivial, as many factors need to be taken into 

consideration. As reported in many studies, the properties of ACs are highly 

tuneable57,58,59,60 and the general trend is that more extensive activation (higher 

surface area and narrow PSD) is observed when the activation temperature, 

activation time and ratio of activating agent is increased. However, there is a 

trade-off with using too harsh conditions, where the expansion and collapse of 

micropores creates mesopores which subsequently decreases the surface area 

and broadens the PSD.61 Additionally, the high temperature treatment in an 

inert atmosphere leads to the decarboxylation of the AC, reducing the number 

of functional groups and enhancing hydrophobicity. This is something to 

consider when incorporating hydrophilic POMs into the matrix. The variability 

of biomass derived hydrochar is also limiting when attempting to modify the AC 

in a controlled way. Evidently, many of the AC properties are interconnected 

and thus difficulties arise when ascribing a particular observed change to the 

introduction or removal of a component in the carbonisation process.  

In summary, POM-carbon composites have and will continue to 

influence new materials design, particularly in energy research. The aim in the 

future will be to garner a better understanding of the advantages and limitations 

of each component and how they can be assimilated for better performance.  
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5.6 Experimental  

Materials 

Solvents and reagents were purchased from either Sigma Aldrich, Acros 

Organics, Fischer scientific or VWR and were used without further purification.  

Synthesis of H6[P2W18O62].6H2O 

K6[P2W18O62].9H2O (10 g, 2.57 mmol) was dissolved in deionised water 

(150 ml). Diethyl ether (200 ml) was then added and the flask placed in an ice 

bath. 12M HCl (100 ml, 400 mmol) was added slowly before sealing the flask and 

leaving to stir overnight. The solution formed three layers; diethyl ether (top), 

aqueous (middle), etherate (bottom). The etherate was isolated using a 

separating funnel and resembled a golden yellow oil. The etherate was left to 

dry at 50 ᵒC on a hotplate, resulting in a pale yellow-green powder.  

Yield: 4.06 g. 31P NMR (δ, D2O): -13.01. IR (ATR) cm-1: 1085 (P-O, s), 956 

(W=Od, s), 904 (W-Ob-W, s), 727 (W-Oc-W, s). 

Synthesis of H3[PW12O40].3H2O 

Na2WO4.2H2O (100 g, 0.303 mol) and Na2HPO4.2H2O (50 g, 0.281 mol) 

were added to deionised water (160 ml) and dissolved with vigorous stirring. 

The solution was refluxed at 80 ᵒC for 1 hour. 12M HCl (100 ml, 0.4 mol) was 

added slowly and the solution became yellow. It was then left to reflux overnight 

at 80 ᵒC. A white precipitate formed which was filtered and washed with diethyl 

ether. The white powder was recrystallised from a minimum amount of boiling 

water, yielding large white crystals.  

Yield: 54.32 g, 70 %. 31P NMR (δ, D2O): -15.27. IR (ATR) cm-1: 1072 (P-O, 

s), 973 (W=Od, s), 904 (W-Ob-W, s), 770 (W-Oc-W, s). 

Hydrothermal Carbonisation 

A solution of cellulose acetate powder (6.4 g) in deionised water (20 ml) 

was added to a stainless-steel reactor. The reactor was then heated to 250 °C 

at 5 °C min/1 and held at this temperature under autogenous pressure for 2 

hours and then returned to room temperature. The carbonaceous material was 
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washed with deionised water under vacuum until the filtrate ran clear. The 

hydrochar was dried overnight in an oven at 100 °C. The resultant hydrochar 

was a black, crumbly solid.  

Chemical activation to form Polyoxometalate-Activated Carbon 

Composites 

Hydrochar, potassium oxalate and the desired polyoxometalate were 

physically mixed using a mortar and pestle. Different K2C2O4: hydrochar: POM 

ratios were employed; 4.5:1:0.5 and 2:1:1. The mixture was introduced to an 

alumina boat and placed in a horizontal tube furnace. The mixture was heated 

to 750 °C or 600 °C at 5 °C min-1 under a N2 flow and was held at the selected 

temperature for 1 hour before cooling. The activated carbon composite was 

washed in deionised water for 24 hours. The composite was then filtered and 

dried in an oven at 100 °C for 24 hours.   

Analytical Methods 

NMR 

1H and 31P NMR spectra were obtained using a Bruker DPX 300 

spectrometer or Bruker AV400 at 298 K.  

Thermogravimetric Analysis 

TG analysis was carried out with a TA-Q500 (TA instruments) analyser. A 

small quantity of sample (3 – 5 mg) was added to a platinum pan of known 

weight and analysed under a constant air flow. Samples were heated from room 

temperature to 1000 °C at a ramp rate of 10 °C min-1 and the % mass change 

was measured.  

IR 

Infra-red spectra were measured using a Bruker Alpha FTIR 

spectrometer with a platinum ATR module.  

Powder X-ray Diffraction 

Powder X-ray Diffraction (PXRD) measurements were performed using a 

PANalytical X’Pert PRO diffractometer with a Copper line focus X-ray tube (40 
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kV, 40 mA), with monochromator tuned to K-alpha1 (Κα1 = 1.540598) and a 

PIXcel detector (length 3°). The diffractometer had Bragg-Brentano geometry 

and was operated in reflection transmission mode with samples mounted on 

brass powder sample holders on a spinning stage. An incident beam Soller slit of 

0.04 rad, 1° fixed anti scatter slit, incident beam mask of 10 mm and 

programmable automated divergence slit giving a constant illuminated path 

length of 5.0 mm were used. 

