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Abstract 

The work presented in this thesis focuses on the synthesis and structural 

characterisation of functional materials for lithium-ion battery cathode applications, 

with the most promising class of lithium-ion battery cathodes were determined to be 

lithium-rich rock-salt superstructures. In addition to oxidation of transition metal 

cations during charging (cationic redox), the anionic redox process involves partial 

oxidation of lattice oxide (O2-) to form intermediate peroxo-type species (O2
n-) to 

enable additional lithium extraction to maintain electroneutrality in the delithiated 

structure. Suppression of full oxidation of lattice oxide to molecular oxygen is a key 

requirement to utilising the lattice oxygen to reversibly extract additional capacity, 

without compromising the safety and longevity of the battery materials. The 

mechanisms of lithium ion extraction and insertion into cathode materials are 

discussed in relation to their structures. 

Chapter 3 focuses on the structural solution of new lithium-rich rock-salt 

superstructures of the form Li4+xNi1-xWO6 (x = 0, 0.1, 0.15), by combined Rietveld 

refinement of high-resolution synchrotron and neutron powder diffraction data. 

Li4NiWO6 was found to crystallise in the C2/c space group, determined to be a 

monoclinic distortion of the Fddd Li3Ni2TaO6 structural archetype. Li4.1Ni0.9WO6 

and Li4.15Ni0.85WO6 were found to crystallise into the non-centrosymmetric Cm space 

group, comparable to the layered C2/m Li5ReO6 archetype.  

Chapter 4 assesses the electrochemical behaviour of Li4.15Ni0.85WO6, obtaining a 

specific discharge capacity of 200-210 mA∙h g-1, with a reversible capacity of 

173 mA∙h g-1 when cycled between 1-5 V; attributed to cumulative cationic and 

anionic redox reactions. Ex-situ X-ray photoelectron spectroscopy (XPS) was used to 
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determine the oxidation states of the cations and oxygen species, showing the 

reversibility of the redox reaction between lattice oxide and peroxo-type species 

during the first two electrochemical cycles. By comparison to the observed nickel 

oxidation states from XPS and X-ray near-edge structure (XANES) spectroscopic 

analysis, the reversible anionic redox was determined to be responsible for ~2/3 of 

the observed discharge capacity. 

Chapter 5 details the solid state synthesis of an unreported solid solution 

(1-x)LiCoO2∙xLi4WO5, with successful doping of small amounts of rock-salt Li4WO5 

(P1̅) into the layered LiCoO2 (R3̅m) structure determined by analysis of powder 

X-ray diffraction (PXRD) data. Electrochemical testing was performed on x = 0.010 

and x = 0.025, exhibiting initial discharge capacities of 124 and 128 mA∙h g-1, 

respectively. The analogously prepared parent phase, LiCoO2, displayed an initial 

discharge capacity of 121 mA∙h g-1. A considerably greater proportion of the 

available capacity could be extracted from x = 0.010 and x = 0.025 at fast discharge 

rates by comparison to LiCoO2; with the doped materials exhibiting a greater 

retention of the higher discharge capacity during continued cycling.  

Chapter 6 assesses the synthetic method of flame spray pyrolysis (FSP) for known 

lithium-ion battery cathodes, using a simple laboratory setup. This technique is used 

for the production of nanoparticulate products from liquid precursors. The intention 

was to improve the diffusion kinetics through a reduction in particle size. The merits 

and limitations of the technique are discussed in relation to the purity, crystallinity 

and morphology of simple lithium metal oxides assessed by PXRD, scanning 

electron microscopy and ICP-OES. In addition, due to slow diffusion kinetics being a 

limiting factor in the performance of polyanionic cathode materials, the possibility of 

synthesis of such materials by FSP is assessed. 
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Chapter 1:  Introduction 

 

The drive towards decreasing the world’s reliance on finite fossil fuel resources hence 

reducing their environmental impact such as carbon dioxide emissions has made the 

development of renewable energy supplies a primary focus of scientific research. In 

addition to the development of technology required for harvesting renewable energy 

sources, such as solar and wind power, it is imperative that the development of energy 

storage devices keep pace with this advancing technology for safe and long term 

storage of electrical energy. 

Aside from secondary lithium ion batteries, many researchers are focused on the 

development of intercalation compounds for Na+, K+, Mg2+, Ca2+ and Al3+ for battery 

applications, due to their greater natural abundance than lithium. Batteries based on 

the redox of these ions are thought to be safer than LIBs, and have the potential to 

exhibit higher capacity per ion due to utilising higher charge density ions but at the 

expense of heavier cations and less negative reduction potentials, meaning they are 

more suitable for stationary batteries for storage of electrical power.1 

1.1 Rechargeable Lithium Ion Batteries 

The advancement of electric vehicles (EVs) is not only being climatologically 

desirable, but increasingly necessary due to the depletion of oil resources. For the 

foreseeable future, this is an ideal which can be realised with rechargeable batteries, 

supplying a high energy and power density, providing the range and acceleration 

required for modern vehicles. 
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1.1.1 Overview 

Lithium ion batteries (LIBs) are a family of rechargeable (or ‘secondary’) batteries 

commonly used to power portable electronic devices such as mobile telephones and 

laptop computers, owing to their high capacity and energy density, good life cycle, 

absence of the memory effect and minimal self-discharge when not in use (in contrast 

to nickel-metal hydride batteries). It is important to note the difference between 

primary lithium batteries and secondary lithium ion batteries: primary lithium batteries 

are not rechargeable and employ lithium metal as the anode, whereas secondary 

lithium ion batteries employ a low potential lithium ion insertion anode and a high 

potential insertion cathode with reversible redox reactions. 

The low mass and large negative reduction potential of lithium metal 

(Li+/Li0 -3.045 V E°) enables a relatively high power density when Li species are 

employed in an electrochemical cell - values for lithium ion battery voltages are 

reported in comparison to the Li+/Li0 couple, not the standard reduction potential. Due 

to such advantages of LIBs, there is much interest to further improve the power and 

energy density of current technologies and expand into their application in EVs. 

Unfortunately there are also numerous challenges limiting the use of LIBs in EVs, the 

most important being safety concerns due to the explosion risks of the organic 

components. 

Commercial LIBs comprise a number of connected electrochemical cells, which 

consist of an anode, cathode and a non-aqueous electrolyte, separated by a diaphragm 

(Figure 1.1.1). The electrodes are externally connected to complete the circuit of 

electrons, which do work on the load. The most common commercial battery 

comprises a LiCoO2 cathode and a graphite anode. Typically the electrolyte is 
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composed of organic liquids such as alkyl carbonates, with dissociated lithium salts 

such as LiPF6, to enable lithium ion transfer between the electrodes. 

 

Figure 1.1.1: Schematic of a typical lithium ion cell during discharge (top) and charge (bottom). The 

positive insertion electrode (cathode, left) is represented by LiCoO2 showing the CoO6 polyhedra 

(purple) and lithium ions (blue). The negative insertion electrode (anode, right) is represented by 

graphite. Arrows indicate the flow of Li+ through the electrolyte and separator (centre); and flow of 

electrons through the external circuit and aluminium and copper current collectors 

Upon discharging (i.e. battery use), lithium ions deintercalate from the anode and one 

electron per Li+ is donated ultimately to the cathode. The potential difference between 
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the cathode and anode determines the operating voltage of the cell. The lithium ions 

diffuse through the electrolyte to lithiate the cathode and the electrons create a current 

through the external circuit (Figure 1.1.1, top). The cathode material contains at least 

one transition metal which is reduced on discharge, allowing the incorporation of one 

lithium ion into the structure per electron accepted by the transition metal ion. Overall, 

on battery discharge the anode is oxidised and the cathode is reduced. Reversible 

chemical reactions occur at both the anode and cathode as lithium is 

deintercalated/intercalated and electrons are lost/gained, and structural changes occur.2 

Rechargeable batteries are charged upon the application of a controlled over-potential 

from an external power source, causing electrons and lithium ions to flow back from 

the cathode to the anode, where they combine to form lithium metal which intercalates 

into the porous anode structure (Figure 1.1.1, bottom). 

Both the anode (Section 1.2.2) and cathode (Section 1.3) require good electronic 

conductivity, with electrons able to flow freely throughout the electrodes via external 

current collectors. The electrolyte (Section 1.2.3) must be an electronic insulator, 

otherwise the cell will short-circuit. The cathode, anode and electrolyte must enable 

facile lithium ion diffusion throughout the materials, with minimal volume and 

structural change of the electrodes occurring on (de)intercalation of lithium. Since the 

electrolyte wets the surface of both electrodes, the electrolyte must be adequately 

stable to minimise detrimental side reactions with electrodes. 

1.1.2 Electrochemistry 

The open-circuit voltage (VOC) of a lithium-ion cell is determined by the difference in 

electrochemical potential between the two electrodes when no external load is 

connected. When the difference between the chemical potentials of the anode and 

cathode is high, the cell will have a higher voltage and hence a greater power output. 
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However, to ensure electrochemical stability, the redox energies of the electrodes must 

lie within the stability window of the electrolyte (Eg), which is defined as the energy 

separation between the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) of the electrolyte (Figure 1.1.2). Liquid 

electrolytes wet both the anode and the cathode so this thermodynamic stability is 

imperative for a battery with a long lifetime. 

 

Figure 1.1.2: Energy diagram of a typical lithium-ion cell, representing the positions of the lithium 

chemical potentials of the anode and cathode with respect to the energy gap of the electrolyte 

The lithium chemical potential of the cathode (μC(Li)) should lie above the HOMO of 

the electrolyte, otherwise it will oxidise components in the electrolyte and degrade the 

battery. The lithium chemical potential of the anode (μA(Li)) should lie below the 

LUMO of the electrolyte to prevent reduction of the electrolyte components. For 

organic carbonate based electrolytes which are currently used commercially, the 
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oxidative and reductive potentials are ~4.7 V and 1 V vs. Li+/Li0, respectively.3 The 

open-circuit voltage can therefore be represented by the following equation: 

VOC = 
(μ

A(Li) 
- μ

C(Li)
)

e
 

where e is the elementary charge.4 

The stored charge of a lithium-ion battery is referred to as the capacity, values of which 

are typically reported in mA∙h (milliampere hour) for consumers, which indicates the 

charge transferred at the rated voltage as over time. Since 1 C (coulomb) is equivalent 

to 1 A∙s (ampere second), 1 mA∙h is equivalent to 3.6 C. In battery literature, the 

specific capacity is most often reported normalised to the active mass of the host 

material in units of mA∙h g-1; the rest of the mass of the cell is not included in order to 

effectively compare values. The theoretical capacity of a material can be calculated 

based on the molar mass of the fully lithiated host material and the maximum amount 

of lithium that can be extracted per formula unit. In reality however, the practical 

reversible specific capacity of these insertion electrodes in operation is lower than the 

theoretical capacity, the primary reason being not all lithium ions can be extracted 

reversibly at under standard operating conditions. The specific energy is often reported 

in W∙h kg-1, (or as a function of volume), which takes into account the operating 

voltage of the battery. Therefore, increasing the voltage and capacity of lithium ion 

batteries will increase the power output which is necessary for their application in EVs. 

The capacity and voltage of LIBs has not yet reached its practical limit, with 

improvement of current state-of-the-art technologies possible through examination 

and development of the structure-property relationships of the materials constituting 

the electrochemical cell, whilst maintaining compatibility of the different components. 
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1.2 Lithium Ion Battery Components 

1.2.1 Solid-Electrolyte Interphase (SEI) 

The operation of lithium ion batteries results in the formation of a solid-electrolyte 

interphase (SEI) layer on the surfaces of the electrodes, an effect which is more 

prevalent at the anode where lithium ions are reduced. The components of the liquid 

electrolyte are reduced at the surface of the anode on charging, forming deposits of Li-

containing salts. These reduction products form a passivating layer, known as the 

interphase, between the electrolyte and surface of the electrodes, enabling diffusion of 

lithium ions through this layer but is insulating to electrons, whilst protecting the 

electrodes from further oxidative attack from the electrolyte and prolonging battery 

life upon further cycling.5 This is a particularly important consideration for graphite 

based anodes where the reduction potential lies below the stability window of the 

electrolyte. The inner SEI layer (in direct contact with the electrode surface) is thought 

to be very thin and compact, comprising mostly of inorganic lithium salts and the 

porous outer SEI layer (in direct contact with the electrolyte) is much thicker, mostly 

composed of organic lithium salts.6 Formation of the SEI layers results in the 

irreversible consumption of lithium ions and loss of capacity compared to the first 

charge cycle,7 which continually deposits over the life cycle of the cells resulting in 

gradual loss of capacity.8 Thermal decomposition of the SEI at a graphitic anode can 

easily occur above 120 °C and contribute considerably to the onset of thermal 

runaway.9 Some electrolyte additives are intended to improve the thermal stability of 

the lithiated graphite anode and SEI layer.10  

At the cathode component, oxidation of the electrolyte can occur and form SEI on the 

cathode surfaces, particularly in high voltage LIBs where charging above ~4.5 V 
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exceeds the stability window of conventional non-aqueous liquid electrolytes.11,12 For 

effective analysis of the species involved during battery cycling, it is important to 

consider the surface chemistry of the insertion electrodes in comparison to the bulk 

processes. 

Safety concerns are apparent with all LIBs, particularly with lithium metal oxide 

cathodes, due to the possibility of gas release during operation at elevated temperatures 

or overcharging or over-discharging; or the possibility of internal short circuiting. For 

example, metal oxide cathodes may release oxygen gas during overcharging, the SEI 

layer can thermally decompose to release gases and the liquid electrolyte can evolve 

gas at the anode during reduction processes.13 These exothermic reactions may result 

in a process known as ‘thermal runaway’, as heat and gases accumulate inside the cells 

which eventually rupture and explode, consuming the flammable liquid electrolyte. 

Numerous safety features are employed to prevent such failures, but are not always 

successful – clearly this is not a viable option for electric vehicles and larger 

batteries.14 

1.2.2 Anode  

Graphite is the most commonly used commercial anode material (also referred to as 

the negative electrode), due to its low cost, stability, excellent life cycle and low 

reduction potential of ≤ 0.25 V vs. Li+/Li0.3 However the chemical potential of graphite 

lies below the LUMO of typical carbonate-based electrolytes, resulting in reduction of 

the electrolyte by graphite anodes upon charging. One lithium ion can intercalate per 

six carbon atoms (LiC6), sitting between the layers of graphene, which limits its 

theoretical capacity to 372 mA∙h g-1.15 The rate of lithium ion diffusion within graphite 

is rapid parallel to the basal plane, but slow perpendicular to these planes hence 

diffusion is limited across grain boundaries.16 The limitations of graphitic carbon 
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anodes has led to the investigation of nanostructured carbon such as graphene nano-

sheets (2-D), carbon nanotubes (1-D) and C60, whereby the larger surface area and 

dimensionality result in greater initial capacities and improved conductivity. The 

additional cost of synthesis and rapid reduction of carbonate-based electrolytes due to 

this large surface area currently limit their commercial viability.17,18 

Lithium metal would be an ideal anode due to its high theoretical capacity of 

3860 mA∙h g-1,19 low density and lowest negative electrochemical potential without 

the need for synthesis of pre-lithiated cathodes.20 The use of lithium metal anodes has 

yet to be realised commercially, mainly due to the safety hazards this technology 

currently poses (in addition to limited lithium resources). During repeated charge and 

discharge cycles of these cells, lithium dendrites have a tendency to grow from the 

anode and can penetrate the SEI layer and separator, which can eventually result in 

short circuiting as the anode makes contact with the cathode. The use of carbonaceous 

materials as anodes avoids this problem due to intercalation within the structure, 

providing good safety and longevity for these LIBs. 

To improve the overall cell capacity without compromising on safety, some attention 

has been focused on the development of silicon anodes, which in its fully lithiated state 

forms Li15Si4 enabling a maximum theoretical capacity of 3579 mA∙h g-1.21 The 

primary disadvantage with the use of silicon anodes is the ~300% volume expansion 

that occurs upon complete lithiation, in contrast with ~10% expansion with graphite.22 

Anodic volume changes upon cell cycling are problematic and can lead to irreversible 

capacity loss due to electrode pulverisation, which in turn leads to mechanical stress. 

Mechanical stress can cause the cell to fracture, exposing the anode to the electrolyte 

thus consuming both components, in addition to loss of electrical contact through the 

anode decreasing the conductivity. Nanostructuring of silicon-based anode materials, 
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such as the use of nanowires or porous structures, has been shown to considerably 

minimise the effects of volume expansion upon lithiation, but can reduce contact 

between the particles and affect rate capability.23-25  

Low voltage spinel structures, in particular Li4Ti5O12 (or Li4/3Ti5/3O4 in the A[B2]X4 

spinel notation) have also been demonstrated as lithium ion battery anodes.26 Lithiation 

of the cubic spinel Li4Ti5O12 anode upon charging results in the rock-salt type 

Li7Ti5O12 structure with a theoretical specific capacity of 168 mA∙h g-1 at a voltage of 

1.5 V vs. Li+/Li0. The change from the spinel to rock-salt structure is due to the 

migration of the lithium ions occupying the tetrahedral 8a sites in the spinel to 

octahedral 16c sites in the rock-salt upon lithiation; this structural evolution displays 

minimal volume change (~0.2%) which is advantageous to reduce mechanical stress 

in battery systems.27 Lithium-containing spinel anodes have the advantages of facile 

and inexpensive synthesis and stable cyclability with long lifetimes, but possess 

modest power outputs and limited ionic and electronic conductivity (which can be 

improved by carbon-coating, nanostructuring etc.) and therefore are more suitable to 

stationary battery storage systems.28 

1.2.3 Electrolyte 

The electrolyte must have high Li-ion conductivity, fast Li-ion diffusion and negligible 

electronic conductivity; however liquid electrolytes undergo reactions at the surface 

of the electrodes consuming the components, particularly at elevated temperatures or 

during overcharging. The main concern with the use of non-aqueous liquid electrolytes 

in electric vehicles is the flammability and volatility of organic solvents, which can 

under extreme operating conditions result in accelerated reaction with the electrodes 

leading to release of heat and gas and eventually may result in fire and explosion. It is 

clear this is not an acceptable possibility in EVs, so many research groups are focusing 
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on development of non-flammable solid electrolytes with an equally wide operating 

voltage window such as polymers,29 or glass/ceramic Li+ conductors.30 On the other 

hand, others are developing electrolyte additives to improve the voltage window,31 

minimise capacity-reducing parasitic reactions with the cathode,32 or make the 

electrolytes more flame retardant.33 However it is worth noting that these electrolyte 

additives tend to lead to decreased ionic conductivity.34 Room temperature ionic 

liquids are being considered as alternative electrolytes, owing to their low volatility, 

low flammability, good stability and high ionic conductivity.35 Unfortunately lithium 

ion diffusivity is limited due to their high viscosity, hence limiting the rate of charge 

and discharge.36 

1.3 Lithium Ion Battery Cathodes 

The cathode component of a lithium ion electrochemical cell (the positive electrode 

during discharge) must reversibly and rapidly react with lithium via intercalation and 

deintercalation, triggered by the facile reduction and oxidation of a transition metal 

centre. The material must be a good electronic conductor to aid the redox reaction of 

the transition metals and complete the circuit for the electrons to do useful work. Upon 

lithiation and delithiation there should be minimal volume change of the host structure 

to avoid cell damage and loss of particle contact which can increase impedance. To 

enable a cell with high power, the cathode should have a large discharge capacity and 

a high redox potential of the transition metal couple which would result in a higher 

open circuit voltage. The cathode should also have a long cycle life, good thermal and 

chemical stability and ideally be composed of environmentally benign, non-toxic, 

inexpensive and abundant materials with the ability to be recycled. 
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1.3.1 Rock-Salt Structure Family 

Many lithium metal oxides are known to adapt rock-salt superstructures, whereby ions 

occupy octahedral coordination sites and the total number of cations is equal to the 

number of anions whilst maintaining electroneutrality. The basic NaCl rock-salt 

structure possesses a cubic close-packed (ccp, or face-centred cubic, fcc) array of 

anions (Cl-), whereby the cations (Na+) fully occupy the interstitial octahedral sites and 

the tetrahedral sites remain vacant. This results in cations that are octahedrally 

coordinated to six anions and vice versa, with the NaCl6 (or ClNa6) octahedra sharing 

common edges in a three-dimensional array (Figure 1.3.1).37  

 

Figure 1.3.1: Representation of the [111] plane in the NaCl rock-salt structure 

For ternary alkali metal (A+) – transition metal (Mn+) oxides that can adopt rock-salt 

type superstructures, general formulae of the form AM(III)O2, A2M
(IV)O3 and A5M

(VII)O6 

are capable of possessing fully occupied alkali metal layers (AO-).38 For ternary oxides 

possessing these formulae, Pauling’s rule of electroneutrality around each oxide anion 

is obeyed, that is the sum of the electrovalencies of the nearest- neighbour is equal to 
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the charge on the anion hence it is possible to preserve electroneutrality around the 

local oxygen environment.39  

The α-NaFeO2 structure (of the general AMO2 formula) is an ordered derivative of the 

rock-salt structure, whereby the sodium ions and iron (III) ions occupy 

crystallographically distinct octahedral sites within a close-packed oxide array. This 

forms, in the ideal structure, fully occupied NaO2 layers alternating with FeO2 layers 

perpendicular to the [111] rock-salt equivalent plane in an -ABC-ABC- stacking 

scheme; also referred to as O3 stacking (where O indicates octahedral coordination of 

cations and 3 indicates the stacking period).40 This layered structure is 

thermodynamically favoured due to the large difference in ionic radii of Na+ (1.02 Å) 

and Fe3+ (high-spin 0.645 Å) in octahedral coordination environments. Such layered 

structures are often adopted when the general formula is AMO2 where A is an alkali 

metal (such as Na+, Li+) and M is a trivalent metal ion (such as Fe3+, Co3+) with a 

sufficient difference in ionic radii. Cations of similar ionic radii are more likely to mix 

and disorder, such as Li+ and Ni3+ as observed during synthesis and cycling of 

LiNiO2.
41 In AMO2 rock-salt structures, the octahedral coordination environment 

around oxide anions can be ‘clustered’ as close together as possible in a 

fac-coordination environment (where three ions of the same type occupy one face of 

the octahedron) as occurs in α-NaFeO2 and LiCoO2 (Figure 1.3.2, top). Alternatively, 

cations of the same type can arrange in a mer-coordination environment as far apart as 

possible (occupying one meridian of the octahedron) as in γ-LiFeO2 (Figure 1.3.2, 

bottom). The coordination adopted depends on lattice energy and polarising power of 

the M3+ cations.42 As a consequence of the structure adopted by γ-LiFeO2, both Li+ 

and Fe3+ ions are present in every close-packed oxygen layer. Other examples of 
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compounds adopting the γ-LiFeO2 structure type include NaMO2 (M = Ln3+) and 

Li2MXO4 (M = Mg, Mn, Co, Zn; X = Zr, Hf). 

 

Figure 1.3.2: Representation of clustered oxygen (red spheres) fac-coordination environment in 

LiCoO2 (top) and dispersed mer-coordination environment in γ-LiFeO2 (bottom) 

Li2SnO3 is an example of the A2MO3 rock-salt superstructure type, which can adopt 

two structures, both of which can be thought of as Li[Li1/3Sn2/3]O2. The high 

temperature rhombohedral α-Li2SnO3 possesses fully occupied Li layers alternating 

with a disordered mixed cation layer and is isostructural with α-NaFeO2 and LiCoO2. 

Alternatively the Sn and Li cations in the mixed cation layer can order into distinct 
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crystallographic sites resulting in the lower symmetry monoclinic β-Li2SnO3 structure, 

which is isostructural with Li2MnO3.
43 In A2MO3 structure types, the M cations can 

coordinate in either a cis or trans octahedral coordination environment around O2-, 

depending on whether maximising the M-M cation distance or their alignment into 

layers is more thermodynamically stable within the structure.39 

Of the A5MO6 composition where A = Li (or Na) and M = Re or Os, the M7+ ions are 

fully ordered in one crystallographic site within the mixed cation layer (Figure 1.3.3, 

top), alternating with fully occupied lithium layers, similar to Li2MnO3 (space group 

(abbreviated S.G.) C2/m). Likewise, although it does not strictly adhere to the A5MO6 

formula, Li3Ni2TaO6 can be thought of in a similar way. The Ta5+ ions are ordered 

over one octahedral site, while Li+ and Ni2+ are disordered over the remaining cation 

sites (Figure 1.3.3, bottom), adopting the orthorhombic Fddd space group. Other 

structural analogues include Li3M
(II)M(V)O6 where M(II) = Ni, Mg, Co and M(V) = Nb, 

Sb, Ta. 

Of course Li-containing rock-salt superstructures are not strictly limited to the general 

formulae described above. Some cation combinations do not adhere to the 

electroneutrality rule around each oxide anion, or other factors such as Jahn-Teller 

distortion and M-O bond polarisation influence the ordering adopted.42 For example, 

Li3NbO4 possesses Nb4O16 tetramers, forming a body-centred cubic lattice.44 Li4WO5 

and Li4MoO5 can adopt a disordered cubic rock-salt structure, or a fully ordered 

triclinic (P1̅) structure which possesses fully occupied lithium layers.45-47 
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Figure 1.3.3: Representation of ordering of Re octahedra (pink) in Li5ReO6 (top) and Ta octahedra 

(gold) in Li3Ni2TaO6 (bottom) between close-packed oxygen layers 
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1.3.2 Lithium Metal Oxide Cathodes 

Lithium cobalt oxide, LiCoO2, as a lithium ion battery cathode was first reported by 

Goodenough and eventually commercialised (coupled with a graphitic anode) by Sony 

corporation in 1991.48 The high energy density, high operating voltage, good 

cyclability and relatively facile manufacture of these electrochemical cells lead to their 

ubiquitous use in portable electronic devices; however it is unsuitable for EV 

applications primarily due to safety concerns, in addition to the expense of cobalt 

metal. The theoretical specific capacity for a LiCoO2/graphite cell is 280 mA∙h g-1 

based on the removal of all lithium ions from the cathode by full reversible oxidation 

of Co3+ to Co4+. However, the practical and reversible specific capacity of LiCoO2 is 

limited at 140 mA∙h g-1 as only 0.5 Li+ can be safely extracted per cobalt ion during 

oxidation of Co3+ to Co4+, creating an average bulk oxidation state of Co3.5+ when fully 

charged. The delithiated form of the cathode, Li0.5CoO2, is a less stable structure and 

can evolve oxygen at elevated temperatures according to the following equation:49 

Li0.5CoO2→ 
1

2
LiCoO2+ 

1

6
Co3O4+ 

1

6
O2 

LiCoO2 adopts the rhombohedral R3̅m space group, comprised of fully occupied cobalt 

layers alternating with fully occupied lithium layers along the c-axis, which is of the 

α-NaFeO2 structure type (Figure 1.3.4). 
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Figure 1.3.4: Representation of the LiCoO2 structure showing the alternating layers of lithium and 

cobalt octahedra (top). Representation of the cation and anion ordering in the rock-salt [111] planes 

(bottom) 

Lithium ion batteries employing LiCoO2 as the cathode were commercialised in 

preference to LiNiO2; despite the higher practical capacity of LiNiO2 (~150 mAh·g-1) 

and reduced cost and toxicity of nickel in comparison to cobalt.50 This is due in part to 

the difficult synthetic preparation of the layered R 3̅ m LiNiO2 structure, often 
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contaminated with domains of the more thermodynamically stable and disordered 

cubic Fm3̅m polymorph.51 Additionally, during battery operation Ni3+ ions are able to 

hop to the Li+ sites via the tetrahedral sites,52 disordering the layered structure and 

hence blocking Li+ diffusion channels.53 Such problems are not present in LiCoO2 

which therefore has greater structural stability and hence better cyclability.54  

Another example of a commercialised layered lithium metal oxide cathode is 

LiNi0.8Co0.15Al0.05O2 (NCA), utilising both the nickel and cobalt as redox active 

centres to deliver capacities of ≤ 200 mA∙h g-1. In comparison to LiCoO2, the reversible 

capacity is greater as the structure does not evolve oxygen until 0.7 Li+ have been 

removed from the structure, as well as nickel being more cost-effective and lower 

toxicity than cobalt. The presence of a small amount of redox inactive Al3+ ions within 

the transition metal layer provide thermal stability to the structure and minimise the 

migration of Ni3+ ions from the transition metal layer to the Li+ plane.55  

LiMn2O4 crystallises into the spinel structure with Fd 3̅m space group; it utilises 

inexpensive and environmentally benign manganese and is safer than LiCoO2. Spinel 

structures have the general formula AB2O4 whereby the A cations (Li+ in this instance) 

occupy tetrahedral coordination sites and the B cations (Mn3+) occupy the octahedral 

sites within a ccp array of oxide anions (Figure 1.3.5). This framework enables three-

dimensional, facile transport of lithium ions throughout the structure due to corner 

sharing tetrahedra and octahedra. Although LiMnO2 adopts a layered α-NaFeO2 

structure, it is not a commercially viable cathode material due to irreversible 

transformation to the spinel LiMn2O4 phase upon delithiation.56 
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Figure 1.3.5: Representation of cubic spinel structure of LiMn2O4 showing the LiO4 tetrahedra and 

MnO6 octahedra (top) and bonding framework (bottom) 

The practical specific capacity of LiMn2O4 is typically 120 mA∙h g-1 operating at ~4 V 

vs. Li+/Li0, however this material suffers considerably from capacity fading, 

particularly when cycled above 55 °C.57,58 This capacity fading is a result of the 

disproportionation of Mn3+ ions from the spinel structure into Mn4+ and Mn2+ ions, a 

reaction which is facilitated by the presence of a small amount of HF in the electrolyte 

creating an acidic environment. Mn2+ will then dissolve in the electrolyte, resulting in 

a disordered cathode structure; and Jahn-Teller distortion can also lead to structural 

instability.59 Substitution of a quarter of the manganese cations for nickel results in 

LiNi0.5Mn1.5O4, retaining the spinel structure and improving the cyclability compared 

to LiMn2O4 by stabilising the structure against dissolution. The presence of redox 

active nickel means there is an additional voltage plateau at 4.7 V vs. Li+/Li0, however 
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the theoretical capacity is still relatively low at 147 mA∙h g-1. In addition, this material 

is prone to the formation of cubic disordered LixNi(II,III)
1-xO which degrades the 

electrochemical performance.60 

Based on the advantages and disadvantages associated with single transition metal 

redox centres of the form LiMO2 (M = Ni, Mn, Co), this has led to a solid solution 

approach to mixed metal oxides of the form LiNixMnyCozO2 (where x + y + z = 1; 

known as NMCs), retaining the layered α-NaFeO2 type structure. These materials such 

as LiNi1/3Mn1/3Co1/3O2 exhibit a high redox potential and capacity mostly associated 

with Ni2+/3+/4+ redox. The manganese ions remain in the +4 oxidation state throughout 

cycling, acting to stabilise the structure against transformation to a spinel-like phase 

and eliminates the problems associated with Jahn-Teller distortion of Mn3+. Cobalt, in 

the +3 oxidation state, provides good rate capability and is thought to minimise cation 

mixing of transition metals onto Li+ sites during cycling.61 

LiNi1/3Mn1/3Co1/3O2 (often denoted as NMC333) exhibits a reversible discharge 

capacity of 150 mA∙h g-1 at a cut-off charge voltage of 4.2 V, or up to 200 mA∙h g-1 

when charged up to 4.6 V.62,63 Unfortunately delithiated NMC structures are reactive 

and have been shown to exhibit facile conversion from layered to spinel to inactive 

disordered rock-salt phases (originating at the cathode surface), particularly at elevated 

temperatures, which is exacerbated when charged to higher voltages (despite the 

additional capacity obtained).64,65 The structural transitions are due to cation mixing 

of Ni, Co and Mn into the depleted lithium layers in an attempt to stabilise the 

delithiated structure (commonly observed in LiNiO2); which can for example be 

alleviated by incorporating stabilising dopants such as Zr4+.66 
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Since the nickel redox is responsible for the majority of the capacity, increasing the 

nickel content (e.g. LiNi0.8Mn0.1Co0.1O2; NMC881) increases the available capacity, 

but also encourages structural degradation. The increased proportion of highly reactive 

Ni4+ promotes side reactions with electrolytes at the cathode surface, and can also 

reduce back to Ni2+ with accompanying oxygen gas release in the delithiated structure 

(to maintain charge neutrality) which also results in rapid capacity fading.67  

The ratio of transition metal cations, presence of dopants and tuning the synthesis and 

processing of layered NMC cathodes have been extensively studied to improve the 

electrochemical properties with a view to producing a safer, cheaper and higher 

capacity cathode than LiCoO2.
68  

1.3.3 Lithium-Rich Layered Oxide Cathodes 

The concept of lithium-rich layered oxides originated from the research of Thackeray 

and Rossouw,69 who used acid to leach Li2O from the layered rock-salt type Li2MnO3 

to obtain a layered electrochemically active structure Li0.36Mn0.91O2. Cell cycling of 

the obtained cathode produced a lithiated structure determined as Li1.09Mn0.91O2, 

which can also be denoted as 0.2Li2MnO3·0.8LiMnO2, exhibiting promising 

electrochemical behaviour.70 From this work, other lithium-rich layered oxides of the 

general formula xLi2MnO3∙1-xLiMO2 (M = Ni, Mn, Co etc.) have been widely 

researched in recent years, displaying initial discharge capacities exceeding 

280 mA·h g-1 where NMCs are composited with Li2MnO3, due to the additional 

available lithium.71 The Li2MnO3 component can be electrochemically activated with 

respect to lithium ion insertion by charging to 4.5 V,72 whereby manganese remains in 

the +4 oxidation state but some lattice oxide ‘oxidises’ to molecular O2 gas to maintain 

charge neutrality following Li+ extraction. This electrochemical activation removes 

almost all of the Li+ from the Li2MnO3 component to form a layered λ-MnO2 structure 
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into which a proportion of the extracted lithium can reversibly intercalate upon 

cycling; in addition to the cationic redox of the LiMO2 component. Unfortunately, 

these Li-rich layered oxides utilising Li2MnO3 currently suffer from poor cycling 

performance due to low rate capabilities,73 a huge irreversible capacity loss in the first 

cycle and voltage decay due to conversion to cubic spinel phases as a result of cation 

migration.74  

Due to the involvement of oxygen during the first cycle of xLi2MnO3∙1-xLiMO2 

cathodes, research into the viability of reversible redox of lattice oxide (O2-) has 

garnered increasing research in recent years. Alternative materials to the 

xLi2MnO3∙1-xLiMO2 composites are desirable to access the cumulative cationic and 

anionic redox processes to enable high discharge capacities in lithium-rich materials, 

without the problems associated with structural transformations over continued battery 

use.  

The layered lithium-rich rock-salt superstructure of Li1.20Mn0.54Ni0.13Co0.13O2 (or in 

the composite notation, 0.5Li2MnO3∙0.5LiNi1/3Mn1/3Co1/3O2) exhibits a capacity over 

200 mA∙h g-1, but with significant voltage fade during cycling and a high irreversible 

capacity loss.75 Investigation of the redox mechanisms involved during cycling were 

examined using in-operando X-ray absorption spectroscopy, concluding that nickel 

and cobalt are involved in the cationic redox, but the capacity obtained exceeds the 

theoretical capacity calculated from solely cationic redox.76 The source of additional 

capacity was determined as reversible oxidation of lattice oxide, not just irreversible 

oxidation to O2 gas, found to occur following cation oxidation in the core of the 

particles using high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM).77 
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Investigation into Li2RuO3-based systems (since Li2RuO3 is structurally analogous to 

Li2MnO3), determined that the species involved during reversible anionic redox were 

most likely peroxo or superoxo-type species, referred to as (O-O)n- or O2
n- since the 

value of n = 1,2 or 3.78,79 The anionic redox can therefore be considered as the 

reversible partial oxidation of lattice oxide to peroxo/superoxide species, which 

accompanies lithium loss from the structure to maintain charge neutrality in rock-salt 

superstructures. 

