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Abstract 

Electrochemical capacity improvements on current state-of-the-art cathode materials for 

Li-ion batteries such as LiCoO2 are becoming limited, and new families of materials with 

inherently greater capacities are required to more effectively meet the world’s energy 

storage demands. Li-excess and cation-disordered materials have shown promise as 

materials with significantly higher capacities, supposedly achieved in part through 

reversible anionic redox, in addition to traditional transition metal redox. They also allow 

for a broad compositional range, enabling the substitution of expensive, toxic elements such 

as Co for more abundant, cheaper, and safer transition metal species. However, the physical 

mechanisms controlling their structure, redox behaviour and ionic mobility are not yet well 

understood. Hence, this vast and largely untapped phase space is currently the subject of 

extensive investigation. 

This thesis presents the motivations, aims and findings of a project exploring the structural 

properties and electrochemical performance of the Ni and Mn members of the promising 

family of cathode materials Li1+xNbyMzO2 (x + y + z = 1, M = Mn, Ni). A range of 

complementary techniques are employed, including X-ray diffraction, neutron total 

scattering, solid state nuclear magnetic resonance, X-ray absorption spectroscopy and 

magnetic susceptibility measurements. These techniques are used in combination with 

electrochemical cycling to probe the local and long-range structures of these compounds, 

and their evolution with charge and discharge.  

The occurrence of short-range cation order in Li1.25Nb0.25Mn0.5O2 is reported and 

rationalised based on the principle of electroneutrality, combined with the accommodation 

of Mn Jahn-Teller and Nb second order Jahn-Teller distortions within the material. This 

cation ordering is found to be highly sensitive to the synthesis conditions and to have 

significant implications for the electrochemical performance of the material. It is 

demonstrated that cation order can be both beneficial and detrimental depending on the 

strength and nature of the ordering present. This can be understood by considering the effect 

of order on the 0-TM and 1-TM networks in the structure, which are crucial for Li diffusion. 

Following this, focus is turned toward the Ni-containing analogue of the same family: 

Li1.3Nb0.43Ni0.27O2. Based on the observations for the Mn-containing material, the 

preference for cation order is examined. Little evidence for cation order is observed in the 
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Ni-based system, which can be rationalised based on the relative concentrations of the 

cation species and their charges, which makes cation ordering less viable. The 

electrochemistry of Li1.3Nb0.43Ni0.27O2 is examined and found to demonstrate significant 

voltage hysteresis, purportedly due to O-to-Ni charge transfer on charge. 17O NMR spectra 

of pristine and delithiated LNbNO are examined for signatures of O redox, however the 

spectra are complicated by the incomplete oxidation of Ni to Ni4+, meaning any possible O 

redox signal is obscured by unpaired spin density from Ni. 
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Chapter 1: Introduction 

1.1. The Li-ion battery 

The ever-increasing global demand for energy, coupled with the real and devastating effects 

of global warming, makes the search for viable sustainable energy alternatives and the 

reduction of CO2 emissions top priorities in the global research agenda. In order to limit 

the global average temperature to 1.5°C above pre-industrial levels, as set out in the Paris 

Climate Agreement,1 technology for the conversion of solar, wind and tidal energy—

amongst others—into green electricity must constantly be improved to make them more 

feasible, efficient sources of power. One disadvantage of renewable energy sources 

compared with traditional fossil fuels, however, is that they cannot be relied upon for 

meeting periods of high electrical demand, since their dependence on natural forces makes 

them less controllable. Research into efficient energy storage systems must therefore be a 

priority. 

The current frontrunner in the field of electrochemical energy storage applications is the 

Li-ion battery: a technology which has already proven itself in its application inside the 

array of portable electrical devices available on the market. Li-ion batteries have the highest 

energy density of all commercially available batteries and are consequently the power 

source of choice for devices such as handheld electronics and power tools. The Li-ion 

battery is also the technology of choice for electric vehicles. Both fully electric (EV) and 

hybrid electric vehicles (HEV), if combined with renewable forms of energy generation, 

would further provide a significant reduction in global CO2 emissions.2 

The past few decades have seen a rapid advancement in rechargeable Li-ion battery 

technology, due to the widespread demand for portable electronic devices as well as electric 

vehicles. Significant challenges remain however in the development of Li-ion batteries. 

Primarily, the cost and toxicity of their active materials, limited charge capacities, long 

term stability and safety of operation are areas of improvement which continue to receive 

huge investments of resources.3,4 Finding low-cost, high-capacity materials which contain 

less toxic components is therefore essential to furthering EV technology and the adoption 

of more sustainable ways of living. 
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This Chapter briefly introduces the Li-ion battery, followed by an overview of Li-excess, 

cation-disordered rocksalts: a recently reported family of materials which could disrupt the 

field of commercial battery materials. This thesis is concerned with the study of two 

members of this rapidly growing family: Li1.25Nb0.25Mn0.5O2 and Li1.3Nb0.43Ni0.27O2. 

1.1.1. Li-ion battery fundamentals 

A Li-ion battery consists of three fundamental components: an anode (negative electrode) 

and a cathode (positive electrode) with an electrolyte in-between, as shown in Figure 1.1.5 

During charge, Li+ ions and electrons travel from the cathode to the anode, which is able 

to intercalate the Li (or Li+ + e-) formed. Since Li+ ions and electrons are removed from the 

cathode, the cathode material is correspondingly oxidised. During discharge the reverse 

process occurs. The cathode must contain redox-active species to compensate for this Li 

(de)intercalation, and transition metals are generally the species of choice. The electrolyte 

must be both an ionic conductor (to facilitate the movement of Li+ ions) and an electronic 

insulator, to decouple the movement of ions and electrons. The electrons liberated upon 

oxidation are therefore forced to travel around an external circuit and do work, powering a 

connected device when the battery is discharged. The equilibrium, or open circuit voltage 

𝑉𝑒𝑞 between the cathode and anode (i.e., when no current is flowing) is determined by the 

difference in chemical potential of the Li in the anode and cathode, given by the equation:6 

 𝑉𝑒𝑞 = −
𝜇𝐿𝑖

𝑐𝑎𝑡 − 𝜇𝐿𝑖
𝑎𝑛

𝑒
 (1.1) 

Where 𝜇𝐿𝑖
𝑐𝑎𝑡 =

𝑑𝐺𝑐𝑎𝑡

𝑑𝑁𝐿𝑖
𝑐𝑎𝑡 and 𝜇𝐿𝑖

𝑎𝑛 =
𝑑𝐺𝑎𝑛

𝑑𝑁𝐿𝑖
𝑎𝑛 are the chemical potentials of Li in the cathode and 

anode, 𝐺 is the Gibbs free energy, 𝑁𝐿𝑖 the number of Li atoms, and 𝑒 the elementary charge. 

In molar quantities, this can be rewritten as: 

 𝑉𝑒𝑞 =
−∆𝐺𝑟

°

𝑛𝐹
 (1.2) 

Where ∆𝐺𝑟 is the standard Gibbs free energy change per mole of reaction, 𝐹 is Faraday’s 

constant (96485 Cmol-1) and 𝑛 is the number of electrons liberated.  
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From the knowledge that 

 
𝐸 = 𝐼𝑉𝑡 

 
(1.3) 

Where 𝐸 is energy, 𝐼 is current, 𝑉 is voltage and 𝑡 time, the energy stored in a cell can be 

obtained by the integral: 

 𝐸 = ∫ 𝐼𝑉(𝑡)d𝑡
∆𝑡

0

 (1.4) 

By noting that the current 𝐼 is simply the rate of change of the state of charge, 𝑞, i.e., 𝐼 =

𝑑𝑞
𝑑𝑡

⁄ , this integral can be rewritten as 

 𝐸 = ∫ 𝑉(𝑞)d𝑞
𝑄

0

 (1.5) 

where 𝑞 represents the state of charge and 𝑄 is the total capacity achievable, either per unit 

weight (mAh g-1 or mAh kg-1) or volume (mAh L-1). Therefore, the energy density of a 

material is given by the product of the average voltage 〈𝑉(𝑞)〉 and specific capacity 𝑄(𝐼) 

for a given cycling rate. Hence, a viable cathode material requires a relatively high 

discharge voltage and reversible capacity. Voltages of ~ 4 V (vs a Li metal anode) and 

capacities of over ~ 200 mAhg-1 are desirable for a cathode material. The upper limit of the 

Figure 1.1. Schematic representation of a Li-ion battery, with a LiCoO2 cathode and graphite anode. 

Reproduced with permission from Goodenough et al.5 
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practical voltage range is limited by the voltage window of the electrolyte. The electrolyte, 

commonly LiPF6 dissolved in a mixture of organic solvents such as ethylene carbonate and 

dimethyl carbonate, decomposes at voltages above ~ 5 V.7 

1.1.1.1. The electrolyte voltage window 

From Equation 1.1 it is clear that the anode in a Li-ion battery has a high chemical potential, 

which increases further as Li is intercalated into it. If 𝜇𝑎𝑛 is raised to a level higher than 

the lowest unoccupied molecular orbital (LUMO) of the electrolyte, it will donate electrons 

into the LUMO and thus reduce it—leading to degradation. Conversely, delithiation of the 

cathode lowers its chemical potential as it is oxidised. If 𝜇𝑐𝑎𝑡 drops below the highest 

occupied molecular orbital (HOMO) of the electrolyte, oxidation will occur and lead to 

degradation. Figure 1.2 illustrates this electrolyte voltage window 𝐸𝑔 which limits the 

potentials that can be used in a battery material. 

This window may be extended if the degradation reactions cause the formation of a stable, 

electronically insulating (but Li conducting) interface—the solid-electrolyte interface 

(SEI). This occurs at the beginning of a battery’s lifetime and enables a larger voltage 

window to be employed, a phenomenon which is commonly exploited in Li-ion batteries. 

This process does however lead to some Li being irreversibly lost in the formation of SEI.5 

SEI is normally used to refer to the interface formed on the anode side, which is well 

studied. The interface on the cathode side—referred to as the CEI (cathode-electrolyte 

interface)—is less well understood. 

1.1.1.2. The voltage profile 

Also clear from Equation 1.1 is that the cell voltage is related to the chemical potential of 

Li during cycling. Therefore, the voltage profile of a material as a function of state of charge 

whilst cycling with constant current (galvanostatic cycling) reveals the thermodynamic 

changes which occur on charge and discharge.  

Most rechargeable battery materials have an open framework which acts as a stable host 

into which the mobile guest ion (Li+ in this case) can be inserted and extracted. This 

intercalation and deintercalation can proceed in two main ways, which produce markedly 

different voltage profiles. Insertion and removal of Li+ without dramatically altering the 

crystal structure of the cathode (expansions and contractions are still observed) results in a 
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continuous variation of the Li+ chemical potential with Li+ concentration, and therefore a 

sloping cell voltage. This is known as a solid solution reaction (Figure 1.3, left-hand side). 

Alternatively, insertion/removal of Li+ can cause the nucleation and growth of a second 

phase, the proportion of which increases as more guests are added. In this two-phase 

reaction (Figure 1.3, right-hand side), the composition of the two phases remains 

constant—only the relative amount of each phase varies, and so the Li+ chemical potential 

is constant. Hence, a plateau is observed in the voltage profile for a two-phase reaction. 

1.1.2. The cost of Li-ion batteries 

At present, the limiting factor in the energy density that can be provided by commercial Li-

ion batteries is the positive electrode—the cathode. The cathode is also the most expensive 

cell component. It is estimated that between 50 and 80% of the production cost of Li-ion 

batteries is associated with materials, and up to 50% of this cost is ascribed to the cathode 

active material.8 The majority of commercial cathodes contain Co, which is much more 

expensive than other 3𝑑 transition metals such as Ni (~ 10 times cheaper than Co) and Mn 

(~ 40 times cheaper than Co), due to the lower natural abundance of Co in the Earth’s crust.9 

The price of Co is also volatile for geopolitical reasons.10 

Figure 1.2. Relative energies of the electrolyte window 𝐸𝑔, which is extended by the formation of SEI and 

CEI interfaces at the anode and cathode respectively, and the electrode chemical potentials 𝜇𝑎𝑛 and 𝜇𝑐𝑎𝑡. The 

single-headed arrows illustrate how the anode (red) and cathode (blue) energies vary on charging: the anode 

is reduced and so is raised in energy; the cathode is oxidised and so its energy is lowered. It is evident that at 

these higher potentials, electrolyte degradation is more likely. Adapted with permission from Goodenough et 

al.5 
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In addition, Co is toxic, posing issues over battery safety and requiring labour intensive 

recycling procedures at the end of a battery’s life to avoid environmental contamination.11 

Mn, by comparison, is much less toxic.12 Hence, a great deal of effort is currently focussed 

on the developments of new, improved and cheaper cathode materials, understanding the 

mechanisms involved in charge and discharge and overcoming issues which prevent or 

hinder their effectivity for commercial implementation.  