Scanning Electron Microscopy 

SEM images were taken using a ZEISS EVO MA10 SEM with an EDAX 

Element, at a working distance of 8.50 mm, an accelerating voltage of 8.00 kV 

and a beam current of 50.0 pA.  

N2 Sorption Isotherms– Brunauer-Emmett-Teller (BET) 

Approximately 40 – 80 mg of each sample was added to a measurement 

tube of a precisely known weight. The sample was degassed for 16 h at 230 °C 

and the weight of the sample and tube was measured accurately. The outgassed 

sample was characterised using a Micrometrics Physisorption Analyser (3Flex) 

at 77 K with N2 as the adsorptive gas. The specific surface area was calculated 

using the BET method.  

Cyclic Voltammetry – Dropcasting  

Carbon inks were prepared by dispersing 10 mg of the desired carbon 

sample into 20 µl of aqueous 3 wt % polytetrafluoroethylene (PTFE) binder and 

20 µl of ethanol (Figure 36). The mixture was sonicated for 10 minutes. Blank 

CVs of the bare glassy carbon working electrodes were taken prior to ink 

addition on to the surface. 5.5 µl of carbon ink was dropcast on the GC surface 

and left to dry for a minimum of 2 hours. CVs were performed in 1 M H2SO4 with 

a Pt wire counter electrode and Ag/AgCl reference electrode.  
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Figure 36 - Preparation of POM@activated carbon inks with binder and ethanol. 
Subsequent dropcasting and drying prior to use in a three electrode cell for solid state 

cyclic voltammetry. 
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Conclusions & Future Prospects 

Detailed conclusions for each body of work presented have been 

included in the relevant chapter. As such, this is a final statement about the work 

carried out in this thesis as well as its impact in broader context.  

To date, polyoxometalates have shown promise as energy materials 

principally due to their multi-electron redox properties. This rich 

electrochemistry was showcased in this thesis in a variety of different solvents.  

Surface oxidation of a conductive carbon Vulcan support was 

demonstrated to be an effective technique to prepare POM@Carbon composite 

materials. The chemical oxidation procedure introduced surface carboxylic acid 

functionalities which anchored POMs onto the conductive support. The 

K6[P2W18O62]@Oxidised Vulcan composite showed superior electrochemical 

cycling performance, POM retention and accessibility compared to its 

unmodified analogue. This finding will inform the future design of such 

composite redox active materials. The simplicity of the approach coupled with 

the scalability means that it could have significant implications for the 

development of next-generation electrode materials for electrochemical energy 

storage technologies.  

Indeed, the superior electrochemical performance of the 

K6[P2W18O62]@Oxidised Vulcan composite translated well to a lithium metal test 

battery. These preliminary results provide proof of concept that such 

POM/Vulcan materials can be applied to battery technology.  

Though the in-situ carbonisation approach was not as successful as 

surface modification, needless to say it was an interesting concept. The process 

to make activated carbons is extremely versatile as it can exploit seemingly 

infinite possibilities of feedstocks. Further work to optimise the preparation of 

consistent POM@activated carbons would be highly relevant to areas such as 

development of sustainable energy materials and waste valorisation.  
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The results from the solution phase and solid state measurements of the 

K6[P2W18O62]@Oxidised Vulcan composite in the presence of Mg2+ were very 

intriguing. The enhanced cycling stability vs. other metal cations alludes to the 

fact that no ‘penalties’ are incurred for the POM to ion-pair with a highly charged 

divalent cation. Unlike bulk oxides, the countercations for POMs are not 

integrated into the structure and are available for ion exchange. Therefore, the 

intercalation and deintercalation Mg2+ into POM clusters is an exciting prospect 

for POMs in multivalent batteries. 

Much of the work surrounding POM battery chemistries in the literature 

is preliminary and in its infancy. Major opportunities lie in wait for applying the 

well understood electrochemistry of POMs into real world devices. With respect 

to batteries, the balance has to be found between the redox chemistry and the 

weight of electrode materials. Specific capacities of over 200 mAh g–1 need to 

be obtained in order to compete with current lithium-ion batteries. This means 

that next generation batteries will most likely consist of lithium metal as the 

negative electrode and focus on making the positive electrode material as light 

as possible.  

POMs have high ionic weights which is something that must be taken 

into account. Although if their tuneable electrochemical properties grant access 

to higher energy density materials, it could compensate for the weight penalty. 

Of course, batteries are not just limited to portable applications. Stationary grid 

storage or back up power supplies do not necessarily prioritise low weight 

batteries. With regards to the poor electrical conductivity of POMs, there is a 

clear scope for developing modifiable carbon based supports as highlighted with 

our surface oxidation route.  

The quintessential battery does not yet exist. The odyssey to superior 

next generation energy storage systems requires scientists from all disciplines 

to collaborate. The combined expertise within the fields of electrochemistry, 

inorganic, organic and materials chemistry will be paramount to success. 
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