Furthermore, the synthesis of Li4FeSbO6 was targeted by McCalla et al.,80 with a view 

to developing a material that solely exhibits the anionic redox as a means of obtaining 

capacity. This material can be considered a structural analogue of the layered Li2MnO3 

structure, with Mn4+ replaced by 1/2Fe3+ and 1/2Sb5+.81 During charging of this material, 

the oxidation of Fe3+ to Fe4+ was observed with simultaneous formation of O2
n- species, 

with rapid evolution of oxygen gas when charged up to 5 V. The reversibility of the 

anionic redox was poor over continued cycling up to 4.25 V due to loss of oxygen gas 

from the structure, resulting in destruction of the cathode material from these structural 

changes, determined from in-operando XRD and Mössbauer spectroscopy.80 

To date, layered lithium-rich materials exhibit low structural stabilities towards 

oxygen removal following electrochemical activation by charging to high potentials. 

The excess of lithium in these structures is thought to enable such anionic redox 

processes to be accessed,82 in addition to strong metal nd and oxygen 2p orbital 

interactions.83 Thus far however, the cycling reversibility of materials exhibiting both 

cationic and anionic redox processes has been poor due to the release of the oxide 

anions from the cathode structures as O2 gas,84 or irreversibly reacting with the 

carbonate-based electrolytes resulting in rapid capacity fade.78 These Li-rich layered 
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structures and the factors controlling the anionic redox stability are discussed in more 

detail in Chapters 3-5. 

1.3.4 Disordered Lithium-Rich Cathodes 

In stoichiometric layered LIB cathode materials such as LiCoO2, NMCs etc., fully 

occupied lithium layers are required, migration of the transition metal cations into the 

lithium layers following delithiation. Cation disordering increases the impedance of 

the cathode material as the transition metals can block the one-dimensional Li+ ion 

diffusion channels and result in capacity fading (as mentioned in Section 1.3.2 ). 

However, it was recently shown through a combination of computational and empirical 

methods that a cathode possessing disordering of cations can still reversibly cycle 

when the composition is rich in lithium (i.e. the ratio of Li+ to transition metal ions is 

>1). Such behaviour was exhibited in Li1.211Mo0.467Cr0.3O2, whereby an alternative 

lithium-ion percolation network was determined; but only when an excess of lithium 

is present.82 

1.3.5 Polyanionic Insertion Compounds 

Lithium ion battery cathodes comprising of three-dimensional ionically conducting 

polyanionic (XO4
n-) frameworks and transition metals have been intensively 

researched in recent years, following the successful commercial development of the 

ordered olivine-type lithium iron phosphate (LiFePO4) cathode.85 Utilising such 

polyanions in the synthesis of LIB cathodes, instead of simple O2- anions such as in 

LiCoO2, is an approach to increase the operating voltage of the cells due to the 

inductive effect within M-O-X bonds. The difference in electronegativity between the 

O and X anions gives the covalent O-X bonds ionic character, with the degree of ionic 

character dependent on the identity of X. In comparison to metal oxide systems, the 

enhanced ionic character of the O-X bonds strengthens them and therefore decreases 
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the energy of the M-O bonds within the M-O-X linkages. In other words, the separation 

between the bonding and antibonding orbitals of the M-O bond is increased, lowering 

the redox potential of the transition metal.86,87 Decreasing the redox potential of the 

active transition metal couple vs. Li+/Li0 will increase the discharge voltage of the cell 

and hence increase the power density of the battery, with a versatile selection of 

transition metal and anion combinations possible. These three-dimensional 

frameworks provide long-term electrochemical and thermal stability to the cathode, 

potentially eliminating the possibility of oxygen evolution under abusive conditions 

and are therefore thought to be considerably safer than lithium metal oxide cathodes 

such as LiCoO2 and LiMn2O4.
88 However, polyanionic cathodes are known to have 

poor electronic conductivity (which can be somewhat alleviated by homogenous 

carbon coating) and a low specific capacity due to additional electrochemically 

inactive mass of the polyanions increasing the overall mass of the cathode 

component.89,90  

Lithium iron phosphate has a theoretical specific capacity of 170 mA∙h g-1 at a voltage 

of 3.45 V vs. Li+/Li0, with the extraction of lithium from LiFePO4 driven by the 

oxidation of Fe2+ to Fe3+, which occurs in a two-phase reaction: 

LiFePO4- xLi
+
- xe-→ xFePO4 + (1-x)LiFePO4 

The presence of the electronegative phosphate groups allows the redox potential of the 

Fe2+/3+ couple to be increased due to the inductive effect, in comparison to a metal 

oxide structure (for example, the redox energy of Fe2+/3+ in Fe2O3 is <2.5 V vs. 

Li+/Li0).91  

The crystal structure of LiFePO4 adopts an ordered olivine structure of the form M2XO4 

crystallising in the orthorhombic space group Pnma (Figure 1.3.6). Oxide ions are 
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ordered in a distorted hexagonal close-packed (hcp) array, with Li+ and Fe2+ occupying 

half of the crystallographically distinct octahedral coordination sites, and P5+ on one-

eighth of the tetrahedral sites. The olivine structure is a hexagonal analogue of the 

spinel structure, but LiFePO4 adopts the olivine structure due to the small radius of P5+ 

ions and the two different sized octahedral sites enabling the accommodation of two 

ions of different size and charge (Li+ and Fe2+).85 

Lithium ions diffuse through the structure upon battery operation through one-

dimensional channels, formed by edge-sharing chains of LiO6 octahedra along the 

b-axis (LiO6 octahedra are not pictured in Figure 1.3.6 for clarity). The distorted FeO6 

octahedra share corners in the bc plane and each shares edges with two LiO6 octahedra; 

the PO4 tetrahedra bridge the FeO6 layers by sharing one edge with FeO6 and two edges 

with LiO6 octahedra. 
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Figure 1.3.6: Representation of the olivine-type structure of LiFePO4, showing the one-dimensional 

Li+ channels along the b-axis 

The three-dimensional bonding network of electronically insulating phosphate groups 

improves the voltage of this material, but also acts to isolate the redox active metal 

centres, resulting in poor electronic conduction (σ ~ 10-9 S cm-1 in pristine, uncoated 

LiFePO4).
92 The fully delithiated structure FeIIIPO4 retains the Pnma space group, with 

a small decrease in volume compared to the lithiated structure, attributed to the 

strongly bonded three-dimensional structure and resulting in a LIB cathode that shows 

good reversibility and minimal mechanical stress upon cycling. 

The diffusion of lithium ions through the one-dimensional channels is considered 

rapid, in fact it is the hindered electronic conductivity within the structure that is 

responsible for the slow rates of charge and discharge.93 However, the material must 
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be made extremely pure as these Li+ diffusion channels can easily be blocked by the 

presence of impurities such as Fe2P. Nanostructuring of this material by tuning 

synthetic methods and coating the particles with conductive carbon has led to 

improvements of the rate capability of this material by improving electronic 

conductivity.13,94-96 

Due to the previously mentioned inherent safety concerns of lithium metal oxides, 

LiFePO4 is commonly used in current electric vehicle technology. It also utilises low 

cost, abundant and environmentally benign iron as the redox active metal, and shows 

good thermal and chemical stability, which are critical considerations for large 

capacity systems such as EVs. However the energy density of LiFePO4 is lower in 

comparison to LiCoO2; it possesses a lower operating voltage due to the Fe2+/3+ redox 

couple at 3.45 V vs. Li+/Li0 (occurring in a two-phase reaction), hindered electronic 

and ionic conduction and a lower volumetric capacity.97  

Other lithium metal phosphates adopt the ordered olivine-type structure, such as 

LiMnPO4, LiCoPO4 and LiNiPO4. The high average discharge potential of the Co and 

Ni olivines make them desirable targets in the development of high-voltage LIB 

cathodes (4.8 and ~5.1 V vs. Li+/Li, respectively),98 however current commercial 

liquid electrolyte technology is not yet stable to such high operating voltages over a 

large number of cycles. 

In addition to phosphates (LiMPO4), other examples of polyanion groups employed 

for cathode synthesis (allowing the tuning of transition metal redox potentials 

depending on the electronegativity of the polyanionic clusters) include pyrophosphates 

(Li2MP2O7), fluorophosphates (Li2MPO4F), sulfates (LiMOSO4), fluorosulfates 

(LiMSO4F),99 silicates (Li2MSiO4), borates (LiMBO3) and those based on the 
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NASICON-type structure (Li3M2(PO4)3). It is apparent that in some of these structures 

more lithium ions are available for extraction per transition metal, but this would 

require increasingly higher voltage to increase the oxidation state of the transition 

metal centre: the operating window (i.e. region of electrochemical stability) of current 

commercial liquid electrolytes is limited to about 4.7 V,100 in addition to a considerable 

proportion of the mass being electrochemically inactive and compromising volumetric 

capacity. 

1.4 Summary and Future Directions 

The capacity of lithium-ion battery cathodes has been determined as the major current 

limitation on the development of higher power batteries. The ideal lithium ion insertion 

cathode material is of low mass, with the capability for a number of lithium ions per 

redox active metal centre to be incorporated into the material. Electron conductivity 

and lithium ionic conductivity throughout both electrode materials should be rapid to 

ensure good rate capability. Within a fully charged cell, the lithiated anode (negative 

electrode) requires a high oxidation potential vs. Li+/Li0, i.e. a low voltage; and the 

delithiated cathode a low oxidation potential. The structure should be sufficiently 

stable upon (de)lithiation, with minimal volume change on the removal or insertion of 

lithium during cycling in order to minimise mechanical stress and ensure good 

reversibility of the cell. Stability of the electrodes over a wide operating voltage and 

chemical stability towards the electrolyte is fundamental for long cell lifetimes. From 

a commercial aspect, the synthesis of these materials should be simple and use low 

cost methods of production, in addition to low cost, abundant and non-toxic materials. 

The lithium ion diffusion kinetics throughout the cathode depends on the crystal 

structure and the dimensionality of the diffusion of lithium ions within the structure, 
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hence detailed structural characterisation is required to effectively assess new 

compounds as potential LIB cathodes. 

Lithium-ion batteries are generally thought to be reaching their limitations in terms of 

their power density. Due to the high charge density and large negative reduction 

potential of lithium metal, rechargeable battery technologies based on Li-air and Li-

sulfur reactions are emerging avenues for the storage of electrical energy.101,102 

1.5 Aims of Thesis 

The aims of this thesis are primarily to synthesise and characterise new compounds for 

lithium-ion battery cathode applications. The most promising emerging class of 

materials are lithium-rich rock-salt type oxides, where the involvement of lattice oxide 

in a reversible redox reaction enables the additional extraction of lithium, in addition 

to the cationic redox. To date, the instability of the anionic redox in such Li-rich 

materials has prevented their commercial viability, generally due to the detrimental 

structural transformations and associated release of molecular oxygen, which degrades 

the overall electrochemical performance. Detailed characterisation of the structures of 

Li-rich cathodes has therefore proved imperative to understanding their 

electrochemical properties. 

Within this thesis, the synthesis and structural and electrochemical characterisation of 

new Li-rich rock-salt type oxides are reported, with the properties being correlated to 

their crystal structure. Particular attention has been focused on the incorporation of 

tungsten into LIB cathode materials, which has thus far been unexplored. The primary 

aim has been to improve the energy density of lithium ion batteries through the 

extraction of additional capacity, with accessing and stabilising anionic redox in Li-

rich materials being the most viable way of achieving this. 
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In addition, the viability of flame spray pyrolysis as a method of processing known 

LIB cathodes is explored as a potential means to improve the Li+ and electronic 

diffusion kinetics, through the production of nanoparticles. 
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Chapter 2:  Experimental Methods 

2.1 Synthesis 

The primary method of synthesis used for the preparation of target materials was the 

solid state method, whereby high temperatures and long reaction times result in 

thermodynamic products. These conditions are required in order to overcome the 

high kinetic diffusion barriers associated with ionic diffusion through solids, which is 

usually a slow process. A number of cycles of sintering and grinding materials is 

often required to obtain phase pure samples with good homogeneity. Powdered 

starting materials are used with well-defined compositions and purity, often requiring 

drying before weighing (~200 °C overnight within this work). For small scale 

exploratory synthesis (of the order of ~1 g of product), hand grinding of the solid 

precursors in an agate pestle and mortar is sufficient to reduce particle size and 

ensure good homogeneity of the reaction mixture, with the optional addition of 

organic solvents (acetone or ethanol) to aid mixing where necessary, before pressing 

into pellets. For preparation of larger amounts of sample (such as for neutron powder 

diffraction), mechanical milling was employed to ensure good homogeneity and 

decrease particle size with comparison to hand grinding. The starting materials were 

weighed out and added to zirconia milling pots, with a number of 10 mm diameter 

zirconia spheres and isopropanol. The precursors were milled using a Fritsch 

Pulverisette planetary mill operating at 350 rpm, for at least 1 hr total milling time. 

The resulting slurry was dried in a crystallising dish on a stirrer hotplate to remove 

the isopropanol, and the mixed powder recovered and hand ground to avoid 

sedimentation before pelletising. 
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Pressing the reactants into pellets enhances contact between particles to aid ionic 

diffusion, in addition to minimising the loss of any volatile reactants and contact with 

the crucible and was employed for all sintering steps within this work. An important 

consideration for the preparation of lithium-containing materials is the volatilisation 

of lithium to form Li2O, which occurs rapidly at ~900 °C and above. For this reason, 

a molar excess of lithium precursors is often included to compensate for any lithium 

loss at these high reaction temperatures. Also, where precursors are deemed to be 

volatile in the preparation of pellets, a sacrificial powder can be employed to 

surround the pellet and maintain the required stoichiometric ratio within the pellet. 

The sample containers used within this work were alumina crucibles, occasionally 

requiring a lining of platinum foil to avoid reaction with the crucible. The primary 

focus of this work is the synthesis of lithium metal oxides, where sintering in a 

muffle furnace employing a static air atmosphere were the most commonly employed 

conditions. It is also possible to adjust the oxygen partial pressure during reactions 

by reaction in a tube furnace with a dynamic flow of gas (such as argon) to control 

the oxygen content and oxidation states of metal ions. The details of reaction 

conditions are reported in the following chapters. 

The use of flame spray pyrolysis (FSP) as a synthetic method is discussed in detail in 

Chapter 6. This method involves the using of liquid precursors sprayed into a flame, 

causing rapid product formation, which are then deposited on an unreactive surface. 

The rapid reaction time results in nano-sized particles, which is desirable for some 

lithium-ion battery cathodes whereby the diffusion kinetics are hindered by slow 

diffusion from the bulk to the surface and across grain boundaries. 
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2.2 Powder Diffraction 

Powder diffraction is a widely used analytical technique for the structural 

characterisation of polycrystalline materials. The diffraction of X-rays, neutrons or 

electrons on a powder sample can afford valuable information about the three-

dimensional arrangement of atoms in crystals in a non-destructive manner with 

minimal additional sample preparation. 

2.2.1 Powder X-Ray Diffraction (PXRD) 
Crystalline solids possess long-range ordering of atoms in three-dimensional periodic 

arrays, with interatomic distances spanning ~0.5-2.5 Å. The diffraction of X-rays 

from crystalline solids is possible due to the interatomic distances being comparable 

to the wavelength of X-rays, 0.1-100 Å. The scattering of X-rays from the electron 

cloud of an atom is directly proportional to the number of electrons in that atom or 

ion. For this reason, it can be difficult to distinguish lighter atoms which have a 

smaller scattering factor, or distinguish between atoms or ions with similar atomic 

numbers (Z). Within this thesis, three laboratory X-ray diffractometers were used for 

data collection, depending on the required X-ray source (Cu, Co or Mo anode) and 

whether Bragg-Brentano or Debye-Scherrer geometry was preferred.  

The Bragg-Brentano focusing method, also referred to as reflection geometry, 

employs flat specimens of crystalline powders continuously rotating on a flat sample 

plate (Figure 2.2.1). Focusing of the X-ray source allows good resolution of data and 

peak intensities. The diffraction angle, 2θ is defined as the angle between the 

incident and diffracted X-ray beam. The X’Pert PANalaytical diffractometer uses a 

cobalt anode for the X-ray source (Co Kα1 = 1.78896 Å), used in Bragg-Brentano 

geometry within this thesis. 



Chapter 2: Experimental Methods 
 

41 
 

 

Figure 2.2.1: Labelled diagram of PXRD collection in Bragg-Brentano geometry 

The Debye-Scherrer (or transmission) geometry is used in the Bruker D8 

diffractometers, using a copper (Cu Kα1 = 1.540596 Å) or molybdenum 

(Mo Kα1 = 0.7093 Å) anode as the radiation source. The sample is either loaded in a 

flat holder encased with a thin transparent film, or within a transparent capillary 

(Figure 2.2.2). 
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Figure 2.2.2: Labelled diagram of PXRD collection in Debye-Scherrer geometry, using a rotating 

transmission foil stage (top) or capillary (bottom) 

Additionally, for high resolution and high-angle data, PXRD was performed on the 

I11 beamline at the Diamond synchrotron at the Rutherford Appleton Laboratory 

(Oxfordshire, UK). This beamline employs a wide-angle position sensitive detector 

(PSD) for rapid data acquisition and time-resolved analysis, or five multi-analysing 

crystal (MAC) devices for high-resolution measurements in Debye-Scherrer 

geometry. 
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2.2.2 Neutron Powder Diffraction (NPD) 
Neutrons are scattered by the nucleus of atoms (whereas X-rays are scattered by 

electrons), meaning the scattering length (b) is dependent on the isotopes present 

rather than varying with Z. This makes NPD a somewhat complementary analytical 

technique to PXRD, where lighter elements such lithium and oxygen interact more 

strongly with neutrons. In addition, there is effectively no form factor for the 

interaction of neutrons with the nucleus (with the exception of magnetic cations), as 

the nucleus is a point scatterer compared to the wavelength of the incident neutron 

radiation. As a result, the intensity of the NPD patterns does not decrease with 

decreasing interatomic spacings and high-quality data at low d-spacings can be 

obtained. 

Neutron powder diffraction data was used for structural characterisation in 

Chapter 3. High-resolution time-of-flight (TOF) neutron powder diffraction data 

were collected at room temperature using the HRPD (high-resolution powder 

diffraction) instrument at the ISIS facility at the Rutherford Appleton Laboratory 

(Oxfordshire, UK).  The samples used for NPD were synthesised using 7Li-enriched 

Li2CO3 to minimise neutron absorption by 6Li, using a vanadium canister as the 

sample holder. Three databanks were utilised for data collection employing the 

backscattering detector at 168°, and detectors positioned at 90° and 30° relative to 

the incident neutron beam (bank 1, 2 and 3 respectively) in order to obtain high-

resolution data at short d-spacings (0.3 Å) from the backscatter detector, and lower 

resolution data at higher d-spacings (16.5 Å). The data were collected at room 

temperature. 
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2.2.3 Structural Refinement from Powder Diffraction 
Powder diffraction patterns contain information about the crystal structure of 

crystalline materials based on the positions and intensities of diffraction peaks. The 

peak positions are determined by Bragg’s law, dependent on the wavelength of the 

incident radiation and the spacing between lattice planes (dhkl). The peak intensities 

(Ihkl) for a given reflection are proportional to the square of the structure factor (Fhkl), 

which in turn is dependent on the atomic positions and the scattering factor of that 

atom. The shape and width of the diffraction peaks (with the inherent peak profile of 

the diffractometer accounted for) and oscillations in the background of the 

diffractogram contain detailed information about the local structure of crystallites. 

Through determination of peak positions, the lattice parameters and Bravais lattice 

can be deduced by the assignment of Miller indices (hkl) to each peak, known as 

indexing. Pawley and Le Bail refinements are methods used for refining the size and 

shape of the unit cell using least squares analysis and does not include refinement of 

atomic positions. The Rietveld method includes the atomic structure in the 

refinement of the model, yi(calc), to experimental diffraction data, yi(obs), using the non-

linear least squares method. Structure solution using the Rietveld method allows the 

simultaneous refinement of structural parameters: fractional coordinates of the 

atomic sites, the scattering factor of the atomic sites, atom occupancies and atomic 

displacement parameters. For the solution of an unknown structure, it is important 

that the lattice parameters, peak profile and zero shift have been established and the 

background modelled (typically using a polynomial function such as Chebyshev 

polynomials) before introducing the structural model to refine in a systematic way. 

Following each iteration, whereby the structural model is refined to fit the observed 

data, the statistical parameters representing the quality of the fit (R-factors) should be 
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considered, with lower values representing a better fit. However, it is possible to over 

fit the data and the user should ensure the structural model remains chemically 

sensible. 

The non-linear least squares function which is being minimised during a Rietveld 

refinement is given by: 

Sy = �wi �yi(obs)- yi(calc)�
2

i

 

where weight for each observation, wi = 
1
σi

2 

From this the weighted profile R-factor, Rwp, can be established as: 

Rwp =  100% × �
∑ wi �yi(obs)- yi(calc)�

2
i
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2

i

�

1
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The expected R-factor, Rexp, provides the best possible value for Rwp, with a lower 

number representing higher quality of data: 

Rexp = 100% × �
(N - P)

∑ wi �yi(obs)�
2

i

�

1
2�

 

where N = number of observations; P = number of parameters 

The value of the weighted R-factor can be compared that for the expected R-factor 

for Rietveld and Pawley or Le Bail refinements to monitor convergence of the 

calculated to observed data after each iteration cycle. The parameter χ represents the 

‘goodness of fit’ and is reported as χ2 whose value is dependent on Rwp and Rexp: 
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χ2 = �
Rwp

Rexp
�

2

 

The value for Rwp should never be less than Rexp for a good structural model, likewise 

χ2 should never be less than one. These R-factors and goodness of fit allow statistical 

comparisons to the quality of the structural model.1 

Throughout this work, Topas Academic V5 was used as the primary refinement 

software.2 Combined Rietveld refinements allow the use of SXRD and NPD data 

simultaneously to solve crystal structures and were employed in Chapter 3. 

2.3 Electron Microscopy 

Electron microscopes use a beam of accelerated electrons, focused using 

electromagnetic condenser lenses, to image materials in an evacuated environment. 

The de Broglie wavelength of a beam of electrons is about one thousand times 

shorter than that of a photon of visible light, meaning the resolution of electron 

microscopes is one thousand times higher than an optical microscope. 

2.3.1 Scanning Electron Microscopy (SEM) 
The use of scanning electron microscopy allows the imaging of the surface of solid 

materials, providing topographical information for the determination of particle 

morphology and allowing estimation of particle size. A focused beam of electrons is 

used to scan the surface of a solid sample and interact with it as the electron beam 

slightly penetrates the surface. This results in the emission of secondary and 

backscattered electrons which are detected and an image is produced with the 

brightness dependent on the current collected.3 A low accelerating voltage is 

typically used for imaging. 
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Within this thesis, SEM was performed using a Hitachi S-4800 Field-Emission 

Scanning Electron Microscope and the samples were sputter-coated with gold 

nanoparticles to aid conduction of electrons. 

2.3.2 Energy Dispersive X-Ray (EDX) Spectroscopy 
Scanning and transmission electron microscopy can be coupled with EDX to provide 

detailed compositional information about a sample using an X-ray detector: as the 

focused electron beam interacts with the sample X-rays are also generated, with an 

energy specific to the atoms contained in the specimen. The X-rays are emitted as the 

interacting electron beam excites a core electron to create a hole and an electron in a 

higher energy level falls down to fill the hole, emitting an X-ray of quantised energy 

characteristic of that atom. These X-rays are detected and counted to give a 

quantitative count of the elements present in the sample. Unfortunately, this 

technique has its limitations: lithium cannot currently be detected by EDX as the 

X-rays produced are of too low energy to be detected and other elements with Z < 11 

are difficult to detect and quantify. A higher accelerating voltage is used for 

SEM-EDX, typically 10 – 30 kV, allowing the bulk composition of the sample to be 

measured due to penetration of the electron beam beyond the surface. It has the 

capability of visually mapping the quantity of certain elements over a defined area. 

2.3.3 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy affords a higher resolution to SEM, whereby a 

focused beam of electrons is transmitted through and interacts with the sample to 

produce a number of different secondary signals such as backscattered electrons, 

Auger electrons and X-rays of characteristic wavelengths. TEM allows the 

observation of bulk structural features of crystalline materials such as dislocations 

and grain boundaries, and can be used in the analysis of multiphasic samples due to 
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the high resolution. In addition to imaging, various chemical analyses can also be 

performed by detection of secondary signals. 

Within this thesis, TEM-EDX was performed using a JEOL 2000FX instrument 

equipped with an EDX spectrometer. A small amount of powder from each sample 

was well ground and dispersed in ethanol and deposited onto a copper TEM grid 

with thanks to Dr Marco Zanella and Dr Timothy Johnson. 

2.4 Inductively Coupled Plasma Optical Emission 

Spectroscopy (ICP-OES) 

The ICP and optical spectrometer provide a quantitative elemental analytical 

technique. Plasma, typically argon, is generated using a radio frequency generator 

and is used for the atomisation and excitation of the electrons in the sample, resulting 

in ionisation. The electrons emit characteristic, quantised wavelengths of light as the 

electrons return to lower energy states. The multiple optical emission lines from the 

plasma pass into the spectrometer via a diffraction grating which separates the 

incoming light into element-specific wavelengths. A corresponding detector 

measures the intensity of light for each wavelength, proportional to the concentration 

of that element in the sample. This has the advantage over EDX for the 

compositional analysis of LIB cathode materials as lithium can be detected and 

quantified. It also currently requires liquid samples, typically achieved using 

microwave-assisted digestion with concentrated acids and hydrogen peroxide within 

this work. 
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2.5 Electrochemical Behaviour 

2.5.1 Coin Cell Assembly 
Electrochemical testing of materials as lithium-ion battery cathodes was performed 

in the Stephenson Institute for Renewable Energy (SIRE) at University of Liverpool, 

UK with thanks to Dr Nicholas Drewett, Filipe Braga Noguiera and Jose Coca-

Clemente (Hardwick group) for supplying the data. Coin cells (CR2025) were 

assembled in an argon-filled glove box using 1 M LiPF6 dissolved in ethylene 

dicarbonate/dimethyl carbonate (BASF) 1:1 by volume as the electrolyte, 

impregnated onto a glass fibre separator (Whatman) (Figure 2.5.1).  

 

Figure 2.5.1: Schematic diagram of coin cell assembly for cathode testing (top) and representation of 

the alkyl carbonates used for the electrolyte (bottom) 
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The composite electrodes were fabricated by casting a homogenous mixture of well-

ground or ball-milled active cathode material: Super C carbon: polyvinylidene 

fluoride binder (Kynarflex, Arkema) (typically 80:10:10 by wt) onto an aluminium 

foil current collector using solvent etching. This results in a layer of cathode ~10-35 

µm thick on aluminium foil, cut to 10 mm diameter disks to form the cathode of the 

coin cell, and a lithium metal counter electrode completes the cell. Electrochemical 

characterization of the cyclability was carried out at 30 °C using a Maccor Series 

4200 battery cycler. A check of the open circuit voltage (OCV) using a voltmeter 

ensures that the coin cell will function and has not short-circuited. A number of ex-

situ analytical techniques were employed for analysis of the electrochemical 

behaviour of lithium-ion battery cathodes as detailed in Chapter 4. 

2.5.2 Galvanostatic Cycling of Coin Cells 
Galvanostatic cycling involves cycling of coin cells at a constant temperature over a 

defined voltage range with a constant current rate (C-rate). A C-rate of 1C is defined 

as the current required for the full discharge of the cell in one hour (which can be 

estimated by calculating the theoretical capacity). Charge-discharge curves represent 

the charge and discharge capacities with respect to the voltage. For testing of the 

long term cycling stability of a battery, coin cells are charged and discharged a 

number of times and the capacity is monitored over a number of cycles. The capacity 

retention, also known as cyclability, is usually given as a percentage of the initial 

capacity over a given number of cycles. 

2.5.3 Rate Capability Measurements 
Increasing the C-rate during battery cycling indicates how much capacity can be 

extracted during fast charging or discharging. During the rate capability 

measurements presented in this thesis, the C-rate is incrementally increased for a 
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number of cycles to assess the capacity retention and overall capacity extraction. The 

rate capability depends on the lithium ion and electronic conduction kinetics, hence 

the performance at higher rates indicates whether either of these factors is limiting 

the overall electrochemical performance of the cathode. 

2.5.4 X-Ray Absorption Near Edge Structure (XANES) Spectroscopy 
X-ray absorption spectroscopy (XAS) encompasses XANES and EXAFS (extended 

X-ray absorption fine structure). It requires a tunable X-ray source, such as that from 

a synchrotron, to probe the valence states and local bonding environments of various 

elements near to their characteristic absorption edges. The absorption edges arise 

from the excitation of a core electron to a higher energy level by incident X-rays. For 

example, the K-edge absorption is defined as the excitation of a 1s level electron to 

the lowest lying p orbital. The tungsten L3-edge is a result of the excitation from 2p3/2 

to 5d3/2 and 5d5/2 states.4 

The active cathode material (Li4.15Ni0.85WO6, 80% wt) was hand ground with 

Super C carbon (10% wt) and PVDF binder (10% wt) and a number of coin cells 

were assembled as detailed in Section 2.5.1. The coin cells were charged and 

discharged to specified voltages to obtain various levels of lithiation and 

disassembled in an argon-filled glovebox. The cathode casts were heat-sealed in 

polyethylene(PE)-lined aluminium foil bags (Sigma Aldrich) in a glovebox to 

prevent exposure to air and moisture. NiWO4 was prepared via solid state synthesis 

to act as a Ni2+ and W6+ standard. Additionally, LiNiO2 was prepared as a Ni3+ 

standard using sol-gel synthesis and annealing under a dynamic O2 atmosphere. WO2 

(99.99%, Sigma Aldrich) served as the W4+ standard and WO3 (99.995%, Sigma 

Aldrich) as an additional W6+ standard. The standards for XANES analysis were 

prepared by hand grinding an appropriate mass of each material (10-24 mg) with a 



Chapter 2: Experimental Methods 
 

52 
 

cellulose binder (Sigma Aldrich) until homogeneous and pressed into pellets using a 

13 mm pellet die. 

The X-ray absorption spectra were measured at the B18 beamline at Diamond Light 

Source (Oxfordshire, UK) in transmission configuration. XANES spectroscopy was 

used for analysis of the nickel and tungsten oxidation states, near the Ni K- and W 

L3-edges (Chapter 4). Thanks to Professor Alan Chadwick and Dr Giannantonio 

Cibin for their assistance with this experiment. XANES data were processed using 

the Athena software.5  

2.5.5 X-Ray Photoelectron Spectroscopy (XPS) 
The use of XPS allows the oxidation states of elements in a sample to be determined. 

It relies on the photoelectric effect, whereby core electrons absorb the energy from 

incident X-ray photons of sufficient energy to cause the photon to be emitted from 

the material. The kinetic energy of these emitted photoelectrons is measured by the 

detector and the binding energy of the electrons can be determined. The binding 

energy of the core electrons depends on Z, with the binding energy increasing with 

increasing oxidation state. The magnitude of the chemical shift in binding energy 

compared to that of known oxidation states is used to analyse the binding energy of 

the core electrons in the sample and the oxidation states of elements present. In 

addition, since the detector counts the number of photoelectrons emitted in a given 

time, XPS can also be used for the quantification of elements in a sample. XPS is a 

surface sensitive analytical technique (due to the low inelastic mean free path of 

photoelectrons), requiring an ultra-high vacuum environment for detection of 

photoelectrons, with the surface often treated with argon sputtering to remove 

impurities.  
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XPS experiments were performed in a standard ultra-high vacuum surface science 

chamber consisting of a PSP Vacuum Technology electron energy analyser (angle 

integrating ± 10°) and a dual anode Mg (Kα = 1253.6 eV) X-ray source. The base 

pressure of the system was 2 × 10−10 mbar, with hydrogen as the main residual gas in 

the chamber. Calibration of the spectrometer was achieved using Au 4f7/2 energy 

level (83.9 eV). The XPS spectra were fitted using Voigt functions after Shirley 

background removal with an overall resolution of 0.2 eV. This technique was applied 

to determine the oxidation states of lithium (1s), nickel (2p), tungsten (4f) and 

oxygen (1s) in Li4.15Ni0.85WO6 (Chapter 4). Thanks to Jose Coca-Clemente (SIRE, 

University of Liverpool) for providing this data. 

2.5.6 Hard X-Ray Photoelectron Spectroscopy (HAXPES) 
This analytical technique requires a synchrotron source to provide a high photon flux 

of tunable energies. For analysis of lithium-ion battery cathode materials, this has the 

advantage over XPS in that it is much less surface sensitive with a penetration depth 

of ~10-15 nm, due to a high flux of hard X-rays.6 This is particularly useful for LIB 

materials due to the presence of the SEI layer present on electrode surfaces that have 

been electrochemically cycled, instead allowing the bulk oxidation states to be 

analysed in a similar way to XPS. HAXPES was employed in Chapter 4 for the 

analysis of the oxygen oxidation states (O 1s) in the bulk of the cathode material. 

HAXPES data was collected on the P09 beamline of the Petra III synchrotron 

(DESY, Hamburg) with thanks to Dr Andrei Hloskovsky. 
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Chapter 3:  Synthesis and Characterisation of 

Li4+xM1-xWO6 Rock-Salts  

3.1 Introduction 
 

Lithium metal oxide cathode materials of the form LiMO2 (such as LiCoO2) are 

derivatives of the rock-salt structure type, with lithium layers separating layers of 

(MO6) octahedra. Similarly, Li2MnO3 can be thought of as Li[Li1/3Mn2/3]O2 in the 

LiMO2 notation, possessing a cubic close-packed oxide array with ordered layers of Li 

and Mn octahedra separated by fully occupied lithium layers (see Chapter 5).1 Based 

on the Li2MnO3 structure, substitution of Mn4+ for two different metal centres (where 

the sum of the oxidation states of these metals is equal to +4 to retain charge neutrality) 

can result in ordered rock-salt type superstructures. The general formula can therefore 

be considered as Li2M0.5M’0.5O3, or Li4MM’O6 where the sum of the oxidation states 

of the two metal centres is equal to +8. Reported examples include Li4MTeO6 (M
(II) = 

Co, Ni, Cu, Zn)2, 3 and Li4MSbO6 (M
(III) = Al, Cr, Ga, Fe, Mn).4-6 These structures 

retain the close-packed arrangement of oxygen ions with octahedrally coordinated 

metals forming an ordered ‘honeycomb’ array, separated by a fully occupied lithium 

layer (Figure 3.1.1). Alternatively, rock-salt superstructures with a composition of the 

form Li3M2M’O6 (e.g. M(II)  = Co,  Ni, Mg; M’(V) = Nb, Ta) have been found to adopt 

a different ordering of cations,7 whereby the pentavalent metal cations are fully 

ordered but the divalent metal cations and lithium ions are disordered, meaning the 

distinct fully occupied Li-layers are no longer present (see Chapter 1).8, 9 The large 
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difference between the valence states of M and M’ drives the cation ordering in such 

materials. 