Of course, mass production of any transition metal for use in batteries has its own specific 

issues associated with it, and detailed analysis of environmental, social and governance 

(ESG) factors in each case is required. For example, efforts in recent years to reduce the 

amount of Co in battery materials has led to a shift towards more Ni-rich chemistries. The 

increased amounts of Ni required however comes with issues such as the release of harmful 

SOx gases. Battery chemistries which focus on Ti, Mn and Fe offer possible improvements 

in terms of both socioeconomic and environmental impact, and as such are attractive areas 

for future research.13,14 

As well as Ni and Mn, the materials studied in this thesis contain Nb (as discussed in 

Sections 1.3 and 1.6). The production of Nb has not yet been subjected to the rigorous 

analysis of ESG factors which most elements in commercial battery materials have 

received,13 and its natural abundance is hardly greater than that of Co.14 There are also 

concerns of environmental contamination around Nb mines in Brazil—which is estimated 

to have 93% of the world’s Nb reserves.15,16 This therefore makes the replacement of Co 

Figure 1.3. Schematic representation of deintercalation of a guest species from a host structure either by a 

solid solution (left) or two phase reaction (right), and the expected voltage profile for each case. For a two 

phase regime the newly formed phase can be either ordered or disordered. 
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with Nb problematic. While this could pose issues were Nb-based cathode materials to be 

scaled up for mass production in commercial batteries, these materials are far away from 

any possible commercialisation stage, and this hypothetical scenario should not preclude 

the materials being investigated and further characterised. Furthermore, there is scope for 

Nb5+ to be replaced with a different d0 species such as Ti4+, which is much more abundant, 

cheaper and less problematic from an ESG perspective.14 

1.2. Layered cathode materials for Li-ion batteries 

Most commercial cathode materials for Li-ion batteries are stoichiometric layered oxides, 

with formula LiTMO2. The archetypal cathode materials for Li-ion batteries is the layered 

rocksalt LiCoO2 (LCO, Figure 1.4a): proposed as a cathode material by the Goodenough 

group in 1980 and launched commercially by SONY in 1991.17  

On charge, Li+ ions are extracted from the structure, leaving Li1-xCoO2 and oxidising Co 

from Co3+ to Co4+ over several voltage plateaus around 4 V. In theory, a capacity of 

272 mAhg-1 is possible, assuming complete Li removal (x = 0 to 1). However in practice, 

LCO has a maximum achievable capacity of approximately 140 mAhg-1. Cycling beyond 

Li1-xCoO2 (x > 0.5) leads to structural transformations coupled with the release of O2 gas 

and heat. This can lead to fires at high-enough temperatures (~ 150°C) and hence poses a 

significant safety risk.18–20 This limited capacity restricts the use of LCO for applications 

such as electric vehicles, where a greater power density is required.21,22 The use of Co is 

also far from ideal due to its high cost and toxicity, as discussed above. 

LiCoO2 crystallises into a structure analogous to α-NaFeO2 with space group 𝑅3̅𝑚, 

consisting of a cubic close packed (ccp) array of O2- ions with the metal ions occupying 

octahedral sites in the O lattice (Figure 1.4a). Compounds with this basic framework are 

commonly termed rocksalts, after the isostructural NaCl, which has a ccp array of Cl- with 

Na+ in the octahedral sites. In LiCoO2 the Li+, Co3+ and O2- ions form alternating layers 

along the c-axis of the structure, resulting in alternate layers of LiO6 and CoO6 octahedra. 

This layered structure is common to most current commercial layered oxide cathode 

materials—for example LiNi1-y-zMnyCozO2 (NMC) and LiNi1-y-zCoyAlzO2 (NCA), where 

some Co in the TM layer is substituted for other metals (Figure 1.4b).23–27 NMC-type 

cathodes currently dominate most of the Li-ion battery market.  
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While incremental increases in the capacity of these commercial materials continue to be 

made,28,29 such improvements are becoming increasingly difficult. The achievable 

capacities of these systems are limited (to ~ 200 mAhg-1) by the amount of available Li (1 

mole per transition metal) and redox centres (Ni2+, Mn4+ and Co3+) within the structure. 

Moreover, the positions of the redox-active energy levels relative to the O 2𝑝 band need to 

Figure 1.4. Diagrams showing the crystal structures of (a) conventional layered (ordered) rocksalt LiCoO2, 

(b) layered cathode material LiNi0.33Mn0.33Co0.33O2 and (c) the same unit cell for a disordered rocksalt material 

(here the composition Li1.25Nb0.25Mn0.5O2 is shown). (d) depicts the cubic unit cell with 𝐹𝑚3̅𝑚 symmetry, 

which can be used to describe a disordered rocksalt, with a statistical occupancy of the constituent atoms on 

the cation (4b) site. The black dashed line shows the unit cell—in (d) only a single unit cell is shown. 
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be carefully controlled to prevent oxygen evolution reactions. As the TM in the structure is 

oxidised upon charge, its 𝑑 orbitals drop in energy. If the 𝑑 orbital energy becomes 

comparable to that of the O valence bands, O2- is oxidised and oxygen evolution occurs. To 

prevent this oxygen release from the cathode, the occurrence of high-valence states such as 

Co4+ and Ni4+ during the charging process should be avoided where possible, and replaced 

with earlier transition metal ions such as Mn4+ which are less susceptible to O2 evolution.6 

One set of materials which can offer significantly larger practical capacities are the Li-

excess layered oxides such as the family of materials with formula yLi2MnO3•(1-y)LiTMO2 

(TM = Co, Ni, Mn).30 Here, the term Li-excess refers to the fact that they contain a Li : TM 

ratio which is greater than 1:1. These compounds adopt a layered rocksalt structure (Figure 

1.4a and b) analogous to that of conventional layered oxides LiTMO2, but with excess Li 

incorporated into the transition metal (TM) layer. Such materials have several benefits over 

conventional, commercial cathode materials. Firstly, they contain a greater ratio of Li to 

TM—meaning more Li can be extracted, giving larger capacities. In addition, it has been 

demonstrated that on first charge (Li extraction) in these systems, very large capacities 

(> 300 mAhg-1) can be obtained through both conventional cationic redox (i.e., Ni2+ - Ni4+) 

and anionic redox—which involves oxidation of O2- (Section 1.5).31–35  

Unfortunately, as well as exhibiting anionic redox, these Li-excess layered systems have 

been limited in their potential for commercialisation because of capacity losses after first 

charge—caused by irreversible structural changes. Phase transitions from the layered 

structure to that of the spinel (LiTM2O4) and rocksalt (TMO) phases have been proposed 

to occur at the surface of the particle, in addition to shearing and fracturing of surface 

layers.36 These transformations are thought to be linked to gaseous O2 release which occurs 

in ordered rocksalt phases, causing a deterioration in electrochemical performance over 

several cycles. 

1.3. Cation disorder 

The conventional cathode materials discussed above exhibit ordering of the Li and TM 

species into distinct layers within the crystal structure. This thesis is concerned with cation 

disordered rocksalt cathode materials, in which Li and TM ions occupy a single site within 

the close packed oxide lattice (Figure 1.4c), in a statistical ratio determined by the 

material’s stoichiometry. This results, for a truly disordered rocksalt, in a structure which 

can be described by a simple cubic NaCl unit cell, with 𝐹𝑚3̅𝑚 symmetry (Figure 1.4d). 
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Cation disorder has historically been avoided, due to the general belief that Li diffusion is 

too slow in these materials to make them viable cathode components.37 Recently however, 

demonstration of a large and reversible capacity in Li1.211Mo0.467Cr0.3O2, which is 

synthesised with a layered structure but quickly disorders after several cycles, has rekindled 

interest in this class of materials.38 The feasibility of disordered rocksalt cathodes has since 

been demonstrated by a substantial number of both theoretical and experimental studies.39–

51 

This is a significant development. The main reason that Ni, Co and Mn (specifically Mn4+) 

are the transition metals of choice in commercial battery materials is that these form 

relatively stable layered structures, with little cation migration to the Li sites as Li is 

extracted.52 This however makes the Li-ion battery industry reliant on Co and Ni which, as 

discussed above (Section 1.1.2), are expensive due to their relatively low natural 

abundance. Clément et al. calculate that when the Li-ion battery industry grows to an 

annual production of 1 TW h, the amount of Co/Ni required will far surpass annual Co 

production, and account for approximately half the annual Ni production in the world.14 

Breaking free from a reliance on Co in particular is therefore an important next-step in the 

development of Li-ion battery technology. Cation disordered rocksalts present a vast phase 

space in which cathode materials can be designed, potentially allowing the industry to break 

free from Co reliance. 

An additional benefit of disordered rocksalts is that, rather than leading to performance 

degradation, cation disorder generally results in small, isotropic volume changes with 

electrochemical cycling. This can help to prevent structural degradation, leading to 

improved reversible capacity retention over repeated charge/discharge cycles. Lee et al. 

have proposed that disorder between the Li and TM sites in the rocksalt lattice (Figure 1.4c) 

confers a greater degree of structural stability to Li-excess materials over extended cycling, 

with such phases showing less deterioration in electrochemical performance, as well as 

enhanced anionic redox (Section 1.5) and Li-ion transport (Section 1.3.2.1).38 With respect 

to the improved structural stability, it has been suggested that the rigid, three-dimensional 

framework of the disordered rocksalt structure helps to prevent O2 evolution from the 

system, since in the charged state it contains no empty Li galleries (or Van der Waals gaps) 

preventing O transport to the surface.21  
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This section discusses the fundamentals of cation disordered rocksalts, introducing 

concepts which are relevant to this work. A comprehensive overview of disordered rocksalt 

cathode materials can be found in the review by Clément et al..14 

1.3.1. The energetics of cation disorder 

The balance between order and disorder in a material is balance between the enthalpic 

penalty (∆𝐻) of disordering and the energetic gain (−𝑇∆𝑆) from increasing the system’s 

configurational entropy.53,54 The cation-disordered structure is never the low-temperature 

form for a given composition: enthalpically, a more favourable system will be possible in 

which the distortions associated with the constituent elements are accommodated in an 

ordered way. A cation-disordered structure is however a high temperature form, achievable 

by tipping the energetic balance in favour of entropy. The temperature at which the ∆𝐻 

term is overcome by −𝑇∆𝑆 depends on the ability of a system to accommodate such 

disorder and can be unattainably high for some stoichiometries. For example, the 

hypothetical disordering temperature for LiCoO2 has been estimated at approximately 

5000 K: well beyond the material’s melting temperature.55 This is because cation disorder 

in LCO would require accommodating Co3+ (t2g
6) in distorted octahedra, the energetic cost 

of which is huge because of the maximum ligand field stabilisation energy (LFSE) of CoO6 

octahedra. Hence separation of LiO6 and CoO6 octahedra into the ordered, layered structure 

observed experimentally is much more favourable. 

The ease with which a material can cation disorder is therefore reflective of the enthalpy 

cost associated with distorting the octahedra around various cations. The intermixing of 

different ionic sizes and charges creates local octahedral distortions, which must be 

accommodated to some extent by neighbouring (edge-sharing) octahedra. This helps to 

explain the observation that the overwhelming majority of cation disordered rocksalts have 

two features in common: they are Li-excess materials and they contain a redox-inactive 𝑑0 

transition metal—most commonly Ti4+,56–62 V5+,63,64 Nb5+,40,46–48,65,66 or Mo6+.38,42–45  

With no valence electrons, these 𝑑0 species are relatively insensitive to octahedral 

distortions, and so can accommodate variations in the structure at the lowest energy cost. 

Urban et al. demonstrated this by using density functional theory to evaluate the energy 

cost of M3+O6 octahedral distortion modes in LiMO2 materials—showing that 𝑑0 cations 

can tolerate such distortions even for large cation size difference, while 𝑑6 ions are strongly 

destabilised in the same sites.67 Further to this, in some cases 𝑑0 species will even 
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preferentially distort off their lattice positions, favouring a second order Jahn-Teller 

interaction to lower the overall energy (Section 1.4). Hence, 𝑑0 ions can occupy the more 

distorted octahedra in a structure, leaving the redox-active species which contains 𝑑 

electrons—and which will often therefore have a stronger preference for octahedral 

coordination to maximise LFSE—to occupy the less distorted sites.  

An additional 𝑑0 cation (as well as Li+) is by no means a requirement for cation disorder, 

and several materials with no 𝑑0 TM species have been reported.37,68–70 However these are 

beyond the scope of this work. The materials discussed in this thesis belong to the family 

of intergrowths of the parent compounds Li3NbO4 and either LiTMO2 or TMO (Section 

1.6).40 Hence, they contain the 𝑑0 species Nb5+, which acts to stabilise the disordered 

rocksalt form. 

1.3.2. Effect of disorder on electrochemistry 

The possibility of using disordered rocksalts in Li-ion cathodes presents interesting new 

challenges and opportunities, since their disorder gives them radically different properties 

to those of ordered compounds. These are discussed herein. 

