
 
 

 

Transition Metal Oxide Composite Nanomaterials 

as Anodes in Lithium-Ion Energy Storage 

Devices 

 

 

Yiana Scott Shakespeare MRes, MChem 

 

 

 

A Thesis submitted to UCL for the degree of Doctor of Engineering, (EngD) 

 

 

 

Department of Chemistry 

University College London 

 

 

April 2022 

 



Signed Declaration 
 

  

2 
 

Signed Declaration 

I, Yiana Scott Shakespeare confirm that the work presented in this thesis is my 

own. Where information has been derived from other sources, I confirm that this 

has been indicated in the thesis. 

 

 

 

April 2022



Abstract 
 

  

3 
 

Abstract 

The work in this thesis explores the use of a Continuous Hydrothermal Flow 

Synthesis (CHFS) method to create nano-sized transition metal oxides and 

carbon-metal oxide composites for use as anodic active materials in lithium-ion 

batteries (LIBs) and hybrid ion capacitors (HICs). 

In the first study, the novel use of a CHFS method to create the target 

nanomaterial TiNb2O7, (TNO) was investigated. The electrochemical properties 

in LIBs were explored. The CHFS TNO exhibited high capacity at low and high 

currents, good long term cycling stability and prominent levels of 

pseudocapacitive charge storage. The formation of a composite carbon/TNO 

material was also explored. This composite material was found to have improved 

capacity at all currents tested. 

The second investigation was a materials discovery study centering around 

tertiary mixed metal oxides. A library of V/Nb/Mo oxides were synthesised and 

characterised physically and electrochemically in LIBs. The relationships 

between composition, physical properties and electrochemical behaviour were 

studied. The novel material, V0.3Nb0.1Mo0.6 oxide (VNM316) was discovered, 

which showed high capacity at low and high currents.  

The third study built on the second and investigated the formation of carbon/metal 

oxide composite materials of the promising VNM composition. Nanoparticles of 

carbon-VNM316 were successfully synthesised by an assisted CHFS method. 

These materials showed a large improvement in capacity at high current and 

performed well as LIB and HIC anodes. 

Lastly, lessons learnt from previous studies were applied to a library of mixed 

metal oxides containing Fe, Mn, and Zn. Electrochemical and physical 

characterisation highlighted the composition Fe0.2Mn0.75Zn0.05. Carbon composite 

materials based on mixed Fe/Mn/Zn were then formed. The materials 

C(Fe0.66Mn0.21Zn0.11)-4HT and C(Fe0.72Mn0.17Zn0.09)-5HT displayed high 

capacities of 932 and 715 mAh g−1 at low current and 271 and 202 mAh g−1 at 

high current respectively. CV and EIS analysis indicated degradation over long-

term cycling causing a drop in capacity retention. 
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Impact Statement 

In order to reduce the impact of human activity on climate change, the world is 

increasingly looking to electrified vehicles to replace the internal combustion 

engine and cut down one of the biggest sources of greenhouse gas emissions. 

Lithium-ion batteries are at the forefront of energy storage technology for electric 

vehicles. Forecasts suggest that both electric car production and subsequent 

demand for lithium-ion energy storage devices will increase dramatically over the 

next decade. At present, the lithium-ion technology found in electric cars does 

have several limitations that are hindering the widespread take-up of electrified 

transport. These include: low energy densities; low power densities; issues with 

safety; and expensive low abundance elements. The development of anodic and 

cathodic materials for lithium-ion storage devices that are higher performing, 

cheaper and use sustainable methods of production is critical for electrified 

transport to meet the demands of tackling greenhouse gas emissions. 

The work herein reports Continuous Hydrothermal Flow Synthesis (CHFS) to 

create nanosized compositions and materials for use as anodes in lithium-ion 

energy storage devices. Libraries of previously unreported elemental 

compositions and composite carbon-metal oxides were successfully synthesised, 

investigated electrochemically as anode materials, and then physically 

characterised to elucidate composition-structure-performance relationships. This 

research has led to certain compositions and materials being submitted for 

patenting (GB, Patent Application No.: 2018556.7). This work could have direct 

commercial value as well as help to direct and inform future academic research 

projects in both this research field of energy storage materials, and other related 

research fields that utilise mixed element nanomaterials and green synthesis 

methods. 

Sections of the research discussed in this thesis were presented nationally to the 

JUICED Energy Hub (EP/R023662/1), as well as to the Henry Royce Student 

Summit in 2021. Parts of the research were also presented internationally at the 

Advanced Inorganic Materials conference in 2018 in Padova, Italy. Several 

elements of this research are due to be published in peer-reviewed journals.  
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1.0 Introduction to Electrochemical Energy Storage and 
Synthesis of Nanomaterials 
 

‘So is life: the very problems you must overcome also support you and make 

you stronger in overcoming them’ – George Pocock 

Introduction 

As humanity strives to reduce the effects of global warming on earth, the ability 

to store and use green electrical energy has never been more in demand. In order 

to meet climate change targets, the development of renewable energy 

technologies and energy storage techniques must be accelerated.1 In the fight 

against the rising CO2 levels and the global increases in temperature that have 

been observed over the past 150 years (Figure 1.1a), the use of renewable 

energy sources such as wind and solar have been heavily pursued and have 

seen a large rise in the consumption of energy generated from these methods in 

the last decade.2 However, due to the inherent intermittency of these sources, 

the need for energy storage methods to smooth out the collection and distribution 

of energy to match the needs of the grid is essential. Alongside heavy industry 

and aviation, one of the other main producers of CO2 in society is personal 

transport. In order to counter this, the number of electric vehicles (EVs) on the 

road has seen vast growth over the past few years and is forecast to continue in 

a steep upward trajectory with the majority of this growth being driven by China.3  

Figure 1.1: a) Graph showing the increase in global land and ocean temperature 
anomalies for the past 150 years, data compiled from the NOAA [2], b) graph 
showing the current and forecasted global sales of lithium-ion batteries in MWh, 
data compiled from source [3]. 
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The forecast for worldwide sales of lithium-ion batteries, the main power source 

in electric cars, predicts a vast increase by a factor of four, over the next decade 

(Figure 1.1b). Electrochemical energy storage has a long history of use at the 

forefront of technological advances. For example, NASA have been using energy 

storage devices such as rechargeable batteries, electrochemical capacitors and 

fuel cells since the launch of Explorer in the 1950’s.4 The lithium ion battery is 

currently the first choice of device for both EVs and un-manned spacecraft as the 

primary power supply in a vehicle, a source of power during eclipse periods and 

as a method of load leveling for radioisotope powered space missions.5 

Electrochemical capacitors or supercapacitors have already found many 

commercial uses as current smoothing devices for intermittent renewable energy 

sources, emergency back-up power systems for critical infrastructure such as 

hospitals and as energy storage devices in energy recovery systems such as the 

regenerative braking system found in Formula 1 cars.6 

At present, two of the most important properties of electric vehicles that need 

improving are the driving range achievable on a single charge, and the time it 

takes to charge the battery. Addressing these two metrics will give electric 

vehicles the ability to compete far better with the internal combustion engine (ICE) 

and to give EVs the access to more rural areas and thereby become applicable 

to those living outside developed urban areas.7 In the next decade NASA has 

intentions to explore the outer planets of the solar systems and their respective 

moons in search of potential ocean worlds such as Titan, Europa and Callisto. 

For such missions, the specific characteristics of the rechargeable energy 

storage devices will differ depending on the location. For instance, the proposed 

mission to Titan will require the battery/capacitor to meet all the power and load 

leveling demands, whilst being able to operate in the extremely low temperatures 

found on Titan’s surface, long durability and reliability to be able to last the journey 

and then perform the tasks, high heat and radiation resistivity for the journey and 

surface landings, and high energy density so that greater amounts of physical 

space on the craft can be utilized for scientific equipment.8 The 2017 report by 

the Jet Propulsion Laboratory and NASA outlines the energy storage device 

requirements for different proposed missions, Table 1 summarises the specific 

energy storage device needs for future Mars missions.4  
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Type of 

Mission 

Energy Storage 

Device Type 

Energy Storage Device Needs 

Orbital 

Missions 

Rechargeable 

batteries/Capacitors 

- High specific energy (>250 Wh kg−1) 

- Long cycle life (>50,000 cycles at 

30% depth of discharge) 

- Long lifetime (>15 years) 

- Low-medium specific power 

Aerial 

Missions 

(Drones) 

Rechargeable 

batteries/Capacitors 

- High specific energy (>250 Wh kg−1) 

- Long cycle life (>1000 cycles at 70% 

of depth of discharge) 

- Long lifetime (>5 years) 

- Low temperature operation (<−40℃) 

- High specific power (3000 W kg−1)  

Surface 

Missions 

(Robotic 

landers and 

rovers) 

Rechargeable 

batteries/Capacitors 

- High specific energy (>250 Wh kg−1) 

- Long cycle life (>1000 cycles at 70% 

of depth of discharge) 

- Long lifetime (>5 years) 

- Low temperature operation (<−40℃) 

- Low-medium specific power 

- Heat and radiation resistant  

Landers and 

Rovers in 

preparation 

for Human 

Missions 

Regenerative Fuel 

Cells 

- High specific energy (>500 Wh kg−1) 

- Long cycle life (>1000 cycles) 

- Long lifetime (>5 years) 

- Low temperature operation (<−40℃) 

- High specific power (500 W kg−1)   

- Heat and radiation resistant  

Table 1: Different proposed Mars missions and their respective energy storage 
device needs. Compiled from source [4]. 
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In addition to the creation and design of rechargeable energy storage devices on 

Earth for use in outer space, as the prospect of a human outpost on Mars looks 

set to quickly follow the upcoming Artemis missions in the mid-2030’s, the issue 

of creating energy storage systems off-world using only the elements and 

materials that are found there becomes apparent. Previous Rover missions have 

identified what are the main components of the surface of Mars, and now the next 

generation of missions are beginning to investigate what may lie beneath the 

surface. This knowledge is driving research into rechargeable energy storage 

devices that are centered around the materials that future explorers will find 

there.9  

In the pursuit of electrochemical energy storage devices that are able to store 

larger amounts of energy and deliver greater amounts of power while reducing 

the mass, volume and cost, a lot of research has been directed at investigating 

different materials and alternative devices to the standard lithium-ion battery and 

electrochemical capacitor.  

Figure 1.2: Simplified Ragone plot of different 
electrochemical energy storage technologies (EDLCs – 
electric double layer capacitors, ICE – internal 
combustion engines). The desired performance of 
batteries and capacitors is denoted by a dashed circle. 
Data compiled from sources 9 and 10. The diagonal 
dotted lines represent the operation timescales as 
labelled and are calculated by dividing energy by power.  
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One such type of alternative electrochemical energy storage device is  the hybrid 

capacitor.10 These energy storage devices represent a center ground between a 

lithium-ion battery and an electrochemical supercapacitor, both in construction 

and performance. By replacing one half of the two activated carbon electrodes in 

a supercapacitor for a metal oxide electrode, analogous to those found in LIBs, a 

device can be created which retains high specific power and improved specific 

energy. A Ragone plot is a plot of logarithmic gravimetric energy vs logarithmic 

gravimetric power and is used to compare the performance of different energy 

storage methods. The general positions of  current lithium-ion batteries, 

electrochemical supercapacitors, hybrid capacitors, (and the performance 

metrics that are the target for many research institutions as the minimum needed 

for widespread replacement of fossil fuels and combustion engine vehicles) are 

shown below in Figure 1.2.6,11 To push the performance of these devices into the 

areas needed to fulfil the criteria of both EVs and spacecraft, research is needed 

to both develop existing electrode chemistries and discover new candidates 

which have high capacity, high intrinsic conductivity, high durability, low cost and 

high safety.7,12–15 

Aims, Objectives and Overview of Thesis 

The work described in this thesis was aimed to utilise a controllable (hydrothermal 

flow) bottom-up synthesis method to develop previously unreported new 

heterometallic oxide anode materials and composites for use in lithium-ion 

batteries and hybrid capacitors and investigate structure-property relationships. 

This research has been evaluated for structures containing key elements or 

structural families that have shown some promise compared to the most recent 

literature. The role of composition on structure, physical properties and 

electrochemical behaviour was investigated with a wide range of complementary 

techniques to probe the atomic and electronic interactions and the understand 

the effect of these on electrochemical charging and discharging.   

Chapter 1: Describes the theory of energy storage and the mechanisms 

associated with electrochemical charge storage and explains the techniques 

used to evaluate materials and devices. It also discusses the theory and practice 

of synthesising nanoparticulate metal oxides using traditional literature methods, 

as well as the development, benefits, and costs of CHFS. 
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Chapter 2: Illuminates the underlying theory and use of advanced physical 

characterisation analysis and techniques utilised in this thesis. The experimental 

information including reactor schematics, experimental conditions, precursor 

solutions and post CHFS processing are also outlined here.  

Chapter 3: Investigates the use of CHFS to synthesise TiNb2O7, a highly 

regarded anode material for commercial lithium-ion materials. The CHFS 

nanoparticles were investigated further for their lithium diffusion kinetics through 

complementary electrochemical techniques. The synthesis of mixed titanium 

niobium oxide nanomaterials with graphitic carbon coatings for increased 

electrochemical performance in lithium-ion batteries was also explored. 

Chapter 4: Delves into a combinatorial study of mixed vanadium, niobium, and 

molybdenum oxides. High performing compositions are discovered. The 

relationships between composition and charge storage capabilities in both 

lithium-ion batteries and hybrid capacitors were also explored. 

Chapter 5: Builds on the previous study and investigates how the best performing 

mixed vanadium-niobium-molybdenum oxide can be improved through the 

synthesis of a variety of different composite carbon-metal oxide materials for use 

in lithium-ion batteries and hybrid capacitors.  

Chapter 6: Coalesces the knowledge gathered from previous work and centres 

around a materials discovery study of mixed metal iron, zinc, and manganese 

oxides. The physical and electrochemical characterisation, and the relationships 

between composition and properties were explored. The higher performing 

materials were then subjected to the use of carbon coating techniques, in order 

to improve their performance as anodes in both lithium-ion batteries and hybrid 

capacitors. 
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1.1 Fundamentals of Electrochemical Energy Storage 

The storing of energy can occur through many different processes. The work in 

this thesis will focus solely on different electrochemical methods such as redox 

reactions, capacitive charge storage and pseudocapacitive charge storage.  

The design of the battery is such that the electrons are driven by a potential 

difference through a load, whilst ions travel in the opposite direction through the 

electrically insulating electrolyte. One of the simplest examples of this is the 

galvanic cell, which consists of a zinc anode in a solution of ZnSO4, a copper 

cathode in a solution of CuSO4, a wire connecting the two electrodes and a salt 

bridge allowing the flow of ions between the two solutions (Figure 1.3)16.  

For facile comparison of the different chemical redox reactions occurring in a 

galvanic cell, the half-cell reactions are written for each electrode and are 

referenced against the Standard Hydrogen Electrode (SHE) to give the standard 

potentials, E0, (shown in equations 1.1 – 1.3). The convention used in science 

states that the SHE is set as having a potential of zero as this allows for the sign 

of the electrode potential to be dependent on the direction of the reaction. 

Anode: Zn2+(aq) + 2 e−  Zn0(s) (E0 = −0.76 V vs SHE)    (1.1) 

Cathode: Cu0(s)  Cu2+(aq) + 2 e− (E0 = −0.34 V vs SHE)    (1.2) 

Total cell reaction: Zn2+(aq) + Cu0(s)  Zn0(s) + Cu2+(aq)    (1.3) 

Figure 1.3: Diagram of a simple galvanic cell.  
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The two half-cell reactions can be added together to give the total standard 

potential of the Daniel cell of −1.10 V. The Gibbs free energy of the total cell 

reaction can be calculated with equation 1.4: 

ΔG0total = (ΔG0products – ΔG0reactants) = ΔG0cathode – ΔG0anode = −nFE0cell  (1.4) 

In which F is Faraday’s constant (96485 C mol−1), n is the number of electrons 

transferred during the reaction and E0cell is the total cell standard potential. 

Therefore, the more positive the cell potential, the more thermodynamically 

favourable the reaction will be in that direction. The Gibbs free energy is related 

to the standard Gibbs free energy under non-standard conditions by the equation 

1.5: 

∆𝐺 =  ∆𝐺 + 𝑅𝑇𝑙𝑛𝑄     (1.5) 

In which R is the ideal gas constant and T is the temperature in kelvin. Q is the 

reaction quotient, which is calculated by equation 1.6: 

𝑄 =  
[ ] [ ]

[ ] [ ]
=      (1.6) 

Using this, the original expression for Gibbs free energy can be written as 

equation 1.7, which is then simplified into the Nernst equation (1.8).  

−𝑛𝐹𝐸 =  −𝑛𝐹𝐸 + 𝑅𝑇𝑙𝑛𝑄    (1.7) 

𝐸 = 𝐸 − 𝑙𝑛      (1.8) 

Where Eo is the standard reduction potential, n is the number of electrons 

transferred, F is Faraday’s constant, R is the ideal gas constant, T is the 

temperature and a is the activity of either the oxidised or reduced species: 

For the comparison of materials and their use in lithium cells, the SHE is replaced 

by the reduction potential of Li/Li+ (given as −3.04 V vs SHE) for more relevant 

calculations.17 One of the key metrics for a battery material is the theoretical 

gravimetric capacity (Q / C g−1),  calculated using equation 1.9 in which M is the 

specific mass (g mol−1). This is then converted into the more commonly used term 

of mAh g−1 by using the relationship of 1 mAh = 3.6 C.  

𝑄 =  
∙

    (1.9) 
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Another two key metrics of battery materials are the gravimetric energy (E) and 

gravimetric power (P). These are related to the discharge time (t) using the 

equations 1.10 and 1.11:  

𝐸 = 𝑄 ∙ 𝑉 =  ∫ 𝐼 ∙ 𝑉 𝑑𝑡  (1.10) 

𝑃 =  = ∙ 𝑉 = 𝐼 ∙ 𝑉  (1.11) 

In which, I is the current and V is the potential. The other central parameters 

reported in literature and used for comparison of battery materials are coulombic 

efficiency and cycle life. Both these metrics, together with the specific capacity, 

are reported for certain C-rates or specific currents. A C-rate of 1 (denoted as 1C) 

represents one full charge or discharge in 1 hour (e.g., C/2 represents a full 

charge or discharge cycle in 2 hours). 

 

1.2 Construction of Energy Storage Devices 

1.2.1 The Lithium-ion Battery Design 

The standard lithium ion battery has retained its core design since its first 

inception by the Nobel prize winners J. Goodenough, S. Whittingham and A. 

Yoshino.18–22 The standard lithium ion battery consists of a metal oxide cathode 

Figure 1.4: Diagram showing the internal components of a 
standard commercial lithium-ion battery with the positively 
charged lithium ions shuttling between the graphitic carbon 
anode and the metal oxide cathode. 
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(positive electrode), a physical separator that is soaked in liquid or solid phase 

electrolyte that is ionically conductive, a graphite based anode (negative 

electrode) and metallic foil current collectors (Figure 1.4). The cathode and 

anodes are further broken down into the active material, conductive 

carbonaceous materials and polymeric binder.23 The anode is defined as the 

electrode which is oxidised and the cathode is defined as the electrode which is 

reduced.14 The anodic and cathodic active materials, together with  the electrolyte 

are the most important components that collectively determine battery 

performance through the combination of the total lithium ion storage capacity and 

the potential of the cell. The capacity of active materials to store lithium ions is 

dependent on several factors such as: the available space within the structure to 

host Li+ ions; the ability for the ions to undergo redox reactions; and the 

reversibility of those reactions.24 The working voltage of the battery is determined 

by the potential difference between the anode and cathode.13 During the charging 

of a cell, lithium ions are deintercalated from the cathode and intercalated into 

the anode,  increasing the voltage up to a set maximum. During discharge the 

opposite occurs, with the lithium ions re-intercalating into the cathode from the 

anode. Therefore, certain considerations with regards to material properties must 

be taken into account in order to maximise performance. For the cathode, the 

active material must act as the major source of lithium ions in the cell, due to the 

current inability for lithium metal to be used as the anode because of as yet 

unresolved safety issues. It must therefore have a structure that can not only 

intercalate large quantities of lithium ions, but also remain structurally stable when 

the Li+ ions are removed upon charging, as well as providing the highest possible 

potential within the limits of the electrolyte (discussed below).25,26 At present, the 

cathode materials employed in the lithium-ion batteries found in electric vehicles 

are lithiated transition metal oxides, such as lithium iron phosphate olivines 

(LiFePO4) and mixed Ni, Mn and Co layered oxides (Li Ni0.33Mn0.33Co0.33O2).27,28 

For the anode, there are several considerations that must be taken into account 

including the working potential, the risk of lithium plating and the type of charge 

storage mechanism.29 In attempting to maximise the working potential of the cell, 

lowering the potential at which the anode material becomes active is the obvious 

path. However, at low potentials (<1 V vs Li/Li+) there is a significant risk of lithium 

ions plating onto the anode as lithium metal in structures, called dendrites, which 
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can cause a short circuit and potentially fire.30 This means that in order not to  

compromise safety, the overall energy and power capabilities are lowered by the 

smaller potential difference between the electrodes. As previously mentioned, the 

anode of choice currently in commercial cells is graphite, due to its ability to 

intercalate lithium ions in between the carbon sheets at low potentials (theoretical 

capacity of 372 mAh g−1), the ease of synthesis and its abundance.31 However, 

graphitic anodes with their low capacity, poor lithium ion diffusion coefficient and 

safety issues are unable to meet future performance targets (Figure 1.2),  

therefore a wide range of different anodic materials are the focus of many 

research institutions.32–34 The different materials and their lithium storage 

mechanisms are discussed in depth below.    

1.2.2 Intercalation Mechanism Active Materials 

The most prevalent type of active materials in commercial lithium-ion batteries 

are intercalation materials. These are defined as materials which exhibit very little 

rearrangement of atoms upon insertion and extraction of lithium ions into the host 

structure.35 The diffusion of the intercalate (lithium ions) though the electrolyte, 

the separator, insertion into the host structure and the reverse reaction is defined 

as the ‘rocking-chair’ cell by Goodenough,18,21 and is described by equations 1.12 

and 1.12 for the lithium cobalt oxide cathode and graphite anodes respectively: 

𝐿𝑖 𝐶𝑜𝑂 + 𝑥𝐿𝑖 + 𝑥𝑒 ↔ 𝐿𝑖𝐶𝑜𝑂   (1.12) 

𝐶 + 𝑥𝐿𝑖 + 𝑥𝑒 ↔ 𝐿𝑖 𝐶     (1.13) 

Figure 1.5: (a) diagram showing a flat voltage plateau 
characteristic of a two-phase transition lithiation/delithiation (b) 
diagram showing a smooth continuous voltage profile 
characteristic of a solid-solution phase transition. 
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The intercalation of lithium ions and the transfer of electrons within the host 

structure causes the formation of new phases. The behaviour of these new 

phases can be separated into first- and second-order phase transitions.36,37 First-

order phase transitions describe the formation of two distinct phases that are 

segregated from each other as lithiation occurs, whereas second-order phase 

transitions describe the formation of a solid-solution of different phases of lithiated 

and un-lithiated material. The crucial difference between the two-phase 

transitions is the stability of the intermediate phases formed. If the intermediate 

phase created by lithiation is unstable, then phase separation between the 

lithiated and un-lithiated crystals is observed.  Mechanisms of phase separation 

include the Domino Cascade mechanism and the Bulk Two-Phase mechanism 

as described by Strobridge et. al.36 The existence of separate phases creates 

interface interactions that can have implications for further intercalation and 

extraction of the lithium through electrochemical cycling.38 The co-existence of 

different phases within the same particle has been shown to cause structural 

damage   leading to  capacity loss and reduced performance at high rate. In 

contrast, the formation of a solid-solution of partially-lithiated and un-lithiated 

materials has been observed not to contain energetically unfavourable phase 

boundaries. This leads to higher rate active materials, as well as improved 

capacity retention over cycling. Factors that can affect the phase transition order 

have been shown to include particle size, doping of transition metals, 

charge/discharge rate and   temperature during operation.39–41 Electrochemically, 

both phase transitions manifest themselves as different responses to current. 

Two-phase transitions exhibit a flat plateau at the voltage of lithiation as shown 

in Figure 1.5a, whereas solid-solution phase transitions give a smooth profile over 

the voltage range (Figure 1.5b).37 One of the most investigated and commercially 

developed alternatives to graphite is the spinel Li4Ti5O12 (LTO). LTO inherently 

displays several advantageous properties, such as an intercalation mechanism 

with a high operating voltage of ~1.55 V vs Li/Li+ which can avoid lithium plating. 

It can accommodate up to three Li+ ions per molecule without any volume 

increase, thereby giving very good cycle life stability.  The natural abundance of 

titanium in the crust is also very high at 0.63 wt. %.42 Two of the drawbacks for 

LTO  however, are a low theoretical capacity of 175 mAh g−1 and low electrical 

conductivity of <10−13 S cm−1).43  
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In order to overcome these limitations, the incorporation of conductive carbon 

matrices was reported by Zhang et al. in which nanocrystals of LTO were 

synthesised inside a micrometre-sized porous carbon foam.44 This composite 

was found to give a high specific capacity of 73 mAh g−1 at a very high rate of 80 

C, as well as a capacity loss of only 5.6 % over 1000 cycles at 20 C. There are a 

wide range of different intercalation metal oxides and related composite materials 

which are currently being researched as next generation anode materials. These 

include other titanium oxides,45 niobium-based oxides,46 manganese-based 

oxides47 and most recently niobium/tungsten-based oxides such as Nb18W16O93 

and Nb16W5O55.48,49 These materials are discussed in depth in later chapters.   

1.2.3 Conversion and Alloying Mechanisms in Active Materials 

Two further mechanisms of energy storage of high interest to researchers are 

conversion and alloying. Conversion, like intercalation reactions, involves an 

addition of lithium to the active material and the subsequent conversion to 

elemental metal and the binary lithium compound (LinX) and follows the general 

reaction as shown in equation 1.14.50,51 In general this type of reaction occurs for 

transition metal compounds of MaXb,, where M = Mo, Mn, Co, Cu, Ni, Fe, and 

where X = O, S, Se, F, N and P.52 The reaction potentials of these compounds 

are usually within the range of 0.5-1.0 V vs. Li/Li+, therefore rendering them as 

possible anode materials. The formation and decomposition reactions of the 

metallic elements and the LinX compounds offer some of the highest theoretical 

capacities. For metal oxides, capacities can be as high as 1007 mAh g−1  for 

Fe2O3,53 838 mAh g−1  for MoO2,54 and 715 mAh g−1 for CoO.55  

𝑀 𝑋 + (𝑏 ∙ 𝑛)𝐿𝑖 + (𝑏 ∙ 𝑛)𝑒 ↔ 𝑏𝐿𝑖 𝑋 +  𝑎𝑀    (1.14) 

The formation of LinX in the lithiation process is thermodynamically favourable, 

however the reverse reaction of the decomposition of LinX by elemental M powder 

is very difficult due to the electrochemical inactivity of the lithium species.56 Due 

to this, the reversibility of the conversion mechanism relies on the formation of 

highly electrochemically active nanoparticles of M within a matrix of LinX 

surrounded by the solid electrolyte interface layer (Figure 1.6).56,57 One of the 

major drawbacks of conversion materials is the volume expansion caused by the 

structural reorganisation within the particles of active material, which can cause 

pulverisation of the particles and therefore give poor cycling stability.29  
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The large structural rearrangements are also responsible for the voltage 

hysteresis observed, resulting in low energy efficiency over cycling, as well as the 

generation of heat.57 The size of the voltage hysteresis has been observed to be 

directly related to the anionic species of the conversion material in the order:, 

fluorides > oxides > sulphides > nitrides > phosphides.58 Further issues include 

the possibility of the nanoparticles of M that are formed during cycling causing 

decomposition of the electrolyte.59 Finally, because the conversion reactions 

occur at low potentials, along with the slow kinetics of structural reorganisation, 

conversion materials do not represent a serious contender for high power 

applications without these issues first being addressed.  

 

Alloying mechanisms are also of great interest, offering even higher theoretical 

capacities compared to intercalation and conversion materials, as they are able 

to intercalate far higher numbers of lithium ions per molecule. The highest 

theoretical capacity of those alloying materials is Li metal (3860 mAh g−1). The 

use of lithium metal as an anode material is one of the ultimate aims for battery 

materials research, however issues such as dendrite growth, serious safety 

concerns and poor coulombic efficiency during cycling mean Li metal has a long 

way to go before being considered a credible candidate.60 Other alloying 

materials such as Si (3572 mAh g−1) and Sn (993 mAh g−1) do not suffer from the 

same safety concerns as lithium and offer the potential performance to meet the 

future targets. This has meant that silicon in particular is at forefront of alloying 

battery materials research.61,62 In contrast to conversion reactions, alloying does 

not involve the formation of two discreet products, however alloying materials still 

Figure 1.6: Schematic diagram of the chemical reactions and physical 
transformations that occur during conversion reactions. Reprinted with 
permission from Y. Lu, L. Yu and X. W. Lou. Copyright 2018 Elsevier Inc. 
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suffer from large volume expansion (~300% for Li15Si4). This pulverises the 

particles of active material causing loss of electrical contact and rapid capacity 

degradation over cycling and is one of the major hurdles that must be overcome.63 

The current approach taken by industry to attempt to apply silicon to anodes is to 

effectively dope a graphite electrode with a very small amount of silicon oxide 

particles (typically 3-5 %).  The design rationale is that the graphite can absorb 

the swelling of the silicon over cycling. This approach can indeed improve the 

capacity of cells as has been proven in the Panasonic 2170 cells used by Tesla. 

However in order to go any further, developments at the nanoscale are needed.64 

Many different approaches at the electrode, microstructural and atomic levels are 

being explored to address the volume expansion issues that inhibit conversion, 

and thereby prevent alloying materials from being used successfully in 

electrochemical energy storage devices (Figure 1.7). These include nanosizing 

of active materials,47,51,65 the formation of 1D and 2D polymorphs of conversion 

materials,59,66 hierarchical 3D configurations,67,68 and the construction of hollow 

structures.69,70 Recent examples of these techniques applied to Si include silicon-

core-carbon-shell nanoparticles synthesised by Mangolini et at.71 where a  

substitution for 10 wt. % graphite in a standard electrode gave a 60 % increase 

in the storage capacity and a capacity retention of 86 % over 100 cycles. Another 

example,  reported by Chen et al. involved silicon/carbon nanotube particles 

encapsulated by polymethyl methacrylate, which when tested gave a reversible 

capacity of 1024.8 mAh g−1 after 200 cycles.72  
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One further alloying reaction that is of note, is that which can occur between Li 

and Al at low potentials and has a theoretical capacity of 993 mAh g−1.73 

Aluminium has been investigated as a possible anode material, however in 

practice the occurrence of this reaction is the reason why anode materials are 

deposited on copper sheets rather aluminium,  so as to avoid unwanted alloying 

and destruction of the electrode and current collector over cycling.   

In order for electrochemical energy devices to reach the high targets required for 

widespread use in EVs, new materials that satisfy a wealth of considerations must 

be identified and optimised. Such considerations include the cost, earth 

abundance and sustainability of the raw materials. As an example, the current 

state of the art cathode material is lithiated nickel manganese cobalt oxide 

(LiNMC),74 however due to the abundance in the Earth’s crust of elements such 

as cobalt and nickel being 0.00116 and 0.00186 wt. % respectively, the cost of 

currently producing battery materials consisting of these materials is very 

high.75,76 This cost is only set to increase with forecasting models predicting a 

global shortage of cobalt by the year 2025 as demand outstrips supply.75 Another 

factor that must be taken into account is the scalability of a material from 

Figure 1.7: Schematic showing the various different 
nanosized engineering approaches to high performing 
conversion materials. Reprinted with permission from 
Y. Lu, L. Yu and X. W. Lou. Copyright 2018 Elsevier 
Inc. 
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laboratory discovery (g/hr) to industrial (kg/hr) scale, as this can render many 

promising candidates unfeasible if the output of the synthesis method cannot be 

increased without diminishing either the quality or repeatability.77 One of the most 

important criteria for new energy storage materials is safety, in particular for 

anode materials, a high operating voltage.48 This is because at low potentials 

there is a serious risk of formation of lithium dendrites on the surface of the 

electrode, which can cause short circuits in the cell leading to thermal runaway 

and fire.78 Other safety concerns include toxicity to humans and the environment 

throughout the entire life cycle from the mining of raw materials, the usage in 

energy storage devices and end of life disposal and recycling.79,80  

One further consideration is that the behaviour of an active material in a test 

environment, which allows for easy comparison between different materials, can 

differ greatly from those conditions found in the final application, such as the large 

temperature increases experienced by cells undergoing high-rate energy storage 

and how the different thermodynamic conditions affects the energy storage 

capabilities of the active materials.81        

1.2.4 Capacitance 

Electrochemical capacitors, also known as supercapacitors, differ from traditional 

lithium ion battery technology in both fundamental charge storage mechanism 

and their application.82 The most basic description of a supercapacitor is of two 

metal plates separated by a dielectric material and saturated in electrolyte.83 In 

contrast to lithium ion batteries, supercapacitors store charge electrostatically, 

through the formation of a Helmholtz double layer of oppositely charged ions and 

electrons at the surfaces of each electrode. This results in electric double-layer 

capacitance (EDLC, shown in Figure 1.8).84 The amount of charge (q) that can 

be stored is directly proportional to the voltage applied (V) and is calculated using 

the capacitance (C), surface area of the metal plate (electrode, A), the distance 

between the two plates (d) and the permittivity of the dielectric separator (ε) via 

equation 1.15. 

𝑞 = 𝑉 ∙ 𝐶 = 𝑉 ∙
( )

        (1.15)   
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The energy of the corresponding capacitor is defined by equation 1.16: 

𝐸 = 𝐶 ∙ 𝑉          (1.16) 

The power of the capacitor is limited by the cell resistance (Rs) and is described 

by equation 1.17: 

𝑃 =
∙

         (1.17)    

In commercial EDLC’s, the active material of choice is activated carbon printed 

onto current collectors.85 The activated carbon has a very high Specific Surface 

Area (SSA) and consequently has a very large interface  which can interact with 

ions dissolved in the electrolyte (Figure 1.8). The porosity of the activated carbons 

was found to be a useful method to increase the capacitance of the EDLC, 

especially when the pore size is matched to the size of the electrolyte ion.86 Due 

to the electrostatic nature of the charge storage, the total energy stored is small 

compared to lithium ion batteries, however power achievable is far greater and 

the rates of charge and discharge are much faster. Examples of different 

activated carbons reported in literature include carbon nanotubes, graphitic 

carbon and coconut derived carbon.87–89   
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Figure 1.9: Diagram showing the different types of reversible redox 
mechanisms that come under the umbrella of pseudocapacitance: 
a) underpotential deposition, b) redox pseudocapacitance, and c) 
intercalation pseudocapacitance. Reprinted with permission from V. 
Augustyn, P. Simon and B. Dunn, Energy Environment Science, 
2014, Royal Society of Chemistry. 

Figure 1.8: Diagram displaying the Helmholtz double layer 
formed at both electrode interfaces between the electrolyte ions 
and their opposite electric charge build up in the active material.  
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1.2.5 Pseudocapacitance  

The term pseudocapacitance was coined to describe a type of capacitance which 

involves faradaic charge transfer reactions.90 Pseudocapacitive materials have 

been found to exhibit greater charge storage capabilities than Helmholtz double-

layer materials, but also display far faster charge and discharge times compared 

to battery intercalation materials. It was observed by Conway that three different 

mechanisms can result in pseudocapacitive behaviour.85 Adsorption 

pseudocapacitance is described as the underpotential deposition of electrolyte 

onto the surface of the electrode such as Pb on Au (Figure 1.9a). Redox 

pseudocapacitance is the adsorption of ions onto the surface of the active 

material followed by faradaic charge transfer reaction occurring, as depicted for 

RuO2 in Figure 1.9b. Intercalation pseudocapacitance is the intercalation of 

electrolyte ions into layers or tunnels of the active material followed by a faradaic 

charge transfer reaction that does not induce a crystallographic change in phase, 

as described for niobium (V) oxide in Figure 1.9c.91 The different mechanisms all 

display similar electrochemical signatures, such as potential response to current 

stimulus due to the adsorption/desorption of ions at the electrode/electrolyte 

interface, as is described by the Nernst equation (1.18). 

𝐸 ~ 𝐸 − 𝑙𝑛         (1.18)  

In which, E is the potential (V), n is the number of electrons involved in the redox 

reaction, F is the Faraday constant (96485 C g−1), R is the ideal gas constant 

(8.314 J mol−1 K−1), T is the temperature and X is the extent of fractional coverage 

of the surface.92 The typical electrochemical features of purely capacitive, 

intercalative and pseudocapacitive mechanisms for both cyclic voltammetry and 

current application are shown in Figure 1.10a, b and c respectively. 
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Figure 1.10: Diagram showing the typical electrochemical responses to cyclic 
voltammetry and galvanostatic charge/discharge cycling for a) capacitive 
materials, b) intercalative battery materials, and c) pseudocapacitive materials. 

The shape of a galvanostatic charge/discharge curve of potential vs specific 

capacity for a pseudocapacitive material is not entirely linear as for a capacitive 

material (Figure 1.10a) and neither does it display clearly defined voltage 

plateaus for the two-phase transitions of battery-like redox reactions (Figure 

1.10b). The result is a smooth non-linear response hence the term 

pseudocapacitance (Figure 1.10c).93 The shape of the cyclic voltammograms 

further mirrors this behaviour by having very broad redox peaks and a large 

overall area reminiscent of a capacitor. Due to all pseudocapacitive mechanisms 

being located at the surface of materials, the kinetics of charge storage are not 

limited by solid state diffusion and thus allow for fast charge and discharge rates 

that are comparable to capacitor materials.12 One further differentiation is that  of 

intrinsic and extrinsic pseudocapacitance. Materials such as MnO2 and RuO2 are 

intrinsically pseudocapacitive, meaning they exhibit pseudocapacitance 

independent of any other factors.94,95 In comparison, extrinsically 

pseudocapacitive materials are ones that only exhibit the requisite behaviour 

once a critical size of crystallite is obtained. Below this critical size, a large number 

of redox centres become available at the surface of the particles and can then 

perform fast faradaic charge transfer reactions, as well as reducing the diffusion 
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coefficients for electrolyte ions into intercalation materials.96 Engineering 

materials to display pseudocapacitance has been well documented for V2O5, TiO2 

and LiCoO2.58,97,98  

Deconvolution of electrochemical behaviour to obtain a quantifiable contribution 

of pseudocapacitance to total charge storage is important to give insight into the 

physical properties occurring within active materials. For a pseudocapacitive 

redox process, the current response to a voltage sweep will vary directly with 

scan rate (v). In contrast, a diffusion-limited process will exhibit a current 

response that varies with v1/2.99 Therefore, the current response at a specific 

potential can be described by an adaptation of the power law to give equation 

1.19. 

𝑖(𝑉) = 𝑘 𝑣 / + 𝑘 𝑣        (1.19) 

Computing for values of k1 and k2 at each potential in the cyclic voltammetry 

permits the differentiation of diffusion-limited and capacitive current contributions 

as shown in Figure 1.11.100  

 

 

 

Figure 1.11: Graph of CV at 100 mVs−1 of Au/MnO2 core-shell 
nanowires separated into capacitive contributions (shaded blue) and 
diffusion contributions (shaded yellow) determined from eqn. 2.19. 
Reprinted with permission from W. Yan, J. Y. Kim, W. Xing et al., 
Copyright 2012 American Chemical Society. 
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This analysis has been reported extensively in literature to evaluate various 

nanomaterials. However, by itself this method cannot establish the exact 

mechanism of charge storage occurring and requires complimentary analytical 

techniques to corroborate it. A further related procedure described by Trasatti et 

al. uses equation 1.20 to describe the relationship between capacity and scan 

rate.101 

 𝑄 = 𝑄 + 𝐴(𝑣 . )        (1.20) 

Where Qv∞ is the capacity contribution of the “outer” surface of the active material 

at a theoretical infinite scan rate, A is the diffusion-limited capacity and is limited 

by v-0.5. By plotting a graph of Q vs v-0.5 and extrapolating the linear fit of the graph 

to give the y-intercept gives a value for Qv∞ which is reported as a percentage of 

the total capacity (Figure 1.12). 

However, due to physical factors such as resistance at high scan rates, it is 

impossible to experimentally measure the capacity at scan rates approaching 

infinity. Further to this, this analysis requires an extrapolation of the linear portion 

of the data as it is not mathematically possible to fit the entire dataset with a linear 

function. The selection of where to apply the fit is arbitrary and at the discretion 

of the analyst and thus can give different values for the same material. One 

Figure 1.12: Graph of the total specific charge vs. 
scanrate−0.5. with the linear portion extrapolated by a line of 
best fit to an infinite scan rate to give a value for the 
pseudocapacitive charge stored, as described in eqn. 2.20. 
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further technique is based on the Cottrell equation (equation 1.21), in which 

current is related to charge/discharge time (t).102  

𝑖 = 𝑎𝑡 .    (1.21) 

𝑖 = 𝑎𝑣    (1.22) 

Replacing t with the reciprocal of scan rate gives equation 1.22. The premise of 

the equation is that b = 1 for purely capacitive contributions and b = 0.5 for 

diffusion-limited contributions. This method has been reported in literature for a 

range of materials, however it also suffers from oversimplification by separating 

charge-storage mechanism based on the speed of the processes. In summary, 

there are several methods for deconvoluting and evaluating the charge storage 

mechanisms from electrochemical analysis, however these types of analysis do 

have caveats and require more in-depth techniques to corroborate the findings 

and give scientifically reliable descriptions of the specific processes occurring. 

1.2.6 Hybrid Capacitors 

At present lithium ion batteries and electrochemical capacitors are the two 

principal types of electrochemical storage devices that fulfil the roles required by 

the consumer electronics, aerospace and automotive markets.10 Commercial 

lithium ion cells can deliver specific energies of 200 Wh kg−1 and above, however 

they are only able to achieve a specific power of 350 W kg−1. In comparison 

Figure 1.13: Diagram showing the structure of a hybrid capacitor cell. Reprinted 
with permission from H. Wang, C. Zhu, D. Chao et al. Copyright 2017 John 
Wiley and Sons. 
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commercially available supercapacitors can display very high specific power (up 

to 10 kW kg−1), but are only capable of specific energies of ~5 Wh kg−1.15,103–105  

This difference in device performance has fuelled research into improving the 

specific power of lithium-ion batteries and increasing the specific energy of 

supercapacitors. One of the targets for researchers is to build a single device that 

can encompass both high energy and high power.106 Hybrid Ion Capacitors 

(HICs) have emerged as devices that in principle can deliver energy levels in-

between that of supercapacitor and a lithium-ion battery, whilst exhibiting the 

power levels and high cyclability characteristics of supercapacitors. Hybrid 

capacitors can achieve this performance by consisting of a high energy battery 

anode, a high power EDLC cathode and a non-aqueous lithium ion electrolyte 

(Figure 1.13).107 Mechanistically charge is stored simultaneously at both 

electrodes asymmetrically through surface adsorption/desorption of ions at the 

cathode and Li+ insertion/removal at the anode, both of these mechanisms have 

different optimal charge/discharge times, this can lend itself to applications which 

involve slow charging and fast discharging.107 Because the different processes at 

each electrode are also performed in different potential ranges, the overall 

potential window is increased, thus increasing the overall energy density.108  

One example of an application of HICs as energy storage devices is in the Kinetic 

Energy Recovery System (KERS) found in Formula One cars.109 Regenerative 

braking systems such as those in high performance vehicles can also be found 

in heavy goods vehicles and trains. These represent a vast untapped market for 

HICs due to the shortcomings of the current energy storage technology 

available.110 A study of the New York City train network and the potential use of 

energy storage devices for regenerative braking identified that the current energy 

cost of running a single train for a year is ~2150 GWh, equating to more than 

$250,000,000 (valid as of prices in 2009).111 The study identified that despite 

regenerative braking being a method of dramatically reducing this cost, the 

current energy storage technology was unable to satisfy the exact requirements 

(Figure 1.14).111 Commercial lithium ion batteries are unable to cope with the high 

power demands and therefore can only harvest a small fraction of the braking 

energy generated, which requires charge/discharge rates in the region of 18s or 

200C (1C = 3600s). In contrast, commercial supercapacitors can achieve the 

power demands but cannot exhibit the necessary energy density and therefore 
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are too large by weight and volume to be space efficient or economically viable.112 

The application of lithium ion hybrid capacitors to energy recovery systems in a 

range of different applications has also been explored.  