 

Figure 3.1.1: Comparison of structures of Li2MnO3 and Li4NiTeO6 (S.G. C2/m) viewed along the 

[010] direction (top) and visualisation of honeycomb ordering in mixed metal layers viewed along the 

[111] axis of the cubic rock-salt sub-cell (bottom). Li represented by blue spheres, O by red spheres, 

Mn by orange spheres, Te by gold spheres, Ni by green spheres 
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Few of these Li-containing rock-salt superstructures have been investigated for their 

electrochemical activity as Li-ion battery cathodes, despite the high lithium content 

(i.e. the ratio of Li: transition metal >1) and incorporation of transition metal ions with 

multiple accessible oxidation states. This is perhaps due to the presence of high-

valency heavy metal cations which are cation redox inactive (such as Te6+, Mo6+, Ta5+). 

In particular, the accessibility of the two-electron Ni4+/2+ redox process enables high 

capacities to be achieved, where two Li ions are able to reversibly deintercalate from 

the structure upon cycling due to this redox couple.10, 11  

The Ni4+/2+ redox has been utilised in Li4NiTeO6 and Li4NiMoO6 (which can be 

considered as the binary system 0.5Li4MoO5∙0.5NiO), with [MVIO6]
6- moieties 

exhibiting an inductive effect on the nickel ions and raising the oxidation potential in 

comparison to LiNiO2.
12, 13 Li4NiTeO6 was determined to have fully occupied Li layers 

(Figure 3.1.1), exhibiting a reversible specific capacity of 110 mA∙h g-1, with oxidation 

of Ni2+ → Ni4+ occurring at 4.2 V vs. Li+/Li0. On the other hand, Li4NiMoO6 was 

determined to have full ordering of the Mo sites, but lithium and nickel site mixing 

was observed, hence no fully occupied lithium layers were observed. The specific 

capacity of Li4NiMoO6 was also ~110 mA∙h g-1 when cycled between 2.5-4.1 V. 

However, when the voltage window was extended from 1.5-4.8 V, an additional redox 

process was observed contributing to an increased overall capacity, but with a rapid 

reduction in capacity over subsequent cycles. This capacity degradation was attributed 

to an irreversible phase transition due to migration of Mo6+ ions. The origin of the 

additional redox process activated at high voltage and appearing at ~2 V discharge was 

not conclusively identified, but most likely due to the anionic redox process as 

observed in the structurally analogous Li4FeMoO6 system by X-ray absorption 

spectroscopy.14 The anionic redox processes involves the evolution of oxygen from 
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the structure upon charge, thought to cause ‘oxidation’ to peroxo-type species (2O2- 

→ O2
n- where n = 1, 2 or 3) enabling additional lithium extraction by comparison to 

solely cationic redox,15, 16 and is discussed in more detail in Chapter 4. 

The motivation behind this project was to synthesise binary systems between NiO and 

Li4WO5, to create new lithium-rich rock-salt superstructures, with an initial target 

composition of Li4NiWO6 to function as a lithium-ion battery cathode material. The 

electrochemical activity of the rock-salt type Li4WO5 itself has not been reported to 

date, but is expected to be inactive due to the 5d0 electronic configuration, hence there 

are no electrons present in the conduction band (similar to Li4MoO5 or Li3NbO4). 

However, metal substitution with a 3dn metal (Ni2+ [Ar]3d8 in this case) is expected to 

donate electrons to the conduction band enabling Li+ ion and electronic conductivity.14 

Nickel is chosen as the electrochemically active transitional metal ion with the ability 

to employ the Ni4+/Ni2+ redox couple to drive Li deintercalation, with W6+ providing 

electroneutrality and structural stability to the rock-salt based structure and allowing 

the influence of a 5d0 metal on the electrochemical properties to be investigated. The 

use of 5d transition metals within LIB electrodes to date is unreported, likely due to 

the high relative atomic mass. Additionally, a magnesium analogue (of target 

composition Li4.08Mg0.90W1.02O6) was synthesised for structural comparison. 
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3.2 Experimental Methods 

3.2.1 Synthesis of Li4NiWO6 

Samples were synthesised via ceramic synthesis using Li2CO3 (99.997%, Sigma 

Aldrich), NiO (99.999%, Sigma Aldrich) and WO3 (99.995%, Sigma Aldrich). The 

powders were pre-dried overnight at 250° C prior to synthesis and combined in a pestle 

and mortar in a stoichiometric ratio of Li:Ni:W (4:1:1). The reactants were hand 

ground in an agate pestle and mortar, where the reaction was completed on a less than 

1 g scale. In situations where more sample was required, for neutron powder 

diffraction experiments for example, to ensure homogenous mixing the reagents were 

first milled using a planetary mill (350 rpm) using 10 mm diameter zirconia balls and 

isopropanol as the milling media for a total of 2 h. The milled samples were then dried 

using a crystallising dish on a stirrer hotplate and the resulting milled powder hand 

ground in a pestle and mortar. A 10 or 13 mm diameter pellet of approximately half of 

the mixed reactants was pressed by applying uniaxial pressure of 1-2 tons, with the 

remaining precursor mixture surrounding the pellet in the alumina crucible to serve as 

a sacrificial powder, in order to minimise the effects of Li2O volatilisation. The final 

synthetic conditions used for this materials was two firings in air using a box furnace 

at 1000 °C for 24 h (48 h in total) at a heating and cooling rate of 5 °C min-1. The pellet 

was ground and re-pressed and the sacrificial powder was ground separately between 

firings. This stoichiometric ratio of Li:Ni:W resulted in a pale green powder and PXRD 

data were obtained for phase identification. 

3.2.2 Synthesis of Li4.1Ni0.9WO6 

A non-stoichiometric analogue was synthesised as above but using a 12% molar excess 

of lithium carbonate (4.4:1:1 molar ratio of Li:Ni:W). Initially the target was also the 

Li4NiWO6 phase, with a 12% molar lithium excess added to compensate for any 
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lithium that may be volatilised as Li2O at these high synthetic temperatures. This 

synthesis afforded a dark brown/black powder which first appeared phase pure by lab 

PXRD. Upon further analysis using synchrotron PXRD, NPD and TEM-EDX, a small 

amount of impurity of the form LixNi1-xO was detected. 

3.2.3 Synthesis of Solid Solution Series Li4.1+xNi0.9-xWO6 

The presence of a cubic LixNi1-xO impurity phase in the material described in Section 

3.3.2 provided evidence of a solid solution of the form Li4.1+xNi0.9-xWO6, whereby the 

rock-salt structure is maintained (i.e. the total number of cations is still equal to the 

number of anions) and the charge neutrality is retained by the increase in the average 

oxidation state of nickel with increasing Li content. These materials were synthesised 

as above, with the inclusion of a 10% molar excess of lithium, in the appropriate ratio 

of starting materials for the series Li4.1+xNi0.9-xWO6 where x = 0.0, 0.05, 0.10, 0.15, 

0.20 and 0.25. 

3.2.4 Synthesis of Li4.08Mg0.90W1.02O6 

Samples were synthesised via ceramic synthesis using Li2CO3 (99.997%, Sigma 

Aldrich), MgO (99.995%, Sigma Aldrich) and WO3 (99.995%, Sigma Aldrich). The 

powders were pre-dried overnight at 250° C prior to synthesis and combined in a pestle 

and mortar with target composition of Li4.08Mg0.90W1.02O6. The required molar ratio of 

Li:Mg:W was eventually determined to be 4.51:0.95:1 (see Section 3.9). The reactants 

were hand ground in an agate pestle and mortar pressed into a pellet by applying 

uniaxial pressure of 1-2 tons to the powder within a 13 mm diameter pellet die. The 

pellets were fired three times at 900 °C for 24 h (72 h in total) at a heating and cooling 

rate of 5 °C min-1, with hand grinding of the pellet in between firings. 
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3.2.5 Powder X-Ray Diffraction 

For the initial collection of powder X-ray diffraction in the laboratory, a Phillips X’pert 

PANalytical diffractometer (Co Kα1 radiation, λ = 1.788960 Å) in Bragg-Brentano 

geometry. This instrument was also used in determination of the lattice parameter trend 

on the Li4.1+xNi0.9-xWO6 series (0 ≤ x ≤ 0.25) by including highly crystalline silicon 

(99.999%, Alfa Aesar) in the sample (1:4 by mass) as an internal standard. High-

resolution synchrotron powder diffraction data (SXRD) were collected at the I11 

beamline at Diamond Light Source at the Harwell Science and Innovation Campus in 

Oxfordshire, UK. Five multi-analyser crystal (MAC) detectors (λ = 0.82588(1) Å) 

were employed for the Rietveld refinement data, whereby the samples were loaded 

into borosilicate capillaries of 0.1 mm internal diameter, mounted on a capillary 

spinner during data collection in Debye-Scherrer geometry for a total of 90 minutes.  

3.2.6 Neutron Powder Diffraction 

For the neutron powder diffraction (NPD) experiments, synthesis of Li4NiWO6 and 

Li4.1Ni0.9WO6 was repeated (as detailed in Sections 3.2.1 and 3.2.2) scaled up to 4 g 

of product, using 7Li2CO3 (99% 7Li atom, Sigma Aldrich, dried at 250 °C overnight) 

as the lithium source. The enrichment of the sample with the 7Li isotope (negative 

neutron scattering length) was used to enable greater contrast between Ni, W and O 

(positive neutron scattering length), with minimal positive scattering arising from the 

6Li isotope (7.5% natural abundance).17 High-resolution time-of-flight (TOF) neutron 

powder diffraction data were collected on the HRPD instrument at the ISIS facility 

(Oxfordshire, UK) whereby the samples were loaded into vanadium canisters for data 

collection at room temperature. Three databanks were utilised for data collection 

employing the backscattering detector, and detectors positioned at 90° and 30° relative 

to the incident neutron beam (bank 1, 2 and 3 respectively) in order to obtain high 
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resolution data at short d-spacings from the backscatter detector and lower resolution 

data at higher d-spacings. The data were corrected for sample absorption, accounting 

for the presence of 1% 6Li. 

3.2.7 Compositional Analysis 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was employed 

for compositional analyses. Separate solutions of the powders were obtained using 

microwave dissolution by adding approximately 10 mg of the material to a mixture of 

10 mL H2SO4 (> 95%, Fisher Scientific), 2 mL HNO3 (70%, Fisher Scientific) and 2 

mL H2O2 solution (30%, BDH). The mixture was made up to 100 mL with deionized 

water and ~20 mL of H2O2 solution to prevent the precipitation of tungsten oxides.18  

Transmission electron microscopy-energy dispersive X-ray spectroscopy (TEM-EDX) 

was performed using a JEOL 2000FX instrument equipped with an EDAX 

spectrometer. A small amount of powder from each sample was dispersed in ethanol 

and deposited on a copper TEM grid. Up to forty particles were chosen at random to 

determine the Ni and W composition within the powders, with correction factors 

applied from suitable reference compounds. 

3.3 Identifying Related Phases 
 

During the initial exploratory synthesis of Li4+xNi1-xWO6 compounds, the molar excess 

of lithium and inclusion or omission of a sacrificial powder during synthesis were 

found to be crucial to control for separation of the two phases. The two separate phases 

are indicated in green (Li4NiWO6, as reported in Section 3.4) and in black 

(Li4.1Ni0.9WO6, as reported in Section 3.5) as shown in Figure 3.3.1.  
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Figure 3.3.1: PXRD of targeting Li4NiWO6 from adjustment of molar Li excess and inclusion or 

omission of a sacrificial powder (SP/no SP) as indicated on the right. The dashed lines represent the 

positions of the first most intense Bragg reflections corresponding to each of the two different phases 

When targeting the previously unreported Li4NiWO6 (4:1:1 Li:Ni:W plus excess Li) 

phase under the same firing conditions (as reported in Section 3.2.1 and Section 3.2.2), 
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inclusion of 10% molar excess (‘10% Li xs’) of lithium but without use of a sacrificial 

powder (‘no SP’) resulted in a similar proportion of both phases, as shown in red. 

Reduction of the lithium excess to 5% but including a sacrificial powder of the same 

composition (as shown in blue) greatly reduced the proportion of the green Li4NiWO6 

phase. The inclusion of 12% molar excess plus a sacrificial powder gave a brown-

black powder with no evidence of any peaks belonging to the green Li4NiWO6 phase, 

which was determined to have the composition Li4.1Ni0.9WO6 plus a small amount of 

cubic LixNi1-xO impurity (as discussed in Section 3.5). These results indicated that the 

two separate phases are closely related in energy, with the structure obtained 

dependent on the lithium and nickel content. 

3.4 Structural Characterisation of Li4NiWO6 

3.4.1 Compositional Analysis 

Analysis of this material by ICP-OES gave a composition of Li4.01(5)Ni1.00(2)W0.99(1) 

which is consistent with the target 4:1:1 stoichiometry. The ratio of Ni:W was 

determined from TEM-EDX was 0.9(3):1, however due to large standard deviation, 

seven of the 39 measurements were discarded as outliers and the central population 

was determined as Ni:W 0.98(4):1 (Figure 3.4.1). The elemental analysis therefore 

determined that the global composition of the sample could be restrained to the target 

composition, Li4NiWO6. 
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Figure 3.4.1: Average shifted histogram of TEM-EDX distribution of Ni/W in Li4NiWO6, showing 

the majority of particles possessing a Ni/W ratio ~1. Some of the lower Ni/W values were discarded 

as outliers 

3.4.2 Phase and Unit Cell Determination of Li4NiWO6 

Phase identification of laboratory PXRD data of the Li4NiWO6 material did not yield 

any matches to known binary, ternary or quaternary oxides of lithium, nickel or 

tungsten by using the ‘Search & Match’ feature in the X’Pert Highscore software. A 

Le Bail fit was performed in Topas using the unit cell of Li4NiTeO6 as a model (space 

group C2/m, a = 5.1584(1) Å, b = 8.8806(1) Å, c = 5.1366(1) Å, β = 110.24°),12 which 

proved that this material adopts a different crystal structure to Li4NiTeO6. Because no 

known phases could be identified in the sample it was determined that a new structure 

was obtained, requiring structural characterisation by first determining the unit cell 

and space group of the material. Using good quality laboratory PXRD data from the 

X’Pert PANalytical diffractometer, the background was graphically fitted using the 



Chapter 3:  Synthesis and Characterisation of Li4+xM1-xWO6 Rock-Salts 

  

 

66 

 

GSAS software, which was then input into the Topas Rietveld refinement software, in 

addition to setting up instrument parameters. The first ~40 diffraction peaks (up to 2θ 

≈ 55°) were fitted and their 2θ positions and intensities systematically refined until a 

satisfactory model of the data was obtained. In some instances the width of some peaks 

modelled to the diffraction data were too narrow and the intensity too high, which 

indicated there were two or more overlapping reflections which were then included in 

the peak fitting. The occurrence of these split peaks indicated that the cell is most likely 

to be monoclinic and not orthorhombic. All peaks were modelled using a single peak 

profile which was allowed to refine, fitting most of the peaks well. The refined peak 

positions and intensities were then auto-indexed using the Topas software, generating 

a ranked list of possible lattice parameters and space groups for the phase based on the 

accurate peak positions obtained from the peak fitting. Triclinic Bravais lattices were 

excluded from indexing. 

Initially the solutions from indexing of the pattern suggested approximate lattice 

parameters of a = 5.849 Å, b = 17.585 Å, c = 5.112 Å, β = 110.3° with the candidate 

space groups (from lowest to highest symmetry) of P2, P21, Pc and P21/c. These lattice 

parameters and space groups were then fitted to the pattern one by one using Le Bail 

extraction, resulting in an equally good fit for all four space groups. Since P21/c is the 

highest symmetry space group of these options, initially this was chosen as the space 

group. However it can be seen from the Le Bail fit that this afforded a high number of 

reflections of zero intensity, suggesting a higher symmetry space group would be more 

appropriate (Figure 3.4.2). 
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Figure 3.4.2: Le Bail fit of Li4NiWO6 synchrotron MAC PXRD data to P21/c space group setting; 

Rwp = 9.03%, Rexp = 4.74%, χ2 = 3.63 

By observation of the reflection condition h + k = 2n, a C-centred lattice was confirmed 

for this material, with systematic absences consistent with either the Cc or C2/c space 

group. The material was assigned the higher symmetry C2/c space group for the 

refinements. Modelling the experimental data using Le Bail fitting to both the P21/c 

and C2/c space group resulted in similar values for the fitting parameters, with both 

giving a large difference between the observed and calculated data (Figure 3.4.2 and 

Figure 3.4.3, respectively). These misfits are attributed to a single peak shape model 

being insufficient to model the data in either space group, as was observed during peak 

fitting and indexing of the powder pattern. 
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Figure 3.4.3: Le Bail fit of Li4NiWO6 synchrotron MAC PXRD data to C2/c space group setting; 

Rwp = 9.95%, Rexp = 4.74%, χ2 = 4.41 

Regions of peak broadening between C2/c peaks were observed in the SXRD data, 

contributing significant intensity which could not be fitted appropriately using the 

single phase model. This broadening between peaks, in addition to the peak shape 

model being insufficient, suggested an additional more disordered phase would need 

to be included to establish a chemically sensible structural model for this new material. 

With help from Dr John Claridge and Dr Matthew Dyer, it was noted that the lattice 

parameters obtained for the C2/c model are a monoclinic distortion of the 

orthorhombic unit cell of the rock-salt Li3Ni2TaO6 (a = 5.9073 Å, b = 8.4259 Å, 

c = 17.7329 Å, V = 882.64 Å3).8 The C2/c (Z = 4) space group is an isomorphic 

subgroup of Fddd (Z = 8) and therefore possess the same asymmetric unit cell, with 
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the C2/c cell being less symmetric and hence more ordered. The C2/c unit cell was 

transformed to the related orthorhombic Fddd cell using the axes transformation (-a, a 

+ 2c, b) (Figure 3.4.4). From this transformation, the unique axis b’ in the monoclinic 

setting becomes the c axis in the orthorhombic setting, with the new orthorhombic unit 

cell volume being twice that of the monoclinic cell. 

 

Figure 3.4.4: Relationship between the C2/c monoclinic cell (of dimensions a’, b’, c’, β) and Fddd 

orthorhombic unit cell (of dimensions a, b, c, and volume V shown in grey) 

A further Le Bail fit was then performed using both the Li4NiWO6 C2/c phase and the 

Fddd phase, with both sets of lattice parameters allowed to refine (Figure 3.4.5). Due 

to the related cell symmetry between these two phases, the inclusion of the Fddd cell 

was determined to sufficiently model the peak shapes and the regions of broadening 

between C2/c reflections (Figure 3.4.6). It has not been distinguished whether a 

separate disordered orthorhombic phase is present (as it has not yet been 

experimentally isolated, and all of the Bragg reflections in the neutron diffraction data 

could be accounted for using the C2/c cell only). The broadening between peaks could 
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also be due to either regions of order and disorder within one C2/c phase, or one phase 

containing a significant volume fraction of domain boundaries. Separate Le Bail 

refinements were performed on the SXRD (Rwp = 7.00%, Rexp = 4.74%, χ2 = 2.18) and 

all three NPD databanks (Rwp = 2.80%, Rexp = 1.88%, χ2 = 2.22). 
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Figure 3.4.5: Two phase Le Bail fit of Li4NiWO6 synchrotron MAC PXRD data. Rwp = 7.00%, Rexp = 4.74%, χ2 = 2.18. Inset: labelled indices of two first intense peaks 

showing C2/c phase (green) and Fddd phase (grey) 
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Figure 3.4.6: Examples of broadening and overlap between C2/c peaks (Miller indices labelled green, 

corresponding to green tick marks) and Fddd peaks (labelled grey) from the Le Bail fit 
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3.4.3 Rietveld Refinement of Li4NiWO6 

Using the ISODISTORT programme,19 the atomic structure of Li3Ni2TaO6 was 

reduced in symmetry to C2/c using the axes matrix transformation (-a, c, ½ a + ½ b) 

with an origin shift of (¼, ¼, ½) to generate a C2/c starting structural model. Initially 

a Rietveld refinement was performed on the SXRD data using only the C2/c structural 

model to partly refine the atomic positions.20, 21 Using this, the structural model for the 

Li4NiWO6 Fddd model was obtained by applying the inverse transformation 

mentioned above, and both phases were included for the Rietveld refinement. Both 

phases are related by the same ordering pattern of the tungsten sites. 

The unit cell of the C2/c majority phase was determined to be a = 5.84579(10) Å, 

b = 17.58769(35) Å, c = 5.109138(9) Å, β = 124.768(1)°, V = 431.506(2) Å3. 

Constraints were applied to the C2/c phase whereby the overall occupancy of each site 

was restrained to equal one, given the rock-salt structure with no vacancies. The 

secondary Fddd phase was restrained during the Rietveld refinement (due to the 

assumptions made about the composition and overlapping reflections with the C2/c 

phase) by fixing the atomic positions (obtained from the refinement of the transformed 

C2/c model), with the lattice parameters fixed to the values determined from the Le 

Bail fit to the SXRD (a = 5.8453(9) Å, b = 8.397(11) Å, c = 17.5894(10) Å, 

V = 863.3(15) Å3). The fully occupied tungsten site was assigned the special position 

(Wyckoff site 8a) and the remaining three cation sites were assumed to each comprise 

4/5Li and 1/5Ni, with a total occupancy of each site equal to one. Only the phase fraction 

was allowed to refine and comprised 11.8(6) wt% of the sample. The global 

composition of the sample was constrained to Li4NiWO6 as determined from 

compositional analysis.  
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Rietveld refinements were performed on the SXRD data to determine the electron 

density of the metal sites and atomic positions (Figure 3.4.7). Following this, 

refinements were performed on the NPD data using the same structural models to aid 

location of lithium and oxide ions (Figure 3.4.8). Finally, a combined Rietveld 

refinement was employed using the two data sets to determine the crystal structure. 

The final refined structural parameters are given in Table 3.4.1. 

Table 3.4.1: Structural parameters of Li4NiWO6 (C2/c; a = 5.84579(10) Å, b = 17.58769(35) Å, c = 

5.109138(9) Å, β = 124.768(1)°, V = 431.506(2) Å3) from combined Rietveld refinement. Numbers in 

parentheses represent 1σ 

atom site x y z occupancy Biso (Å2) 

W1 4e 0 0.37057(2) 1/4 0.9526(17) 0.172(5) 

Li1 4e 0 0.37057(2) 1/4 0.0475(17) 0.172(5) 

Ni2 4e 0 0.54179(6) 1/4 0.5690(17) 0.172(5) 

Li2 4e 0 0.54179(6) 1/4 0.4230(19) 0.172(5) 

W2 4e 0 0.54179(6) 1/4 0.0080(10) 0.172(5) 

Li3 4e 1/2 0.53982(13) 1/4 0.7238(11) 0.172(5) 

Ni3 4e 1/2 0.53982(13) 1/4 0.2763(11) 0.172(5) 

Li4 4e 0 0.20578(23) 1/4 0.9109(12) 0.172(5) 

Ni4 4e 0 0.20578(23) 1/4 0.0891(12) 0.172(5) 

Li5 4e -1/2 0.37581(22) 1/4 0.9367(20) 0.172(5) 

W5 4e -1/2 0.37581(22) 1/4 0.0385(84) 0.172(5) 

Ni5 4e -1/2 0.37581(22) 1/4 0.0249(18) 0.172(5) 

Li6 4e 0 0.28696(22) 3/4 0.9582(12) 0.172(5) 

Ni6 4e 0 0.28696(22) 3/4 0.0418(12) 0.172(5) 

O1 8f -0.26962(29) 0.12391(6) 0.20946(18) 1 0.674(8) 

O2 8f -0.23445(26) 0.29770(6) 0.25257(30) 1 0.674(8) 

O3 8f 0.76454(22) 0.45312(6) 0.25033(24) 1 0.674(8) 



Chapter 3:  Synthesis and Characterisation of Li4+xM1-xWO6 Rock-Salts 

  

 

75 

 

 

Figure 3.4.7: SXRD pattern for the combined Rietveld refinement of Li4NiWO6 (λ = 0.82588(1) Å); Rwp = 8.57%, Rexp = 4.74%, χ2 = 3.27; green ticks indicate C2/c phase, 

grey ticks indicate Fddd phase 
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Figure 3.4.8: NPD patterns from the HRPD instrument for the combined Rietveld refinement of 

Li4NiWO6; (a) backscattered bank 1; Rwp = 4.94%, Rexp = 2.71%, χ2 = 3.32; (b) bank 2 90° detector; 

Rwp = 3.11%, Rexp = 1.11%, χ2 = 7.89; (c) bank 3 30° detector; Rwp = 7.44%, Rexp = 6.54%, χ2 = 1.29; 

green ticks indicate C2/c phase, grey ticks indicate Fddd phase 
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3.4.4 Crystal Structure of Li4NiWO6 

The refined crystal structure of the C2/c polymorph of Li4NiWO6 was determined to 

comprise edge-sharing octahedra with partial cation order (Figure 3.4.9). 

 

Figure 3.4.9: Representation of the structure of Li4NiWO6 (C2/c polymorph) viewed along the [010] 

direction 

The combination of SXRD and NPD data for the Rietveld refinement allowed the 

extent of cation order at each of the six metal sites to be identified. No fully occupied 

lithium layers were determined to be present within this structure. The tungsten ions 

were not fully ordered, with 4.8% lithium occupying the tungsten site and the 

remaining 4.8% tungsten distributed between two of the remaining five cation sites. 

The nickel ions, calculated to be Ni2+ based on a fully occupied rock-salt structure, are 

ordered amongst the other five metal sites with 57% of the Ni2+ located on one site. 

No metal sites were found to be fully occupied with Li+. The C2/c phase observed for 

Li4NiWO6 can be thought of as a monoclinic distortion of the archetype Li3Ni2TaO6 
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(S.G. Fddd) based on the same ordering pattern of the almost fully occupied W sites 

cf. Ta (Figure 3.4.10).  

 

Figure 3.4.10: Representation of the WO6 ordering in Li4NiWO6 (left) and TaO6 ordering in 

Li3Ni2TaO6 (right); both viewed perpendicular to the long axis of the unit cell 

Li4NiWO6 possesses a single mixed cation octahedral layer (containing Li, Ni and W), 

stacked as to maximize the distance between W6+ within each layer and between layers 

(Figure 3.4.11), which is analogous to Li3Ni2TaO6. Both Li3Ni2TaO6 and Li4NiWO6 

structures exhibit a six-layer repeat sequence of close-packed oxygens in the (026) 

lattice planes of the Li3Ni2TaO6 archetype, which correspond to the (061) lattice planes 

of the C2/c cell (Figure 3.4.12); based on the matrix transformation given in Section 

3.4.2.  
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Figure 3.4.11: Representation of the octahedral layer in Li4NiWO6 (C2/c), viewed along the [111] 

axis of the cubic rock-salt sub-cell 

 

Figure 3.4.12: Representation of the repeating mixed cation layers in Li4NiWO6 (left) and Li3Ni2TaO6 

(right) with the (061) planes (026) planes marked in purple 
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Li4NiWO6 (C2/c) has six distinct cation sites with different amounts of cation ordering, 

and three fully occupied anion sites (Table 3.4.1). The related Fddd phase, which was 

included to model the peak broadening in the Rietveld refinement, has four distinct 

cation sites and two anion sites in the unit cell (Figure 3.4.13). 

 

Figure 3.4.13: Representation of the Fddd polymorph of Li4NiWO6 showing the 4:1 Li:Ni mixed 

cation sites (left) and ordering of the tungsten sites in the octahedral layer (right) 

The d0 configuration of W6+ leads to asymmetric distortion towards one edge of the 

[WO6]
6- octahedra as a result of second-order Jahn-Teller effects.22, 23 These 

displacements occur in opposing directions along [010] and [01̅0] axes, resulting in no 

overall dipole in the material (Figure 3.4.14). Such displacement is absent in the less 

ordered Fddd analogue, whereby the tungsten sites are located at the centroid of the 

octahedra at Wyckoff site 8a (which has point symmetry 222 and thus no dipole). 
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Figure 3.4.14: Octahedral coordination environment of the tungsten W1 site showing the difference 

in (W1-O2) and (W1-O3) bond lengths and resulting dipole direction; where (W1-O1) bond 

lengths = 1.931(14) Å (top); and opposing directions of polarity within the lattice (bottom) 



Chapter 3:  Synthesis and Characterisation of Li4+xM1-xWO6 Rock-Salts 

  

 

82 

 

The bond valence sums (BVS) were calculated for each atomic site to give an estimate 

of the oxidation states of each element within the refined structure, according to 

Equation 3.4.1.24 The M-O (R) bond lengths were obtained from the Rietveld 

refinement, with R0 and b being the empirically determined bond valence parameters 

from literature sources (Table 3.4.2).25 

bond valence = e
(

(R0 - R)
b

)
 

Equation 3.4.1: Bond valence sum 

The octahedral bond length distortion, Δ, was calculated according to Equation 3.4.2, 

where ri are the individual M-O bond lengths and r is the average M-O bond length.26 

∆ =
1

6
∙ ∑{(ri-r)/r}

2 

Equation 3.4.2: Octahedral bond length distortion 

Bond angle variance, δ, was also calculated according to the following equation, where 

θi are the O-M-O bond angles and n is the number of bonds (≠180°) which is 12 in an 

octahedron: 

δ = ∑[(θi - 90)
2
/(n - 1)] 

Equation 3.4.3: Octahedral bond angle variance 

As shown in Table 3.4.2, all of the MO6 octahedra in the C2/c structure were found to 

be considerably distorted, which in addition to the greater cation ordering means this 

monoclinic configuration is adopted as the majority polymorph. The bond valence 

values are not in good agreement with the oxidation values expected within this 
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structure, which may be due to the constraints applied to both C2/c and Fddd models 

during the Rietveld refinement. Additionally, the distortion parameters obtained apply 

to the averaged powder structure, and not representative of local coordination 

environments and any disorder present within the material. 

Table 3.4.2: Average M-O bond lengths and bond valence sums (BVS) for each atom from refined 

structure of Li4NiWO6 (C2/c) where numbers in parentheses represent 1σ and the assumed valence 

states are Li(1), Ni(2) and W(6). The bond length distortion (Δ) and angle variance (δ) from the ideal 

octahedral configuration are also reported 

atom BVS 
average M-O 

bond length (Å) 
∆ (×104) δ 

W1 5.72(14) 
1.938(60) 6.417 5.420 

Li1 1.69(4) 

Ni2 3.85(3) 

2.082(18) 0.513 23.820 Li2 1.137(8) 

W2 2.00(1) 

Li3 1.03(2) 
2.120(45) 3.050 20.140 

Ni3 1.81(3) 

Li4 1.09(2) 
2.097(36) 1.999 27.661 

Ni4 1.92(3) 

Li5 1.03(4) 

2.13(12) 20.699 17.955 W5 3.47(15) 

Ni5 1.80(8) 

Li6 0.99(1) 
2.132(30) 1.310 25.128 

Ni6 1.75(2) 
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3.5 Structural Characterisation of Li4.1Ni0.9WO6 

3.5.1 Compositional Analysis 

Elemental analysis of the sample synthesized with excess Li revealed a global 

composition of Li4.02(5)Ni1.00(2)W0.98(1) by ICP-OES. Elemental analysis of this material 

by TEM-EDX revealed two different phases were likely present due to two distinct 

distributions: a W-rich, Ni-poor phase (Ni:W ratio of 0.92(6):1) and a lower proportion 

of a Ni-rich, W-poor phase (Figure 3.5.1). Normalising to a total of six cations and 

based on 70% of the population out of 36 particles sampled from the EDX data, the 

majority phase composition was estimated as Li4.1Ni0.9WO6. The remaining 30% is 

attributed to a nickel-rich phase, later determined to be Li0.3Ni0.7O. 

 

Figure 3.5.1: Average shifted histogram of TEM-EDX showing a broad distribution of Ni/W in 

Li4.1Ni0.9WO6 and the presence of a nickel rich phase (high Ni/W ratio) 
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3.5.2 Phase and Unit Cell Determination of Li4.1Ni0.9WO6 

Initially peak fitting was performed on laboratory PXRD data based on the Li4NiTeO6 

cell (a = 5.158 Å, b = 8.881 Å, c = 5.137 Å, β = 110.24°)12 which adopts the C2/m 

space group, which accounted for all of the Bragg reflections. Taking the systematic 

absences into consideration the candidate space groups for this structure were C2/m, 

C2 and Cm. Le Bail fitting was performed on the SXRD data (Rwp = 14.23%, Rexp = 

11.36%, χ2 = 1.57) and the refined lattice parameters were used for the Rietveld 

refinement. 

Separate Le Bail fits were also performed on the three banks of NPD data 

(Rwp = 2.58%, Rexp = 1.86%, χ2 = 1.93), which allowed the identification of a small 

amount of cubic impurity of the form LixNi1-2x
2+Nix

3+O, the Bragg reflections of which 

mostly overlap with the main phase in the SXRD. This is also consistent with the TEM-

EDX data which suggested a Ni-rich phase was present. The structure of Li4NiTeO6 

was used as a structural model to begin the Rietveld refinement on the SXRD and NPD 

data sets. The lattice parameters were allowed to refine to different values for the 

SXRD and NPD data to account for any temperature differences during sample 

collection. The lattice parameters of the cubic impurity LixNi1-2x
2+Nix

3+O phase were 

refined, but the atomic positions and occupancies were not. Due to the low weight 

percent of this phase present in the sample, an accurate composition of this impurity 

could not be determined by Rietveld refinement. The volume of the unit cell of this 

phase was consistent with a composition of Li0.3Ni0.7O based on a previous study of 

this system reported by Goodenough et al.,27 hence the composition of this phase was 

fixed to these values. 
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A Rietveld refinement was performed using the Li4NiTeO6 as a model for the atomic 

positions and the lattice parameters obtained for Le Bail fitting in the C2/m space group 

setting. This Rietveld model in C2/m gave a poor fit to the SXRD (Rwp = 15.55%, Rexp 

= 11.36%, χ2 = 1.87) and NPD (Rwp = 3.84%, Rexp = 1.86%, χ2 = 4.29) in comparison 

to the Le Bail fit. The space group was reduced in symmetry to Cm, which is a non-

centrosymmetric space group: this involves moving the tungsten site off-centre 

thereby removing the two-fold rotation axis symmetry operation, maintaining the total 

number of cation sites at four but doubling the number of anion sites from two 

(Wyckoff sites 8j and 4i, point symmetry 1 and m respectively) to four (sites 4b and 

2a, point symmetry 1 and m, respectively). 

As with Li4NiWO6, initially Rietveld refinement was performed separately on the high 

resolution SXRD (Rwp = 14.38%, Rexp = 11.36%, χ2 = 1.60) and NPD (Rwp = 3.44%, 

Rexp = 1.86%, χ2 = 3.44) data, and then combined for the final refinement for 

elucidation of the structure. The unit cell parameters were determined to be: a = 

5.113747(23) Å, b = 8.791326(40) Å, c = 5.093213(23) Å, β = 110.1564(12)°, V = 

214.950(2) Å3. The atomic coordinates were refined independently for all sites, with 

the total occupancy of each site being restrained to one and no global compositional 

restraint. Thermal parameters were constrained to refine to the same value for the 

cation sites and a separate value for the four oxide sites. The refined composition of 

the Cm phase was found to be Li4.099(4)Ni0.896(3)W1.005(3)O6 with the average oxidation 

state of  nickel calculated to be +2.11 based on a rock-salt structure with no vacancies. 