1.3.2.1. Li+ ion mobility 

In Li-TM-O cathode materials, Li+ ions hop between adjacent octahedral (o) sites via an 

intermediate tetrahedral (t) interstice, referred to as o-t-o diffusion from herein. The energy 

barriers associated with o-t-o hopping are crucial to long-range Li-ion conductivity.71,72 

It has been shown that the nature of the intermediate tetrahedral (Td) site, which shares each 

of its four faces with a neighbouring MO6 octahedron, has a strong impact on the barrier to 

Li diffusion. In an Li-TM oxide, five different types of tetrahedral site are possible—

differentiated by the number of neighbouring TM ions: 0-TM, 1-TM, 2-TM, 3-TM and 4-

TM. For Li+ diffusion, two faces need to be shared with Li octahedra (one filled and one 

vacant), ruling out 3- and 4-TM tetrahedra straight away. Of the remaining possibilities, 

both the number of TM neighbours and the size of the Td site need to be considered to 

evaluate the relative ease of Li diffusion. 2-TM channels, for example, are widely agreed 

to be uninvolved in Li diffusion, regardless of structure type. This is due to the strong 

electrostatic repulsion experienced by a Li+ sat in a Td site with two TM neighbours, 

resulting in a high migration barrier. 
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In layered materials LiTMO2 and Li1+xTM1-xO2, only 3-TM and 1-TM tetrahedra exist—in 

the TM and Li layers respectively. 3-TM tetrahedra are not involved in Li diffusion, and so 

Li mobility is wholly through the networks of 1-TM Td sites in the Li layers. Van der Ven 

et al. showed that in such layered materials, the energy barrier for a Li hop into a 

neighbouring vacancy (via a 1-TM site) is much lower when the fourth face-sharing 

octahedral site is also empty: that is, a di-vacancy mechanism (Figure 1.5a and b). The 

energy barrier is also sensitive to the height of the tetrahedron: after ~ 50% Li extraction, 

the layer spacing begins to decrease with increasing delithiation, leading to an increase in 

the activation barrier.71 Li diffusion in other ordered rocksalts can be appraised in a similar 

way. For example, the 𝛾-LiFeO2 structure contains only 2-TM environments, and as such, 

displays no reversible Li deintercalation.72 

In disordered rocksalts, all five types of tetrahedra (0-TM, 1-TM etc…) are theoretically 

possible (Figure 1.5c), but in Li-excess materials 0-TM, 1-TM and 2-TM predominate due 

to the stoichiometry. Cation mixing between Li and TM layers results in a reduction in the 

slab spacing (i.e., the distance between close-packed O layers), which leads to significantly 

smaller average tetrahedron heights in disordered materials compared to layered materials. 

Lee et al. computed the migration barriers for 1-TM and 0-TM channels as a function of 

average tetrahedron height in model disordered Li2MoO3 and LiCrO2 structures. The 

authors demonstrated that, for the tetrahedral heights typical in disordered rocksalt systems, 

this leads to barriers of ~ 500 meV for 1-TM Li hops (Figure 1.5d) in disordered rocksalts, 

compared with ~ 300 meV in layered structures, therefore making 1-TM migration much 

less facile with disorder. However, the authors also demonstrate that 0-TM diffusion in 

these materials is relatively insensitive to the average tetrahedron height, remaining below 

~ 300 meV even for small tetrahedra.38 Li can therefore readily diffuse via 0-TM sites in 

disordered rocksalts.  

In order for low-energy diffusion barriers to translate into macroscopic Li-ion conductivity 

in a particle, these 0-TM sites must be sufficiently interconnected throughout particles to 

form 0-TM pathways. In layered structures, percolation of low-energy 1-TM diffusion 

pathways is obvious. In disordered rocksalts, environments are distributed in a statistical 

way, and hence there is no guarantee that 0-TM pathways are interconnected. Increasing 

the concentration of Li increases the occurrence of 0-TM tetrahedra, therefore increasing 

the likelihood of percolation, however this comes at the expense of the redox-active TM 
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species, reducing the available TM capacity. Hence, a balance between Li-excess and 

(redox-active) TM content needs to be struck. 

Using percolation theory, and through Monte Carlo simulations, Urban et al. were able to 

demonstrate that a completely cation-disordered rocksalt can sustain long-range 0-TM Li+ 

Figure 1.5. Diagrams illustrating o-t-o Li diffusion in Li TM oxides. (a) Diffusion pathways available to Li 

in layered structures: 1-TM and 3-TM, of which only 1-TM are active. (b) shows the energy barriers 

associated with  isolated vacancy hops (green, top) and di-vacancy hops (red, bottom). An isolated vacancy 

hop is much higher in energy due to the electrostatic repulsion between a Td Li and a face sharing octahedral 

Li. (c) In disordered rocksalts all five types of tetrahedra are possible. However only 0-TM and (in some 

cases) 1-TM channels are responsible for Li conduction. This depends on the migration barrier, which in turn 

is highly dependent on the height of the tetrahedral site—as shown in (d). (d) compares the calculated Li 

migration barriers along 1-TM channels with one Mo4+ (red squares) or Cr3+ (blue triangles) neighbour, 

against 0-TM channels (black circles). Error bars represent standard deviations. Reproduced with permission 

from Clement et al.14 and Van der Ven et al.71 (a-c) and Lee et al. (d).38  
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diffusion with Li in 10% Li-excess (Li1.1TM0.9O2). Moreover, approximately 26% Li-

excess is required in order for 1 Li per formula unit to be extractable. Therefore cation 

disorder needs to be coupled with Li-excess in order to yield a viable cathode material, with 

compositions close to Li1.25TM0.75O2 being common.72 Urban et al.’s study (discussed 

further in Section 1.3.2.3) also explains why cation disorder without Li-excess has long 

been ignored for fears of poor Li diffusion: for stoichiometric LiTMO2, cation disorder 

results in a structure which falls below the 0-TM percolation threshold, meaning Li 

diffusion is indeed poor in these materials. 

1.3.2.2. Voltage profile 

As discussed in Section 1.1.1.2, the voltage profile reflects the chemical potential of the Li 

being extracted/inserted. In ordered materials, the voltage slope is determined by the degree 

of electrostatic repulsion between Li+ cations. In layered oxide structures, there is a strong 

screening of most of this repulsion by oxide ions, and hence the voltage slope is relatively 

small, most of the capacity being delivered within a ~ 1 V window.73,74  

By changing the distribution of Li local environments, cation disorder significantly alters 

the voltage profile compared with an ordered material. Abdellahi et al. used first principles 

modelling on the first-row LiTMO2 materials to demonstrate that the greater number of 

possible Li local environments associated with a statistical cation distribution results in 

much larger slopes experimentally (Figure 1.6a). The authors found that the degree to 

which the voltage slope is increased was found to vary significantly depending on the 

nature of the TM species, and is mitigated to some degree if short-range cation order 

(discussed below in Section 1.3.2.3) is present in the material.75 

A further symptom of cation disorder is the formation of stabilised tetrahedral Li, which is 

responsible for creating a certain amount of inaccessible capacity at the end of charge. 

Tetrahedral Li (Figure 1.6b) are destabilised by neighbouring TM ions—and hence are not 

possible in layered compounds—but in disordered materials, an abundance of 0-TM 

tetrahedra exist which can accommodate Li. At the beginning of charge, migration of Li 

from octahedral sites to these stable tetrahedral sites is responsible for a slight lowering of 

the voltage (as less energy is needed to extract Td Li) but at the end of charge, stabilised 

tetrahedral Li increases the extraction voltage (Figure 1.6c). This contributes to the 

increased slope observed in the voltage profile of disordered materials. As well as this, the 

voltage increase at the end of charge renders some Li inert to extraction below the voltage 
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limit, reducing the maximum achievable capacity. For more ordered materials a reduced 

fraction of tetrahedral Li is expected, as fewer low energy 0-TM tetrahedra exist within the 

structure. Hence the presence of short-range cation order is expected to lead to greater 

experimental capacities.14,75,76 

1.3.2.3. Short-range cation order 

The above discussion of disordered rocksalt materials assumes complete disorder. In other 

words: a fully random arrangement of cations, the probability of a cation to occupy a certain 

site being given purely by the molar ratio of that species, with no influence from the nature 

of the cations occupying neighbouring sites. In reality, energetic preferences—favouring 

the close proximity of some species and the separation of others—will mean that the nature 

of these neighbouring cations will influence the occupancy of a site. These interactions can 

be both elastic and electrostatic in nature, giving an enthalpic preference for two species to 

occupy neighbouring sites. For instance, a specific arrangement of ions could be favoured 

in order to alleviate lattice strain through complementary distortions, or to facilitate a more 

even distribution of charge throughout the structure. Such short-range correlations can give 

rise to short-range cation order in ‘disordered’ rocksalts, rendering the statistical 

description of cation occupancy inaccurate.   

Short-range order (SRO) is an equilibrium phenomenon above the order-disorder transition 

temperature, with a truly random state only expected at ‘infinite’ temperature—and has 

been studied extensively in metallic alloys.77,78 SRO is distinct from partially formed long-

range order, which forms during the synthesis of a material as it cools below its order-

disorder transition temperature. This synthesis dependence means for example that partial 

ordering can more easily be tuned within a structure by modifying the synthesis conditions. 

Figure 1.6. The effect of cation disorder on the voltage profile of a Li TM oxide. (a) The greater range of Li 

environments present leads to a variety of Li extraction potentials, leading to an increased voltage slope. (b) 

and (c) On Li extraction, when all face-sharing octahedral sites are vacant, the possible migration of Li into 

stable tetrahedral sites in 0-TM channels (b) leads to a voltage increase at the end of charge (c) and a greater 

increase in the voltage slope. Adapted with permission from Abdellahi et al.75  
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However, for the purposes of disordered rocksalt cathode materials the effects of both 

phenomena are the same. 

Mather et al. have summarised the variety of ordered structures possible in rocksalt oxides 

when two or more elements occupy the cation site: Figure 1.7 depicts the most common 

arrangements for LiTMO2, but more are possible.79 Given such structural diversity, it is 

highly likely that many ordering regimes are possible, depending on stoichiometry, cation 

charges and synthesis conditions.  

Recently, several reports have observed short-range cation order in nominally disordered 

rocksalt materials.50,80–83 Such ordering is likely to impact on the Li transport properties in 

these materials, and so a full understanding of the nature of this ordering is vital. Kan et al., 

for example, proposed the presence of SRO in LixNb0.3Mn0.4O2, with the formation of Nb-

rich O sites (i.e., ONb6 and ONb5Mn configurations) based on bond valence sum (BVS) 

calculations. If present, this local structure would perturb the percolating Li diffusion 

network.80 

Ji et al. report SRO in two other nominally disordered rocksalts, Li1.2Mn0.4Ti0.4O2 (LMTO) 

and Li1.2Mn0.4Zr0.4O2 (LMZO), as taking the form of ‘cubic α-LiFeO2 units’ and tetrahedral 

cation clusters, respectively. The authors estimate this order to have a correlation length of 

less than 10 Å—meaning that beyond ~ 2.5 unit cells, memory of cation order is lost. As 

the authors report, even at these small lengthscales the ordering has significant implications 

for a material’s electrochemical performance. Both LMTO and LMZO have the same Li 

and Mn content, and the same concentration of 𝑑0 species (Ti4+ and Zr4+), however the Ti-

containing material can reversibly (de)intercalate ~ 52% more Li compared with the Zr-

analogue (0.79 eq. Li vs 0.52 eq. Li respectively). This is due to the ordering in each 

material. Both materials exhibit fewer 0-TM channels compared with a completely 

disordered structure, however this is particularly pronounced in LMZO, which displays 

stronger ordering and consequently a greater reduction in percolating 0-TM networks.50 
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Ji et al. used DFT with a cluster expansion method to model SRO in a variety of 

Li1.2M
I
aM

II
bO2 structures (for MI = Mn2+, Mn3+, V3+, Co2+ Ni2+ and 𝑑0 MII = Ti4+, Zr4+, 

Nb5+ and Mo6+). From their findings, they propose that small 𝑑0 MII species (such as Ti4+, 

Nb5+ and Mo6+) lead to more favourable percolation properties. They rationalise this on the 

basis that with these smaller cations, SRO favours Li segregation which better preserves 0-

TM percolation.50 

In the above study, cation order is found to be detrimental to Li-ion conductivity. Short-

range cation ordering can also be beneficial to Li diffusion, however. In a separate work, 

Ji et al. found that spinel-like short-range cation order in partially ordered Li-Mn-O-F 

systems created a robust percolation of low-barrier Li migration channels.84 This can be 

understood by returning to Urban et al.’s study mentioned above (Section 1.3.2.1).72 The 

authors used Monte Carlo simulations to investigate the impact of cation disorder and Li 

content on percolation of 0-TM channels in the common LixTM2-xO2 structure types: 

layered, spinel-like and 𝛾-LiFeO2 (shown in Figure 1.7). For each structure, they calculated 

the critical concentration 𝑥𝑐 of Li necessary to achieve 0-TM percolation, as well as the 

concentration required to extract 1 Li per formula unit (f.u.) in each structure, as a function 

of cation mixing. They repeated this for levels of Li-excess between 𝑥 = 0.6 − 1.4.  

Urban et al.’s study was designed to demonstrate the effect cation disorder has within an 

ordered material, but their findings can also be used to understand the effect of a certain 

type of ordering within a disordered structure. Their results (Figure 1.8) clearly show that 

spinel-like ordering (shown in c) is ideal for 0-TM percolation: the completely ordered 

Figure 1.7. The four most common rocksalt-type Li TM oxide crystal structures. Large empty circles indicate 

O sites, small gray and black filled circles represent Li and TM ions respectively. Reproduced with permission 

from Urban et al.72  
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structure has the lowest 𝑥𝑐 (0.77 for percolation; 1.02 for 1 Li per f.u.). This is because the 

spinel-like structure naturally contains percolating 0-TM channels, even without Li-excess. 