The typical requirements of an energy storage system for a bus include a voltage 

range of 700-800 V, power demands of 150 kW (10s charge/discharge) and a 

cycle life of over 1,000,000 cycles. When comparing a standard EDLC system 

and a lithium ion hybrid capacitor system for the role it was calculated that the 

EDLC system would be clearly outperformed on both mass and volume metrics 

(135 to 340 kg and 317 to 470 dm3 respectively).113    

In order to meet the high performance standards required by the specific 

applications discussed above and make the leap from laboratory to commercial 

production, the choice and design of a material for the anode is of critical 

importance.114 An ideal anode material should have the following properties: 

1) High capacity at fast C-rates. This allows for much higher current densities 

to be achieved by the hybrid cell by bringing the power densities that are 

achievable by the anode, much closer to/match those of the cathode 

materials. 

2) High specific capacity. The higher the specific capacity of the anode 

material, the greater the energy density of the hybrid cell that can be 

achieved. 

3) A low voltage plateau. This allows the maximum voltage of the hybrid cell 

to be higher because the anode can undergo lithiation during the charge 

step. A wider potential window will lead to higher overall energy density for 

the hybrid cell. 

Figure 1.14: Illustration of regenerative braking for energy storage on trains. 
Reprinted with permission from A. Gonzalez-Gil, R. Palacin, P. Batty. Copyright 
2013 Elsevier Ltd. 
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4) Long cycling lifetime and stability. Carbonaceous materials, such as those 

used in symmetric supercapacitors and the cathode materials of hybrids, 

show excellent long term cycling capabilities. Therefore, the anode 

material must also be able to exhibit good long term cycling behaviour and 

stability to compete with carbon-carbon supercapacitors. 

5) Low cost. Due to the raw cost of carbon-based materials being so low, any 

alternative material candidates must not contain expensive or raw 

elements. 

6) Simple manufacturing process. Ensuring that any manufacturing process 

to convert raw materials into the final anode material must be as simple 

and as few steps as possible. This becomes critically important once the 

topic of commercial production is considered.  

1.2.7 Beyond Lithium-Ion Energy Storage 

Other alternatives to lithium ion based energy storage devices include sodium ion 

batteries (NIBs) and capacitors (NICs).107,115 The use of sodium as the charge 

carrier has received wide interest due to the increased abundance and 

accessibility on Earth, and therefore the resultant reduction in cost. NIB research 

is still a long way off current LIB technology with many obstacles yet to overcome, 

the largest being the sluggish reaction kinetics caused by the larger ionic radius 

of Na+ compared to Li+ (1.02 Å and 0.76 Å respectively). This has been cited as 

the cause for lower capacities, poor rate capabilities and low cycling stabilities.116 

Just like its lithium counterparts, there are the three mechanisms that dictate the 

ability to store charge using sodium ions. These are the intercalation, conversion, 

and alloying reactions. Many intercalation materials exhibit sloping voltage 

plateaus that are desirable for high performance energy storage, with the most 

researched material being hard carbon.117,118 Again, one of the major attractions 

of  sodium ion cell electrode materials that exhibit conversion mechanisms are 

the high capacities that can be observed. However, there is also the big drawback 

of large volume fluctuations upon sodiation/desodiation. This can lead to the 

pulverisation of the active material, rapid capacity loss and delamination of the 

active material from the current collector.115 

One of the most interesting properties of sodium-ion battery technology is that 

the sodium ion (when solvated) is smaller than its lithium counterpart. This 
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therefore gives it faster diffusion through materials and higher ionic conductivity.  

It therefore gives sodium-ion technology an opportunity to compete with lithium-

ion in the field of high power energy storage.107 Research on NICs is in its infancy 

but is garnering high levels of interest from the scientific community. One further 

motivation for the development of NICs is the added safety of the cells. This is 

due to the fact that non-graphitic materials are used as anodes, primarily due to 

graphitic carbon having an interlayer spacing that is unsuitable for sodium 

intercalation. This reduces the risk of sodium metal plating and therefore very 

little risk of dendrites causing cell failure.119 

1.2.8 Electrolytes 

For lithium ion HICs, the two main electrolyte types explored in literature are 

aqueous and non-aqueous. Aqueous electrolytes such as LiNO3 and Li2SO4 

exhibit very low viscosity, high ion mobility and therefore high-rate capabilities.  

However they have a major limiting factor of low operational voltage due to the 

evolution of oxygen above 1.6 V.120 The main electrolyte type is LiPF6 dissolved 

in a mixture of organic solvents, such as ethylene carbonate (EC) or diethylene 

carbonate (DEC). The main benefit of organic electrolytes is the large operational 

voltage window which can be up to 3 V for insertion type materials and up to 4 V 

for conversion materials.108  

Due to the lack of an active material containing lithium within HIC devices, the 

electrolyte acts as the sole source of lithium ions. This can be a cause for loss of 

performance as electrolyte is consumed by either parasitic side reactions or the 

formation of the solid electrolyte interface (SEI) in the first charge/discharge 

cycle.121 To combat this, prelithiation of the anode material was developed, 

increasing the number of Li ions present in the device. This is achieved by 

inserting Li into the anode by electrochemical methods (e.g. cycling) against a Li 

metal counter electrode.122 The necessity of this step to reduce capacity loss 

disadvantages the commercialisation of HICs as it is time consuming and difficult 

to scale. One approach to this problem is the use of sacrificial material that can 

release lithium upon the initial cycle. For example, Zhang et al. reported the 

addition of Li2CuO2 to the electrode slurry of the activated carbon cathode and 

constructed a HIC with Li4Ti5O12 (LTO) anode. When cycling, the lithium copper 

oxide additive released Li+ ions, thus countering the first cycle capacity loss, and 

producing the electronically conductive species CuO.123  



Chapter 1: Introduction 
 

38 
 

One of the major drawbacks to the organic carbonate electrolytes is the high 

flammability. Ionic liquids (ILs) are defined as salts with melting points below 100 

℃.124 The majority of ILs constitute organic cations and anions which allow for 

flexibility in design and promotion of certain properties. ILs have been recognised 

as both a solvent and electrolyte as they exhibit desirable characteristics such as 

high thermal stability, low volatility, high ionic conductivity, and high voltage 

stability. 

In comparison to standard organic electrolytes, ILs can offer far greater energy 

densities by allowing for higher operating voltages and wider voltage windows. 

The vast majority of IL electrolyte research has centred around their use in 

supercapacitors.125 The most explored ILs are imidazolium or pyrrolidinium 

cations with tetrafluoroborate (BF4), bis(trifluoromethanesulfonyl) imide (TFSI) or 

hexafluorophosphate (PF6) anions.126 This is due to both families of cations 

having an operating potential of >3 V and conductivities of 10 and 2.6-3.8 mS 

cm−1 respectively.86 There are however drawbacks of using ILs as electrolytes, 

such as high viscosity which can affect electrode wetting, low ionic conductivity 

at room temperature meaning most IL devices require operating at high 

temperature, and high cost due to the complex synthesis process.127 These 

disadvantages must be addressed in future research efforts in order to apply ILs 

as electrolytes in lithium ion energy storage devices. 

1.2.9 Solid Electrolyte Interface 

The Solid Electrolyte Interface (SEI) is a layer that forms on the surface of the 

electrode materials (particularly the anode) of LIBs and HICs during initial cycling. 

It consists of by-products formed by electrolyte decomposition.128 The reactions 

that occur consume lithium from both the electrolyte salt and the lithiated cathode 

material, reducing overall concentration of lithium ions in the cell, causing up to 

10% of the original capacity to be lost during the first full charge/discharge 

cycle.129 Once the SEI layer has been formed over the entire surface of the active 

material, the electrode is considered “passivated” as the SEI forms a barrier 

between the electrolyte and the electrode surface inhibiting any further 

decomposition reactions.121 The formation step primarily takes place during the 

first cycle, however the process continues over proceeding cycles until the layer 

is completely formed. This has resulted in highly complex cycling protocols for 

LIBs during construction.13 The quality of the SEI layer is important because any 
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imperfections can cause continued decomposition of electrolyte through growth 

of the layer. This can cause large issues with capacity retention over long cycling 

lifetimes.130 An ideal SEI layer has a very low electronic conductivity such that no 

further electron-transfer reactions can occur between the organic electrolyte 

compounds and the anode material. The SEI should also exhibit high ionic 

selectivity and permeability, to allow only charge carrier-ions (lithium/sodium) 

access through to the active material. It is also desirable for the SEI to have high 

stability against a range of factors and processes such as high temperatures, 

dissolution back into the organic electrolyte and against physical fracturing 

caused volume changes during cycling.121 SEI formation usually takes a long time 

as the initial C-rates that form stable layers are very slow (~C/20). After these 

initial cycles, a range of C-rates and different temperatures are used to complete 

the formation process.  

The extensiveness of this process is one area that could drastically reduce the 

cost of commercial LIBs if it could be improved.131 Figure 1.15 shows an energetic 

diagram of the cathode, electrolyte and anode in a typical LIB. The 

electrochemical potentials of the cathode and anode materials are labelled as µC 

and µA respectively. The potential stability window of the electrolyte is the 

difference (labelled Eg) between the Highest Occupied Molecular Orbital (HOMO) 

Figure 1.15: Open-circuit energy diagram of an aqueous electrolyte. 
ΦA ΦC are the anode and cathode work function. Eg is the window 
for thermodynamic stability of the electrolyte. The formation of an 
SEI layer is needed when µA and µC are greater than or lower than 
the LUMO and HOMO respectively. Reprinted with permission from 
J. B. Goodenough, Y. Kim. Copyright 2010 American Chemical 
Society. 
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and the Lowest Unoccupied Molecular Orbital (LUMO). The difference between 

µC and µA has to be maximised to give the cell the largest possible energy density, 

however if µC is above the HOMO then the electrolyte will be oxidised at that 

potential and if µA is below the LUMO then consequently the electrolyte will be 

reduced. For the most common electrolytes used currently, the oxidation potential 

is at ~4.7 V vs Li/Li+ and the reduction potential is at ~1.0 V vs Li/Li+.121  

The composition of the SEI is critical to ensuring it has the desirable attributes for 

capacity retention and stability. Recent studies have shown the SEI to have a 

complex arrangement of insoluble inorganic salts such as Li2CO3, LiF and Li2O, 

organic compounds such as ROLi, ROCO2Li (R = low Mw alkyl chain), esters, 

alkoxides, carbonates, and polymers.132 High concentrations of insoluble salts 

can be found at the surface of the electrode, forming the dense layer, and more 

soluble organic compounds can be generally found at the electrolyte interface. 

The exact composition, and therefore properties of the SEI, is profoundly affected 

by the composition and morphology of the active material, as well as by the 

electrolyte solvent (Figure 1.16).133 One particular compound that can be formed 

during electrolyte decomposition is hydrofluoric acid (HF). The formation of HF 

takes place because the PF6− salt can produce PF5 gas which is a strong Lewis 

acid. This can then go on to react with any trace amounts of water and the organic 

carbonate solvent molecules to form a range of fluorinated compounds including 

more HF.134 HF can then attack the SEI causing degradation, and can attack the 

metal oxide which releases more water that can react with more LiPF6 repeating 

the process.135 The generation of HF is therefore associated with serious 

performance loss and cell failure.136 It has been shown that the larger the surface 

area of the active material , the greater is the capacity loss due to a thicker SEI 

layer.137 This is one of the main issues facing the use of high surface area 

nanoparticles, as the extra capacity loss must be accounted for during the mass 

balancing of the active materials. Investigations into to combat this increased 

degradation and improve the SEI layer have found that electrolyte additives, such 

as vinylene carbonate (VC) and fluoroethylene carbonate (FEC), can polymerize 

during cycling and form insoluble polymers which stabilise the SEI.138 Other 

methods, including a carbonaceous coating on the surface of conversion 

materials, can assist in reducing the volume expansion during cycling. This helps 

to maintain a dense un-fractured SEI layer helping to retain capacity.52 
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In general, the exact composition and nature of the SEI layer is still poorly 

understood, with only the presence of the major compounds and effects of certain 

additives or cycling profiles being confirmed by different studies.134,139 The 

reasons for the lack of detailed understanding is primarily due to difficulties in 

analysis of the SEI layer in-situ, the huge variation in electrolyte and electrode 

composition, and multiple different formation pathways for the SEI.   

 

 

 

 

 

 

 

Figure 1.16: Diagram showing the role of the electrolyte solvent (EC 
vs PC) on the composition and structure of the SEI layer. Reprinted 
with permission from N. Takenaka, Y. Suzuki, H. Sakai et al. 
Copyright 2014 American Chemical Society. 
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1.2.10 Nanosizing of Active Materials 

In order to build HICs that can fill the performance gap between supercapacitors 

and LIBs the development of ceramic anode materials that can exhibit very high 

C-rates is crucial. The nanosizing of intercalative active materials has been found 

to be a useful method for improving power performance, as it vastly decreases 

the ion diffusion path lengths and increases the specific surface area of the 

electrode/electrolyte interface. This causes more redox centres to be available at 

the surface of the particles which can decrease the time taken for charge 

storage.1 Further benefits can include an increase in charge stored via extrinsic 

pseudocapacitive mechanisms for materials such as LiCoO2,96 as well as the 

suppression of two-phase transformations found in bulk materials to give smooth 

continuous phase transformations like those shown in Figure 1.17.37,140,141  

The effect of nanosizing has also been shown to induce the ability to perform 

reversible reactions with lithium in contrast to the bulk material. The often noted 

example for this is for β-MnO2.47 

Nanosizing of anode materials has also been found to be a successful method 

for navigating the issues facing conversion materials.52 These benefits include 

reducing diffusion path lengths which can counter low intrinsic conductivity and 

improve the rate capabilities. It can also promote the formation of nanosized 

particles of metal M during lithiation, which are very electrochemically active and 

Figure 1.17: Illustration of the possible lithiation 
states that result in the curved voltage profile 
seen for nanosized LTO. Reprinted with 
permission from M. Wagemaker, F. M. Mulder. 
Copyright 2013 American Chemical Society. 
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increase the reversible capacity of the active materials.29,47 Through the 

nanosizing of conversion materials, a series of additional structural features and 

modifications become available to provide advantages. One-dimensional (1D) 

and two-dimensional (2D) nanostructures can expedite the transport of electrons 

throughout the electrode, leading to improved conductivity.59,66 The combination 

of nanoparticles into large 3D structures allows for the creation of very large 

surface areas and complex configurations of pores giving further performance 

improvements.68 The introduction of negative spaces or hollow structures with 

nanoparticles has also been shown to counter the volume expansion experienced 

by conversion materials (Figure 1.18).142 The use of carbonaceous coatings on 

nanosized conversion materials has been highlighted as an effective method of 

improving several properties of conversion materials including, the intrinsic 

conductivity, reducing the impact of volume changes and providing a barrier 

between the highly electrochemical active nanoparticles of metal M and the 

electrolyte thereby inhibiting the decomposition of the electrolyte through side 

reactions.57,141  
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However, the nanosizing of active materials does have several disadvantages. 

The creation of very high surface areas can have the negative effect of increasing 

the size of the SEI, therefore increasing the consumption of lithium. Another 

disadvantage is the inherently low packing density of nanomaterials as this 

directly impacts the volumetric energy and power densities that can be achieved  

This is of vital importance in commercial applications.143 Further disadvantages 

include the high synthetic cost of achieving the desired level of material 

complexity as well as ensuring consistency between synthesis batches or over a 

period of time if the method is continuous.144  Finally, the environmental toxicity 

of nanoparticles have also been studied and are of serious concern.145,146 

 

 

Figure 1.18: Illustrations showing the use of a nanoscale coating on 
particles of conversion materials to reduce the effects of pulverisation due 
to volume fluctuations, and surface area loss due to agglomerations. D, 
diameter of the pomegranate microparticle; t, the thickness of the 
electrolyte blocking layer; 2a, the dimension of the void; d, the diameter of 
the active material particles. Reprinted with permission from N. Liu et al. 
Copyright 2014 Nature Publishing Group. 
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1.3 Synthesis of Nanomaterials 

The definition of a nanomaterial as given as a: 

“Natural, incidental or manufactured material containing particles, in an unbound 

state or as an aggregate or as an agglomerate and where, for 50% or more of 

the particles in the number size distribution, one or more external dimensions is 

in the size range 1 nm to 100 nm.147 

Reducing the size of energy storage to the nanoscale can cause desirable 

properties to be exhibited. This has spurred research interest in applying 

nanosizing to a wide range of different materials. These enhanced properties 

include increased levels of electrochemical activity due to higher numbers of 

active sites being present on the surfaces of the particles, increased cycling 

stability of particles caused by smaller levels of volume expansion and 

contraction, and faster reaction kinetics owing to the shorter diffusion path 

lengths.29 

There are two pathways to obtaining nanosized materials. The first is the top-

down method in which bulk materials are reduced in size to large particles and 

then to nanomaterials (Figure 1.19a). Top-down methods include mechanical 

grinding (where abrasive material such as zirconia balls are used in conjunction 

with mixing machines to break up larger particles) or lithography (where lasers 

are used to ablate materials to give nano structures either on the surfaces or as 

a distinct particles).100,148 At present, many battery materials such as LFP are 

synthesised commercially using top-down methods such as Mechano-chemical 

activation, in which mixtures of precursors are ball-milled at high speed and then 

calcined in an inert or even reducing atmosphere furnace.149,150 Almost all of the 

top-down methods found in literature have unsolved issues surrounding them 

such as high levels of waste generated, high usage of energy, issues with 

impurities from the milling materials and difficulties with accuracy and 

repeatability of particle size distribution.151  
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The other strategy to the formation of nanoparticles is referred to as bottom-up 

(Figure 1.19b). Bottom-up techniques include precipitation, sol-gel methods, 

aerosol synthesis and solvothermal methods.152–156 These methods have all 

presented advantages over top-down approaches due to relatively fast synthesis 

times, ease of scalability, ability to create complex mixed element materials and 

most importantly they give good control over particle characteristics such as size 

and morphology through easy to manipulate parameters such as temperature, 

concentration and pH. This is represented in industry with one of the leading 

cathode material producers in China using a method of solvated co-precipitation 

of metal sulphate salts with sodium hydroxide and ammonium hydroxide to form 

a metal hydroxide precursor, followed by calcination steps with lithium carbonate 

to synthesise LiNMC111 on an industrial scale.80 

 

Figure 1.19: Diagram showing the two different synthesis approaches to creating 
nanoparticles, a) top-down methods such as mechanical milling and lithography, 
and b) bottom-up methods such as solvothermal synthesis. 
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1.3.1 Supercritical Water and Hydrothermal Synthesis Methods 

Of all the solvothermal methods explored as bottom-up techniques, hydrothermal 

and in particular supercritical (SC) hydrothermal methods, represent a low-cost 

option that has the added benefit of being far more environmentally friendly than 

solvothermal methods that utilise harmful organic solvents. It also offers high 

levels of tunability for synthesis.157 Supercritical water is defined as a physical 

state of matter that exists above both the critical temperatures (TC) and pressure 

(PC) values of 374℃ and 22.1 MPa respectively.158 Above these values, water 

changes from the distinct liquid and gas phases into the supercritical phase which 

exhibits specific properties of both a liquid and a gas. Figure (1.20) shows how 

the properties of water such as the density, viscosity, thermal conductivity, and 

isobaric heat capacity all vary with temperature at the critical pressure. As the 

critical temperature is neared, the density of water (ρ) decreases significantly 

from 1 g m−3 to 0.322 g m−3, as does the thermal conductivity of water (k) from 

0.6 (at 20 ℃) to less than 0.2 W/(m K) (above 400 ℃).77,159,160  

 

 

 

Figure 1.20: Diagram showing how the properties of water, such as isobaric 
heat capacity, density, viscosity and thermal conductivity, all change with 
increasing temperature at a set pressure. Reprinted with permission from J. 
A. Darr, J. Zhang, N. M. Makwana et al, Chemical reviews. Copyright 2017 
American Chemical Society. 
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The isobaric heat capacity (Cp) of water is the amount of heat to be supplied to a 

given mass of water to in order to cause a unit change in its temperature whilst 

at a constant pressure.161 The Cp of water increases slowly with temperature and 

then rises very rapidly to a peak as the TC is approached. As the temperature 

increases further this property decreases back down to normal levels (Figure 

2.27a). When the temperature reaches and crosses the critical point the normal 

hydrogen bonds within the water break down causing the dielectric constant 

decrease from 80 to 5 m−1. These properties render SCH2O unfavourable for the 

solvation of aqueous inorganic salts such as nitrates or sulphates. One of the key 

elements in the production of nanomaterials using hydrothermal processes is 

supersaturation.162 Supersaturation is the ratio of the concentration of a solvated 

species to the saturation concentration. When this is maximised, it can increase 

the rate of nanoparticle synthesis and also the number of nuclei formed, thereby 

decreasing the final particle size.163 A further property of SCH2O that lends itself 

very well to nanoparticle synthesis is the variation of the ionic product of water 

with temperature (Kw described in equation 1.23). 

𝐾 = [𝐻 ][𝑂𝐻 ]        (1.23)  

In which, the concentration of protons and hydroxide ions are both equal to 1 X 

10−7 mol dm−3. This gives a value of 14 for the pKw at room temperature (equation 

1.24). 

𝑝𝐾 = −𝑙𝑜𝑔 𝐾         (1.24) 

When water transitions to supercritical, the value of pKw decreases to 11, which 

equates to approximately a 30-fold increase in the prevalence of both hydrogen 

and hydroxide ions in solution, therefore creating a far more hydrolysing 

environment.164 The reactions taking place at the interface between metal salts 

and solvent can be simplified as a series of hydrolysis and dehydration reactions: 

𝑀(𝑁𝑂 ) ( ) + 𝑥𝐻 𝑂 → 𝑀(𝑂𝐻) ( ) + 𝑥𝐻𝑁𝑂     (1.25) 

𝐷𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛: 𝑀(𝑂𝐻) ( ) → 𝑀(𝑂) / ( ) + 𝐻 𝑂    (1.26) 

As well as these reactions, there are a multitude of other reactions taking place 

such as the decomposition of anions, or the partial hydrolysis/dehydration to form 

metal oxyhydroxides.157  
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The LaMer model, first developed in the 1950s, describes the synthesis of 

nanoparticles from solution. It separates particle synthesis into nucleation and 

growth phases through the concept of burst nucleation, in which all the nuclei are 

generated instantaneously and then grow without the need for any further 

nucleation to occur.165  

A graphical representation of the model is shown in Figure 1.21.  It can be 

explained as follows: 

 (I) The concentration of ions (monomers) is increasing and after a certain 

period of time reaches critical supersaturation (Cs), at this concentration 

level nucleation becomes possible.  

 (II) Beyond this point the saturation increases, passing the minimum level 

at which the activation energy for nucleation is overcome (Cmin) and 

reaching the maximum critical limit of supersaturation (Cmax) at which point 

nucleation rapidly occurs.  

 (III) Due to the nucleation occurring, the supersaturation level decreases 

immediately below Cmin thus ending the nucleation period.  

 Growth can then occur via multiple different mechanisms such as the 

remaining ions (monomers) in solution diffusing towards the more 

thermodynamically stable nuclei. This is known as Ostwald ripening, in 

which very small nuclei that have the ability to dissolve can be redeposited 

onto the surface of larger nuclei, or through the coalescence of nuclei to 

form larger particles.166  
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1.3.2 Continuous Hydrothermal Flow Synthesis 

Continuous Hydrothermal Flow Synthesis (CHFS) is an environmentally-friendly 

method that utilizes supercritical water and very short reaction times to synthesise 

a wide range of different nanomaterials.157 By varying different parameters such 

as concentration of reactants, temperature and residence time, CHFS can give 

good control over the characteristics displayed by the nanomaterials  including 

particle size distribution and morphology.143 The major benefits to the CHFS 

process are the ease of synthesising doped or mixed materials, the use of water 

as a green solvent, the  scalability of the synthesis (g/hr to kg/hr) and the high 

yields that can be achieved (>90 %).168 

The typical CHFS process involves superheating water under high pressure (240 

bar) to above the critical temperature (450 ℃) to create a very hydrolysing 

environment. This is then fed into a stream of ambient aqueous solvated metal 

salts. The rapid change in temperature, highly hydrolysing environment, short 

reaction times and high turbulence are all properties that lend themselves to 

synthesising nanomaterials.157 Using these techniques a wide range of different 

nanomaterials for various applications have been successfully synthesised, such 

as metal oxides, sulphides, hydroxides, oxyhydroxides and elemental 

metals.156,169–172 

Figure 1.21: Diagram of the LaMer model of nanoparticle 
nucleation and growth. Reproduced from J. Polte, 
CrystEngComm, 2015, with permission from the Royal 
Society of Chemistry. 
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Due to the sensitivity of material characteristics on different parameters, the 

design of the mixing point of a CHFS process is very important to give the desired 

materials with high reproducibility. Many different types of mixer design have 

been tried and tested over the years including, T-shaped, Y-shaped, cross 

shaped, counter current and co-current (Figure 1.22).157 The mixer design used 

in this thesis was solely the coaxial or confined jet mixer  (patent GB1008721) 

(Figure 1.23). The advantages of this design include instantaneous mixing of the 

SCH2O and room temperature precursor feeds and higher flow rates of the 

SCH2O feed are achievable.  This can increase the temperature at the mixing 

point far above the critical temperature (350 ℃). The design also allows for the 

placing of a second mixer in series.   This can be used to add water to quench 

the temperature of the solution and therefore the reaction or to add capping or 

coating agents to the feed.173 
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Figure 1.23: Diagram showing the geometry of the 
confined jet mixer. Reprinted with permission from 
R. I. Gruar, C. J. Tighe, J. A. Darr, Industrial & 
Engineering Chemistry Research. Copyright 2013 
American Chemical Society. 

Figure 1.22: Simplified diagrams of mixers used in CHFS with the SCH2O (red 
arrows), and metal salt (blue arrows) flows highlighted, a) T-shaped mixer, b) Y-
shaped mixer, c) counter-current mixer and d) co-current mixer.  
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1.3.3 CHFS for Combinatorial Materials Synthesis 

In the pursuit of ever greater materials discovery capabilities, the concept of 

combinatorial synthesis offers a method of casting a wide net over an area of 

interest, synthesising a wide range of compositionally related materials, and 

rapidly evaluating them for structure/performance relationships. Due to the use 

of water-based metal salt precursors, CHFS has been successfully applied to 

combinatorial studies for the discovery of electrochemically active materials.174 

Several examples of this can be found where a ternary plot of composition is used 

to synthesise a range of different materials and then electrochemical 

performance metrics or physical properties can be overlayed to identify areas of 

compositional space of interest: such as the 66-sample complete ternary diagram 

for CexZryYzO2−δ that was synthesised in less than twelve hours using a High-

Throughout CHFS reactor.175 The ceramic materials were then subjected to a 

heat treatment and analysed using the robotic beamline I11 at the Diamond Light 

Source for high resolution X-ray diffraction data. From this, the phase information 

for each material, as well as the variation in unit cell volume with composition and 

the relative crystallite size, were plotted (Figure 1.24). 

Johnson et al. showed another example of using phase diagrams with CHFS to 

investigate composition-structure-performance relationships, where a range of 

different compositions of carbon coated V- and Fe- doped LiMnPO4 were 

synthesised via CHFS and tested as high voltage cathode materials (Figure 

1.25a).176 It was shown that the variation in unit cell volume was smooth with 

respect to composition and decreased as more iron and vanadium were doped 

into the material. The specific capacity was measured at both low (C/2, Figure 

1.25c) and high (5C, Figure 1.25d) charge/discharge rates, and it was shown that 

a 20 % doping of Fe gave the highest cycling capacities at all C-rates. 
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Figure 1.24 (a): The compositional space for the mixed CexZryYzO2−δ (for 0 ≤ x, y, 
z ≤ 1) materials, with the sample numbers and direction of synthesis indicated. 
Each hexagon represents a single sample and the relative ratios of Ce, Zr and Y 
are proportional to the amount of red, green and blue colours respectively. (b) 
The different crystal phases identified by PXRD, fluorite (grey), monoclinic 
zirconium oxide (ZrO2, yellow), tetragonal zirconium oxide (ZrO2, red), bixbyite 
(blue) and a 2x2x2 pseudo-Y2O3 fluorite superstructure that has oxygen-vacancy 
ordering (green). Single colour hexagons indicate a single-phase material, three 
dots indicate two-phase behaviour, and stripes indicate a single-phase region with 
a smooth transition between the fluorite and the 2x2x2 fluorite superstructure. (c) 
Lattice parameter information regarding mean volume per unit (MO2−δ) displaying 
a smooth pseudolinear variation with composition. The volume at each nominal 
point can be approximated with the linear equation V = 40.3x + 33.5y + 37.5z. (d) 
The relative crystallite sizes calculated from the Scherrer equation and shown 
proportionally by the size of the blue circles. Reprinted with permission from X. 
Wang et al. J. Comb. Chem. Copyright 2013 American Chemical Society.  
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Figure 1.25 (a): Ternary phase diagram of LiMn1−x−yFexVyPO4 with the 
compositional area investigated shown with a green triangle. (b) The unit cell 
volume for each material overlayed as a heat map onto the green triangle area. (c) 
Specific capacity values at C/2 cycling shown as a heat map. (d) Specific capacity 
values at 5C cycling shown as a heat map. Adapted and reprinted with permission 
from I. D. Johnson et al. ACS Combi Chem, 
https://pubs.acs.org/doi/10.1021/acscombsci.6b00035. Copyright 2016 American 
Chemical Society. Further permission related to this material excerpted should be 
directed to the ACS. 
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2.0 Characterisation Methods and Materials 
 

‘If I have seen further, it is by standing on the shoulders of giants’ – Isaac 

Newton 

2.1 Physical Characterisation of Materials 

2.1.1 Powder X-ray Diffraction (PXRD) 

Powder X-ray diffraction (PXRD) is a technique used to give structural information 

about the crystal system(s) present in a sample of powdered material. The 

fundamental basis of PXRD is that an incident beam of electromagnetic radiation 

is shone at a sample of powdered material, the atoms in that material will cause 

scattering of the radiation and by interference (constructive or destructive) of the 

radiation yield information regarding the position of planes of atoms within the 

partially crystalline powder due to the relationship between the angle of the 

radiation and the spacing between lattice planes as described by Bragg in the 

early 20th Century (equation 2.1).177  

2𝑑 ∙ 𝑠𝑖𝑛(𝜃) =  𝑛 ∙ 𝜆        (2.1) 

In which, dhkl is the distance between two parallel hkl lattice planes, n is the 

number of lattice planes and λ is the wavelength of the incident X-ray radiation. 

Reflection of the radiation only occurs when the Bragg equation conditions are 

met. The radiation collected is then converted to give an XRD pattern with 

intensity vs 2θ angle.178 These patterns are unique to each different crystal 

system that exists and are used to identify unknown materials by comparison to 

databases of known patterns such as the Inorganic Crystal Structure Database 

(ICSD). 

Further information can be extracted from the PXRD patterns such as domain 

crystallite size using the Scherrer equation:  

𝑑 =
∙

∙
          (2.2) 

Where d is the domain crystallite size (nm), K is a shape factor that ranges from 

0.86 to 0.98 and is most commonly approximated to be equal to 0.9, λ is the 

wavelength of the incident radiation (MoKα = 0.7097 Å),θ is the Bragg angle and 

β is the full width at half maximum (FWHM) of the peak in question.179,180 
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Powder x-ray diffraction patterns of all powders synthesised was performed on a 

STOE StadiP diffractometer (Darmstadt, Germany) utilising MoKα radiation (λ = 

0.7107 Å). The patterns were typically collected between 2θ values of 2 – 40°, 

with a step size of 0.5° and a step time of 10 s. Peak fitting was performed by 

Fityk software (version 1.3.1).181 Phase identification was performed on the 

collected diffraction patterns by Match! Software (Crystal Impact, Germany, 

version 1.11h) on a PDF-2 database created by the International Centre for 

Diffraction Data. Structural models of the materials were created by Visualisation 

for Electronic and Structural Analysis software (VESTA, version 3.4.8, copyright 

Koichi Momma and Fujio Izumi).182 

Structure solution and refinement from diffraction patterns is a technique that is 

used to calculate the atomic or molecular structure from the peak intensities and 

positions. The method used herein is the Le Bail whole pattern method, 

performed by Reitica software (version 4.0).183 In which, an iterative method of 

least squares is used to fit and refine parameters for the unit cell, peak width and 

other shape factors.     

 

2.1.2 X-ray Fluorescence Spectroscopy (XRF) 

X-ray Fluorescence Spectroscopy (XRF) is a non-destructive technique for 

quantitatively determining the elemental composition of materials in either the 

solid, liquid or powder forms and with a sensitivity up to ppm level.184 In XRF, the 

sample is irradiated with incident radiation photons which when they reach the 

atoms present in the material can, if they are of the right energy, expel an electron 

from one of the innermost electron shells (such as the K-shell) creating a hole. 

This puts the atom into a higher energy excited state, to fill the hole and restabilise 

the atom, an electron from a higher energy shell (such as the L-shell) transfers to 

fill the hole (Figure 2.1). This L-shell electron has a higher energy than the hole 

that it is filling, and the excess energy is released as an X-ray photon and is 

picked up by the detector and is seen as a line on a spectrum. Because there are 

specific differences between the energy levels of the shells of different elements, 

the energy of the photon is characteristic of the atom from which it came. The 

combination of the different lines from the different electron transitions occurring 

in each atom can give a fingerprint for each element which is then combined with 



Chapter 2: Characterisation Methods and Materials 
 

58 
 

the intensities to give quantitative analysis of the elemental composition of the 

sample being analysed. The quantitative analysis of the elements present in the 

materials synthesised in this thesis was performed by a Panalytical Epsilon 4 

(Malvern, UK). 

 

2.1.3 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a non-destructive, quantitative 

technique that is used to determine the elemental composition and electronic 

state of the chemical species of the materials analysed. In XPS, an incident x-ray 

photon penetrates the material and excites an electron in a low energy shell of 

an atom, this excited electron is expelled out of the material and into the vacuum 

where it is detected. From this the binding energy (Ebinding) of the electron can be 

calculated using equation 2.3. In which, Ephoton is the energy of the incident x-ray 

photon, Ekinetic is the measured energy of the detected electron and Φ is the 

minimum energy required to release an electron from a solid into a vacuum that 

is directly above the surface (also known as the work function).185  

𝐸 = 𝐸 − 𝐸 − Φ       (2.3) 

 

Figure 2.1: Diagram showing the process that enables XRF, including the 
expulsion of an inner shell electron by an incident x-ray photon, the transfer of a 
higher shell electron to fill the hole and the resulting photon of excess energy 
released. 
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Because the specific oxidation state of the element will directly influence the 

binding energy of the electrons, the electronic state and local environment can 

be determined. Due to the technique requiring the penetration of the incident x-

rays, the excitation of the electrons and the detection of emitted electrons, the 

probability of a photoelectron being generated as you travel further from the 

surface of the material decreases. This means XPS can only analyse up to 1-10 

nm from the surface of the material. For the materials in this thesis, XPS was 

performed by a Thermo scientific K-alpha™ Spectrometer using Al-Kα radiation 

(1486.6 eV). High resolution scans for elements were performed at 50 eV. 

Analysis and peak fitting were performed by CasaXPS software (version 2.3.16) 

with the C1s peak calibrated to 284.8 eV. Powder samples were affixed onto 

double-sided carbon tape and vacuumed down to a chamber pressure below 1 

x10−8 torr.  

2.1.4 Raman Spectroscopy 

Raman spectroscopy is a non-destructive technique that is used for the 

identification of materials by measuring the specific vibrational modes of 

molecules.186 In Raman spectroscopy, a monochromatic light source from a laser 

is shone at the sample, the photons emitted interact with the molecular phonons 

or vibrational modes of the material and excite them to virtual energy states 

(Figure 2.2). The relaxation back to the vibrational energy states emits photons 

which are detected. The vast majority of the vibrational states are excited and 

then relax back to the same state, emitting a photon of the same energy, this is 

known as Rayleigh scattering. However if the vibrational energy states are not 

the same, either higher (known as Stokes Raman scattering) or lower (known as 

anti-Stokes Raman scattering) than the initial energy state then the wavelength 

of the photon is subtly shifted.187 This shift in energy is directly related to the 

difference in energy states of the molecule and therefore gives information about 

the specific energy states of the molecule and can be used to create a fingerprint 

spectrum and to identify materials.   

Raman spectroscopy was performed on the materials in this thesis using a 

Renishaw inVia™ Microscope with a 514.5 nm wavelength laser set to full power. 

Scans were collected over the range 3200 to 100 cm−1. 
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2.1.5 BET Surface Area and BJH Pore Size Distribution 

Brunauer-Emmett-Teller Specific Surface Area (BET-SSA) is a technique used 

to measure the specific surface area of materials using the adsorption and 

desorption of gas molecules. In a BET measurement, nitrogen gas is adsorbed 

and desorbed onto/from the surface of a solid material at a range of different 

pressures at a constant temperature of 77K to create an isotherm. To calculate 

the SSA, the nitrogen molecules must adsorb onto the surface in discrete layers 

that do not interact with each other.188 The BET equation for adsorption is shown 

below in equation 2.4, in which P is the equilibrium pressure, P0 is the saturation 

pressure, nad is the quantity of adsorbed nitrogen, nm is the monolayer adsorbed 

quantity of nitrogen. C is the BET constant which is calculated by equation 2.5, in 

which E1 is the heat of adsorption of the first layer and EL is the heat of 

vaporisation.189 

( )
= + ∙         (2.4) 

𝐶 = exp          (2.5) 

𝑆 =
∙

          (2.6) 

 

 

Figure 2.2: Diagram showing the different types of scattering that 
occur during Raman spectroscopy. 
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From the adsorption isotherm plot, the slope and intercept give values for C and 

nm respectively. Taking these values and inputting them into equation 3.4, 

combined with the knowledge that a single molecule of nitrogen has a cross-

sectional area of 0.162 nm2, allows for the calculation of the SSA. In equation 2.6, 

vm is the volume of adsorbed nitrogen, N is Avogadro’s number (6.02214 x 1023 

mol−1), m is the mass of the material, V is the molar volume of the adsorbed 

nitrogen, s is the adsorption cross-section of nitrogen and S is the specific surface 

area (m2 g−1). BET measurements were performed by a Micrometrics Tristar II 

using liquid nitrogen. All materials were degassed at 120 ℃ for 2 hours under a 

flow of nitrogen. 

Barrett-Joyner-Halenda (BJH) pore size distribution is a technique that is used to 

estimate the pore sizes and their distribution across the material. The BJH theory 

is built on the isotherms of physisorption equilibrium and has two central 

assumptions, the first being that the shape of the pores is cylindrical and the 

second that the quantity of adsorbed nitrogen gas results from the physisorption 

onto both the pore walls and capillary condensation in mesopores.190 The Kelvin 

equation (2.7) is used to calculate the meniscus radius, BJH uses this and the 

sum of the multilayer thickness to calculate the radius of the pore.191   

ln =           (2.7) 

In which, P/P0 is the relative pressure of the meniscus in equilibrium, γ is the 

surface tension of nitrogen in the liquid phase, Vm is the molar volume of the 

liquid, r is the radius of the meniscus formed inside the mesopore, R is the 

universal gas constant and T is temperature. BJH uses the decrease in relative 

pressure from the desorption isotherm to calculate the change in the thickness of 

adsorbed film. Each decrease is considered to result from evacuation of 

adsorbate from the largest pores from the capillary condensate and a reduction 

in the thickness of the physisorbed layer. All of this theory yields a complex 

equation that is solved iteratively usually by computation.190 

Several limitations of the BJH method have been identified, such as the inability 

to describe the diameter of micropores and narrow mesopores and the effect of 

pore networks on the calculated values.192 
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All BJH measurements were performed by a Micrometrics Tristar II using liquid 

nitrogen. All materials were degassed at 120 ℃ for 2 hours under a flow of 

nitrogen. 

2.1.6 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is an electron microscopy technique, in 

which a beam of electrons (primary) replaces the beam of visible light in normal 

microscopes. The electron beam is focused through a range of aperture and 

lenses onto a sample where they collide with weakly bonded electrons in the 

outer shells of atoms causing them to be knocked out and detected as secondary 

electrons. The angle of detection and the yield of secondary electrons will be 

dependent on how smooth the surface is, with more electrons being generated 

from rougher surfaces. The samples are first sputtered with a very low amount of 

conductive substrate, such as gold, to make them more conductive and to 

improve the images.  This technique is used to observe and measure the surface 

and topography of large particles through the collection of images. 

Field emission gun scanning electron microscopy (FEG-SEM) was used to collect 

images of the materials in this thesis using a JEOL JSM-6701 microscope.  

2.1.7 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is another electron microscopy 

technique used to image materials in high detail. The fundamental difference 

between TEM and SEM is that in contrast to SEM detecting electrons which have 

been knocked off, TEM measures the electrons that have been transmitted 

through the sample to create images.193 This allows for much higher resolutions 

and magnifications of images and is used for the measurement of lattice 

spacings.  

High-resolution transmission electron microscopy (HR-TEM) was performed by a 

JEOL JEM 2100 using a LaB6 filament. All samples were dissolved in methanol 

and sonicated before pipetting onto carbon coated copper film grids (300-mesh, 

Agar Scientific, UK). A Gatan Orius digital camera was used for image capture 

and Gatan Microscopy Suite software for analysis of the particle sizes and d-

spacing of lattice planes. Sample preparation involved dispersion of powder in 

methanol by ultrasonication for 10 minutes, then pipetted onto 300-mesh copper 

film grids and air dried.   
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2.1.8 Energy Dispersive X-ray Spectroscopy (EDS) 

Energy dispersive x-ray spectroscopy (EDS) is an analytical technique that is 

used alongside HR-TEM for elemental identification and quantification. It 

operates on a similar principle to XRF, in that the incident beam of electrons 

collides with electrons in the atoms of the crystal lattice causing them to be 

ejected. To fill this hole, electrons from higher energy shells drop down the lower 

energy level with the excess energy released as x-rays. Due to the difference 

between energy shells being specific to the element, the x-rays collected can be 

used to identify which elements are present in the sample. The number of x-rays 

that are collected can be used to quantify the relative amounts of each element 

present in that bit of the material under analysis. By overlaying the EDS results 

with HR-TEM images, a spatial map of elemental distribution across particles can 

be created. 

EDS was performed on the materials in this thesis using the JEOL JEM 2100 also 

used for HR-TEM with an Oxford Instruments detector. 

2.1.9 CHN Analysis 

CHN analysis is a technique that is used to quantify the relative amounts of 

carbon, hydrogen, and carbon present in a sample. Milligram amounts of each 

sample are subjected to flash combustion which instantaneously oxidises the 

sample into simple products. These are then passed through a reduction furnace 

and into a chromatographic column where they are separated, detected, and 

quantified by a Thermal Conductivity Detector (TCD). CHN analysis was 

performed by the Geology department, University of Edinburgh. A Thermo Fisher 

Scientific Flash SMART instrument was used with a prepacked quartz reaction 

tube, an oven temperature of 60 ℃, a furnace temperature of 950 ℃, a run time 

of 600 s and a TCD detector. 
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2.2 Electrochemical Cells 

2.2.1 Electrode Manufacture 

The formation of electrodes is as follows: the metal oxide active materials were 

mixed with conductive carbon powder (Super P™, Sigma Aldrich, UK) and a pre-

dissolved 10 wt.% solution of polyvinylidene fluoride (PVDF) in N-methyl-2-

pyrrolidone (NMP, Sigma Aldrich, UK) in the mass ratio of 80:10:10 respectively. 