This Ni/W ratio is consistent with the majority of particles sampled by TEM-EDX. 

The final fitting parameters for the combined SXRD and NPD Rietveld refinement are 

Rwp = 8.03%, Rexp = 6.12%, χ2 = 1.73, in good agreement with the equivalent Le Bail 

fit (Rwp = 7.72%, Rexp = 6.12%, χ2 = 1.59). 
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Unlike related Li-rich rock-salt superstructures such as Li4NiTeO6 and Li2MnO3, none 

of the cation sites were fully occupied with Li+, with nickel ions disordered over the 

three of the four cation sites. The composition of the impurity phase was fixed to 

Li0.3Ni0.7O, based on the cell volume matching this composition from the solid solution 

series LixNi1-2x
2+Nix

3+O (Fm3̅m, a = 4.11835(7) Å), comprising 2.7(2)  wt% of the 

sample.27 The global cation composition (accounting for the atomic percentage of the 

impurity phase) from Rietveld refinement was Li4.135(5)Ni1.009(4)W1.000(3), in good 

agreement with the composition determined from ICP-OES. The final refined structure 

parameters are given in Table 3.5.1. 
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Table 3.5.1: Structural parameters of Li4.1Ni0.9WO6 (Cm; a = 5.113747(23) Å, b = 8.791326(40) Å, 

c = 5.093213(23) Å, β = 110.1564(12)°, V = 214.950(2) Å3) from combined Rietveld refinement. 

Numbers in parentheses represent 1σ 

atom site x y z occupancy Biso (Å2) 

W1 2a 0 0 0 0.9911(18) 0.75(10) 

Li1 2a 0 0 0 0.0089(18) 0.75(10) 

Li2 4b 0 -0.3326(2) 0 0.7129(12) 0.75(10) 

Ni2 4b 0 -0.3326(2) 0 0.2818(9) 0.75(10) 

W2 4b 0 -0.3326(2) 0 0.0054(8) 0.75(10) 

Li3 2a 1/2 0 1/2 0.9191(17) 0.75(10) 

Ni3 2a 1/2 0 1/2 0.0774(8) 0.75(10) 

W3 2a 1/2 0 1/2 0.0036(10) 0.75(10) 

Li4 4b 1/2 0.3182(4) 1/2 0.8726(5) 0.75(10) 

Ni4 4b 1/2 0.3182(4) 1/2 0.1274(5) 0.75(10) 

O1 4b 0.2326(24) 0.1554(5) 0.2372(17) 1 0.794(3) 

O2 4b 0.2667(23) -0.3438(5) -0.2346(17) 1 0.794(3) 

O3 2a 0.2688(23) 1/2 0.2199(17) 1 0.794(3) 

O4 2a 0.7329(23) 1/2 0.7642(17) 1 0.794(3) 
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Figure 3.5.2: SXRD pattern for the combined Rietveld refinement of Li4.1Ni0.9WO6 (λ = 0.82588(1)  Å); Rwp = 14.38%, Rexp = 11.36%, χ2 = 1.60; green ticks indicate Cm 

phase, grey ticks indicate cubic Li0.3Ni0.7O impurity 
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Figure 3.5.3: NPD patterns from the HRPD instrument for the combined Rietveld refinement of 

Li4.1Ni0.9WO6; (a) backscattered bank 1; Rwp = 4.82%, Rexp = 2.77%, χ2 = 3.03; (b) bank 2 90° 

detector; Rwp = 2.58%, Rexp = 1.15%, χ2 = 5.08; (c) bank 3 30° detector; Rwp = 7.30%, Rexp = 6.24%, 

χ2 = 1.37;  green ticks indicate Cm phase, grey ticks indicate cubic Li0.3Ni0.7O impurity  
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3.5.3 Crystal Structure of Li4.1Ni0.9WO6 

Li4.1Ni0.9WO6 adopts a monoclinic structure with two distinct types of octahedral 

layers (Figure 3.5.4), with similar unit cell parameters as the archetypal Li5ReO6 rock-

salt superstructure. In the Li5ReO6 structure, the ReO6 octahedra are fully ordered and 

isolated from each other by adopting a two layer structure whereby LiO6 octahedra 

surround ReO6 in a honeycomb arrangement forming one layer, alternating with fully 

occupied Li layers. In the case of Li4.1Ni0.9WO6, all four cation sites were determined 

to be fully occupied, with each displaying partial cation ordering. Li4.1Ni0.9WO6 was 

not found to possess a fully occupied lithium layer, attributed to the similar ionic radius 

of Ni2+ and Li+ (Figure 3.5.5). Interestingly, W6+ was not found to be fully ordered, 

with <1% Li mixing on the tungsten site, and the remaining tungsten distributed on 

two of the three remaining cation sites.  

 

Figure 3.5.4: Representation of the Li4.1Ni0.9WO6 unit cell structure as determined from combined 

Rietveld refinement 
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Figure 3.5.5: Representation of the two types of layering in Li4.1Ni0.9WO6: W- and Ni-rich layer and 

honeycomb ordering pattern around WO6 (top) and Li-rich layer (bottom) viewed along the [111] axis 

of the cubic rock-salt sub-cell 

The ordering of tungsten matches that of rhenium in the Li5ReO6 structure (Figure 

3.5.6), whereby WO6 octahedra are surrounded by Ni-rich octahedra in one layer in a 

honeycomb-type ordering, separated by a Li-rich layer in the (002) plane. 
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Figure 3.5.6: Representation of the ordering of WO6 octahedra in Li4.1Ni0.9WO6 (top) and ReO6 

octahedra in Li5ReO6 (bottom) 

The reduction in symmetry to Cm from C2/m space group (C2/m is the space group 

adopted in related ordered rock-salt type materials such as Li5ReO6,
28 Li2MnO3,

29 

Li4NiTeO6 etc.)12 is a result of the displacement of W6+ ions towards one apex of the 

[WO6]
6- octahedra (Figure 3.5.7). The W1-O3 bond length is shorter than W1-O4, and 

these oxygen atomic sites are also the apical oxygens for the most lithium-rich 

octahedral site labelled Li3, hence the tungsten ions are displaced towards the Li3 site 
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(Table 3.5.1). Since the displacement occurs in the same direction, this propagates 

throughout the lattice resulting in an overall permanent dipole in the [101] direction 

and a loss of the two-fold rotation symmetry operation in the as-synthesised material, 

hence losing the inversion centre. This is because W is moved off the special position 

(Wyckoff position 2a) in the C2/m model (with 2/m site symmetry operations) to the 

2a site in the Cm structure, with mirror symmetry only.22, 30 
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Figure 3.5.7: Octahedral coordination environment of the tungsten W1 site showing the difference in 

W-O axial bond lengths and resulting dipole direction; where equatorial (W1-O1) and (W1-O2) bond 

lengths = 1.937(7) Å (top); and direction of polarity within the lattice (bottom) 
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The bond valence sums (for both Ni2+ and Ni3+) and octahedral distortion parameters 

were calculated as detailed in Section 3.4.4 and reported in Table 3.5.2. In particular 

the bond valence states for nickel differ considerably from expected, which is 

attributed to the mixed charge valences and extensive site mixing observed from the 

Rietveld refinement. The polar W1 site was not determined to have the greatest bond 

length or angle distortion, but since it distorts towards Li3 this may explain why the 

Li3 site is considerably distorted from octahedral geometry. 

 

Table 3.5.2: Average M-O bond lengths and bond valance sums (BVS) for each atom from refined 

structure of Li4.1Ni0.9WO6 (Cm) where numbers in parentheses represent 1σ. The bond length 

distortion (Δ) and angle variance (δ) from the ideal octahedral configuration are also reported 

assumed 

valence 

state 
atom occupancy BVS 

average M-O 

bond length 

(Å) 

∆ (×104) δ 

6 W1 0.9911(18) 5.76(7) 
1.933(2) 1.348 0.191 

1 Li1 0.0089(18) 1.70(2) 

1 Li2 0.7129(12) 1.13(1) 

2.085(21) 0.850 27.544 
2 Ni2 0.2818(9) 1.99(2) 

3 Ni2 0.2818(9) 2.43(2) 

6 W2 0.0054(8) 3.82(4) 

1 Li3 0.9191(17) 1.02(4) 

2.13(10) 18.664 18.720 
2 Ni3 0.0774(8) 1.79(7) 

3 Ni3 0.0774(8) 2.19(9) 

6 W3 0.0036(10) 3.44(14) 

1 Li4 0.8726(5) 1.01(2) 

2.127(42) 3.303 31.825 2 Ni4 0.1274(5) 1.78(3) 

3 Ni4 0.1274(5) 2.18(4) 
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3.6 Comparison of the Li4+xNi1-xWO6 Structures 
 

Both Li4NiWO6 and Li4.1Ni0.9WO6 structures were found to crystallise in monoclinic 

space groups, adopting a rock-salt superstructure with a fully occupied ccp oxide array 

with edge-sharing octahedra. Partial cation order was determined in both structures. 

The site mixing of Li+ and Ni2+ is not uncommon, and has been observed in a number 

of materials such as LiNi1/3Mn1/3Co1/3O2, LiNiO2 and Li4NiMoO6 due to similar ionic 

radii (Li+ = 0.76 Å, Ni2+ = 0.69 Å).13, 31, 32 Surprisingly, considering its high charge, 

perfect ordering for W6+ ions was not observed in either of the as-synthesised 

materials: a small amount of W6+ (0.60 Å) and Li+ site mixing was observed through 

a combination of SXRD and NPD refinement. In both materials, displacement of W6+ 

within the [WO6]
6- octahedra was observed, attributed to second-order Jahn-Teller 

effects,33 which are widely reported other W6+ oxides such as WO3, Bi2WO6, 

BaTeW2O9 and NaLaMgWO6.
22, 23, 34, 35 In Li4NiWO6, the bond length between W1 

and both O2 sites is shorter than the remaining four W-O bonds, resulting in a 

displacement of the tungsten ion off-centre towards an apex of the WO6 octahedra. 

Such displacement occurs in opposing directions along the [010] axis resulting in an 

apolar material overall (Figure 3.4.14). In Li4.1Ni0.9WO6, one axial W-O bond is 

shorter, resulting in displacement towards an apex of the WO6 octahedra, which 

propagates throughout the lattice in the [101] direction, suggesting the material will 

possess an overall polarity (Figure 3.5.7). 

 No reports of other structures with similar lattice parameters to C2/c Li4NiWO6 could 

be found through searching of the cell symmetry in the Inorganic Crystal Structure 

Database (ICSD) or within relevant literature. Likewise a large number of compounds 
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with compositions related to Li4.1Ni0.9WO6 with similar unit cell parameters are 

reported, but none thus far have been determined to adopt the Cm space group. 

By comparison of the ordering pattern for the tungsten sites,  

Li4.1Ni0.9WO6 can be thought of as a polar analogue of Li5ReO6. For Li4NiWO6, both 

the C2/c and Fddd models adopt the same tungsten site ordering as tantalum in the 

Li3Ni2TaO6 archetype (Figure 3.4.10). The difference in the ordering of the majority 

tungsten sites is that Li4.1Ni0.9WO6 has tungsten located in alternating close-packed 

oxygen layers (Figure 3.5.5), whereas Li4NiWO6 has tungsten located in every layer 

(Figure 3.4.11, Figure 3.4.12), without honeycomb-type ordering around WO6 

octahedra. The absence of fully occupied lithium layers in Li4.1Ni0.9WO6 is attributed 

to Li+/Ni2+ cation site mixing. The related structure of Li4CuTeO6 was reported in the 

literature to crystallise in the C2/m space group, with Li and Cu ordered in the 

honeycomb array around TeO6 octahedra. In this structure cation mixing of Cu2+ and 

Li+ in between the layers containing Te was determined, in addition to a small amount 

of Cu (6%) reported to occupy the Te crystallographic site.2  

All refined structures and their archetypes can be thought of as the general rock-salt 

superstructure A5MO6 formula (see Chapter 1), whereby the overall structure is 

electroneutral and the electroneutrality around each oxygen site is preserved.7 For 

example, in Li4NiWO6, the average coordination around oxygen would be 

OLiI
4NiIIWVI, (where Li4Ni = A5 and W = M) therefore the sum of the electrovalence 

around each oxide anion is equal to +2 according to Equation 3.6.1 where z = charge 

and n = coordination number. 
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∑
z

n
 = (4Li× 

1

6
 )  + (1Ni× 

2

6
 ) + (1W × 

6

6
 ) = 2 

Equation 3.6.1: Electrovalence sums around octahedral oxide in Li4NiWO6 

The same is true for the Li4.1Ni0.9WO6 formula where the average charge state of nickel 

is calculated to be +2.11. Within rock-salt superstructures of this general formula, this 

means no M cations (W6+) can be coordinated to the same oxygen ion, thus isolating 

the highly charged M ions. Consequentially, the ordering of the A and M cations 

therefore depends on whether it is more energetically favourable to align the MO6 into 

layers, as occurs in Li5ReO6, and in Li4.1Ni0.9WO6 where the W and majority Ni reside 

in alternating layers (Figure 3.5.5, Figure 3.5.6); or maximising the distance between 

all M cations as occurs in Li3Ni2TaO6 and Li4NiWO6 (Figure 3.4.10, Figure 3.4.12) 

The distances between the W6+ sites in both structures is approximately the same 

between and within the layers (5.1-5.2 Å), maximising the distance between the highly 

charged 5d0 ions hence minimising the electrostatic repulsion,9 suggesting that there 

is very little difference in energy between the two structures. A greater degree of 

ordering of the nickel ions was observed in Li4NiWO6 (C2/c) whereby more than half 

the nickel ions are located on one of the six cation sites, in contrast to Li4.1Ni0.9WO6 

(Cm) where the nickel ions are more evenly distributed, with the majority located 

within the honeycomb layer containing the tungsten ions. The adoption of a different 

crystal structure from alteration of the metal ratios is primarily attributed to the 

presence of Ni3+ ions (0.56 Å) driving the cation ordering.7, 36 The rock-salt type 

Li2Ni2TeO6 has been reported to crystallise into the honeycomb-ordered C2/m space 

group and more disordered orthorhombic Fddd space group depending on the synthetic 

method,37 (with Li5ReO6 and Li3Ni2TaO6 archetypal structures, respectively) which 
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supports the conclusion that the Li4+xNi1-xWO6 structures have similar formation 

enthalpies. 

3.7 Solid Solution Series Li4.1+xNi0.9-xWO6 

 

The emergence of the Li0.3Ni0.7O impurity with the sample with refined composition 

Li4.1Ni0.9WO6 provided evidence of a solid solution of the form Li4.1+xNi0.9-xWO6, 

whereby the rock-salt structure is retained upon increasing values of x as Ni2+ is 

substituted for Li+. The average oxidation state of nickel therefore increases to 

maintain a total cation charge of +12 per formula unit, hence maintaining an 

electroneutral rock-salt superstructure. These materials were synthesised with a 10% 

molar excess of lithium (a reduction from 12% for the original synthesis reported for 

Li4.1Ni0.9WO6) to minimise the formation of the cubic impurity phase but maintain a 

lithium-rich composition. 

The lattice parameters for each member of the solid solution were refined by Le Bail 

fitting of laboratory PXRD (Figure 3.7.1) using the Topas software, with the lattice 

parameters of the internal silicon standard fixed (S.G. Fd3̅m, a = 5.43053(7) Å). All 

members of the solid solution were determined to adopt the Cm structure. 
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Figure 3.7.1: PXRD of members of solid solution series Li4.1+xNi0.9-xWO6 with nominal values of x 

listed on the right. * indicates Si peaks, ● indicates impurity (likely Li4WO5) 

Impurity peaks which correspond to Li4WO5 (P 1̅ ) appear at values of x > 0.20 

indicating the limit of purity lies between nominal values of 0.15 ≤ x ≤ 0.20. 

Additionally in the x = 0.00 sample, low intensity reflections corresponding to 

Li4NiWO6 are visible, verifying that the two structures are very closely related in 

energy and largely dependent on the Li/Ni ratio. It was found that the lattice parameters 

decrease monotonically with increasing values of x, obeying Vegard’s law (Figure 

3.7.2). 
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Figure 3.7.2: Trend in lattice parameters for the doping series of nominal composition 

Li4.1+xNi0.9-xWO6 (reported as a fraction of the x = 0.00 sample). Error bars represent 3σ  

This lattice parameter trend is comparable to the LixNi1-2x
2+Nix

3+O series,38 whereby 

the unit cell volume decreases linearly with increasing values of x. This is due to the 

substitution of Ni2+ (0.69 Å) for smaller and more highly charged Ni3+ (0.56 Å), and 

Li+ (0.76 Å). In this case we see a similar trend, whereby the average increase in the 

oxidation state of nickel with increasing x results in a decrease in cell volume, despite 

an increase in Li+ which has a slightly larger ionic radius than Ni2+. 
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3.8 Li4.15Ni0.85WO6 

 

From the solid solution series, the material with nominal composition Li4.15Ni0.85WO6 

(x = 0.05) was chosen for further electrochemical study, which is discussed in detail in 

Chapter 4 due to the high lithium content and phase purity determined from SXRD. 

A Rietveld refinement was performed using synchrotron MAC data of Li4.15Ni0.85WO6 

using the structural model obtained from the refinement of Li4.1Ni0.9WO6 (Figure 

3.8.1). Since NPD data was not collected for this material, the sum of the occupancies 

of each crystallographic site was restrained to equal one, assuming a rock-salt structure 

with no vacancies, with the occupancies of only two point scatterers able to be refined 

at each cation site. The final calculated composition from Rietveld refinement 

(Li3.983(9)Ni1.02(7)W0.997(6)O6) is not in full agreement with the elemental analysis from 

ICP-OES (Li4.19(8)Ni0.82(1)W0.99(4)) due to the constrains applied to the mixed cation 

sites. The refined lattice parameters were determined to be a = 5.11475(4) Å, 

b = 8.79311(7) Å, c = 5.09298(4) Å, β = 110.1594(5)°, V = 215.022(3)  Å3. 
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Figure 3.8.1: Rietveld refinement of SXRD (MAC) data of Li4.15Ni0.85WO6; Rwp = 15.65%, Rexp = 12.21%, χ2 = 1.64 
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The structural refinement proves it is an analogue of the Li4.1Ni0.9WO6 Cm structure, 

with similar unit cell parameters and honeycomb ordering of Li/Ni cations around the 

WO6 octahedra (Figure 3.8.2) but a varying Li and Ni content. The average nickel 

oxidation state is calculated to be +2.18, with the largest amount of nickel located 

within the tungsten layer. A degree of cation mixing was observed for each site (Table 

3.8.1), meaning this structure also does not possess fully occupied lithium layers. 

Table 3.8.1: Structural parameters of Li4.15Ni0.85WO6 (Cm; a = 5.11475(4) Å, b = 8.79311(7) Å, 

c = 5.09298(4) Å, β = 110.1594(5)°, V = 215.022(3)  Å3) from SXRD Rietveld refinement. Numbers 

in parentheses represent 1σ 

atom site x y z occupancy Biso (Å2) 

W1 2a 0 0 0 0.997(6) 0.74(1) 

Li1 2a 0 0 0 0.003(6) 0.74(1) 

Li2 4b 0 -0.3330(2) 0 0.658(3) 0.74(1) 

Ni2 4b 0 -0.3330(2) 0 0.342(3) 0.74(1) 

Li3 2a 1/2 0 1/2 0.906(2) 0.74(1) 

Ni3 2a 1/2 0 1/2 0.094(2) 0.74(1) 

Li4 4b 1/2 0.3306(5) 1/2 0.878(2) 0.74(1) 

Ni4 4b 1/2 0.3306(5) 1/2 0.122(2) 0.74(1) 

O1 4b 0.230(2) 0.1440(9) 0.229(2) 1 0.25(6) 

O2 4b 0.270(2) -0.3311(9) -0.228(2) 1 0.25(6) 

O3 2a 0.252(3) 0.5 0.216(3) 1 0.25(6) 

O4 2a 0.715(3) 0.5 0.763(3) 1 0.25(6) 
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Figure 3.8.2: Representation of the unit cell structure of  Li4.15Ni0.85WO6 (top), the W and Ni-rich 

layer displaying honeycomb ordering around WO6 (middle) and the Li-rich layer (bottom) 
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3.9 Li4.08Mg0.90W1.02O6 

 

A number of variations on the Li:Mg:W ratio were explored in an attempt to get a 

phase pure lithium-rich Mg analogue of Li4.1Ni0.9WO6. Based on the assumption that 

the material would be a no-vacancy rock-salt superstructure, possible electroneutral 

stoichiometries include Li4MgWO6 and Li4.08Mg0.90W1.02O6 since the cation oxidation 

states of lithium, magnesium and tungsten are not expected to deviate from +1, +2 and 

+6, respectively. Both target compositions maintain Pauling’s rule of electroneutrality 

around each oxide anion (as demonstrated for Li4NiWO6 in Section 3.6), therefore it 

can be predicted that they would likely adopt similar cation ordering patterns to 

Li3Ni2TaO6 or Li5ReO6 rock-salt archetypes. Initial attempts at targeting the 

Li4MgWO6 composition did not result in a phase pure sample; however the majority 

of the Bragg reflections could be indexed to an Fddd cell with similar lattice 

parameters to Li3Ni2TaO6.  

It was found that targeting a stoichiometry of Li4.08Mg0.90W1.02O6 resulted in a phase 

pure material by PXRD analysis. Elemental analysis was performed on this sample by 

ICP-OES confirming a composition of Li4.10(8)Mg0.893(2)W1.011(3), normalising to a total 

six cations per formula unit, which agrees within 3σ with the target composition. 

Through a systematic exploration of numerous ratios of starting reagents and reaction 

conditions, the required molar ratio of Li:Mg:W reagents was determined to be 

4.51:0.95:1. It was found necessary to have a molar excess of MgO, with the Mg 

content in the product being lower than in the reagent, attributed to drying of the MgO 

reagent at too low a temperature (see Section 3.2.4). Three firing steps at 900 °C 

without sacrificial powder were deemed necessary due to the slow reaction kinetics of 

MgO and to remove any excess lithium, since too high a lithium content resulted in 
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the formation of an unknown impurity phase (the intensity of the peaks of which 

decreased upon subsequent firings). From laboratory PXRD all the peaks were 

determined to index to a C2/m cell with similar lattice parameters to Li4.1Ni0.9WO6, 

and further high-resolution SXRD (MAC) data was obtained. 

From the Le Bail fit to the SXRD MAC data (Figure 3.9.1), a small number of very 

low intensity Bragg reflections were identified that do not index to the C2/m unit cell 

(e.g. at 2θ ~13.5° in Figure 3.9.1, top left inset). Additionally, a single pseudo-Voigt 

peak shape model did not adequately model all of the peaks was as observed during 

indexing of Li4NiWO6 (see Section 3.4.2), which again may indicate the presence of 

an additional related phase. Attempts to improve the Le Bail fit using related cells were 

thus far unsuccessful. 
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Figure 3.9.1: Le Bail refinement of SXRD (MAC) data of Li4.08Mg0.90W1.02O6; Rwp = 11.50%, Rexp = 6.07%, χ2 = 3.59 
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Following the Le Bail refinement, separate Rietveld refinements were performed on 

the data using the Li4NiTeO6 (C2/m) and Li4.1Ni0.9WO6 (Cm) structural models. 

Considering the similar ionic radii of octahedrally coordinated Mg2+ (0.72 Å) and Li+ 

(0.76 Å), one would expect these cations to exhibit site mixing, while the highly 

charged tungsten is expected to fully order, similar to the Li5ReO6 archetype. Powder 

neutron diffraction data would be required to correctly locate and quantify the amount 

of lithium in the structure, and aid identification of a likely secondary phase. For this 

reason the heavy atom site (Wyckoff site 2a) was assigned to be fully occupied with 

tungsten, and the three remaining cation sites were refined as a fraction of magnesium, 

due to the inaccuracy of identifying lithium using solely X-ray diffraction data. It was 

found that the C2/m model (Figure 3.9.2) (Rwp = 11.72%, Rexp = 6.07%, χ2 = 3.73, in 

good agreement with the Le Bail fitting parameters) gave an equally good fit to the 

data as the non-centrosymmetric Cm cell, hence the higher symmetry C2/m cell was 

chosen, though ideally this would be confirmed with NPD. The refined lattice 

parameters were determined to be a = 5.15401(2) Å, b = 8.77578(1) Å, c = 5.10924(2) 

Å, β = 110.9171(3)°, V = 215.864(3)  Å3, which are similar to the unit cell parameters 

of Li4.1Ni0.9WO6.  
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Figure 3.9.2: Rietveld refinement of SXRD (MAC) data of Li4.08Mg0.90W1.02O6; Rwp = 11.72%, Rexp = 6.07%, χ2 = 3.73 
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3.10 Conclusions and Future Work 
 

This work displays the synthesis and structural characterisation of new Li-rich rock-

salt type materials of the form Li4+xNi1-xWO6; with partial cation ordering established 

by combined Rietveld analysis of high-resolution synchrotron and neutron powder 

diffraction data. Additionally a new Li-rich magnesium analogue with the formula 

Li4.08Mg0.90W1.02O6 has been synthesised and characterized using synchrotron data. 

For the Li4+xNi1-xWO6 materials, the omission or inclusion of a molar excess of lithium 

during synthesis under identical conditions resulted in two distinct materials affording 

different coloured solids with different PXRD patterns. This suggested two different 

structures were formed which vary depending on the Li and Ni content of the main 

phases. By comparison of the ordering of the tungsten sites, it was established that 

Li4NiWO6 crystallised in the C2/c space group, which is compared to the orthorhombic 

Li3Ni2TaO6 archetype. The material synthesised with an excess of lithium was found 

to be Li4.1Ni0.9WO6 which crystallised in the non-centrosymmetric Cm space group, 

which is structurally comparable to the Li5ReO6 archetype and other known rock-salt 

superstructures with high lithium content such as Li2MnO3 and Li4NiTeO6. Due to the 

similarities in composition, the two new structures are thought to have little difference 

in their enthalpies of formation, largely depending on the Li:Ni ratio and therefore the 

average oxidation state of nickel. 

Further neutron diffraction data on Li4.15Ni0.85WO6 and Li4.08Mg0.90W1.02O6 would be 

desirable to allow the refinement of three cations per site, as was discovered in 

Li4NiWO6 and Li4.1Ni0.9WO6. Furthermore, it would be interesting to try and isolate 

the hypothesised disordered Fddd analogue of Li4NiWO6, which was included to aid 
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modelling of the SXRD data, and consequentially obtain a phase pure C2/c Li4NiWO6. 

This may be achieved by exploration of synthetic temperature, cooling rates such as 

quenching vs. slow cooling or minor adjustments in the cation ratios. For example, 

fully ordered LiNiO2 has proved difficult to synthesise due to Li+/Ni2+ site mixing, 

with fully occupied lithium layers necessary for good electrochemical properties in 

LIB cathodes of the form LiMO2.
32, 39 

The electrochemical testing of Li4.15Ni0.85WO6 (in addition to Li4NiWO6 for 

comparison) is reported in Chapter 4, with the properties being linked back to the 

structures elucidated from the detailed structural analysis. 
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Chapter 4:  Electrochemical Behaviour of 

Li-Rich Rock-Salts with Partial Cation Order 

4.1 Introduction 
 

Research into Li-rich cathode materials has to date primarily revolved around layered 

LiM’O2 structures incorporating layered rock-salt type Li2M
(IV)O3 structures 

(S.G. C2/m or C2/c, M(IV) = Mn, Sn, Ru, Ir, Ge, Mo),1, 2 with the first reported example 

being xLi2MnO3∙(1-x)LiNi1/3Mn1/3Co1/3O2 with a capacity of ~220 mA∙h g-1. The 

mechanism responsible for the high capacity (exceeding those obtained from 

LiNi1/3Mn1/3Co1/3O2 alone, 190-170 mA∙h g-1)3 has over recent years been attributed 

to the role of oxygen within the Li2MnO3 domains. 

The overall electrochemical extraction of Li+ from Li2MnO3 has been explored 

experimentally and computationally and is thought to occur as follows: 

Li2MnO3 → 2Li+ + 2e- + λ-MnO2 + O2.
4 The extraction of lithium is charge 

compensated by the removal of electrons from lattice oxygen, forming localised holes 

on the oxygen (O2- → O-), which within this structure are calculated to not be 

thermodynamically stable, resulting in dimerisation into peroxo (O2
2-) or superoxo (O2

-

) species.5 The oxygen dimers (O-O)n- are further oxidised to form molecular oxygen, 

hence overall oxygen gas is released from the lattice upon delithiation following 

charging to ≥ 4.5 V. As lithium ions are extracted from the octahedral sites in the fully 

occupied Li layer, Mn4+ ions migrate into the now vacant lithium octahedral sites; the 

cation migration is facilitated by oxygen dimerisation. Upon re-lithiation, the Li+ ions 
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tend to favour the neighbouring tetrahedral interstitial sites, promoting spinel 

formation primarily at the surface, leading to voltage fade.6 

Li2RuO3 (isostructural with Li2MnO3) displays a reversible discharge capacity of ~220 

mA∙h g-1 between 2-4.6 V vs. Li+/Li0, despite a theoretical capacity based on the Ru4+/5+ 

cationic redox couple of 164 mA∙h g-1.7 The origin of the additional capacity was 

attributed to the formation and cycling of peroxo-type species (O2
2-) from lattice 

oxygen, which becomes activated at a higher voltage than the oxidation of 

Ru4+ → Ru5+. The appearance of O2
2- species was detected using XPS and EELS 

analysis, resulting in considerable distortion of the RuO6 octahedra as determined from 

Ru K-edge EXAFS. Strong hybridisation of the Ru(4d) and O(2p) orbitals are thought 

to enable the anionic redox process to occur in addition to cationic redox by 

stabilisation of peroxo species, an effect which is not observed in Li2MnO3.
8  Li2RuO3 

shows relatively poor capacity retention when charged to high potentials (~4.8 V vs. 

Li+/Li0), attributed to extensive distortion of RuO6 octahedra on delithiation leading to 

structural instability.9 

The anionic redox mechanism has been explored further in Li2Ru1-xMxO3 rock-salts 

where M = Mn, Sn and Ti. For example, the Li2Ru0.5Mn0.5O3 structure was determined 

to possess fully occupied Li layers alternating with Li1/3Ru1/3Mn1/3 honeycomb-like 

layers with stacking faults, exhibiting a reversible capacity ≥ 200 mA∙h g-1 at 3.6 V vs. 

Li+/Li0 (equivalent to the removal of 1.3 moles Li+).10 XPS analysis confirmed the 

reversibility of the anionic redox process (in addition to the reduction of some lattice 

oxygen to molecular O2 gas) in addition to the Ru4+/5+ cationic redox process. Through 

DFT calculations, the Ru5+ was determined to partially stabilise the hole on O2- (i.e. O-) 

through strong orbital hybridisation, suppressing (though not eliminating) the 
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recombination of O- holes into O2 gas and promoting reversible anionic redox. 

Although cycling stability is greater cf. Li2MnO3, voltage fade associated with cation 

migration to form a spinel-type structure was still observed, with a large first cycle 

irreversible capacity loss associated with O2 gas loss from the oxide lattice.11  

Conversely, in the Li2Ru1-xSnxO3 system, the larger Sn4+ ion (4d10, 0.69 Å cf. Mn4+; 

3d3, 0.53 Å) cannot migrate via tetrahedral sites to the vacant Li+ octahedral sites upon 

delithiation, supressing structural transformation to a spinel-type phase thus 

minimising voltage fade while displaying a similar capacity to the Ru-Mn analogue. 

The presence of relatively weak Sn-O bonds is also thought to allow the stabilisation 

of O- to condense to (O-O)n- ligands coordinated to Ru5+ with η2 hapticity therefore 

re-stabilising the oxygen network.12 While Li2SnO3 alone is not electrochemically 

active, the introduction of Sn4+ into Li2RuO3 has been shown to enhance the capacity 

retention cf. Li2RuO3 when charged to high potentials.7, 12 

In contrast to Li2RuO3, charging of isostructural α-Li2IrO3 results in concomitant 

oxidation of O2- to O2
n- species and oxidation of Ir4+, corresponding to the removal of 

one molar equivalent of Li+. Such behaviour has been observed from a combination of 

O(1s) and Ir(4f) XPS, with visualisation of (O-O)n- dimers achieved using HAADF-

STEM.13  The β-Li2IrO3 polymorph (S.G. Fddd) also possesses a rock-salt type 

structure, but with stacking of Li2Ir layers (as opposed to alternating Li and Li1/3Ir2/3 

layers in the α-polymorph), resulting in a three-dimensional framework of edge-

sharing IrO6 octahedra.14 β-Li2IrO3 has recently been demonstrated as the first example 

of simultaneous reversible cationic and anionic redox occurring in a structure without 

the presence of fully occupied Li-layers in the pristine material.15 
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Investigation into the stabilisation of anionic redox in Li-rich transition metal oxides 

is an important factor in improving the energy density of Li-ion batteries.16 Based on 

extensive studies of layered Li2MO3-based systems, the fate of oxygen hole species 

(O-, caused by oxidation of lattice oxygen upon charging) effectively depends on the 

crystal structure of the cathode material. For irreversible anionic redox, O- can 

dimerise and oxidise irreversibly to molecular oxygen, resulting in irreversible 

capacity loss and often accompanied by cationic migration such as in Li2MnO3-based 

cathodes. Alternatively, O- can directly react with and degrade carbonate-based 

electrolytes, resulting in rapid degradation of electrochemical performance.17, 18 

Therefore, for the anionic redox to be reversible (i.e. 2O2- ↔ O2
n-), the O2

n- species 

must be stabilised and remain coordinated to the metallic framework.19 Oxygen 

evolution is supressed when metal-oxygen bonds display covalent character and are 

therefore strengthened, which commonly occurs using 4d or 5d metal centres, due to 

greater M4d/5d-O2p orbital hybridisation. This has been attributed to the 

delocalisation of the oxygen hole across the M-O and O-O bonds with covalent 

character, stabilising the peroxo bond. 

Fully ordered Li metal oxides possessing fully occupied lithium layers between 

transition metal-containing layers were previously thought to be a requirement for 

highly reversible Li+ (de)intercalation and good energy density, with minimal 

structural change during cycling. In these layered rock-salt materials, Li+ 

deintercalates from the Li layers by hopping between octahedral sites, via tetrahedral 

sites, which are separate from the transition metal lattice. Through a combination of 

empirical and computational analytical methods on the Li-rich cation disordered 

Li1.211Mo0.467Cr0.3O2 system, materials possessing an excess of lithium have been 

shown to exhibit facile lithium-ion diffusion through an alternative Li-percolation 
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network, without the need for Li-layers.20 Capacities of up to 300 mA∙h g-1 have also 

been observed in Li1.3Nb0.3Mn0.4O2, a cation disordered lithium-rich rock-salt 

exhibiting cumulative cationic (Mn3+ →Mn4+) and anionic redox, which utilises Nb5+ 

(4d0) for stabilisation of the redox reaction of lattice oxide ions.21 

 

Figure 4.1.1: The rock-salt structure of Li4.15Ni0.85WO6 viewed along the [010] direction (top); 

honeycomb-like ordering around W in the W/Ni-rich layer (middle) and the Li-rich mixed Li/Ni layer 

(bottom), viewed down the [111] direction of the equivalent rock-salt sub-cell 
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As established in Chapter 3, Li4.15Ni0.85WO6 is a lithium-rich rock-salt type cathode 

exhibiting partial cation ordering, without fully occupied lithium layers. The presence 

of tungsten within LIB materials is as of yet unreported, most likely as it is expected 

to remain in the maximum +6 oxidation state at conventional LIB operating voltages 

and is therefore anticipated to simply increase the overall mass of the cell. The rapid 

emergence of detailed research over recent years into the observation of cumulative 

cationic and anionic redox processes within lithium-rich cathodes has determined that 

fully occupied Li layers are not deemed necessary to access the anionic redox, and the 

presence of heavy 4d/5d metals can assist in the stabilisation of this process, primarily 

attributed to orbital overlap effects. Of course, there are a number of other factors 

influencing this complicated redox process, such as local coordination environment 

and cation migration which are difficult to thoroughly explore experimentally in 

battery materials.22 Considering numerous reports of stable tungsten peroxo and 

superoxo species,23-26 Li4.15Ni0.85WO6 is expected to exhibit cationic redox (from the 

nickel ions) and stabilisation of the overall structure and the peroxo species (by 5d0 

W6+) to enhance the reversibility of anionic redox, despite only partial ordering of 

cations. 