Cation mixing in the spinel structure disrupts these networks and therefore leads to an 

increase in the critical concentrations.  

For the layered structure (Figure 1.8b), the effects of cation disordering are less severe. The 

minimum value of 𝑥𝑐 for percolation (~ 1.05) is attained for ~ 50% cation mixing, while 

for 1 Li per f.u. extraction a minimum of ~ 25% cation mixing and approximately 25% Li-

excess is required. The maximum value of Li-excess required for percolation (𝑥𝑐 ~ 1.15) 

occurs for the completely layered form with 0% cation mixing (since the model assumes 

only 0-TM channels are active). From Figure 1.8b it can clearly be seen that a 

stoichiometric (0% Li-excess) layered material falls short of the threshold for percolation, 

regardless of the level of cation mixing. 

Figure 1.8. Critical Li concentrations (𝑥𝑐) for 0-TM Li percolation (a) and (b-d) for one Li per formula unit 

to be accessible via 0-TM channels as a function of overall Li content and the degree of cation mixing in the 

three cation-ordered phases depicted in Figure 1.7. Compositions which fall to the left of the thick black 

contour lines (𝑥𝑐) are not 0-TM percolating. Thin lines indicate the compositions at which 1 Li per f.u. 

becomes 0-TM accessible. Reproduced with permission from Urban et al.72  
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By far the worst ordering type for Li diffusion is the 𝛾-LiFeO2 structure. As mentioned 

above, stoichiometric 𝛾-LiFeO2 contains entirely 2-TM channels, and hence the fully 

ordered structure has the highest required Li concentrations for percolation: 𝑥𝑐 = 1.33, with 

𝑥𝑐 = 1.417 needed for access to 1 Li per f.u. Hence, partial 𝛾-LiFeO2-type ordering in 

disordered rocksalts is likely to result in a significant worsening of electrochemical 

performance. 

The above discussion demonstrates that short-range order can be beneficial or detrimental 

to electrochemical performance, depending on the nature and the strength of the 

correlations present. The existence of cation-order within disordered rocksalts therefore 

requires further study if such compounds are ever to compete with ordered, commercial Li-

ion cathode materials. 

1.4. Jahn-Teller and second order Jahn-Teller distortions 

For the materials studied in this thesis, the phenomena of Jahn-Teller (JT) and second order 

Jahn-Teller (SOJT) distortions need to be considered, and so a brief overview of the two 

interactions is provided here. 

The JT effect describes the distortion of a chemical structure in order to remove an orbital 

degeneracy and lower the energy of a system via a mixing of states (Figure 1.9a). The 

electronic occupancy of the states in the resulting distorted structure leads to an overall 

lowering of the total energy of the system compared to the non-distorted structure. The 

archetypal JT distortion is that of octahedrally coordinated TM ions with partial occupation 

of either the t2g or eg* states, such as Mn3+ (t2g
3eg*

1), Ni3+ (t2g
6eg*

1) or Cu2+ (t2g
6eg*

3). A JT 

distortion occurs, generally resulting in an elongation along one C4 axis to give two 

lengthened and four shortened TM—O bonds—i.e., an elongation of the 𝑑𝑧2 orbital and 

contraction of the 𝑑𝑥2−𝑦2. When ordered along a particular direction throughout a material, 

cooperative JT distortions can lower the symmetry of a structure. 

The impact of Jahn-Teller distortions on a cathode material’s electrochemical performance 

are complex and varied. In stoichiometric Li-Mn oxides such as LiMnO2 and LiMn2O4, 

Jahn-Teller distortions is problematic for their long-term cyclability, causing large lattice 

changes and hence inducing greater amounts of mechanical stress, structural distortions 

and particle cracking, as well as limiting Li diffusion.6,8,85–87 This is one of the reasons 

commercial layered battery materials avoid utilising Mn3+/4+ redox, by combining Mn with 
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other TMs such as Ni and Co, which provide the redox activity (while Mn remains in the 

+4 oxidation state, t2g
3eg*

0, and is thus JT-inactive).6,88  

From an electronic perspective, a JT distortion is responsible for a lowering of the energy 

of occupied TM electronic states, reducing the band gap between vacant or partially 

occupied TM states and filled O states. This can lead to a reordering of the TM and O redox 

processes on charge, and can be crucial in determining the impact on material’s 

electrochemical behaviour. 44,89 Such an effect has been well documented by Jacquet et al. 

for the disordered rocksalt systems Li1.3Ta0.43Ni0.27O2 and Li1.3Ta0.4Mn0.4O2 and is 

discussed more in Chapter 5 (Sections 5.2 and 5.4.3).90 

Similar to the JT effect, a SOJT distortion (Figure 1.9b) is a structural distortion allowing 

the splitting of two near-degenerate (or quasi-degenerate) states—one filled and one 

Figure 1.9. Schematics illustrating Jahn-Teller (a) and second order Jahn-Teller (b) distortions. 
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empty—which results in a lowering of the overall energy of the system. In the case of 

octahedrally coordinated 𝑑0 cations such as Nb5+, the weakly antibonding empty t2g 

(predominantly TM in character) states mix with the bonding t1u filled (predominantly O) 

states, lowering the energy of the filled orbital (denoted 𝜑1) and raising the energy of the 

empty orbital (𝜑2). This mixing is facilitated by breaking the local octahedral site symmetry 

through the displacement of the metal atom along either the C4 or C3 axis of the 

octahedron.91,92 𝑑0 cations are therefore prone to off-centring from their lattice position.93 

In a separate work by Jacquet et al., the authors demonstrate through a combined 

experimental and theoretical approach that the ordered structures adopted by Li3TaO4 and 

Li3NbO4 are strongly influenced by the SOJT distortions of the 𝑑0 species.91 

1.5. Oxygen Redox 

The specific capacity of a cathode for a Li-ion battery is generally limited by the number 

of electrons per TM cation that can reversibly participate in redox. Excess Li in a cathode 

material is useless without a reversible redox couple which can compensate for Li 

extraction/insertion. However, the dependence on the TM as the only redox centre in these 

materials is being challenged by the discovery of reversible O redox in some Li-excess 

cathode materials—both ordered43,94–100 and disordered40,44,46,61,65,101,102. 

Charge compensation through anionic redox is by no means a new concept, and has been 

known to occur in sulfides such as LixFeS2 (0.2 ≤ x ≤ 2) as far back as 1987.103,104 The 2𝑝 

orbitals of O are more contracted and lower in energy than the 3𝑝 orbitals of sulfur, 

however, and so O2- is a comparatively harder and less polarisable ion than S2-. While this 

makes O redox more unlikely than S redox, it also makes O redox much more desirable: 

the larger voltage window vs. Li offers greatly increased energy densities for oxide cathode 

materials compared with sulfides. 

The possibility of charge compensation being achieved via anionic redox in oxide battery 

materials was first proposed by Yoon et al., based on X-ray absorption spectroscopy (XAS) 

on Li1-xCoO2 and Li1-xCo1/3Ni1/3Mn1/3O2.
94,105 O redox was then reported by Koga et al. and 

Sathiya et al. for Li-excess materials Li1.20Mn0.54Co0.13Ni0.13O2 and Li2Ru1-ySnyO3, where 

the enhanced capacities were explained by the reversible oxidation of O2- to peroxo-like 

(O2)
n- species.95–97,106,107 Evidence in support of O redox has subsequently been proposed, 

during the electrochemical cycling of a number of other compounds such as β-Li2IrO3, 

Li4FeSbO6 and Li3NbO4 and its intergrowth with LiMnO2, Li1.25Nb0.25Mn0.5O2.
40,108,109 O 
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redox is crucial to the increased capacities demonstrated by Li-excess materials, and so 

understanding the nature of this phenomenon is essential to the development of new and 

improved cathode materials.  

1.5.1. The nature of O redox 

1.5.1.1. The electronic structure 

O redox can be understood by considering orbital overlap. In a typical molecular orbital 

(MO) diagram for a stoichiometric layered 3𝑑 LiTMO2 material (Figure 1.10a and b), 

overlap of the TM 4𝑠, 4𝑝 and 𝑑𝑧2 and 𝑑𝑥2−𝑦2 orbitals with O 2𝑝 orbitals forms 𝑎1𝑔, 𝑒𝑔 and 

𝑡1𝑢 MOs which are bonding and predominantly O in character, and  𝑎1𝑔
∗, 𝑒𝑔

∗ and 𝑡1𝑢
∗ 

MOs which are antibonding and predominantly TM in character. The 𝑡2𝑔 orbitals (𝑑𝑥𝑦, 𝑑𝑥𝑧 

and 𝑑𝑦𝑧) remain approximately non-bonding due to poor overlap with the O 2𝑝 orbitals. 

The splitting is reasonably large because of the relatively close energy match between the 

TM 3𝑑 and the O 2𝑝 orbitals. The Fermi level lies between the 𝑡2𝑔 and 𝑒𝑔
∗ orbitals, and so 

these are the orbitals which are depopulated on delithiation, corresponding to TM 

oxidation. 

Such is the case for a stoichiometric, layered oxide. However, O 2𝑝 orbitals which lie along 

linear Li—O—Li linkages (Figure 1.10c) do not hybridise significantly with Li orbitals, 

due to the large orbital energy difference between the Li 2𝑠 and O 2𝑝. Hence, introducing 

Li-excess and/or cation disorder into the system leads to unhybridised O 2p states at an 

energy close to the Fermi level (Figure 1.10d), with a density of states proportional to the 

number of Li—O—Li units present. A recent work by Hong et al. has demonstrated that 

vacancies have a similar effect.110 

In short, then, these linear Li—O—Li units, present in the structure by means of both the 

cation disorder and the greater Li : TM ratio (Figure 1.10c), are responsible for increased 

O redox activity. In a first principles study, Seo et al. demonstrated that such linkages lead 

to unhybridized, or ‘orphaned’, O 2p states (Figure 1.10d) which are much higher in energy 

than the hybridised, bonding O 2p states which exist along Li—O—TM configurations 

(Figure 1.10a and b). The authors’ ab initio density functional theory (DFT) calculations 

on layered LiNiO2 (Figure 1.10e-g) showed a substantially increased projected density of 

states (pDOS) close to the Fermi level for Li-excess environments (shown in g) compared 

with the case for either a stoichiometric layered material (f) or O in TM-excess 
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environments (e). Indeed, by visualising the charge density around the O atom for the 

energy range close to the Fermi level (the shaded region in g), Seo et al. were able to show 

that this increased pDOS takes the form of an isolated O 2𝑝 orbital pointing along the 

direction of the Li—O—Li linkage (Figure 1.10h).89 

The energetic ordering of TM and O states illustrated in the schematic in Figure 1.10d 

dictates the relative ordering of TM vs O redox—i.e., whether O oxidation occurs before, 

after or simultaneously with TM oxidation (and similarly for reduction on discharge). In 

Ni-containing materials for example, the high redox potential of the Ni2+/3+/4+ means that 

Ni and O redox compete on charge, which leads to incomplete Ni oxidation. Furthermore, 

this causes significant charge transfer from O to Ni during the O redox portion of charge, 

causing more extensive O loss and severe voltage hysteresis.44,89 This has been well studied 

by Jacquet et al. and is discussed more in Chapter 5 (Sections 5.2 and 5.4.3).90 By contrast, 

for Mn-containing systems, the lower voltage of Mn3+/4+ means there is no overlap between 

Figure 1.10. Diagrams illustrating the local atomic coordination around O for a stoichiometric layered Li 

metal oxide such as LiCoO2 (a) and a Li-excess, cation disordered rocksalt (c), with the schematics of the 

corresponding band structures shown in (b) and (d) respectively. Li—O—Li configurations lead to 

unhybridised O 2𝑝 states with energies higher than those of hybridised O 2𝑝 states, and hence are more 

readily oxidised. (e-g) Projected density of states (pDOS) of the O 2𝑝 orbitals for O in TM-excess (e), 

stoichiometric layered (f) and Li-excess (g) environments, as computed by Seo et al. for cation-mixed layered 

LiNiO2. The isosurface of the charge density (yellow) around the O coordinated to four Li and two Ni is 

shown in (h) for the shaded energy range (0 to -1.64 eV) in (g), which corresponds to the states depopulated 

during the extraction of 1 equivalent of Li per LiNiO2. Reproduced with permission from Seo et al.89  
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Mn and O states, and sequential oxidation is observed, with an initial sloping voltage during 

Mn oxidation followed by a high voltage plateau corresponding to O oxidation.40,65 

1.5.1.2. The nature of oxidised O species 

The nature of stabilised O redox species remains contested and seems to be highly 

dependent on the nature of the chemical species present in the material; hence several 

theories can currently be found, which are not necessarily mutually exclusive.  

The reversible formation of peroxo-like (O2)
n- species upon Li extraction, proposed by 

McCalla et al. and Grimaud et al., is based predominantly on data for compounds 

containing 4d or 5d metals.34,98,108 For this to occur, two oxidised O states must undergo a 

local distortion, rotating in order to hybridise with each other. If the O atoms in question 

are involved in covalent, highly directional bonding interactions with TM species then this 

is disfavoured, due to the disruption of this covalent interaction. Hence, O atoms which are 

only coordinated by either Li or 𝑑0 species are more likely to be able to undergo such a 

distortion. 