To the mixture, additional NMP (1.25 ml for every 0.4g of active material) was 

added to decrease the viscosity, the mixture was then ball-milled with 10 zirconia 

balls for 1 hour at 1000 rpm (Pulverisette 7, Germany). The resulting slurry was 

spread onto either copper (9 µm thickness, PI-KEM, UK) or aluminium foil (15 µm 

thickness, PI-KEM, UK) using a doctor blade (PI-KEM, UK). The foil sheets were 

then dried on a hotplate at 80℃ until visibly dry inside a fume hood. Discs of either 

15 or 12 mm diameter were cut using a dye and press (PI-KEM, UK). The cut 

discs were dried overnight in a vacuum oven at (40℃) to remove any remaining 

moisture.   

The activated carbon electrodes used as cathodes in HICs and as both 

electrodes in symmetrical EDLCs were manufactured by WMG (Warwick 

Manufacturing Group, UK). YP50F activated carbon powder (Kuraray Chemical 

Co., Japan) was mixed with Super P™ conductive carbon and PVDF in NMP 

solution in the mass ratio 87:5:8 respectively. The slurry was mixed by a high 

torque mixing unit to give a smooth slurry. This was coated onto aluminium foil 

using a Magtec reel-to-reel coater. The electrodes were dried in a three-phase 

oven which utilised a vacuum and 120℃ to remove any moisture or NMP solvent 

that remained.194 The electrode sheets were printed to a thickness of 100 µm, 15 

and 12mm discs were cut using a dye and press (PI-KEM, UK) and were found 

to have a mass loading of ~3.5 mg cm−2. 

2.2.2 Cell Construction 

The electrode discs were transferred to an argon filled glovebox (MBraun, 

Germany) in which the oxygen and water levels were kept below 0.1 ppm. Half 

cells of lithium were made using CR2032 coin cell components (PI-KEM, UK) and 

glass microfibre separators (Whatman®, Grade D, US). The glass microfibre 

separators were soaked in electrolyte. Figure 2.3 shows the expanded 

construction of a coin cell. The Top case was followed by the metal oxide foil 

electrode, then a glass microfibre separator drenched in electrolyte, with the 
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lithium chip counter electrode, steel spacer, wave spring and top cap. For the 

construction of HICs, the cells were built using the same components except for 

the activated carbon electrodes as the cathode and the metal oxide electrodes 

as the anode.  

 

 

2.3 Electrochemical Characterisation Techniques 

2.3.1 Cyclic Voltammetry  

Cyclic voltammetry (CV) experiments involve cycling the potential of the working 

electrode in a linear fashion at a constant scan or sweep rate (v), between an 

upper (Vmax) and lower (Vmin) potential limit. The current response is recorded and 

plotted as a function of potential (Figure 2.4). Analysis of the location of the peaks 

present can give information regarding the activation potentials of the lithiation 

and delithiation reactions. Changes in the shape and size of the peaks over 

multiple cycles can indicate the stability of materials to repeated insertion/removal 

of lithium. Analysis of the CVs over a range of different scan rates can be used 

to interpret the different mechanisms providing charge storage as described in 

section 1.2.4.92 

Figure 2.3: Diagram showing the 
internal components of a coin cell. 
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The diffusion coefficient of lithium ions within the electrochemical cell can be 

estimated from CVs using the Randles-Sevcik equation (equation 2.10).195 The 

peak current (Ip) is directly related to the number of electrons involved in the 

reaction (n), the surface area of the electrode (A), the diffusion coefficient (DLi), 

the concentration of lithium ions (CLi) and the scan rate (ν). This can be simplified 

to equation 2.11 at a temperature of 298 K.196 From a plot of the peak current vs 

the square root of the scan rate (v0.5), the slope is then used to give a value for 

the diffusion coefficient. 

𝐼 = 0.4463𝑛 . 𝐹 . 𝐶 𝐴. 𝑅 . 𝑇 . 𝐷 . 𝑣       (2.10) 

𝐼 = 2.69 𝑋 10 𝑛 . 𝐴. 𝐷 . 𝐶 .  𝑣       (2.11) 

For the estimation of DLi from Randles-Sevcik there are however several 

assumptions that are made, which in turn are limitations that must be taken into 

consideration. The first is the value used for the surface area, traditionally in 

literature there have been two approaches which are to either use the simpler 

value for the surface area of the electrode disc, or the more accurate surface area 

of the active material determined by BET.197 The next assumption is the 

concentration of lithium, again several different approaches and values are 

reported in literature. The first is to use the concentration of lithium found in the 

Figure 2.4: diagram showing the input of a CV test, where the voltage is 
cycled between a maximum and a minimum value and the current response 
is recorded and plotted as shown on the right. 
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electrolyte solution (typically 1 mol dm−3), as this is the typical approach for cyclic 

voltammetry calculations of standard cells such as Daniel cells. This assumption 

gives a value for the diffusion coefficient that applies for the whole cell, not just 

the active material. The other approach is to calculate the concentration of lithium 

in the active material, in order to make DLi more representative of just the active 

material. This is achieved by calculating the concentration of lithium ions within 

the unit cell. However, the calculation of this is further complicated due to the fact 

that the concentration of Li+ is a function of potential and therefore must be 

estimated for the specific potential at which IP is taken from. These assumptions 

thereby render the comparison of exact values of DLi from different sources that 

may have used different experimental set-ups or made different assumptions in 

the calculations difficult. However, the comparison of DLi values between 

materials measured with the exact same conditions, set-ups and assumptions 

can provide useful information. It can also be useful when investigating the 

changes in diffusion coefficients of materials as a function of potential, time, or 

cycle number.        

2.4.2 Galvanostatic Techniques 

Galvanostatic methods refers to the application of a set current and the 

observation of the potential response as a function of time. For battery devices, 

the standard galvanostatic techniques involve the application of positive and 

negative set currents to induce charging and discharging cycles. The positive 

current corresponds to an increase the potential difference to an upper potential 

limit, the negative current corresponds to a decrease in the potential difference 

to a lower potential limit. 

𝑄 / = 𝐼 ∙ 𝑡 ∙ 𝑚       (2.12) 

𝐶𝐸 = ∙ 100       (2.13) 

The charge (or discharge) capacity of a half-cell is calculated from equation 2.12 

where I is the current in amps (A), t is the charge/discharge time in seconds and 

m is the mass of the active material in grams. The coulombic efficiency is used 

as a measure of the proportion of charge capacity is retained during discharge. 

This number should typically be greater than 99% in most cases, with large 

fluctuations away from this suggesting the occurrence of undesired 
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electrochemical reactions. The coulombic efficiency is calculated using equation 

2.13. For the hybrid ion capacitors, the capacitance of the cells (C g−1) was 

calculated using equation 2.14 in which ΔV is the potential window during 

discharge and m is the active masses of both the anode and cathode. 

𝐶 = (𝐼 ∙ 𝑡)(∆𝑉 ∙ 𝑚 )       (2.14) 

The gravimetric power (W kg−1) and energy (Wh kg−1) of the hybrid capacitors 

was calculated from the galvanostatic charge and discharge plots using 

equations 2.15 and 2.16 respectively.  

𝑃 =  ∆𝑉 ∙          (2.15) 

𝐸 = 𝑃 ∙          (2.16)    

In which, ΔV is the average potential during the discharge, I is the current (A), t 

is the discharge time in seconds and m is the total active mass of both the anode 

and cathode in kilograms. 

2.4.3 Electrochemical Titration Techniques 

Galvanostatic or Potentiostatic Intermittent Titration Techniques (GITT or PITT) 

are methods of determining the thermodynamic and kinetic values for 

electrochemical processes within different materials.198 In the work reported here, 

the GITT experiment was selected as it allows for the ohmic drop to be separated 

from the total potential response recorded. In a GITT experiment, a current pulse 

is applied to a cell. This is followed by a relaxation period in which the potential 

response is recorded as a function of time as the system relaxes from the active 

state towards the thermodynamic state of equilibrium (Figure 2.5). The relaxation 

process takes the form of ionic diffusion though the system as the potential 

induced in the active step equilibrates. During lithiation GITT experiments, the 

current pulse decreases the potential of the system by an amount that is 

proportional to the ohmic, or internal resistance (IR) drop due to internal 

resistance. Immediately after this, the cell potential will slowly decrease following 

the normal lithiation process as dictated by the concentration gradients of lithium. 

After the pulse and during the relaxation period, the concentration gradients of 

lithium in the system will slowly change via ionic diffusion until the change in cell 

potential is zero at equilibrium. During delithiation GITT experiments, the current 
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pulse is directed to increase the potential of the cell and the relaxation period to 

allow for ionic diffusion to equilibrate the cell in the same manner. The diffusion 

coefficient (D) of the mobile lithium ions (Li) is determined using equation 2.17 

which is based on Fick’s second law.197  

𝐷 = ∙
∆

( / √
𝜏 ≪      (2.17) 

In which mB is the mass of the active materials on the electrode, VM is the molar 

volume of the active material, MB is the molecular weight of the materials, τ is the 

duration of the current pulse in seconds, A is the area of the electrode, ΔEτ is the 

change in cell potential during the pulse, ΔEs is the change in cell potential during 

the relaxation period and L is the lithium-ion diffusion distance. When plotting the 

change in cell potential with duration time versus τ1/2 gives a linear relationship, 

the equation can be simplified to give 2.18. 

𝐷 = ∙
∆

∆
𝜏 ≪       (2.18) 
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This equation makes the assumption that the molar volume (VM) of the active 

material remains constant throughout the insertion and removal of lithium.197 One 

area of ambiguity is the definition of the constant L, as this value has been 

reported in literature as several different distances and can therefore give 

different diffusion coefficients for the same exact material.199 In the work reported 

here, the value of L was set as the thickness of the electrode in the cell. The 

quantification of the diffusion coefficient is an average value of all of the different 

diffusion kinetics occurring throughout inhomogeneous sites within the active 

material and the solid/electrolyte interfaces that are all present in the cell.200  

  

 

Figure 2.5: Graphs showing the Galvanostatic intermittent titration technique (GITT). 
The top graph shows the application of a charging current pulse (I0) for a period of τ. 
The bottom graph shows the response. Upon the pulse, an initial IR drop is seen 
followed by a smooth increase in potential (Et). Once the pulse has finished (t0+τ), 
the potential of the cell again experiences an IR drop followed by a relaxation period 
over which the voltage reaches the new potential E1. The exact opposite process is 
seen for a discharge current pulse. Republished with permission of IOP Publishing, 
from Determination of the Kinetic Parameters of Mixed-Conducting Electrodes and 
Application to the System Li3Sb, W. Weppner and R. A. Huggins, 124, 1977; 
permission conveyed through Copyright Clearence Center Inc.  
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2.3.4 Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) is an analytical technique that is 

used to probe the kinetic and electrical interactions inside the cell. By definition, 

impedance contains information regarding the phase and magnitude of 

resistance and is therefore an extension of the resistance found in AC circuits. 

This allows for the fitting of impedance data by equivalent circuits, and elucidates 

useful information about a range of processes occurring within the system.201 In 

an EIS experiment, a very small alternating current potential (in the order of ~10 

mV ms−1) is applied to the working electrode of a cell at a range decreasing of 

oscillating frequencies from very high frequency (100 kHz) to very low frequency 

(10 mHz). The current response is transformed into complex real and imaginary 

resistive data. Ohm’s law states that resistance is the equal to voltage (U) divided 

by current (I) as shown in equation 2.19. 

𝑅 =  
( )

( )
         (2.19) 

This expression of resistance is only valid for the behaviour of an ideal resistor in 

a single element circuit. Therefore, to account for impedance involving the 

complex division of voltage by current, the corresponding complex behaviour of 

a real resistor must be expressed by the dependency of the voltage and current 

on the frequency.202 Equation 2.20 describes how angular frequency (ω) is 

related to the frequency (f). Equations 2.21 and 2.22 describe how the complex 

voltage and complex current responses are derived respectively.  

𝜔 = 2𝜋𝑓         (2.20) 

𝑈(𝑡) = 𝑈 sin (𝜔𝑡)        (2.21) 

𝐼(𝑡) = 𝐼 sin (𝜔𝑡 + Φ)       (2.22) 

U(t) is an AC excitation at time t, U0 is the amplitude of the excitation signal, I(t) 

is the current equivalent of U(t) and I0 is the amplitude of the current shifted by 

the phase shift (Φ).  
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Taking these expressions and Ohm’s law, allows for a more useful expression of 

impedance and the magnitude (Z0) as shown in equations 2.23 and 2.24. This is 

then expressed through Euler’s formula (2.25) to give the complex impedance 

(2.26). 

𝑍 =
 ( )

 ( )
        (2.23) 

𝑍 = 𝑍
 ( )

 ( )
        (2.24) 

𝑒( ) = cos(𝜙) + 𝑗𝑠𝑖𝑛(𝜙)        (2.25) 

𝑍(𝜔) =  𝑍 𝑒( ) =  𝑍 (cos(𝜙) + 𝑗𝑠𝑖𝑛(𝜙))      (2.26)      

EIS data of a Li/Na ion cell is typically plotted as either a Nyquist plot of real and 

imaginary impedance (Figure 2.6) or as a Bode plot. The impedance response 

can be modelled by the summation of contributions from different elements 

representing different processes occurring within the cell. The Randles circuit is 

the most common model utilised for fitting of Nyquist plots of Li and Na ion cells 

(Figure 2.7). It consists of the resistors Rs and Rct, which represent the resistance 

of the electrolyte solution and the charge-transfer resistance respectively.203 The 

Cdl element represents the double layer capacitance of the cell, and W (the 

Warburg element) represents the impedance related to mass-transfer within the 

cell. To account for the effects of the formation of the ionically passivating SEI 

layer and their inherent effect on diffusion kinetics, the Randles circuit was 

adapted to include elements that allow for the estimation of the dielectric 

constant, thickness of the SEI layer and its ionic resistance.204     
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Figure 2.7: Diagram showing of the adapted Randles 
circuit that is used to model the impedance 
behaviour of Li/Na ion cells.  

Figure 2.6: Graph showing the typical 
Nyquist plot of a Li/Na ion cell. 
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Figure 2.8: Illustration showing a) the electronic and ionic conductivity process 
occurring in a printed electrode. b) the various kinetic process occurring in a single 
particle of active material. Figure adapted from source [209]. 

Figure 2.9: Illustration relating the physical process described in figure 2.8 and 
relating them to the Nyquist response observed. Figure adapted from source [209]. 
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The different kinetic steps that occur during operation of a battery on the active 

material layers and at the single particle level, respectively in Figure 2.8a and 

2.8b. At the surface interface of each individual particle, the Li+/Na+ ions must 

diffuse through the insulating layer and (via solid-state diffusion) enter the bulk 

material. The charge-transfer reaction involves the resistance of the activated 

electron transfer at the electronic-ionic boundary and the resistance of the 

insulating layer. Further processes include the electronic conduction through the 

electrode layer material, and the ionic conduction of electrolyte through the 

hollows and spaces between particles. These processes are related to their 

relevant frequencies and observed behaviour of the Nyquist plot as shown in 

Figure 2.9. 

Due to the majority of the electrochemically active centres of materials residing 

in the bulk of the particles, solid-state diffusion of charge carriers through open 

crystalline structures is critical to the suitability of a material to charge storage.205 

The analysis of impedance for finite-length diffusion of different boundary 

conditions and of different particle geometries such as spherical, cylindrical and 

planar was defined by Jacobsen and West.206 Equation 2.27 describes the 

impedance response for spherical geometry as a function of electrical terms.  

Equations 2.28 and 2.29 converts the electrical terms into electrochemical terms. 

𝑍(𝑠) =
 ( ∙ ∙ ∙ )

∙ ∙
∙  ( ∙ ∙ ∙ )

       (2.27)  

=
∙

∙ ∙ 𝜋 ∙ 𝑟         (2.28) 

𝐷 =
∙ ∙

         (2.29) 

Where r is the radius of the spherical particles, Cd is the capacitance and Rd is 

the resistivity, s is the surface area, F is Faraday’s constant and n is the number 

of electrons transferred. These equations describe the impedance and diffusion 

coefficient for a single spherical particle however, a real electrode consists of a 

vast number of particles either touching each other or connected via carbon 

particles and polymer binder. To calculate the diffusion coefficient for electrolyte 

ions through the entire electrode, the low frequency impedance real data (Z real) 

is plotted against ω-0.5 (one over the square root of angular frequency) in a 
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Randles plot.207 This gives a linear relationship from which the slope represents 

the value of the Warburg coefficient (σ). This can be related to the diffusion 

coefficient of electrolyte ions by equation 2.30, which is rearranged to give 

equation 2.31: 

𝜎 =
√

         (2.30)    

𝐷 =
.

√         (2.31) 

In which, D is the diffusion coefficient (cm2 s−1), R is the universal gas constant 

(8.314 J mol−1 K−1), T is the temperature (K), F is Faraday’s constant (96485.33 

C mol−1), C is the concentration of electrolyte ions (mol cm−1), and A is the surface 

area of the electrode (cm2). As with CV methods for determining diffusion 

coefficients, there are however several assumptions that are made in the 

calculation of D and therefore limitations in its use for analysis. The first is the 

surface area which can either be set as the surface are of the electrode or as the 

surface area of the active material as determined by a method such as BET. One 

of the other limitations is the concentration of lithium. This is typically taken as the 

concentration of the electrolyte; however, this is not an accurate representation 

of the concentration of lithium within the active material which is itself a function 

of potential. This therefore means that any value for D calculated is an estimate 

and can be associated to the reasons why a wide range of different values for 

similar materials are reported in literature and comparison of exact values of 

diffusion coefficients between different studies is difficult. The investigation of 

trends between calculated diffusion coefficients and parameters such as different 

potentials, time, cycle number, changes in material composition or morphology, 

can be useful provided the same experimental set-ups, conditions and numerical 

assumptions are used. 

Supercapacitors, and by extension hybrid capacitors, have been found to operate 

at two different states depending on the frequency applied. At very high 

frequencies (>10 kHz) they behave like a pure resistor, and at lower frequencies 

they behave like a capacitor which can store charge generated by the voltage 

oscillations.208 The frequency at which this behaviour changes is determined by 

the time taken for the capacitor to react to a voltage stimuli and store charge. It 

is defined as the dielectric relaxation time (τ0) and is used as a figure of merit for 
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supercapacitors.209 The determination of this value is determined from the 

normalized imaginary (also known as reactive |Q|/|S|) and real (also known as 

active |P|/|S|) parts of the complex power vs. frequency. The imaginary part 

represents purely capacitive behaviour, and the real part represents purely 

resistor behaviour. At very high frequency all of the power is dissipated 

throughout the capacitor giving completely resistive behaviour. As the frequency 

decreases the plot of imaginary power (capacitive behaviour) increases to a 

maximum at which point the cell behaves as purely capacitive. The cross over 

point of these two plots represents the frequency at which the behaviour changes 

(resonance frequency) and is used to calculate the time relaxation constant 

(Figure 2.10). The expressions for active and reactive power are described in 

equations 2.32 and 2.33: 

𝑃(𝜔) = 𝜔𝐶"(𝜔)|∆𝑉 |         (2.32) 

𝑄(𝜔) = −𝜔𝐶′(𝜔)|∆𝑉 |        (2.33) 

In which, ω is the angular frequency (ω = 2πf), the real and imaginary complex 

capacitances are given as C’(ω) and C”(ω) respectively. The value of the |ΔVrms|2 

term is equal to the change in the maximum amplitude of the alternating current 

excitation (Vmax) divided by the square root of 2.210 The relationship of the 

resonance frequency (f0) to the time relaxation constant (τ0) is described by 

equation 2.34: 

𝜏 =           (2.34)         
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2.3.5 Mass Balancing of Electrodes in Full Cells 

To obtain the largest possible energy densities of lithium/sodium ion batteries and 

hybrid capacitors, the accurate balancing of electrode materials is of the utmost 

importance.211 Due to inherent differences in the charge storage capabilities of 

different anode and cathode materials, the amount of each active material in a 

cell must be carefully controlled to ensure that the total charge that can be 

charged and discharged is equal. This ensures that there is no material on either 

electrode that is surplus and unused during operation, and that there isn’t a 

deficiency of material that hinders the performance of the cell.211 In addition to 

this, to stop the possibility of lithium plating within the cell, and therefore increase 

safety and lifetime, the anode is oversized compared to the cathode (1.2:1 of 

anode to cathode).211,212 By knowing the capacities of the individual electrode 

materials at the same specific currents, the theoretical capacitance of a full cell 

at different ratios of cathode to anode can be calculated using equation 2.35: 

𝐶 =
( )( )

       (2.35) 

Figure 2.10: Graph showing the plot of normalised active 
([P/S]) and reactive ([Q/S]) power against log frequency for 
an AC//TNO hybrid lithium-ion capacitor. The cross over 
point gives the resonance frequency which is converted to 
the relaxation constant via equation 2.47. 
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Where CFC is the theoretical capacitance of the full cell (F g−1), C+, C−, m+ and m− 

are the capacitances and the active masses of the cathode and anode materials 

respectively. By calculating the value of CFC at a range of different cathode to 

anode ratios a plot of theoretical capacitance vs mass ratio can be used to identify 

the highest theoretical full cell performance (Figure 2.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: Calculated values of the cell 
capacitance versus the AC:LVO mass ratio. 
Reprinted with permission from H-Y. Wei, D-S. Tsai 
and C-L. Hsieh, RSC Advances, 2015, Royal 
Society of Chemistry. 
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2.4 Synthesis of Materials 

2.4.1 Titanium Niobium Oxides and Carbon Titanium Niobium Composite 

Materials 

Precursors for Materials Synthesis: Titanium bis (ammonium lactate) 

dihydroxide ([CH3CH(O-)CO2NH4]2Ti(OH)2, TIBALD), potassium hydroxide 

(KOH), sodium hydroxide (NaOH) and ammonium niobate oxalate hydrate 

(C4H4NNbO9∙4.8H2O) were purchased from Sigma Aldrich, Dorset, UK.  

Titanium niobium oxides were synthesised on a lab scale CHFS reactor using a 

balanced single mixer set up. In the first composition optimisation study, the 

precursors TIBALD, ammonium niobate oxalate and KOH were pre-dissolved in 

D.I. water in separate solutions before mixing the metals in a range of molar ratios 

as outlined in appendix table 2. 

The molar ratios of the metal precursors to potassium hydroxide investigated in 

the first base optimisation study are outlined in appendix table 3. 

The molar ratios of the metal precursors to sodium hydroxide explored in the 

second base optimisation study are described in appendix table 4.  

The molar ratio of the metal precursors to sodium hydroxide used to synthesise 

the base material for the flash heat treatment study was [Ti] = 0.1 mol dm−3, [Nb] 

= 0.2 mol dm−3 and [NaOH] = 0.001 mol dm−3. 

The total concentration of the metal salts in each pre-cursor solution was 0.3 mol 

dm−3. The CHFS reactor used three diaphragm pumps (Primeroyal K, Milton Roy, 

France) to provide feeds into a Confined Jet Mixer (CJM, patent GB1008721) that 

was constructed out of Swagelok parts (UK). The configuration used in this set 

up was as follows: pump 1 (P1, flowrate of 80 ml min−1) delivered a feed of 

supercritical D.I. water (450℃), pump 2 (P2, flowrate of 40 ml min−1) delivered a 

feed of metal salt precursor and pump 3 (P3, flowrate of 40 ml min−1) delivered a 

feed of base. The feeds of P2 and P3 were premixed in a T-piece before entering 

the CJM where they then mixed with the SCH2O feed from P1 resulting in the 

formation of nanoparticles. The solution of nanoparticles was then fed through a 

pipe-in-pipe cooler to reduce the temperature. The solution then passed through 

a back pressure regulator and collected as a slurry. The post synthesis 

processing is described in section 2.4.7. The as collected blue/white powders for 
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the initial KOH study and the NaOH optimisation study were both heat treated in 

air at 1000 ℃ for 3 hours using an Elite tube furnace (UK). This yielded light 

brown/white powders as the final materials. 

Precursors for Carbon Titanium Niobium Composite Materials Synthesis: 

Titanium bis (ammonium lactate) dihydroxide ([CH3CH(O-)CO2NH4]2Ti(OH)2, 

TIBALD), sodium hydroxide (NaOH), sucrose (C12H22O11) and ammonium 

niobate oxalate hydrate (C4H4NNbO9∙4.8H2O) were purchased from Sigma 

Aldrich, Dorset, UK.  

Carbon titanium niobium oxide composites (denoted as CTNO) were synthesised 

on a lab scale CHFS reactor using a balanced single mixer set up. The precursors 

TIBALD, ammonium niobate oxalate, sodium hydroxide and sucrose were pre-

dissolved in D.I. water in separate solutions before mixing the metals and sucrose 

in a range of molar ratios as outlined in appendix table 5. 

The total concentration of the metal salts and sucrose in each pre-cursor solution 

was 0.3 mol dm−3. The CHFS reactor used three diaphragm pumps (Primeroyal 

K, Milton Roy, France) to deliver feeds into a Confined Jet Mixer (CJM, patent 

GB1008721) that was constructed out of Swagelok parts (UK). The configuration 

used in this set up was as follows: pump 1 (P1, flowrate of 80 ml min−1) delivered 

a feed of supercritical D.I. water (450℃), pump 2 (P2, flowrate of 40 ml min−1) 

delivered a feed of metal salt precursor and pump 3 (P3, flowrate of 40 ml min−1) 

delivered a feed of base. The feeds of P2 and P3 were premixed in a T-piece 

before entering the CJM where they mixed with the SCH2O feed from P1 resulting 

in the formation of nanoparticles. The solution of nanoparticles was then fed 

through a pipe-in-pipe cooler to reduce the temperature. The solution then 

passed through a back pressure regulator and collected as a slurry. The post 

synthesis processing is described in section 2.5.6. The as collected powders 

were brown in colour and subjected to a heat treatment of 750 ℃ for 3 h under 

an inert (nitrogen) atmosphere in an Elite furnace (UK). The final products were 

collected as black powders. 
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2.4.2 Combinatorial Study of Mixed Vanadium, Niobium, Molybdenum 

Oxides 

Precursors for Synthesis of Mixed Metal Oxide Composite Materials: 

Ammonium metavanadate (NH4VO3), ammonium heptamolybdate tetrahydrate 

((NH4)6Mo7O24.4H2O), ascorbic acid (C6H8O6), ammonium niobate oxalate 

hydrate (C4H4NNbO9.4.8H2O) and oxalic acid (C2H2O4) were purchased from 

Sigma Aldrich (UK).  

Mixed vanadium, niobium and molybdenum oxide materials were synthesised on 

a balanced lab scale CHFS reactor using a CJM mixer and quench set up 

(appendix Figure 1a and 1b). The nominal ratios of each metal in the 48 materials 

are displayed below in Figure 2.12 and listed in appendix table 1. Prior to 

synthesis, the ammonium metavanadate was dissolved in an aqueous solution 

of oxalic acid in the molar ratio of 1:2 respectively and left to stir overnight until a 

colour change from orange/yellow to deep blue was observed. The ammonium 

heptamolybdate tetrahydrate, ammonium niobate oxalate hydrate, ascorbic acid 

and sucrose were each individual dissolved in D.I. water. The quantities of each 

metal precursor needed to obtain the correct nominal ratio of elements were 

mixed together immediately before synthesis in the order, ascorbic acid, 

molybdenum, niobium, vanadium, carbon. The total concentration of all three 

metal salts in each material precursor solution was 0.3 mol dm−3. The relative 

ratio of the metals to each other was used to name and identify each material 

(i.e., V = 0.1 Nb = 1 Mo = 0.1  VNM111). The CHFS reactor utilised four 

diaphragm pumps (Primeroyal K, Milton Roy, France) at a pressure of 240 bar, 

P1 (flowrate: 80 ml min−1) delivered the pre-heated D.I. water (450℃) while P2 

and P3 (both at a flowrate of 40 ml min−1) delivered the solution of metal salts 

and carbons to a Confined Jet Mixer (CJM, patent GB1008721), resulting in the 

formation of particles. P4 (flowrate of 160 ml min−1) delivered a stream of room 

temperature D.I. water to the quench point where it met the stream of particles 

and rapidly reduced the temperature. The temperature of the solution was further 

reduced by a pipe-in-pipe counter current heat exchanger, after which the 

solutions of mixed vanadium niobium molybdenum oxides passed through a BPR 

and were collected. The post synthesis processing is described in section 2.5.7. 

 



Chapter 2: Characterisation Methods and Materials 
 

83 
 

 

2.4.3 Carbon Metal Oxide (Mixed V, Nb, Mo) Composite Materials  

Precursors for Synthesis of Carbon Metal Oxide Composite Materials: 

Ammonium metavanadate (NH4VO3), ammonium heptamolybdate tetrahydrate 

((NH4)6Mo7O24.4H2O), ascorbic acid (C6H8O6), oxalic acid (C2H2O4), ammonium 

niobate oxalate hydrate (C4H4NNbO9.4.8H2O) and sucrose (C12H22O11) were 

purchased from Sigma Aldrich (UK).  

Mixed V, Nb and Mo oxide carbon composite materials were synthesised on a 

lab scale CHFS reactor using a Confined Jet Mixer (CJM, patent GB1008721) 

mixer and quench set up (appendix Figure 2). The nominal ratios of each metal 

and form of carbon are displayed in appendix table 6. Prior to synthesis, the 

ammonium metavanadate was dissolved in an aqueous solution of oxalic acid in 

the molar ratio of 1:2 respectively and left to stir overnight until the colour changed 

from orange/yellow to deep blue. The ammonium heptamolybdate tetrahydrate, 

ammonium niobate oxalate hydrate, ascorbic acid and sucrose were each 

individual dissolved in D.I. water. The quantities of each metal precursor needed 

to obtain the correct nominal ratio of elements were mixed together immediately 

before synthesis in the order, ascorbic acid, molybdenum, niobium, vanadium, 

carbon. The total concentration of all three metal salts in each material precursor 

Figure 2.12: Ternary phase diagram of V-Nb-Mo with the 
compositional area investigated highlighted by a red hexagon. 
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solution was 0.3 mol dm−3. The CHFS reactor utilised four diaphragm pumps 

(Primeroyal K, Milton Roy, France) pumps at a pressure of 240 bar, P1 (80 ml 

min−1) delivered the pre-heated D.I. water (450℃) while P2 and P3 (both 40 ml 

min−1) delivered the solution of metal salts and carbons to the first CJM, resulting 

in the formation of particles. P4 (160 ml min−1) delivered a stream of room 

temperature D.I. water to the second CJM acting as the quench point where it 

met the stream of particles and rapidly reduced the temperature of the solution. 

The temperature of the solution was further reduced by a pipe-in-pipe counter 

current heat exchanger, after which the solution of carbon vanadium niobium 

molybdenum oxide passed through a BPR and was collected. The post synthesis 

processing is described in section 2.5.7. The as collected powders were brown 

in colour, they were then subjected to a heat treatment in an Elite tube furnace 

(UK) with an inert atmosphere (N2 gas) for 3h at 750℃ to graphitise the carbon.213 

The final materials were obtained as black powders.  

2.4.4 Combinatorial Study of Mixed Fe, Mn and Zn Oxides, Carbon Coated 

Fe, Mn and Zn Oxides. 

Precursors for Combinatorial Study of Mixed Fe, Mn and Zn Oxide 

Materials: Zinc nitrate (Zn(NO3)2) was purchased from Alfa Aesar (UK). 

Manganese acetate tetrahydrate (Mn(C2H3O2)2.4H2O) and iron nitrate 

nonahydrate (Fe(NO3)3.9H2O) were purchased from Sigma Aldrich (UK). 

Potassium hydroxide (KOH) was purchased from Fisher Scientific (Belgium). 

A range of different individual, binary and tertiary Fe-Mn-Zn materials were 

synthesised from across the compositional space (Figure 2.13). A lab scale 

CHFS method using a balanced single mixer was used for the synthesis 

(appendix Figure 5). The relative molar ratios and the concentrations of the 

precursors used are outlined in appendix table 9. The lab CHFS used three 

diaphragm pumps (Primeroyal K, Milton Roy, France) to deliver feeds of 

deionised water heated to 450 ℃ (P1, flowrate 80 ml min−1), metal salt solutions 

(P2, flowrate 40 ml min−1) and KOH (P3, flowrate 40 ml min−1) to a Confined Jet 

Mixer (CJM, patent GB1008721), which resulted in the formation of particles. The 

entire system was pressurised to 240 bar. The flow of particles was then fed 

through a counter current pipi-in-pipe cooler to reduce the temperature, after 

which it was passed through a BPR and collected as slurries. The post synthesis 
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processing procedure is detailed in section 2.5.7. The final products were 

collected as powders, with the colours detailed in appendix table 9. 

 

Mixed Fe, Mn and Zn oxide carbon composite materials were synthesised using 

a lab scale balanced double mixer set up with a CJM and a quench (appendix 

Figure 6). The relative metal salt and sucrose ratios are outlined in appendix table 

8. The CHFS set up utilised four diaphragm pumps (Primeroyal K, Milton Roy, 

France) that were pressurised to 240 bar. Two different approaches to the 

synthesis of the carbon metal oxide composites were taken. P1 delivered a feed 

of deionised water heated to 450 ℃ (flowrate 80 ml min−1), P2 delivered a feed of 

metal salt and sucrose solutions (flowrate 40 ml min−1), P3 delivered a feed of 

KOH (flowrate 40 ml min−1) to a Confined Jet Mixer (CJM, patent GB1008721), 

which resulted in the formation of particles. P4 delivered a feed of room 

temperature deionised water as a quench to the second mixer (flowrate 160 ml 

min−1). The stream of particles from the second mixer then flowed through a 

counter current pipe-in-pipe cooler to reduce the temperature and then through a 

BPR where they were collected as slurries. The post synthesis processing is 

outlined in section 2.5.7. Once collected as dry powders, the materials were 

Figure 2.13: Ternary phase diagram of Fe, Mn and Zn with the 
individual, binary and tertiary mixed metal oxide compositions 
targeted. 
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subjected to a heat treatment in an Elite tube furnace (UK) at 750 ℃ for 3 hours 

in an inert atmosphere (nitrogen) to convert the sucrose carbon to graphitic 

carbon. The final products were collected as black powders. 

2.4.5 Post CHFS Processing 

Once the slurries of the metal oxide particles were collected from the CHFS 

reactor, they were cleaned to remove any residual metal salts or ionic by-products 

left in solution. This was done by placing the slurries inside semi-permeable 

membrane bags (Medicell Membranes Ltd, UK), which were submerged in D.I. 

water to clean the materials by dialysis and remove any dissolved salt ions. The 

cleaning was repeated until the conductivity of the supernatant was reduced to 

below 100 µS as measured by a conductivity probe (Hanna Instruments, model 

H198311). The slurries of the metal oxide/carbon composite materials were 

cleaned by washing with D.I. water and centrifugation until the conductivity of the 

supernatant was determined to also be below 100 µS. The clean slurries were 

finally centrifuged to remove as much water as possible and give a paste that 

was then freeze-dried (Virtis Genesis 35XL, Biopharma Process Systems, UK) to 

give dry powders. These powders were either analysed directly or subjected to 

further processing as described in the above paragraphs.  
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3.0 Titanium Niobium Oxides and Carbon Composites; 

Electrochemical Properties and Li+ Ion Diffusion Study 

 

‘It is not the mountain we conquer, but ourselves’ – Edmund Hillary 

3.1 Aims 

Titanium niobium oxide (TiNb2O7) has been reported as a candidate for high 

power anodes due to its good capacity retention at high C-rates and minimal 

lattice strain upon insertion and removal of lithium ions. TNO however, suffers 

from low electronic conductivity which limits both the power and energy 

volumetric density. The aims of this chapter included investigating and 

showcasing the ability of continuous hydrothermal flow synthesis methods in 

creating targeted a targeted material of interest. As well as, to evaluate and 

understand the electrochemical and diffusion behaviours of smaller particle sized 

TiNb2O7 (TNO) A third objective was to investigate improving the high-power 

performance of CHFS TNO by forming carbon composite TNO materials in flow.  

3.2 Introduction  

In the pursuit of ever higher performing active Li+ ion battery materials that are 

able to both store ever large amounts of charge and cycle at faster rates without 

suffering from capacity fading are attracting interest.106 In spite of the fast ion 

mobility, low cost and high specific capacity of graphite (372 mAh g−1), the low 

operating voltage limits it’s use as an high-rate anode material due to the safety 

concerns surrounding lithium plating and dendrite formation.82 Among the many 

possible candidates to replace graphite, various titanium and niobium based 

oxides are promising materials due to their high C-rate capabilities, very low 

structural strain upon lithiation/delithiation and inexpensive constituent 

elements.156,214–216 In particular, the spinel Li4Ti5O12 (LTO) as it is a “zero strain 

material” with good rate capability and long term stability that has a high working 

potential of ~1.55 V vs Li/Li+, allowing it to avoid the formation of dendrites.217 

LTO however, suffers from a low specific capacity (175 mAh g−1) and low intrinsic 

electronic conductivity.218 Other commonly reported materials for anodes are the 

monoclinic and orthorhombic niobium pentoxides (T-Nb2O5 and H-Nb2O5 

respectively).200,214 Both of which utilise the redox couple Nb5+/Nb4+ to give high 
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specific capacities of ~200 mAh g−1. Due to the similarities in crystal structures, 

Ti atoms are able to replace Nb atoms to give mixed metal oxides which can 

further increases performance. Hydrothermally synthesised niobium doped 

titania (Nb0.25Ti0.75O2) has also been reported as a high rate anode material that 

exhibits a specific capacity of 180 mAh g−1 at low C-rate (0.5 C) and retains 105 

and 48 mAh g−1 at the high C-rates of 29 and 86 C respectively.219 

The combination of titanium and niobium atoms in the same crystal morphology 

gives rise to a series of compounds that are of even greater interest due to their 

electrochemical performance, these are TiNb2O7,220 Ti2Nb10O29,221 and 

TiNb24O62.222 The structure of TiNb2O7 is a 3 X 3 sheared ReO3 structure which 

consists of disordered Ti and Nb centred octahedrons of NbO6 and TiO6 that are 

both corner and edge sharing (Figure 3.1a and b) which form blocks.223 Within 

the structure are shear plane units of octahedrons that are corner sharing, these 

are arranged along the b-axis forming layer planes between the blocks. The shear 

planes and are caused by the imbalance in oxygen nonstoichiometry in the 

material.224 The presence of layers allows for lithium intercalation/deintercalation 

to occur in the spaces between the shear planes. Mixed Ti/Nb oxide materials 

are been reported to have specific capacities far in advance of LTO (~300 mAh 

g−1) and a high working potential of ~1.65 V vs Li/Li+.225 The main physical 

attribute of titanium niobium oxides such as TiNb2O7 (TNO) is that the crystal 

lattice experiences almost zero strain upon intercalation and extraction of lithium, 

this is in part due to the shear planes which, provide crystal structure stability and 

reduce the deformation caused by lithium storage highlighting its potential as a 

Figure 3.1: Schematics of the crystal structure of TiNb2O7 (a) along the b-axis, 
(b) along the c-axis. Generated from CIF file of ICSD collection code: 251796. 
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high-rate, high stability material.10,220 Such is the potential of TNO that Toshiba 

Inc. developed a new lithium ion battery for use in EVs that had a TNO anode, 

which was found to have almost twice the volumetric energy density compared 

to an equivalent LTO cell (350 compared to 177 Wh L−1 respectively).218    

Despite the many positive attributes of TNO, there are still several issues that 

must be overcome to fully realise its potential, such as the low intrinsic electronic 

conductivity (1 x 109 Ω cm at RT),226,227 as well as the issue of gas evolution due 

to reactions occurring at the electrode/electrolyte interface.228 Strategies to 

combat the low conductivity include nanosizing the particles to reduce the 

physical distance the electrons have to travel, this also has the beneficial effect 

of increasing the possibility for the material to store charge pseudocapacitively 

on the surface thereby increasing the specific capacity (213 mAh g−1 at 1 C). The 

other common technique is to synthesise the metal oxide in combination with a 

conductive additive or a substrate to form 3D conductive structures in order 

improve the high-rate performance.229,230 For example, L. Fei et al. found that the 

addition of carbon nanotubes to TNO via a hydrolysis synthesis method gave a 

specific capacity of 218 mAh g−1 at 10 C after 100 cycles.231 In contrast, the 

formation of 3D ordered porous TNO nanotubes using a sol-gel method, gave a 

high rate performance of 235 mAh g−1 at 5 C after 500 cycles.232  

Understanding the lithium-ion diffusion kinetics of materials such as TNO is 

essential to understanding how and why they are able to offer high capacities at 

high C-rates. The diffusion coefficients of charge carriers such as Li+ ions can 

also be determined electrochemically. The two most common practices are 

Electrochemical Impedance Spectroscopy (EIS) and Galvanostatic Intermittent 

Titration Technique (GITT). EIS uses the difference in phase between an input 

current pulse and the output voltage change to give information about the internal 

resistivities and from that the diffusion of charge carriers. GITT works via a similar 

principle in which the relaxation of the cell voltage to equilibrium after a current 

pulse is used to calculate the diffusion of charge carriers throughout the cell. Both 

methods have been extensively reported in literature for anode materials.197,233 

Currently, the different synthesis methods for TNO that have been reported in 

literature include solid state synthesis methods,234 sol-gel synthesis235 and 

electrospinning.236 Each of these methods have advantages and disadvantages 
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when the production rate is scaled up to kg/hr. Continuous Hydrothermal Flow 

Synthesis (CHFS) assisted methods represent a scalable and green method for 

production of metal oxide nanoparticles157,173,213,219,237,238 including synthesis of 

lithium ion battery anode and cathode materials.157,239,240 In the case off CHFS 

synthesised materials, they can be made either directly in CHFS without further 

processing, or CHFS can be used to make solid solutions of intimately mixed 

metal oxides, which can then be heat treated to form the desired final product, 

often with smaller particle sizes compared to more conventional methods.240  

Herein, this chapter describes the use of a CHFS assisted method for the 

synthesis of nanoparticle precursors of TNO, the electrochemical evaluation of 

the CHFS assisted TNO as an anode material in lithium-ion batteries and hybrid 

capacitors, and the determination and comparison of lithium-ion diffusion 

coefficients determined by EIS and GITT. The use of CHFS assisted methods to 

synthesise a carbon-titanium/niobium mixed metal oxide composite with 

enhanced electrochemical performance is also investigated. 

3.3 Experimental Methods  

3.3.1 Synthesis of Titanium Niobium Oxides 

The synthesis of the mixed titanium/niobium oxide materials are described in 

section 2.5.1. In the initial study of mixed Ti/Nb materials, KOH was used as the 

base with different relative concentrations of niobium salt precursor (samples K1-

K5, appendix Table 2). The second set of materials synthesised via CHFS 

assisted methods (K6-K15) investigated the use of increasing amounts of KOH 

to give pH values of the precursor solutions between 7 and 14 (appendix Table 

3). The third set of materials investigated used increasing concentrations of 

NaOH as the base to give pH values between 7 and 14 (N1-N9). All materials 

were subjected to heat treatments in air at 1000 ℃ for 3 hours.  

3.3.2 Physical Characterisation 

The physical characterisation methods used are described in section 2.1. 

3.3.3 Electrochemical Characterisation 

The construction of electrodes is described in section 2.2.1. The assembly of cells 

is described in section 2.2.2. The electrolyte used was 1M LiPF6 in 1:1 v/v mixture 
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of EC/EMC. Hybrid capacitor cells were constructed using the same method as 

described in section 2.2.2.  