The performance of Li4.15Ni0.85WO6 as a Li-ion battery cathode was assessed by 

electrochemical cycling and ex-situ SXRD, XANES and XPS spectroscopy to provide 

evidence for anionic redox processes being stabilised in this material. Nickel is chosen 

as the electrochemically active transitional metal ion with the ability to employ the 

Ni4+/Ni2+ redox couple to drive Li+ deintercalation, with W6+ providing 

electroneutrality and structural stability to the rock-salt based structure and allowing 

the influence of a 5d0 metal on the electrochemical properties to be investigated. 
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4.2 Experimental Methods 

4.2.1 Synthesis of Li-Rich Metal Tungsten Oxides 

The synthesis and structural characterisation of materials discussed in this chapter 

(Li4.15Ni0.85WO6 and Li4NiWO6) are discussed in detail in Chapter 3. For 

Li4.15Ni0.85WO6, the starting materials were mixed using the planetary mill prior to 

heating to ensure homogenous mixing of the large batch of materials for testing. 

4.2.2 Post-Synthetic Ball Milling 

Additional processing was necessary in order to successfully cast these cathode 

materials onto the aluminium current collectors to produce coin cells for testing. The 

particle size was reduced further by milling in the planetary mill using isopropanol and 

5 mm diameter zirconia balls at 350 rpm for 2 h. PXRD before and after this additional 

milling step confirmed the structure of the material was retained. 

4.2.3 Powder X-Ray Diffraction 

High resolution synchrotron powder diffraction data (SXRD) were collected at the I11 

beamline at Diamond Light Source at the Harwell Science and Innovation Campus in 

Oxfordshire, UK; thanks to Dr Chui Tang and Dr Sarah Day. A wide-angle position 

sensitive detector (PSD) was used for collection of Li4.15Ni0.85WO6 ex-situ cycled data. 

Thanks to Dr Michael Pitcher for assistance with analysis of this data. 

4.2.4 SEM Imaging 

Surface imagining of the particles was achieved using a Hitachi S-4800 Field-

Emission Scanning Electron Microscope operating at an accelerating voltage of 

5-10 kV. The samples were sputter-coated with gold nanoparticles to aid conduction. 
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4.2.5 Cathode Coin Cell Testing 

Coin cells were assembled as detailed in Chapter 2. Galvanostatic cyclability 

measurements were carried out between 1-5 V at a C/10 charge/discharge rate (where 

(where 1C = 100 mA g-1). For the rate capability measurements, initial C-rate was C/10 

for the first ten cycles, then the C-rate was adjusted every five cycles to C/4, C/2, 1C, 

C/10 between 1 and 5 V for 30 cycles in total. The cathode composition was 80% 

active material, 10% PVDF binder and 10% Super C carbon by weight.  Thanks go to 

Dr Nicholas Drewett, Jose Coca-Clemente and Professor Laurence Hardwick 

(University of Liverpool) for supplying the electrochemical testing data and assistance 

with interpretation. 

4.2.6  X-Ray Absorption Near Edge Structure (XANES) Spectroscopy 

XANES spectroscopy was employed to observe the Ni K-edge (excitation of 1s 

electron) and W L3-edge (excitation of 2p electron) of the cathode of nominal 

composition Li4.15Ni0.85WO6 after being charged/discharged to certain voltages of the 

first and second electrochemical cycle. Coin cells were prepared and cycled to 

appropriate points in the first and second electrochemical cycle, and disassembled in 

an argon-filled glove box. The electrolyte was washed from the cathode casts, which 

were subsequently heat-sealed into polyethylene (PE)-lined aluminium foil bags to 

prevent exposure to air and moisture. Samples were measured in transmission mode at 

the B18 beamline at Diamond Light Source at the Harwell Science and Innovation 

Campus in Oxfordshire, UK, with assistance from Dr. Giannantonio Cibin (beamline 

scientist) and Professor Alan Chadwick (University of Kent, UK). 
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4.2.7 X-Ray Photoelectron Spectroscopy (XPS) 

Ex-situ XPS experiments were performed in a standard ultra-high vacuum surface 

science chamber consisting of a PSP Vacuum Technology electron energy analyser 

(angle integrating ± 10°) and a dual anode Mg Kα (1253.6 eV) X-ray source. The base 

pressure of the system was 2 × 10−10 mbar, with hydrogen as the main residual gas in 

the chamber. Calibration of the spectrometer for the quantification and analysis of 

oxidation states of Li(1s), Ni(2p), W(4f) and O(1s) was achieved using Au 4f7/2 energy 

level (83.9 eV). The XPS spectra were fitted using Voigt functions after Shirley 

background removal with an overall resolution of 0.2 eV. A transfer chamber allowed 

loading of the cycled samples in an argon-filled glove box to be transferred to the 

instrument without exposure to the atmosphere. XPS data was collected at the 

Stephenson Institute of Renewable Energy, University of Liverpool, by Jose Coca 

Clemente.  

4.2.8 Hard X-Ray Photoelectron Spectroscopy (HAXPES) 

The HAXPES technique requires a synchrotron source to obtain hard X-rays. Similar 

to XPS, it is used to analyse electronic states, however the higher energy of X-rays 

allows a probing depth into the bulk typically 10-15 nm below the surface. This 

technique was utilised ex-situ to examine the O 1s electronic states in the bulk of 

Li4.15Ni0.85WO6 after being charged/discharged to certain voltages of the first 

electrochemical cycle. Analysis by HAXPES was performed on the P09 beamline of 

the Petra III synchrotron at the DESY facility in Hamburg, Germany with assistance 

from Dr Andrei Hloskovsky. 
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4.3 Electrochemical Behaviour 
 

Due to the presence of the Li0.3Ni0.7O impurity in the Li4.1Ni0.9WO6 material, 

additional batches of Li4.15Ni0.85WO6 were synthesised (as reported in Section 3.2.3), 

which appeared phase pure by PXRD, for cathode testing. Some preliminary 

electrochemical testing was also performed on the Li4NiWO6 phase, but due to the 

more desirable electrochemical properties of the Li-rich material, further 

characterisation was performed on Li4.15Ni0.85WO6. 

The electrochemical behaviour of these materials was evaluated by galvanostatic 

cycling of coin cells between 1-5 V and cyclic voltammetry. Firstly, the theoretical 

specific capacity for each material was calculated, based on a purely cationic redox 

whereby the nickel is the only redox active metal. Upon charge, it is expected that the 

average nickel oxidation state will increase (from +2 to +4 in the bulk material) which 

will drive the deintercalation of one Li+ ion per electron removed from the redox active 

metal. The theoretical specific capacity of Li4NiWO6 (Mr 366.3 g mol-1) was calculated 

to be 146 mA∙h g-1. For Li4.15Ni0.85WO6, the average bulk oxidation state of nickel was 

calculated to be +2.18, and accounting for the ratio of Li:Ni in this material, full 

oxidation to Ni4+ corresponds to the removal of 1.55 Li per formula unit. The 

theoretical specific capacity of Li4.15Ni0.85WO6 was calculated to be 116 mA∙h g-1 as 

shown in Equation 4.3.1.  

 

 

 



Chapter 4:  Electrochemical Behaviour of Li-Rich Rock-Salts with Partial 

Cation Order  

 

126 

 

Mr (Li4.15Ni0.85WO6) = 358.5 g mol
-1

 

Faraday constant, F = e × NA= 96485.3 C mol
-1

 

1.55 × F = 149263 C mol
-1

 

3.6 C ≡ 3.6 A∙s ≡ 1 mA∙h 

149263 C mol
-1

3.6 C
 = 41462 mA∙h (per mol of charge) 

41462 mA∙h

358.5 g
 = 116 mA∙h g-1 

Equation 4.3.1: Calculation of theoretical specific capacity of Li4.15Ni0.85WO6 

Extraction of all lithium from Li4.15Ni0.85WO6 would give a capacity of 310 mA∙h g-1. 

4.3.1 Capacity and Cyclability of Li4NiWO6  

Electrochemical testing of Li4NiWO6 as a Li-rich cation disordered LIB cathode 

material was performed at a discharge rate of C/10 between 1-5 V using the coin cell 

set up. The material was cast without ball-milling post synthesis. The initial discharge 

capacity was 29 mA∙h g-1, increasing to 89 mA∙h g-1 on the second electrochemical 

cycle (Figure 4.3.1). This suggests that some extensive structural rearrangement may 

be occurring during the first cycle, which may be a result of the presence of W6+ in 

every layer of the rock-salt material blocking a proportion of Li+ diffusion channels. 

This also may explain why the practical specific capacity is considerably lower than 

the calculated theoretical capacity based on the removal of two lithium ions per nickel 

ion. This material displayed a relatively low capacity retention of 60% from the 2nd to 

20th cycle.  
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Figure 4.3.1: Galvanostatic cycling of Li4NiWO6 (no post synthetic ball milling) over 20 

electrochemical cycles between 1-5 V at a C-rate of C/10 

Despite the cation disorder, the material still exhibits a reversible capacity, attributed 

to it being rich in lithium.20 No further electrochemical testing was undertaken on 

Li4NiWO6. 

4.3.2 Cathode Testing of Li4.15Ni0.85WO6 Before Ball Milling 

The capacity and cyclability of Li4.15Ni0.85WO6 was tested as a coin cell, cycled 

galvanostatically between 1-5 V at a discharge rate of C/10. Before the post-synthetic 

ball-milling process, the material had an initial discharge capacity of 126 mA∙h g-1, 

with considerable irreversible capacity loss observed over the first few cycles. The 

capacity plateaus to ~91 mA∙h g-1 on the seventh electrochemical cycle, with 

remarkable capacity retention of ≥98.5% (cf. other reported Li-rich cathodes) between 
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the 7th-45th cycles (Figure 4.3.2), comparable to the calculated theoretical capacity of 

116 mA∙h g-1.  

 

Figure 4.3.2: Galvanostatic cycling of Li4.15Ni0.85WO6 (no post synthetic ball milling) over 45 

electrochemical cycles between 1-5 V at a C-rate of C/10 

The rate capability of this material was also tested, whereby the discharge rate was 

increased systematically for five cycles over the same voltage window then returned 

to the original C/10 discharge rate (Figure 4.3.3). The specific capacity of the material 

returns to ~91 mA∙h g-1 after cycling at higher discharge rates, which indicates that 

although the capacity extracted from the material is lower at higher discharge rates as 

expected, discharging at higher rates does not irreversibly damage the material or cell 

components. This material afforded a reasonable rate capability (meaning the capacity 

extracted at high rates is still reasonable) with good capacity retention, suggesting the 
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diffusion of lithium ions through the material is not particularly hindered by the cation 

mixing. 

 

Figure 4.3.3: Rate capability testing of Li4.15Ni0.85WO6 (no post synthetic ball milling), whereby the 

C-rate was varied as indicated. Open symbols indicate charge capacity, filled symbols indicate 

discharge capacity 

4.3.3 Cathode Testing of Li4.15Ni0.85WO6 After Ball Milling 

Before ball-milling of Li4.15Ni0.85WO6, the particle size was found to be typically 

between 5-20 μm from SEM imaging with a roughened surface composed of smaller 

particles (Figure 4.3.4).  
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Figure 4.3.4: SEM images of as-synthesised Li4.15Ni0.85WO6 displaying large, micrometre-sized 

particles  

Larger particles are typically obtained by the solid state synthetic route without any 

additional processing, and usually display poorer Li+ diffusion kinetics compared to a 

smaller particle size. The particle size of Li4.15Ni0.85WO6 was reduced by planetary 

milling of the material to examine the effects on the electrochemical capacity and rate 

capability as detailed in Section 4.2.2. The particle size and morphology post-milling 

was examined using SEM imaging (Figure 4.3.5), exhibiting near-spherical grains of 
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200-300 nm in diameter, aggregated into larger more angular particles up to 5 μm in 

size. 

 

Figure 4.3.5: SEM images of Li4.15Ni0.85WO6 ball-milled post synthesis displaying angular 

micrometre-sized particles with smaller spherical particles on the surface  

The same cathode testing conditions were applied to the milled sample, and it was 

found that increasing the surface area by reduction of particle size increases the initial 

discharge capacity by >64%, which most likely indicates that surface reactions are in 

part responsible for the high capacity of Li4.15Ni0.85WO6. The initial discharge capacity 
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of the ball-milled material is 202 mA∙h g-1 (Figure 4.3.6), which is comparable to 

Li2MnO3-NMC composites and LiNi0.8Co0.15Al0.05O2 (NCA).27, 28 The overall 

discharge capacity retention over 44 cycles is 59%; however the capacity begins to 

diminish after ~24 cycles (Figure 4.3.6). The reversible discharge capacity is therefore 

taken as 173 mA∙h g-1, corresponding to 86% capacity retention over 24 cycles, which 

is a reasonable retention for cycling over an unconventionally wide voltage window 

(1-5 V). 

The considerable difference between the charge and discharge capacity may be 

indicative of extensive structural rearrangements or side-reactions with the electrolyte, 

as it suggests more Li+ is extracted from Li4.15Ni0.85WO6 than is reinserted. The 

difference in charge/discharge capacities begins to converge after the ~24th cycle, 

where both begin to rapidly fade, which could indicate structural degradation of the 

cathode. Galvanostatic cycling indicated that charging to a high potential (5 V) and 

deep discharge (1 V) was necessary to extract the maximum capacity from this 

material as shown in Figure 4.3.8. These potentials lie beyond the stability window of 

the electrolyte (as discussed in Chapter 1), which promotes parasitic reactions with 

carbonate-based electrolytes causing detriment to the electrochemical performance, 

which is accelerated with a smaller particle size (see Chapter 6).29 
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Figure 4.3.6: Galvanostatic cycling of ball-milled Li4.15Ni0.85WO6 over 44 electrochemical cycles 

between 1-5 V at a C-rate of C/10 

Ball-milled Li4.15Ni0.85WO6 shows good capacity retention when discharged at higher 

C-rates (Figure 4.3.7), and on return to the low discharge rate of C/10, the capacities 

return to the expected level. The higher C-rates also appear to minimise the difference 

between the charge and discharge capacities, suggesting improved Li+ and electronic 

conduction when discharged using higher currents. 
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Figure 4.3.7: Rate capability measurements of Li4.15Ni0.85WO6 over 30 cycles with the C-rate varied 

as indicated. Open symbols indicate charge capacity, filled symbols indicate discharge capacity 

The effect of ball-milling on the rate capability is reported in Table 4.3.1. 

Table 4.3.1: Comparison of the rate capability of Li4.15Ni0.85WO6 before (pre BM) and after (post BM) 

ball-milling 

Rate Capability 

C-rate C/10 1C C/10 

Discharge capacity of nth cycle (mA∙h g-1) 

 1st 10th 
Retention 

(%) 
21st 25th 

Retention 

(%) 
26th 30th 

Retention 

(%) 

pre BM 122.6 91.3 74.4 48.2 47.1 97.7 95.9 95.7 99.7 

post BM 214.9 182.6 85.0 102.8 100.6 97.8 175.5 158.7 90.4 

 

Reduction of particle size has been shown to enhance the performance of 

Li2MnO3∙LiMO2 cathode systems due to the slow reaction kinetics for the oxidation of 



Chapter 4:  Electrochemical Behaviour of Li-Rich Rock-Salts with Partial 

Cation Order  

 

135 

 

oxide ions.30 Here we have demonstrated that reducing the particle size and testing the 

cathode under the same conditions greatly enhances the capacity, suggesting surface 

reactions may be play a key role in Li+ (de)intercalation. Unfortunately, the reduction 

in particle size also results in a more rapid capacity fade during long cycling. For 

comparison, the cycling of Li4NiTeO6 (which possesses fully occupied Li+ layers, with 

the same Te site ordering as W in Li4.15Ni0.85WO6 , see Chapter 3) between 2-5 V 

results in the initial discharge capacity of 110 mA∙h g-1 diminishing to ~5 mA∙h g-1 

after just 40 cycles.31 This poor capacity retention of Li4NiTeO6 was found to be due 

to evolution of oxygen gas from the system following additional research into its 

electrochemical behaviour.32 The poor electrochemical performance of LiNiO2 as a 

cathode material is largely a result of capacity fade due to the migration of Ni2+ ions 

into the lithium layers, which blocks the lithium diffusion channels and hinders further 

deintercalation of lithium upon subsequent cycles.33 However it has been shown that 

Li-rich materials displaying partial cation disorder, as was observed in Li4.15Ni0.85WO6 

(from the Rietveld refinement of the related Li4.1Ni0.9WO6 material in Chapter 3), the 

presence of an excess of lithium facilitates the diffusion of lithium ions throughout the 

material via a different Li-ion percolation network.20 This suggests that the partial 

cation ordering in Li4.15Ni0.85WO6 is not a significant contributing factor in the 

observed capacity fading. From here on, the electrochemical characterisation focusses 

on the post-synthesis ball-milled Li4.15Ni0.85WO6 material due to the superior discharge 

capacity.  

The charge-discharge profiles of numerous cycles were examined to observe the 

voltages at which plateaus occur which is representative of lithium (de)intercalation 

(Figure 4.3.8). 
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Figure 4.3.8: Galvanostatic charge-discharge profiles (at C/10 C-rate) of selected cycles of 

Li4.15Ni0.85WO6 

A large voltage hysteresis is present in this material, with the majority of lithium 

extraction occurring ~4 V and reinserting around 1.5 V, resulting in a poor energy 

density overall, despite the relatively high capacity. This large voltage polarisation 

indicates a high kinetic barrier towards lithium reinsertion, perhaps due to stabilisation 

of the oxidised structure e.g. through coordination of (O2)
2- dimers to tungsten 

resulting in WO4(O2) moieties. 
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Figure 4.3.9: Differential capacity plots obtained from the charge-discharge profiles of selected 

cycles of Li4.15Ni0.85WO6  

The differential capacity plots clearly display the voltages at which processes 

contributing to charge/discharge capacity occur (Figure 4.3.9). It can be seen that the 

first cycle has a very different profile to subsequent cycles, with three distinct Li+ 

extraction processes occurring at ~3.7 V, 4.2 V and 4.7 V charge. Upon discharge from 

5 V, Li+ intercalation occurs over the broad voltage range of 4.5-3.5 V discharge, an 

additional process at 2.8 V discharge and a significant amount of intercalation at 

~1.6 V. On the second charge cycle, two Li+ extraction processes are evident at ~3.9 

V and 4.5 V and the process at 2.8 V discharge is no longer present. By the fifth cycle, 

a broad Li+ extraction process occurs at ~1.8 V charge. The differential capacity plots 

suggest a number of different species are responsible for electrochemical activity and 

the voltages at which these processes occur shift upon subsequent cycling. This voltage 
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shift indicates the energy required for extraction of lithium ions changes over a number 

of cycles, which may be indicative of structural rearrangements via cationic migration 

occurring over long cycling.34  

4.3.4 Ex-Situ Analysis 

The specific discharge capacity for Li4.15Ni0.85WO6 remains above the theoretical value 

calculated for a solely cation redox based on the Ni2.18+ → Ni4+ oxidation. For this 

reason, the mechanisms involved in the (de)intercalation of lithium ions from this 

material were explored further using a combination of ex-situ analyses. Samples were 

obtained by charging coin cells to the voltages marked on Figure 4.3.10 on the first or 

subsequent cycle, and the cathode materials were separated for analysis as described 

in Section 4.2.6.  

 

Figure 4.3.10: Differential capacity plots of first and second electrochemical cycle, marking the 

voltages (●) which were examined for ex-situ analysis 
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Figure 4.3.11: Charge-discharge profiles for the first and second electrochemical cycles with the 

specific capacity represented as the number of moles of Li+ ions per formula unit extracted  from (on 

charge) and reinserted into (on discharge) Li4.15Ni0.85WO6 

By equating the capacity observed with the corresponding number of Li+ ions per 

formula unit of Li4.15Ni0.85WO6, all of the lithium (4.24 mol) is extracted from the 

structure upon charging to 5 V, and only 2.8 Li+ are re-intercalated by the end of the 

first cycle (Table 4.3.2). It is worth noting that the charge capacity may be slightly 

greater than the maximum number of Li+ ions in the material (the as-synthesised 

material was determined by ICP to have a cation composition of Li4.19(8)Ni0.82(1)W0.99(4) 

to 1σ, see Chapter 3), which is attributed to capacity contributions from electrolyte 

and/or anodic side reactions. This means almost a third of lithium ions are irreversibly 

lost from the cathode during the first charge alone, most likely depositing within the 

SEI layer at the anode. An irreversible capacity loss of ~1/3 from the first charge to 
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first discharge capacity is typical of Li-rich layered cathodes, such as 

xLi2MnO3∙(1-x)LiNi1/3Mn1/3Co1/3O2 when cycled under similar conditions.35 

Table 4.3.2: Discharge capacity observed at given voltages in cycle 1 and 2 and equivalent number of 

moles of Li+ extracted/reinserted in Li4.15Ni0.85WO6 

    Voltage (V) Capacity (mA∙h g-1) Moles Li+ 

    OCV 0 0 

Cycle 1 

charge 

  

4 94.8 1.27 

4.5 222.6 2.98 

5 317 4.24 

discharge 

  

3 28.8 0.38 

1 209.3 2.8 

Cycle 2 

charge 

  

2.8 39.4 0.53 

4 87.9 1.18 

4.5 172 2.3 

5 217 2.9 

discharge 

  

3 25.1 0.34 

1 197.7 2.64 

 

 

4.4 Ex-Situ XANES Spectroscopy 
 

Ex-situ XANES spectroscopy was employed in order to investigate the valency of the 

nickel and tungsten ions throughout the first two electrochemical cycles, by analysis 

of the Ni K-edge and W L3-edge, in order to elucidate which cationic species were 

responsible for the Li+ deintercalation and reinsertion at each voltage plateau. A shift 
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of the absorption edges to higher energies indicates a higher oxidation state of that 

element, as greater energy is required for the excitation of a core electron to higher 

energy states. 

4.4.1 Ni K-Edge XANES Spectroscopy 

The standards prepared for Ni XANES analysis were NiWO4 (Ni2+) and LiNiO2 (Ni3+) 

for comparison of the edge energy positions, which arise from the transition of a 1s 

core electron to unoccupied 4p states (allowed by the dipole selection rule, Δl = ±1). 

The pristine material was ball-milled post synthesis and was cast onto the Al foil 

substrate, referred to as OCV (open circuit voltage) in the figures, with a nominal 

nickel oxidation state of +2.18. The voltages chosen for ex-situ XANES analysis are 

shown in Figure 4.3.10. 

The existence of a pre-edge feature in the XANES spectra is frequently observed for 

first row transition metals, i.e. possessing an unfilled 3d orbital.36 The pre-edge peaks 

occur at lower energies than the intense edge energies, arising from 1s → 3d electronic 

transitions, which are forbidden by the dipole selection rule (since Δl = +2), but are 

weakly observed due to unoccupied 3d-4p orbital hybridisation or quadrupolar 

coupling.37 The p-d hybridisation can occur as a result of distorted or asymmetric 

octahedral coordination environments, which was determined for Li4.15Ni0.85WO6 in 

Chapter 3. As a result of the presence of pre-edge absorptions in the Ni K-edge 

XANES spectra, quantitative analysis of the nickel oxidation states throughout the first 

(Figure 4.4.1) and second (Figure 4.4.2) electrochemical cycle was determined to be 

inaccurate. Where the absorption edge comprises electronic transitions of equal 

energy, the oxidation states can be determined via the second derivative method.38, 39 

This method involves recording the energy whereby the second derivative crosses 
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zero, i.e. the point on the absorption edge of maximum gradient. However, due to pre-

edge interference and possibly the presence of mixed valency nickel cations, all spectra 

were determined to have multiple points where the gradient is at a maximum. Other 

quantitative measurements employed in the literature for analysis of nickel oxidation 

states from XANES include comparing the position of the peak maximum as the edge 

position and using a polynomial calibration curve of the positions of known Ni 

oxidation states or extracting the edge energies at half the height of the peak 

maximum.38, 40, 41 The spectra are displayed with normalised intensities, comprised of 

the summation of three separate spectra collected for each material. 
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Figure 4.4.1: Ni K-edge XANES spectra of the first electrochemical cycle. Inset: expansion of the 

outlined pre-edge features 

By analysis of the edge positions of the overlaid spectra for the first electrochemical 

cycle, it can be seen that upon charging to 4 V, the edge position shifts to higher 

energies, hence the nickel oxidation state increases slightly from the pristine material 

(labelled OCV in Figure 4.4.1), reaching a maximum at 4.5 and 5 V charge. Upon 

discharge back down to 3 V, the edge position returns to the 4 V charge position, and 
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upon deep discharge to 1 V, the edge position returns to the pristine oxidation state. 

The same behaviour can be observed in the pre-edge absorption peaks (Figure 4.4.1, 

inset). 

During the second electrochemical cycle, the nickel oxidation states display different 

behaviour to the first cycle. Upon charging to 2.8 and 4 V, the edge energy does not 

shift discernibly, but shifts to higher energy upon charging to 4.5 and 5 V (Figure 

4.4.2). During discharge to 3 V, the edge position shifts between the maximum 

oxidation state achieved and the pristine oxidation state, and returns to the pristine 

state upon full discharge to 1 V. The nickel redox is therefore determined to be 

reversible. 
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Figure 4.4.2: Ni K-edge XANES spectra of the second electrochemical cycle. Inset: expansion of the 

outlined pre-edge features 

The broadening of the peak maxima (particularly evident at voltages of 5 and 3 V in 

Figure 4.4.2) led to the conclusion that determining nickel oxidation states from the 

position of the peak maxima was unreliable. Additionally, this may suggest that two 

distinct oxidation states of nickel are present during electrochemical cycling which are 

not clearly distinguished by this spectroscopic method. Due to interference from the 
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pre-edge absorption peaks, taking half the peak maximum height was also deemed 

ineffective for quantitative analysis of nickel oxidation states. 

By comparison of the edge positions to the Ni2+ and Ni3+ standards, (NiWO4 and  

LiNiO2, respectively), it can be qualitatively determined that the total average nickel 

oxidation state does not appear to exceed +3 during charging up to 5 V in either the 

first or second cycle (Figure 4.4.3).  

 

Figure 4.4.3: Ni K-edge XANES spectra compared to Ni2+ and Ni3+ standards where (a) and (b) show 

the first cycle; (c) and (d) show the second cycle 
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The highest oxidation state of nickel in the first cycle at 5 V charge approximately 

matches the edge position of the Ni3+ standard (Figure 4.4.3 (b)). However, on 

charging to 5 V in the subsequent cycle (Figure 4.4.3 (d)), the edge position lies 

between the +2 and +3 standard absorption lines and the peak maximum appears 

broader. In addition, by comparison of Figure 4.4.3 (a) and (c), in the first cycle charge 

to 4 V the oxidation state shifts above the pristine oxidation state, whereas in the 

second cycle no discernible energy shift is observed, despite there being an extraction 

of capacity (hence Li+ extraction) observed at 4 V charge on cycle 2 (Figure 4.3.10). 

Considering that nickel was observed on three of the four distinct cation sites in 

Li4.15Ni0.85WO6 (see Chapter 3), it is possible that on subsequent electrochemical 

cycles, some Ni oxidises to +3 whereas some remain +2 depending on the local 

bonding environment. The differences between the XANES spectra of the two cycles 

provides further evidence that an irreversible structural transformation is occurring on 

the first electrochemical cycle. 

It is likely that the Ni2+/3+ oxidation is being stabilised in this material, therefore the 

Ni3+/4+ oxidation is not accessible when charged up to 5 V. This is possibly due to the 

inductive effect of electronegative [WO6]
6- octahedra, resulting in an increased voltage 

required to oxidise the nickel ions;31, 42, 43 this effect is responsible for the relatively 

high potential of the Ni2+/3+ oxidation in LiNiPO4 (5.2 V vs. Li/Li+).44 Li4.15Ni0.85WO6 

provides a rare example of the average oxidation state of nickel being considerably 

less than +4 after charging to 5 V for electrochemical delithiation in an oxide.31, 45 

Considerable oxidation of carbonate-based electrolytes is expected when charging 

cells to 5 V, however it is possible that the inaccessibility of the Ni3+/4+ redox could 

partly minimise the electrolyte oxidation.46 The LiNi0.5Mn1.5O4 and LiMn0.5Ni0.5O2 

cathodes also show good cyclability when cycled to high potentials, attributed to 
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surface effects caused by the presence of Ni ions in the structures;47, 48 effects which 

may also be present in Li4.15-xNi0.85WO6. 

4.4.2 W L3-Edge XANES Spectroscopy 

The tungsten standards used were WO2 (W
4+) and NiWO4 (W

6+) and WO3 (W
6+) (as 

discussed in Chapter 2) for comparison of the edge energy positions (Figure 4.4.4). 

Due to the absence of pre-edge features in the W L3-edge XANES spectra, the edge 

energies were analysed using the second derivative method. Unlike the Ni K-edge 

XANES data, the W L3-edge did not exhibit any significant shift in energy throughout 

the first two electrochemical cycles, meaning tungsten remains in the +6 oxidation 

state in the bulk of the material, as expected (Figure 4.4.5, Figure 4.4.6). 
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Figure 4.4.4: W L3-edge XANES spectra of tungsten standards 
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Figure 4.4.5: W L3-edge XANES spectra of the first electrochemical cycle 

However, in the extended X-ray absorption fine structure (EXAFS) region above the 

W L3-edge data, a double peak can be seen in the uncycled material and the 4 V 

charged material. Upon further charging beyond 4 V, this double peak coalesces and 

does not return back to its initial shape at the end of the first cycle. This suggests up 

until 4 V charge, the tungsten retains its initial local coordination environment, which 

does not return upon discharge back to 1 V. A similar double peak shape is also 
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observed in the NiWO4 standard W L3-edge XANES (Figure 4.4.4), which is reported 

to possess four short and two long W-O distances through XANES and EXAFS 

analysis.49 The variation in peak shape in the EXAFS region for Li4.15-xNi0.85WO6 

provides evidence for irreversible structural changes occurring during the first 

electrochemical cycle, most likely due to distortion of the WO6 octahedra. This 

coalesced peak shape is maintained during the second cycle and the W L3-edge 

position remained constant. 
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Figure 4.4.6: W L3-edge XANES spectra of the second electrochemical cycle 

It can therefore be concluded that no oxidation or reduction of tungsten is occurring 

during electrochemical cycling between 1-5 V; hence nickel is the only redox active 

metal cation within Li4.15Ni0.85WO6.  
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4.5 Structural Evolution during Electrochemical Cycling 
 

4.5.1  Ex-Situ SXRD 

The samples prepared for the XANES experiments were retained within the sealed PE-

lined foil packages for structural analysis using synchrotron data collection. A 

diffraction pattern of an empty foil package was obtained to confirm the reflections 

not arising from the cathode material. The PXRD have been plotted using a logarithmic 

y-scale due to the high intensity of the aluminium substrate peaks from the cathode 

coin cell casts (Figure 4.5.1). The aluminium foil substrate peaks were used to align 

the data from each cycle. By comparison to the PE-polymer peaks, the reflections of 

the rock-salt phases decrease in intensity and broaden, suggesting some local 

rearrangements accompanying the deintercalation and subsequent re-intercalation of 

Li+ are likely to have occurred. The PXRD did not show any evidence of NiO2, which 

is formed when charging LiNiO2 above 4 V vs. Li/Li+, indicating the new phase formed 

is stable to charging to 5 V.50 The phase fractions were estimated by comparison of 

the ratios of the intensity of the most intense Bragg reflection for each phase with 

assistance from Dr Michael Pitcher. 
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Figure 4.5.1: Ex-situ SXRD of cathode casts charged/discharged to voltages indicated on the right. 

First cycle data are represented in black, second cycle data represented in blue. Broad peaks marked 

with (*) indicate reflections arising from PE-lined Al foil bags 

With reference to Figure 4.5.2, the pristine material (denoted OCV) consists of the 

single-phase Cm rock-salt structure (Phase 0), which transforms to two related rock-

salt phases upon the first charge by 4.5 V (Phase 1 and Phase 2). The reflections of 

Phase 1 and of Phase 2 can be fit to the parent Phase 0 Cm unit cell. 
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Figure 4.5.2: Variation of phase fractions (top) and unit cell volume of phases (bottom) with voltage 

(error bars represent 3σ from Pawley refinements) 
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The fraction of Phase 1 diminishes throughout the first cycle as it converts into 

Phase 2, with only Phase 2 being present at the end of the first cycle. 

The second electrochemical cycle was found to only contain Phase 2, which cycles 

reversibly. As a result, neither Phase 0 nor Phase 1 are recovered, confirming the 

irreversible structural evolution occurring during the first electrochemical cycle. 

During the second cycle, the unit cell volume of the stable Phase 2 rapidly decreases 

from 4 to 4.5 V charge. From the Ni XANES data collected for the second cycle 

(Figure 4.4.3), an increase in the nickel oxidation state is also observed in this region. 

The decrease in the cell volume could be due removal of lithium ions causing 

contraction, with possible accompanying cation migration of nickel ions.51, 52 A similar 

decrease in unit cell volume upon delithiation was also observed in the structurally 

related Li4NiTeO6 system.32 In addition to Li+/Ni2+ site mixing observed in the 

preparation and cycling of LiNiO2, for example, the migration of Ni3+ ions to vacated 

Li+ octahedral sites has also been observed during the cycling of nickel-rich NMC 

materials such as LiNi0.6Mn0.3Co0.1O2, whereby Ni2+ oxidises to Ni3+ on charge.53 

Due to peak broadening effects accompanying cation migrations and possible oxygen 

transformations, it is difficult to fully analyse the delithiated structures via this method. 

4.6 Evidence for Anionic Redox Processes 
 

From the XANES and cycling data, although definitive values for the oxidation states 

of nickel could not be determined, the cation oxidation was not determined to be the 

sole source of lithium extraction from Li4.15Ni0.85WO6. Even if full oxidation of 

Ni2.18+ → Ni4+ was occurring, as calculated in Equation 4.3.1, this would only account 

for 116 mA∙h g-1 of the discharge capacity. Experimentally, a reversible discharge 
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capacity of ~173 mA∙h g-1 is observed meaning there must be additional reversible 

(de)intercalation of lithium which is not directly from redox action of the nickel or 

tungsten cations. As discussed in Section 4.1, the most likely source of additional 

capacity is from involvement of oxide anions within the structure of the cathode. 