Alternatively, Zhan et al., Luo et al. and Seo et al. suggest that the O redox activity in 3d 

metal-containing materials originates from the formation of localised electron holes on O 

atoms (i.e., O-) which have local Li-excess environments.32,89,99,111 Recently, House et al. 

have proposed that O redox in Li1.2Ni0.133Co0.133Mn0.533O2 takes the form of trapped 

molecular O2 within the bulk of charged particles. The authors argue that O- species will 

preferentially disproportionate into O2- and O0 (
1

2
O2), and that two of these events will result 

in O2 molecules, which can be rigidly caged within a vacancy cluster and reduced upon 

discharge.112,113 

Based on theoretical work by Ceder and co-workers,114 Yabuuchi has suggested that in 

compounds such as LiCoO2, where the possibility of oxygen redox has been discussed, this 

should really be classified as cationic redox with partial anion redox (or charge transfer to 

oxide) due to the high degree of covalency.115 In the same review, Yabuuchi suggests that 

𝑑0 cations such as Nb5+ and Ti4+ are likely to promote reversible O redox by screening the 

electron density of oxidised O species from redox-active transition metals which may 

facilitate charge transfer to O and subsequent O loss. This is based on the observation that 

peroxide/superoxide species (O2
2- and O2

-) are generally stabilised for 𝑠𝑝 elements with no 

valence electrons or a 𝑑10 configuration, such as K+, Ca2+ or Zn2+. Transition metals oxides 
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such as MnO2, on the other hand, can be used to catalyse the decomposition of H2O2 and 

so are unlikely to stabilise partially oxidised O. 

Experimentally, signatures of O redox are difficult to observe, and are highly likely to 

depend on the structural and electronic characteristics of the material in question. 

Reversible charge compensation from O species is inferred from electrochemistry, along 

with online electrochemical mass spectrometry (OEMS) measurements which suggest that 

insufficient amounts of O is evolved from the lattice to explain the capacity. A multitude 

of different techniques have been used in an attempt to identify signatures of O redox, 

including electron paramagnetic resonance (EPR),96 XAS,40,94,116 transmission electron 

microscopy (TEM) and electron energy loss spectroscopy (EELS),65,96,98 and nuclear 

magnetic resonance (NMR).117 At present, however, the method of choice for detecting O 

redox in cathode materials is resonant inelastic X-ray scattering (RIXS, Section 2.4.3). A 

RIXS energy loss feature at approximately 531 eV excitation and 523.8 eV emission is 

currently considered a key fingerprint of O redox, while signatures from other techniques 

are disputed in the literature. This is discussed further in Section 2.4.3. 

1.5.1.3. Structural degradation and TM migration 

Whatever the true nature of oxidised O species, most researchers seem able to agree that 

charge compensation through O redox is accompanied by a large voltage hysteresis and 

increased capacity fade. Utilisation of the high voltage O redox plateau has been shown to 

be inextricably linked with TM migration and sluggish structural transformations in layered 

Li- and Mn-rich oxides.35,106,118,119 The observed hysteresis is attributed to a ‘reshuffling’ 

of the TM and O energy states: TM migration leads to a raising of the energy of 

unhybridised O 2𝑝 states. Hence, on discharge, while TM reduction occurs at a similar 

voltage to the oxidation voltage, O reduction occurs at a much lower voltage, resulting in  

hysteresis which can be as large as ~ 2.5 V.90 

Recent studies have shown that disordered rocksalts are no exception.116,120,121 While phase 

transformations have not been observed in disordered rocksalts, utilising the O redox 

plateau has been proposed to lead to transformations at the particles surface which hinder 

migration of Li and hence degrade performance. Chen et al. propose this to occur in 

Li1.3Nb0.3Mn0.4O2 via accumulation of reduced Mn species at the surface initiated by O loss, 

with a corresponding reduction of surface Li vacancies leading to a higher barrier to Li 

migration and performance degradation.116 
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These phenomena continue to be a key area of study concerning these materials. The 

concept of anionic redox (and the factors favouring this over O2 evolution) is still relatively 

new, and its nature the subject of much investigation and debate. Without a complete 

understanding of the factors governing O redox, the possibility of using rational materials 

design to enhance the performance and properties of cathode materials such as these is 

limited.  

1.6. Motivation and outline of thesis 

The family of Li-excess cation disordered rocksalts Li1+xNbyMzO2 (x + y + z = 1, M = V, 

Mn, Fe, Co, Ni) were first reported by Yabuuchi et al. in 2015, and proposed as promising 

new cathode materials for Li-ion batteries.40 Their reversible capacities (Figure 1.11) were 

demonstrated to be greater than that predicted based purely on TM redox, and changes in 

O K-edge X-ray absorption spectra (XAS) were suggested to indicate O redox was behind 

this extra capacity.40  

They have received subsequent attention by, amongst others, Wang et al. and Yabuuchi et 

al., who have demonstrated their impressive reversible capacities of up to 300 mAhg-1 and 

sought to confirm O redox using XAS and electron energy loss spectroscopy (EELS).47,65 

Members of the family containing more than half of the first-row transition metals have 

been reported, but the Mn-containing analogue has received by far the most attention, due 

to its high discharge voltage compared to the other members (and Mn’s relatively low cost 

and toxicity, as discussed above).40 However, little research into the true local structure of 

these nominally cation-disordered materials—whether they are truly disordered or display 

some cation ordering—has been conducted, and if they are to compete with commercial 

Li-ion cathode materials this needs to be addressed. Furthermore, their proposed O redox 

is yet to be validated using RIXS, currently the technique-of-choice for demonstrating 

reversible charge compensation through O. In addition, their relatively dilute paramagnetic 

centres makes them an ideal family of compounds to study with NMR (Section 2.2).  

This thesis is concerned with the Mn- and Ni-containing analogues of this series:  

Li1.25Nb0.25Mn0.5O2 and Li1.3Nb0.43Ni0.27O2. As discussed above, from a stoichiometric 

point of view these nominally ‘cation-disordered’ rocksalts can be considered an 

intergrowth of two end-members: Li3NbO4 and LiMnO2 (for the case of 

Li1.25Nb0.25Mn0.5O2) or NiO (for the case of Li1.3Nb0.43Ni0.27O2). Currently there are no 

reports of disordered rocksalt intergrowths of Li3NbO4 with LiNiO2, presumably due to the 
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greater mismatch in ionic radii favouring cation order more strongly: Ni3+ is much smaller 

(0.56 Å) compared with Li+ (0.76 Å), Mn3+ (0.645 Å) and Nb5+ (0.64 Å).40,122 

The understanding of the structure of these cation disordered rocksalts, particularly on a 

local scale, is currently limited. Diffraction patterns may be fit by assuming random mixing 

of metal cations—Li, Nb and either Mn or Ni—over the cation position in a rocksalt 

structure (Figure 1.4d). Short range order may exist however, as might be expected from 

purely electrostatic arguments and observed in related materials.50,79,80 As discussed above, 

this local structure has key implications for the electrochemical performance of the 

disordered rocksalts (Section 1.3.2.3).65 

Figure 1.11. (a) Room temperature first-cycle electrochemical performance for Li3NbO4-based disordered 

rocksalt cathode materials. (b) shows the first five cycles for the Mn-containing material, Li1.3Nb0.3Mn0.4O2, 

at 60°C. Reproduced with permission from Yabuuchi et al.40 The cathodes in (a) and (b) were prepared by 

ball milling the active material (72 wt%) with acetylene black (18 wt%) before mixing with 10 wt% 

polyvinylidene fluoride (PVDF) and pasting onto an Al foil current collector. (c) shows galvanostatic charge 

and discharge profiles for Li1.25Nb0.25Mn0.5O2 at 55°C, and (d) shows the discharge capacity versus cycle 

number of the same material at 55°C and room temperature. Reproduced from Wang et al.65 Cathodes were 

prepared by ball milling the active material with carbon black and then manual mixing with 

polytetrafluoroethylene (PTFE) and rolling into a thin film. The weight ratio of the active material, carbon 

black and binder is 70:20:10. All cells were cycled against metallic Li at 10 mAhg-1. The electrolyte was 1 M 

LiPF6 in a 1:1 ratio solution of ethylene carbonate and dimethyl carbonate. 
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A range of characterisation techniques including solid state NMR, X-ray and neutron 

diffraction, neutron pair distribution function analysis, X-ray absorption spectroscopy and 

magnetic susceptibility measurements have been used to probe these materials in the 

pristine and charged/discharged states. The above techniques are employed to elucidate the 

local structure of these cation disordered Li-excess materials—as well as the change in 

local structure upon electrochemical cycling—and develop an understanding of the nature 

of the anionic redox and Li transport which occurs within them.  

Chapter 2 provides an overview of the numerous experimental techniques which have been 

used in this work, along with the fundamental science underpinning each one. 

Chapter 3 reports the occurrence of cation ordering in the nominally disordered Li-excess 

rocksalt Li1.25Nb0.25Mn0.5O2. The nature of ordering is determined using a combination of 

diffraction techniques, NMR and magnetic susceptibility, and the strength of the ordering 

is shown to be heavily dependent on synthesis conditions. Finally, the preference for cation-

order within the material is rationalised by considering electrostatic arguments, as well as 

the accommodation of Mn Jahn-Teller and Nb second order Jahn-Teller interactions. 

In Chapter 4, the effect of the ordering observed in Li1.25Nb0.25Mn0.5O2 on the material’s 

electrochemical performance is investigated. Again, a combination of local and long-range 

structural probes are used, including operando X-ray diffraction and ex situ NMR, to 

understand the structural transformations occurring upon (de)lithiation of ordered and 

disordered samples of LNbMO. In addition, X-ray absorption spectroscopy and resonant 

inelastic X-ray scattering (RIXS) data for disordered and ordered LNbMO are collected to 

examine the redox behaviour and electronic structural variations of the two materials. The 

results demonstrate that cation order has a significant impact on the cyclability of the 

material, and can be both beneficial and detrimental depending on the strength and nature 

of the ordering present. This can be understood by considering the effect of order on the 0-

TM networks in the structure. 

Chapter 5 focusses on the Ni-containing analogue of the same family: Li1.3Nb0.43Ni0.27O2. 

Based on the observations for the Mn-containing material, the preference for cation order 

is examined using a similar array of techniques to those discussed above. However, little 

evidence for cation order is observed in the Ni system, which can be rationalised based on 

the relative concentrations of the cation species and their charges, which makes cation 

ordering less viable. The electrochemistry of Li1.3Nb0.43Ni0.27O2 is also examined, and is 
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found to demonstrate significant voltage hysteresis due to O-to-Ni charge transfer on 

charge. 17O NMR spectra of pristine and delithiated LNbNO were examined in search of 

signatures of O redox, however the spectra are complicated by the incomplete oxidation of 

Ni to Ni4+, meaning any possible O redox signal is obscured by unpaired spin density from 

Ni. 
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Chapter 2: Experimental methods 

2.1. Magnetic properties of solids 

2.1.1. Diamagnetism 

Diamagnetism is an intrinsic repulsion from an applied magnetic field that all materials 

experience to some extent. As an electron precesses in an applied field it indues a small 

current, giving an internal magnetic field that opposes the applied field, in accordance with 

Lenz’s law. Materials which only contain spin-paired electrons are generally diamagnetic 

in character. The diamagnetic interaction is often ignored when considering materials with 

unpaired electrons, since it is several orders of magnitude weaker than the strength of 

interactions between these unpaired spins. The diamagnetic response depends on the 

number of electrons in the system and can be reasonably approximated by summing the 

diamagnetic magnetisations of the individual elements comprising a material in the 

appropriate ratio. 

2.1.2. Paramagnetism and the Curie-Weiss law 

In materials which contain species with unpaired electrons—for the materials studied in 

this thesis, transition metal ions—these spins will tend to align with an applied external 

magnetic field, generating a magnetisation in the same direction. If the coupling 

interactions between different spins are negligible, then the material behaves as a Curie 

paramagnet. 

Curie paramagnetism is a temperature dependant phenomenon: thermal energy, 𝑘𝐵𝑇, will 

act to randomise spins away from their alignment to a magnetic field. An inverse 

relationship (Figure 2.1a) therefore exists between temperature 𝑇 and magnetic 

susceptibility, 𝜒 

 𝜒 =
𝐶

𝑇
 (2.1) 

This is known as the Curie Law. The Curie constant, 𝐶 is defined as: 
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 𝐶 =
𝑁𝐴𝜇𝑒𝑓𝑓

2 𝜇𝐵
2

3𝑘𝐵
 (2.2) 

Where 𝑁𝐴 is Avogadro’s constant, 𝜇𝑒𝑓𝑓 is the effective magnetic moment of the magnetic 

ions in the system, 𝜇𝐵 is the Bohr magneton and 𝑘𝐵 is the Boltzmann constant. Since all 

other terms in the equation are known constants, this can be reduced to 𝜇𝑒𝑓𝑓 ≈ 2.84√𝐶. By 

measurement of a material’s magnetic susceptibility as a function of temperature, the Curie 

constant—and hence 𝜇𝑒𝑓𝑓—can therefore be calculated for a material. The molar 

susceptibility, 𝜒𝑚𝑜𝑙 is generally used, which is the magnetisation per unit of an applied 

field per mole of magnetic ions in the sample. For a perfect Curie paramagnet, plotting 1 𝜒⁄  

against 𝑇 (Figure 2.2) gives a line of gradient 𝐶 which goes through the origin. 