The electrochemical characterisation of half-cells involved: Galvanostatic 

charge/discharge (GCD) cycling over a range of different specific currents 

including, 0.1, 0.5, 1, 2, 5, 10 and 15 A g−1 in the potential window 1 to 3 V vs 

Li/Li+ completed by an Arbin Instrument (Model BT-2000 battery tester, US). 

Cyclic voltammetry (CV) was performed in the same potential window at range of 

increasing scan rates including 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and 100 mV 

s−1. Potentiostatic EIS analysis was performed by a Gamry Interface 1000 

Potentiostat, over the sinusoidal frequency range 100 kHz to 10 mHz. The 

oscillating alternating current voltage was set to 10 mV ms−1 with the area as 1 

cm2 and 10-point measurements.  

The hybrid capacitor cells were electrochemically evaluated by GCD and CV 

testing. Both were performed by a Gamry Interface 1000 Potentiostat (Gamry 

Instruments, USA) over the voltage range window 1 to 4.2 V. 

Galvanostatic Intermittent Titration Technique was performed by a Gamry 

Interface 1000 Potentiostat, initially two cycles at 0.1 A g−1, followed by a charge 

GITT protocol from 0.05 to 3 V vs Li/Li+ and then a discharge GITT protocol from 

3 to 0.05 V vs Li/Li+. The GITT protocol involved a 10 minute pulse of 0.1 A g−1, 

followed by a 10 minute rest.  
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3.4 Results and Discussion 

3.4.1 Physical Characterisation of Titanium Niobium Oxides 

In the initial KOH study with increasing amounts of Nb precursor, the white/blue 

powders that were collected from the CHFS were analysed by PXRD. Before they 

materials were subjected to heat treatment, the PXRD pattern (Figure 3.2) 

indicated a highly amorphous material, with only a few characteristic peaks that 

could be potentially attributed to anatase TiO2 (ICSD collection code: 9852),241 

suggesting a mixture of metal oxides and hydroxides being present. 

 

After heat treatment, all of the materials synthesised with potassium hydroxide 

(K1-5) gave PXRD patterns that were identical to each other (appendix Figure 6) 

with the main identifiable crystal phase being KTiNbO5 (ICSD collection code 

16557).242 

The PXRD patterns of the materials (K6-K12) from the first base optimisation 

study are shown in Figure 3.3. It was observed that from pH 7 to 13 the heat 

treated materials all showed the characteristic peaks for monoclinic TiNb2O7, 

space group C 1 2/m 1 (ICSD collection code 48109).243 Another very prominat 

peak at 2θ = 12.5 ° was observed in all of the materials, this was attibuted to an 

impurity of anatase TiO2, the relative intensity of this impurity peak remained 

Figure 3.2: PXRD of the CHFS TNO (K1) material before 
heat treatment. 
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consistant for all of the different pH values apart from pH 13 whereupon it became 

the dominant crystal phase present. The three materials K13-K15, were found to 

have PXRD patterns indicating no TiNb2O7 present and were a mixture of 

unidentified crystal phases and several potential potassiated titanium niobium 

oxides (appendix Figure 7).  

Due to the presence of an impurity crystal phase at the lower concentrations of 

KOH, and the undesired crystal phases being dominant at higher pH values, it 

was decided to switch base to sodium hydroxide and to perform a pH optimisation 

study again. After heat treatment, the materials synthesised at increasing 

concentrations of NaOH (N1-N9) were analysed by PXRD (Figure 3.4a). Except 

for one material, all were found to have PXRD patterns that could be indexed to 

monoclinic TiNb2O7 (ICSD collection code 48109).243 When no additional base 

was added to the precursor solution (smaple N1), it was observed that for this 

sample the same impurity peak at 2θ = 12.5° attributed to anatase TiO2 was 

present again, and is marked on Figure 3.5a by an asterisk. The intensity of this 

impurity peak decreased as NaOH was added to increase the pH from 7 to 13 at 

Figure 3.3: Graph showing the PXRD patterns for the TNO materials 
synthesised with increasing amounts of KOH to give higher pH values, and the 
TiNb2O7 reference pattern (ICSD collection no. 48109). 
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which point the impurity phase peak was no longer visible (sample N8). Once the 

pH was further increased to 14 (sample N9), however, no TiNb2O7 was observed 

and instead a mixture of TiO2 and NaNbO3 were identified.244 The dependence 

on specific basic conditions for both crystal phase purity and high yields of metal 

oxides from metal salts has been reported for other materials in literature 

including Nb doped TiO2 and yttrium aluminium garnet doped with Tb, both 

synthesised via CHFS.219,245  

Taking the PXRD pattern which showed a phase pure material (N8) and applying 

a whole pattern fit using a Le Bail method and a C 1 2/m 1 space group yielded 

an excellent fit (Rp = 4.93, Rwp = 7.40). This gave corresponding lattice 

parameters a = 21.24 Å, b = 3.97 Å, c = 12.00 Å, α = γ = 90°, β = 120.82° and 

cell volume = 870.14 Å3.These were in good agreement with  previously reported 

data for TNO (Figure 3.4b).226  The surface area of the TiNb2O7 (sample N8) was 

analysed by BET and was found that before heat treatment, it was 293 m2 g−1. 

Post heat treatment, sample N8 was found to have a BET surface area of 5 m2 

g−1. This very large decrease in surface area, which has been reported for similar 

materials in literature, could be attributed to both the phase transformation of the 

high surface area, amorphous, nanosized titanium and niobium oxides and 

hydroxides converting to TNO as well as particle growth due to sintering during 

the heat treatment.219 

The morphology of the particles of TNO (sample N8) were investigated by TEM. 

It can be observed that the particles of the CHFS mixed metal oxide prior to heat 

treatment are very small (possibly, less than 5 nm in diameter) which coalesce 

together to form larger agglomerates (Figure 3.5a). Post heat treatment, the TEM 

images reveal much larger primary particles which coalesce to form smaller 

agglomerates with diameters less than 100 nm (Figure 3.5b). When magnified 

(Figure 3.5c), the primary particles clearly display lattice planes with regular 

spacings of 0.346 nm (Figure 3.5c insert), these were found to be consistent with 

the interplanar spacing of the (003) plane for TiNb2O7.246 
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Figure 3.4: (a) PXRD patterns of all materials synthesised with NaOH at increasing pH 
values and the TiNb2O7 reference pattern (ICSD no. 48109), (b) PXRD pattern of TNO 
and Le Bail Whole pattern fitting of monoclinic TiNb2O7 C 1 2/m 1 space group (ICSD 
no. 48109). Calculated fit is shown as a black line with the residual shown as a green 
line. 
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Figure 3.5: TEM images of (a) the mixed metal oxide from CHFS prior to heat 
treatment showing very small primary particles and large agglomerates, (b) 
particles of the heat treated CHFS TNO (N8) with sizes <100 nm, (c) high 
magnification image of a CHFS TNO (N8) particle with the interplanar spacing 
highlighted in the insert found to correspond to the (003) plane. 

Figure 3.6: (a) Raman spectra of the CHFS TNO (sample N8) with the bands labelled, 
(b) crystal structure of monoclinic TiNb2O7, image generated by VESTA, (c) XPS 
spectra in the Ti2p region, (d) XPS spectra in the Nb3d region. 
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The structure of the CHFS TNO (sample N8) was further investigated by Raman 

spectroscopy (Figure 3.6a). The two bands highlighted at 887 and 1000 cm−1 

were assigned to the symmetric stretching of the Nb-O bonds at the corner and 

edge sharing NbO6 octahedra respectively.247 The other bands at 540 and 648 

cm−1 were attributed to the Ti-O vibrations of the TiO6 octahedra, and the band at 

267 cm−1 was attributed to the symmetric and asymmetric bending of both the O-

Ti-O and O-Nb-O bonds.248 The small peak at ~425 cm−1 and the shoulder on the 

left hand side of the peak at 648 cm−1 could be assigned to the stretching modes 

of rutile TiO2.249 The crystal structure of TiNb2O7 with the mixed occupancy Ti and 

Nb octahedra shown in green and the oxygen atoms in red is shown in Figure 

3.6b.250 XPS was unlisted to determine the valence states of the titanium and 

niobium ions present in the CHFS TNO (sample N8). The Ti 2p3/2 and 2p1/2 peaks 

were located at 459.2 and 464.9 eV respectively, giving a splitting of Δ = 5.7 eV, 

which is consistent with an oxidation state of +4 for Ti (Figure 3.6c).251,252 The Nb 

3d5/2 and 3d3/2 peaks were had a binding energy of 207.5 and 210.2 eV 

respectively and a splitting of Δ = 2.73 eV, all of which were consistent with an 

oxidation state of +5 for N (Figure 3.6d). These results were in good agreement 

with and confirmed the analysis by PXRD and Raman of the CHFS TNO.253,254 

3.4.2 Electrochemical Characterisation of CHFS Titanium Niobium Oxides  

3.4.2.1 Electrochemical Characterisation in Li-ion Half Cells 

The electrochemical performance of sample N8 (referred to as CHFS TNO 

herein) was investigated by fabricating and testing half cells with lithium metal as 

the counter electrode, the detailed fabrication process is described in chapter 2 

section 2.2.1 and 2.2.2. The half cells were first investigated by cyclic 

voltammetry over the potential range 1.0 to 3.0 V vs Li/Li+ at increasing scan 

rates. The 0.5 mV s−1 CV curve, was found to exhibit several pairs of redox peaks, 

the major peaks at 1.56 and 1.71 V vs Li/Li+ were assigned to the Nb5+/Nb4+ redox 

couple (Figure 3.7a).246 Two broad peaks were observed as shoulders at 1.81 

and 1.90 V vs Li/Li+, and were ascribed to the Ti4+/Ti3+ redox reactions whilst the 

large broad peak at 1 to 1.4 V vs Li/Li+ was credited to the Nb4+/Nb3+ redox 

couple.255 The outline of the CV curve was found to remain relatively consistent 

as the scan rates were increased, this suggests good electrochemical 

performance at fast charge/discharge rates (Figure 3.7b).  
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A small increase in peak polarisation was observed at the faster scan rates, this 

could indicate some non-reversibility in the redox reactions occurring that could 

be associated with a wide range of factors, including potentially parasitic 

reactions between the TNO and the organic lithium salt electrolyte.93,256 The 

contribution of different charge/discharge mechanisms to the performance of 

TNO was investigated via several methods that have been reported in literature.93 

The Trasetti method (described in section 1.2.4) was used to determine the 

pseudocapacitive contribution to charge storage as a percentage at increasing 

scan rates (Figure 3.7c).83,93 At the slow scan rate of 0.1 mV s−1, the 

pseudocapacitive contribution to charge storage was calculated to be very high 

at 82 %. This increased to 93 % and then to 96 % at the scan rates 1 and 10 mV 

s−1 respectively. These values were found to be higher than for those of similar 

materials reported in literature.257 

 

Figure 3.7: Cyclic voltammetry curves of CHFS TNO (sample N8) at (a) 0.5 
mV s−1 (b) 0.5 and 1 mV s−1 (c) pseudocapacitive contribution as a 
percentage of the total charge stored, calculated vis the Trasetti methods. 
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The half cells of CHFS TNO (N8) were then analysed by galvanostatic 

charge/discharge cycling over the potential window 1.0 to 3.0 V vs Li/Li+ at a 

range of increasing specific currents including 0.1, 0.5, 1.0, 2.0, 5.0, 10.0 and 

15.0 A g−1. The specific capacity for TNO was found to be 246, 220, 204, 188, 

175, 143 and 120 mA h g−1 for the respective specific currents (Figure 3.8a). The 

coulombic efficiency for CHFS TNO was found to be remain very high at all 

specific currents (~99 %). After high current cycling, the CHFS TNO was returned 

to a specific current of 0.1 A g−1, whereupon it was cycled for a further 120 cycles 

(Figure 3.8b). Over this period the CHFS TNO exhibited a very small capacity 

loss of 4 % whilst maintaining the same coulombic efficiency as before. This 

highlights the excellent cycling stability of the CHFS material even during and 

after high current cycling. The high capacities observed at a range of specific 

currents and the long term stability are very competitive with the other literature 

reports for TNO materials such as those reported by Zhang et al. for TiNb2O7 with 

oxygen vacancies that exhibited 145.7 mAh g−1 at a current of 1.6 A g−1.257 Other 

examples in literature of comparable materials include capacities of 150 mA h g−1 

at 3.87 A g−1 (10 C) for microspheres of TNO prepared by solvothermal 

method.258 A higher specific capacity of 174 mA h g−1 at 10C for TNO 

nanoparticles synthesised via a batch solvothermal method was reported by L. 

Buannic et. at.259 The comparison of the high rate performance of CHFS TNO 

(N8) to literature values is highlighted in Table 3.2.235 Electrochemical impedance 

spectroscopy (EIS) was utilised to probe the conductivity of the CHFS TNO. The 

nyquist plot is shown in Figure 3.8c, the plot was fitted to an equivalent circuit to 

obtain values of 88.4 ohms for the charge transfer resistance (Rct). This was 

found to be similar to some values reported in literature for TiNb2O7 materials, 

but indicated that improvements to the intrinsic conductivity could be made 

through techniques such as the introduction of oxygen vacancies.257 
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Figure 3.8: graphs of CHFS TNO (N8) showing (a) the specific capacities at 
increasing specific currents of GCD cycling (b) long term cycling performance over 
120 cycles at 0.1 A g−1 (c) nyquist plot determined by EIS of CHFS TNO. 
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3.4.2.2 Electrochemical Performance in Li-ion Hybrid Capacitors 

To investigate the possibility of CHFS TNO (sample N8) to be utilised to improve 

the energy density of capacitors, hybrid lithium-ion capacitor cells were fabricated 

using CHFS TNO as the anode and activated carbon (AC) as the cathode, a 

detailed description of the construction of the electrodes and cells can be found 

in section 2.2. In order to balance the electrodes and achieve the highest 

performing device possible, a method outlined by Wei et al., was used to calculate 

the theoretical capacitance of a full cell (CLIHC) from the capacitances and the 

relevant masses of the anode and cathode materials from their half-cell 

characterisation (Canode, Ccathode, manode and mcathode respectively). Using equation 

2.48, the theoretical peak capacitance was calculated to be for a mass ratio of 

2:1 cathode to anode.260  

The lithium-ion AC//TNO device was then subjected to galvanostatic cycling at a 

range of specific currents from 0.25 to 2 A g−1 over the potential range 1.2 to 4.2 

V to investigate the electrochemical performance. It was observed that the overall 

shape of the GCD curves exhibit the triangular shape associated with fast 

faradaic charge storage but do not adhere perfectly to the response of purely 

capacitive behaviour which is seen for classical EDLC devices (Figure 3.9a and 

3.9b).261 At all specific currents tested, upon discharge an IR drop was observed 

(highlighted in Figure 3.9b). At the highest specific currents tested, the size of the 

IR drop was greater than 1V, this is suggestive of the charge transfer resistance 

being a limiting factor for the high power performance of the hybrid cell and 

highlights the need to focus on methods to improve the conductivity of the metal 

oxide electrodes for future research.262  

EIS analysis of the AC//TNO hybrid was used to determine the time relaxation 

constant, this value represents the time taken for the cell exhibit a current 

response to a voltage stimulus as well as giving the maximum frequency of an 

AC sinusoidal current input that can be received before the device switches from 

capacitive to resistive behaviour.210 The time relaxation constant and resonance 

frequencies have been reported as figures of merit for the performance of 

supercapacitors in literature. The plot of reactive power ([Q/S]) and active power 

([P/S]) vs. log of frequency was used to identify the cross over point of the two 
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curves and subsequently the resonance frequency, which was determined to be 

7.2 Hz (Figure 3.9c). Equation 1.47 was used to calculate the time relaxation 

constant to be 22.06 ms. Further analysis of the GCD testing showed the 

AC//TNO hybrid to have a specific energy of 134 Wh kg−1 at a specific power of 

300 W kg−1. At a high specific power of 2020 W kg−1, the specific energy was 

found to be 12 Wh kg−1. These energy and power values were compared to other 

hybrid devices of metal oxide/carbon composite materials such as titanium or 

niobium oxides with carbon nanotubes or graphene (Figure 3.9d). At low specific 

power, the AC//TNO hybrid has a higher specific energy than the m-Nb2O5-

C//MSP-20 and G-LTO//G-SU materials plotted.261,263 However, at high specific 

power, the performance of the metal oxide/carbon composites outstrips that of 

the AC//TNO, this further highlights the gains in electrochemical performance that 

could be attained from pursuing TNO/carbon composite materials in future 

research.264  

Figure 3.9: Graphs showing the GCD curves of the AC//TNO hybrid cells at 
specific currents of (a) 0.25 and 0.5 A g−1, (b) 1.0 and 2.0 A g−1. (c) a graph 
plotting the log frequency against the reactive (black) and active (red) power 
components, with the resonance frequency and its resulting time relaxation 
constant labelled. (d) Ragone plot comparing the specific energy and power 
metrics of AC//TNO hybrid cells against other similar hybrid cells reported in 
literature, data compiled from references [265,267]. 
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3.4.3 Li+ Diffusion Investigation 

The method used to determine the diffusion coefficient of lithium ions through the 

CHFS TNO material was GITT analysis of the delithiation process (Figure 3.10a). 

The diffusion coefficients were calculated to be in the range of 10−15 cm2 s−1 over 

the potential window during delithiation of the active material. As a function of 

potential, DLi was observed to initially increase with potential up to a maximum of 

1.88 x10−15 at 1.5 V, beyond this the value decreased slowly until 1.8 V where a 

small fluctuation was seen and then the value dropped sharply by factor of 10 

and remains there up to the maximum potential (Figure 3.10b). This behaviour 

mirrors that seen in the CV curves, where the highest values for DLi are observed 

at the potentials where redox peaks are observed. The drop in DLi seen after 1.8 

V suggests that the phase change to fully delithiated crystal is complete and the 

concentration of lithium in the active material is as good as zero and is supported 

by the lack of charge storage visible in the CV curve at this potential. The average 

diffusion coefficient for the delithiation was found to be 3.08 x10−15. Both the 

behaviour and calculated values are higher but within the same range compared 

to other values that have been reported in literature for GITT experiments of 

individual and mixed titanium niobium oxides.265–268  

 

 

 

Figure 3.10: (a) Graph of the potential response vs. time for TNO with the GITT 
lithiation (red), (b) the calculated lithium diffusion coefficients as a function of 
potential (blue). 
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3.5 Carbon Titanium Niobium Oxide Composites 

In order to further improve the electrochemical performance of the TNO materials 

synthesised via CHFS, a range of mixed titanium-niobium oxide carbon 

composite materials were synthesised using the procedure described in section 

2.5.2. A range of increasing initial sucrose concentrations were investigated from 

0.1 to 1.5 M (samples CTNO-1 to 7), the full table of metal salt and sucrose ratios 

synthesised are outlined in appendix Table 5.  

3.5.1 Physical Characterisation of Carbon Titanium Niobium Oxide 

Composites 

Post CHFS, the as-synthesised powders of carbon/titanium/niobium composites 

were subjected to a heat treatment protocol under nitrogen atmosphere at 750 ℃ 

for 3 hours to convert the carbonaceous material to graphitic carbon.213 Initially, 

a wide range of increasing sucrose concentration materials from 0.1 to 1.75 M 

were synthesised, these samples were denoted as CTNO 1-6. The CTNO 

powders were analysed by PXRD post heat treatment (Figure 3.11), the 

diffraction patterns were found to be very broad in nature with only a few peaks 

observable in the materials with lower metal oxide to sucrose ratios. As the 

concentration of sucrose increased, the PXRD patterns were found to be become 
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Figure 3.11: Graph showing the PXRD plots of the CTNO materials post heat 
treatment, with the reference patterns of niobium pentoxide (ICSD coll. code 
29) and rutile titanium dioxide (ICSD coll. code 9161). 
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more broad and less well-defined. The peaks that were observable were located 

at 2θ = 11.4, 12.4, 16.2, 21.3 and 24.1 °. Identification of the peaks indicated a 

mixture of at least two different phases, with the peaks at 12.4, 16.2 and 24.1 ° 

being a close match for rutile TiO2 (red and asterisked, ICSD collection code 

9161),269 and the peaks at 11.4 and 21.3 ° a potential match for monoclinic h-

Nb2O5 (green, ICSD collection code 29).270  

The diffraction values for the rutile TiO2 were found to exhibit a slight shift to lower 

2θ values compared to literature, this could be an indication of lattice expansion 

due to the substitution of niobium ions into the titania structure.219 Due to the 

broad nature of the diffraction patterns, it was not possible to identify if any 

monoclinic TiNb2O7 was present in the materials.  

To investigate if the lower temperatures employed for the carbonisation step were 

affecting the precipitation of the high performing TiNb2O7 crystal phase, the 

CTNO-3 (0.5 M sucrose) material was subjected to a heat treatment of 900 ℃ for 

3 hours under a nitrogen atmosphere. PXRD analysis showed that the higher 

temperatures caused the rutile TiO2 phase to become dominant with sharp well-

defined peaks and the peaks for Nb2O5 to still be present but have a much smaller 

relative intensity (appendix Figure 8).  

XRF was used to determine the relative ratios of the titanium and niobium ions, it 

was found that the presence of the sucrose in the aqueous solution prior to CHFS 

caused the precipitation of the metals to change. All CTNO materials showed a 

large decrease in the relative niobium content compared to the initial metal ratios 

before CHFS. At the lowest sucrose concentration of 0.1 M (CTNO-1), the atomic 

percentages of titanium and niobium were found to be 51.7 % and 48.3 % 

respectively. The titanium and niobium contents were found to shift towards 

higher amounts of titanium and lower amounts of niobium as the sucrose 

concentration increased, CTNO-3 was found to have a titanium content of 66.3 

% and a niobium content of 33.7 %. This supports the PXRD findings of the 

dominant crystal phase being titanium dioxide and the possibility for niobium ions 

to have substituted into the titania structure due to the niobium content being high 

relative compared to the presence of pure niobium oxide phases. The full table 

of elements and their relative percentages for all CTNO materials is located in 

appendix Table 11.   
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TEM imaging of the different CTNO materials revealed large agglomerates of 

particles, which upon magnification revealed particles of metal oxide within a 

carbonaceous material (appendix Figure 9a and 9b). As the relative sucrose 

concentration was increased, the size of the agglomerates was found to increase 

with no well-defined lattice fringes observable (appendix Figure 9c and 9d).  

EDS analysis of TEM images of CTNO-3 showed that the agglomerates 

contained titanium, niobium, carbon, and oxygen all intimately mixed (appendix 

Figure 10). The quantities of each metal were found to be a good match for the 

XRF data. This supports the concept of particles of mixed titanium and niobium 

oxides embedded in a carbon matrix. The nature of the carbon was investigated 

by Raman spectroscopy. It was found that for all of the CTNO materials post heat 

treatment, large bands at ~1380 and ~1590 cm−1 were observed, these were 

identified as the D and G bands, which correspond to the sp3 and the sp2 

hybridised carbon respectively (Figure 3.12).271  Carbon that was sp3 hybridised 

would contain lower electronegative sigma C−C bonds and sp2 hybridised carbon 

would contain higher electronegative pi C=C bonds. The intensity ratio between 

the D and G bands, ID/IG, has been reported to reflect the level of graphitisation 

of the carbon.272 All of the CTNO materials were calculated to have intensity ratios 
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Figure 3.12: Graph showing the Raman plots of the CTNO materials 
post heat treatment with the D and G bands identified and the ID/IG 
ratio for each spectra shown. 
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between 0.85 and 0.90, suggesting high levels of graphitic sp2 carbon was 

present. Previous studies of carbon coated LFP have shown that a low value for 

ID/IG corresponds to a higher electronic conductivity and therefore improved 

electrochemical performance.273    

BET analysis showed a large increase in the surface area of the CTNO materials 

compared to the pure CHFS TNO. The surface areas of CTNO-1, CTNO-2, 

CTNO-3, CTNO-4, CTNO-5, and CTNO-6 were found to be 71.6, 256.4, 240.3, 

225.9, 238.8 and 208.4 m2 g−1 respectively. 

3.5.2 Electrochemical Characterisation of Carbon Titanium Niobium Oxide 

Composites in Lithium-ion Batteries 

The CTNO materials were manufactured into electrodes and tested in half-cell 

configurations against lithium metal counter electrodes over the voltage range 3-

1 V vs. Li/Li+. Cyclic voltammetry at a scanrate of 0.5 mV s−1 of CTNO-1 revealed 

a CV curve with a similar shape to that of CHFS TNO with a large area and broad 

anodic and cathodic peaks in the potential window of 2.1 to 1.1 V vs Li/Li+. The 

overall broad shape was attributed to pseudocapacitive charge storage 

interactions with Nb2O5 particles that has been reported for similar materials with 

low crystallinity.274 Within the CV, a pair of redox peaks at 1.91 and 1.42 V vs. 

Li/Li+ were observed and assigned to the intercalation reaction of lithium ions into 

niobium oxide and the redox couple of Nb5+/Nb4+ (Figure 3.13a).246 A few other 

small shoulders were observed at 2.09 and 1.11 V vs Li/Li+. These were attributed 

to the redox couples of Ti4+/Ti3+ and Nb4+/Nb3+ respectively.268,275 This behaviour 

was found to be consistent for all other CTNO materials apart from CTNO-6 which 

had a large box-shape area and no well-defined redox peaks (appendix Figure 

11). The CTNO materials were then subjected to long term cycling at the high 

specific current of 2 A g−1 to investigate the capacity retention (Figure 3.13b). It 

was found that all of the CTNO materials performed well with the initial specific 

capacities being 140, 253, 398, 241, 165 and 145 mAh g−1 for CTNO-1, 2, 3, 4, 

5 and 6 respectively. It was observed that some of the materials displayed an 

increase in specific capacity over the first 20 to 30 cycles before stabilising, this 

could be associated with increased access of the electrolyte to active sites within 

the material due to wetting and formation of a stable SEI passivation layer.276 

Over the next 150 cycles, the capacity retentions were calculated to be 98, 83, 
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90, 93, 96, and 95 % respectively. The highest performing material, CTNO-3 at 

high specific currents of 5, 10 and 15 A g−1 gave specific capacities of 197, 145 

and 108 mAh g−1, all of which outperformed CHFS TNO at the same currents 

(Figure 3.13c). The low current capacity values of CTNO-3 was also found to 

outperform other carbon coated titanium/niobium oxide materials synthesised via 

different methods reported in literature.277 EIS performed on the CTNO materials 

showed CTNO-1, 2, and 3 to have small semi-circles on the nyquist plots, but 

CTNO-4, 5 6 had much larger semi-circles and subsequent CTR values 

(appendix Figure 12). One possible explanation for this could be due to the large 

carbon content visible from TEM/EDS relative to the metal oxides, the interfacial 

distances between particles is too far for good electrical conductivity, suggesting 

that these materials would benefit from electrode engineering processes such as 

calendaring.278 

 

 

Figure 3.13: graphs showing (a) the CV curve at 0.5 mV s−1 for CTNO-1 (b) 
long term GCD cycling at 1 A g−1 for all six CTNO materials, and (c) specific 
capacity vs. cycle number plots of CTNO-3 and CHFS TNO. 
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3.6 Conclusions 

A CHFS assisted synthesis method was used to create single phase monoclinic 

TiNb2O7, it was found that specific basic and heat treatment conditions played a 

significant role in the formation of the desired phase and in avoiding any 

impurities. TEM imaging identified particles with an average diameter <100 nm 

that exhibited high crystallinity. The BET surface area of the CHFS TNO was 

found to be 5 m2 g−1. CHFS TNO was characterised electrochemically in lithium-

ion half-cells, the CV curves were calculated to contain high proportions of 

pseudocapacitive charge storage at scan rates of 0.1 and 10 mV s−1 (82 and 96 

% respectively). This high proportion of pseudocapacitive charge storage was 

attributed to the nanosized particles and the high surface area, which promoted 

more redox active centres to the surface of particles thereby enabling them to 

participate in fast faradaic charge transfer reactions. Galvanostatic cycling found 

the reversible capacity of CHFS TNO to be 248 mAh g−1 at 0.1 A g−1, with a 

capacity retention of 76 % at a specific current of 2 A g−1. This highlights the 

excellent rate performance of the CHFS TNO. Over long-term GCD cycling, the 

capacity retention was found to be 96% over 120 cycles at 0.1 A g−1. The CHFS 

TNO was constructed into an anode material for hybrid lithium-ion capacitors with 

the cathode as activated carbon. This device was found to exhibit a specific 

energy of 134 Wh kg−1 at a specific power of 300 W kg−1. When the specific power 

was increased to 2020 W kg−1, the corresponding specific energy was found to 

be 12.3 Wh kg−1. The kinetics of lithium diffusion through the CHFS TNO material 

were investigated by GITT delithiation, from which DLi was calculated to be in the 

range of 10−15 cm2 s−1. This was found to be higher than but within the same 

range than other literature values calculated using the same methods on related 

materials. One possible explanation for the improved diffusion coefficients could 

be the nano-sized particles reducing the physical distance travelled by the lithium 

ions.  

The addition of sucrose to the CHFS process followed by a heat treatment 

protocol was used to synthesise a range of composite carbon-titanium/niobium 

oxide materials. PXRD indicated that the materials consisted of rutile TiO2 with a 

slight peak shift suggesting Nb ions were doped into the structure, and a few very 

broad peaks that were assigned to poorly crystalline niobium oxide. TEM and 
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EDS revealed agglomerates of very small particles of intimately mixed titanium 

and niobium oxides within a carbon matrix. Raman analysis of the carbon 

indicated a high proportion of graphitic carbon was present. Cycling in lithium 

half-cells showed the CTNO materials had improved electrochemical 

performance compared to pure TNO at both low and high specific currents, with 

the capacity at 0.1 and 10 A g−1 being found as ~330 and 197 mAh g−1 

respectively. These results have successfully investigated and showcased the 

application of CHFS to synthesise targeted nanomaterials for energy storage, 

explored the electrochemical properties and diffusion kinetics through a range of 

different methods, and shown the electrochemical benefits that can be achieved 

through in-flow formation of carbon/metal oxide composite materials. The 

excellent electrochemical performance of both CHFS TNO and CTNO as lithium-

ion anode materials and the simplicity of scalability of the synthesis method all 

indicate the potential for these materials to be applied in high-energy, high-power 

devices.  

3.7 Outlook 

Following on from the research reported and discussed above, the benefits of 

using a continuous hydrothermal flow method for materials synthesis are clear to 

see for high performing anode materials such as TNO. Therefore, future work 

should focus on several avenues of research, the first is the application on the 

synthesis philosophy to other materials of interest that could benefit 

electrochemically from the process. Another area of research should be the 

scaling up from laboratory to pilot, as with many possible battery material 

candidates the issues of scale up are not considered or addressed and therefore 

are unable to have a meaningful, widespread impact on energy storage 

technology. Another large direction for future research is that of carbon/metal 

oxide composites, the ease of synthesis, ability to form complex multi-metal 

materials and achieve coated nanoparticles all aspects that could easily and 

successfully be applied to a wide range of other candidates. The use of different 

carbon sources and the integration of more complex carbon structures such as 

nanotubes or graphene sheets would be of interest for battery materials 

development. 
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4.0 Combinatorial Study of Mixed Vanadium, Niobium, 

Molybdenum Oxides for High Power Anodes 

 

‘What man actually needs is not a tensionless state but rather the striving and 

struggling for some goal worthy of him’ – Viktor Frankl 

4.1 Aims 

The electrochemical performance of metal oxides such as VO2 and MoO2 have 

been shown to be improved by co-synthesising with other transition metals that 

can form the same crystal phase to give solid solutions. The aim of this work is 

to investigate the composition-performance relationships of the mixed metal 

oxides VxNbyMozO2 (X + Y + Z = 1) to identify the best performing material at both 

low and high specific currents in Li-ion batteries and hybrid capacitors.  

4.2 Introduction  

In the design of high performing conversion mechanisms materials for anodes 

the issues surrounding low intrinsic conductivity and capacity fade due to volume 

changes during cycling must be addressed.52 Of the possible metal oxides being 

investigated for use as anodic materials, molybdenum oxide (MoO2 and MoO3) 

have both been identified as very high capacity materials that exhibit a conversion 

mechanism.54,279 These mechanisms gives molybdenum oxides very high 

specific capacities (838 mAh g−1 for the dioxide and 1117 mAh g−1 for the 

trioxide).280 The  equations for the conversion reaction of MoO2 are given below 

in equation 4.1 and 4.2: 

𝑀𝑜𝑂 + ~𝐿𝑖 + ~𝑒 ↔ 𝐿𝑖 . 𝑀𝑜𝑂        (4.1) 

𝐿𝑖 . 𝑀𝑜𝑂 + ~3𝐿𝑖 + ~3𝑒 ↔ 𝑀𝑜 + 2𝐿𝑖 𝑂      (4.2) 

However, it has been found that the conversion mechanism causes large volume 

changes upon lithiation and delithiation, which can cause pulverisation of the 

electrode. These effects are most pronounced in the bulk material.281 Strategies 

to combat this have focused on producing nanostructured metal oxides as this 

can reduce the diffusion length, allow for a greater surface area between 

electrode and electrolyte, and help to reduce the destructive swelling effects of 

cycling.282 An example of this were the yolk-shell MoO2 nanostructures 
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synthesised by Zhang et al. which exhibited 847.5 mAh g−1 after 50 cycles at 0.5 

A g−1.283 Different nanostructure morphologies have been reported, such as 

nanowires of α-MoO3.H2O that gave a specific capacity of 954.8 mAh g−1.284 

Other methods have included forming particles of mixed oxidation states which 

had a high capacity of 930.6 mAh g−1 and a cycle life of over 200 cycles.280 Many 

examples of forming nanostructures of molybdenum oxides and conductive 

additives of coatings such as exfoliated graphene oxide/MoO2,285 

MoO2/MWCNT,286 and MoO2@carbon hollow nanospheres,287 have all been 

reported with high capacities and improved cycling stability, however the 

formation of such complex nanostructures leads to difficulties when attempting to 

scale the synthesis as well as the reduction in density by introducing low capacity 

carbonaceous materials.280 

In contrast to the conversion mechanism of molybdenum oxides, other transition 

metal oxides that are of high interest to researchers include vanadium and 

niobium oxides. Vanadium oxides such as vanadium dioxide (VO2) are of interest 

due to the relatively low cost, ability to show multiple oxidation states, and form 

layered structures. However they suffer from low stability due to deformation 

during cycling.288–290 Niobium oxides are also of high interest, this is due to the 

vast range of different morphologies that they can form, the ability to exhibit 

extrinsic pseudocapacitive charge storage, and critically they can intercalate 

lithium ions without massive volume changes. However they suffer from low 

intrinsic conductivity and lower capacities than other materials discussed 

here.291,292  

Further developments in the performance of the transition metal oxides discussed 

above can be found when not just considering the individual materials but the 

binary and ternary iterations. The presence of different crystal morphologies, 

elements and oxidation states in the same particles together can lead to 

synergistic effects and interactions such as the sharing of electron density 

thereby changing the local electric structure, allowing for the creation of more 

accessible crystal morphologies and the promotion of different redox sites to the 

surfaces where they can more easily interact with charge carriers.65,293 Due to the 

ability of both molybdenum and vanadium dioxide to form monoclinic crystal 

morphologies, the two materials are able to mix together as dopants in each in 
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other at low concentration and eventually as solid solutions at equal 

concentrations.173 It was shown by Bauer et al. that nanoparticles of Mo0.5V0.5O2 

showed a solid solution morphology, as well as excellent electrochemical 

performance at both low and high currents (200 mAh g−1 at 10 A g−1). This was 

attributed to high levels of pseudocapacitive charge storage. It was also found 

that the cycle life of the mixed metal oxides was improved, 480 mAh g−1 after 150 

cycles at 0.5 A g−1). Further examples include; a 3D hierarchically ordered 

VOx/MoOy294 oxide which could deliver a specific capacity of 440 mAh g−1 over 

400 cycles at 4 A g−1; nanorods of VOx@MoO3 that were synthesised via 

electrochemical deposition onto carbon electrodes and were found to give an 

increase in the performance by a factor of 2 when compared to the same carbon 

electrodes with only molybdenum trioxide deposited.293 These examples all 

highlight the performance benefits of creating mixed vanadium/molybdenum 

oxide materials, however other factors such as surface area and differences in 

testing protocols must be noted when making direct comparisons between 

studies.   

Herein this chapter the use of CHFS for combinatorial chemistry as a method of 

materials discovery is reported. A range mixed V-Nb-Mo metal oxides across the 

compositional space of a ternary plot (Figure 4.1) where synthesised and 

characterised physically using methods such as PXRD, XRF, BET, TEM, EDS, 

Raman and XPS to elucidate correlations between composition and material 

properties. The mixed metal oxide materials were then characterised in lithium 

half-cells to evaluate their electrochemical performance, with relation to 

composition and identify materials that exhibit high capacity at both low and high 

currents. From this the high performing material V0.3Nb0.1Mo0.6 was identified and 

investigated in depth to ascertain its applicability to both lithium and sodium ion 

high power and high energy storage devices. 



Chapter 4: Combinatorial Study of Mixed Vanadium, Niobium, Molybdenum 
Oxides for High Power Anodes  

 

115 
 

 

Figure 4.1: a) Ternary plot of vanadium, niobium and molybdenum with the 
compositions synthesised shown as red dots. 

4.3 Experimental Methods  

4.3.1 Synthesis of Mixed Vanadium, Niobium, Molybdenum Oxides  

The compositions calculated from the ternary plot for both the first and second 

stages of the study were synthesised as described in section 2.4.2. The mixed V-

Nb-Mo oxide materials herein were denoted using numbers to represent the 

relative nominal ratio of each of the metals at the point of synthesis, for example 

the material V0.7Nb0.2Mo0.1 was labelled as VNM721. 

4.3.2 Physical Characterisation 

The physical characterisation methods utilised are described in section 2.1. 

4.3.3 Electrochemical Characterisation 

The formation of electrodes is described in section 2.2.1. The construction of half-

cells and hybrid capacitor cells are described in section 2.2.2. The electrolyte 

used was 1M LiPF6 in 1:1 v/v EC/EMC. 

The electrochemical characterisation of half-cells involved: GCD cycling at a 

range of different specific currents including, 0.1, 0.2, 0.5, 1, 2, 5, and 10 A g−1 

over the potential window 0.05 to 3 V vs Li/Li+ performed by an Arbin Instrument 

(Model BT-2000 battery tester, US). Cyclic voltammetry (CV) was completed over 
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the same potential window at range of increasing scanrates including 0.05, 0.1, 

0.2, 0.5, 1, 2, 5, 10, 20, 50 and 100 mV s−1. Potentiostatic EIS was performed by 

a Gamry Interface 1000 Potentiostat, over the sinusoidal frequency range 100 

kHz to 10 mHz. The oscillating alternating current voltage was set to 10 mV ms−1 

with the area as 1 cm2 and 10-point measurements.  

The hybrid capacitor cells were electrochemically evaluated by GCD and CV 

analysis. Both were performed by a Gamry Interface 1000 Potentiostat (Gamry 

Instruments, USA) in the voltage window 1 to 4.2 V. 

4.4 Results and Discussion 

4.4.1 Physical Characterisation of Nominal Mixed Vanadium, Niobium, 

Molybdenum Oxides  

All of the VNM materials were analysed by PXRD, Figure 4.2 shows a selection 

of the PXRD patterns from across the compositional space. All of the materials 

synthesised with high nominal concentrations of vanadium and niobium exhibited 

patterns with few peaks present apart from a few very broad peaks as shown by 

VNM172 and VNM613 (Figure 4.2). 

Figure 4.2: graph showing PXRD patterns of monoclinic VO2 ICSD no. 
34033 (black) VNM172 (green), VNM613 (orange) and VNM217 (blue). 
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This behaviour is suggestive of both small particle size and high levels of 

amorphous material, and has been reported previously for niobium oxide 

materials synthesised by a CHFS method.167 The VNM materials with higher 

proportions of molybdenum present were found to exhibit the monoclinic MoO2 

crystal phase. The presence of this as the dominant crystal phase was unaffected 

by the addition of niobium to the mixed metal oxide. Figure 4.3 shows the PXRD 

plots of the niobium containing and niobium free analogue materials VNM316 and 

VNM406. Both materials display peaks at 2θ = 12.7, 16.9 and 24.7 °, which are 

characteristic of both monoclinic MoO2 (ICSD no. 80830, space group P121/c1)295 

and monoclinic VO2 (ICSD no. 34033).296 The peaks present display a slight shift 

to higher angles for both materials from the MoO2 reference pattern. The 

reference pattern for monoclinic VO2 is almost identical to that of monoclinic 

MoO2 except for two small peaks at 2θ = 19 and 25.5 ° which are present in the 

patterns for both VNM316 and VNM406 (marked by an asterisk).296,297 This 

suggests that the crystal structure of both materials is a solid solution of both 

monoclinic MoO2 and VO2.  

 

Figure 4.3: PXRD patterns of VNM316 (green), VNM406 
(blue), monoclinic VO2 (ref. 22, purple) and monoclinic MoO2 
(ref. 23, black). 
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The presence of the niobium ions was found to cause peak broadening in 

VNM316 compared to VNM406 and a peak shift in the (011) peak to a lower 2θ 

value by 0.33 °, this suggests that the Nb ions are doping into the crystal structure 

rather than forming a distinct phase or amorphous material that is separate from 

the V/Mo oxide.298 

Whole pattern fitting was performed using a Le Bail method for both VNM316 and 

VNM406 PXRD patterns. Fitting to the space group P121/c1 gave lattice 

parameters which are reported below in Table 4.1 along with the reported lattice 

parameters for the reference patterns. It was found that the addition of niobium 

in the material VNM316 compared to VNM406 gave a slight increase in the size 

of the parameters a, b, angle β and cell volume, this further supports the theory 

that Nb ions are doping into the crystal structure. 

Table 4.1: Table showing the reported lattice parameters for monoclinic VO2 (ref 
22) and MoO2 (ref 23) compared to the calculated lattice parameters for 
VNM406 and VNM316 determined by Le Bail whole pattern fitting. 

 

The BET surface area of a range of the VNM materials were measured and were 

found to vary across compositional space, with the materials VNM163, VNM145, 

VNM262, VNM226, VNM451, VNM433, VNM415 and VNM631 found to be ca. 

218, 230, 182, 39, 97, 5, 3 and 15 m2 g−1, respectively. The overall trends 

suggested that the higher the relative proportion of niobium present in the 

materials the higher the surface area, supporting the idea of greater levels of 

amorphous nature present in the high niobium materials. 

The oxidation states of the metals present in selected samples of the VNM 

materials were analysed by XPS. The survey scan confirmed the presence of V, 

Nb, Mo and O in the samples. Figures 4.4a and 4.4b show the high-resolution 

scan for V2p of both VNM406 and VNM316 respectively. Both the V2p1/2 and 

 Lattice parameters 
Compound a / Å b / Å c / Å  β / o Cell vol. / 

Å3 
VO2 ref. 26 5.7517 4.5378 5.3825 122.646 118.29 
MoO2 ref. 
25 

5.6096 4.8570 5.6259 120.912 131.51 

VNM406 5.6555 4.6427 5.4066 124.180 117.44 
VNM316 5.6873 4.7141 5.3939 125.015 118.44 
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V2p3/2 peaks of the materials were fitted with two components for the V5+ and V4+ 

oxidation states.299 For the material VNM406, the two components of the V2p3/2 

peak were located at 517.3 and 516.4 eV, these were assigned to the V5+ and 

V4+ oxidation states respectively and were found to have a relative ratio of 14:1. 

In comparison, the V2p3/2 peak for VNM316 was deconvoluted to give the same 

oxidation states but with a relative ratio of 1.4:1 thereby indicating a far greater 

presence of V4+. There was also a slight peak shift detected in the V2p3/2 peak of 

VNM316, with the binding energies being 0.1 eV lower compared to VNM406. 