Further analysis was therefore performed in an attempt to verify the presence of 

anionic redox in this Li-rich material with partial cation ordering. 

4.6.1 XPS 

X-ray photoelectron spectroscopy was employed ex-situ to evaluate the oxidation 

states of Li, Ni, W and O throughout the first and second electrochemical cycles of 

Li4.15Ni0.85WO6 (collected on the same charged/discharged samples as the XANES 

data (Figure 4.3.10). The oxidation state of tungsten was found to remain in the +6 

oxidation state throughout the first two cycles, which is in full agreement with the W 

XANES data (Figure 4.4.5, Figure 4.4.6). No lithium was detected in the samples 

charged to 5 V after subsequent discharge to 3 V in both cycles; however the charge-

discharge profile vs. the number of Li+ ions (de)intercalated (Figure 4.3.11) indicates 

a small amount Li+ has reinserted at 3 V discharge. This may not have been detected 

by XPS either because such a small amount of Li+ cannot be detected, or Li+ has re-

intercalated into the cathode beneath the surface.  The oxygen 1s XPS spectra are 

displayed in Figure 4.6.1, with the positions of the binding energies for O2- and O2
2- 

(peroxide) indicated. 
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Figure 4.6.1: XPS O1s spectra for first (top) and second (bottom) electrochemical cycle with the 

voltages of Li4.15-xNi0.85WO6 indicated on each spectrum 
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The oxygenated species were approximately quantified by fitting the spectra using 

Voigt functions and comparing the relative areas. The proportion of each species has 

been presented in Figure 4.6.2 with comparison to the average oxygen oxidation state. 

The average oxidation state of oxygen generally increases upon charge and return to 

O2- at the end of each cycle (~529.3 eV). This behaviour indicates a loss of electrons 

from some of the oxide ions in the Li4.15Ni0.85WO6 structure, to form peroxo-type 

species, accompanied by Li+ deintercalation for charge balance. Oxygen returns to the 

-2 oxidation state at the end of each cycle, providing evidence for reversible anionic 

redox processes. As expected, the proportion of peroxo species (~530.4 eV) increases 

with the increase in oxygen oxidation state, with evidence of a greater proportion of 

peroxides in the second cycle. The exact nature of the peroxo species has not yet been 

determined e.g. whether (O2)
-, (O2)

2-, (O2)
3- or a combination are present.54 The species 

present in the broad region above the binding energy for peroxide have therefore been 

labelled as ‘other’. 
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Figure 4.6.2: Stacked bar chart representing the quantities of oxygen species at voltages throughout 

the first and second electrochemical cycle as detected from XPS (left y-axis) and overlaid average 

oxygen oxidation state (right y-axis) 

The oxidation states of nickel and oxygen throughout the first two cycles were 

quantified (Figure 4.6.3). The variation of nickel oxidation states is in agreement with 

those established from ex-situ XANES spectroscopy (Figure 4.4.3). As predicted, the 

nickel oxidation state does not exceed +3 upon charging to 5 V, and returns to the 

oxidation state observed in the uncycled sample (OCV) at the end of each cycle, 

confirming the reversibility of the nickel redox observed by XANES.  
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Figure 4.6.3: Variation of nickel (black) and oxygen (blue) oxidation states with voltage over the first 

two electrochemical cycles as determined by ex-situ XPS. Error bars represent 3σ 

On discharge to 3 V the nickel has been reduced to 2.6(2)+ (i.e. approximately half the 

nickel is reduced by 3 V) and is fully reduced back to 2.2(2)+ by 1 V; however the 

peroxo-type species are not reduced until discharged below 3 V (and return to O2- upon 

discharge to 1 V).  It is therefore most likely that the large feature observed in the 

differential capacity plots at ~1.6 V discharge are due to the reduction of O2
n- species 

back to 2O2- within the lattice, accompanying Li+ reinsertion. Due to the low voltage 

at which this reduction occurs, it suggests that the peroxo-species are considerably 

stabilised, predicted to coordinate to the W6+ ions. From the W-XANES spectra, upon 

the first cycle charge to 4.5 V there is a permanent local W cation site structural 

rearrangement occurring in tandem with oxidation of nickel and oxygen, which is also 

the voltage at which two new phases were detected from the ex-situ SXRD (Figure 

4.5.1, Figure 4.5.2). 
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The removal of electrons from Ni2.18+ and O2- appears to occur simultaneously on 

charging based on the estimated oxidation states from XPS, although it is possible that 

oxidation of nickel occurs at the surface prior to the bulk. By comparison to the edge 

energy shifts observed in Ni-XANES data and the differential capacity plots of the 

first two cycles, which are more representative of the bulk material, the estimated 

redox species responsible for Li+ (de)intercalation at each voltage can be assigned 

(Figure 4.6.4, labelled A-F). 

 

Figure 4.6.4: Points of reactions responsible for Li+ (de)intercalation labelled A-F on the differential 

capacity plots of cycle 1 and 2 

Based on the XPS analysis, the feature labelled A is estimated as the oxidation of 

lattice oxides, O2.00(5)- → O1.45(5)- + 0.55(5) Li+ + 0.55 e-, which shifts to a higher 

voltage on cycle 2. Point B is assigned as the oxidation of Ni2.2(2)+ → Ni3.0(2)+ + 0.82 Li+ 

+ 0.82 e- which also occurs at a higher voltage on cycle 2. The sharp peak in the first 

cycle at ~4.7 V (labelled C) is attributed to oxidation of the electrolyte resulting in SEI 

formation at the electrode surfaces (primarily at the anode). This peak is no longer 
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present in the second cycle, meaning the electrolyte should not considerably oxidise 

further, as the Li-permeable SEI layer acts to protect the electrolyte from further 

oxidative attack at the cathode. The reduction of Ni3+ on discharge is thought to occur 

in two steps at points D (Ni3.0(2)+ → Ni2.6(2)+) and E (Ni2.6(2)+ →Ni2.2(2)+). Since the 

pristine structure was determined to have nickel located on three distinct 

crystallographic sites (see Chapter 3), the energy required for oxidation/reduction at 

each site will vary, which may explain why the nickel reduction steps (D and E) has 

been determined to occur at different voltages. Point F is assigned the reduction of 

peroxo-like species back to lattice oxide (O1.45(5)- → O2-) occuring at ~1.6 V on 

discharge. 

4.6.2 HAXPES 

Since XPS is a surface-sensitive analytical technique, hard-X-ray photoelectron 

spectroscopy (HAXPES) was employed to observe whether peroxo-like species were 

present in the bulk of delithiated Li4.15Ni0.85WO6, and minimise the observation of 

surface species (Figure 4.6.5). Peak fitting and extraction of the oxidation 

states/quantification of species requires additional alignment due to charging, but the 

observed broadening of the peaks is indicative of formation of O2
n- species.55 
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Figure 4.6.5: Ex-situ HAXPES O 1s spectra for first electrochemical cycle 

The HAXPES data (obtained for the first cycle only) is consistent with the XPS data, 

which suggests that peroxo species responsible for the reversible anionic redox also 

occur in the bulk of the material in addition to at the surface, since HAXPES has a 

greater penetration depth of ~15 nm cf. XPS. 

4.7 Summary of Electrochemistry 
 

Removal of all lithium ions from Li4.15Ni0.85WO6 would result in a charge capacity of 

310 mA∙h g-1. From analysis of the nickel oxidation state via XPS and XANES, it is 

concluded that the nickel oxidation state does not exceed +3, which only accounts for 

62 mA∙h g-1, whereas capacities of up to 209 mA∙h g-1 (reversible capacity 173 mA∙h g-
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1) were determined experimentally. Additionally tungsten was found to remain in the 

+6 oxidation state, as expected. The majority of the capacity (64-70%) is obtained 

from the redox action of lattice oxides, confirmed by XPS analysis which displays the 

appearance and disappearance of (O-O)n- peaks. Such peaks were also detected using 

hard X-ray photoelectron spectroscopy, which penetrates into the bulk of the cathode 

material. To achieve the discharge capacities observed, the anionic redox must 

therefore be highly reversible. The initial discharge capacity of 209 mA∙h g-1 is 

composed of a contribution of 62 mA∙h g-1 from Ni3+→Ni2.18+ (re-intercalation of 0.82 

Li+) and the remaining 147 mA∙h g-1 which corresponds to re-intercalation of ~2 Li+ 

from the reduction of (O2)
2- + 2 e- → 2O2- (assuming the lattice oxides, O2-, oxidise to 

superoxo-type species, O2
2-). The additional capacity from this anionic redox can be 

accounted for by redox reaction of 1/3 of the initial lattice oxide content (2 moles of 

O2- per mole of Li4.15Ni0.85WO6). The reversible discharge capacity of 173 mA∙h g-1 

corresponds to the re-intercalation of ~1.5 Li+ due to the reduction of  (O2)
2- back to 

O2- (i.e. 1/4 of the initial lattice oxide content predicted to be reversibly involved in 

the anionic redox). 

No anionic redox was detected during cycling of Li4NiTeO6 explored by Sathiya et 

al.,31 which possesses the same heavy cation ordering pattern as observed in 

Li4.15Ni0.85WO6 (as discussed in Chapter 3), indicating that W5d0-O2p orbital overlap 

may play a role in the stabilisation of the anionic redox. Should the peroxo/superoxo 

species oxidise fully on charge, rapid capacity fade would be expected since lattice 

oxygen would be lost as oxygen gas on every charge cycle, thus decomposing the 

cathode structure.56, 57 If they preferentially and stably coordinate to W6+ as predicted, 

the release of oxygen gas is therefore suppressed. From the charge-discharge profiles 

of voltage vs. Li content (Figure 4.3.11), in conjunction with the estimated oxidation 
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states observed from XPS and XANES, the average composition at each voltage have 

been predicted (Table 4.7.1). 

Table 4.7.1: Discharge capacity observed at given voltages in cycle 1 and 2 and equivalent number of 

moles of Li+ extracted/reinserted in Li4.15Ni0.85WO6; estimated oxidation states of Ni and O and 

average rock-salt species present at each voltage 

 
Voltage 

(V) 

Capacity 

(mA∙h g-1) 

Moles 

Li+ 

Average Estimated 

Species Present 

Ox. State 

Ni          O 

 OCV 0.0 0.00 Li4.15Ni0.85WO6 +2.18 -2 

1 

4 94.8 1.27 Li2.88Ni0.85WO6-δ +2.6 -1.85 

4.5 222.6 2.98 Li1.17Ni0.85WO6-δ +3 -1.6 

5 317.0 4.24 Ni0.85WO6-δ +3 -1.4 

3 28.8 0.38 Li0.38Ni0.85WO6-δ +2.6 -1.4 

1 209.3 2.80 Li2.80Ni0.85WO5.33 +2.18 -2 

2 

2.8 39.4 0.53 Li2.27Ni0.85WO5.33-δ +2.18 -1.9 

4 87.9 1.18 Li1.09Ni0.85WO5.33-δ +2.18 -1.7 

4.5 172.0 2.30 Li0.50Ni0.85WO5.33-δ +2.6 -1.6 

5 217.0 2.90 Ni0.85WO5.33-δ +3 -1.4 

3 25.1 0.34 Li0.34Ni0.85WO5.33-δ +2.6 -1.4 

1 197.7 2.64 Li2.64Ni0.85WO5.25 +2.18 -2 

 

From the ex-situ analytical data obtained in reference to the electrochemical profiles 

of the first two cycles, the overall charge reaction can be summarised in Equation 4.7.1 

with the average oxidation states of Ni and O. Based on the observations of the loss of 

molecular oxygen from other Li-rich cathodes, it is possible that this is occurring in 

this material, though it has yet to be detected here (e.g. by mass spectrometry).58 The 

overall discharge process is summarised in Equation 4.7.2. Given that the oxidation 

states of Ni and O are returned to those found in the pristine structure (determined 
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from XANES and XPS), a loss of ~0.67 moles of oxygen is predicted during the first 

charge to maintain an electroneutral structure. The re-lithiated structure present at the 

end of the cycle has been determined by ex-situ SXRD to maintain a rock-salt type 

structure (Figure 4.5.1); therefore the proposed identity of Phase 2, which cycles 

reversibly (Figure 4.5.2), is Li2.8-xNi0.85WO5.33, possessing octahedral vacancies due to 

loss of Li+. 

Li4.15Ni0.85
2.18+

WO6
2-

charge 5 V
→       Ni0.85

3+
WO6-δ

1.45- + 4.15 Li
+
+ 4.15 e- + 

δ

2
O2                         (1) 

Equation 4.7.1: Estimated first cycle charge process 

2.8 Li
+
+ 2.8 e- + Ni0.85

3+
WO6-δ

1.45-

discharge 1 V
→         Li2.8Ni0.85

2.18+
WO5.33

2-
                                    (2) 

Equation 4.7.2: Estimated first cycle discharge process 

Recently, the inclusion of nickel ions ordering within the lithium layer of Li2MnO3 (to 

give a composition of Li1.75Ni0.25MnO3) was determined empirically and 

computationally to suppress oxygen loss cf. Li2MnO3 and to suppress Mn4+ 

migration.59 It would therefore be of interest to determine whether nickel, in addition 

to tungsten, assists in the anionic redox of Li4.15Ni0.85WO6. 

Though the anionic redox process has been reported to be stabilised previously, in 

Li2Ru1-xMxO3 systems and Li1.3Nb0.3Mn0.4O2, it has only been reported to occur after 

cationic redox has occurred or simultaneously.12, 21, 57 Here, we find the lattice oxide 

oxidation proceeds prior to Ni oxidation and the resultant peroxo-species are reduced 

at a lower discharge voltage than Ni. In addition, the Ni redox is only responsible for 

approximately a third of the overall capacity, the rest being due to the reversible 

2O2-→O2
n- process. 
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4.8 Conclusions and Future Work 
 

The Li-rich rock-salt material Li4.15Ni0.85WO6 was determined to display partial cation 

ordering in Chapter 3, and its electrochemical behaviour has been investigated in detail 

here. Reduction of the particle size following synthesis was achieved by mechanical 

ball-milling of the product, which was found to enhance the discharge capacity by over 

64% (cf. before product ball-milling), exhibiting a first discharge capacity of 

200-210 mA∙h g-1, which is comparable to other Li-rich rock-salts. 

Through a combination of ex-situ spectroscopic analyses of the first and second 

electrochemical cycles of Li4.15Ni0.85WO6, a reversible anionic redox process has been 

confirmed as contributing ~2/3 of the practical capacity. Though the identity of the 

cycling species has not yet been conclusively determined, based on this analysis it is 

assumed to be peroxo-type species stabilised by the W6+ metal centre, likely aided by 

the mobility of lithium and nickel ions within the structure. It would be interesting to 

confirm the role of tungsten and nickel ions within this partially ordered Li-rich 

structure using computational methods. Loss of molecular oxygen is supressed in this 

material, as evidenced by the high reversibility of the capacity, however it would be 

interesting to detect and quantify how much may be released during cycling. 

Future planned experiments for this material include in-operando SXRD collection to 

map out the structural changes during cycling, and hopefully conclusively identify the 

structures involved. HAXPES data collection for the second electrochemical cycle has 

also been considered. Based on the voltage shifts observed in the differential capacity 

plots after >10 cycles, it is possible that structural transformations are occurring 
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continuously, which could be confirmed by SXRD of a cathode after a larger number 

of cycles.  

Overall, the performance of Li4.15Ni0.85WO6 as a LIB cathode material is poor, due to 

the huge voltage hysteresis between the oxidation and reduction processes of both 

oxygen and nickel, resulting in a poor energy density. However the specific capacity 

is relatively high considering the inclusion of tungsten, which is less expensive than 

ruthenium. It is hoped that this research will assist in the deconvolution of anionic 

redox mechanisms and the factors which influence them, and that tungsten should not 

be overlooked in the development of Li-rich cathode materials. 
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Chapter 5:  Synthesis and Characterisation of 

(1–x)LiCoO2·xLi4WO5 

5.1 Introduction 

Lithium-rich layered metal oxides have garnered increasing research as lithium-ion 

battery cathodes in recent years. The most broadly studied method to date of achieving 

such materials is the incorporation of Li2MnO3 into the layered LiMO2 structure, most 

notably where M = Co, Ni and Mn referred to as NMCs, such as Li[Ni1/3Mn1/3Co1/3]O2 

(with a reversible specific capacity of up to 200 mA∙h g-1).1 The incorporation of the 

lithium-rich Li2MnO3 greatly enhances the capacities of such materials, allowing 

capacities of 230-250 mA∙h g-1 to be achieved.2 In addition, the Li2MnO3 has a 

stabilising effect on the structure, exhibiting a thermal stability superior to that of the 

aluminium-stabilised NCA materials.3 Elucidation of the origin of this additional 

capacity and stability has been extensively studied in recent years. 

Some researchers propose that nano-domains of Li2MnO3 are incorporated within the 

LiMO2 structure,4, 5 as opposed to the formation of a true solid solution as suggested 

by others.6, 7 Recently there has been evidence that the exact composition of the phases, 

cooling rate during synthesis and oxygen partial pressure all must be considered and 

controlled to obtain either a single phase lithium-rich layered compound or a 

nanocomposite material,8-10 which may account for the discrepancy between 

researchers. The composite notation xLi2MnO3∙(1-x)LiMO2 and layered rock-salt 

notation Li(Li1/3-2x/3MxMn2/3-x/3)O2 are therefore both used to describe lithium-rich 

layered oxides of this form, with the best electrochemical performances observed for 

0.3 ≤ x ≤ 0.5.11 



Chapter 5: Synthesis and Characterisation of (1–x)LiCoO2·xLi4WO5 

 

174 

 

Li2MnO3 can be considered as Li(Li1/3Mn2/3)O2 in the layered rock-salt LiMO2 

notation, whereby the lithium layers alternate with a Li and Mn layer along the c-axis, 

with a cation ratio of Li:Mn of 1:2. The manganese cations form a ‘honeycomb’ pattern 

around the lithium cations in the manganese-rich layer (Figure 5.1.1).12 The oxide 

anions form a ccp array, whereby all cations are octahedrally coordinated by oxygen 

with tetrahedral interstitial sites remaining vacant. The stacking sequence of these 

layers can be also considered as an O3 structure where the oxygen layers are stacked 

in the -ABCABC- sequence (i.e. cubic-close packed), akin to the ideal LiMO2 structure 

type. 

 

Figure 5.1.1: Representation of the Li2MnO3 structure showing the layered structure (top) and the 

‘honeycomb’ arrangement of MnO6 octahedra around LiO6 octahedra in the Mn-rich layer (bottom) 
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Both Li2MnO3 (monoclinic unit cell, S.G. C2/m) and LiMO2 (of the trigonal α-NaFeO2 

structure type, S.G. R3̅m as discussed in Chapter 1) possess fully occupied lithium 

layers, alternating with transition metal layers, in a close-packed rock-salt 

superstructure. The interlayer distance in both materials is ~4.7 Å (indicated by the 

position of the (001) reflection in Li2MnO3 and the (003) reflection in LiMO2), which 

enables the incorporation of Li2MnO3 into the structure of Li[Ni1/3Mn1/3Co1/3]O2 on an 

atomic level.13  

Initially Li2MnO3 was thought to be electrochemically inactive as a lithium ion battery 

cathode material, due to manganese being unable to exceed the +4 oxidation state at 

conventional operating voltages. However, upon charging to 4.5 V, Li2MnO3 phase 

becomes electrochemically activated towards Li+ intercalation due to removal of 

oxygen from the structure during this first charge, without any oxidation of Mn4+.14 

This process removes almost all of the lithium from the Li2MnO3 through removal of 

electrons from O2- species, which can be represented overall as 

Li2MnO3 → Li2O + MnO2. Only one mole of Li+ can re-intercalate into the layers of 

the MnO2 structure that remains after the loss of Li2O,15 attributed to oxygen vacancies 

in the structure. The fate of the oxygen removed from Li2MnO3 is thought to be 

deposition of Li-containing salts onto the surfaces of electrodes and some evolution of 

CO2 and O2 gas, driven by reactions with the electrolyte.16-18 In lithium-rich layered 

oxide cathodes (of the form xLi2MnO3∙(1-x)LiMO2), the electrochemical activation of 

the Li2MnO3 phase results in a huge irreversible capacity loss (~200 mA∙h g-1) on the 

first cycle, however it is still higher than LiMO2 alone. On subsequent electrochemical 

cycling, the transformation from the layered Li2MnO3 to a cubic spinel structure has 

been observed by in-operando XRD,19 attributed to the migration of octahedral 

manganese cations to the lithium layers via tetrahedral sites upon delithiation.20 The 
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formation of layered spinel domains results in voltage fading in these lithium-rich 

materials due to a lower voltage plateau cf. Li+/Li0, which would maintain the high 

capacity but ultimately result in a degradation of the energy density.21 A larger domain 

size of Li2MnO3 has been found to hinder the transformation to the spinel phase, since 

the loss of Li2O begins at the surface of the domains.22, 23 

The instability of the electrochemical behaviour of lithium-rich cathodes based on the 

xLi2MnO3∙(1-x)LiMO2 systems was the reasoning for exploring rock-salt type Li4WO5 

as a substitute for the Li2MnO3 component in such materials. The aim was to combine 

the lithium-rich Li4WO5 with LiMO2-type layered lithium metal oxides in a solid 

solution, with a view to providing additional extractable lithium and stabilisation of 

the structure from the presence of W6+ ions. Li4WO5 has been reported to adopt a cubic 

disordered structure (Fm3̅m, a = 4.15 Å) (Figure 5.1.2),24 or a fully ordered P1̅ triclinic 

structure (a = 5.109 Å, b = 7.716 Å, c = 5.061 Å, α = 101.8°, β = 101.78°, γ = 

108.77°).25 

 

Figure 5.1.2: Representation of the cubic Fm3̅m Li4WO5 structure showing the mixed 4/5Li:1/5W 

cation sites (left) and view down the (111) direction (right) 
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Interestingly the higher temperature form is the more ordered P1̅ triclinic structure, 

possessing fully occupied Li layers alternating with W-rich layers, whereby the 

tungsten form distorted [WO6]
6- octahedra (Figure 5.1.3).26 Li4WO5 has not to date 

been reported as a lithium ion battery cathode, due to the unlikely oxidation of tungsten 

beyond +6 at conventional LIB operating voltages. However, akin to Li2MnO3, it could 

be possible to incorporate the layered Li4WO5 into known LiMO2 cathode materials to 

increase the discharge capacities by providing additional extractable lithium. In 

addition, this may promote anionic redox reactions without the problems of structural 

degradation and irreversible capacity loss due to loss of oxygen from the structure. 

 

Figure 5.1.3: Representation of the triclinic P1̅ structure of Li4WO5 with the unit cells outlined in 

black (left) and the tungsten ordering in the W-rich layer (right) 

The layered lithium metal oxide chosen for doping with Li4WO5 was LiCoO2, due to 

its facile synthesis of the layered structure. Additionally, the theoretical discharge 

capacity of LiCoO2 is 273 mA∙h g-1 but only ~137 mA∙h g-1 (half of the available Li+) 

can be safely and reversibly extracted. It has been shown that the presence of Co3+ in 

the LiMO2 component of xLi2MnO3∙(1-x)LiMO2 enhances the oxygen loss from the 

Li2MnO3 component due to orbital overlap with the O2- 2p band.27 
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For this project, a small amount of Li4WO5 (in comparison to Li2MnO3∙LiMO2 

systems) was incorporated into the LiCoO2 structure with the aim to maintain a 

relatively high specific discharge capacity, due to the high relative atomic mass of 

tungsten which, like Mn4+ in Li2MnO3, is not expected to be a redox active cation. 

If we consider LiCoO2 as Li5Co5O10, and Li4WO5 as Li8W2O10 so both formulae 

contain the same moles of oxygen, the substitution of Li4WO5 into LiCoO2 can be 

considered as follows: 

(1-x)LiCoO2∙xLi4WO5 ≡ (1-x)Li5Co5O10∙xLi8W2O10 

For example, if x = 0.1: 

0.9(Li5Co5O10) + 0.1(Li8W2O10) ≡ Li4.5Co4.5O9 + Li0.8W0.2O1 

The sum of these components gives a formula of Li5.3Co4.5W0.2O10. Normalising to 

two anions in the rock-salt type formula by dividing this formula by a factor of five 

gives a composition of Li1.06Co0.90W0.04O2 where x = 0.1. The general formula can 

therefore be considered as Li1+3x/5Co1-xW2x/5O2, or Li[Li3x/5Co1-xW2x/5]O2, to give an 

electroneutral rock-salt structure (with tungsten in the +6 oxidation state and cobalt in 

the +3 oxidation state). 
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5.2 Experimental Methods 

5.2.1 Synthesis 

The general solid solution formula (1-x)LiCoO2∙xLi4WO5 can also be denoted as 

Li[Li3x/5Co1-xW2x/5]O2 in the layered rock-salt notation. Members of the series between 

0.0025 ≤ x ≤ 0.1000 were synthesised on a 2 g scale. For each member of the series, 

appropriate amounts of LiOH·H2O (99.95%, Sigma Aldrich), Co3O4 (99.9985%, Alfa 

Aesar, dried overnight at 200 °C) and WO3 (99.9%, Sigma Aldrich, dried overnight at 

200 °C) were hand ground in an agate pestle and mortar to achieve the required ratio 

of Li:Co:W. Pellets of the starting materials were pressed using a 13 mm diameter 

pellet die in a uniaxial press under a pressure of 1-2 tons. The pellets were loaded into 

alumina crucibles and fired at 900 °C for 20 h in air with a heating and cooling rate of 

5 °C min-1. 

The end members of the solid solution, LiCoO2, and both the cubic and triclinic 

polymorphs of Li4WO5 were also synthesised. 

LiCoO2 was synthesised by hand grinding stoichiometric quantities of LiOH·H2O and 

pre-dried Co3O4 in an agate pestle and mortar using the same reaction procedure as 

detailed for the doped materials. 

Cubic Li4WO5 was synthesised using Li2O2 (99.5%, Pfaltz & Bauer) and pre-dried 

WO3 with a 4:1 molar ratio of Li:W. The reagents were handled in a He-filled glove 

box due to the hygroscopic nature of Li2O2. The reagents were hand ground in a pestle 

and mortar and loaded into an alumina crucible, fired at 550 °C for 24 h in a tube 

furnace under a dynamic O2 atmosphere. The products were stored in a desiccator due 

to the hygroscopic nature of Li4WO5. 
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Triclinic Li4WO5 was synthesised using LiOH∙H2O and pre-dried WO3 in a 4:1 molar 

ratio of Li:W. The same reaction conditions as detailed for the doped materials were 

used. 

5.2.2 Powder X-Ray Diffraction 

Powder diffraction data were obtained using a Co PANalytical diffractometer in 

Bragg-Brentano geometry. To assess the change in lattice parameters over the solid 

solution series, a secondary standard of highly crystalline silicon (99.999%, Alfa 

Aesar) was included in the sample (1:4 by wt). 

5.2.3 ICP-OES 

Elemental analysis by ICP-OES is detailed in Chapter 2. Samples (~10 mg) were 

dissolved using concentrated hydrochloric acid (10 mL, 37%, Fisher Scientific) and 

made up to 100 mL using deionised water. 

5.2.4 Scanning Electron Microscope (SEM) Imaging 

Surface imagining of the particles was achieved using a Hitachi S-4800 Field-

Emission Scanning Electron Microscope operating at an accelerating voltage of 

3-5 kV. The samples were sputter-coated with gold nanoparticles to aid conduction. 

5.2.5 Cathode Testing 

Coin cells were assembled as detailed in Chapter 2. For the rate capability 

measurements, initial C-rate was C/10 for the first five cycles, then the discharge rate 

was adjusted every ten cycles to C/2, C, 2C, 4C, 8C and C/2 between 3.0 and 4.2 V 

for 65 cycles in total (where 1C = 137.5 mA g-1). The cathode composition was 84% 

active material, 8% PVDF binder and 8% Super C carbon by weight.  Thanks go to Dr 

Nicholas Drewett (University of Liverpool) for supplying the electrochemical testing 

data. 
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5.3 Structural Analysis 

5.3.1 End Members of (1-x)LiCoO2∙xLi4WO5 Series 

Lithium cobalt oxide, LiCoO2, crystallises into the rhombohedral R3̅m space group, 

adopting the α-NaFeO2-type layered rock-salt structure (Figure 5.3.1). The intention 

of doping of Li4WO5 into the layered structure of LiCoO2 is to replace a small amount 

of redox active Co3+ (L.S. ionic radius = 0.545 Å in an octahedral coordination 

environment) with Li+ (0.76 Å) and W6+ (0.6 Å) within the cobalt layer, whilst 

maintaining the fully occupied lithium layers. As a result, the interlayer distance is 

expected to increase due to repulsion between highly charged tungsten ions, hence 

lengthening the c-axis. Additionally, expansion within the a-b plane is expected due 

to the larger ionic radii of the dopant cations cf. Co3+. 

 

Figure 5.3.1: Representation of the layered LiCoO2 structure, indicating the cobalt interlayer distance 

along the c-axis 
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Synthesis of Li4WO5 under the same reaction conditions as used for 

the (1-x)LiCoO2·xLi4WO5 series resulted in the trigonal P1̅ polymorph (Figure 5.3.2). 

Le Bail fitting was performed to the Li4WO5 P1̅ sample, and the interlayer distance 

between close-packed layers was found to be 4.79 Å from the position of the (11̅0) 

reflection. The interlayer distance for the LiCoO2 was found from the (003) reflection 

position to be 4.69 Å, suggesting that solid solution formation should be possible due 

to these similar distances. 

 

Figure 5.3.2: PXRD of Fd3̅m and P1̅ polymorphs of Li4WO5 

5.3.2 PXRD of (1-x)LiCoO2∙xLi4WO5 Series 

To quantitatively assess the variation of the lattice parameters, crystalline silicon 

(S.G.  Fd3̅m, a = 5.43053(7) Å) was included in the samples for analysis by PXRD. 

The R3̅m symmetry of the parent LiCoO2 phase was maintained, that is the Bragg 

reflections of  (1-x)LiCoO2∙xLi4WO5 index to the LiCoO2 phase (x = 0.000) but with 

variations in lattice parameters (Figure 5.3.3). 



Chapter 5: Synthesis and Characterisation of (1–x)LiCoO2·xLi4WO5 

 

183 

 

 

 

Figure 5.3.3: PXRD for varying x in (1-x)LiCoO2∙xLi4WO5 denoting (hkl) for the R3̅m phase; 

* indicate Si internal standard peaks  

A small reflection at 2θ = 21.55° appears for values of x ≥ 0.025, which is attributed 

to the P1̅ Li4WO5 impurity. To prove that the impurity phase is Li4WO5, the Le Bail 

fit for the sample with nominal composition 0.70LiCoO2·0.30Li4WO5 is shown in 

Figure 5.3.4. The molar percentages of each phase were determined by Rietveld 

refinement as 89.6(8)%  LiCoO2 and 10.4(3)% Li4WO5.  
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Figure 5.3.4: Le Bail fit of 0.70LiCoO2·0.30Li4WO5 showing the presence of LiCoO2 and Li4WO5 

phases 

The reflections corresponding to the R3̅m phase shift to lower values of 2θ with 

increasing values of x (Figure 5.3.5), providing evidence of doping of the LiCoO2 

phase with an increase in the lattice parameters. The peaks also visibly broaden with 

increasing values of x, which could indicate compositional heterogeneity or a decrease 

in the crystallinity. For the x = 0.100 sample, the atomic percentage of the 

rhombohedral LiCoO2-type phase was determined to be 98.1(6)%, with the remaining 

1.9(2)% being the Li4WO5 P1̅ phase from Rietveld refinement. This proves that some 

tungsten and additional lithium must be incorporated into the parent LiCoO2 structure, 

since 10at% of Li4WO5 was added. The low dopant solubility of Li+ and W6+ for Co3+ 

may be due to the large difference in the ionic radii.28 
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Figure 5.3.5: Normalised first Bragg reflection (003) for selected values of x. * indicates reflections 

due to Li4WO5 (P1̅) phase 

The lattice parameters of the (1-x)LiCoO2·xLi4WO5  R3̅m phases were refined using 

the Le Bail method whilst fixing the lattice parameters of the silicon internal standard.  

The ratio of c/a unit cell parameters is a general indication of trigonal distortion in 

hexagonal systems,29 with a ratio > 4.899 meaning a greater level of cation ordering. 

Values below this indicate distortion of the oxygen lattice.30 Throughout this series, 

the ratio of c/a is > 4.992 as shown in Table 5.3.1. This ratio, along with clear splitting 

of the (006)/(012) and (018)/(110) doublets (indicated in for all members of the series 

in Figure 5.3.3) are characteristic of a layered structure without considerable cation 

mixing.31 
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The intensity of the peak corresponding to the (003) Miller index was greater than that 

of (104), which is consistent throughout all of the doped samples, as shown by the 

I(003)/I(104) values in Table 5.3.1. Research into the structure of LiCoO2 with varying 

levels of disorder has shown through Rietveld refinement that a decrease in the ratio 

of I(003)/I(104) is indicative of disordering of Co3+ and Li+ between layers, as the intensity 

of (003) decreases with increased Co3+ mixing with Li+ layers.32-34 Such disorder has 

been found to be detrimental to the electrochemical performance of LiCoO2.
35 In the 

context of doped LiCoO2, within the Li1-x(MnyCo1-y)1+xO2 series for example, the 

I(003)/I(104) ratio was found to decrease from 1.45 for y = 0.04, to 0.92 for y = 0.19.33 

This result indicated partial disordering of Li+ and (MnyCo1-y)
3+ within the layered 

structure as an increasing amount of Mn3+ was substituted for Co3+. The greater 

intensity of the (003) reflections cf. (104) for the (1-x)LiCoO2∙xLi4WO5 series 

therefore supports the conclusion that there is minimal disordering of cobalt and 

tungsten into the lithium layers.  However, further detailed structural analysis would 

be required to determine if the greater intensity of the (003) reflection is due the 

presence of W6+ which has a much greater X-ray scattering factor than Co3+ and Li+. 

Assessment of the near-spherical particle morphology of x = 0.010 and x = 0.025 by 

SEM imaging (Figure 5.4.4, Figure 5.4.5) suggest preferred orientation along the 

c-axis is not the reason for the greater intensity of (003) cf. (104) reflections. 
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Table 5.3.1: Values of unit cell parameters obtained by Le Bail refinement using internal standard. 