In extended solid systems with non-dilute magnetic ions, Curie paramagnetism is rarely 

observed. The magnetic species experience interactions with one another, often resulting 

in ferromagnetic (FM) or antiferromagnetic (AFM) behaviour. The magnetic susceptibility 

in such systems is often better described by the Curie-Weiss law: 

 𝜒 =
𝐶

𝑇 − 𝜃
 (2.3) 

Where 𝜃 is the Weiss constant. 𝜃 is the intercept of the temperature (x) axis in a Curie-

Weiss (1
𝜒𝑚𝑜𝑙

⁄ ) plot, and can be positive (FM interaction) or negative (AFM interaction). 

The magnitude of 𝜃 is a measure of the strength of the interaction between localised spins, 

and is expected to be close to the Curie temperature, 𝑇C, for a ferromagnet (Figure 2.1b), 

or Néel temperature, 𝑇N, for an antiferromagnet (Figure 2.1c).  

Figure 2.1. Typical magnetic susceptibility behaviour as a function of temperature for a Curie paramagnet, 

ferromagnet and antiferromagnet. 
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Curie-Weiss plots often break from linearity, particularly in systems which exhibit more 

complex magnetic phenomenon (such as magnetic frustration—Section 2.1.5) or systems 

with strong coupling interactions when approaching 𝑇C or 𝑇N. In such systems, the Curie-

Weiss law only holds at temperatures far exceeding the Weiss temperature. 123 

2.1.3. Ferromagnetism 

In ferromagnets (Figure 2.1b), species with unpaired electrons align parallel to an applied 

magnetic field, analogous to the behaviour of a paramagnet. However, unlike a 

paramagnetic material, this alignment of spins occurs even in the absence of an external 

field because of strong coupling interactions between the individual electron spins. The 

degree of alignment is dependant on the strength of the coupling interaction: thermal energy 

𝑘𝐵𝑇 acts to randomise the spins. Above the Curie temperature, 𝑇C, coupling is disrupted 

and the material behaves paramagnetically. 

2.1.4. Antiferromagnetism 

As for a ferromagnet, an antiferromagnet (Figure 2.1c) contains unpaired spins which 

couple strongly with each other. However instead of this coupling resulting in a parallel 

ordering of spins, in an antiferromagnet nearest neighbour spins align antiparallel to one 

another. Such behaviour is in fact more frequently observed in solid systems than FM 

coupling. As for ferromagnets, above a certain critical temperature—known as the Néel 

temperature, 𝑇N, for AFM materials—the AFM coupling is broken by thermal energy. 

Figure 2.2. Curie-Weiss plot of 1
𝜒⁄  against 𝑇, demonstrated for paramagnetic, ferromagnetic and 

antiferromagnetic systems. 
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Below 𝑇N, the magnetisation will decrease and tend towards zero (or more accurately, its 

diamagnetic magnetisation) as 𝑇 approaches zero. 

2.1.5. Spin glasses 

A spin glass results from magnetic frustration and disorder. Figure 2.3 shows the classic 

example of a magnetically frustrated system: the triangular antiferromagnet. AFM coupling 

in the system is energetically preferred but impossible to achieve, as the third spin cannot 

align antiparallel to both other spins. The system cannot reach an entirely satisfied state, 

but several equal energy unsatisfied states exist, leading to metastability of the system and 

hysteresis in a plot of magnetisation against field (𝑀 vs 𝐻), due to the dependence on a 

sample’s magnetic history. 

Spin glasses can be defined as a magnetic system with mixed interactions, characterised by 

a random, yet cooperative, freezing of spins at a well-defined freezing temperature, 𝑇𝑓. 

Below 𝑇𝑓 a metastable frozen state is obtained, with some short-range magnetic order but 

no long-range order—hence they appear ‘glassy’. This randomness in a spin glass can be 

caused by various types of disorder: for example, disorder in the distribution of the 

magnetically active species (as is the case in disordered rocksalts), disordered vacancies or 

disorder in the variation of bond lengths.  

2.1.6. Magnetic exchange 

As is evident from the above discussion, in materials with multiple paramagnetic centres 

there can be interactions between the electronic spins on nearby centres—in the case of the 

materials studies in this thesis, neighbouring 3𝑑 TM ions. Unpaired spin density influences 

the orientation of neighbouring unpaired spins by perturbing their energy levels, either 

favouring a parallel (↑↑, FM) or antiparallel (↑↓, AFM) alignment of spins. This is known 

as the interatomic exchange interaction. 

Figure 2.3. Frustrated magnetism in a triangular antiferromagnetic system, giving rise to spin glass behaviour. 
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The exchange interaction is modelled by the Hamiltonian 𝐻𝑒𝑥𝑐ℎ: 

 𝐻𝑒𝑥𝑐ℎ = − ∑ 𝐽𝑖𝑗𝑺𝒊𝑺𝒋

𝑖𝑗

 (2.4) 

Where 𝐽𝑖𝑗 is the exchange constant between spins 𝑺𝒊 and 𝑺𝒋. A positive value of 𝐽𝑖𝑗 means 

that the energy of the system is lowered if the spins align parallel to one another (FM) 

whilst a negative value of 𝐽𝑖𝑗 means that the energy is lowered by an antiparallel ordering 

of spins (AFM). As discussed above, at high temperatures any magnetic ordering present 

is disrupted, leading to a paramagnetic state. Below a critical temperature however, the 

exchange interaction leads to an ordered magnetic state in which the spins are correlated, 

often resulting in one of the regimes described above. 

If there is sufficient overlap between the orbitals of neighbouring magnetic atoms, the 

electrons can interact via a direct exchange mechanism without the need for an 

intermediary. This seems like the most obvious route for the exchange interaction to take, 

however in reality there is often insufficient direct overlap between neighbouring magnetic 

orbitals. The contracted nature of the 3𝑑 orbitals, for instance, means that it is difficult to 

rationalise the magnetic properties of first-row TM compounds based purely on direct 

exchange. Thus, in many magnetic materials it is necessary to consider indirect exchange 

interactions.123 

Two types of indirect exchange interaction are relevant for the work covered in this thesis: 

superexchange and double-exchange. These are discussed in turn below. 

2.1.6.1. Superexchange 

Magnetic superexchange can be understood as an indirect exchange interaction between 

non-neighbouring magnetic ions, mediated by an intermediate non-magnetic ion. It arises 

because there is a kinetic energy advantage for antiferromagnetism, as this allows the 

electrons to become delocalised over the whole structure. The strength of a superexchange 

interaction depends on the degree of orbital overlap in a system and hence is strongly 

dependant on the angle of a M—O—M bond.124 Superexchange interactions are often AFM 

in nature—while they can be FM, these are less common and often weaker interactions. 

The nature of superexchange interactions can be predicted and rationalised using the 

Goodenough-Kanamori rules and considering virtual electron hops between the species in 
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the system.125,126 Figure 2.4a depicts a superexchange interaction between neighbouring 

Mn3+ ions via an intermediate O 2𝑝 orbital. AFM coupling between the electrons in the Mn 

𝑑𝑧2 orbtials lowers the energy of the system by allowing the electrons to delocalise over 

the system (shown by the curved dashed arrows), thus lowering their kinetic energy.123 

2.1.6.2. Double-exchange 

In some oxides, it is possible to have a ferromagnetic exchange interaction because of 

mixed valency on the magnetic ion. For example, in the Mn-containing disordered rocksalt 

studied in this thesis, partial delithiation results in a mixed Mn3+/4+ system. Double 

exchange can be understood with reference to Figure 2.4b and by considering the hopping 

of electrons. An electron from the half-filled Mn3+ eg* (𝑑𝑧2) orbital is transferred to 

O2- simultaneously with the transfer of an electron from O2- to Mn4+. The process requires 

both Mn ions to have their unpaired spins aligned, since there is a strong single-centre 

exchange interaction (as per Hund’s first rule) between the Mn t2g* electrons and the 

incoming eg* electron which requires all the spins on the same Mn to be aligned parallel to 

one another. Double-exchange is therefore a strongly FM interaction. 125,127,128 

In addition, if the Mn—O—Mn linkages which mediate double-exchange are connected 

throughout a material’s structure, these eg* electrons can easily hop through the system, 

which often results in such materials exhibiting metallic conduction. A classic example of 

this is Sr-doped LaMnO3. The undoped material contains only Mn3+ and is an 

antiferromagnetic insulator, however the Sr-doped material, La3+
0.825Sr2+

0.175MnO3—which 

contains mixed Mn3+/4+—is ferromagnetic and metallic below room temperature.129 

2.1.7. Magnetic susceptibility measurements in this thesis 

For this work, the magnetic susceptibility of samples was measured using a Quantum 

Design Magnetic Properties Measurement System (MPMS) with a Superconducting 

Quantum Interference Device (SQUID) magnetometer. A SQUID is a highly sensitive 

device that provides a means of measuring the magnetisation of a sample (Figure 2.5). The 

sample is magnetised by an external magnetic field (Bext), and translation (in the x 

direction—parallel to Bext) of the sample through a superconducting pick-up coil then 

induces a current in the coil due to the changing magnetic flux. This coil is coupled 

indirectly to the SQUID, where the changing magnetic flux as a function of x position 

generates an output voltage (VSQUID) proportional to the magnetic moment of the sample.130 
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The zero-field cooled (ZFC) and field cooled (FC) susceptibilities were measured in a field 

of 100 Oe in the temperature range 2 – 400 K. The magnetisation, M, varies linearly with 

magnetic field, H, in a field of 100 Oe and so the approximation for susceptibility, 

𝜒(𝑇)~𝑀/𝐻 is valid. For all samples the reciprocal molar susceptibility 𝜒𝑚𝑜𝑙
−1 was linear 

above 150 K and so this region was used to fit to the Curie-Weiss law. From this, effective 

magnetic moments 𝜇𝑒𝑓𝑓 and Weiss constants 𝜃 could be extracted, as described above 

(Section 2.1.2). 

Figure 2.4. Diagram illustrating the magnetic exchange interactions which require consideration in disordered 

rocksalt systems. (a) depicts a superexchange interaction for neighbouring Mn3+ while (b) illustrates the 

double-exchange mechanism in a mixed Mn3+/4+ system. Virtual electron hops illustrating delocalisation are 

depicted by curved dashed arrows, while the solid curved arrows indicate actual electron hops. The blue 

arrows indicate individual electron spins. 
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2.2. Solid state NMR 

2.2.1. Introduction to solid state NMR 

Solid state 7Li NMR is an exceptionally useful tool for analysing the local structure of Li 

containing transition metal oxide battery materials, since the chemical shift of the Li present 

are very sensitive to the local electronic structure.131  

NMR probes transitions between nuclear spin energy levels. A nucleus with nuclear spin 

quantum number 𝐼 has 2𝐼 + 1 spin states. These are split on the application of an external 

magnetic field by the nuclear Zeeman interaction, giving an energy separation between 

them. The Larmor frequency, 𝜈0, gives the energy of the transitions between the Zeeman 

states of an isolated nucleus in the presence of an applied field 𝐵0: 

 𝜈0 =
𝛾𝐵0

2𝜋
 (2.5) 

Where 𝛾 is the gyromagnetic ratio, a fundamental property of the nucleus in question. In 

practice a nucleus is never isolated, and so experiences a magnetic field different to that 

which is applied. This alters its Larmor frequency and gives rise to a characteristic peak, 

which is highly dependent on its surrounding environment. These different resonances are 

measured in an NMR experiment.132 

Figure 2.5. A schematic of a SQUID magnetometer. The sample may be mounted using a drinking straw, 

however for the measurements in this thesis, a brass  rod was used. Reproduced with permission from Buchner 

et al.130 

pick-up coil 
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To remove the field-dependence of the frequency at which transition of a given nucleus 

occurs, the chemical shift relative to an agreed reference compound is quoted. The chemical 

shift of a nucleus is: 

 δ =
𝜈0 − 𝜈𝑟𝑒𝑓

𝜈𝑟𝑒𝑓
× 106 (2.6) 

Where 𝜈𝑟𝑒𝑓 is the Larmor frequency of the reference spin. 