This suggests the presence of V-O-Nb interactions due to the lower 

electronegativity of vanadium compared niobium causing electron density to be 

pulled away from Nb and towards V changing their binding energies.293 This trend 

was also seen in the high resolution scan for Mo3d for both VNM406 and 

VNM316 materials (Figures 4.4c and 4.4d correspondingly). The Mo3d5/2 and 

Mo3d3/2 peaks for VNM406 were found to have binding energies of 232.4 and 

235.6 eV respectively, these were found to correspond to the Mo6+ oxidation 

state.300 For VNM316, the Mo3d5/2 and Mo3d3/2 peaks were found to have shifted 

slightly to higher binding energies of 232.7 and 235.8 eV respectively suggesting 

the presence of Mo-O-Nb interactions through which niobium ions pull electron 

density away from molybdenum ions through the metal-oxygen-metal bonds. The 

high resolution scan of Nb3d for VNM316 identified a doublet of peaks, in which 

the Nb3d5/2 peak was located at 206.9 eV with a spin orbit coupling of 2.78 eV, 

these correspond to the Nb5+ oxidation state (Figure 4.4e).301     
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Figure 4.4: Fitted XPS spectra of high-resolution scans of V2p for (a) VNM316, 
(b) VNM406, fitted XPS spectra of high-resolution scans of Mo3d for (c) 
VNM316, (d) VNM406, (c) fitted XPS spectra of high-resolution scan of Nb3d of 
VNM316.  
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Figure 4.6: TEM/EDS scans of VNM316 for the elements O (blue), Mo (green), V 
(red) and Nb (orange). 

Figure 4.5: TEM images of (a) an agglomerate of VNM particles, (b) high-
magnification image of a VNM particle with the lattice fringes and spacings 
highlighted.  
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TEM of the VNM316 material was used to investigate the morphology of the metal 

oxide particles. It was found that the particles were agglomerates of very small 

particles that had coalesced together (Figure 4.5a). Upon magnification, the 

particles displayed lattice planes with a lattice plane spacing measured as 0.237 

nm, this was found to be fractionally smaller than the (111) plane of monoclinic 

MoO2 (0.240 nm), and further supports the XRD findings that the additional V and 

Nb ions were doping into the crystal structure causing a change in the lattice 

parameters.302 

EDS mapping of TEM images was used to investigate the dispersion of the three 

metal oxides throughout the observed particles. Figure 4.6 shows a TEM image 

of VNM316 with the EDS map overlayed and the induvial elemental scans for V, 

Nb, Mo and O shown in red, green, orange, and blue respectively. From the 

elemental mapping, it was observed that the particles contained a very 

homogenous dispersion of metals, further supporting the suggestion of XPS for 

the presence of direct V-O-Nb, V-O-Mo, and Nb-O-Mo interactions. The 

elemental composition of VNM316 was analysed by X-ray fluorescent 

spectroscopy and was found to be a good match to the nominal composition. 

4.4.2 Electrochemical Characterisation of Mixed Vanadium, Niobium, 

Molybdenum Oxides 

4.4.2.1 Electrochemical Characterisation in Li-ion Half Cells 

The VNM materials were initially investigated electrochemically as anodes in 

lithium half cells. The specific capacity data gathered at the specific currents of 

0.1 and 5 A g−1 were plotted as a heat map overlayed onto the nominal 

compositional ternary diagrams (Figure 4.7 and Figure 4.8 respectively).  
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Figure 4.7: Ternary plot of nominal metal concentrations showing the 
specific capacity and crystal phase information of the VNM materials 
as a heat map for the specific currents 0.1 A g−1. 
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Figure 4.8: Ternary plot of nominal metal concentrations showing the 
specific capacity and the crystal phase information of the VNM 
materials as a heat map for the specific currents of 5 A g−1. 
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The full range of heat maps of different specific currents tested can be found in 

appendix Figure 15a, 15b, 15c and 15d. Overall it can be observed that the 

materials that exhibit a single crystal phase show higher specific capacities that 

those that were found to be multiphasic or amorphous. The heat map ternary 

plots clearly identify the composition VNM316 as having the highest capacity for 

all the specific currents tested compared to all other VNM materials. 

Due to the differences between the nominal compositions being 10 %, the 

topography of the heat maps is such that the highest performing composition of 

VNM316 appears to be a lone peak surrounded by much small peaks. In the 

pursuit of identifying high performing battery materials and investigating the 

relationships between composition, structure, and battery electrode performance, 

the ‘lone peak’ and its surrounding area require further investigation in greater 

detail to obtain a more complete picture of the topography as part of future work. 

In order to investigate the good electrochemical performance exhibited initially by 

VNM316, half-cells of VNM316 and VNM406 with lithium metal counter 

electrodes were analysed by cyclic voltammetry (CV) across a range of scan 

rates in the potential range 3 to 0.05 V vs Li/Li+. The first three cycles of VNM316 

at a scan rate of 1 mV s−1 at shown in Figure 4.9a. Overall, the CV curves display 

a very broad nature with several electrochemical features observable. Over the 

first cycle, a pair of redox peaks at 1.6/1.5 and 1.1/1.0 V vs Li/Li+ were observed. 

Both of these were attributed to the reversible charge storage reaction of 

molybdenum dioxide with lithium, in which the monoclinic MoO2 undergoes a 

phase transition to orthorhombic partially lithiated LixMoO2, then again to 

monoclinic Li0.98MoO2 and vice versa.54 At much lower potentials, there is a large 

peak observable at 0.25 V vs Li/Li+, this is characteristic of the conversion 

reaction of Li0.98MoO2 to Mo metal and Li2O which can store large amounts of 

energy particularly at slower rates but has large volume changes and reduced 

long term stability associated with it. In addition to these redox peaks, there is 

one further very broad feature on the forward scan at 2.3 V vs Li/Li+, however due 

to the broadness exhibited on the backwards scan, it is not possible to say with 

certainty if this feature represents a reversible process and the definition is being 

lost in the overall broad nature of the CV or if it is a non-reversible 

process.237,280,286,303 Over the proceeding cycles the shape of the CV changes 
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very little with only very small changes in the size and position, this suggests the 

propensity for good cycling stability as well as the broad nature of the CVs 

indicating potential pseudocapacitive charge storage. When cycled at increasing 

scan rates (Figure 4.9b), the overall broad shape of the CVs stayed consistent 

indicating the possibility for good charge storage to occur at fast C-rates.304  

When comparing the CV curves of the niobium containing VNM316 and the 

niobium free VNM406 (Figure 4.10a), VNM406 displays a very similar broad 

shape that is overall smaller and contains many of the same but not all the redox 

peaks of VNM316. These differences between the two persist at the higher scan 

rate of 20 mV s−1 (Figure 4.10b). The separation diffusion-limited and 

pseudocapacitive charge storage mechanisms to total charge storage for 

VNM316 and VNM406 were determined using the power law method.90 From 

this, the CV curve attributed to purely pseudocapacitive mechanisms were 

overlayed as shaded areas onto the total CV curves (Figure 4.10c). It was found 

that VNM316 exhibited a higher percentage of pseudocapacitive charge storage 

relative to total charge, 82.7 % compared to 74.6 % for VNM406.  

 

 

 

Figure 4.9: Graphs of cyclic voltammetry of VNM316in the potential window 3 
to 0.05 V s Li/Li+, a) the first three cycles at 1 mV s−1, b) increasing scanrates 
from 0.5 to 100 mV s−1. 
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The lithium half-cells were then analysed by galvanostatic charge/discharge 

(GCD) cycling, Figure 4.11a shows the GCD curves of the 2nd (red), 6th (blue) and 

10th cycles of VNM316 at a specific current of 0.1 A g−1. Immediately observable 

are the lack of any clear voltage plateaus, which support the suggestion of the 

CV data that pseudocapacitive charge storage mechanisms are dominant.305 

Over the ten cycles, it can be seen that the smooth shape of the GCD curves 

change very little, suggesting that any additional non-reversible electrochemical 

reactions are occurring in very small proportions. A specific capacity of 731.3 

mAh g−1 with a coulombic efficiency of C.E. = 90 % was found initially at 0.1 A 

g−1, this increased over the proceeding ten cycles to 786.9 mAh g−1 (C.E. = 93 

%). It was observed that the gradual increase in capacity and coulombic efficiency 

continued as higher specific currents were applied, at a specific current of 0.5 A 

g−1 the specific capacity remained very high at 761.3 mAh g−1 with the C.E. 

increasing to 96 %. This gradual increasing capacity behaviour that is exhibited 

has been previously documented and reported for other transition metal oxide 

materials that exhibit conversion mechanisms, with two contributing factors 
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Figure 4.10: CV graphs of VNM316 and VNM406 at a) 1 mV s−1, b) 20 mV s−1, 
c) VNM316 with the calculated pseudocapacitive contribution overlayed as a 
grey shaded area, d) VNM406 with the calculated pseudocapacitive contribution 
overlayed as a grey shaded area. 
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including an increase of the access of electrolyte within the porous active material 

and an improvement in the kinetics of the conversion reaction over cycling (Figure 

4.11b).52,306–308 For the material VNM316 over the specific currents 0.1, 0.2, 0.5, 

1, 2, 5, and 10 A g−1, the specific capacities achieved were 747, 761, 658, 542, 

338, 185 and 83 mAh g−1 respectively (Figure 4.11c). After cycling at 10 A g−1, 

the specific current was returned to 0.1 A g−1 whereupon the specific capacity of 

the material had increased to 829 mAh g−1. These results highlight the excellent 

rate capability and cycling stability of the conversion material. When compared to 

the material VNM406, the specific capacities that were achieved were much lower 

across all specific currents tested, with no activation behaviour clearly observed. 

Over long-term cycling at 1 A g−1 (Figure 4.11d), VNM316 displayed an increase 

in capacity in the first 200 cycles, after which the capacity decreased slowly over 

the next 250 cycles to give 94 % of original capacity whilst maintaining a high 

C.E. The low and high specific capacities observed for VNM316 were found to 

compare favourably to other similar/related metal oxide materials that have been 

reported in literature such as.173,293,294    
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Figure 4.11: a) GCD curves of VNM316 in a lithium half-cell of the 2nd, 6th and 
10th cycles at 0.1 A g−1, b) GCD curves of VNM316 at increasing specific 
currents including 0.1, 0.2, 0.5, 1, 2, 5 and 10 A g−1, c) Graph depicting the 
specific capacity of VNM316 (blue) and VNM406 (red) at increasing specific 
currents, d) long term cycling performance of VNM316 with specific capacity 
(black) and coulombic efficiency (blue) shown for 450 cycles at 1 A g−1. 
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4.4.2.2 Electrochemical Characterisation in Li-ion Hybrid Capacitors 

A lithium-ion hybrid capacitor device was constructed with activated carbon as 

the cathodic and VNM316 as the anodic active materials respectively. Using the 

method outlined by H-Y. Wei et al., the cell was mass balanced with an anode to 

cathode ratio of 1:16.260 The hybrid was cycled in the potential window 0.5-4.2 V. 

CV analysis of the hybrid at a scanrate of 5 mV s−1 displayed an overall large 

shape that is typical of capacitive behaviour (Figure 4.12a).309 GCD cycling at 

specific currents of 0.1, 0.5 and 1 A g−1 was performed on the AC//VNM316 hybrid 

(Figure 4.12b), the shape of the GCD curves were found to be very triangular in 

nature, further suggestive of capacitive behaviour.309 Power and energy analysis 

of the AC//VNM316 hybrid found a high energy density of 102 Wh kg−1 at a power 

density of 365 W kg−1, and 10.3 Wh kg−1 at a high power density of 18.25 kW 

kg−1. These results were found to compare very favourably against other hybrid 

capacitors that used molybdenum or titanium metal oxide materials, synthesised 

via hydrothermal methods, as anodes that have been reported in literature.194,310 

The results are plotted in a Ragone plot with the AC//VNM316 shown as red 

squares (Figure 4.12c).  
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4.5 Conclusions 

A large range of mixed vanadium-niobium-molybdenum oxides with different 

compositions from across ternary phase space were synthesised via a 

continuous hydrothermal flow method. The as-synthesised materials with high 

concentrations of niobium were found to have very amorphous crystal structures 

and high surface areas (up to 230 m2 g−1), whilst the higher V and Mo containing 

materials exhibited monoclinic crystal structures that were either VO2 or MoO2 or 

a solid solution of the two depending on the relative concentrations of metals. The 

lack of other crystal phases that were observed suggested the other elements 

were doping into the crystal structures instead of forming distinct phases. The 

specific surface areas of the monoclinic materials were all found to be lower than 

for the high Nb compositions. The mixed metal oxides were tested as anodic 

active materials in Li-ion half cells, mapping specific capacity at different specific 

currents as heat maps overlayed on ternary phase diagrams identified the 

Figure 4.12: Graphs showing a) CV curve of AC//VNM316 at a scanrate of 5 mV 
s−1, b) GCD curves of the LiHIC at different specific currents of 0.1 (red), 0.5 (blue) 
and 1 A g−1 (black), c) Ragone plot showing the energy and power performances of 
AC//VNM316 (red squares) compared to other reported HIC devices with titanium 
and molybdenum oxides as anodes. Sources [198, 314]  
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material V0.3Nb0.1Mo0.6 (VNM316) as having the highest capacities at both low 

and high current cycling. At 0.1 A g−1 the specific capacity was found to be 747 

mAh g−1, and at the high current of 5 A g−1 the material retained 181 mAh g−1. 

Over long-term cycling at a current of 1 A g−1 the capacity retention was found to 

be 94 % over 450 cycles. Cyclic voltammetry analysis showed clear redox peaks 

associated with intercalation and conversion-based energy storage mechanisms. 

Further analysis indicated a high contribution of pseudocapacitive charge storage 

for VNM316. The high specific capacity and pseudocapacitive charge storage 

compared to other similar compositions tested were attributed to several factors, 

such as multiple different redox centres being present in the material, EDS and 

XPS analysis also indicated the presence of interactions between Nb-O-V, Nb-

O-Mo, and Mo-O-V with distribution of electronegativity along the bonds 

observed. The high surface area and small particle size observed by BET and 

TEM respectively have been previously associated with increasing 

pseudocapacitive charge storage and the reversible capacity and cycle life of 

conversion mechanism materials in literature. A Li-ion hybrid capacitor device 

utilising VNM316 as the anode and activated carbon as the cathode achieved an 

energy density of 102 Wh kg−1 at low power of 365 W kg−1 and retained an energy 

density of 10 Wh kg−1 at a high-power density of 18650 W kg−1. The impressive 

electrochemical performance of VNM316 at a range of cycling currents, long term 

stability and ease of synthesise via CHFS identify this composition as a 

competitive anode material for use in Li-ion batteries and capacitors that warrants 

further investigation, development, and optimisation. 

4.6 Outlook 

Several different directions of future work for this study are worthy of pursuit. The 

first is the continued investigation of the interaction between the different metal 

ions and how they relate to electrochemical performance. Advanced techniques 

such as synchrotron based in-operando XRD and XAS would provide critical 

information regarding the structural and electronic changes occurring as lithium 

is intercalated and deintercalated, giving a deep insight into the exact nature of 

the redox reactions taking place. Comparison to the behaviour of other materials 

with different compositional ratios would allow for more information regarding 

elemental composition and electrochemical performance to be gathered. Despite 
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the higher intrinsic conductivity for molybdenum oxides compared to others, the 

conductivity of VNM316 as with other metal oxides is a barrier to good capacity 

retention at high power. Therefore, another future direction of investigation could 

focus on decreasing the resistivity of the material though introduction of carbon-

based materials such as a nanotube, graphene sheets or carbon matrices for 

example. This avenue of research would lend itself well to this material due to the 

ability of CHFS to successfully incorporate carbons and metal oxides to form 

composites. A third potential avenue of investigation could be centred around the 

scaling-up of the synthesis of VNM316. Due to the scale-up of materials being 

such a large barrier to any materials of interest having a measurable impact on 

society, the need to design high performance materials with large scale 

synthesise methodologies considered is critical. In this regard CHFS has already 

successfully been scaled up to pilot scale, therefore the study of VNM316 would 

centre around investigating the conditions and processes required for parity 

between lab and pilot scale materials. Increased synthesis capabilities would 

then open up the opportunities to investigate the behaviour of VNM316 in much 

larger energy storage devices such as cylindrical and pouch cells where 

investigations in real-world situations and comparisons to industrial standards 

would be possible.   
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5.0 Improving the Performance of Mixed V0.3Nb0.1Mo0.6 Oxides 

as Anodes Via Carbon Addition 

 

‘The more difficult something is, the greater the attraction that comes from it’  

– Juan Manuel Fangio 

5.1 Aims 
The optimized mixed vanadium/niobium/molybdenum oxide anode material, 

V0.3Nb0.1Mo0.6Ox, developed in Chapter 4 has been shown to have very high 

capacity at both low and high current cycling rates. However, the material 

displays low intrinsic conductivity and capacity fade over long term cycling 

(gradual electrode pulverization of the electrodes from the conversion 

mechanism) that must be overcome. In this chapter, the aim was to investigate 

the synthesis of a range of different carbon/VNM composite materials using 

coatings and additives. The hypothesis was that the coatings would reduce the 

capacity fade over cycling, whilst the carbon would also improve the conductivity 

to increase the capacity observed at high current in lithium-ion batteries and 

hybrid capacitors.  

5.2 Introduction  

Of the three main reported charge storage mechanisms for anode materials 

(intercalation, alloying and conversion) conversion materials present themselves 

as the most promising candidate for next generation battery anodes.52,311 The 

reasons for this include, high achievable capacities and higher working potentials 

than graphite thereby decreasing the risk of lithium dendrite formation and 

increasing battery safety.312,313 In addition to this, conversion mechanisms have 

been explored for a wide variety of different transition metal oxides, sulphides, 

selenides, nitrides and phosphides among others.51,314,315 It has also been shown 

that conversion materials can exhibit tuneable potentials through manipulating 

the strength of the ionic bond between the transition metal (TM) cations and the 

anion species.316  

However, there are several issues that must first be addressed before conversion 

materials are able to fulfil their full potential. These include low intrinsic ionic and 

electronic conductivity, reactivity with organic electrolytes (causing 
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decomposition over cycling), and large volume changes upon lithiation and 

delithiation.312 Two metal oxides that are currently being investigated for potential 

use as conversion anodes are molybdenum oxides (MoO2 and MoO3), having 

been identified as both displaying very high specific capacities  (838 mAh g−1 for 

the dioxide and 1117 mAh g−1 for the trioxide).54,279,280 Vanadium oxides such as 

vanadium dioxide (VO2) are also of interest due to the relatively low cost, ability 

to show multiple oxidation states, and the potential to form layered structures that 

are beneficial for intercalative charge storage. However suffer from low stability 

due to deformation during cycling.288–290  

Improving the performance of conversion anodes can in part be addressed by 

nanoengineering.52 It has been shown that reducing the particle size to the 

nanometre scale can reduce the distance ions have to diffuse thereby increasing 

the speed of charge storage, but can also reduce the swelling effects of lithiation 

which can improve the lifetime of the material.47,317 Nanoengineering can 

encompass several different approaches each with their own benefits and costs. 

these include nanostructuring of 0D, 1D and 2D structures,318–322 forming 

hierarchical structures, the formation of hollow structures,323,324 and forming 

hybrid composites with carbons through coating, growing or 

embedding.47,283,325,326 As previously discussed in Chapter 4, binary and ternary 

iterations have been shown to have improved performance over individual metal 

oxide materials. The presence of different crystal morphologies, elements and 

oxidation states in the same particles together can lead to synergistic effects and 

interactions through bonds between ions of different electronegativity.327 This can 

lead to the changing of the local electric structure, which alters the consequent 

interactions with charge carrier ions.328–330 There is also the possibility of 

promotion of different redox sites to the surface of particles, where they can more 

easily interact with charge carriers for the creation of more accessible crystal 

morphologies due to the mixed ion materials.65,293 Due to the ability of both 

molybdenum and vanadium dioxide to form monoclinic crystal morphologies, the 

two materials are able to mix together as dopants in each in other at low 

concentration and eventually as solid solutions at equal concentrations.173 

Previously, Bauer et al. showed that nanoparticles of Mo0.5V0.5O2 formed a solid 

solution of both MoO2 and VO2 crystal structures, as well as excellent 
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electrochemical performance at both low and high currents (200 mAh g−1 at 10 A 

g−1). This was attributed to high levels of pseudocapacitive charge storage. It was 

also found that the cycle life of the mixed metal oxides was improved, 480 mAh 

g−1 after 150 cycles at 0.5 A g−1). Further examples of the performance benefits 

of creating mixed vanadium/molybdenum oxide materials include a 3D 

hierarchically ordered VOx/MoOy oxide which could deliver a specific capacity of 

440 mAh g−1 over 400 cycles at 4 A g−1.294 

These methods have dramatically improved the electrochemical performance of 

conversion type metal oxides; however, the issues of conductivity and long-term 

cycle stability still remain as large problems. Another area of research that has 

received a lot of attention in the past few years is the formation of carbon 

composite materials. These offer a path to composite materials with individual 

particles interconnected by a three-dimensional matrix of carbon which can vastly 

improve the transfer of electrons from the redox active sites to the metal current 

collector. The carbon material present can further act as a buffer to reduce the 

impact of volume changes as well as inhibiting the electrode/electrolyte 

degradation reactions which can cause capacity loss over time.213,331 Further to 

this, carbon composite materials also require far less complex synthesis 

procedures than those for creating intricate hierarchical or low dimensionality 

materials.332,333  

In general, the approach to forming carbon coatings on nanoparticles, involves 

the use of a carbon-containing precursor, which initially coats the particles, 

followed by a heat treatment in inert atmosphere to graphitise the carbon.334 The 

use of glucose and fructose as the precursor coating solutions has been reported 

as an effective method of forming highly conductive carbon layers on 

nanoparticulate metal oxides.213 More recently, other forms of carbon containing 

monomers have been successfully used, such as dopamine hydrochloride as a 

precursor to polydopamine (PDA) to form different composite morphologies such 

as nano sized “peapods” of carbon encapsulated MnO, which were found to 

exhibit capacities of over 525 mAh g−1 at a high specific current of 2 A g−1 for 

1000 cycles without displaying obvious pulverisation of the electrodes.335,336 

Another example was shown by D Bresser et al., where nanoparticles of the 

conversion material ZnFe2O4 were coated in a carbon shell from a sucrose 
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precursor.332 It was found that the carbon shell provided both improved 

conductivity (which in turn assisted in the high specific capacity of 310 mAh g−1 

at a current of 7.78 A g−1) and inhibited particle fragmentation over long term 

cycling reducing capacity loss observed.  

The creation of a transition metal oxide embedded into a conductive carbon 

matrix has also been reported as a promising technique.  Zhu et al. reported the 

formation of microspheres of composite carbon and titanium niobate that were 

shown to have improved electrochemical performance.230 The precursors for the 

metal oxide were mixed with a carbon precursor and then subject to a heat 

treatment protocol in an inert atmosphere to produce graphitic carbon and the 

transition metal oxide microspheres. The highly uniform composite particles were 

found to have an increased capacity of 35 % when compared to the pure metal 

oxide. A more recent example was shown for improving the performance of Nickle 

phosphides (Ni2P), in which nanoparticles of carbon coated Ni2P were embedded 

into an echinus-like porous carbon structure.337 These large structures provided 

very high surface areas and tunnels for facile lithium ion diffusion, and also 

structural stability that could reduce the swelling experienced upon lithiation. This 

gave the carbon metal phosphide material excellent reversible capacity at both 

low and high currents (807.7 and 236.4 mAh g−1 at 0.2 and 1 A g−1 respectively). 

Another carbon material that has received a lot of focus as an additive in 

electrodes is reduced graphene oxide (rGO). This is due to it having a very high 

conductivity and a very high surface area on which functional groups can have 

favourable interactions with non-organic particles.338 A multitude of reports have 

been reported in which graphene oxide sheets are used to either coat 

nanoparticles or provide nucleation sites from which ceramic nanoparticles can 

be grown on and anchored to. This has been shown for a wide range of metal 

oxides such as MnO2 and TiNb2O7.339,340 Another example of the electrochemical 

benefits of rGO was shown by using it to form a three-dimensional composite 

material with iron oxide nanoparticles (α-Fe2O3/rGO).341 It was shown that the two 

components could inhibit agglomeration over cycling as well as improving 

electrical conductivity and promotion of active sites. All of which were critical in 

providing far improved specific capacities over a wide range of currents when 
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compared to nanoparticles of only α-Fe2O3, 1418.2 and 804.5 mAh g−1 compared 

to 1218.6 and 411.5 mAh g−1 at specific currents of 0.1 and 5 A g−1. 

A further source of carbonaceous material that can improve the electrochemical 

performance of ceramics are carbon nanotubes (CNTs) through either growth or 

deposition of battery materials onto the surfaces of the nanotubes.342 This has 

been shown for a wide range of materials such as manganese oxide deposited 

onto vertically aligned CNTs which greatly improved the capacity, long term 

cycling stability and mechanical strength of the metal oxide.343 It was also 

reported that the C-rate performance of the promising anode material Li4Ti5O12 

(LTO) could be improved by a forming a composite with graphitised CNTs to give 

a capacity retention of 86 % after 100 cycles at the very high specific current of 

10 A g−1.344  

The potential benefits of synthesising composite carbon ceramic materials are 

clear and represent an exciting avenue of research for the improvement of 

electrochemical energy storage. However, to be able to permit these promising 

materials to greatly expand and accelerate battery and capacitor performance 

they must also meet the requirements of a commercial material. These include 

facile material production at large scale, low cost and low environmental impact. 

The ability to balance the requirements of improving material performance 

through addition of different forms of carbon without sacrificing the energy density 

is a further challenge for industrial battery manufactures especially those in the 

automotive industry.10,35,218       

Chapter 4 outlines the results of a combinatorial study investigating the 

relationship between composition of mixed V/Nb/Mo oxides and their 

electrochemical performance as anodes in lithium-ion devices. It was found that 

a key composition, V0.3Nb0.1Mo0.6 (VNM316) outperformed the other 

compositions at all currents tested (>650 mAh g−1 at 0.1 A g−1 and 120 mAh g−1 

at 10 A g−1). Studies on the electronic conductivity and long-term cycling stability 

suggested that the VNM316 material would benefit from the addition of carbon-

based materials, potentially in the form of coatings or porous matrices similar to 

those discussed above.  
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In this chapter is reported the synthesis of a carbon-VNM316 composite anode 

material using a heat treatment assisted CHFS synthesis process, tested as an 

anode material in both lithium and sodium ion batteries and hybrid capacitors. 

These materials were characterised physically using methods such as PXRD, 

XRF, BET, TEM, EDS, Raman and XPS to analyse the nature of the carbon 

present, its interaction with the metal oxide, and elucidate correlations between 

composition and material properties. The materials were then characterised in 

lithium half-cells to evaluate their electrochemical performance as well as 

investigate the effect of the carbon in the composite materials. The highest 

performing material was then fabricated into hybrid capacitor devices to 

investigate the power and energy metrics and evaluate its applicability as an 

anode material for future research and usage. 

5.3 Experimental Methods  

5.3.1 Synthesis of Carbon/VNM Composite Materials 

The different carbon-VNM materials that were synthesised are described in 

section 2.4.3. The labelling used herein follows as such, pure V0.3Nb0.1Mo0.6 is 

referred to by VNM316, the un-coated material post heat treatment is referred to 

by [VNM316]HT, the carbon coated materials are referred to as CVNM-X (where 

X = 1-8 sequentially for the incremental sucrose concentrations investigated) 

reported herein. The full table of materials synthesised can be found in the 

appendix (appendix Table 6). 

5.3.2 Physical Characterisation 

The techniques used to characterise the CVNM materials are described in section 

2.1. 

5.3.3 Electrochemical Characterisation 

The construction of electrodes is described in section 2.2.1, the formation of half-

cells and hybrid capacitor cells are described in section 2.2.2. The electrolytes 

used in lithium half-cells was 1M LiPF6 in 3:7 v/v EC/EMC. The electrolyte used 

in the hybrid capacitor cells was 1M LiPF6 in 1:1 v/v EC/EMC.  

The electrochemical characterisation of half-cells involved: GCD cycling at a 

range of different specific currents including, 0.1, 0.2, 0.5, 1, 2, 5, and 10 A g−1 

over the potential window 0.05 to 3 V vs Li/Li+ performed by an Arbin Instrument 
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(Model BT-2000 battery tester, US). CV analysis was performed in the same 

potential window at range of increasing scanrates including 0.05, 0.1, 0.2, 0.5, 1, 

2, 5, 10, 20, 50 and 100 mV s−1. Potentiostatic EIS was performed by a Gamry 

Interface 1000 Potentiostat, over the sinusoidal frequency range 100 kHz to 10 

mHz. The oscillating alternating current voltage was set to 10 mV ms−1 with the 

area as 1 cm2 and 10-point measurements. The hybrid capacitor cells were 

electrochemically evaluated by GCD and CV testing. Both were performed by a 

Gamry Interface 1000 Potentiostat (Gamry Instruments, USA) over the potential 

window 1 to 4.2 V. 

5.4 Results and Discussion 

5.4.1 Physical Characterisation of Composite CVNM Materials 

The CVNM materials as collected immediately after synthesis were brown 

coloured powders, post heat treatment in inert atmosphere they changed to black 

powders and were initially analysed by PXRD. Prior to heat treatment, the CVNM 

materials were found to be a good match for monoclinic MoO2 ICSD no. 80830, 

just as with the non-sucrose containing material VNM, with a slight peak shift to 

lower angles due to the presence of V and Nb in the structure (Figure 5.1a).295,345 

The PXRD patterns of the CVNM materials post HT are shown in Figure 5.1b, the 

CVNM materials post heat treatment all exhibited peaks at 2θ = ~12, ~16.5 and 

~24°. These were found to be a still be a good fit for monoclinic MoO2.295 This 

retention of the monoclinic crystal phase after the heat treatment process is a 

noteworthy point, one possible explanation could be that as the sucrose coated 

on the particle surfaces undergoes a graphitisation reaction, this protects the 

metal oxide crystal phase from the heat of the furnace. For comparison, pure 

VNM316 metal oxide powder was heat treated by the same protocol, it was 

observed that without the carbon from the sucrose precursor, the [VNM316]HT 

underwent a phase change from monoclinic VO2 to triclinic V0.97Mo0.95O5 (Figure 

5.1c).346  

The quantification of the ratios of transition metals within the materials was 

performed by XRF. It was determined that the atomic percentage of vanadium, 

niobium, and molybdenum in the CVNM materials were a good match to the 

nominal concentrations of pre-cursors prior to the CHFS process, CVNM-6 was 

found to have the composition V:Nb:Mo 28%, 12% and 60% respectively. CHN 
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analysis was performed to quantify the carbon content of the composite materials, 

it was found that CVNM-6 had a carbon content of 1.12 %. 

To further characterise the CVNM materials, BET and BJH analysis were 

performed, Figure 5.4a shows the isotherm of CVNM-1. The specific surface area 

was found to increase for CVNM-6 due to the heat treatment process from 26 to 

85 m2 g−1. This can be explained by the transformation of large amorphous 

carbonaceous particles converting to distinct carbon coatings on nanoparticles, 

thus increasing the surface area. This trend was consistent across all the carbon 

to metal oxide ratios investigated, however there was no significant difference in 

surface area as the carbon content of the precursor solutions were increased with 

the other CVNM-X materials, 1, 2, 3, 4, 6, 7 and 8, exhibiting surface areas of 30, 

71, 39, 76, 85, 91 and 74 m2 g−1 respectively. This could be due to a non-linear 

relationship between initial sucrose concentration and final carbon content, 

further investigation is needed to understand the impact of precursor 

concentration, heat treatment parameters and synthesis conditions on final 

carbon content and surface area. BJH pore size analysis identified a narrow 

distribution of pore sizes, with the average diameter being 3.7 nm for all materials, 

this is indicative that the heat treatment process is central to the formation of the 

pores (Figure 5.2b).347 A good interaction between the active material and the 

electrolyte could therefore be achieved because of the large BET surface area 

and average pore size, thus improving the electrochemical performance.44,344  

In order to investigate the nature of the carbon present in the materials post heat 

treatment, Raman spectroscopy was performed. Figure 5.3 shows the spectra for 

CVNM-6 collected prior to heat treatment, in which the broad feature visible at 

1400 cm−1 and the broad peak at 1600 cm−1 were assigned to the D and G bands 

which correspond respectively to disorder along the c-axis of graphitic carbon 

materials and of the C−C stretch along the plane of carbon sheets.44 Post heat 

treatment, the sharpness of the peaks increases suggesting the formation of 

more graphitic carbon within the material, the intensity of the G band is also 

greater than the D band, this suggests a higher proportion of sp2 hybridised 

carbon (C=C bonds) present in the material. A high ratio of G:D band intensity 

has been shown to correspond to improved electrochemical performance of the 

composite materials.332,348 
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Figure 5.1: PXRD patterns of (a) VNM316 (red) and CVNM-1 (black) prior to 
heat treatment, (b) CVNM-X materials post heat treatment with the reference 
pattern for monoclinic MoO2 (orange), (c) VNM316 (black) and [VNM316]HT 
(red) and the reference pattern for triclinic V0.95Mo0.97O5 source [350]. 

Figure 5.2: (a) BET isotherm of CVNM-1, (b) BJH pore diameter graph for 
all CVNM-X materials. 
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The topography and morphology of the particles of the CVNM material were 

investigated by TEM. The images revealed the CVNM-sucrose materials 

consisted of particles of metal oxide embedded into a carbon matrix (Figure 5.4a). 

Upon higher magnification, lattice fringe planes orientations were observed with 

lattice plane spacings of 0.34 nm, which correspond to the (1 -1 -1) plane of 

monoclinic MoO2 (Figure 5.4b).295 Further to this, the particles imaged were 

measured to have a carbon coating with an average thickness of 5.8 nm (Figure 

5.4c). The small particle size observed suggests that the presence of the carbon 

inhibits agglomeration of particles or sintering during the graphitisation 

process.230 

The composition and spatial dispersion of the constituent elements within the 

carbon coated materials were mapped by EDS. The scans for vanadium, niobium 

molybdenum, oxygen and carbon are shown in Figure 5.5. This not only 

confirmed the presence of all four elements but also highlighted the homogeneity 

of the mixing of all three transition metals within each particle, suggesting the 

integration of the different elements into the same crystal structure, supporting 

the PXRD data which was unable to identify any additional crystal phases. The 

scan for carbon confirmed that the particles were coated, and the lack of any 

Figure 5.3: Raman scattering of CVNM-6 before heat 
treatment (red) and post heat treatment (black) with 
the D and G bands highlighted. 
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clear voids suggests complete coverage and good integration between the 

ceramic and carbon materials. 

 

 

 

  

Figure 5.5: Dark field TEM image of a cluster of particles of CVNM-6 and 
EDS scans for V (green), Nb (orange), Mo (blue), O (yellow) and C (red). 

Figure 5.4: (a) TEM image of a cluster of CVNM-6 particles, (b) HRTEM image of CVNM-6 
with lattice spacings highlighted, (c) HRTEM image of CVNM-6 particles with the carbon 
coating layer thickness measured. 
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XPS was used to investigate the oxidation states of the transition metals present 

and give information regarding the electronic structure of the CVNM materials, 

with the survey scan of CVNM-6 recognising peaks for V, Nb, Mo, O and C. High 

resolution scanning of the V2p area revealed two peaks at 523.7 and 516.4 eV 

with a spin-orbit splitting between them of Δ = 7.33 eV, these peaks were 

assigned to the V2p3/2 and V2p1/2 peaks respectively and were matched to the 

V5+ oxidation state (Figure 5.6).349 The high resolution scan for Mo3d found three 

distinct peaks, which when deconvoluted were found to consist of three sets of 

doublets that each displayed a spin-orbit splitting of Δ = 3.15 eV (Figure 5.7). The 

Mo3d5/2 peaks of each of the sets of doublets were located at 229.8, 231.4 and 

232.6 eV, which were assigned to the Mo4+, Mo5+ and Mo6+ oxidation states 

respectively.350 Analysis of the peak area gave a composition of oxidations states 

of 33%, 20% and 47% respectively. The presence of additional oxidation states 

other than only Mo6+ is different to the XPS findings of the non-carbon coated 

VNM (Figure 5.8), which was found to have two peaks that were located at 232.7 

eV and 235.8 eV and a spin-orbit coupling of Δ = 3.15 eV. These were assigned 

to the Mo3d5/2 and Mo3d3/2 peaks respectively for only the oxidation state Mo6+. 

This suggests that the carbon coating of CVNM is providing partial protection 

from oxidation.351 The high resolution scan for Nb3d gave a doublet of peaks at 

209.9 and 207.2 eV with a spin-orbit splitting of Δ = 2.58 eV, these were assigned 

to the Nb3d3/2 and Nb3d5/2 peaks respectively for the Nb5+ oxidation state.352  
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Figure 5.6: High resolution XPS scan of V2p of 
CVNM-6, with the peaks for the oxidation state 
V(5+) shown in blue. 
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Figure 5.7: High resolution Mo3d scans from XPS of different CVNM materials 
with the doublets for Mo(VI), Mo(V) and Mo(IV) shown in blue, yellow, and red 
respectively.  
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Figure 5.8: High resolution XPS scan of Mo3d of non-carbon 
coated VNM.  
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The exact binding energies of both V2p and Mo3d were shifted to lower and 

higher values respectively compared to literature values, this is suggestive of Nb-

O-V and Nb-O-Mo interactions being present in the material and the differences 

in electronegativity between the three metals causing electron density to be 

pulled away from molybdenum ions towards niobium, and away from niobium 

towards vanadium ions.293 This supports the findings of the EDS analysis, that of 

highly intimate mixing between the metal oxides within the same particles. Across 

the different CVNM materials synthesised, all were found to have the same 

oxidation states present for V, Nb and Mo with the relative ratios of the different 

oxidation states of Mo remaining very consistent. No effect between the sucrose 

concentration and oxidation states detected was found across the materials. 

Understanding the nature of the interaction between the carbon coating and the 

core metal oxide particles is very challenging, current adhesion science suggests 

that chemical and physical interactions at the interface are important for structural 

integrity and reducing delamination.353 The lack of direct metal-carbon bonds 

observed by XPS does suggest a highly physical interaction for the CVNM 

materials at the interface. Further investigation into the size and shape of the 

carbon coatings during cycling and how the changes in volume impact them could 

be used to probe the interaction further. Some studies have shown that FTIR 

could be used to probe the interfacial interactions between polymers and metal 

oxides, however, due to the angle of incidence being a key factor, the technique 

was only applicable to ultrathin deposited layers.354   

In summary, the physical properties of the CVNM materials have confirmed the 

presence of sp2 hybridised carbon coatings on nanoparticles of mixed V/Nb/Mo 

oxide which is mainly uniform across all particles but does not make up a large 

percentage of the total mass of the material. The CVNM materials were found to 

match the crystal structure and elemental ratio of the non-carbon coated VNM 

material previously reported. 

 

 



Chapter 5: Improving the Performance of Mixed V0.3Nb0.1Mo0.6 Oxides as 
Anodes Via Carbon Addition 

 

147 
 

5.4.2 Electrochemical Characterisation of Composite CVNM Materials as 

Lithium-Ion Anodes 

The lithium-ion insertion/extraction properties and the electrochemical cycling 

performance of the CVNM materials as anodes were analysed in half cell 

configurations with lithium metal as the counter electrode. Figures 5.9a and b 

display the first cycle GCD curves for CVNM-1 and CVNM-8 respectively. The 

first initial discharge and charge specific capacities of CVNM-1 were found to be 

871 and 450 mAh g−1 respectively. These were marginally larger than the 

capacity values for the material CVNM-8 (743 and 397 mAh g−1 correspondingly).  

The first cycle coulombic efficiencies of CVNM-1 and CVNM-8 were found to be 

52 and 53 % respectively. All the CVNM materials were found to exhibit similar 

initial charge and discharge capacities and first cycle efficiencies with very little 

variation between them as the carbon content increased. The large capacity 

losses experienced and the low coulombic efficiency on the first cycle could be 

attributed to the decomposition of electrolyte involved in the formation of the solid 

electrolyte interface layers (SEI) on the surface of the active material.355 For all 

CVNM materials tested, the shape of the GCD curves were found to all display a 

smooth curve with two smaller plateaus at 1.35 and 1.70 V vs Li/Li+ and a larger 

plateau below 0.25 V vs Li/Li+. The high-rate performance of the CVNM materials 

was measured at increasing specific currents from 0.1 to 10 A g−1 (Figure 5.9c). 

The overall trend followed such that rate performance increased with carbon 

concentration up the sucrose metal ratio of 2:1, after which it decreased again. 

At low and medium specific currents (0.2, 0.5 and 1 A g−1) CVNM-4 exhibited the 

highest reversible capacities of 638, 666 and 646 mAh g−1 respectively. However, 

at high specific currents (5 and 10 A g−1) CVNM-6 was found to far outperform 

the others with capacities of 366 and 197 mAh g−1 respectively (Figure 5.9d). One 

interesting trend observed was the slow increase in capacity over cycling at low 

current that was displayed by all CVNM materials., CVNM-6 increased from 522 

to 604 mAh g−1 over 10 cycles at 0.2 A g−1. This increase in performance is well 

documented for other conversion materials and was attributed to an activation 

process of the conversion reaction between molybdenum oxide and lithium, and 

to the increase in the number of active sites available for charge storage 

reactions.306,308,356 This effect was further observed once the specific current was 

returned from 10 back to 0.1 A g−1, upon which the reversible capacity of CVNM-



Chapter 5: Improving the Performance of Mixed V0.3Nb0.1Mo0.6 Oxides as 
Anodes Via Carbon Addition 

 

148 
 

6 was found to have increased to 803 mAh g−1. The long-term cycling stability for 

CVNM-6 was investigated by cycling at the high current of 5 A g−1. After 100 

cycles, the capacity had retained ~300 mAh g−1, after 400 cycles this had 

decreased slowly and plateaued at ~110 mAh g−1. The GDC high-rate 

performance and long-term cycling stability for CVNM-6 compare very well to 

other carbon/metal oxide composite materials that have been reported in 

literature (Table 5.1). The applicability of CVNM-6 as a high-performance anode 

material is further bolstered when taking the ease of scalability of synthesis into 

account. 