Numbers in parentheses represent 3σ 

x a  (Å) c  (Å) V (Å3) c/a I(003)/I(104) 

0.0000 2.81595(7) 14.0589(6) 96.545(6) 4.9926 1.131 

0.0025 2.81610(2) 14.0634(5) 96.587(6) 4.9939 1.099 

0.0050 2.81616(5) 14.0617(4) 96.579(3) 4.9932 1.038 

0.0100 2.81637(6) 14.0622(5) 96.597(6) 4.9930 1.041 

0.0150 2.81650(6) 14.0633(5) 96.613(6) 4.9932 1.005 

0.0200 2.81687(6) 14.0647(5) 96.648(6) 4.9930 1.237 

0.0250 2.81653(6) 14.0622(5) 96.608(6) 4.9927 1.130 

0.0500 2.81634(6) 14.0700(6) 96.648(6) 4.9958 1.145 

0.1000 2.81651(8) 14.0714(7) 96.669(6) 4.9960 1.131 

 

5.3.3 Variation of Lattice Parameters 

The trend in lattice parameters was established using the Le Bail method by fitting to 

the R3̅m cell. The a-axis was found to lengthen as the value of x increases from 0.00 

to 0.020. The increase in the a lattice parameter is attributed to the larger ionic radii of 

Li+ and W6+ in comparison to Co3+ (Figure 5.3.6).  A decrease in the a-axis is observed 

from x = 0.020 to x = 0.025, further decreasing to x = 0.050, and gradually increases 

again when x = 0.100. 
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Figure 5.3.6: Variation of lattice parameter a with doping level. Error bars represent 3σ 

The increase in the unit cell along the c-axis (i.e. the interlayer separation) can be 

accounted for due to the presence of tungsten ions within the CoO6 layers, which is 

expected to increase the layer separation to minimise repulsion between the highly 

charged ions (Figure 5.3.7).  
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Figure 5.3.7: Variation of lattice parameter c with doping level. Error bars represent 3σ 

 

Figure 5.3.8: Variation of unit cell volume with doping level. Error bars represent 3σ 

The unit cell volume generally increases with x (Figure 5.3.8). The decrease in lattice 

parameters from x = 0.020 to x = 0.025 is attributed to the separation of P1̅ polymorph 
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of Li4WO5, meaning the doping limit to obtain a solid solution is 0.020 ≤ x ≤ 0.025. 

Above this level of doping, biphasic samples were obtained. A similar trend was 

observed in the LiCo1-xZrxO2 system,36 whereby Co3+ was substituted for Zr4+ (ionic 

radius 0.86 Å), the lattice parameters were also found to increase up until the doping 

limit of x = 0.01 was reached. After this limit, biphasic samples were obtained, 

indicated by the emergence of a Li2ZrO3 impurity, and the lattice parameters of the 

majority R3̅m phase were found to decrease. 

The relative increase along the c-axis is greater than within the a-b plane (Figure 

5.3.9), showing that the increase in the interlayer separation is the largest contributing 

factor to the increase in overall cell volume with increasing x. Computational and 

experimental studies (e.g. EXAFS) reported in the literature have concluded that 

within these LiCoO2 systems, the increase in the c-axis (due to dopants,36 deviation 

from 1:1 stoichiometry etc.)37 is primarily accommodated by expansion of the lithium 

layer, rather than the cobalt layer.38  
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Figure 5.3.9: Trend in all lattice parameters with x obtained from Figure 5.3.6, Figure 5.3.7 and 

Figure 5.3.8), where y0 are values for LiCoO2; error bars represent 3σ 

In the xLi2MnO3∙(1-x)LiCoO2 system studied by Manthiram et al., an almost linear 

increase in unit cell parameters with x was observed, attributed to the greater amount 

of larger Li+ ions within the lattice, since the ionic radius of Mn4+ is less than Co3+.27  

Elemental analysis by ICP-OES was performed on the parent LiCoO2 phase, 

0.99LiCoO2∙0.01Li4WO5 (x = 0.010) and 0.975LiCoO2∙0.025Li4WO5 (x = 0.025). For 

0.99LiCoO2∙0.01Li4WO5 the nominal composition can be denoted as 

Li1.006Co0.99W0.004O2. However elemental analysis determined that the structure was 

slightly deficient in lithium, with a composition of Li0.981(4)Co1.015(3)W0.00409(4)O2 

(normalised to two total cations per formula unit). Similarly for 

0.975LiCoO2∙0.025Li4WO5, with a nominal composition of Li1.015Co0.975W0.01O2, the 

composition was found to be Li0.982(4)Co1.007(3)W0.0103(3)O2, however the Co and W 

content are within 3σ of both nominal compositions. The ionic ratio of Li:Co in the 
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analogously prepared parent LiCoO2 was determined as 0.950(5):1.00(10); therefore 

it is possible that more Li than expected was lost during synthesis at 900 °C, which 

would give a lower ratio of Li:Co in the overall composition when normalised to two 

total cations per formula unit, suggesting lithium vacancies may be present. 

5.4 Electrochemical Behaviour 

5.4.1 Galvanostatic Cycling 

Members of the solid solution where x = 0.010 and x = 0.025 were chosen for 

electrochemical testing. The theoretical specific capacity of x = 0.010, corresponding 

to a nominal rock-salt formula of Li1.006Co0.99W0.004O2 was calculated as 

270.6 mA∙h g-1, based on the removal of 0.99 Li+ from the structure by full oxidation 

of Co3+ to Co4+. Likewise, for x = 0.025 (Li1.015Co0.975W0.01O2), the theoretical specific 

capacity was calculated as 265.7 mA∙h g-1. The end member of the solid solution, 

LiCoO2 (x = 0.000, theoretical specific capacity of 273 mA∙h g-1) was also tested for 

comparison (Figure 5.4.1). 

The voltage load curve of the doped materials is improved cf. the LiCoO2 parent, with 

a smoother increase between 4-4.2 V indicating stabilisation of the charge plateau. The 

discharge load curve has a similar profile to LiCoO2, attributed to the reduction of 

Co3.5+ to Co3+ occurring at 3.9 V. From the load curve, the initial discharge capacity of 

the parent phase is 120.7 mA∙h g-1. Doping the parent LiCoO2 with 1 at% Li4WO5 

(0.99LiCoO2∙0.01Li4WO5) increases this capacity by 2.7% to 124.1 mA∙h g-1, whereas 

doping with 2.5 at% Li4WO5 (0.975LiCoO2∙0.025Li4WO5) increases the capacity by 

5.8% to 128.2 mA∙h g-1. The greater total discharge capacity for the doped materials 

is attributed to the additional lithium content, but it is possible anionic redox also plays 

a role in providing the extra capacity akin to the lithium-rich layered oxide systems 
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discussed in Section 5.1, although further detailed characterisation would be required 

to explore this possibility. 

 

Figure 5.4.1: Voltage load curves the first electrochemical cycle of x = 0.000, 0.010 and 0.025 cycled 

between 3-4.2 V, where C = 137.5 mA g-1 

5.4.2 Rate Capability Measurements 

As shown in Figure 5.4.2, the rate performance of the doped materials is much 

improved compared to the parent LiCoO2, with a greater proportion of the capacity 

extracted at fast discharge rates and minimal loss of capacity over ten cycles as the 

C-rate cycles is doubled. Furthermore, although 0.975LiCoO2∙0.025Li4WO5 exhibits 

a greater total discharge capacity, the rate capability of 0.99LiCoO2∙0.01Li4WO5 is 

better overall: it can be seen that the reduction in capacity as the C-rate is doubled is 

lower than for x = 0.025. The capacities for the 6th and 65th cycle for each material 

(where the C-rate begins at and returns to C/2) and the capacity retentions between 

these cycles are reported in Table 5.4.1. Likewise the discharge capacities for the 46th 
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and 55th cycle, where the discharge rate is highest at 8C, and the capacity retention 

between those 10 cycles are also reported. 

 

Figure 5.4.2: Rate capability measurements (waterfall plot) for x = 0.00, 0.010 and 0.025 cycled 

between 3-4.2 V, with the C-rate varied as indicated. Filled squares represent discharge capacity, open 

squares represent charge capacity 

Table 5.4.1: Comparison of the discharge capacities and capacity retention between C/2 and 8C 

discharge rates of the parent LiCoO2 (x = 0.000) and x = 0.010 and 0.025. Values taken from the rate 

capability graph 

 C/2 C-rate 8C C-rate 

 Discharge capacity of nth cycle (mA∙h g-1) 

x 6th 65th 
Retention 

(%) 
46th 55th 

Retention 

(%) 

0.000 132.6 105.5 79.6 54.7 48.9 89.3 

0.010 133.1 127.2 95.6 109.0 108.1 99.3 

0.025 141.4 128.8 91.1 104.5 102.3 97.8 
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By comparison of the amount of capacity extracted at 8C for x = 0.00, 0.010 and 0.025, 

x = 0.010 exhibits the best rate capability. Increasing the discharge current rate to 8C 

enables 81.9% of the capacity obtained at C/2 to be extracted for x = 0.010. For x = 

0.025, 73.9% can be extracted at 8C cf. C/2. For comparison, in the parent LiCoO2, 

only 41.3% of the capacity obtained at C/2 is observed at 8C. 

The enhanced rate capability is attributed in part to the increase in the lattice 

parameters, particularly along the c-axis within the lithium layers. Since lithium ions 

diffuse through the octahedral sites in the lithium layer via tetrahedral interstices, the 

expansion of this layer through doping with larger ions facilitates diffusion through 

the layer by lowering the activation energy barrier.38 In addition, 1Co3+ is effectively 

being substituted for 4/5Li+ and 1/5W
6+, for which the sum of these charges is +2. 

Therefore, the overall average oxidation state of cobalt is expected to increase slightly 

to maintain charge neutrality within the rock-salt structure, most likely accompanied 

by oxygen vacancies as occurs in the LiCo1-xMgxO2 system (whereby Co3+ is 

substituted for larger Mg2+ ions) as proved by 7Li MAS NMR.39, 40 The co-existence 

of cobalt ions in multiple oxidation states and the presence of oxygen vacancies could 

therefore improve the electronic conductivity within the material, contributing to the 

improved rate performance.41 It is possible that the presence of additional Li+ and W6+ 

ions stabilise the structure, as exhibited by the enhanced capacity retention cf. parent 

LiCoO2. This has been known to occur in LiCo1-xMgx/2Zrx/2O2 system for example, 

attributed to the dopant ions preventing vacancy ordering and stabilising the material 

towards lithium ion diffusion.42-44 

5.4.3 SEM Imaging 

No post-synthetic processing, such as ball milling to reduce particle size was applied 

to any of these materials. To explore other possible reasons for the considerable 
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improvement in the rate capability with low levels of dopants, the particle morphology 

of LiCoO2, 0.99LiCoO2∙0.01Li4WO5 and 0.975LiCoO2∙0.025Li4WO5, were examined 

using SEM imaging. The parent LiCoO2 (x = 0.000) exhibits large angular particles of 

1-10 μm in size (Figure 5.4.3). 

 

Figure 5.4.3: SEM images of parent LiCoO2 phase displaying large micrometre-sized angular 

particles 

The x = 0.010 sample exhibits larger tens of micrometre sized aggregates composed 

of smaller near-spherical particles of up to 1 μm (Figure 5.4.4). 
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Figure 5.4.4: SEM images of 0.99LiCoO2∙0.01Li4WO5 displaying large aggregates composed of 

distinct smaller near-spherical particles 

Similar sized large aggregates were observed for x = 0.025, but composed of smaller 

near-spherical particles up to ~100 nm in size (Figure 5.4.5). 
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Figure 5.4.5: SEM images of 0.975LiCoO2∙0.025Li4WO5 displaying aggregates composed of distinct 

smaller near-spherical particles 

From SEM imaging compared at the same level of magnification, it was determined 

that the particle size for the doped samples was much smaller (hence a larger surface 

area) compared to the undoped LiCoO2 parent phase prepared analogously, with the 

smallest particle size observed for x = 0.025. The decreased particle size of the doped 

materials may account for the improved discharge capacities at high discharge rates, 

due to faster Li+ diffusion at the particle surface compared to within the bulk material 

in LiCoO2.
45, 46 A greater surface area of the cathode tends to result in rapid capacity 

fading due to increased reactions with the electrolyte trapping lithium within the SEI 
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layers (see Chapter 1 and Chapter 6), however 0.99LiCoO2∙0.01Li4WO5 and 

0.975LiCoO2∙0.025Li4WO5 show much improved capacity retention cf. LiCoO2. 

This decrease in crystallite size may partly account for the peak broadening observed 

in the PXRD. It is possible that the inclusion of Li4WO5 within the phase inhibits grain 

growth and improves the electronic and ionic conduction through the cathode material, 

without degradation of the capacity over prolonged cycling. Alternatively, a number 

of varying compositions of (1-x)LiCoO2·xLi4WO5 may be present, resulting in smaller 

agglomerates of particles of slightly different compositions. Similarly, a reduction of 

particle size cf. LiCoO2 was observed in the LiCo1-xSbxO2 system, with particle size 

decreasing with increasing levels of antimony, attributed to variance in the exact 

composition of each particle.47  

5.4.4 Summary  

The presence of a small amount of Li4WO5 phase visible in the x = 0.025 PXRD does 

not seem to be detrimental to the capacity, although the smaller grain size may account 

for the lower capacity retention cf. x = 0.010. This is because a greater surface area of 

the cathode will be wetted by the electrolyte, promoting parasitic side reactions which 

lead to capacity fading (as observed in Chapter 6). The superior rate performance of 

the doped materials at higher discharge rates also suggests that if tungsten or cobalt 

cations were present in the lithium layer, either in the pristine materials or following 

electrochemical cycling, they are not blocking the lithium diffusion channels. This 

supports the conclusion that fully ordered rock-salt type structures are obtained in the 

as-synthesised materials, and that the ordering is maintained upon electrochemical 

cycling. 
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5.5 Conclusions and Future Work 

A new series of ordered lithium-rich rock-salt type cathode materials have been 

synthesised, crystallising in the R3̅m space group and tested for their electrochemical 

properties. The doping limit of Li4WO5 into the structure of LiCoO2 appeared to be 

0.020 ≤ x ≤ 0.025 (2-2.5at%), as determined by laboratory PXRD, for formation of a 

solid solution using the synthetic protocol detailed in this chapter. Above this level of 

doping, biphasic samples were obtained, however the electrochemical properties were 

still improved in comparison to the parent LiCoO2.  Doping was confirmed by analysis 

of the lattice parameters of the R3̅m phase using an internal standard using laboratory 

X-ray diffraction. Analysis of the peak intensities supports the hypothesis that the 

doped materials maintained the ordered, layered α-NaFeO2 type structure. 

By comparison to analogously prepared LiCoO2, the presence of a small amount (1at% 

and 2.5at%) of Li4WO5 doped into the parent LiCoO2 was found to considerably 

improve the discharge capacity (by 2.7% and 5.8%, respectively). In addition, the 

capacity retention and electrochemical performance at increased discharge rates were 

much improved.  When increasing the rate of discharge from C/2 to 8C (i.e. 

discharging the cell 16 times quicker), only 41% of the discharge capacity obtained at 

C/2 could be extracted at 8C for the parent LiCoO2. However, with 

0.99LiCoO2∙0.01Li4WO5, 82% of the capacity could be extracted at the highest C-rate 

(8C), and 74% for 0.975LiCoO2∙0.025Li4WO5.The improved performance at high 

discharge rates is attributed to a combination of the increased interlayer separation, as 

determined from Le Bail analysis, and a decrease in particle size, both of which assists 

diffusion of lithium ions throughout the structure. Additionally, the dopants are 

thought to enhance the electronic conductivity and stability of this cathode material. 
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Neutron powder diffraction and high-resolution synchrotron X-ray diffraction data 

should be employed to allow Rietveld refinement of the materials that appeared single 

phase using laboratory PXRD. This would conclusively determine which atomic site 

the tungsten and lithium occupy. 

Future work would include electrochemical testing of the higher level of dopants (e.g. 

0.90LiCoO2∙0.10Li4WO5) to determine whether the capacity continues to increase. In 

addition, it would be interesting to establish whether the oxidation state of cobalt can 

be safely charged beyond +3.5 to allow more lithium to be extracted via the cationic 

redox process without the evolution of oxygen – it could be possible for the presence 

of Li4WO5 to suppress the formation of Co3O4 and O2(g) at elevated temperatures. 

Furthermore, if this were thought to be occurring, additional characterisation by 

XANES and HAXPES spectroscopy (as employed in Chapter 4) would help determine 

the oxidation states of cobalt and oxygen at various stages of electrochemical cycling. 

Initial attempts at synthesis of the opposite end of the solid solution, i.e. doping a small 

amount of LiCoO2 into the parent Li4WO5 did not result in phase pure samples and 

were not studied further. In addition, attempts to dope Li4WO5 and Li4MoO5 into 

LiNi1/3Mn1/3Co1/3O2 and LiFeO2 did not result in phase pure samples. However, the 

synthetic options were not exhausted and perhaps mechanochemical synthesis (high 

energy ball milling of the starting materials to obtain the product as used in the 

synthesis of layered 0.5Li2MnO3∙0.5LiCoO2)
48 or sol-gel synthesis would aid the 

attainment of these solid solutions, or increase the values of x where single-phase 

materials could be obtained within the (1-x)LiCoO2∙xLi4WO5 system. 
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Chapter 6:  Synthesis by Flame Spray Pyrolysis 

6.1 Introduction 

6.1.1 Principles of the Technique 

Flame spray pyrolysis (FSP) is a continuous synthetic technique which enables the 

production of typically nanosized particles from the introduction of liquid precursors 

into a flame. Precursors in the liquid form, such as soluble metal salts, are required for 

this technique as they must first be atomised before being introduced to the flame for 

the reaction to occur: this atomisation is achieved either by heating or using an 

ultrasonic nebuliser. The composition of the flame includes a fuel gas such as propane, 

mixed with oxygen gas, the ratios of which can be carefully adjusted to alter the 

temperature and size of the flame. An additional inert carrier gas such as nitrogen is 

often employed to aid control of the flow of atomised precursors into the flame. The 

generated aerosol or vapour enters the flame, either by aid of the carrier gas or 

externally sprayed into the flame via the ultrasonic nebuliser nozzle, and finally the 

powdered product is collected by a cooled collection plate or a bag filter, for example.1 

Vapours rapidly form from the liquid precursors in the heat of the flame, undergoing 

chemical reactions to form intermediate molecules. The molecules continue to undergo 

surface reactions and coagulate, eventually forming particles for collection as the 

temperature cools further from the flame by deposition onto a surface (Figure 6.1.1, 

Figure 6.2.1).2 
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Figure 6.1.1: Schematic of particle formation from liquid precursors by flame spray pyrolysis 

(adapted from Pratsinis et al. 1998)2 

This synthetic technique has been employed on industrial scales for the rapid 

production of nanocarbon and nanosized simple metal oxides such as TiO2, SiO2 and 

α-Al2O3.
2 FSP can also be applied to the synthesis of more complex composite 

materials such as lanthanide-doped phosphors and metal/metal oxide catalysts.3-6 This 

technique is not limited to simple oxides, and has been utilised for the synthesis of 

pure metal nanoparticles, metal carbonates, metal phosphates and metal halides.3,7-11 

The particle size and morphology of the product depends on many variable synthetic 

conditions: the gas flow rates (hence flame temperature), the nature and rate of 

injection and concentration of the precursors, presence of additives, the solvents 

employed etc.12-17 
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Flame spray pyrolysis has been shown to allow access to metastable kinetic phases, in 

contrast to the thermodynamic phases expected from traditional ceramic synthesis.18 

For example, synthesis of Y3Al5O12 (YAG) by Nyman et al. was found to be 

unsuccessful by spray pyrolysis, instead obtaining a variety of kinetic products.19 

Synthesis by FSP employs shorter residence times coupled with fast heating rates, 

which leads to effective quenching. Quenching is caused by fast particle exits and is 

controllable by increasing the carrier gas flow which decreases residence times in the 

high temperature region of the flame. Overall, this affords particles of lower diameter. 

Conversely, increasing the flow rate of liquid precursors is thought to increase 

residence times in the flame by creating larger flames and prolonging the sintering and 

coalescence processes resulting in larger, more crystalline particles.20 Additional heat 

treatment following synthesis by FSP is often required to improve crystallinity; fast 

reaction time periods limit the crystallisation period which can result in undesired 

amorphous products.21 Unfortunately this post-synthetic heat treatment results in the 

agglomeration of nanoparticles, increasing the mean particle diameter.22 Careful 

tuning of the annealing process is required to have mild conditions for a short period 

of time, in order to balance the effect of improved crystallinity vs. the increase in 

particle size, in addition to maintaining the kinetic phase, if it were obtained. 

6.1.2 LIB Cathodes by FSP 

It is known that the size, morphology and crystallinity of a given cathode composition 

in LIBs all impact on the cell performance; ergo it is crucial to control, characterise 

and optimise these parameters. It has been shown that a smaller particle size can 

improve lithium diffusion kinetics through the cathode material,23 but this can increase 

the likelihood of parasitic reactions with the liquid electrolyte as more particle surface 

is exposed and hence cyclability can be compromised. Nanoparticles of cathodes have 
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been shown to increase the reactivity of LiCoO2 with the dimethyl carbonate (DMC) 

component in the electrolyte, in comparison to commercial LiCoO2, generating ethane 

and oxygen gas.24 The passivating SEI film that forms on the surface of the cathode 

particles can increase impedance by lowering particle contact, resulting in lower 

capacity and cyclability and hindering lithium ion diffusion, particularly at higher C-

rates.25 It is apparent that a balance needs to be struck between minimising parasitic 

reactions with electrolytes but maximising lithium ion conduction and electrical 

conductivity. The lithium ion diffusivity and electronic conduction (hence optimum 

cathode particle size) is dependent on the microstructure of the electrode, the phase 

transitions occurring during cycling etc. 

Particle morphology affects electrochemical performance in a number of ways. For 

example, LiMnO2 nanorods were shown to have considerably better discharge 

capacities and cyclability than their nanoparticles analogues, despite having a larger 

particle size.26 This may be attributed to the mechanism of Li+ ion diffusion facilitated 

parallel in one dimension due to the particle shape, or perhaps the improved packing 

density of rods in comparison to spheres improving electronic and ionic conduction. It 

is also important to consider how Li+ ion diffusion across grain boundaries may be 

assisted or impeded by the packing of particles with unusual morphology.27  

Materials with higher crystallinity, indicated by X-ray diffraction experiments, have 

been shown to have better electrochemical performance due to strong interactions 

between atoms in the lattice resulting in broadening of the energy bands giving better 

overlap, demonstrated in the case of lithium manganese oxide spinels.28  

Most commonly lithium metal oxide cathodes have been synthesised by FSP, leaving 

the realm of polyanionic cathode synthesis largely unexplored. The rationale behind 
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using this technique is to produce highly crystalline, pure nanoparticles of cathode 

materials with a rapid rate of controllable synthesis, allowing an increased surface area 

and improved lithium intercalation efficiency. However, a larger surface area will 

increase contact with the liquid electrolytes and promote the likelihood of parasitic 

reactions of the cathode with the electrolyte, resulting in consumption of the cathode 

material, capacity fading and a loss of cyclability. For this reason the coating of 

nanoparticles by inert metal oxides has been explored to help reduce the reactivity of 

the cathode with the electrolyte and potentially improve electrochemical performance 

whilst reducing electrolyte oxidation.29 It is thought that some coatings can enhance 

the structural stability of delithiated cathodes and suppress phase transitions, the extent 

of which would be dependent on the combination of the cathode and the identity and 

thickness of the coating material.30  

Considering that the surface structure of cathode materials is important to the 

electrochemical performance of lithium ion batteries, surface coating is a viable 

method to help overcome the disadvantages associated with the use of cathode 

nanoparticles and has been demonstrated by FSP methods; such as coating LiCoO2 

with lithium boron oxide (LBO) glass,31 and carbon-coating LiFePO4.
32 However it is 

important to consider Li+ and electronic conduction (or the viability of electron 

tunnelling) through the coatings, the possible reduction of surface area and the loss of 

specific capacity caused by an increase in overall mass in comparison to the mass of 

the electrochemically active material. 

The synthesis of common LIB metal oxide cathodes such as LiCoO2, LiMn2O4, 

LiNi0.5Mn1.5O4, LiNi1/3Co1/3Mn1/3O2 and LiV3O8 have been demonstrated by FSP.31,33-

36 Typical particle diameters varied from 40-100 nm, with heat treatment proving 

necessary to improve crystallinity and hence electrochemical performance, but found 
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in all cases to decrease the surface area.37 Often metal oxide impurities were present 

(e.g. Co3O4, Mn3O4, β-Li0.33V2O5), with the amount of impurity present decreasing 

following post synthetic heat treatment, affording discharge capacities comparable to 

those synthesised by other methods. In most literature reported syntheses, additional 

lithium was added to account for any lost due to its volatility in the high temperature 

flame. Synthesis of LiFePO4 by FSP is currently the only reported polyanionic cathode 

successfully synthesised by this method: it is worth noting that a similar, lower 

temperature method, ultrasonic spray pyrolysis or simply ‘spray pyrolysis’ has 

occasionally been used for other polyanionic cathodes such as LiMnPO4.
38 In the case 

of LiFePO4, the particles were carbon coated in situ using two flames, then annealed 

in a reducing atmosphere. The particles were successfully coated in acetylene carbon 

black, which was found to hinder crystal growth and limit the particle size. These 

reducing conditions led to the presence of Fe2P impurities, though this was thought to 

limit the grain size. The coated samples exhibited better cyclability and higher rate 

capability than the commercially available LiFePO4, attributed to the protective 

surface coating and reduced particle size.32  

The rationale behind synthesis of lithium ion battery cathode materials by flame spray 

pyrolysis was primarily to improve the electrochemical performance of known 

cathodes by reduction of particle size. 
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6.2 Experimental Methods 

Two laboratory setups for the synthesis of lithium ion battery cathodes by FSP were 

used, both housed in a fume hood to minimise exposure to nanosized particulates and 

the removal of any gaseous side products such as NOx. 

6.2.1 Original Setup 

The first setup used for experiments was a low-technology laboratory set up (Figure 

6.2.1). An ultrasonic nebuliser, with the resonant crystal in the nozzle operating at a 

frequency of 130 kHz, generates aerosols from mixed aqueous precursors. The 

precursors feed into the nebuliser via the syringe driver, operating at an injection rate 

of 1 mL min-1.  A blowtorch utilising a mix of propane and oxygen gas as the fuel 

source provides the flame for the conditions of the reaction. The nozzle of the nebuliser 

is positioned close to the flame to inject the working solutions into the hot blue cone 

of the flame, whereby reaction occurs and particles are transferred to a collection plate 

10 cm away from the nozzle of the blowtorch. The stainless-steel collection plate is 

cooled using a flow of air behind the collection plate, whereby the product can be 

easily recovered once cooled. 
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Figure 6.2.1: Schematic annotated diagram of the original FSP setup 
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6.2.2 Advanced Setup 

A safer, more advanced FSP machine allowing greater control of the experimental 

variables was supplied to us by Saflame Ltd. (Skelmersdale, UK) (Figure 6.2.2). This 

setup includes mass flow controllers (MFC) for propane and oxygen, in addition to a 

nitrogen carrier gas inlet, which can be controlled using specifically designed 

computer software to adjust flame temperature, oxygen level and velocity. A 

spreadsheet is also employed to confirm safe operating conditions by calculating 

factors such as flame velocity and the oxygen stoichiometry parameter. Flashback 

arrestors are also included which can be manually reset, and a UV flame detector 

allows automatic cessation of gas flow if the flame extinguishes during operation. 

 

Figure 6.2.2: Annotated photograph of the advanced FSP setup. (A) gas inlets with MFCs; (B) 

flashback arrestors; (C) syringe inlets; (D) aerosol generator; (E) mixing chamber within the machine; 

(F) flame with adjacent UV detector and (G) water cooled holder with clamped glass collection plate 
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There are two methods of precursor introduction: via the two syringe inlets, whereby 

volatile precursors are heated and mixed in the mixing chamber, or mixed in the 

aerosol generator then introduced to the mixing chamber. From the mixing chamber 

the precursors flow into the flame to react. Quartz glass plates (100 cm2) are clamped 

to a stainless steel collection plate holder and cooled by water flowing through the 

plate holder. The distance from the flame to the glass collection plate is easily variable 

as it is housed on a sliding mechanism. 

6.2.3 Synthetic Methods 

Specific synthetic conditions of each compound are detailed in the following sections. 

A number of known LIB cathodes were synthesised to validate whether our laboratory 

setup of the FSP equipment would result in the target compounds. 

6.2.4 Powder X-Ray Diffraction 

The powders were characterised using laboratory diffractometers, using a Co, Cu or 

Mo source (depending on the compatibility of the elements present in the sample) as 

detailed in Chapter 2. 

6.2.5 Compositional Analysis 

Elemental analysis of the samples was performed using ICP-OES analysis. Dissolution 

was achieved using microwave-assisted acid digestion, whereby Teflon liners were 

loaded with ~10 mg of the material and 10 mL of H2SO4 (97%, Fisher Scientific), 2 

mL HNO3 (65%, Fisher Scientific) and 2 mL H2O2 solution (30% vol, Sigma Aldrich) 

added dropwise. The Teflon liners were sealed in microwave vessels fitted with burst 

disks and the temperature and pressure within the vessel monitored. Temperatures of 

175-200 °C were used over 55 min for complete digestion, and the acidic solutions 

made up to 100 mL with deionised water. 
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6.2.6 Scanning Electron Microscope (SEM) Imaging 

Surface imagining of the particles was achieved using a Hitachi S-4800 Field-

Emission Scanning Electron Microscope operating at an accelerating voltage of 5 kV. 

The samples were sputter-coated with gold nanoparticles to aid conduction. 

6.2.7 Cathode Testing 

Coin cells were assembled as detailed in Chapter 2. Cells were cycled between 3.0-4.2 

V. For the cyclability measurements, C/2 C-rate (68.75 mA g-1) was used over 100 

cycles. For the rate capability measurements, C-rate was varied between C/10 and 8C, 

with the C-rate adjusted every five cycles for 35 cycles in total. Cathode composition: 

84% active material, 8% PVDF binder and 8% Super C carbon by weight. Thanks go 

to Filipe Braga-Noguiera (University of Liverpool) for the electrochemical data. 

6.3 LiCoO2 

6.3.1 FSP Synthesis of LiCoO2 

The original FSP setup was used for this synthesis. Aqueous stock solutions of 

Li(CH3COO)·2H2O (100 mL, 2 mol dm-3, ≥99.0%, Sigma Aldrich) and 

Co(CH3COO)2·4H2O (250 mL, 0.8 mol dm-3, ≥98.0%, Sigma Aldrich) were prepared. 

Synthesis using molar excesses of lithium of 0, 10 and 20% were explored to account 

for any volatilisation of lithia that may occur within the flame. Appropriate volumes 

of each stock solution were combined in a beaker and withdrawn into a 20 mL syringe 

to provide the working solution, with the ratio of Li:Co being 1:1, 1.1:1 and 1.2:1 

depending on the lithium excess used. The solutions were injected into the flame via 

the syringe driver at a rate of 1 mL min-1 and the powders recovered from the air cooled 

stainless-steel collection plate. Typical mass yields were very low, ranging from 7 to 

17%. The samples were then annealed at 700 °C for 3 hr in air to improve crystallinity. 
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6.3.2 Solid State synthesis of LiCoO2 

LiCoO2 was also synthesised by the solid state method to allow comparison of particle 

size, crystallinity, purity, surface area and electrochemical performance with those 

prepared by FSP. A stoichiometric amount of LiOH·H2O (99.95%, Sigma Aldrich) 

and Co3O4 (99.9985%, Alfa Aesar) were hand ground in an agate pestle and mortar. A 

pellet of the mixture was pressed by applying a uniaxial pressure of 1-2 tons and 

transferred to an alumina crucible and fired at 900 °C for 20 h in air. 

6.3.3 PXRD and Elemental Composition 

Powder diffraction data for samples prepared by the solid state method and FSP were 

obtained using a Co PANalytical diffractometer in Bragg-Brentano geometry. Lithium 

cobalt oxide prepared by the solid state method (SS) appeared phase pure by PXRD 

(Figure 6.3.1), crystallising into the rhombohedral R3̅m space group a = b = 2.8148(2) 

Å, c = 14.0474(9) Å, V = 96.39(2) Å3. The ratio of Li:Co was 0.950(5):1.00(10) as 

determined by ICP elemental analysis (normalised so that the value of Co = 1.00). 
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Figure 6.3.1: PXRD of LiCoO2 prepared by the solid state method with R3̅m hkl reflections labelled 

The effect of heat treatment on LiCoO2 synthesised with 10% Li excess was examined 

by PXRD (Figure 6.3.2). Unfortunately, LiCoO2 as-synthesised by FSP contained 

CoO and Li2CO3 impurities, which remained in the sample despite annealing. The 

lattice parameters of the main phase and weight percentages of the phases present were 

determined by Rietveld refinement (Table 6.3.1), indicating a Co-rich composition.  
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 Figure 6.3.2: PXRD of LiCoO2 synthesised using FSP using 10% molar lithium excess before heat 

treatment (top) and after heat treatment (bottom) 

 

Table 6.3.1: Comparison of effect of annealing for FSP-synthesised LiCoO2 with 10% molar Li 

excess. Numbers in parentheses represent 3σ as determined from Topas software 

 Weight of phase (%) LiCoO2 unit cell parameters 

 LiCoO2 Li2CO3 CoO a (Å) c (Å) V (Å3) 

As-

synthesised 
65(6) 26(2) 8(2) 2.8162(6) 14.058(3) 96.56(7) 

Post heat 

treatment 
85(2) 12(2) 3.1(5) 2.8162(2) 14.055(3) 96.54(2) 
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The weight percentages of the impurity phases are considerably reduced on annealing, 

whilst the lattice parameters of LiCoO2 are maintained, suggesting lithium is not lost 

from the structure following the annealing process. The reflections of the LiCoO2 

phase in the PXRD become sharper and more intense upon annealing; therefore 

crystallinity is improved upon heat treatment. The Scherrer equation was applied to 

estimate particle size from the full width at half maximum (FWHM) of the first low-

angle Bragg reflection, determining a crystallite size of 90-100 nm before annealing 

and < 349 nm after (hence crystallite size post annealing is too large for estimation by 

this method).39 

 

Figure 6.3.3: PXRD of LiCoO2 synthesised with 0, 10 and 20% molar excess of lithium using the 

original FSP setup, post heat treatment 
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Table 6.3.2: Comparison of the effects of Li excess for FSP post heat treatment and solid state (SS) 

synthesised LiCoO2. Numbers in parentheses represent 3σ; ǂ denotes global atomic ratios obtained 

from ICP analysis normalised to 1.00 Co 

Molar Li 

excess (%) 

Weight of phase (%) LiCoO2 unit cell parameters 
      Li:Coǂ 

LiCoO2 CoO Li2CO3 a (Å) c (Å) V (Å3) 

0 90(2) 2.9(4) 7(2) 2.8164(1) 14.055(1) 96.56(1) - 

10 85(2) 3.1(5) 12(2) 2.8162(2) 14.055(3) 96.54(2) 1.28(4):1.0(2) 

20 91(2) 1.5(4) 8(2) 2.8166(1) 14.054(1) 96.56(2) - 

SS 100 0 0 2.8166(2) 14.0574(9) 96.58(1) 0.95(2):1.0(2) 

 

The lattice parameters for the target LiCoO2 phase are comparable to those in the 

sample prepared by traditional solid state synthesis (Table 6.3.2). The ratio of Li:Co 

in the 10% Li excess sample is greater than expected. This is attributed to the formation 

of nanosized CoO, all of which may not have coated onto the sample plate for 

collection, even though the ratio of Li:Co in the working solution was 1.1:1. The higher 

percentage of impurities in this sample compared to the other molar excesses is 

attributed to some deposition of solid within the blowtorch nozzle which was noted 

during synthesis, as multiple batch processes were repeated for this sample only. This 

deposition possibly led to more reducing conditions, producing Co(II)O and Li2CO3. 

The slight lithium deficiency in the solid state sample is attributed to a small 

percentage of Li2O volatilisation which occurs rapidly at temperatures ≥ 900 °C, 

resulting in a deviation from the expected 1:1 stoichiometry. 