In solid state NMR, the samples are powders of randomly oriented crystallites. Unlike in 

liquid NMR, where molecular tumbling acts to average out anisotropic interactions such as 

chemical shift anisotropy (CSA), dipolar coupling and quadrupolar coupling, in a solid the 

crystallite orientations are fixed. Hence anisotropic interactions can result in severe line 

broadening and loss of resolution. Magic angle spinning (MAS) is therefore commonly 

used to reduce the effect of anisotropy in powder samples. By spinning the sample around 

a principal axis fixed at an angle 𝜃 relative to the external field the resonance frequency of 

each crystallite will vary. To first order the orientation dependence of the CSA, the 

homonuclear dipolar coupling and the 1st order quadrupolar coupling vary as 3𝑐𝑜𝑠2𝜃 − 1 

with respect to 𝐵0. Hence, by rapidly spinning at the angle 54.74º—the magic angle—these 

anisotropic interactions can be averaged to zero, giving sharp resonances at the isotropic 

resonance frequency 𝛿𝑖𝑠𝑜, as in a liquid spectrum. In order to completely average out the 

anisotropic effects, the spinning speed must be a factor of three to four times faster than the 

frequency of the interaction. If the speed is slower than this, additional sharp resonances 

are observed. These spinning sidebands are separated from 𝛿𝑖𝑠𝑜 by the spinning speed 𝜔𝑅. 

Altering 𝜔𝑅 will cause the sidebands to move while 𝛿𝑖𝑠𝑜 will remain the same.133 

2.2.2. Paramagnetic NMR  

All current, commercial cathode materials for Li-ion batteries utilise transition metal (TM) 

redox during charge and discharge. Hence, at some point during its charge/discharge, and 

often at all points, the TM centres present possess unpaired electrons and are thus 

paramagnetic. These unpaired electrons on the paramagnetic centre are split by the Zeeman 

effect in the same way as nuclear spins, but with an interaction on the order of 103 times 

greater due to their much larger gyromagnetic ratio (1.76 × 1011 𝑟𝑎𝑑𝑠−1𝑇−1 for an 

electron vs. 2.68 × 108 𝑟𝑎𝑑𝑠−1𝑇−1 for a proton).134 Because the lifetime of electronic 

states (10-12—10-8 s)135 in these paramagnetic materials is often much shorter than the NMR 
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timescale (typically 10-8—101 s),131 what is observed experimentally is the interaction 

between a nuclear magnetic moment and the time-averaged magnetic moment of the 

electronic spin. These interactions are known as hyperfine interactions and can result in 

significantly larger shifts than those seen for diamagnetic spectra, due to the magnitude of 

the electronic magnetic moment. The two types of hyperfine interaction are the electron-

nuclear dipolar interaction and the Fermi contact interaction. Each is described briefly here, 

but an in-depth description of these interactions in transition metal oxides can be found in 

ref 131. 

The electron-nuclear dipolar interaction is a through-space coupling between the local 

fields caused by the unpaired electrons on the paramagnetic centre and the nuclear spin, 

analogous to the dipolar coupling between two nuclear spins. For an isotropic magnetic 

moment, the dipolar interaction leads to broadening of the spectrum. MAS renders this 

interaction time-dependent, however the size of the interaction is typically larger than the 

MAS frequency and so large spinning sideband manifolds are common in such systems. 

The size of the coupling depends on the gyromagnetic ratio of the nucleus in question and 

the electron magnetic moment, which depends on the strength of the applied field. Hence 

paramagnetic NMR is typically conducted with low field strengths with fast spinning 

speeds and on nuclei with low gyromagnetic ratio.  

2.2.2.1. Fermi contact interaction 

The Fermi-contact interaction is a through bond transferral of unpaired spin density from 

the paramagnetic centre to the 𝑠 orbitals of the NMR active nucleus of interest (as the 𝑠 

orbitals have a finite probability at the nucleus). For the case of lithium transition metal 

oxides, this transfer occurs from the transition metal 𝑑 orbitals to the Li 𝑠 orbital via the 𝑝 

orbitals of an intermediate O2- ion. This alters the local magnetic field experienced by the 

nucleus in question and hence changes its chemical shift. The magnitude and sign of the 

shift caused is determined by the size and sign of the isotropic hyperfine coupling constant 

𝐴𝑖𝑠𝑜, as well as the geometry of the bond pathway interaction, and the changes in chemical 

shift are additive.136 

The Goodenough-Kanamori rules, originally formulated to describe the nature of magnetic 

superexchange in transition metal oxides (Section 2.1.6),125,126 can also be used to 

rationalise the sign of the shifts caused by the Fermi-contact interaction. The lithium 

transition metal oxides studied in this report contain TM—O—Li bond pathways in near 
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90º and 180º configurations (around O). Figure 2.6 illustrates the Fermi-contact interactions 

possible in the system for 90º and 180º TM—O—Li bond pathway contributions, such as 

is the case for cation disordered rocksalts, when TM = Mn3+, with electronic configuration 

t2g
3eg

1.  

Two different types of mechanism are possible. The first is termed the delocalisation 

contribution (shown for a 90º interaction in Figure 2.6a): orbital overlap with the correct 

symmetry leads to a transfer of positive spin density to the Li nucleus via a Mn(t2g)—

O(𝜋)—Li(2𝑠) type overlap, causing an increase in the observed shift. There is also the 

possibility of direct overlap of the Mn t2g orbital with the Li 2𝑠 due to the short distances 

between the two centres—illustrated in Figure 2.6a by the straight dashed arrow—which 

also transfers positive spin density to Li.  

The second type of mechanism is known as the polarisation contribution (shown in Figure 

2.6b for a 180ᵒ interaction). The unpaired electrons in the occupied Mn orbitals polarise the 

unoccupied eg* orbital (here 𝑑𝑥2−𝑦2 is shown), favouring O(2𝑝)—Mn(eg*) 𝜎-type spin 

density transfer of the same sign as the electron density in the half-filled t2g set. This results 

in a transfer of positive spin density to the TM and negative spin density to the Li nucleus.137 

Polarisation generally leads to small negative shifts, whilst delocalisation mechanisms tend 

to cause larger, positive shifts. The sign of bond pathway contributions for Ni2+ can also be 

determined in the same way—and is discussed further in Chapter 5. The nature of the bond 

pathway contributions for Mn3+ ions are complicated by the t2g
3eg

1 electronic configuration, 

which gives rise to a Jahn-Teller distortion—resulting in local changes in the bond lengths. 

This is discussed further in Chapter 3. 

NMR spectra of paramagnetic materials, and especially on the paramagnetic nucleus itself, 

can be difficult or impossible to acquire due to large hyperfine coupling constants causing 

severe line broadening. 17O NMR of the oxygen nuclei present in battery materials is 

particularly problematic, as they are bonded directly to paramagnetic species. With 7Li 

NMR, because the Fermi-contact interaction is mediated via an intervening oxygen in a 

superexchange-type process, for the battery materials studied in this report better resolution 

can be obtained.  

An understanding of the magnetic structure and properties of these materials (Section 2.1) 

is also helpful, as the Fermi-contact shifts are directly proportional to the magnetic 

susceptibility. The chemical shift values of the numerous different Li local environments 
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possible can be estimated using density functional theory (DFT) calculations as briefly 

outlined below, making it possible to assign different shift ranges in the spectrum to 

different Li local environments within the sample. Hence the local structure (and changes 

thereof) of disordered materials such as these can be elucidated with ssNMR. 

2.2.2.2. Calculating Fermi contact shifts 

As detailed in previous works,138–140 the Fermi contact shift, 𝛿𝑖𝑠𝑜, is related to the hyperfine 

coupling constant 𝐴iso as follows: 

 𝛿𝑖𝑠𝑜 =
106𝐴𝑖𝑠𝑜Φ(𝑇)

2ℎ𝜈0
 (2.7) 

Where 𝜈0 is the Larmor frequency, ℎ is Planck’s constant and Φ(𝑇) is a temperature 

independent scaling factor which is discussed below. 𝐴iso is related to the unpaired spin 

density at the nuclear position, 𝜌(0), by: 

 𝐴iso =
2

3𝑆
𝜇0𝜇𝐵𝜇𝑁𝑔𝑒𝑔𝑁ℏ𝜌(0) (2.8) 

Where 𝜇0 is the permeability of free space, 𝜇𝐵 the Bohr magneton, 𝜇𝑁 the nuclear 

magneton,  𝑔𝑒 the electron g-factor, 𝑔𝑁 the nuclear g-factor and 𝑆 the formal electron spin. 

Figure 2.6: Schematic diagram illustrating the transfer of unpaired spin density from partially filled 𝑑 oribtals 

on a TM cation (in this case 3𝑑 orbitals on Mn3+) to a Li+ ion, mediated by filled O 2𝑝 orbitals. (a) shows a 

90º delocalisation interaction while (b) shows a 180º polarisation interaction. Blue arrows indicate the 

individual electron spins within each orbital. Curved dashed lines indicate the virtual hopping of electrons, 

and the sign of the spin density transferred is shown by the solid black arrows on Mn and Li. In (a), the 

possibility of spin transferral via direct overlap between Mn (t2g) and Li (2𝑠) is shown by the straight dashed 

line. 
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If the magnetic susceptibility adopts Curie-Weiss behaviour, the temperature-dependent 

scaling factor, Φ(𝑇) is given by: 

 Φ(𝑇) =
𝐵0𝜇𝑒𝑓𝑓

2

3𝑘𝐵𝑔𝑒𝜇𝐵(𝑇 − 𝜃)
 (2.9) 

where 𝐵0 is the external NMR field, 𝑘𝐵 is Boltzmann’s constant, T is the temperature, and 

𝜇𝑒𝑓𝑓 and 𝜃 are the effective magnetic moment and Weiss constant, respectively, determined 

from magnetic susceptibility measurements (Section 2.1.2).140 The unpaired spin density 

𝜌(0) can be directly computed with nominally 0 K density functional theory (DFT) 

calculations in the ferromagnetic state and scaled into the paramagnetic regime of 

experimental NMR measurements using equations 2.7, 2.8 and 2.9. 

There are several commonly used periodic DFT codes that are able to directly calculate 

𝜌(0), which mainly differ in the type of basis sets which are used to describe the electron 

wavefunction. The two most common types of basis sets used in periodic DFT calculations 

are plane waves and local atomic orbitals, known as the linear combination of atomic 

orbitals approach (LCAO).141 In this thesis, the LCAO approach in the code CRYSTAL 

was used in which the atomic orbitals are described with Gaussian functions.142 In previous 

studies it has been demonstrated that the use of localised Gaussian basis sets in CRYSTAL 

is particularly effective for the calculation of unpaired spin density 𝜌(0) at the nuclear 

position. This is because both the valence and core states can be explicitly modelled—i.e., 

an all-electron approach—in contrast to plane wave-based calculations, in which the core 

states are only treated indirectly through the use of a pseudopotential.140 

In all DFT codes, approximations need to be made in order to describe the exchange and 

correlation energies of electrons, which are described through the exchange-correlation 

functional EXC[𝜌]. Common exchange-correlation functionals, such as the generalised 

gradient approximation (GGA) are known to lead to a poor description of the electronic 

structure of systems with correlated electrons, such as transition metal oxides with 3𝑑 

electrons. One commonly used approach to give a more accurate description of the electron 

exchange of transition metal oxides is to combine DFT with another computational method, 

Hartree Fock theory, to create a hybrid functional.143 In previous studies it has been 

demonstrated that the value of 𝜌(0) is sensitive to the amount of Fock exchange included 

in the hybrid functional, with the best agreement with experiment falling within the range 

of 20–35% Fock exchange.140 Throughout this thesis, Fermi contact shift calculations were 
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performed in the CRYSTAL code by Dr Ieuan Seymour using the PBE0 hybrid functional 

with 25% Fock exchange. 

2.2.3. Quadrupolar nuclei 

Many of the NMR active nuclei present in battery materials have nuclear spins 𝐼 > 1
2⁄  and 

as such possess a nuclear electric quadrupole moment Q—for example, 6Li (𝐼 = 1), 7Li 

(𝐼 = 3
2⁄ ) and 17O (𝐼 = 5

2⁄ ) are all quadrupolar nuclei. The quadrupole moment interacts 

with the electric field gradient (EFG) at the nuclear position, resulting in the quadrupolar 

coupling interaction, the magnitude of which is usually expressed by the quadrupolar 

coupling constant 𝐶𝑄. 𝐶𝑄 depends on the symmetry of the environment around the nucleus 

in question. In a spherically symmetric electric field, for example an O2- ion coordinated 

by six Li+ ions in a perfectly octahedral (cubic) environment, the 𝐶𝑄 is expected to be 0. 

Deviations from this local environment, such as changing some of the coordinated Li+ ions 

for Nb5+ or TM n+, will produce a non-zero EFG and thus a non-zero 𝐶𝑄 will result. Hence, 

quadrupole parameters have been used to study the local structure of energy materials such 

as Li-ion batteries and solid oxide fuel cells.144 Leskes et al., for example, were able to 

identify Li2O2 as the main product upon discharge of lithium-oxygen cells using 17O NMR, 

by means of the large 𝐶𝑄 (18 MHz) of Li2O2.
145 

The quadrupole shift in the isotropic resonance, 𝛿𝑄, which results when 𝐶𝑄 is large (on the 

order of MHz), is inversely proportional to the square of the Larmor frequency 𝜈0 and so 

𝛿𝑄 can be reduced by increasing the field strength 𝐵0. Similarly to the hyperfine interaction, 

the quadrupole interaction also results in line broadening, however not all of this can be 

fully overcome with sufficiently fast MAS and so some line broadening is always seen. As 

for the quadrupole shift, this line broadening effect is also inversely proportional to 𝜈0 and 

so can be reduced with a greater 𝐵0. However in systems which are also paramagnetic, 

using a large applied field can lead to severe line broadening due to the electron-nuclear 

dipolar interaction (see Section Paramagnetic NMR). Therefore, intermediate field 

strengths are used as a compromise between the two effects. 