  

 

 

 

Figure 5.9: (a) GCD first cycle graphs of CVNM-1 (green), (b) GCD first cycle 
graphs of CVNM-8 (orange), (c) specific capacity vs. cycle number graphs of 
all CVNM materials at increasing specific currents, (d) specific capacity vs. 
cycle number at increasing specific currents or CVNM-6, (e) long-term cycling 
specific capacity graph of CVNM-6 at a high specific current of 5 A g−1.  
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To analyse the electrochemical dynamics and kinetics of the charge storage 

mechanisms occurring in the CVNM composite materials cyclic voltammetry was 

performed. Within the CV curve of CVNM-6 at the scan rate of 1 mV s−1, two pairs 

of cathodic/anodic peaks were observed at ≈ 1.2/1.45 and 1.5/1.8 V vs. Li/Li+ 

(Figure 5.10a). These were both  assigned to the reversible crystal phase 

transition of partially lithiated molybdenum oxide (LixMoO2) from monoclinic-to-

orthorhombic-to-monoclinic that occurs as lithium intercalates and de-intercalates 

from the structure.357 Below the potential 0.5 V vs. Li/Li+ a large peak is well 

defined, this was attributed to the conversion reaction of molybdenum oxide and 

lithium to Mo0 and Li2O which provides large amounts of charge storage.313 Figure 

5.10b shows the first, tenth and fiftieth cycles at 1 mV s−1 of CVNM-6. During the 

initial cycle, the overall area of the CV curve is noticeably smaller and there is a 

very large peak on the backward portion of the scan at 1.17 V vs Li/Li+ which was 

assigned to non-reversible reactions involved in the formation of the SEI. By the 

tenth cycle, the area of the CV has increased, and the shape has a more 

pronounced box shape. As can be seen the shape and features change very little 

by the fiftieth cycle with the redox peaks only decreasing in size slightly, this 

demonstrates the stability of the CVNM materials over cycling and their ability to 

retain structural integrity whilst storing charge via the conversion reaction and its 

associated volume expansion and contraction.70,345,358 When the scan rate is 

increased up to 100 mV s−1, the shape of the CV curves becomes more box-like 

with less well defined redox peaks and some peak polarisation observable, 

however it is clear that even at the very high scan rates charge is still being stored 

by the same mechanisms (Figure 5.10c).   
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The combination of diffusion-limited charge storage mechanisms such as 

conversion and intercalation, and capacitive processes are what represents the 

area under the CV curve, with the box-like shape of the overall CV curve 

suggesting pseudocapacitive charge storage occurring alongside the redox 

peaks discussed earlier.90,345 The method described in section 1.2.4 for 

calculating an approximation of the proportion of charge storage occurring by the 

different mechanisms was applied to the CV curve at 1 mV s−1 (Figure 5.10d, 

black) to which the calculated capacitive contribution was overlayed (red shaded 

area), this suggests that a large proportion of the charge stored can be attributed 

to capacitive processes. This was further supported by applying the Trasetti et al. 

method which approximates the capacitive contribution at increasing scan rates 

as a percentage of the total charge stored.83  

Figure 5.10: (a) CV graph of CVNM-6 at a scan rate of 1 mV s−1 with the redox 
peaks labelled, (b) CV graph showing the curves for the 1st, 10th and 50th cycles 
from long term cycling at 1 mV s−1, (c) CV graphs at increasing scan rates, (d) 
CV curved of CVNM-6 at 1 mV s−1 (black) with the calculated capacitive 
contribution overlayed (red shaded). 
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From Figure 5.11 it is clearly observable that this method suggests that as the 

scan rate is increased, the proportion of capacitive charge storage increases for 

CVNM-6 (red shaded), this matches the same analysis applied to pure VNM, 

however the percentages were found to be marginally higher for CVNM, 

potentially due to the carbon playing a role in capacitively storing charge as well 

as the metal oxide. To further investigate how continuous long-term cycling 

affected the performance of CVNM-6, EIS was performed initially before cycling, 

followed by 100 cycles of cyclic voltammetry at a scan rate of 1 mV s−1 with EIS 

analysis repeated every 10 cycles. The compiled EIS results are plotted in Figure 

5.12 and individual nyquist plots after 0, 10 and 100 cycles in Figure 5.13a, b and 

c respectively. Initially the charge transfer resistance was determined to be 5.22 

ohms, over the proceeding cycles the size of the semi-circle of the nyquist plots 

increase steadily to 19.44 ohms after ten cycles and then up to a maximum of 

165.6 ohms after one hundred cycles. This increase in the CTR over long term 

CV cycling suggests that the CVNM-6 material, despite showing markedly 

improved stability than the non-carbon coated metal oxide, still suffers from 

degradation to the integrity of the electrode as is characteristic of conversion 
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mechanism molybdenum oxide based materials.280 The diffusion coefficients of 

lithium ions were calculated for each of the EIS analyses over the long term CV 

cycling (Figure 5.14) through the manipulation of the Warburg coefficient (error 

determined to be ±6 %).207 The diffusion coefficient was found to initially to be 

1.03 x 10−13 cm2 s−1, this increased by more than a factor of two over the first 

thirty cycles to a maximum of 5.73 x 10−13 cm2 s−1. It then decreased gradually 

over the proceeding seventy cycles to just below the initial value to a minimum of 

8.59 x 10−14 cm2 s−1. The initial improvement in lithium ion kinetics can be 

ascribed to a combination of increased penetration of the electrolyte into the 

electrode, and to the activation process of the molybdenum oxide conversion 

mechanism.359 The subsequent decrease in diffusion coefficients observed 

indicates the possible loss of structural integrity of the mixed metal oxide 

electrodes due to the large volume expansion of the conversion mechanism, this 

highlights the need for further development of the carbon-metal oxide composite 

to improve on the long term stability achieved here as well as fundamental 

understanding of the changes in physical structure experienced during cycling, 

which could be achieved by in-situ XRD and high resolution imaging of individual 

particles after cycling.   
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Figure 5.12: Time series graph showing the nyquist plots taken every 10th cycle 
over 100 CV cycles at 1 mV s−1. 
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Figure 5.13: Nyquist plots of CVNM-6 taken at (a) 0 CV cycles, (b) 10 CV cycles, 

(c) 100 CV cycles of 1 mV s−1. 

Figure 5.14: Graph of the lithium-ion diffusion coefficients 
calculated from the Warburg impedance vs. the cycle number for 
CVNM-6. 
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5.4.3 Galvanostatic Intermittent Titration Technique Analysis of 

Composite CVNM-6 Materials in Lithium-Ion Half-Cells 

The diffusion coefficient of lithium ions throughout the CVNM-6 material as a 

function of potential was analysed by galvanostatic intermittent titration technique 

(GITT) for both lithiation and delithiation (Figure 5.15a). The GITT test protocol 

constituted a current pulse of 0.1 A g−1 for 10 minutes, followed by a rest period 

of 10 minutes (Figure 5.15b). The Li+ diffusion coefficients were calculated to be 

in the range of 10−16 cm2 s−1 (error determined to be ±7 %) over the potential 

window (Figure 5.15c), this was lower than the diffusion coefficients determined 

by EIS. On the lithiation scan, the diffusion coefficient increased gradually with 

the potential from 0.15 to 1.13 (10−16) cm2 s−1 at 1 V vs Li/Li+. However, it then 

displayed a drop between ~1.0 to ~1.5 V vs Li/Li+ to 0.96 (10−16) cm2 s−1, after 

which it continued to increase rapidly up to 3.36 (10−16) cm2 s−1 at the maximum 

potential. On the delithiation scan, the diffusion coefficient displayed similar 

behaviour with a gradual increase as the potential decreased from 0.19 to 1.16 

(10−16) cm2 s−1 until ~1.5 V vs Li/Li+ whereupon it too experienced a small 

decrease to 1.01 (10−16) cm2 s−1. Beyond this, the coefficient increased rapidly to 

3.95 (10−16) cm2 s−1 as the potential reached a value of 0.27 V vs. Li/Li+. The 

decreases in diffusion coefficient experienced in the potential window correlate 

well with the redox peak locations observed on the CV scans and could therefore 

be explained by phase transitions occurring within the structure, as has been 

reported in literature for similar behaviours of other active materials.197,198 The 

differences in exact values for the diffusion coefficients calculated from both GITT 

and EIS techniques highlights the complexity involved in comparing different 

methods that utilise different parameters, however this does not detract from the 

scientific insight gained from observation of the coefficients as functions of 

potential or cycle number respectively.       
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Figure 5.15: Graphs of CVNM-6 showing (a) the GITT delithiation (blue) and 
lithiation (orange) tests performed, (b) a single GITT lithiation step with the 
current pulse, rest period and IR drops labelled, (c) graph of the calculated 
Li+ diffusion coefficients as a function of potential vs Li/Li+ for both delithiation 
(blue) and lithiation (orange) GITT steps.  
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5.4.5 Electrochemical Performance of Composite CVNM Materials in 

Lithium-Ion Hybrid Capacitors 

The electrochemical performance of CVNM-6 in a half cell against lithium metal 

highlighted its potential as an anode in energy storage devices. In order to 

investigate this application, hybrid lithium-ion capacitor devices were constructed 

with CVNM-6 electrodes as the anode and activated carbon as the cathode. The 

electrodes were balanced in order to give the HIC the best possible performance, 

the optimal ratio of cathode material to anode material was determined to be 2.5:1 

as shown in Figure 5.16. The AC//CVNM-6 hybrid ion capacitor underwent GCD 

cycling in the voltage window 1 to 4.2 V. Overall the shape of the GCD curves at 

all four specific currents tested (0.5, 1, 2 and 5 A g−1) were found to be triangular 

in nature as is typical for capacitor like behaviour (Figure 5.17a and b). When 

compared to the non-carbon coated pure AC//VNM316 HIC in Chapter 4, at a 

current of 0.5 A g−1, the IR drop for AC//CVNM-6 was found to be less than half 

the value for AC//VNM316 (0.11 and 0.32 V respectively). This clearly shows the 

benefit of the carbon coating to both the conductivity and subsequent energy and 

power performance. However, the size of the IR drop is still a limiting factor for 

the performance especially at high currents. To further investigate the electronic 

conductivity of the AC//CVNM-6 HIC, EIS was performed which gave a value of 

12.56 ohms for the charge-transfer resistance and a value of 10 ohms for the 

resistivity of the device itself (ESR, Figure 5.17c). Both of these resistivity values 

are large when compared to commercial EDLC devices, however they are 

analogous to other metal oxide HIC devices reported in literature that have not 

undergone specific electrode optimisation.360,361 Complex power analysis was 

also performed, this yielded a plot of complex active and reactive power vs. 

logarithmic frequency (Figure 5.17d). From the cross over point of the two plots 

(the resonance frequency), a value for the time relaxation constant was 

calculated to be to = 0.29 s. The discharge data from GCD cycling was converted 

into metrics of energy and power density, at a specific power of 1270 W kg−1 the 

AC//CVNM-6 HIC gave a specific energy of 81 Wh kg−1. At a very high power of 

8500 W kg−1 the specific energy was determined to be 11 Wh kg−1. These results 

were plotted into a Ragone plot with other similar carbon/metal oxide composite 

materials that have been reported in literature (Figure 5.18).194,261,362 
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Figure 5.16: Graph showing the calculated theoretical capacity of a 
HIC device with different cathode to anode (CVNM-6) mass ratios. 
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Figure 5.17: Graphs of the AC//CVNM-6 HIC showing the (a) GCD curves of 0.5 
(black) and 1 (red) A g−1, (b) GCD curves of 2 (blue) and 5 (green) A g−1, (c) 
nyquist plot from EIS, (d) calculated complex active (red) and reactive power 
(black) vs. log frequency with the time relaxation constant labelled. 
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5.7 Conclusions  

In summary, a heat treatment in inert atmosphere assisted CHFS synthesis 

method was used to create composite materials of carbon and mixed vanadium, 

niobium and molybdenum oxide. PXRD analysis determined that the presence of 

the carbon allowed for the protection of the monoclinic MoO2 crystal phase from 

the heat treatment. Transmission electron microscopy identified nanosized 

particles of metal oxide that were both coated in a layer of carbon and embedded 

into a carbon matrix, with different levels of interaction that was heavily dependent 

on the ratio of carbon to metal oxide precursors prior to heat treatment. The heat 

treatment was also found to cause the composite materials to exhibit a large 

increase in BET surface area, Raman spectroscopy confirmed that the carbon 

coatings and matrix were graphitic in nature due to the ratio of D and G bands 
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HICs of carbon/metal oxide composite materials reported in literature, and 
AC//CVNM-6 HIC (orange) Data compiled from sources [194, 261, 362]. 
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measured. The electrochemical characterisation and cycling performance were 

performed in lithium-ion half-cells. Cyclic voltammetry highlighted several well-

defined redox peaks, a large redox peak assigned to conversion mechanism 

charge storage and a pseudocapacitive contribution to overall charge storage of 

72, 92 and 97 % at scan rates of 0.1, 1 and 20 mV s−1. The material CVNM-6 with 

a carbon to metal oxide precursor ratio of 1.5:1, was found to have the best GCD 

cycling performance. At specific currents of 0.1, 0.2, 0.5 1, 2, 5, and 10 A g−1 the 

reversible capacity was found to be 505, 546, 584, 567, 506, 366, and 197 mAh 

g−1 respectively. Long term CV cycling was found by EIS analysis to increase the 

value of charge transfer resistance from 4.22 to 165.6 ohms over 100 cycles at 1 

mV s−1. The diffusion coefficient was determined to initially improve from 1.49 

x10−16 to 3.53 x10−16 cm2 s−1 over the first 30 cycles (±6 % error), and then slowly 

decrease to 1.37 x10−16 cm2 s−1 after 100 cycles (±6 % error), this indicates the 

impact of long term cycling on the stability of the material and highlights the need 

to further improve the electronic and ionic conductivity, and the stability of the 

material to degradative processes such as volume changes during cycling. 

Galvanostatic Intermittent Titration Technique determined the Li+ ion diffusion 

coefficient to lie in the range 10−16 to 10−17 cm2 s−1 (±7 % error) agreeing with the 

EIS analysis. The variation of the diffusion coefficient was found to vary with 

potential, with the large changes corresponding to redox peaks identified by CV. 

A hybrid capacitor of AC//CVNM-6 was fabricated and cycled in the voltage 

window 1 - 4.2 V. Complex power analysis of the impedance data found the value 

for the time relaxation constant was 0.29 s. It was found that over galvanostatic 

charge/discharge cycling, at a medium specific power of 1270 W kg−1 the specific 

energy was 81 Wh kg−1, at a very high power of 8500 W kg−1 the specific energy 

was found to be 11 Wh kg−1. These values performed well when compared to 

other similar composite carbon-metal oxide anodes in hybrid capacitors. The 

electrochemical performance of composite carbon-V-Nb-Mo oxide materials 

reported here identifies the as candidates for use as high-power anodes in 

lithium-ion batteries and hybrid capacitors and warrants further investigation into 

the application to larger energy storage devices. 
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5.7 Outlook 

The addition of graphitic carbon to mixed V-Nb-Mo oxides and the resultant 

improvement of the electrochemical performance has indicated itself as a 

successful method for producing potential candidates for high power and high 

energy anodes. In order to further improve the performance, the issues 

surrounding low conductivity and long-term stability must be addressed. Possible 

routes of investigation for these could include the addition of highly conductive 

carbons such as single-wall nanotubes or graphene sheets, which by introducing 

to the metal oxide in conjunction with a sucrose-based carbon coating could 

create an intricate 3D matrix in which the nanotubes or graphene provide the 

increase in conductivity required for high power performance and the carbon 

coating continues to improve the long-term cycling stability. Another potential 

direction of investigation could focus on the heat treatment conditions and carbon 

precursor ratio with the aim of optimising the coating on individual particles and 

understanding the relationship between time, temperature, coating thickness and 

levels of agglomeration. In order to improve the interaction between the 

carbonaceous materials and mixed metal oxides, the effect of the carbon coatings 

and/or additives on the structural changes which occur during 

lithiation/delithiation must be investigated using techniques such as in-situ XRD 

and XPS during cycling to give the results as a function of potential and state of 

charge. One further area of research should focus on the scale up of both the 

CHFS method and the heat treatment process to synthesise reproducible 

materials that match the performance of lab scale ones. This importance of 

addressing this challenge is large due to the well-known difficulties of scaling up, 

and the inability of any high-performance material to influence industrial lithium-

ion battery and hybrid capacitor devices without a process which can produce 

material on the scale needed. An initial investigation into the scale-up of this 

material via CHFS has proven successful, however far more research is required 

to take it to fruition.  
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6.0 Materials Discovery and Development of Mixed Iron, 

Manganese and Zinc Oxides as Lithium-Ion Anodes  

 

‘The real purpose of the scientific method is to make sure nature hasn’t mislead 

you into thinking you know something you actually don’t know’  

– Robert M. Persig 

6.1 Aims 

The aims of this chapter are to investigate ternary Fe, Mn and Zn mixed metal 

oxides produced by CHFS as anode materials for lithium-ion batteries. The 

application of carbon composite formation techniques learned from previous work 

applied to the highest performing compounds to improve the specific capacity, 

capacity retention at high current and long-term stability. 

6.2 Introduction 

As the prevalence of lithium-ion batteries in society increases, the need for 

developments in battery technology is critical.102,363,364 However, as research 

efforts are directed at greater energy and power densities, two other aspects that 

must be considered in parallel are sustainability and cost. As discussed in the 

introduction (Chapter 1), the sales of lithium-ion batteries are forecast to increase 

by more than threefold in the next 10 years, therefore the amounts of raw 

materials that must be extracted to meet this demand are also set to increase.3 

This means that the identity of the elements used in the active materials can have 

serious implications regarding financial cost, environmental impact and energy 

security concerns.365 Future research of new active materials should focus on 

elements that are abundant, have a low environmental impact and low cost of 

extraction and processing (Figure 6.1). Many of the first and second row transition 

metals satisfy these criteria and are also of interest electrochemically as metal 

oxides.34,56,366 Examples include Fe, Mn, and Zn based oxides.53,54,313,367,368 

However, as previously discussed there are several drawbacks to conversion 

mechanism materials that must be addressed before they are applied to large 

scale energy storage. These include characteristics such as large volume 

expansion and contraction during cycling which can lead to rapid capacity fading, 

as well as low electronic conductivity and poor performance at fast rates.34,369  
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Certain iron oxides (Fe3O4 and Fe2O3) present themselves as candidates of 

interest due to having theoretical capacities of 926 and 1008 mAh g−1 

respectively, having a low environmental impact and being naturally abundant in 

the earth’s crust.370–373 However they suffer from very low intrinsic conductivity, 

capacity loss over long term cycling as well as the reduction of available iron 

through the reaction with lithium not exhibiting any electrochemical behaviour.341 

The method of forming composites of metal oxide and carbon based materials 

has been discussed in depth throughout this thesis for a range of different 

materials. It has also found to be successful for iron oxides as a way to address 

the inherent issues.374 One example of this was reported by Jiang et al., where 

porous nano-frameworks of Fe2O3/graphene were formed and utilised as a 

flexible anode in lithium-ion batteries, which showed a high capacity of 1129 mAh 

g−1 at 0.2 A g−1 after 130 cycles.375 Another example reported by Li et al. was 

graphene oxide encapsulated Fe2O3 nanoparticles which displayed a specific 

capacity of ca. 890 mAh g−1 at 0.1005 A g−1 after 50 cycles and retained 405 mAh 

g−1 after 1000 cycles at 1.005 A g−1.376  

Figure 6.1: Graph showing the logarithmic abundance of a range of different 
elements in the earth’s crust. The elements focused on in this chapter are 
highlighted in blue. Data adapted from results by K. Barbalace [368]. 
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Examples for Fe3O4 materials include an aerogel formed from partially reduced 

graphene oxide with nanoparticles of Fe3O4 deposited that displayed a reversible 

capacity of 2083 to 2136 mAh g−1 after 100 cycles at a specific current of 0.5 A 

g−1.377 One further example was shown with an aligned Fe3O4/graphene 

architecture formed using a upward magnetostatic field, that was found to have 

greatly improved lithium storage properties with 700  and 610 mAh g−1 at 3 and 

10 A g−1 respectively after 1000 cycles.378 

Manganese oxides have also drawn significant interest as electrode materials in 

lithium-ion batteries due to their high prevalence on earth, low cost, ability to 

display many different oxidation states and form various crystal structures.47 

Several different manganese oxides have been identified as possible anodic 

candidates such as MnO, MnO2 and Mn2O3, as they can undergo conversion 

reactions with lithium ions, giving them high theoretical specific capacities of 756, 

1232 and 1018 mAh g−1 respectively.379 Once again progress has been made by 

combining these materials with conductive carbonaceous materials, such as a 

hydrothermally synthesised nitrogen doped cauliflower-like porous MnO@C/N 

composite  were found to have a capacity of 837 mAh g−1 at 0.5 A g−1.380 Further 

to this, a hybrid material of MnO2 grown directly onto fabrics of carbon nanotube 

fibres gave very high capacities at low and high current, 1100 and 500 mAh g−1 

at 0.025 and 5 A g−1 respectively, and a good capacity retention of 97 % after 

1500 cycles at 5 A g−1.381 These improvements in performance as lithium-ion 

electrode materials were also reported for the material Mn2O3, reduced graphene 

oxide was used to form a composite Mn2O3/rGO that displayed a porous 

microcube structure containing interconnected particles.382 These microcube 

composites gave a very high capacity of 1015 mAh g−1 at 0.23 A g−1 (0.5C) over 

130 cycles. 

Another method of improving the electrochemical performances of individual iron 

and manganese oxides is to substitute in an additional transition metal atoms to 

give mixed metal oxides that have a spinel structure of AB2O4 (A/B = Zn, Ni, Cu, 

Fe, Co, Mn, Mo, Sn).57 The reasons for this include higher ionic and electronic 

conductivities, easy methods of synthesis and high theoretical capacities. In 

general spinels store charge through the combination of conversion reactions 

from metal oxide to nanocrystals of metal and lithium dioxide and an 
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alloying/dealloying process of the second metal species with lithium. This is the 

case for zinc which can undergo alloying with lithium ions thereby giving a 

theoretical capacity of ~1000 mAh g−1 for the compound ZnFe2O4 by increasing 

the number of lithium atoms that can be hosted per formula unit from 8 to 9 

(Equations 6.1 and 6.2).332 

𝑍𝑛𝐵 𝑂 + 8𝐿𝑖 + 8𝑒 → 2𝐵 + 4𝐿𝑖 𝑂 +  𝑍𝑛  )   (6.1) 

𝑍𝑛 + 𝐿𝑖 +  𝑒 → 𝐿𝑖𝑍𝑛     (6.2)             

The general formula of a spinel (AB2O4) consists of divalent (A2+) and trivalent 

(B23+) cations which form a unit cell that contains 64 tetrahedral cations and 32 

octahedral cations.383 The spinel structure can be further separated into normal, 

inverse and mixed spinels, each of which are differentiated by the cation 

occupancy.384 The normal spinel structure consists of the A cations sitting in the 

tetrahedral sites and the B cations sitting in the octahedral sites preferentially and 

is denoted by the formula [A2+][B23+]O4. In the inverse spinel crystal structure, the 

octahedral sites are inhabited by all of the A cations and half of the B cations and 

the remining B cations sit on the tetrahedral sites, they are denoted by the formula 

[B3+][A2+B3+]O4 and examples include the materials CoFe2O4 and NiFe2O4.385,386 

The third form of spinels, the mixed spinel, as the name suggest contains both 

the A and B cations occupying both the octahedral and tetrahedral sites. Mixed 

spinel’s are denoted by the chemical formula [Ax2+B1-x3+][A1-x2+B1+x3+]O4, 

examples include the materials MnCo2O4 and CoMn2O4.387      

Ferrite based spinel’s, AFe2O4 (A = Zn, Mn, Cu and Co) are one type of spinel 

that show interesting magnetic and electrochemical properties, as well as being 

highly abundant on earth and environmentally friendly.388 The zinc ferrites 

mentioned above (ZnFe2O4) display a normal spinel structure, despite having a 

theoretical capacity far above graphite, the charge storage mechanisms can 

cause major capacity fading over short term cycling.121 This therefore makes 

them prime candidates for material engineering techniques such as 

nanostructuring and formation of composites. It was shown by Won et al. that by 

forming ZnFe2O4 into yolk-shell architectures through a spray drying process, a 

high specific capacity of 862 mAh g−1 after 200 cycles at 0.5 A g−1 could be 

achieved.389 When investigated as anodic materials in full lithium-ion cells Varzi 
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et al.390 reporting a maximum gravimetric energy of 202 Wh kg−1 at low current 

and a maximum gravimetric power of 3.72 kW kg−1 at high current cycling for 

carbon coated nanoparticles of ZnFe2O4 as the anode in conjunction with 

LiFePO4/CNT composite as the cathode. 

Manganese ferrites (MnFe2O4) are another promising set of materials for energy 

storage applications with a theoretical capacity of 928 mAh g−1 that is provided 

by a conversion mechanism that can accommodate eight lithium or sodium ions 

per formula unit.383 The electrochemical performance of MnFe2O4 was found to 

be greatly improved by synthesising microspheres.391 The porous microspheres 

were found to display a reversible capacity of 712 mAh g−1 after 50 cycles at 0.2 

C, this was accounted for by the ability of the porous structure to withstand the 

volume changes. The long term cycling stability was improved on through the 

formation of carbon coated nanoparticles of MnFe2O4 arranged into hollow 

microsphere architectures via an emulsion based process.392 These were found 

to retain a very high specific capacity of 730 mAh g−1 after 300 cycles at 2 A g−1, 

and could exhibit 433 mAh g−1 at the very high current of 10 A g−1. The benefits 

of carbon-MnFe2O4 composites has also been found in sodium ion batteries as 

well, Kollu et al. showed that a nanocomposite of MnFe2O4/rGO could not only 

deliver a stable capacity of 905 mAh g−1 at 0.1C versus Li/Li+ but also a very 

impressive 258 mAh g−1 at the same rate versus Na/Na+.393 

Other similar spinel examples include ZnMn2O4 which was reported to give a 

specific capacity of 896 mAh g−1 at 0.2 A g−1 and retained 800 mAh g−1 after 300 

cycles at 0.5 A g−1 when synthesised as porous microspheres.394 Composites of 

ZnMn2O4/graphene nanosheets were found to improve on this performance with 

a capacity retention of 650 mAh g−1 after 1500 cycles at 2 A g−1.395  

From the work reported herein this thesis and throughout the wider literature, 

there are also major benefits in electrochemical performance to be obtained 

through the formation of tertiary mixed metal oxides with metal ions of different 

valences.65 Synergistic effects in the local electronic structure can be induced in 

particles through the sharing of electron density between ions of different 

electronegativities, which can lead to the preferential promotion of different redox 

sites to the surfaces and thereby different interactions with lithium ions.396 
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The work in this chapter describes the use of CHFS to synthesise a range of 

individual, binary and tertiary mixed metal oxides with the constituent elements 

Fe, Mn, and Zn. The physical characterisation of the nanomaterials, as well as 

the electrochemical analysis as anode materials for lithium-ion batteries is also 

explored and discussed. The materials that displayed high specific capacities at 

both low and high current, as well as those that exhibited greater long term cycling 

stability were identified and then subjected to the formation of a graphitic carbon 

coating to further improve the electrochemical performance. The nature of the 

interaction between the different oxidation states, crystal phases and the 

carbonaceous elements were investigated and used to deepen the 

understanding of the mechanisms occurring, how they relate to electrochemical 

performance and how to manipulate them to obtain high energy and high anode 

material for lithium-ion energy storage devices. 

6.3 Experimental Methods 

6.3.1 Synthesis Methods 

The experimental set-ups and synthesis parameters are described in detail in 

section 2.3.4.  

6.3.2 Physical Characterisation   

The techniques and methods used to characterise the physical properties are 

described in section 2.1. 

6.3.3 Electrochemical Characterisation 

The formation of electrodes and half cells are described in section 2.2.1 and 2.2.2 

respectively. The electrolyte used in the lithium-ion half-cells was 1M LiPF6 in 3:7 

v/v EC/EMC. GCD cycling was performed at a range of specific currents over the 

potential window 0.05 to 3 V vs. Li/Li+ by an Arbin Instrument (Model BT-2000 

battery tester, USA). CV and potentiostatic EIS analysis were both performed on 

a Gamry Interface 1000 Potentiostat (Gamry Instruments, USA). CVs were 

conducted at different scan rates in the voltage window 0.05 to 3 V vs. Li/Li+, EIS 

was performed over the frequency range 100 kHz to 10 mHz, the oscillating AC 

voltage was 10 mV ms−1, for 10-point measurements. 
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6.4 Results and Discussion – Materials Discovery Study of Mixed 

Fe/Mn/Zn Oxides 

6.4.1 Synthesis of Mixed Fe/Mn/Zn Oxides 

The ratios of the different constituent metals were selected to give a picture of 

the composition/structure/performance relationships. The nominal target 

materials are shown in Figure 6.2. The full list of nominal ratios and detailed 

information regarding the synthesis conditions are found in section 2.4.4. The 

materials were denoted by the relative ratios of the metals, e.g., Fe = 0.33, Mn = 

0.33 and Zn = 0.33 is referred to as FMZ111. The materials were obtained post 

CHFS, cleaned by centrifugation and then freeze-dried. The final materials were 

collected as black, grey, and yellow powders depending on the concentrations of 

the metals. For the synthesis of carbon composite FMZ materials (denoted herein 

CFMZ), the carbon source (sucrose) was introduced to the CHFS process in-

flow, the as-collected materials were, cleaned by centrifugation, freeze-dried, and 

subjected to heat treatment under nitrogen atmosphere. The final materials were 

collected as black powders. 

 

 

Figure 6.2: Ternary diagram of Fe, Mn and Zn with the 
target compositions for single metal oxides (blue dots), 
binary metal oxides (red dots) and tertiary metal oxides 
(green dots) highlighted. 
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6.3.2 Physical Characterisation of Mixed Fe/Mn/Zn Oxides 

The as-synthesised materials were initially analysed by XRF to determine the 

ratios of constituent metals. It was found that the ratios of metals determined by 

XRF were a good match to the target composition ratios as shown by Figure 6.3. 

There was a trend observed for the tertiary materials, in which the relative 

amounts of manganese were found to be slightly lower than expected (~1%), this 

was attributed to several factors including not all the manganese reacting in the 

CHFS process, as well as the hydroscopic nature of manganese nitrate that could 

alter the mass of manganese in the precursor solutions.  

All materials were initially investigated by PXRD. For the single metal oxides, the 

CHFS iron oxide was found to have well defined peaks at 2θ = 15.08, 16.19, 

22.21 and 24.14 ° that were indexed to a trigonal corundum Fe2O3 structure 

(Figure 6.4, ICSD collection code: 7797).397 The CHFS manganese oxide was 

also found to have sharp peaks at 2θ = 8.26, 13.18, 14.71 and 16.39 ° that were 

indexed to a tetragonal spinel Mn3O4 structure (Figure 6.5, ICSD collection code: 

257346).398 The CHFS zinc oxide was found to be a good match for hexagonal 

ZnO with peaks at 2θ = 14.5, 15.68 and 16.48 ° (Figure 6.6, ICSD collection code: 

26170).399   
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Figure 6.3: Ternary diagram showing the target compositions (blue 
squares) and the compositions of metals determined by XRF (red 
dots). 
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Figure 6.5: Graph showing the PXRD pattern for CHFS manganese 
oxide (blue) and the reference pattern for spinel Mn3O4 (ICSD coll. 
code: 257346). 
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Figure 6.4: Graph showing the PXRD pattern for CHFS iron oxide 
(green) and the reference pattern for corundum Fe2O3 (ICSD coll. 
code: 7797). 
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PXRD analysis of the binary metal oxides revealed sharp, well-defined peaks for 

all the materials synthesised. Along the Zn-Mn binary line (Figure 6.7), the 

material ZnMn41 was found to be a good match for hexagonal ZnO,399 with a few 

very small peaks/shoulders visible of an additional second phase. As the 

concentration of Mn was increased through the materials ZnMn32 and ZnMN23, 

the small peak at 2θ = 13.14 ° grew significantly in intensity and was matched to 

spinel Mn3O4.398 The relative intensities of the two phases in ZnMn23 suggest 

equal amounts of the two were present in the material. For the higher Mn 

concentration material ZnMn14, the spinel Mn3O4 phase become dominant as 

was to be expected.  

For the materials along the Zn-Fe binary line however (Figure 6.8), the high iron 

material ZnFe14 was not matched to corundum Fe2O3 in contrast to the single 

metal oxide. The peaks at 2θ = 13.7 and 16 ° of the dominant phase were found 

to be a spinel ZnFe2O4 structure,400 the disparity between the crystal structure 

and the stoichiometry also suggests the possibility of iron atoms also sitting on 

the A sites as well as the B sites.401 As the concentration of zinc was increased, 
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Figure 6.6: Graph showing the PXRD pattern for CHFS zinc oxide 
(red) and the reference pattern for hexagonal ZnO (ICSD coll. code: 
26170). 
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the peak at 2θ = 16.5 ° for ZnO grew significantly to give roughly equal proportions 

of the two crystal phases in the materials ZnFe32 and ZnFe23, for the material 

ZnFe41 the dominant phase was determined to be ZnO, however there was a 

small peak at 2θ = 16 ° indicating the presence of a small amount of ZnFe2O4 

that remained. 

The materials along the final binary line of Fe-Mn were analysed to have a mixture 

of crystal phases (Figure 6.9). At either end of the compositional line, high 

concentrations of Mn gave a multitude of diffraction peaks, some of which were 

a match to spinel Mn3O4 and others that indicated the presence of several other 

phases. High concentrations of iron were found to give predominantly peaks that 

were matched to spinel MnFe2O4 (ICSD collection code:155275),402 with some 

small impurity peaks from other crystal phases present. For the materials FeMn23 

and FeMn32, the PXRD patterns were much cleaner and showed that MnFe2O4 

was the dominant phase with almost no visible impurity peaks.  

The PXRD patterns for the tertiary metal oxides (Figure 6.10) were found to have 

predominantly two crystal phases present, peaks at 2θ = 15.68 and 16.48 ° were 

observed for materials with high concentrations of zinc and were indexed to 

hexagonal ZnO,399 however these peaks were small in relative intensity 

suggesting it was a secondary phase. The larger peaks at 2θ = 13.7 and 16 ° 

were seen for all of the mixed ZnFeMn materials, these were found to be a good 

match for the spinel crystal structure of AFe2O4 (A = Zn and Mn) with mixed 

occupancy of the A site with Zn and Mn reflective of the overall 

stoichiometry.400,402  
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Figure 6.7: Graph showing the PXRD patterns for the binary Zn-Mn 
materials with the reference patterns of ZnO (black) and spinel Mn3O4 
(red) plotted. 
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Figure 6.8: Graph showing the PXRD patterns for the binary Zn-Fe 
materials with the reference patterns of ZnO (red) and spinel ZnFe2O4

(red) plotted. 
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Scherrer crystallite size analysis was performed for all FMZ samples, the most 

intense peak of the dominant crystal phase was selected for use in the analysis. 

All the mixed metal oxide materials were found to have small crystallite sizes 

between 6-53 nm (Figure 6.11). These small sizes combined with the sharp 

nature of the PXRD patterns suggests that the particle sizes will also be small 

(<100 nm), this is supported by previous findings of similar materials synthesised 

by CHFS.174,403,404 It was observed that the smallest Scherrer sizes were found 

in general for those materials with lower than 50 % Zn content as seen by the 

large blue swathe on the heat map, whilst the largest crystallite sizes were 

calculated to be for pure CHFS Mn oxide and for high Zn content materials. 
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Figure 6.9: Graph showing the PXRD patterns for the binary Fe-Mn 
materials with the reference patterns of Mn3O4 (black) and MnFe2O4 
(red) plotted. 
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The BET specific surface areas (SSA) of all the FMZ materials were found to 

quite low across compositional space. For example, the SSAs for ZnO, FeO, 

MnO, ZnFe23, FeMn23, ZnMn23 and FeMnZn111 were found to be 16.6, 8.8, 

22.7 39.3, 32.8, 17.5 and 53.5 m2 g−1 respectively.  

Further physical characterisation of the materials was found to be challenging. 

Due to the vast majority of the materials displaying magnetic properties, imaging 

of the particles through Transmission Electron Microscopy was not possible 

without advanced techniques such as Lorentz microscopy or electron 

holograpy.405 The presence of iron in the samples was also determined to make 

the determination of the valence states of the metals exceptionally difficult. This 

is due to the 2p3/2 peak of Fe (II) and high-spin Fe (III) compounds displaying 
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Figure 6.10: Graph showing the PXRD patterns of the tertiary Zn-Fe-Mn 
materials with the reference patterns for ZnO (black) and ZnFe2O4 (lilac) 
plotted. 
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broader peaks that for low spin Fe (III). This is a result of spin-orbit coupling 

between the 2p core hole and unpaired 3d electrons, crystal field interactions and 

electrostatic interactions, creating multiplet splitting such as those calculated by 

Gupta and Sen.406 The fitting of Fe (III) peaks is only made more complex by the 

presence of other forms of Fe being present in the sample as shown by M. C. 

Biesinger et al.407 The addition of other metal ions with their own complex 

electronic structures such as Manganese, being present in the material and 

interacting with the Fe ions, only exacerbates the issue. In order for the accurate, 

reliable fitting of a spectra to elucidate oxidation states, the spectra of standards 

of similar mixed metal materials with known oxidation states would be required in 

order to build a model for comparison.408 The construction and optimisation of 

this model is outside the current remit of this thesis and would be an avenue for 

potential future research. 
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Figure 6.11: Ternary diagram with the calculated Scherrer 
crystallite sizes plotted as a heat map, red as the largest and blue 
as the lowest. 
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6.3.3 Electrochemical Characterisation of Mixed Fe/Mn/Zn Oxides 

The average specific capacities over 10 cycles at currents of 0.1, 0.5 and 1 A g−1 

were plotted as a heat map overlayed onto ternary plots of composition (Figure 

6.12a, b and c correspondingly). At the low specific current of 0.1 A g−1, the 

majority of the mixed Fe/Mn/Zn materials displayed high average specific 

capacities between ~300 to ~500 mAh g−1, the lowest specific capacities were 

found to be at the very edges of the ternary plots for the individual metal oxides. 

Overall, the distribution of specific capacities loosely followed the opposite to the 

Scherrer size plot (Figure 6.11), potentially suggesting a correlation between 

small particle size/amorphous nature and higher specific capacity, as has been 

reported previously for metal oxide materials displaying 

pseudocapacitance.304,409 All of the Fe/Mn/Zn materials were found to display 

sever capacity loss over cycling, with the effect more pronounced at higher 

specific currents. This behaviours of capacity loss has been reported previously 

for similar materials.317 The specific capacities were all found to be lower than the 

theoretical capacities for individual metal oxides and some spinel materials 

discussed above, this could be associated to the low levels of crystallinity 

achieved by CHFS alone, as seen by PXRD analysis, and suggests these 

material could benefit from a post-synthesis heat treatment protocol to improve 

the crystallinity as has been shown previously in this thesis.   



Chapter 6: Materials Discovery and Development of Mixed Iron, Manganese 
and Zinc Oxides as Lithium-Ion Anodes 

 

181 
 

To investigate the cycling behaviour across compositional space further, the GCD 

plots of specific capacity vs. potential of Zn0.4Fe0.6, Zn0.4Mn0.6, Fe0.4Mn0.6 and 

Fe0.33Mn0.33Zn0.33 were constructed (appendix Figure 16), from these differential 

capacity plots (dQ/dV vs. potential) were created for cycles 2, 3, 5 and 10 at a 

specific current of 0.1 A g−1 (Figure 6.13a, 6.14b, 6.13c and 6.13d respectively. 

Analysis of the plots revealed several peaks that relate to capacity, in three 

different areas that were attributed to different charge storage mechanisms: 

Region (a) has been attributed in literature to electrolyte decomposition providing 

additional capacity;58,410 Region (b) contains the largest charge storage peaks 

that were attributed to conversion reactions from oxide to elemental metal and 

back again for both Fe and Mn oxides;373 Region (c) was associated with charge 

storage by reversible lithium intercalation into the crystal structures for Fe, Mn 

and Zn oxides.411–413 The size and location of the peaks and therefore for the 

regions was determined by the onset and cut off potentials of the intercalation 

Figure 6.12: Compositional ternary diagrams with specific capacity overlayed 
as a heat map at specific currents of a) 0.1 A g−1, b) 0.5 A g−1 and c) 1 A g−1.  
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and conversion peaks. These were found to vary with composition, Zn0.4Fe0.6 

displayed both a sharp peak for conversion storage (region b) and the highest 

potential window of ~0.75-1.25 V vs. Li/Li+ (Figure 6.13a). In comparison, the 

conversion peak for Zn0.4Mn0.6 was found to be much broader and over a lower 

potential window (~0.25-0.90 V vs. Li/Li+, Figure 6.13b). The composition of 

Fe0.4Mn0.6 was found to be at an even lower potential window of ~0.25-0.50 V vs. 

Li/Li+ (Figure 6.13c). The tertiary composition Fe0.33Mn0.33Zn0.33 displayed the 

largest potential windows for both regions b and c (conversion and intercalation 

respectively), which is expected due to the presence of the three different metals 

having different onset potentials for reaction with lithium ions. All four types of 

material display a significant decrease in the size of all of the different peaks 

between cycle 2 and cycle 10, this reduction in capacity could be associated with 

irreversible changes to the crystal structure and particles due to volume changes 

upon the insertion and removal of lithium associated with conversion reactions.414 

Figure 6.13: Differential capacity plots (dQ/dV vs. potential) of cycles 2, 3, 5 and 
10 (black, red, blue and green respectively) at a specific current of 0.1 A g−1 for 
a range of different FMZ materials from across ternary compositional space. (a) 
Zn0.4Fe0.6 (b) Zn0.4Mn0.6 (c) Fe0.4Mn0.6 (d) Fe0.33Mn0.33Zn0.33. 
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The highest specific capacity of the materials tested was found to be 531 mAh 

g−1 for FeMn41 (Fe0.8Mn0.2). As the specific current was increased to 0.5 and 1 A 

g−1, the composition Fe0.2Mn0.75Zn0.05 was identified as having specific capacities 

of  172 and 105 mAh g−1 respectively (shown by the hot spot on the ternary heat 

maps), displaying greater capacity retention and more stable cycling compared 

to all other compositions tested including the zinc free analogue material 

Fe0.2Mn0.8, highlighting it as a composition of interest for further development and 

investigation. At high specific currents (>1 A g−1) the capacity decreased 

dramatically (Figure 6.14a), this was suggestive of poor conductivity limiting high 

current performance, as well as low stability due to the volume expansion 

associated with the conversion reaction of both Mn and Fe oxides and 

lithium.415,416 The GCD curves of Fe0.2Mn0.75Zn0.05 show large voltage plateaus 

between 1-1.5 V vs Li/Li+ on the charge step and 0.75-0.2 V vs. Li/Li+ on the 

discharge step of the first cycle. This behaviour was found to be consistent on 

the 2nd and even 10th cycles (Figure 6.14b) despite the drop in capacity observed 

overall. The subsequent differential capacity plot identified the same peaks and 

regions for intercalation, conversion, and additional charge storage as for the 

other compositions discussed above. However, it was observed that the size of 

the dQ/dV vs. Potential plots did not decrease very much between cycle 2 and 

cycle 10, this improved capacity retention indicates the possible effects of 

pulverisation by volume fluctuations were reduced for this material. One possible 

explanation for this could be the doping of Zn into the crystal structures, this has 

been shown in literature to introduce oxygen vacancies and to assist in the 

conversion reactions.417 Further work and specialised techniques are needed to 

elucidate the atomic structure and interactions with lithium of these materials to 

fully understand the trends that are observed.418,419  

The voltage hysteresis of the Mn/Mn2+ redox couple was analysed (Figure 6.14d), 

it was found that at a 50 % state of charge (SOC), the charge (delithiation) and 

discharge (lithiation) voltages were 1.208 and 0.525 V vs Li/Li+ respectively, 

giving a difference of 0.683 V vs Li/Li+. The presence of voltage hysteresis, or 

overvoltage, has previously been assigned as one of the main causes for a drop 

in performance over cycling.420 Voltage hysteresis results from a range of 

different effects. Thermodynamic hysteresis within an active material 
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corresponds to varying rates of lithium insertion into particles, which has been 

reported to be directly correlated to the operating temperature.421 This can occur 

in conjunction with mechanical hysteresis and physical stress caused by 

differences in the lattice parameters at the boundaries of different crystal phases 

at different levels of lithiation.422 The large structural differences between the 

unlithiated metal oxide, partially lithiated metal oxide and elemental metal and 

lithium oxide that are all associated with the conversion charge storage 

mechanisms of Fe and Mn oxides are likely to have played a role in the hysteresis 

observed.423,424 

 

Figure 6.14: Graphs of Fe0.2Mn0.75Zn0.05 oxide in lithium-ion half cells showing a) 
the specific capacity at different specific currents, b) the GCD curves for the 2nd 
(black) 3rd (red), 3rd (blue) and 10th cycles (green) at 0.1 A g−1, c) the dQ/dV vs. 
potential plot, d) the GCD curves of SOC vs. potential of the 2nd cycle at 0.1 A 
g−1 with the voltage hysteresis highlighted. 
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6.4 Results and Discussion– Carbon Composite Mixed Fe/Mn/Zn Oxide 

Materials  

6.4.1 Synthesis of Carbon Composite Mixed Fe/Mn/Zn Oxides 

The materials Fe0.2Mn0.75Zn0.05 and Fe0.2Mn0.8 were identified and selected for 

investigation into methods of improving its electrochemical performance 

particularly at high current cycling to make them applicable for applications such 

as HICs.  A range of different carbon/metal oxide materials were synthesised in-

flow where sucrose (the carbon source), and the metal salt precursors in the 

relative compositions outlined above, were dissolved at different sucrose: metal 

ratios and passed through the CHFS reactor. The as-collected powders after 

cleaning and drying were heat treated in a nitrogen atmosphere at 750 ℃ for 3 

hours and the final products were collected as black powders. Ratios for each 

material can be found below (Table 6.1). The materials were referred to by 

C(FeaMnbZnc)-XHT, where C denotes the carbon from sucrose, a, b, and c are 

the relative atomic percentages determined by XRF, X denotes the ratio of 

sucrose to metal and HT refers to post heat treatment.  