6.3.4 Particle Size and Morphology 

The particle size and morphology of LiCoO2 as-synthesised by FSP (Figure 6.3.4) and 

after the annealing process (Figure 6.3.5) were examined using SEM imaging. For 
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comparison, SEM imaging was also performed on LiCoO2 prepared by solid state 

synthesis (Figure 6.3.6). 

 

Figure 6.3.4: SEM images at various magnifications of LiCoO2 as-synthesised by FSP using 10% 

molar Li excess exhibiting particles of <100 nm 
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Figure 6.3.5: SEM images at various magnifications of LiCoO2 synthesised by FSP using 10% molar 

Li excess following annealing at 700 °C for 3 h; exhibiting aggregates of smaller particles >100 nm 
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Figure 6.3.6: SEM images at various magnifications of LiCoO2 synthesised by the solid state method, 

exhibiting angular 1-10 μm sized particles 
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In the as-synthesised sample (before heat treatment) it is clear that nanosized particles 

of the order of tens of nanometres are obtained, coagulating onto larger micrometre 

sized aggregates. The heat treatment at 700 °C for 3 h has the effect of sintering these 

small nanoparticles, increasing the grain size in the >100 nm range, which is consistent 

with the crystallite size estimates derived from the Scherrer equation. 

6.3.5 Cathode Testing 

Synthesis of LiCoO2 via FSP using a 10% molar excess of lithium was repeated 

multiple times to obtain an adequate mass for cathode testing, and the same post 

synthetic heat treatment was applied. For comparison, coin cells using the LiCoO2 

synthesised via the solid state method and commercially available LiCoO2 (Sigma 

Aldrich) were also tested under the same conditions.  

 

Figure 6.3.7: Cyclability testing of LiCoO2 prepared by various methods (C/2, 3-4.2 V). Open squares 

represent charge capacity, filled squares represent discharge capacity 
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The solid state sample (SS LiCoO2) affords an initial discharge capacity of 

124 mA·h g-1 and good cyclability, with a capacity retention of 95% over 100 cycles, 

which is comparable to the performance of the commercially available sample and 

literature samples prepared via the solid state method.31 The testing data for the FSP 

sample was normalised to only account for the active mass of the LiCoO2 phase, 

displaying an initial discharge capacity of 110 mA·h g-1 and a 50th cycle capacity 

retention of 81%. These values compare well to a similarly prepared sample tested 

under similar conditions in the literature (discharge capacity 111 mA·h g-1, 50th cycle 

capacity retention of 86%).40 The capacity retention for the FSP material is 

considerably lower than the solid state sample, which is attributed to its greater surface 

area, increasing side reactions with the liquid electrolyte and consumption of the cell 

components, leading to a more rapid decrease in overall cell capacity. In the case of 

LiCoO2, Li+ ion diffusion kinetics and the rate of lithium insertion/extraction is not a 

limiting factor on its electrochemical performance, so producing this cathode by FSP 

was not expected to enhance the cyclability. 

The rate capability measurements show similar profiles between the SS and FSP 

sample (Figure 6.3.8); indicating a similar proportion of lithium ions can be extracted 

at higher discharge rates. The capacity extracted at higher C-rates over five cycles is 

superior for the FSP LiCoO2, particularly evident at 8C where the capacity extracted 

shows minimal decrease over five cycles (2.4% loss in capacity from cycle 26 to cycle 

30) compared to the SS sample (5.1% capacity loss). This is attributed to the smaller 

particle size of the FSP sample aiding lithium ion and electronic conduction through 

the material allowing consistent discharge capacities when a high discharge current is 

employed. 
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Figure 6.3.8: Rate capability cathode testing of LiCoO2 prepared by FSP and solid state. Graph shows 

the discharge capacity as the C-rate was varied every five cycles as indicated 

6.4 LiMn2O4 

6.4.1 FSP Synthesis of LiMn2O4 

The original FSP setup was used for this synthesis. Aqueous stock solutions of LiNO3 

(100 mL, 2 mol dm-3, ≥98.0%, Sigma Aldrich) and Mn(NO3)2·4H2O (100 mL, 2 mol 

dm-3, ≥98.0%, Sigma Aldrich) were prepared. Appropriate volumes of each stock 

solution were combined in a beaker and withdrawn into a 20 mL syringe to provide 

the working solution, with the ratio of Li:Mn being 1:2, 1.1:2 and 1.2:2 depending on 

the lithium excess used. Typical total mass yield was 3-5%. The samples were 

annealed at 700 °C for 3 h in air to improve crystallinity. A brown-black powder was 

obtained. 
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6.4.2 Solid State synthesis of LiMn2O4 

A stoichiometric amount of LiOH·H2O (99.95%, Sigma Aldrich) and MnO2 (99.9%, 

Alfa Aesar) were hand ground in an agate pestle and mortar. A pellet of the mixture 

was pressed, transferred to an alumina crucible and fired at 650 °C and 900 °C in air 

for 12 h and 24 h respectively, with hand grinding and pelletising in between firings. 

A blue-black powder was obtained. 

6.4.3  PXRD and Elemental Composition 

Powder X-ray diffraction patterns were collected using a Bruker D8 diffractometer 

employing a molybdenum metal anode in Debye-Scherrer geometry. Samples were 

loaded into borosilicate capillaries of 0.5 mm internal diameter for these 

measurements. A molybdenum source was utilised in preference to cobalt or copper 

because the fluorescence of manganese is minimal at Mo(Kα) λ = 0.70930 Å. Due to 

considerable geometric aberration of the first Bragg reflection as a result of axial 

divergence, a full axial model was used in the Le Bail and Rietveld refinements to 

obtain a better fit to the experimental data. 

The powder diffraction pattern for the solid state sample shows a phase pure material 

with the cubic spinel structure (S.G. Fd3̅m, a = 8.24468(10) Å, V = 560.4(2) Å3) 

(Figure 6.4.1). The ratio of Li:Mn was determined by ICP analysis as 0.93(5):2.00(6), 

which within 3σ is the target stoichiometry. 
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Figure 6.4.1: PXRD of LiMn2O4 prepared by the solid state method with Fd3̅m hkl reflections 

labelled 

For the as-synthesised FSP sample, Mn3O4 (18(2)% wt) and MnO (1.2(7)% wt) 

impurities were identified in the sample prior to heat treatment by Rietveld refinement 

of the PXRD and determined to be phase pure after heat treatment (Figure 6.4.2). The 

unit cell parameters are considerably reduced in comparison to the phase pure solid 

state sample (a = 8.201(1) Å, V = 551.6(2) Å3). This can be explained by the formation 

of a lithium-deficient spinel structure (Li1-xMn2O4), whereby the oxidation state of 

manganese will increase from +3.5 in the stoichiometric (x = 0) structure to maintain 

charge neutrality and as a result decreasing the average ionic radius of manganese, in 

addition to the presence of lithium ion vacancies.41  
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Figure 6.4.2: PXRD of Li1-xMn2O4 synthesised by FSP with 10% molar Li excess before heat 

treatment (top) and after heat treatment (bottom) 

The Scherrer equation was applied to estimate the particle size from the FWHM of the 

first low-angle Bragg reflection from the PXRD using the Topas software, giving 

estimates of 12 nm crystallites before heat treatment and >100 nm after heat treatment. 

Due to the lithium deficiency and inadequate product mass obtained, no further 

characterisation was undertaken on this material. 

6.5 LiNi0.5Mn1.5O4 

Substitution of a quarter of the manganese cations for nickel in the parent LiMn2O4 

spinel results in LiNi0.5Mn1.5O4, which can retain the face-centred cubic spinel 

structure (Fd3̅m), whereby the nickel and manganese ions are disordered over the 16d 

octahedral sites. Alternatively manganese and nickel can order on the 4a and 12d sites 

respectively, resulting in an ordered lower symmetry spinel structure crystallising in 
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the primitive cubic space group P4332.42 This ordering is common in spinel structures 

with two distinct B-site cations are present in a 3:1 ratio,43 with the structure obtained 

dependent on the synthetic conditions employed. Both structures have been reported 

to display similar discharge capacities,44 but the ordered structure has been found to 

display a two-step phase transition upon lithiation (cf. one-step for the disordered 

structure), which reduces the reversibility at high discharge rates.45 

6.5.1 FSP Synthesis of LiNi0.5Mn1.5O4 

The original FSP setup was used for this synthesis. Aqueous stock solutions of LiNO3 

(100 mL, 2 mol dm-3), Ni(NO3)2·6H2O (100 mL, 2 mol dm-3, 99.999%, Sigma Aldrich) 

and Mn(NO3)2·4H2O (100 mL, 2 mol dm-3) and were prepared. Appropriate volumes 

of each stock solution were combined in a beaker and withdrawn into a 20 mL syringe 

to provide the working solution, with the ratio of Li:Ni:Mn being 1:0.5:1.5, 1.1:0.5:1.5 

and 1.2:0.5:1.5 depending on the lithium excess used. Typical total mass yield was 4-

8%. The samples were annealed at 700 °C for 3 h in air to improve crystallinity, 

appearing as a dark brown powder. 

6.5.2 Solid State Synthesis of LiNi0.5Mn1.5O4 

The cubic spinel phase of LiNi0.5Mn1.5O4 was prepared using Li(CH3COO)·2H2O, 

Ni(CH3COO)2·4H2O (≥99%, Sigma Aldrich) and Mn(CH3COO)2·4H2O (≥99%, 

Sigma Aldrich) in a 1:0.5:1.5 molar ratio. The reagents were hand ground together in 

an agate pestle and mortar and calcined as a loose powder at 500 °C for 5 h to remove 

the organic ligands. The calcined powder was hand ground and a pellet of the mixture 

was pressed, transferred to an alumina crucible and fired at 900 °C and 700 °C in air 

for 10 h at each temperature, with hand grinding in between firings. Attempts to obtain 

both the ordered and disordered spinel by varying the reaction conditions were 

unsuccessful and both resulted in the disordered cubic phase. 
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6.5.3 PXRD and Elemental Composition 

Powder X-ray diffraction patterns were collected as detailed for LiMn2O4. The solid 

state sample was determined to be phase pure cubic disordered spinel 

(a = 8.1740(4) Å, V = 546.14(8) Å3) (Figure 6.5.1), which is in good agreement with 

the literature.  

As expected due to the high temperature of the flame, and following the heat treatment, 

the disordered spinel phase was obtained for the sample synthesised with 20% excess 

Li (a = 8.1619(8) Å, V = 543.7(2) Å3). Additionally, a Li1-xNi2O4 impurity was also 

present following heat treatment (7(1)% wt), presenting as shoulders on the main phase 

peaks (Figure 6.5.1, bottom). The presence of this impurity phase indicates the main 

spinel phase obtained is actually deficient in Li and Ni, which explains the reduction 

in the unit cell volume compared to the solid state sample. 
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Figure 6.5.1: PXRD of LiNi0.5Mn1.5O4 synthesised by FSP with 20% molar Li excess and annealed 

(top, blue) compared to that prepared by solid state (top, black). Bottom figure is a magnification of 

the low angle impurity region showing the presence of Li1+xNi2O4 impurity in the annealed FSP 

sample 
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Table 6.5.1: Comparison of the elemental composition of Li excesses used for FSP post heat 

treatment and solid state (SS) synthesised LiNi0.5Mn1.5O4. Global atomic ratios obtained from ICP 

analysis were normalised to 1.50 Mn, numbers in parentheses represent 1σ 

Molar Li 

excess (%) 
Li Ni Mn 

0 0.91(8) 0.44(5) 1.50(4) 

10 1.06(5) 0.41(7) 1.50(6) 

20 1.16(7) 0.41(4) 1.50(8) 

SS 0.90(7) 0.49(5) 1.50(4) 

 

Elemental analysis of these materials by ICP suggests all FSP-synthesised 

LiNi0.5Mn1.5O4 may be deficient in nickel, as this analysis also accounts for the 

presence of the Li1+xNi2O4 impurity. 

6.6 Li2MnO3 

As discussed in previous chapters, Li2MnO3 itself is not an appropriate lithium ion 

battery cathode material. However this material was explored to investigate whether 

high-lithium content materials can be synthesised using this high-temperature method. 

6.6.1 FSP Synthesis of Li2MnO3 

Synthesis was analogous to that employed for FSP-LiMn2O4, but with molar ratios of 

Li:Mn of 2:1, 2.2:1 or 2.4:1 depending on whether a molar excess of 0, 10 or 20% Li 

was used, with the same post synthetic heat treatment conditions. Typical total mass 

yield was 15-17%, appearing as a brown-orange powder. 
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6.6.2 Solid State Synthesis of Li2MnO3 

Synthetic conditions were analogous to that employed for SS-LiMn2O4, but with a 2:1 

Li:Mn molar ratio. A bright orange powder was obtained. 

6.6.3 PXRD and Elemental Composition 

Powder X-ray diffraction patterns were collected as detailed for LiMn2O4. The solid 

state sample was determined to be phase pure, with Li2MnO3 crystallising in the C2/m 

space group (a = 4.929(2) Å, b = 8.530(2) Å, c = 5.024(1) Å, β = 109.28(2)°, V = 

199.4(1) Å3) which are slightly smaller than those determined in the literature.46  This 

suggests a slight Li-deficiency in the solid state sample, which was confirmed by ICP 

analysis which gave a ratio of Li:Mn as 1.81(7):1.00(4). The broad peaks between 

9.5-10.5° 2θ is attributed to stacking fault defects present within the material (Figure 

6.6.1) and was excluded from the Le Bail analyses of both materials to obtain more 

accurate unit cell parameters. 

The sample synthesised by FSP with 10% Li excess and after heat treatment contains 

Li2CO3 (25(4)% wt) and LiMnO2 (6(2)% wt), which indicates the flame conditions 

may not have been sufficiently oxidising. The unit cell parameters for the 

FSP-Li2MnO3 were determined from Le Bail analysis as a = 4.931(3) Å, 

b = 8.540(2) Å, c = 5.022(2) Å, β = 109.33(5)°, V = 199.6(2) Å3 which, within error 

(3σ) match well to the SS-Li2MnO3 sample. Again this suggests that the target phase 

is actually deficient in lithium, attributed in part to volatilisation of Li2O in the flame 

and the formation of a considerable mass of Li2CO3 impurities. 
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Figure 6.6.1: PXRD of Li2MnO3 synthesised by FSP with 10% molar Li excess and annealed (top, 

blue) compared to that prepared by solid state (top, black). Bottom figure is a magnification of the low 

angle impurity region in the annealed FSP sample 
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6.7 Polyanionic LIB Cathodes 

The benefits and limitations of the use of polyanionic lithium-ion battery cathodes 

have been discussed in Chapter 1, with particular focus on the olivine type materials 

such as LiFePO4. It is known that slow lithium ion diffusion kinetics and poor 

electronic conduction are the primary limiting factors for the use of polyanionic 

cathodes over lithium to metal oxides. Pyrophosphates are a more stable anion 

compared to phosphates, with a greater inductive effect in comparison to phosphates, 

allowing for an increased redox potential of the transition metal couple, making them 

a potential target for high voltage, high stability cathodes. For example, the M 2+/3+ 

redox potential occurs at 3.5 V in Li2FeP2O7 (cf. 3.45 V for LiFePO4), 4.45 V for 

Li2MnP2O7 and 4.8 V for the Co analogue.47,48 However, the theoretical specific 

capacities are still limited (typically ~ 110 mA∙h g-1 for one-electron reactions), due to 

the excess anion weight decreasing the gravimetric energy density but providing 

structural stability. Due to the potential for removal of up to two lithium ions per 

transition metal, the theoretical capacity will double should the M2+/3+/4+ redox couples 

be realised in practice.49 

Materials adopting the NASICON-type structure have been studied extensively as 

ionic conductors, investigated for electrolyte and electrode applications. The term 

‘NASICON’ refers to the Na1+xZr2SixP3-xO12 Sodium Super-Ionic Conductor; some 

examples of LIB cathodes include Li3Fe2(PO4)3 and Li3V2(PO4)3 composed of MO6 

octahedra and PO4 tetrahedra with three-dimensional Li+ diffusion channels.50 These 

structures adopt a rhombohedral (NASICON) or less symmetric monoclinic (anti-

NASICON) system,51 the former of which displays better ionic conduction due to a 

more open framework, aiding lithium insertion/extraction.52 Both structures possess 

MO6 octahedra sharing oxygen vertices with PO4 tetrahedra (Figure 6.7.1). 
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Figure 6.7.1: Representation of the rhombohedral NASICON-type (top) and monoclinic anti-

NASICON-type (bottom) structures of Li3Fe2(PO4)3 
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Unfortunately, the materials are poor electronic conductors due to isolation of the MO6 

units by the PO4 tetrahedra, which can be overcome by carbon coating or 

nanostructuring, for example. 

6.7.1 Synthesis of Lithium Metal Phosphates by FSP 

The advanced FSP setup was primarily used for the synthesis of polyanionic lithium 

ion battery cathodes in this section. 

The olivine-type LiFePO4 phase was targeted for synthesis by FSP in order to 

determine if it were possible to produce Li-phosphates using the laboratory setup, with 

iron in the +2 oxidation state. Aqueous stock solutions of LiNO3 (4 mol dm-3, 100 mL), 

Fe(NO3)3∙9H2O (100 mL, 4 mol dm-3, ≥98%, Sigma Aldrich) and NH4H2PO4 (100 mL, 

2 mol dm-3, 99.995%, Sigma Aldrich) were prepared. A small amount of aqueous 

phosphoric acid was added to the ammonium hydrogen phosphate solution to prevent 

the formation of a precipitate (under the assumption that any small excess of phosphate 

anions would likely volatilise during synthesis). The solutions were combined into a 

20 mL syringe with a ratio of 1.1:1:1 Li:Fe:P and fed into the FSP machine via a 

syringe driver. Products were annealed for a total of 15 h under dynamic N2 

atmosphere at 700 °C.  

LiMnPO4 was targeted for synthesis by FSP since its cathode properties have not 

previously been optimised by this method. Aqueous stock solutions of LiNO3 

(4 mol dm-3, 100 mL), Mn(NO3)2∙4H2O (4 mol dm-3, 100 mL) and acidified 

NH4H2PO4 (2 mol dm-3, 100 mL, 99.995%, Sigma Aldrich) were prepared. The 

solutions were combined into a 20 mL syringe with a ratio of 1.1:1:1 Li:Mn:P and fed 

into the FSP machine via a syringe driver. The ionic ratios were also adjusted to 3.3:2:3 
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to target the unreported NASICON-type Li3Mn2(PO4)3 phase. Products were not 

annealed in this instance. 

6.7.2 PXRD and SEM 

The lithium iron phosphates were analysed using a Co PANalaytical diffractometer in 

Bragg-Brentano geometry. The lithium manganese phosphates were analysed using a 

Mo Bruker D8 diffractometer in Debye-Scherrer geometry. Targeted synthesis of 

LiFePO4 was found to result in Li3-xFe2(PO4)3 (95.0(9)% wt) and Fe2O3 (5.0(9)% wt) 

as an impurity phase (Figure 6.7.2). The monoclinic anti-NASICON phase of Li3-

xFe2(PO4)3 was obtained (Figure 6.7.1), crystallising in the monoclinic P21/n space 

group with unit cell parameters of a = 8.5658(8) Å, b = 12.0175(10) Å, 

c = 8.6176(7) Å, γ = 90.488(7)° and V = 887.1(1) Å3, which are in good agreement 

with the structure reported in the literature.53 

 

Figure 6.7.2: Le Bail fit of targeted LiFePO4 synthesised by FSP after heat treatment, showing the 

positions of the hkl reflections of the Li3Fe2(PO4)3 phase and Fe2O3 impurity. χ2 = 1.14 
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The monoclinic polymorph of Li3Fe2(PO4)3 is reported to be the low-temperature 

phase.54 The oxidation state of iron in LiFePO4 is +2, but +3 in Li3Fe2(PO4)3, which 

suggests the conditions of the flame were not reducing enough to obtain this phase as 

iron (III) nitrate was used in the working solution for synthesis, hence the anti-

NASICON phase was synthesised preferentially over LiFePO4, with excess iron in the 

working solution forming an iron(III) oxide impurity. The global elemental 

composition of the product was analysed by ICP, giving a ratio of 

2.51(5):2.45(3):3.00(8) Li:Fe:P (normalised so that P = 3.00), indicating the structure 

is deficient in lithium. 

The synthesis of Li3Fe2(PO4)3 has previously been reported by ultrasonic spray 

pyrolysis (USP), but not FSP, whereby particles of 0.4-2 μm were obtained.55 

Assessment of the particle size of Li3Fe2(PO4)3 synthesised in this work by SEM 

showed large aggregates composed of smaller sub-micron sized particles (Figure 

6.7.3). The aggregation of particles is attributed to the 15 hr annealing time required 

to get adequately crystalline samples for PXRD analysis. 

Despite Li3Fe2(PO4)3 being synthesised here with a lithium-ion deficit, this potential 

lithium iron phosphate cathode is synthesised in the literature in its delithiated (fully 

charged) state, since iron is in the +3 oxidation state. During discharge, the structure 

is lithiated from Li+ present in the electrochemical cell, forming Li5Fe2(PO4)3 with iron 

in the +2 oxidation state, with a theoretical discharge capacity of 128 mA∙h g-1, hence 

the lithium deficiency is not overly problematic for this LIB cathode material.56 
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Figure 6.7.3: SEM images at various magnifications of Li3Fe2(PO4)3 synthesised by FSP using 10% 

molar Li excess following heat treatment, displaying particles up to 1 μm in size 

The lithium manganese phosphates synthesised by FSP were analysed by PXRD. 

Firstly, the LiMnPO4 olivine type was targeted for synthesis, which is as of yet 
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unreported by FSP. Olivine-type LiMnPO4 (S.G. Pmnb) was determined to be 

obtained by PXRD analysis, with unit cell parameters of a = 10.442(3) Å, b = 6.096(2) 

Å, c = 4.742(4) Å, V = 301.9(1) Å3 (Figure 6.7.4), in close agreement with the structure 

reported in literature.57 Cubic Mn(II)O impurity was identified (6(1)% wt) with a further 

impurity unable to be conclusively identified, but is most likely to be a lithium or 

manganese pyrophosphate phase. The sample appeared poorly crystalline by PXRD as 

this sample was not heat treated after synthesis. 

 

Figure 6.7.4: Le Bail fit of LiMnPO4 synthesised by FSP without heat treatment, showing the hkl 

reflections of the LiMnPO4 phase and 6(1)% MnO impurity. * indicate unidentified impurity peaks. 

χ2 = 1.46 

Attempts to synthesise the unreported Li3Mn2(PO4)3 structure, which is expected to 

also adopt a NASICON-type structure akin to the Fe analogue, were unsuccessful by 

FSP and by exploratory solid state and sol-gel synthesis. Adjusting the ratio of 

precursors to 3.3:2:3 (Li:Mn:P) for FSP synthesis resulted in primarily LiMnPO4 and 
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possible pyrophosphate impurities such as Li2MnP2O7, but due to the low crystallinity 

of the as-synthesised product and overlap of reflections with the main LiMnPO4 phase, 

this could not be conclusively identified.  

6.8 Conclusions and Future Work 

First and foremost, very low mass yields (typically 5-10%) were obtained using both 

FSP setups, requiring multiple batch processes to obtain enough material for 

characterisation and electrochemical studies, which can increase product variance 

between batches. The sample was recovered from the collection plate after each batch 

run of ~20 mL total working solution to avoid further sintering of particles on the 

collection plate due to the heat of the flame and hence broadening the size distribution 

of particles and increasing average size beyond the desired nanometre range. Traces 

of chromium, vanadium and iron above background levels were detected by ICP-OES 

analysis when the stainless-steel collection plate was used, and was determined not to 

have originated from the metal nitrate precursors. For this reason, quartz plates were 

used in the advanced setup; however they were often scorched by the high temperature 

of the flame suggesting possible contamination of the product. 

The requirement for liquid or aqueous precursors, such as soluble metal salts, provides 

limitations for the range of materials that can be viably produced for this method. 

Additionally, although often soluble, fluoride and chloride metal salts were not 

employed for synthesis to prevent the formation of harmful and acidic hydrogen halide 

gases. Numerous problems were encountered with solids precipitating when mixed in 

the syringe via the single injection method, and deposited within the instruments 

before reaching the flame. This was particularly apparent when metal acetate and 

phosphate precursors were used, which meant the equipment had to be dismantled and 
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cleaned which proved difficult. Due to this, there was unfortunately considerable 

down-time required while fixing and cleaning this equipment which limited the 

exploration of synthesis of new materials and the attainment of a sufficient mass of 

sample for full analysis. 

This project has proved we can synthesise known lithium-ion battery cathode materials 

using a non-traditional industrial technique in a laboratory setting using relatively low-

technology equipment. In addition, LiMnPO4 has not been reported to be synthesised 

by this method but was achieved here, where nanosized particles are necessary to 

improve the rate capability. For all samples synthesised, post-synthetic annealing was 

determined necessary by assessment of the PXRD to improve the purity and 

crystallinity of the LIB cathodes (and hence the electrochemical performance); the 

additional sintering of which produces particles of greater size than the tens of 

nanometres range which was the primary target of the synthesis of LIB cathodes by 

FSP, and may promote the formation of metal oxide impurities. Potential methods for 

overcoming the low mass yield include using a bag filter for particle collection as often 

used in industry, or using a specially designed quartz funnel to collect more solid 

particles produced from the flame that divert away from the collection plate. 

Although the laboratory setups of the FSP equipment were not appropriate for the 

sufficient production and analysis of phase pure lithium ion battery cathodes, it 

presents a useful method for the production of simple metal oxides or carbonaceous 

materials which have applications for LIB anode materials, whereby rate capability is 

often a limiting factor to performance; therefore nanostructuring is a widely used 

method for improving the electronic and ionic conductivity.  
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Chapter 7:  Conclusions 
 

The most promising class of lithium-ion battery cathodes were determined to be 

lithium-rich rock-salt superstructures, offering greater discharge capacity by 

comparison to stoichiometric cathodes (such as LiCoO2) due to the additional lithium 

content. The mechanisms of lithium ion extraction and insertion into cathode materials 

are discussed in relation to their structures. In addition to the classical cation redox, 

observed in layered rock-salt type LiCoO2 for example, particular attention is focused 

on the factors involved in enabling the anionic redox process in lithium-rich materials. 

The discovery of the anionic redox originates from the extensive research into lithium-

rich layered composite rock-salts of the general form xLi2MnO3∙(1-x)LiMO2 (M = Co, 

Ni, Mn, etc.), whereby lattice oxide (O2-) has been determined to oxidise to O2 gas on 

charging enabling extraction of lithium from the Li2MnO3 component. Suppression of 

the oxidation of oxide to form intermediate peroxo-type species (O2
n-), as opposed to 

full oxidation to O2 gas, is a key requirement to utilising the lattice oxygen reversibly 

to extract additional capacity without compromising the safety and longevity of the 

battery materials. Through evaluation of the structural conditions determined for 

reversible anionic redox processes, new compounds of the form Li4+xNi1-xWO6 were 

synthesised. 

Within this thesis, the synthesis and structural refinement of new Li-rich rock-salt 

materials exhibiting partial cation order are reported, using combined Rietveld 

refinement of SXRD and NPD data. Li4NiWO6 was found to crystallise in the 

monoclinic C2/c space group (a = 5.84579(10) Å, b = 17.58769(35) Å, 

c = 5.109138(9) Å, β = 124.768(1)°, V = 431.506(2) Å3), determined to be a 
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monoclinic distortion of the Li3Ni2TaO6 (orthorhombic space group Fddd) rock-salt 

archetype, possessing mixed cation sites. The structural model for the C2/c Li4NiWO6 

was obtained from transformation of the Li3Ni2TaO6 structure, since C2/c space group 

is an isomorphic subgroup of Fddd. The deviation from orthorhombic symmetry is 

attributed to distortion of WO6 octahedra, with possible regions of disorder observed 

in the high-resolution SXRD data (due to broadening observed between monoclinic 

Bragg reflections). The broadening was modelled by inclusion of a more disordered 

model, obatined by transformation of the Li4NiWO6 C2/c structure back to the Fddd 

space group setting. The ratio of cations were confirmed using ICP-OES and 

TEM-EDX analysis. Li4NiWO6 was tested as a lithium-ion battery cathode material, 

exhibiting a modest discharge capacity of 82 mA∙h g-1, which decreased to 

~50 mA∙h g-1 after 20 electrochemical cycles when cycled between 1-5 V. The poor 

electrochemical performance is attributed to the absence of fully occupied lithium 

layers, which still enables some capacity to be extracted due to an alternate Li+ ion 

percolation network. The rapid capacity fade may be due to increasing the amount of 

cation disorder between lithium and nickel, in addition to the presence of W6+ in every 

ccp oxide layer hindering Li+ diffusion throughout the material. 

Adding 12 mol% lithium excess during the synthesis of Li4NiWO6 targeted a 

compositionally related phase with a different crystal structure, which through 

combined Rietveld refinement (in addition to ICP and TEM-EDX) was determined to 

be Li4.1Ni0.9WO6, with a small amount of a Li0.3Ni0.7O impurity phase. Li4.1Ni0.9WO6 

was found to adopt the Cm structure (a = 5.113747(23) Å, b = 8.791326(40) Å, 

c = 5.093213(23) Å, β = 110.1564(12)°, V = 214.950(2) Å3); a non-centrosymmetric 

variant of the layered Li5ReO6 archetype (C2/m). The structure possesses two different 

types of alternating layers with mixed cation sites. The greatest proportion of Ni is 
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located in the W layer, which alternates with a Li-rich layer. The presence of the 

Li0.3Ni0.7O lead to the conclusion that altering the Li:Ni ratios would likely result in a 

phase pure compound, resulting in the synthesis of Li4.15Ni0.85WO6. Li4.15Ni0.85WO6 

was also determined to adopt the Cm structure and was determined to be phase pure 

by SXRD. 

Li4.15Ni0.85WO6 was tested as a LIB cathode material. Ball-milling the material after 

synthesis to decrease particle size and increase surface area was found to enhance the 

initial discharge capacity by over 64%, giving an initial discharge capacity of 200-210 

mA∙h g-1 and a reversible discharge capacity of ~173 mA∙h g-1 which is comparable to 

other Li-rich rock-salt cathodes. Unfortunately ball-milling also had the effect of 

accelerating the capacity fading over numerous cycles, attributed to structural 

transformations (as determined from shifts in the voltages of the redox processes and 

ex-situ SXRD of the material at various stages of (de)lithiation throughout the first and 

second cycles) and increased side-reactions with the electrolyte (due to cycling at 

voltages beyond the stability window of the carbonate-based electrolytes used for 

testing). The practical capacity of this material was determined to exceed the 

theoretical capacity, which was calculated solely on the reversible cationic redox of 

nickel, therefore additional ex-situ characterisation of the electrochemical behaviour 

was undertaken. XPS and XANES spectroscopy were used to observe the changes in 

the nickel oxidation state at various stages of the first two electrochemical cycles, 

which was determined to reach the +3 oxidation state at full charging to 5 V, and the 

reduction of nickel on discharge was found to occur in two stages. Tungsten was 

determined to remain in the +6 oxidation state throughout cycling. The source of 

additional capacity was confirmed to be the result of anionic redox processes, with 

peroxo-type species detected using XPS and HAXPES of the O1s energy level, with 
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an average oxidation state of O1.45(5)- detected at full charge. The use of HAXPES (XPS 

using hard X-rays with a high flux to penetrate into the bulk of the material) suggests 

that the peroxo-species are formed in the bulk of the material (i.e. likely to be solid 

state peroxo-species) and not just occurring at the surface. Li4.15Ni0.85WO6 was 

determined to exhibit unusual electrochemical behaviour, with the anionic redox 

occurring at lower voltages than the cationic redox, and the anionic redox accounting 

for ~2/3 of the observed practical capacity. Unfortunately a wide voltage window (1-

5 V) is required to extract the maximum amount of capacity possible, which will 

enhance the degradation of the electrolyte (which is only stable up to ~4.7 V). In 

addition, despite the relatively high capacity, the energy density of the material is poor 

due to the huge voltage hysteresis determined for both the anionic and nickel redox 

processes. The reversibility of the capacity however indicates that oxygen evolution is 

suppressed in this material, which (by comparison to the poor performance of the 

structurally related Li4NiTeO6 system) is attributed to the influence of W6+ (5d0) acting 

to stabilise the peroxo species and suppressing full oxidation of lattcie oxide to O2 gas. 

At the time of writing, a journal publication is in preparation regarding the 

electrochemical behaviour of Li4.15Ni0.85WO6. 

Since research into Li-rich composite cathodes to date largely centres around 

Li2MO3∙LiTMO2 systems (M = Mn, Mo etc.; TM = Co, Ni, Mn etc.), the synthesis and 

characterisaiton of unreported (1-x)LiCoO2∙xLi4WO5 were explored in this thesis. 

Both LiCoO2 (R3̅m) and Li4WO5 (P1̅) possess fully occupied lithium layers with rock-

salt type superstructures, hence are deemed compatible for formation of a lithium-rich 

solid solution/composite Li-rich cathode. Effectively, 1Co3+ ion is replaced with 4/5Li+ 

and 1/5W
6+, with a view to increasing the total Li content and adding structural 

stabilisation with W6+. The doping limit using the solid state synthetic method reported 
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here was determined to be between 2-2.5% by PXRD analysis, with a variation in 

lattice parameters observed throughout the doping series which retain the R3̅m unit 

cell structure. Members of the series where x = 0.010 and x = 0.025 were tested for 

their electrochemical properties in comparison to the parent LiCoO2, and the doped 

materials were found to exhibit superior discharge capacities, rate capabilities and 

capacity retention. The greater discharge capacities of the doped materials are 

attributed to the additional lithium content (as determined by compositional analysis 

by ICP-OES), with the superior rate capabilities attributed to the presence of W6+ ions 

broadening the lithium-ion diffusion channels and promoting facile ionic and 

electronic conduction. In addition, the particle size of the doped materials was found 

to be smaller cf. LiCoO2 through SEM imaging, which likely acts to enhance Li+ 

diffusion throughout the cathode. 

The use of flame spray pyrolysis (FSP) in a simple laboratory setup was used to assess 

the properties of synthesising known cathodes using this technique, which is often used 

in industrial settings for nanoparticle production. A cobalt-rich LiCoO2-type material 

was synthesised by FSP and subject to electrochemical testing, which exhibited rapid 

capacity degradation by comparison to LiCoO2 synthesised by the solid state method. 

The synthesis of more Li-metal oxide cathodes was also reported. The feasibility of 

synthesising polyanionic cathodes by this method was explored, for which slow Li+ 

diffusion kinetics and electronic conduction are limiting factors in their 

electrochemical performance. Unfortunately, the FSP setups described in this thesis 

afforded very low product yields (typically 5-10%), with impurities detected in all 

samples by PXRD. However this rapid high-temperature synthetic method did result 

in nanoparticle-sized products (as determined by SEM imaging), but the requirement 

for additional annealing to improve crystallinity and purity negates the purpose of 
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synthesis by this method. The more advanced FSP setup was deemed unsuitable for 

the production of polyanionic cathodes, since the requirement for liquid precursors 

resulted in precipitation prior to reaching the flame. 

In summary, it is hoped that the work presented in this thesis will contribute towards 

the understanding of the anionic redox mechanisms occurring in lithium-rich rock-salt 

type oxides; and that the chemistry of heavier 5d-metals such as tungsten should not 

be overlooked in the development of new, high energy density rechargeable battery 

materials. 
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