Sucrose to Metal Molar 

Ratio 

FMZ Sample Name FM Sample Name 

1:2 C(FeaMnbZnc)-0.5HT C(FeaMnb)-0.5HT 

1:1 C(FeaMnbZnc)-1HT C(FeaMnb)-1HT 

2:1 C(FeaMnbZnc)-2HT C(FeaMnb)-2HT 

3:1 C(FeaMnbZnc)-3HT C(FeaMnb)-3HT 

4:1 C(FeaMnbZnc)-4HT C(FeaMnb)-4HT 

5:1 C(FeaMnbZnc)-5HT C(FeaMnb)-5HT 

Table 6.1: Table showing the different sucrose to metal oxide ratios and the 
sample names. 
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6.4.2 Physical Characterisation of Carbon Composite Mixed Fe/Mn/Zn 

Oxides 

Initially, all materials were investigated by XRF prior to heat treatment to 

investigate the effect of sucrose on the precipitation of the metal oxides. It was 

observed that the four lowest carbon to metal ratios, C(FeMnZn)-0.5 to 

C(FeMnZn)-3, and C(FeMn)-0.5 to C(FeMn)-3 all gave elemental ratios that 

matched the initial metal salt concentrations of Fe = 0.2, Mn = 0.75 and Zn = 0.05 

for the zinc containing samples, and Fe = 0.2 and Mn = 0.8 for the zinc free 

samples. However, both C(FeMnZn)-4 and C(FeMnZn)-5, and C(FeMn)-4 and 

C(FeMn)-5 were found to have different ratios of metals post synthesis (Table 

6.2). The high relative concentrations of the sucrose have affected the 

precipitation of the metals, reducing the amount of Mn, and increasing the 

amounts of Fe and Zn present in the materials. 

 Pre-CHFS, aqueous solution Post-CHFS    

XRF values 

 [Fe] / % 

of Total 

Molarity 

[Mn] / % 

of Total 

Molarity 

[Zn] / % of 

Total 

Molarity 

[Fe] / 

at. % 

[Mn] / 

at. % 

[Zn] 

/ at. 

% 

C(FeaMnbZnc)-

4HT 

20 75 5 66 21 11 

C(FeaMnbZnc)-

5HT 

20 75 5 72 17 9 

C(FeaMnb)-4HT 20 80 0 69 30 N/A 

C(FeaMnb)-5HT 20 80 0 77 21 N/A 

Table 6.2: Table showing the initial percentage content of the three metals in 
aqueous solution before CHFS and the elemental percentages of the as-
collected CFMZ materials as determined by XRF. 

PXRD was performed on the materials both pre and post heat treatment. Prior to 

heat treatment, both the Zn containing and Zn free materials at low sucrose ratio 

(0.5-3) all showed a range of peaks that was suggestive of multiple phases being 

present (Appendix Figure 17-19). The high sucrose ratio samples (4 and 5) of 

both sets of materials were found to exhibit very broad patterns with few 

discernible peaks. Post heat treatment, the differences between low and high 

sucrose concentrations were found to still be present. At low sucrose 
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concentrations (X = 0.5-3HT) the Zn free materials all displayed well-defined 

peaks at 2θ = 15.9 and 18.4 ° (Figure 6.15a), which were indexed to a cubic 

FeO/MnO crystal structure (ICSD collection code: 60685).425 Some other very 

small peaks were observed that suggested the presence of a small amount of 

another phase being present. For the Zn containing materials (Figure 6.15b), the 

same peaks for cubic FeO/MnO were observed. Both sets of materials displayed 

a small peak shift in 2θ values, this was attributed to all three metals sitting on 

the same sites in the crystal.426  

 

The PXRD patterns for the high sucrose concentration samples were found to be 

different to the lower concentration iterations (Figure 6.16a). C(Fe0.69Mn0.3)-4HT 

was found to be primarily cubic FeO/MnO with several other peaks present 

indicating it to be multiphasic. The highest sucrose concentration material, 

C(Fe0.78Mn0.21)-5HT, was found to have peaks at 2θ = 13.7, 16.0, 25.2 and 27.5 

° that were found to be a good match for the mixed Fe and Mn tetragonal spinel 

crystal structure (Mn1.7Fe1.3O4, ICSD collection code: 76612).427 Both materials,  

C(Fe0.66Mn0.21Zn0.11)-4HT and C(Fe0.72Mn0.17Zn0.09)-5HT, were also found to have 

peaks that corresponded to tetragonal spinel. However, it was observed that an 

extra set of peaks at 2θ = 20.2, 28.7 and 35.3 ° were present. The relative peak 

intensities were low for C(Fe0.66Mn0.21Zn0.11)-4HT but were far greater for 

C(Fe0.72Mn0.17Zn0.09)-5HT, the peaks were found to correspond to cubic metal Fe 

(Figure 6.16b, ICSD collection code: 14754).428 This suggests that during the heat 

Figure 6.15: XRD patterns post heat treatment of low sucrose containing 
materials (0.5-3HT) for (a) Zn free materials, and (b) Zn containing materials. 
Reference pattern for cubic FeO/MnO (ICSD coll. code: 60685) shown in orange. 
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treatment process to graphitise the sucrose, a carbothermal reduction reaction 

was occurring which led to the presence of metal Fe.351 It has been described in 

literature that the doping of Zn into metal oxides enhanced that ability to perform 

catalytic reactions, this could potentially be a factor in facilitating the reduction of 

Fe oxide to metallic Fe in the composite materials containing Zn and why none is 

observed for the Zn free materials.429 Further analysis with specialised 

techniques required to investigate the nature of the metallic Fe within the metal 

oxide particles and how the presence of Zn affects the heat treatment process.  

Figure 6.16: (a) PXRD patterns of the high sucrose concentration materials (X = 
4HT and 5HT) for both Zn free and Zn containing materials. The reference 
pattern of tetragonal spinel (ICSD collection code: 76612) is shown in black. 
The extra peak at 20.2 o is highlighted by an asterisk. (b) the PXRD patterns of 
C(Fe0.66Mn0.21Zn0.11)-4HT and C(Fe0.72Mn0.17Zn0.09)-5HT are shown with the 
reference patterns for tetragonal spinel (black) and cubic Fe metal (red, ICSD 
collection code: 14754). 

 

The nature of the carbon was investigated by Raman spectroscopy (Figure 6.18) 

for the CFMZ materials. It was found that for the C(FeaMnb) materials, at the 

lowest concentration of sucrose (Figure 6.17a), that no D or G bands of carbon 

were detected. This is suggestive that potentially not enough carbon survived the 

CHFS process to be coated onto the particles to be observable. At the highest 

sucrose concentration pre-heat treatment (Figure 6.17b), a large peak at ~1500 

cm−1 was observed with a slight shoulder at ~1250 cm−1, these were assigned to 

the G and D bands respectively. The large G band with respect to the D band 

indicates a high proportion of non-graphitic carbon present, as has been shown 

for similar carbon composite materials direct from CHFS before in this thesis.44 
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Post-heat treatment, the spectra was found to only contain unidentifiable peaks 

in the low wavenumber region and no D or G. This behaviour was mirrored for 

the C(FeaMnbZnc) materials with no D or G bands identified in the low sucrose 

material both before and after heat treatment (Figure 6.17c), and with only the 

pre-heat treatment scan of the highest sucrose concentration material displaying 

absorption from carbon (Figure 6.17d). Another possible explanation for the lack 

of graphitic carbon detected, is that despite the heat treatment taking place in an 

inert atmosphere, the carbothermal reduction rection that has been postulated as 

a reason for the presence of Fe metal in the XRD pattern, converted all of the 

carbon to carbon dioxide in the process.430 

Figure 6.17: Raman spectra of (a) C(Fe0.2Mn0.8)-0.5 for pre-(black) and post-(red) 
heat treatment, (b) C(Fe0.77Mn0.21)-5 for pre- (black) and post-(blue) heat 
treatment, (c) C(Fe0.2Mn0.75Zn0.05)-0.5 pre-(black) and post-(purple) heat 
treatment, (d) C(Fe0.72Mn0.17Zn0.09)-5 pre-(black) and post-(orange) heat 
treatment. 
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6.4.3 Electrochemical Characterisation of Carbon Composite Mixed 

Fe/Mn/Zn Oxides 

The C(FeaMnb)-XHT and C(FeaMnbZnc)-XHT materials were investigated 

electrochemically as anode materials in lithium-ion half cells. GCD cycling at a 

low specific current of 0.1 A g−1 revealed that the lower sucrose concentration 

materials, C(FeaMnbZnc)-XHT (X = 0.5, 1, 2 and 3) exhibited specific capacities 

of 410, 421, 385 and 314 mAh g−1 respectively (Figure 6.18a). The materials 

C(Fe0.66Mn0.21Zn0.11)-4HT and C(Fe0.72Mn0.17Zn0.09)-5HT were found to 

outperform the other materials by a large margin at both low and high specific 

currents, with the specific capacities at 0.1, 0.5, 1 and 2 A g−1 were found to be 

932, 685, 460 and 271 mAh g−1, and 715, 460, 338 and 202 mAh g−1 

correspondingly. For the C(FeaMnb)-XHT materials, the specific capacities at the 

low current of 0.1 A g−1 were found to be 493, 404, 262, 360 and 442 for the lower 

sucrose concentrations of X = 0.5, 1, 2, 3 and 4HT respectively (Figure 6.18b). 

The material with the highest sucrose concentration, C(Fe0.77Mn0.21)-5HT 

displayed far superior specific capacities at both low and high current cycling. At 

specific currents of 0.1, 0.5, 1 and 2 A g−1, the reversible specific capacities were 

found to be 776, 616, 493, 362 mAh g−1 correspondingly. These results show 

clearly the greater electrochemical cycling performance of the spinel crystal 

structure over the cubic FeO/MnO crystal structure materials, as well as presence 

of metallic Fe being associated with improved cycling ability as has been reported 

in literature for similar Iron oxide materials.431  
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Figure 6.18: Graphs of specific capacity vs. cycle number for the (a) 
C(FeaMnbZnc)-XHT materials, (b) C(FeaMnb)-XHT materials, at different 
specific currents. 
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Figure 6.19: the first and second cycle CV curves at a scan rate of 0.05 mV s−1 
for (a) C(Fe0.69Mn0.3)-4HT, (b) C(Fe0.77Mn0.21)-5HT, (c) C(Fe0.66Mn0.21Zn0.11)-
4HT, and (d) C(Fe0.72Mn0.17Zn0.09)-5HT. 

 

To investigate the electrochemistry of the high performing materials further, cyclic 

voltammetry was performed (Figure 6.19) All of the materials displayed CV 

curves that were coherent with other similar Mn/Fe oxide materials reported in 

literature. At a scan rate of 0.05 mV s−1 on the second cycle (first full cycle), 

C(Fe0.69Mn0.3)-4HT and C(Fe0.77Mn0.3)-5HT (Figure 6.19a and 6.19b) both 

displayed a large peak on the forward scan at 1.61 V and a small shoulder at 2.07  

vs. Li/Li+, these were attributed with the reversible oxidation of Fe0 to Fe2+ and to 

Fe3+.376 Another small shoulder at 1.25 V vs. Li/Li+ was also observed, this along 

with the peak at 2.07 V were a good match for the oxidation of Mn0 to Mn2+ and 

Mn2+ to higher valance states respectively.432 On the backward scan, two peaks 

at 0.9 and 0.4 V vs. Li/Li+ were observed and assigned to the conversion of 

Fe2O3/Fe and MnO/Mn respectively.433,434 For the peaks on the backward scan, 
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there was little change observed between the second and third cycles, this 

indicates good reversibility of the materials. For the oxidation peaks on the 

forward scan, the shapes of the peaks were found to broaden between the first 

and second cycles, as well as a slight shift to higher potentials. This could be 

explained by polarisation of the active materials and a promotion of Mn2+ to higher 

Mn valence states for charge storage as a result of cycling.392,435 The materials 

C(Fe0.66Mn0.21Zn0.11)-4HT and C(Fe0.72Mn0.17Zn0.09)-5HT (Figure 6.19c and 

6.19d) were found to display very similar CV curves to the Zn free materials. The 

large oxidation peaks on the forward scan were found at 1.83 and 1.78 V vs. 

Li/Li+, with a small shoulder at 1.30 and 1.29 V vs. Li/Li+. The shoulders were 

attributed once again with the oxidation of Mn0 to Mn2+, the broad peaks covered 

the potential window for the oxidation of Fe0 to Fe2+ to Fe3+ and Mn2+ to higher 

Mn valence states. The peaks on the backward scan at 0.75 and 0.38, 0.8 and 

0.45 V vs. Li/Li+ were attributed to the conversion reactions of Fe2O3/Fe and 

MnO/Mn respectively. The shift in to higher and lower potentials for the oxidation 

and reduction reactions for the C(FeaMnbZnc)-XHT materials, could possibly be 

explained by the differences in composition and presence of Zn doped into the 

crystal structure affecting the electronic local environment and introducing 

vacancies and defects.436,437 The C(FeaMnbZnc)-XHT materials were also found 

to display improved cycling reversibility as there was very little change in the 

peaks between the second and third cycles. 

To investigate the effect of long-term cycling on the performance, the four 

materials were subjected to 100 cycle of CV testing at a scan rate of 1 mV s−1, 

with an EIS experiment performed every 10th cycle. For the material 

C(Fe0.66Mn0.21Zn0.11)-4HT, the first cycle was found to contain a very large peak 

at 0.37 V vs. Li/Li+ that was attributed to the decomposition of electrolyte and the 

formation of the SEI layer.438 All of the same peaks observed at 0.05 mV s−1 were 

also seen at 1 mV s−1 (Figure 6.20a). Over the next 10 cycles, the oxidation peaks 

at ~1.8 V vs. Li/Li+ were observed to broaden and shift to a higher potential, with 

the large reduction peaks at ~0.5 V vs. Li/Li+ were observed to slowly decrease 

in size and shift to a lower potential (Figure 6.20a and 6.20b). This behaviour and 

the corresponding reduction in specific capacity could be attributed to the 

formation of an accumulative passivation internal phase within the active material 
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and the outer SEI layer acting as a rate-limiting diffusion barrier, as was shown 

by Li et al. in iron oxides.439 Another contributing factor could be changes to the 

crystal structure and morphology due to volume changes upon lithium insertion 

and extraction.373,435 Between cycle 10, cycle 50 and cycle 100 the overall size of 

the CV and the definition of the redox peaks decrease in the same trend of 

behaviour (Figure 6.20c) as before. The Nyquist plots, taken every 10 cycles, 

show a rapid change between 10 and 20 cycles, with the tail of the Nyquist plot 

experiencing a large drop in gradient. This supports the suggestion of passive 

internal and external surface layers forming and limiting diffusion. As the material 

is cycled up to 100 cycles, the size of the semi-circle and thereby the charge 

transfer were found to increase by more than a factor or two, while the tails 

continued to reduce in gradient. This same behaviour was also seen for the other 

materials, C(Fe0.69Mn0.3)-4HT, C(Fe0.77Mn0.21)-5HT and C(Fe0.72Mn0.17Zn0.09)-

5HT, analysed (appendix Figure 20, 21 and 22). The specific capacity values 

exhibited by these materials highlight them as high performing, this combined 

with the trends displayed by CV and EIS analysis showing the degradation of the 

active material, all highlight the potential that these materials have as well as that 

further development of these materials is required to in order to reduce the effects 

of long-term cycling and extract the best performance.  
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Figure 6.20: Graphs of C(Fe0.66Mn0.21Zn0.11)-4HT showing (a) the CV curves for 
the first 10 cycles at 1 mV s−1, (b) CV cycles 1, 2, 5 and 10, (c) CV cycles 10, 50 
and 100, (d) the Nyquist plots taken every 10th cycle between cycle 0 and cycle 
100. 

 

6.5 Conclusions 

In conclusion, a range of Fe, Mn and Zn based single, binary, and tertiary mixed 

metal oxides were synthesised from across ternary space in a materials discovery 

study. It was found that the individual Fe, Mn, and Zn oxides has well defined 

PXRD patterns suggesting high levels of crystallinity. Along the Zn-Mn binary line, 

the PXRD patterns were found to be a mixture of two major phases of either cubic 

ZnO or spinel Mn3O4, the proportion of which was dependant on the composition. 

This was also observed along the Zn-Fe line for ZnO and spinel MFe2O4, and 

along the Mn-Fe line between Mn3O4 and MnFe2O4 spinels. For the tertiary metal 

oxides, the PXRD patterns were found to be a mixture of spinels. Analysis of the 

Scherrer crystallite size found the higher the Zn concentration, the larger the 

calculated value. Electrochemical characterisation in lithium half-cells of the FMZ 

materials found that there was a correlation between small Scherrer size and 



Chapter 6: Materials Discovery and Development of Mixed Iron, Manganese 
and Zinc Oxides as Lithium-Ion Anodes 

 

196 
 

higher specific capacity at low current cycling. Analysis of the differential capacity 

plots from across compositional space identified both intercalation and 

conversion mechanisms of charge storage, as well as a decrease in the redox 

peak size and the resultant specific capacity over short term cycling. At low 

current, the material Fe0.8Mn0.2 was found to have the highest specific capacity of 

531 mAh g−1, at the higher currents of 0.5 and 1 A g−1 the material 

Fe0.2Mn0.75Zn0.05 was found to outperform the others with corresponding 

capacities of 172 and 105 mAh g−1. Analysis of the GCD curves revealed a large 

voltage hysteresis of 0.68 V between charge and discharge, which was attributed 

in part to the reason for capacity fade being observed.  

Based off the high current cycling performance, the compositions Fe0.2Mn0.8 and 

Fe0.2Mn0.75Zn0.05 were used in the formation of carbon-metal oxide composite 

materials via an inert atmosphere heat treatment assisted CHFS method. 

Sucrose was used as the carbon precursor at a range of different concentrations. 

XRF studies showed good agreement between the elemental compositions of the 

materials and the initial concentrations of metal salt precursors for the three 

lowest sucrose concentrations. PXRD analysis of the materials found that they 

all displayed the crystal phase of cubic FeO/MnO without any impurity phases. 

The two highest sucrose concentrations were found by XRF to affect the 

precipitation of Mn, leading to the materials displaying a high Fe and low Mn 

composition. PXRD of these materials found that the dominant crystal phase was 

a tetragonal spinel, it was also found that the Zn containing materials contained 

metallic Fe, this was hypothesised as being a result from the Zn facilitating the 

carbothermal reduction of iron oxide to metallic iron. Raman analysis of all of the 

C(FeaMnb) and C(FeaMnbZnc) materials found that for the lower sucrose 

concentration materials (0.5-3 M) did not have any D or G bands of carbon 

present, suggesting that it was not high enough to survive the conditions of 

CHFS. The high sucrose concentration materials (4 and 5 M) were found to 

contain D and G bands that indicated amorphous carbon in the materials pre-HT. 

Post-HT, there were no D or G bands identified, this suggested that all the carbon 

had been lost in the furnace. Electrochemical characterisation of the materials as 

anodes in lithium half cells showed low specific capacities for the cubic FeO/MnO 

materials. The composite materials C(Fe0.77Mn0.21)-5HT, C(Fe0.66Mn0.21Zn0.11)-
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4HT and C(Fe0.72Mn0.17Zn0.09)-5HT were found to greatly outperform the other 

iterations at all specific currents tested at. The specific capacities at 0.1, 0.5, 1 

and 2 A g−1 were found to be: 776, 616, 493 and 362; 932, 685, 460 and 271; 

and 715, 460, 338 and 202 respectively. Long term CV studies over 100 cycles 

at 1 mV s−1 showed the materials undergoing degradation through polarisation 

and broadening of redox peaks. EIS analysis taken every 10 cycles showed large 

changes to the charge transfer resistance as well as to the tail of the Nyquist 

plots, suggesting a reduction in the diffusion kinetics. The high specific capacities 

of the C(Fe0.77Mn0.21)-5HT, C(Fe0.66Mn0.21Zn0.11)-4HT and C(Fe0.72Mn0.17Zn0.09)-

5HT highlight these as conversion materials of interest for use as anodes in 

lithium-ion storage devices, that warrant further investigation to improve the long-

term cycling as well as the capacity at very high cycling rates.         

6.6 Outlook 

The use of CHFS as a method for the discovery of novel material compositions 

was shown to be successful for the elements Fe, Mn, and Zn. In a broad view, 

further work on this technique could focus on different families of elements as 

well as the ability to infer composition-property relationships through detailed 

analysis. For the highest performing mixed metal oxides reported here, future 

work should focus on improving both the capacity retention over long term cycling 

and the intrinsic conductivity to reduce the degradation observed and increase 

the capacity at high cycling rates. Possible avenues to achieve these aims could 

centre around the use of other coatings of additives to reduce the impact of 

volume fluctuations during operation, or the use of other elements as dopants to 

introduce vacancies that improve the electronic conductivity. The formation of 

more porous nanostructures to improve ionic diffusion could also prove to be a 

direction of research of interest. The addition of sucrose in an assisted CHFS 

method to form high-capacity conversion anode materials was successful. In-situ 

analysis of the materials during cycling would be challenging due to the magnetic 

nature of the materials but could shed light on the role of the metallic Fe in cycling 

and the structural nature of the degradation. Both of which could be applied 

successfully to other similar materials. Further optimisation of the sucrose 

concentration and heat treatment parameters could allow for the improvement of 

the conductivity and long term cyclability.   
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7.0 Thesis Conclusions, Outlook and Future Work 
 

7.1 Summary of Thesis Conclusions 

The work reported and discussed in this thesis has centred around the use of 

CHFS (assisted and un-assisted) methods as tools for the formation of mixed 

metal oxides and composite carbon-metal oxide materials for use as high 

capacity and high-power anodic materials in lithium-ion storage devices. The 

materials examined in this thesis all benefited from small particle sizes, 

homogenous mixing of different metal ions and a high synthesis rate. 

In Chapter 3, an assisted CHFS method was successfully utilised, for the first 

time as far as the author is aware, for the synthesis of TiNb2O7, a promising anode 

material reported in literature. Characterisation of the material with TEM identified 

particle sizes with average diameters below 100 nm. Cyclic voltammetry showed 

clearly defined redox peaks at both slow and fast scan rates. This was found to 

equate to high specific capacity and good retention at high current cycling with 

the CHFS TNO exhibiting 248 mAh g−1 at 0.1 A g−1 and retaining 76 % specific 

capacity at 2 A g−1 during galvanostatic cycling. The CHFS TNO was then 

investigated as an anode material in a lithium-ion HIC, where at a specific power 

of 300 W kg−1 the specific energy was identified to be 134 Wh kg−1, and at the 

high specific power of 2020 W kg−1 the hybrid displayed a specific energy of 12.3 

Wh kg−1. These results showed the ability of assisted CHFS methods for the 

targeted synthesis of high performance nanosized metal oxides for energy 

storage. 

The CHFS TNO material was taken forward to investigate the addition of 

carbonaceous compounds to the CHFS flow followed by a heat treatment in inert 

atmosphere to form carbon-titanium/niobium oxide nanomaterials (CTNO). It was 

found that the use of sucrose as a carbon precursor affected the precipitation of 

the two metal salt precursors leading to post-HT materials displaying PXRD 

patterns that suggested both rutile TiO2 and poorly crystalline Nb2O5 were both 

present. Raman spectroscopy identified graphitic carbon, TEM and EDS found 

agglomerates of very small particles of homogenously mixed titanium and 

niobium oxide within a carbon matrix. Galvanostatic cycling of the composite 

CTNO materials found a large increase in the specific capacity at both low and 

high current cycling. At 0.1 A g−1 the best performance was found to be ~330 
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mAh g−1 and at the high specific current of 10 A g−1 the capacity was found to be 

197 mAh g−1, outperforming the non-carbon containing CHFS TNO materials. 

These results highlighted the benefit to electrochemical performance gained 

through carbon metal oxide composite materials synthesised via in-flow CHFS, 

as well as the importance for further work optimising the synthesis conditions to 

achieve optimal elemental ratios and crystal phase purity. 

Chapter 4 reported the use of CHFS to create a library of ternary mixed metal 

oxides for the purpose of materials discovery. Building on previous research on 

mixed vanadium and molybdenum oxides, the addition of the third element 

Niobium was examined. A range of mixed V-Nb-Mo oxides from across ternary 

compositional space were successfully synthesised and investigated as anode 

materials for lithium-ion batteries. Heat maps of specific capacities at specific 

current cycling were constructed and used to identify the high performing 

composition V0.3Nb0.1Mo0.6 (VNM316). This material was found to have 

nanosized particles with homogenous mixing of the metals and a single 

monoclinic crystal phase. VNM316 was found to have a capacity of 747 mAh g−1 

at a current of 0.1 A g−1, at the high current of 5 A g−1 VNM316 retained a capacity 

of 181 mAh g−1. Cyclic voltammetry identified both intercalation and conversion 

mechanisms of charge storage as well indicating a high proportion of charge 

stored pseudocapacitively. Techniques such as EDS, XPS, TEM and BET all 

suggested that homogenous metal ion distribution, multiple redox states, 

synergistic electronic interactions, small particle size and high surface areas all 

contributed to the high electrochemical performance of VNM316 compared to 

other compositions investigated. The application of the conversion nanomaterial 

VNM316 as an anode in a lithium hybrid ion capacitor was shown to be successful 

with specific energies of 102 and 10 Wh kg−1 at low and high specific powers of 

365 and 18650 W kg−1 respectively. 

Chapter 5 investigated the application of carbon precursors in-flow to form 

composite carbon-metal oxide materials to the mixed V-Nb-Mo material 

discovered in Chapter 4 (VNM316). The synthesis method followed the same 

pathway as before with sucrose, as the carbonaceous precursor, added to the 

metal salt precursors in-flow at different molar ratios, followed by a heat treatment 

in inert atmosphere. Through PXRD, it was revealed that the heat treatment 

process induced a phase change from monoclinic MoO2 to multiple higher 
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oxidation states for non-carbon containing VNM316, in contrast the composite 

carbon-VNM316 (CVNM) materials were found to be protected by the presence 

of the carbon and retained the desired monoclinic phase. TEM identified the 

composite materials as consisting of nanosized particles that were both 

individually coated with carbon and embedded within a carbonaceous matrix. 

XRF and TEM-EDS showed that, unlike in previous work, the presence of 

sucrose did not affect the precipitation of the metals and the CVNM materials 

displayed homogenous mixing of three metals within each nanoparticle. Raman 

spectroscopy was used to identify that, post heat treatment, the carbon was 

graphitic in nature. Cyclic voltammetry in lithium half-cells, identified redox peaks 

that were assigned to both intercalation and conversion energy storage 

mechanisms. It was shown by GCD cycling in lithium half-cells, that the addition 

of graphitic carbon decreased the specific capacity at low currents, but greatly 

increased the capacity at high currents. The material CVNM-6, with a carbon to 

metal oxide molar ratio of 1.5:1, at 0.1 A g−1 exhibited 505 mAh g−1 and retained 

197 mAh g−1 at 10 A g−1. This high-performance material was successfully used 

as an anode in a lithium-ion hybrid capacitor that exhibited 81 Wh kg−1 at a 

specific power of 1270 W kg−1 and at a high specific power of 8500 W kg−1 

retained a specific energy of 11 Wh kg−1. These results show composite carbon-

V-Nb-Mo oxide materials as candidates for high energy and high-power anode 

materials for lithium-ion energy storage devices that warrant further investigation 

and development. The results also display the use of assisted CHFS methods for 

synthesising nanosized conversion mechanism metal oxide materials that have 

improved electrochemical cycling behaviour.  

Chapter 6 applied lessons learnt in previous chapters regarding the benefits of 

multiple mixed metals and the addition of graphitic carbon in-flow to the ternary 

system of Fe-Mn-Zn oxides (FMZ). A range of single, binary, and tertiary metal 

oxides from across ternary compositional space were successfully synthesised 

by a CHFS method. PXRD analysis of the as-synthesised materials found high 

levels of crystallinity compared to other materials synthesised via CHFS without 

a subsequent heat treatment protocol, with the major crystal phases being 

identified as Mn and mixed Mn/Fe spinels and cubic ZnO. Calculation of the 

Scherrer crystallite sizes found that the size was correlated with the proportion of 

Zn in the material. Electrochemical investigation of the FMZ materials as anodes 
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in lithium half-cells identified a correlation between smaller Scherrer size and 

lower Zn content and higher specific capacity. At low current GCD cycling, the 

material Fe0.8Mn0.2 displayed the highest specific capacity of 531 mAh g−1. At 

higher currents of 0.5 and 1 A g−1 the composition Fe0.2Mn0.8Zn0.05 outperformed 

the others with capacities of 172 and 105 mAh g−1 correspondingly. All the 

materials were found to have reversible capacities below the theoretical values, 

as well as displaying large capacity loss at currents above 1 A g−1 and gradual 

capacity fade over continued cycling at low currents. Analysis of the GCD curves 

revealed a large voltage hysteresis of over 0.5 V between charge and discharge 

that was associated in part with the capacity loss being observed.  

The compositions Fe0.2Mn0.8 and Fe0.2Mn0.75Zn0.05 were re-synthesised with 

varying concentrations of sucrose in-flow, followed by an inert atmosphere heat 

treatment to form carbon-metal oxide composite materials. Through XRF studies, 

it was found that at the lower concentrations of sucrose (0.5-3 M) did not affect 

the precipitation of the metals, however the higher concentrations investigated (4 

and 5 M) did affect the final composition by inhibiting the precipitation of 

Manganese. PXRD of the lower sucrose samples post heat treatment found the 

dominant crystal phase to be cubic FeO/MnO, which suggests that the materials 

had undergone a carbothermal reduction. PXRD of the highest sucrose samples, 

which had high Fe and low Mn content, displayed a tetragonal spinel structure. 

PXRD also discovered the presence of metallic Fe in the materials that also had 

Zn. This was suggested as being potentially the result of the Zn facilitating the 

carbothermal reduction of iron oxide. Raman spectroscopy indicated that only the 

highest concentrations of sucrose gave materials prior to heat treatment that 

displayed D and G bands for carbon. Post heat treatment it was found that no 

bands were detected, suggesting that any carbon present had been lost in the 

furnace. Electrochemical investigation of the CFMZ materials as anodes in lithium 

half-cells found poor specific capacities for the cubic FeO/MnO materials. The 

materials C(Fe0.77Mn0.21)-5HT, C(Fe0.66Mn0.21Zn0.11)-4HT and 

C(Fe0.72Mn0.17Zn0.09)-5HT were found to display greater capacities at all currents 

tested compared to all other FMZ and CFMZ materials. At 0.1, 0.5, 1 and 2 A g−1 

were found to be: 776, 616, 493 and 362; 932, 685, 460 and 271; and 715, 460, 

338 and 202 mAh g−1 for the three materials respectively. Analysis of CV plots 

indicated that conversion and intercalation mechanisms were the main source of 
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reversible capacity. The degradation of these materials over long term cycling 

was investigated over 100 CV cycles with EIS measurements every 10th cycle. It 

was observed that redox polarisation increased over cycling as well as changes 

in the Nyquist plots that were suggestive of a reduction in diffusion kinetics. The 

specific capacities identified indicate C(Fe0.77Mn0.21)-5HT, C(Fe0.66Mn0.21Zn0.11)-

4HT and C(Fe0.72Mn0.17Zn0.09)-5HT as materials of interest as anodes for lithium-

ion energy storage devices.  

 

7.2 Outlook and Future Work 

The research reported and discussed here offers a wide range of different 

avenues for future work to pursue. The utilisation of CHFS for the synthesis of 

libraries of different compositions for materials discovery was shown to be 

successful. The application of this technique to different groups of transition 

metals, in combination with computational techniques such as structure 

prediction and advanced AI systems, could be very effective at increasing the 

speed of discovering high performing compositions and providing a feedback 

loop of real-world data that can help inform more accurate future computer 

models. For the specific groups of materials reported herein, further 

compositional work should be performed to develop a more high-resolution 

picture of the hotspots. This would potentially allow for further high-performing 

compositions to be discovered. It would also allow the relationships between 

composition, the localised interactions between different elements and 

electrochemical behaviours to be investigated and understood at a higher level. 

The use of carbonaceous materials in-flow was shown to be a successful 

technique for improving the performance of the materials reported here. One 

possible direction for future research could focus on the use of more complex 

carbon motifs in-flow, such as nanotubes or graphene sheets. Some initial 

investigations into this suggested that the CHFS conditions required optimisation 

for other carbon sources to survive the synthesis process. Other approaches 

such as the addition of carbonaceous materials to the CHFS nanomaterials post-

synthesis through methods such as sol-gel or incipient wetness could allow for 

improved metal oxide-carbon interactions/coatings to be achieved whilst retaining 

the nanosized particles and homogenous mixing of elements created by CHFS. 

A few initial forays in this direction performed on the CVNM materials suggested 
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that the techniques were successful but required further work to develop the 

processes for greater control and increased complexity of composite to improve 

the electrochemical performance.     

Another area that could benefit from further work is the investigation of the role 

of metallic Fe in the charge storage process for carbon-Fe-Mn-Zn oxide materials. 

In-depth analysis using synchrotron techniques could provide key insights into 

the mechanisms of charge storage and the extent to which Fe nanoparticles play 

a role. The addition of Fe to other mixed metal oxides followed by carbothermal 

reduction to form Fe could improve the electrochemical performance through 

increasing the intrinsic conductivity of materials.  

Although the use of coin cells provides invaluable information on the 

electrochemical behaviours, performances, and kinetics of battery materials, the 

scale-up to cylindrical, single-layer or multi-layer pouch or prismatic cells would 

provide more representative analysis of materials in real-world situations. Some 

effects of materials could possibly only present at larger scale, such as issues 

with gas evolution during formation. This would also provide cell data directly 

comparable to the current technology on the market allowing for more accurate 

evaluation of potential candidates.  
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8.2 List of Abbreviations 

µSR – Muon Spin Relaxation spectroscopy 

AC – Activated Carbon 

BET – Brunauer Emmett Teller surface area analysis 

BJH – Barrat Joyner Halenda 

BPR – Back Pressure Regulator 

C.E – Coulombic Efficiency 

CHFS – Continuous Hydrothermal Flow Synthesis  

CHN – Carbon Hydrogen Nitrogen analysis  

CJM – Confined Jet Mixer 

CNT – Carbon Nanotubes 

CTNO – Carbon Titanium Niobium Oxide 

CTR – Charge Transfer Resistance 

CV – Cyclic Voltammetry  

CVNM – Carbon Vanadium Niobium Molybdenum oxide 

D.I. – Deionized Water 

DEC – Diethyl Carbonate 

DLi – Diffusion coefficient of Lithium 

DMC – Dimethyl Carbonate 

EC – Ethylene Carbonate 

EDLC – Electric Double Layer Capacitor 

EDS – Energy dispersive x-ray spectroscopy 

EIS – Electrochemical Impedance Spectroscopy 

EV – Electric Vehicle 

FEC – Fluoroethylene Carbonate  

FEG-SEM – Field Emission Gun SEM 
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FMZ – Iron Manganese Zinc oxides 

GCD – Galvanostatic Charge Discharge 

GITT – Galvanostatic Intermittent Titration Technique 

GO – Graphene Oxide 

HIC – Hybrid Ion Capacitor 

HOMO – Highest Occupied Molecular Orbital 

HR-TEM – High Resolution Transmission Electron Microscopy 

HT – Heat Treated 

ICE – Internal Combustion Engine 

ICSD – Inorganic Crystal Structure Database 

IL – Ionic Liquid 

IR – Internal Resistance 

KERS – Kinetic Energy Recovery System 

KOH – Potassium Hydroxide 

LFP – Lithium Iron Phosphate 

LIB – Lithium Ion Battery 

LIC – Lithium-Ion Capacitor 

LiNCA – Lithium Nickel Cobalt Aluminum Oxide  

LiNMC – Lithium Nickel Manganese Cobalt Oxide 

LTO – Lithium Titanium Oxide 

LUMO – Lowest Unoccupied Molecular Orbital 

NaOH – Sodium Hydroxide 

NIB – Sodium Ion Battery  

NIC – Sodium Ion Capacitor 

NMP – N-Methyl Pyrrolidone 
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PDA – Polydopamine 

PVDF – Polyvinylidene fluoride 

PXRD – Powder X-ray Diffraction 

rGO – Reduced Graphene Oxide 

SCH2O – Supercritical water 

SEI – Solid Electrolyte Interphase layer 

SEM – Scanning electron Microscopy 

SHE – standard hydrogen electrode 

SOC – state of charge 

SSA – Specific Surface Area 

TCD – thermal conductivity detector 

TEM – Transmission Electron Microscopy 

TIBALD – Titanium Bis (Ammonium Lactate) Dihydroxide 

TNO – Titanium Niobium Oxide 

VC – Vinylene Carbonate 

VNM – Vanadium Niobium Molybdenum oxide 

XAS – X-ray Absorption Spectroscopy 

XPS – X-ray Photoelectron Spectroscopy 

XRF – X-ray Fluorescence Spectroscopy 
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8.3 List of Figures 

Figure 1.1: a) Graph showing the increase in global land and ocean 

temperature anomalies for the past 150 years, data compiled from the NOAA 

[2], b) graph showing the current and forecasted global sales of lithium-ion 

batteries in MWh, data compiled from source [3]. (10) 

Figure 1.2: Simplified Ragone plot of different electrochemical energy storage 

technologies (EDLCs – electric double layer capacitors, ICE – internal 

combustion engines). The desired performance of batteries and capacitors is 

denoted by a dashed circle. Data compiled from sources 9 and 10. The 

diagonal dotted lines represent the operation timescales as labelled and are 

calculated by dividing energy by power. (13) 

Figure 1.3: Diagram of a simple galvanic cell. (16) 

Figure 1.4: Diagram showing the internal components of a standard commercial 

lithium-ion battery with the positively charged lithium ions shuttling between the 

graphitic carbon anode and the metal oxide cathode. (18) 

Figure 1.5: a) diagram showing a flat voltage plateau characteristic of a two-

phase transition lithiation/delithiation b) diagram showing a smooth continuous 

voltage profile characteristic of a solid-solution phase transition. (20) 

Figure 1.6: Schematic diagram of the chemical reactions and physical 

transformations that occur during conversion reactions. Reprinted with 

permission from Y. Lu, L. Yu and X. W. Lou. Copyright 2018 Elsevier Inc. (23) 

Figure 1.7: Schematic showing the various different nanosized engineering 

approaches to high performing conversion materials. Reprinted with permission 

from Y. Lu, L. Yu and X. W. Lou. Copyright 2018 Elsevier Inc. (25) 

Figure 1.8: Diagram displaying the Helmholtz double layer formed at both 

electrode interfaces between the electrolyte ions and their opposite electric 

charge build up in the active material. (28) 

Figure 1.9: Diagram showing the different types of reversible redox mechanisms 

that come under the umbrella of pseudocapacitance: a) underpotential 

deposition, b) redox pseudocapacitance, and c) intercalation 
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pseudocapacitance. Reprinted with permission from V. Augustyn, P. Simon and 

B. Dunn, Energy Environment Science, 2014, Royal Society of Chemistry. (28) 

Figure 1.10: Diagram showing the typical electrochemical responses to cyclic 

voltammetry and galvanostatic charge/discharge cycling for a) capacitive 

materials, b) intercalative battery materials, and c) pseudocapacitive materials. 

(30) 

Figure 1.11: Graph of CV at 100 mVs−1 of Au/MnO2 core-shell nanowires 

separated into capacitive contributions (shaded blue) and diffusion contributions 

(shaded yellow) determined from eqn. 2.19. Reprinted with permission from W. 

Yan, J. Y. Kim, W. Xing et al., Copyright 2012 American Chemical Society. (31) 

Figure 1.12: Graph of the total specific charge vs. scanrate−0.5. with the linear 

portion extrapolated by a line of best fit to an infinite scan rate to give a value for 

the pseudocapacitive charge stored, as described in eqn. 2.20. (32) 

Figure 1.13: Diagram showing the structure of a hybrid capacitor cell. Reprinted 

with permission from H. Wang, C. Zhu, D. Chao et al. Copyright 2017 John 

Wiley and Sons. (33) 

Figure 1.14: Illustration of regenerative braking for energy storage on trains. 

Reprinted with permission from A. Gonzalez-Gil, R. Palacin, P. Batty. Copyright 

2013 Elsevier Ltd. (35) 

Figure 1.15: Open-circuit energy diagram of an aqueous electrolyte. ΦA ΦC are 

the anode and cathode work function. Eg is the window for thermodynamic 

stability of the electrolyte. The formation of an SEI layer is needed when µA and 

µC are greater than or lower than the LUMO and HOMO respectively. Reprinted 

with permission from J. B. Goodenough, Y. Kim. Copyright 2010 American 

Chemical Society. (39) 

Figure 1.16: Diagram showing the role of the electrolyte solvent (EC vs PC) on 

the composition and structure of the SEI layer. Reprinted with permission from 

N. Takenaka, Y. Suzuki, H. Sakai et al. Copyright 2014 American Chemical 

Society. (41) 
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Figure 1.17: Illustration of the possible lithiation states that result in the curved 

voltage profile seen for nanosized LTO. Reprinted with permission from M. 

Wagemaker, F. M. Mulder. Copyright 2013 American Chemical Society. (42) 

Figure 1.18: Illustrations showing the use of a nanoscale coating on particles of 

conversion materials to reduce the effects of pulverisation due to volume 

fluctuations, and surface area loss due to agglomerations. D, diameter of the 

pomegranate microparticle; t, the thickness of the electrolyte blocking layer; 2a, 

the dimension of the void; d, the diameter of the active material particles. 

Reprinted with permission from N. Liu et al. Copyright 2014 Nature Publishing 

Group. (43) 

Figure 1.19: Diagram showing the two different synthesis approaches to 

creating nanoparticles, a) top-down methods such as mechanical milling and 

lithography, and b) bottom-up methods such as solvothermal synthesis. (45) 

Figure 1.20: Diagram showing how the properties of water, such as isobaric 

heat capacity, density, viscosity and thermal conductivity, all change with 

increasing temperature at a set pressure. Reprinted with permission from J. A. 

Darr, J. Zhang, N. M. Makwana et al, Chemical reviews. Copyright 2017 

American Chemical Society. (46) 

Figure 1.21: Diagram of the LaMer model of nanoparticle nucleation and 

growth. Reproduced from J. Polte, CrystEngComm, 2015, with permission from 

the Royal Society of Chemistry. (49) 

Figure 1.22: Simplified diagrams of mixers used in CHFS with the SCH2O (red 

arrows), and metal salt (blue arrows) flows highlighted, a) T-shaped mixer, b) Y-

shaped mixer, c) counter-current mixer and d) co-current mixer. (51) 

Figure 1.23: Diagram showing the geometry of the confined jet mixer. Reprinted 

with permission from R. I. Gruar, C. J. Tighe, J. A. Darr, Industrial & 

Engineering Chemistry Research. Copyright 2013 American Chemical Society. 

(51) 

Figure 1.24 (a): The compositional space for the mixed CexZryYzO2−δ (for 0 ≤ x, 

y, z ≤ 1) materials, with the sample numbers and direction of synthesis 

indicated. Each hexagon represents a single sample and the relative ratios of 
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Ce, Zr and Y are proportional to the amount of red, green and blue colours 

respectively. (b) The different crystal phases identified by PXRD, fluorite (grey), 

monoclinic zirconium oxide (ZrO2, yellow), tetragonal zirconium oxide (ZrO2, 

red), bixbyite (blue) and a 2x2x2 pseudo-Y2O3 fluorite superstructure that has 

oxygen-vacancy ordering (green). Single colour hexagons indicate a single-

phase material, three dots indicate two-phase behaviour, and stripes indicate a 

single-phase region with a smooth transition between the fluorite and the 2x2x2 

fluorite superstructure. (c) Lattice parameter information regarding mean 

volume per unit (MO2−δ) displaying a smooth pseudolinear variation with 

composition. The volume at each nominal point can be approximated with the 

linear equation V = 40.3x + 33.5y + 37.5z. (d) The relative crystallite sizes 

calculated from the Scherrer equation and shown proportionally by the size of 

the blue circles. Reprinted with permission from X. Wang et al. J. Comb. Chem. 

Copyright 2013 American Chemical Society. (53) 

Figure 1.25 (a): Ternary phase diagram of LiMn1−x−yFexVyPO4 with the 

compositional area investigated shown with a green triangle. (b) The unit cell 

volume for each material overlayed as a heat map onto the green triangle area. 

(c) Specific capacity values at C/2 cycling shown as a heat map. (d) Specific 

capacity values at 5C cycling shown as a heat map. Adapted and reprinted with 

permission from I. D. Johnson et al. ACS Combi Chem, 

https://pubs.acs.org/doi/10.1021/acscombsci.6b00035. Copyright 2016 

American Chemical Society. Further permission related to this material 

excerpted should be directed to the ACS. (54) 

Figure 2.1: Diagram showing the process that enables XRF, including the 

expulsion of an inner shell electron by an incident x-ray photon, the transfer of a 

higher shell electron to fill the hole and the resulting photon of excess energy 

released. (57) 

Figure 2.2: Diagram showing the different types of scattering that occur during 

Raman spectroscopy. (59) 

Figure 2.3: Diagram showing the internal components of a coin cell. (64) 
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Figure 2.4: diagram showing the input of a CV test, where the voltage is cycled 

between a maximum and a minimum value and the current response is 

recorded and plotted as shown on the right. (65) 

Figure 2.5: Graphs showing the Galvanostatic intermittent titration technique 

(GITT). The top graph shows the application of a charging current pulse (I0) for 

a period of τ. The bottom graph shows the response. Upon the pulse, an initial 

IR drop is seen followed by a smooth increase in potential (Et). Once the pulse 

has finished (t0+τ), the potential of the cell again experiences an IR drop 

followed by a relaxation period over which the voltage reaches the new potential 

E1. The exact opposite process is seen for a discharge current pulse. 

Republished with permission of IOP Publishing, from Determination of the 

Kinetic Parameters of Mixed-Conducting Electrodes and Application to the 

System Li3Sb, W. Weppner and R. A. Huggins, 124, 1977; permission 

conveyed through Copyright Clearence Center Inc. (69) 

Figure 2.6: Graph showing the typical Nyquist plot of a Li/Na ion cell. (72) 

Figure 2.7: Diagram showing of the adapted Randles circuit that is used to 

model the impedance behaviour of Li/Na ion cells. (72) 

Figure 2.8: Illustration showing a) the electronic and ionic conductivity process 

occurring in a printed electrode. b) the various kinetic process occurring in a 

single particle of active material. Figure adapted from source [118]. (73) 

Figure 2.9: Illustration relating the physical process described in figure 2.8 and 

relating them to the Nyquist response observed. Figure adapted from source 

[209]. (73) 

Figure 2.10: Graph showing the plot of normalised active ([P/S]) and reactive 

([Q/S]) power against log frequency for an AC//TNO hybrid lithium-ion capacitor. 

The cross over point gives the resonance frequency which is converted to the 

relaxation constant via equation 2.47. (77) 

Figure 2.11: Calculated values of the cell capacitance versus the AC:LVO mass 

ratio. Reprinted with permission from H-Y. Wei, D-S. Tsai and C-L. Hsieh, RSC 

Advances, 2015, Royal Society of Chemistry. (78) 
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Figure 2.12: Ternary phase diagram of V-Nb-Mo with the compositional area 

investigated highlighted by a red hexagon. (82) 

Figure 2.13: Ternary phase diagram of Fe, Mn and Zn with the individual, binary 

and tertiary mixed metal oxide compositions targeted. (84) 

Figure 3.1: Schematics of the crystal structure of TiNb2O7 (a) along the b-axis, 

(b) along the c-axis. Generated from CIF file of ICSD collection code: 251796. 

(87) 

Figure 3.2: PXRD of the CHFS TNO (K1) material before heat treatment. (91) 

Figure 3.3: Graph showing the PXRD patterns for the TNO materials 

synthesised with increasing amounts of KOH to give higher pH values, and the 

TiNb2O7 reference pattern (ICSD collection no. 48109). (92) 

Figure 3.4: (a) PXRD patterns of all materials synthesised with NaOH at 

increasing pH values and the TiNb2O7 reference pattern (ICSD no. 48109), (b) 

PXRD pattern of TNO and Le Bail Whole pattern fitting of monoclinic TiNb2O7 C 

1 2/m 1 space group (ICSD no. 48109). Calculated fit is shown as a black line 

with the residual shown as a green line. (94) 

Figure 3.5: TEM images of (a) the mixed metal oxide from CHFS prior to heat 

treatment showing very small primary particles and large agglomerates, (b) 

particles of the heat treated CHFS TNO (N8) with sizes <100 nm, (c) high 

magnification image of a CHFS TNO (N8) particle with the interplanar spacing 

highlighted in the insert found to correspond to the (003) plane. (95) 

Figure 3.6: (a) Raman spectra of the CHFS TNO (sample N8) with the bands 

labelled, (b) crystal structure of monoclinic TiNb2O7, image generated by 

VESTA, (c) XPS spectra in the Ti2p region, d) XPS spectra in the Nb3d region. 

(95) 

Figure 3.7: Cyclic voltammetry curves of CHFS TNO (sample N8) at (a) 0.5 mV 

s−1 (b) 0.5 and 1 mV s−1 (c) pseudocapacitive contribution as a percentage of 

the total charge stored, calculated vis the Trasetti methods. (97) 

Figure 3.8: graphs of CHFS TNO (N8) showing (a) the specific capacities at 

increasing specific currents of GCD cycling (b) long term cycling performance 
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over 120 cycles at 0.1 A g−1 (c) nyquist plot determined by EIS of CHFS TNO. 

(99) 

Figure 3.9: Graphs showing the GCD curves of the AC//TNO hybrid cells at 

specific currents of (a) 0.25 and 0.5 A g−1, (b) 1.0 and 2.0 A g−1. (c) a graph 

plotting the log frequency against the reactive (black) and active (red) power 

components, with the resonance frequency and its resulting time relaxation 

constant labelled. (d) Ragone plot comparing the specific energy and power 

metrics of AC//TNO hybrid cells against other similar hybrid cells reported in 

literature, data compiled from references [265,267]. (102) 

Figure 3.10: (a) Graph of the potential response vs. time for TNO with the GITT 

lithiation (red), (b) the calculated lithium diffusion coefficients as a function of 

potential (blue). (103) 

Figure 3.11: Graph showing the PXRD plots of the CTNO materials post heat 

treatment, with the reference patterns of niobium pentoxide (ICSD coll. code 29) 

and rutile titanium dioxide (ICSD coll. code 9161). (104) 

Figure 3.12: Graph showing the Raman plots of the CTNO materials post heat 

treatment with the D and G bands identified and the ID/IG ratio for each spectra 

shown. (106) 

Figure 3.13: graphs showing (a) the CV curve at 0.5 mV s−1 for CTNO-1 (b) long 

term GCD cycling at 1 A g−1 for all six CTNO materials, and (c) specific capacity 

vs. cycle number plots of CTNO-3 and CHFS TNO. (108) 

Figure 4.1: a) Ternary plot of vanadium, niobium and molybdenum with the 

compositions synthesised shown as red dots. (114) 

Figure 4.2: graph showing PXRD patterns of monoclinic VO2 ICSD no. 34033 

(black) VNM172 (green), VNM613 (orange) and VNM217 (blue). (115) 

Figure 4.3: PXRD patterns of VNM316 (green), VNM406 (blue), monoclinic VO2 

(ref. 22, purple) and monoclinic MoO2 (ref. 23, black). (116) 

Figure 4.4: Fitted XPS spectra of high-resolution scans of V2p for (a) VNM316, 

(b) VNM406, fitted XPS spectra of high-resolution scans of Mo3d for (c) 

VNM316, (d) VNM406, (c) fitted XPS spectra of high-resolution scan of Nb3d of 

VNM316. (119) 
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Figure 4.5: TEM images of (a) an agglomerate of VNM particles, (b) high-

magnification image of a VNM particle with the lattice fringes and spacings 

highlighted. (120) 

Figure 4.6: TEM/EDS scans of VNM316 for the elements O (blue), Mo (green), 

V (red) and Nb (orange). (120) 

Figure 4.7: Ternary plot of nominal metal concentrations showing the specific 

capacity and crystal phase information of the VNM materials as a heat map for 

the specific currents 0.1 A g−1. (122) 

Figure 4.8: Ternary plot of nominal metal concentrations showing the specific 

capacity and the crystal phase information of the VNM materials as a heat map 

for the specific currents of 5 A g−1. (122) 

Figure 4.9: Graphs of cyclic voltammetry of VNM316in the potential window 3 to 

0.05 V s Li/Li+, a) the first three cycles at 1 mV s−1, b) increasing scanrates from 

0.5 to 100 mV s−1. (124) 

Figure 4.10: CV graphs of VNM316 and VNM406 at a) 1 mV s−1, b) 20 mV s−1, 

c) VNM316 with the calculated pseudocapacitive contribution overlayed as a 

grey shaded area, d) VNM406 with the calculated pseudocapacitive contribution 

overlayed as a grey shaded area. (125) 

Figure 4.11: a) GCD curves of VNM316 in a lithium half-cell of the 2nd, 6th and 

10th cycles at 0.1 A g−1, b) GCD curves of VNM316 at increasing specific 

currents including 0.1, 0.2, 0.5, 1, 2, 5 and 10 A g−1, c) Graph depicting the 

specific capacity of VNM316 (blue) and VNM406 (red) at increasing specific 

currents, d) long term cycling performance of VNM316 with specific capacity 

(black) and coulombic efficiency (blue) shown for 450 cycles at 1 A g−1. (127) 

Figure 4.12: Graphs showing a) CV curve of AC//VNM316 at a scanrate of 5 mV 

s−1, b) GCD curves of the LiHIC at different specific currents of 0.1 (red), 0.5 

(blue) and 1 A g−1 (black), c) Ragone plot showing the energy and power 

performances of AC//VNM316 (red squares) compared to other reported HIC 

devices with titanium and molybdenum oxides as anodes. Sources [198, 314] 

(129) 
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Figure 5.1: PXRD patterns of (a) VNM316 (red) and CVNM-1 (black) prior to 

heat treatment, (b) CVNM-X materials post heat treatment with the reference 

pattern for monoclinic MoO2 (orange), (c) VNM316 (black) and [VNM316]HT 

(red) and the reference pattern for triclinic V0.95Mo0.97O5 source [350]. (140) 

Figure 5.2: (a) BET isotherm of CVNM-1, (b) BJH pore diameter graph for all 

CVNM-X materials. (140) 

Figure 5.3: Raman scattering of CVNM-6 before heat treatment (red) and post 

heat treatment (black) with the D and G bands highlighted. (141) 

Figure 5.4: (a) TEM image of a cluster of CVNM-6 particles, (b) HRTEM image 

of CVNM-6 with lattice spacings highlighted, (c) HRTEM image of CVNM-6 

particles with the carbon coating layer thickness measured. (142) 

Figure 5.5: Dark field TEM image of a cluster of particles of CVNM-6 and EDS 

scans for V (green), Nb (orange), Mo (blue), O (yellow) and C (red). (142) 

Figure 5.6: High resolution XPS scan of V2p of CVNM-6, with the peaks for the 

oxidation state V(5+) shown in blue. (143) 

Figure 5.7: High resolution Mo3d scans from XPS of different CVNM materials 

with the doublets for Mo(VI), Mo(V) and Mo(IV) shown in blue, yellow and red 

respectively. (144) 

Figure 5.8: High resolution XPS scan of Mo3d of non-carbon coated VNM. (144) 

Figure 5.9: (a) GCD first cycle graphs of CVNM-1 (green), (b) GCD first cycle 

graphs of CVNM-8 (orange), (c) specific capacity vs. cycle number graphs of all 

CVNM materials at increasing specific currents, (d) specific capacity vs. cycle 

number at increasing specific currents or CVNM-6, (e) long-term cycling specific 

capacity graph of CVNM-6 at a high specific current of 5 A g−1. (147) 

Figure 5.10: (a) CV graph of CVNM-6 at a scan rate of 1 mV s−1 with the redox 

peaks labelled, (b) CV graph showing the curves for the 1st, 10th and 50th cycles 

from long term cycling at 1 mV s−1, (c) CV graphs at increasing scan rates, (d) 

CV curved of CVNM-6 at 1 mV s−1 (black) with the calculated capacitive 

contribution overlayed (red shaded). (150) 
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Figure 5.11: Bar graph showing the percentages of diffusion-limited (clear) and 

capacitive (shaded) charge storage mechanisms for CVNM-6 (red) and 

VNM316(blue). (151) 

Figure 5.12: Time series graph showing the nyquist plots taken every 10th cycle 

over 100 CV cycles at 1 mV s−1. (153) 

Figure 5.13: Nyquist plots of CVNM-6 taken at (a) 0 CV cycles, (b) 10 CV 

cycles, (c) 100 CV cycles of 1 mV s−1. (154) 

Figure 5.14: Graph of the lithium-ion diffusion coefficients calculated from the 

Warburg impedance vs. the cycle number for CVNM-6. (154) 

Figure 5.15: Graphs of CVNM-6 showing (a) the GITT delithiation (blue) and 

lithiation (orange) tests performed, (b) a single GITT lithiation step with the 

current pulse, rest period and IR drops labelled, (c) graph of the calculated Li+ 

diffusion coefficients as a function of potential vs Li/Li+ for both delithiation 

(blue) and lithiation (orange) GITT steps. (156) 

Figure 5.16: Graph showing the calculated theoretical capacity of a HIC device 

with different cathode to anode (CVNM-6) mass ratios. (158) 

Figure 5.17: Graphs of the AC//CVNM-6 HIC showing the (a) GCD curves of 0.5 

(black) and 1 (red) A g−1, (b) GCD curves of 2 (blue) and 5 (green) A g−1, (c) 

nyquist plot from EIS, (d) calculated complex active (red) and reactive power 

(black) vs. log frequency with the time relaxation constant labelled. (159) 

Figure 5.18: Ragone plot of logarithmic specific energy and specific power of 

HICs of carbon/metal oxide composite materials reported in literature, and 

AC//CVNM-6 HIC (orange) Data compiled from sources [194, 261, 362]. (160) 

Figure 6.1: Graph showing the logarithmic abundance of a range of different 

elements in the earth’s crust. The elements focused on in this chapter are 

highlighted in blue. Data adapted from results by K. Barbalace [368]. (164) 

Figure 6.2: Ternary diagram of Fe, Mn and Zn with the target compositions for 

single metal oxides (blue dots), binary metal oxides (red dots) and tertiary metal 

oxides (green dots) highlighted. (169) 
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Figure 6.3: Ternary diagram showing the target compositions (blue squares) 

and the compositions of metals determined by XRF (red dots). (170) 

Figure 6.4: Graph showing the PXRD pattern for CHFS iron oxide (green) and 

the reference pattern for corundum Fe2O3 (ICSD coll. code: 7797). (171) 

Figure 6.5: Graph showing the PXRD pattern for CHFS manganese oxide (blue) 

and the reference pattern for spinel Mn3O4 (ICSD coll. code: 257346). (171) 

Figure 6.6: Graph showing the PXRD pattern for CHFS zinc oxide (red) and the 

reference pattern for hexagonal ZnO (ICSD coll. code: 26170). (172) 

Figure 6.7: Graph showing the PXRD patterns for the binary Zn-Mn materials 

with the reference patterns of ZnO (black) and spinel Mn3O4 (red) plotted. (174) 

Figure 6.8: Graph showing the PXRD patterns for the binary Zn-Fe materials with 

the reference patterns of ZnO (red) and spinel ZnFe2O4 (red) plotted. (175) 

Figure 6.9: Graph showing the PXRD patterns for the binary Fe-Mn materials 

with the reference patterns of Mn3O4 (black) and MnFe2O4 (red) plotted. (176) 

Figure 6.10: Graph showing the PXRD patterns of the tertiary Zn-Fe-Mn 

materials with the reference patterns for ZnO (black) and ZnFe2O4 (lilac) plotted. 

(177) 

Figure 6.11: Ternary diagram with the calculated Scherrer crystallite sizes 

plotted as a heat map, red as the largest and blue as the lowest. (178) 

Figure 6.12: Compositional ternary diagrams with specific capacity overlayed as 

a heat map at specific currents of a) 0.1 A g−1, b) 0.5 A g−1 and c) 1 A g−1. (180) 

Figure 6.13: Differential capacity plots (dQ/dV vs. potential) of cycles 2, 3, 5 and 

10 (black, red, blue and green respectively) at a specific current of 0.1 A g−1 for 

a range of different FMZ materials from across ternary compositional space. (a) 

Zn0.4Fe0.6 (b) Zn0.4Mn0.6 (c) Fe0.4Mn0.6 (d) Fe0.33Mn0.33Zn0.33. (181) 

Figure 6.14: Graphs of Fe0.2Mn0.75Zn0.05 oxide in lithium-ion half cells showing a) 

the specific capacity at different specific currents, b) the GCD curves for the 2nd 

(black) 3rd (red), 3rd (blue) and 10th cycles (green) at 0.1 A g−1, c) the dQ/dV vs. 

potential plot, d) the GCD curves of SOC vs. potential of the 2nd cycle at 0.1 A 

g−1 with the voltage hysteresis highlighted. (183) 
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Figure 6.15: XRD patterns post heat treatment of low sucrose containing 

materials (0.5-3HT) for (a) Zn free materials, and (b) Zn containing materials. 

Reference pattern for cubic FeO/MnO (ICSD coll. code: 60685) shown in 

orange. (186) 

Figure 6.16: (a) PXRD patterns of the high sucrose concentration materials (X = 

4HT and 5HT) for both Zn free and Zn containing materials. The reference 

pattern of tetragonal spinel (ICSD collection code: 76612) is shown in black. 

The extra peak at 20.2 o is highlighted by an asterisk. (b) the PXRD patterns of 

C(Fe0.66Mn0.21Zn0.11)-4HT and C(Fe0.72Mn0.17Zn0.09)-5HT are shown with the 

reference patterns for tetragonal spinel (black) and cubic Fe metal (red, ICSD 

collection code: 14754). (187) 

Figure 6.17: Raman spectra of (a) C(Fe0.2Mn0.8)-0.5 for pre-(black) and post-(red) 

heat treatment, (b) C(Fe0.77Mn0.21)-5 for pre- (black) and post-(blue) heat 

treatment, (c) C(Fe0.2Mn0.75Zn0.05)-0.5 pre-(black) and post-(purple) heat 

treatment, (d) C(Fe0.72Mn0.17Zn0.09)-5 pre-(black) and post-(orange) heat 

treatment. (188) 

Figure 6.18: Graphs of specific capacity vs. cycle number for the (a) 

C(FeaMnbZnc)-XHT materials, (b) C(FeaMnb)-XHT materials, at different specific 

currents. (190) 

Figure 6.19: the first and second cycle CV curves at a scan rate of 0.05 mV s−1 

for (a) C(Fe0.69Mn0.3)-4HT, (b) C(Fe0.77Mn0.21)-5HT, (c) C(Fe0.66Mn0.21Zn0.11)-

4HT, and (d) C(Fe0.72Mn0.17Zn0.09)-5HT. (191) 

Figure 6.20: Graphs of C(Fe0.66Mn0.21Zn0.11)-4HT showing (a) the CV curves for 

the first 10 cycles at 1 mV s−1, (b) CV cycles 1, 2, 5 and 10, (c) CV cycles 10, 50 

and 100, (d) the Nyquist plots taken every 10th cycle between cycle 0 and cycle 

100. (194) 
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8.4 List of Tables 

Table 1: Different proposed Mars missions and their respective energy storage 

device needs. Compiled from source [4]. (12) 

Table 3.1: table comparing the electrochemical performance of CHFS TNO with 

other similar materials reported in literature. (100) 

Table 4.1: Table showing the reported lattice parameters for monoclinic VO2 (ref 

22) and MoO2 (ref 23) compared to the calculated lattice parameters for 

VNM406 and VNM316 determined by Le Bail whole pattern fitting. (117) 

Table 5.1: Table showing comparable carbon/metal oxide materials and their 

electrochemical performance reported in literature. (148) 

Table 6.1: Table showing the different sucrose to metal oxide ratios and the 

sample names. (184) 

Table 6.2: Table showing the initial percentage content of the three metals in 

aqueous solution before CHFS and the elemental percentages of the as-

collected CFMZ materials as determined by XRF. (185) 
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9.0 – Appendix 

9.1 Supplementary for Chapter 2 

 
 

Figure 1 (a): Diagram of the lab scale CHFS reactor with 
quench used to synthesise mixed VNM oxide materials. 
(b) Schematic of the CHFS lab reactor. 
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Sample Material NH4VO3 

/ mol 

dm−3 

NH4NbC4O9

.xH2O / mol 

dm−3 

(NH4)6Mo7O

24.4H2O / 

mol dm−3 

Ascorbic 

acid / mol 

dm−3 

1 V0.7Nb0.3 0.21 0.09 0.0 0.0 

2 V0.7Nb0.2Mo0.2 0.21 0.06 0.00857 0.0343 

3 V0.7Nb0.2Mo0.1 0.21 0.06 0.00429 0.0172 

4 Nb0.3Mo0.7 0.0 0.09 0.03 0.12 

5 V0.6Nb0.4 0.18 0.12 0.0 0.0 

6 V0.6Nb0.1Mo0.3 0.18 0.03 0.0129 0.0516 

7 V0.6Nb0.2Mo0.2 0.18 0.06 0.00857 0.0343 

8 V0.6Nb0.3Mo0.1 0.18 0.09 0.00429 0.0172 

9 Nb0.4Mo0.6 0.0 0.12 0.0257 0.1028 

10 V0.5Nb0.5 0.15 0.15 0.0 0.0 

11 V0.5Nb0.1Mo0.4 0.15 0.03 0.0171 0.0684 

12 V0.5Nb0.2Mo0.3 0.15 0.06 0.0129 0.0516 

13 V0.5Nb0.3Mo0.2 0.15 0.09 0.00857 0.0343 

14 V0.5Nb0.4Mo0.1 0.15 0.12 0.00429 0.0172 

15 Nb0.5Mo0.5 0.0 0.15 0.0214 0.0856 

16 V0.4Nb0.6 0.12 0.18 0.0 0.0 

17 V0.4Nb0.1Mo0.5 0.12 0.03 0.0214 0.0856 

18 V0.4Nb0.2Mo0.4 0.12 0.06 0.0171 0.0684 

19 V0.4Nb0.3Mo0.3 0.12 0.09 0.0129 0.0516 

20 V0.4Nb0.4Mo0.2 0.12 0.12 0.00857 0.0343 

21 V0.4Nb0.5Mo0.1 0.12 0.15 0.00429 0.0172 

22 Nb0.6Mo0.4 0.0 0.18 0.0171 0.0684 

23 V0.3Nb0.7 0.09 0.21 0.0 0.0 

24 V0.3Nb0.1Mo0.6 0.09 0.03 0.0257 0.1028 

25 V0.3Nb0.2Mo0.5 0.09 0.06 0.0214 0.0856 

26 V0.3Nb0.3Mo0.4 0.09 0.09 0.0171 0.0684 

27 V0.3Nb0.4Mo0.3 0.09 0.12 0.0129 0.0516 

28 V0.3Nb0.5Mo0.2 0.09 0.15 0.00857 0.0343 

29 V0.3Nb0.6Mo0.1 0.09 0.18 0.00429 0.0172 

30 Nb0.7Mo0.3 0.0 0.21 0.0129 0.0516 
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31 V0.2Nb0.1Mo0.7 0.06 0.03 0.03 0.12 

32 V0.2Nb0.2Mo0.6 0.06 0.06 0.0257 0.1028 

33 V0.2Nb0.3Mo0.5 0.06 0.09 0.0214 0.0856 

34 V0.2Nb0.4Mo0.4 0.06 0.12 0.0171 0.0684 

35 V0.2Nb0.5Mo0.3 0.06 0.15 0.0129 0.0516 

36 V0.2Nb0.6Mo0.2 0.06 0.18 0.00857 0.0343 

37 V0.2Nb0.7Mo0.1 0.06 0.21 0.00429 0.0172 

38 V0.1Nb0.2Mo0.7 0.03 0.06 0.03 0.12 

39 V0.1Nb0.3Mo0.6 0.03 0.09 0.0257 0.1028 

40 V0.1Nb0.4Mo0.5 0.03 0.12 0.0214 0.0856 

41 V0.1Nb0.5Mo0.4 0.03 0.15 0.0171 0.0684 

42 V0.1Nb0.6Mo0.3 0.03 0.18 0.0129 0.0516 

43 V0.1Nb0.7Mo0.2 0.03 0.21 0.00857 0.0343 

44 V0.3Mo0.7 0.09 0.0 0.03 0.12 

45 V0.4Mo0.6 0.12 0.0 0.0257 0.1028 

46 V0.5Mo0.5 0.15 0.0 0.0214 0.0856 

47 V0.6Mo0.4 0.18 0.0 0.0171 0.0684 

48 V0.7Mo0.3 0.21 0.0 0.0129 0.0516 

Table 1: Showing the different molar ratios of vanadium, niobium, molybdenum, 
and ascorbic acid used to create the different VNM materials.  

 

 

 

 

 

 

 

 

 

 

 

 
Material [Ti] / mol dm−3 [Nb] / mol dm−3 [KOH] / mol dm−3 
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K1 0.10 0.20 3.00 

K2 0.10 0.21 3.00 

K3 0.10 0.22 3.00 

K4 0.10 0.23 3.00 

K5 0.10 0.24 3.00 

Table 2: Showing the different molar ratios of titanium and niobium precursors 
to potassium hydroxide. 

Material Measured 
pH 

[Ti] / mol 
dm−3 

[Nb] / mol 
dm−3 

[KOH] / mol 
dm−3 

K6 7 0.1 0.2 0.0000001 
K7 8 0.1 0.2 0.0000010 
K8 9 0.1 0.2 0.0000100 
K9 10 0.1 0.2 0.0001000 
K10 11 0.1 0.2 0.0010000 
K11 12 0.1 0.2 0.01 
K12 13 0.1 0.2 0.1 
K13 14 0.1 0.2 1 
K14 14 0.1 0.2 2 
K15 14 0.1 0.2 3 

Table 3: Showing the concentrations of the titanium and niobium precursors and 
the increasing concentrations of potassium hydroxide.  

Material Targeted pH [Ti] / mol 

dm−3 

[Nb] / mol 

dm−3 

[NaOH] / mol 

dm−3 

N1 N/A 0.1 0.2 0.0 

N2 7 0.1 0.2 0.0000001 

N3 8 0.1 0.2 0.000001 

N4 9 0.1 0.2 0.00001 

N5 10 0.1 0.2 0.0001 

N6 11 0.1 0.2 0.001 

N7 12 0.1 0.2 0.01 

N8 13 0.1 0.2 0.1 

N9 14 0.1 0.2 1.0 

Table 4: Showing the concentrations of titanium and niobium precursors and the 
different concentrations of sodium hydroxide used for each material. 

 

Material [Ti] / mol dm−1 [Nb] / mol 

dm−3 

[sucrose] / 

mol dm−3 

[NaOH] / mol 

dm−3 
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CTNO-1 0.1 0.2 0.1 1.0 

CTNO-2 0.1 0.2 0.25 1.0 

CTNO-3 0.1 0.2 0.5 1.0 

CTNO-4 0.1 0.2 0.75 1.0 

CTNO-5 0.1 0.2 1.0 1.0 

CTNO-6 0.1 0.2 1.5 1.0 

CTNO-7 0.1 0.2 1.75 1.0 

Table 5: Showing the concentrations of titanium, niobium, sucrose, and sodium 
hydroxide used for the different CTNO materials. 

 

 

 

 

Figure 2: Diagram of the lab CHFS reactor 
mixer and quench used to synthesise the 
CVNM materials. 
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Material Vanadium / 
mol cm−3 

Niobium / 
mol cm−3 

Molybdenum / 
mol cm−3 

Sucrose 
/ mol 
cm−3  

Sucrose:VNM 
Molar ratio 

CVNM-1 0.09 0.03 0.0257 0.2 0.67:1 
CVNM-2 0.09 0.03 0.0257 0.25 0.83:1 
CVNM-3 0.09 0.03 0.0257 0.3 1:1 
CVNM-4 0.09 0.03 0.0257 0.35 1.17:1 
CVNM-5 0.09 0.03 0.0257 0.4 1.33:1 
CVNM-6 0.09 0.03 0.0257 0.45 1.5:1 
CVNM-7 0.09 0.03 0.0257 0.5 1.67 
CVNM-8 0.09 0.03 0.0257 0.6 2:1 

Table 6: Showing the nominal ratios of the three metals and the forms of carbon 
in each material synthesised. 

 

 

 

 

 

Figure 3: Diagram of the pilot scale CHFS 
double mixer and quench reactor used to 
synthesise the CVNM materials. 
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Sample 
No. 

Material [Fe] / 
mol 
dm−3 

[Mn] / 
mol 
dm−3 

[Zn] / 
mol 
dm−3 

[KOH] 
/ mol 
dm−3 

Colour of 
final powder 

1 ZnOx 0 0 0.1 1 White 
2 FeOx 0.1 0 0 1 Red 
3 MnOx 0 0.12 0 1 Pink/white 
4 Zn0.2Fe0.8Ox 0.08 0 0.02 1 Orange 
5 Zn0.4Fe0.6Ox 0.06 0 0.04 1 Orange 
6 Zn0.6Fe0.4Ox 0.04 0 0.06 1 Orange 
7 Zn0.8Fe0.2Ox 0.02 0 0.08 1 Orange 
8 Mn0.2Fe0.8Ox 0.08 0.024 0 1 Brown/black 
9 Mn0.4Fe0.6Ox 0.06 0.048 0 1 Brown/black 
10 Mn0.6Fe0.4Ox 0.04 0.072 0 1 Brown/black 
11 Mn0.8Fe0.2Ox 0.02 0.096 0 1 Brown/black 
12 Zn0.2Mn0.8Ox 0 0.096 0.02 1 Yellow/pink 
13 Zn0.4Mn0.6Ox 0 0.072 0.04 1 Yellow/pink 
14 Zn0.6Mn0.4Ox 0 0.048 0.06 1 Orange/pink 
15 Zn0.8Mn0.2Ox 0 0.024 0.08 1 Orange 
16 Zn0.6Fe0.2Mn0.2Ox 0.02 0.024 0.06 1 Brown 
17 Zn0.2Fe0.6Mn0.2Ox 0.06 0.024 0.06 1 Brown 
18 Zn0.2Fe0.2Mn0.6Ox 0.02 0.072 0.033 1 Brown 
19 Zn0.33Fe0.33Mn0.33Ox 0.033 0.04 0.033 1 Brown 
20 Zn0.4Fe0.4Mn0.2Ox 0.04 0.024 0.04 1 Brown 
21 Zn0.4Fe0.2Mn0.4Ox 0.02 0.048 0.04 1 Brown 
22 Zn0.2Fe0.4Mn0.4Ox 0.04 0.048 0.02 1 Brown 

Table 7: Showing the different ratios of Fe/Mn/Zn salts and KOH used in CHFS 
to synthesise the mixed FMZ oxides, and the colours of the final collected 
powders. 

ScH2O (P1): 
3/16” 

3/8” 

Metal salt 
(P2+P3): 1/4” 

Product Stream: 

Figure 5: Diagram of the single 
mixer CJM used for the CHFS set 
for the synthesis of mixed 
Fe/Mn/Zn oxides. 
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Sample Material [Fe] / 
mol 
dm−3 

[Mn] / 
mol 
dm−3 

[Zn] / 
mol 
dm−3 

[KOH] / 
mol 
dm−3 

[Sucrose] 
/ mol 
dm−3 

1 C(FeMn)-0.5 0.02 0.096 - 1 0.05 
2 C(FeMn)-1 0.02 0.096 - 1 0.1 
3 C(FeMn)-2 0.02 0.096 - 1 0.2 
4 C(FeMn)-3 0.02 0.096 - 1 0.3 
5 C(FeMn)-4 0.02 0.096 - 1 0.4 
6 C(FeMn)-5 0.02 0.096 - 1 0.5 
7 C(FeMnZn)-

0.5 
0.02 0.096 0.05 1 0.05 

8 C(FeMnZn)-1 0.02 0.096 0.05 1 0.1 
9 C(FeMnZn)-2 0.02 0.096 0.05 1 0.2 
10 C(FeMnZn)-3 0.02 0.096 0.05 1 0.3 
11 C(FeMnZn)-4 0.02 0.096 0.05 1 0.4 
12 C(FeMnZn)-5 0.02 0.096 0.05 1 0.5 

Table 8: Showing the different metal salt and sucrose molar ratios used to 
create the C(FeaMnb) and C(FeaMnbZnc) materials. 

Figure 6: Diagram of the lab scale CHFS 
double mixer and quench set up used to 
synthesise carbon Fe/Mn/Zn composite 
materials. 
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9.2 Supplementary for Chapter 3 

 

 

 

Figure 7: PXRD patterns for the materials K13 (black), K14 (red) and K15 
(blue). 
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Figure 6: Graph showing the PXRD patterns for the TNO materials 
synthesised with KOH (K1-K5) and the KTiNbO5 reference pattern 
(ICSD collection no. 16557. 
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Figure 8: PXRD patterns of CTNO-3 after heat treatment at 750 (black) and 900 
℃ (blue) with the reference patterns of rutile TiO2 (red and asterisked) and 
monoclinic Nb2O5 (green). 
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Figure 9: TEM images of (a) N13144HT (b) magnified image of N13144HT 
(c) N13146HT (d) N13149HT 

Figure 10: EDS scans of a TEM image of N13146HT for Ti (blue), Nb (yellow), 
C (red) and O (green). 
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Material Titanium content / at. % Niobium content / at. % 
CTNO-1 51.6 48.3 
CTNO-2 57.5 42.5 
CTNO-3 66.3 33.7 
CTNO-4 69.6 30.4 
CTNO-5 63.9 36.1 
CTNO-6 56.6 43.4 

Table 9: Table showing the atomic percentages of Ti and Nb for all CTNO 
materials, determined by XRF. 

 

Figure 11: Graph showing the CV curves of CTNO materials 1, 2, 5 and 6 at a 
scan rate of 0.5 mV s−1. 
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Figure 12: Graph showing the Nyquist plots for all the CTNO materials.  
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9.3 Supplementary for Chapter 4 

 

Figure 14: Ternary composition diagrams with specific 
capacity in lithium half-cells plotted as heat maps for the 
specific currents, (a) 0.1 A g−1 and (b) 0.5 A g−1. 

Figure 14 cont.: Ternary composition diagrams with specific 
capacity in lithium half-cells plotted as heat maps for the 
specific currents, (c) 1 A g−1 and (b) 2 A g−1 
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Figure 14 cont.: Ternary composition diagrams with specific 
capacity in lithium half-cells plotted as heat maps for the specific 
currents, (d) 10 A g−1 
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 Specific capacity /mAh g−1 

Material 0.1 A 

g−1 

0.2 A 

g−1 

0.5 A 

g−1 

1 A g−1 2 A g−1 5 A g−1 

V0.7Nb0.3 266.6 186.2 137.5 98.4 64.4 32.1 

V0.7Nb0.1Mo0.2 291.1 222.3 140.7 89.6 54.9 24.3 

V0.7Nb0.2Mo0.1 317.6 238.8 183.9 142.8 107.8 69.6 

Mo0.7Nb0.3 314.8 236.8 175.7 129.4 83 35 

V0.6Nb0.4 296 216.8 171.9 133.9 102.7 56 

V0.6Nb0.1Mo0.3 379 240.4 115.1 56.3 33.8 15.7 

V0.6Nb0.2Mo0.2 259.4 172.4 112.5 73.6 45.7 22.1 

V0.6Nb0.3Mo0.1 270.2 192.2 142.7 106.7 71.9 30.7 

Mo0.6Nb0.4 300.8 214.2 151.2 104 54 19.2 

V0.5Nb0.5 305.4 200.1 171.4 132.3 102.2 43.3 

V0.5Nb0.1Mo0.4 354.2 240.4 126.2 71.6 43 19.5 

V0.5Nb0.2Mo0.3 265.1 152.1 73.9 36.8 21.6 11.2 

V0.5Nb0.3Mo0.2 252.6 167.9 113.1 76 45 17.1 

V0.5Nb0.4Mo0.1 293.2 213.1 163 121.8 74.1 25.7 

Nb0.5Mo0.5 240.7 165.3 128.1 98.7 69.1 26.2 

V0.4Nb0.6 248.6 175.9 127.5 89 43.3 5.7 

V0.4Nb0.1Mo0.5 386.9 241.1 112.4 52.7 25.7 7 

V0.4Nb0.2Mo0.4 279.3 202.6 111.1 55.7 29.9 10.6 

V0.4Nb0.3Mo0.3 318.2 209.3 127.4 84.2 54.1 26 

V0.4Nb0.4Mo0.2 343.6 230 148.8 83.9 37.5 6.01 

V0.4Nb0.5Mo0.1 304.7 235 189.4 151.2 114.8 55.2 

Nb0.6Mo0.4 311.1 213.7 160.4 124.6 91.7 51.3 

V0.3Nb0.7 247.5 139.1 93.5 56.9 22.4 4.8 

V0.3Nb0.1Mo0.6 661.3 650.3 505 371.2 241.3 120.3 

V0.3Nb0.2Mo0.5 400.5 343.1 256.7 185.1 117.3 39.2 

V0.3Nb0.3Mo0.4 411.3 296.1 195.4 115.8 56.9 11.7 

V0.3Nb0.4Mo0.3 481.8 205.7 136.7 92.3 58.7 27.1 

V0.3Nb0.5Mo0.2 323.7 220.5 157.3 113.6 74.4 28.2 

V0.3Nb0.6Mo0.1 264.2 180.5 136.8 106.7 78.2 35.5 

Nb0.7Mo0.3 239.2 159.9 110.5 75.4 45.5 18.3 

V0.2Nb0.1Mo0.7 416.9 448.5 343.3 212.6 115 41.7 
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V0.2Nb0.2Mo0.6 269.2 184.1 101.7 50.8 20.6 3.6 

V0.2Nb0.3Mo0.5 284.9 142.2 64.7 22.9 5.5 0.88 

V0.2Nb0.4Mo0.4 174.8 108.6 57.6 17.6 3.2 0.5 

V0.2Nb0.5Mo0.3 209 124.9 76.6 36.3 11 2.3 

V0.2Nb0.6Mo0.2 222 133.8 86.7 46.8 14.8 2.7 

V0.2Nb0.7Mo0.1 200 122.8 77.3 37.8 11.7 2.4 

V0.1Nb0.2Mo0.7 370 253.9 148.4 74.7 24.3 3.6 

V0.1Nb0.3Mo0.6 247.5 124 61.1 27.3 13.9 5.3 

V0.1Nb0.4Mo0.5 209.8 133.7 99.6 65.3 31.4 4.9 

V0.1Nb0.5Mo0.4 190 92.3 45.5 13.5 2.9 0.55 

V0.1Nb0.6Mo0.3 262.7 177.4 134.3 102.4 71.2 28.7 

V0.1Nb0.7Mo0.2 244.9 125.6 65.6 25.9 7.2 0.96 

Mo0.7V0.3 390.6 327.1 233.7 138.7 72.4 31 

Mo0.6V0.4 343.9 255.8 152.3 90.9 54.2 13.9 

Mo0.5V0.5 365 298 210.5 144.1 89.7 31.1 

Mo0.4V0.6 365.8 211.3 166.9 132.2 95 45.9 

Mo0.3V0.7 402.5 417.4 375.7 289.6 201.3 101.4 

Table 10: Table showing all the VNM materials and their specific capacity values 

used to plot the ternary heat maps. 
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Figure 15: Graph of the GCD plots of VNM316 (green) and activated 
carbon (blue) with the voltage differences used to determine the 
potential window of operation for the HIC devices. 
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9.4 Supplementary for Chapter 5 
 

There is no supplementary material for chapter 5. 
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9.5 Supplementary for Chapter 6 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: GCD plots of cycle 2 (black), cycle 3 (red), cycle 5 (blue) and cycle 10 
(green) at 0.1 A g−1 for the materials (a) Zn0.4Fe0.6, (b) Zn0.4Mn0.6, (c) Fe0.4Mn0.6 and 
(d) Fe0.33Mn0.33Zn0.33. 
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 Specific capacity (mAh g−1) at different specific 
currents 

Material 0.1 A g−1 0.5 A g−1 1 A g−1 
ZnFe14 225.9 29 40.05 
ZnFe23 349.65 80.25 55.6 
ZnFe32 260.95 84.55 1.75 
ZnFe41 270.8 14.95 20.55 
MnFe14 531.75 79.55 11.15 
MnFe23 358.75 47.3 4.15 
MnFe32 245.65 20.35 105.4 
MnFe41 383.9 172.05 24.85 
ZnMn14 378.5 80.8 63.8 
ZnMn23 278.55 104.2 34 
ZnMn32 342.85 83.9 2.4 
ZnMn41 224.25 8.45 14.4 
ZnFeMn622 330.9 48.6 53.5 
ZnFeMn262 491 98.9 54.15 
ZnFeMn226 425.25 99.95 21.65 
ZnFeMn111 479.35 71.05 35.9 
ZnFeMn221 373.1 73.95 16.75 
ZnFeMn212 301.45 60.4 47.65 
ZnFeMn122 419.2 90.1 41.7 
FeOx 288.3 87.7 42.9 
MnOx 215.85 69.6 12.85 
ZnOx 209.3 14.75 40.05 

Table 11: Table showing the specific capacity values at set specific currents 
used to create the ternary heat maps. 
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Figure 17: PXRD pattern of C(Fe0.2Mn0.75Zn0.05)-0.5 before heat 
treatment, with the reference pattern for mixed Mn and Fe tetragonal 
spinel (Green, ICSD collection code: 76612). 
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Figure 18: PXRD patterns of the C(FeaMnb)-X materials prior to heat 
treatment. 
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Figure 19: PXRD patterns of the C(FeaMnbZnc)-X materials prior to 
heat treatment. 
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Figure 20: For the material C(Fe0.69Mn0.3)-4HT (a) the first 10 CV cycles at a 
scan rate of 1 mV s−1, (b) CV cycles 1, 2, 5 and 10, (c) CV curves 10, 50 and 
100, (d) the Nyquist plots taken every 10 CV cycles. 
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Figure 21: For the material C(Fe0.77Mn0.21)-5HT (a) the first 10 CV cycles at a 
scan rate of 1 mV s−1, (b) CV cycles 1, 2, 5 and 10, (c) CV curves 10, 50 and 
100, (d) the Nyquist plots taken every 10 CV cycles. 
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Figure 22: For the material C(Fe0.72Mn0.17Zn0.09)-5HT (a) the first 10 CV cycles 
at a scan rate of 1 mV s−1, (b) CV cycles 1, 2, 5 and 10, (c) CV curves 10, 50 
and 100, (d) the Nyquist plots taken every 10 CV cycles. 