17O MAS NMR has the potential to be a powerful tool for the investigation of oxygen 

redox. However as discussed above, the hyperfine coupling constants for a nucleus which 

is directly bonded to a paramagnetic centre can cause severe line broadening. Nevertheless 

Seymour et al. successfully conducted 17O MAS NMR to characterise O local environments 
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in paramagnetic battery materials.146 For the research detailed in this report, 17O NMR was 

performed on samples of Li1.3Nb0.43Ni0.27O2, for which quadrupolar effects need to be 

considered. The presence of Ni2+ will complicate the acquisition of spectra with acceptable 

resolution, since its unpaired electrons in eg
* orbitals which point directly at O (and 

therefore have strong overlap) will cause very large hyperfine coupling. While 7Li is also a 

quadrupolar nucleus with a comparable quadrupole moment (-40.1 mb vs. -25.6 mb for 

17O),147 the effects of quadrupolar coupling are less pronounced in 7Li NMR. This can be 

attributed to the greater degree of covalency involved in interactions with O as compared 

with Li,147 and also the reduced electric field gradients associated with a LiO6 octahedron 

compared to an OM6 (where each M can be Li, Nb or Ni). Quadrupolar coupling constants 

for oxygen species are dictated by the distortion of the charge cloud around O. Hence a 

more covalent interaction generally leads to a larger 𝐶𝑄. 

One final point to note regarding quadrupolar nuclei is the use of excitation pulses shorter 

than those with 
𝜋

2
 flip angles, which are more generally used in NMR. In a typical NMR 

experiment on a spin-1 2⁄  nucleus, this ‘
𝜋

2
 pulse’ rotates the magnetisation through 90° (

𝜋

2
 

radians), away from alignment with the external magnetic field along z and into the xy-

plane. The precession of this magnetisation in the xy-plane, as it gradually relaxes to 

equilibrium (along z), and this is detected as current induced in the NMR coil, measured as 

a function of time.133 This signal, termed the free induction decay (FID), is Fourier 

transformed into the frequency domain to give a typical NMR spectrum. 

Sites with quadrupolar frequencies 𝜈𝑄 much larger than the radiofrequency (rf) field 

strength experience more efficient excitation by the short rf pulses applied in an NMR 

experiment. This is because only the central transition (corresponding to only a fraction of 

the sample nuclei) is excited by the pulse, and so the effective power these nuclei feel is 

greater.148 This is referred to as ‘selective’ excitation, and causes the excited nuclei to 

experience an effective pulse much greater than intended—in the example shown in Figure 

2.7, a 
𝜋

2
 pulse would effectively cause a flip angle of 

3𝜋

2
 for nuclei in high-𝐶𝑄 environments. 

For sites with quadrupolar frequencies much smaller than the rf field strength, the rf pulse 

is said to be ‘non-selective’, as it excites both the central transition and the satellite 

transitions, effectively behaving as if the system were non-quadrupolar. A sample may 

contain multiple sites with different 𝐶𝑄s and therefore different nutation behaviour. In order 

to ensure equal excitation between all the sites and enable quantitative comparison of their 
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intensities, use of a shorter pulse is necessary. This is shown in Figure 2.7, in which for 

pulses with a flip angle of up to approximately 
𝜋

6
, the excitation across all nuclei lies in the 

linear regime.149 

rf pulses with short flip angles, for example 
𝜋

6
 (for an 𝐼 = 5

2⁄  nucleus such as 17O) rather 

than 
𝜋

2
 will therefore quantitatively resolve all sites regardless of 𝐶𝑄. Application of longer 

rf pulses, however, would preferentially select small 𝐶𝑄 environments. Hence the 17O NMR 

presented in this report used pulse lengths with 
𝜋

6
 flip angles. 

2.2.4. NMR measurements in this thesis 

7Li NMR experiments were performed on a 4.70 T Bruker Avance III 200 MHz 

spectrometer using a 1.3 mm Bruker HX MAS probe. 17O NMR experiments were 

performed on a 11.7 T Bruker Avance III 500 MHz spectrometer, using either a 1.3 mm 

Bruker HX MAS probe or a 2.5 m Bruker HX MAS probe. Spectra were recorded using 

rotor synchronised Hahn echo (
𝜋

2
−  𝜏 −  𝜋 −  𝜏 − acquire) with a delay 𝜏 of a single rotor 

period, with typical pulse widths of approximately 1.05 µs (𝜋 2⁄ ) for 7Li and 2.20 µs for 

17O (or 𝜋 6⁄  pulses of 0.73 µs). Recycle delays of 1 – 100 ms were typical, and were 

optimised before each set of experiments to ensure quantitative measurements.  

Figure 2.7. Signal intensity of the central transition resulting from a pulse with nominal flip angles between 

0 and 180° for an 𝐼 = 5
2⁄  nucleus such as 17O. The solid blue curve shows the case for the ‘non-selective’ 

limit, where 𝐶𝑄 is small and all nuclei are excited. The dashed orange curve shows the case for the ‘selective’ 

limit, where only the central transition is excited and hence the nuclei in high-𝐶𝑄 environments would 

experience an effective pulse with a flip angle is much greater than that intended. The green box indicates the 

linear region where the signal intensity would be the same for both the selective and non-selective limits. 

Adapted from Kentgens 148. 
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To obtain spectra without sidebands, as was needed for Li1.25Nb0.25Mn0.5O2 (Chapters 3 and 

4), the projection magic angle turning phase-adjusted spinning sidebands (pjMATPASS) 

pulse sequence was used. This two-dimensional pulse programme is designed to separate 

the isotropic resonance from its sidebands by distributing them across the second 

dimension, and has been demonstrated by Hu et al. to obtain “infinite”-MAS spectra in the 

case of large (> 1 MHz) shift anisotropy.150 The intensity originally lost to the sidebands 

can then be summed back into the isotropic resonance by ‘tilting’ the 2D data and summing 

the intensities of the rows together, thereby enhancing the signal-to-noise ratio.  

All experiments were performed at room temperature, with spinning speeds of 60 kHz, 

corresponding to sample temperatures of approximately 45°C due to frictional heating, 

unless otherwise stated. 7Li experiments were referenced relative to Li2CO3 at 0 ppm, and 

17O experiments were referenced relative to CeO2 at 877 ppm. Spectral fitting was 

performed using DMFit.151 

2.3. Diffraction and scattering methods 

A crystalline material consists of a symmetrical lattice of points in space on which an atom 

or set of atoms is repeated. This translational symmetry means that all atoms can be found 

to lie on a set of parallel planes, called Miller planes, described by the indices ℎ, 𝑘 and 𝑙, 

with perpendicular distance 𝑑ℎ𝑘𝑙. On exposure to radiation of wavelength 𝜆 comparable to 

this spacing, 0.5 – 3 Å (X-rays or high-energy neutrons), the structure behaves as a 

diffraction grating. It is readily shown (Figure 2.8) for a two-dimensional solid that 

constructive interference occurs at the Bragg angle 𝜃, where: 

 𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 (2.10) 

And 𝑛 is a positive integer. A real crystal is a three-dimensional array of atoms, giving 

three Laue equations which must be satisfied simultaneously in order to calculate the 

direction of scattered radiation. However Bragg’s law is a useful and acceptable 

approximation and is widely used due to its relative simplicity.  

If the domain responsible for Bragg scattering is small enough (< ~ 200 nm), the peaks 

corresponding to their reflections are broadened by an amount 𝑏 inversely proportional to 
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the size of the crystallite. Measurement of this broadening therefore provides a means of 

estimating the size of these domains, using the Scherrer equation: 

 𝑝 =
𝐾𝜆

𝑏𝑐𝑜𝑠𝜃
 (2.11) 

Where 𝑝 is the ‘true’ crystallite (or domain) size, defined as the cube root of the crystallite 

volume, 𝜆 is the wavelength of the radiation used in the diffraction experiment and 𝜃 is the 

Bragg angle. 𝐾 is the Scherrer constant, a dimensionless number close to unity (typically 

~ 0.9, as was used in this thesis) which varies according to the actual shapes of the 

crystallite. 𝑏 is the peak width at half maximum.152  

2.3.1. X-ray diffraction 

X-rays are easily produced in a laboratory using X-ray tubes containing a cathode source 

and an anode target. Application of a high voltage causes electrons to flow from the 

cathode, striking the anode target and exciting inner shell electrons. Upon relaxation, the 

radiative transitions of outer shell electrons to fill these generated core holes releases X-ray 

radiation characteristic of the X-ray radiation being used. In this work, a Cu anode and an 

acceleration voltage of 40 kV and current of 40 mA were used. A Ni filter was used to 

absorb radiation of an undesired wavelength, whilst transmitting most of the lower energy 

𝐾𝛼1,2 X-rays. 

In a typical laboratory X-ray diffraction experiment, a material is irradiated with an X-ray 

beam and two parameters are measured: the angular position of the detector relative to the 

beam, 2θ (Bragg-Brentano geometry), and the intensity of the scattered radiation. The 

reflection positions (2θ) of a material provides information about its unit cell (lattice 

Figure 2.8. Schematic representation of diffraction for a simple two-dimensional lattice, from which Bragg’s 

law can be obtained. The path difference between the incident and diffracted beams, 2𝑑sin(𝜃) must be an 

integer number of wavelengths. 
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parameters, positions of occupied sites), while the intensity of a reflection can reveal the 

occupancy and composition of a particular site, based on the scattering power of different 

atoms. Diffraction patterns can therefore provide an abundance of information about the 

bulk chemical structure of a sample.  

2.3.2. Neutron diffraction 

The wavelength of a neutron 𝜆 is given by the de Broglie relationship: 

 𝜆 =
ℎ

𝑝
=

ℎ

𝑚𝑣
 (2.12) 

Where ℎ is the Planck constant, and 𝑝 the momentum, 𝑚 the mass and 𝑣 the velocity of the 

neutron. Neutrons with a wavelength comparable to typical lattice spacings can therefore 

be used analogously to X-rays to study the structure of a material, often providing 

complementary information to X-rays. 

Neutron diffraction enables higher refinement precision of atomic coordinates and lattice 

parameters compared to X-ray diffraction for several reasons. Firstly, whereas X-rays are 

scattered by the electron cloud of an atom, neutrons are scattered by atomic nuclei 

themselves. Furthermore, because they are point scatterers, neutron scattering factors do 

not decrease as a function of angle, unlike X-rays. This allows collection of neutron 

diffraction data out to higher angles than is often possible using X-rays. 

In addition to this, atoms often have significantly differing X-ray and neutron scattering 

abilities, making neutron diffraction complementary to X-ray diffraction. As X-rays are 

scattered by the electron density around an atom, X-ray scattering power increases 

monotonically with atomic number (𝑍). Therefore, heavier atoms scatter to a much greater 

extent compared with light atoms, and the presence of heavy transition metals in a sample 

can often prevent the location of light elements such as Li—which is an obvious problem 

for Li-ion battery materials. On the other hand, the neutron scattering cross section of an 

atom varies across the periodic table in a complex, non-linear way, and can be negative as 

well as positive (whereas for X-rays all values are positive). This often allows lighter 

elements to be readily measured in the presence of heavier elements. 

A downside of neutron diffraction is the weak interactions of neutrons with matter, meaning 

large quantities of samples and long measurement times are required to obtain high quality 
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data with reasonable signal-to-noise. For this reason, whilst possible, operando neutron 

diffraction studies on battery materials are less common compared to operando X-ray 

diffraction, which are relatively facile. In addition to this, neutron beams can only be 

produced at large-scale central facilities: either at reactor sources or time-of-flight (TOF) 

spallation sources, limiting the opportunity for experimental time.  

The neutron diffraction experiments in this work were performed at the ISIS pulsed neutron 

and muon spallation source in the Rutherford Appleton Laboratory, UK. At a spallation 

source, a pulsed beam of protons is accelerated and fired at a heavy metal target (tungsten 

at ISIS), releasing pulses of high-energy neutrons. These neutrons are then moderated to an 

appropriate energy range for diffraction before being directed onto the sample under study. 

The time-resolved nature of a pulsed neutron source means that all wavelengths can be 

measured simultaneously with a fixed detector bank by measuring the neutron TOF. 

In some cases, and commonly for TOF neutron studies, diffraction patterns are plotted as 

intensity versus the scattering vector, 𝑄: 

 𝑄 =
2𝜋

𝑑ℎ𝑘𝑙
=

4𝜋sin (𝜃)

𝜆
 (2.13) 

in order to make the plot independent of the radiation wavelength. In this work, neutron 

diffraction patterns are therefore plotted in terms of 𝑄. 

2.3.3. Total scattering and pair distribution function analysis 

While the conventional crystallography described above rests on the assumption that 

crystalline materials consist of three-dimensional arrays of identical units, in reality this is 

often an approximation at best. Real materials contain many defects (such as vacancies and 

atoms shifted from their equilibrium atomic positions) and these deviations from the ideal 

case mean that their diffraction patterns contain a weak continuous background known as 

diffuse scattering in addition to their sharp Bragg reflections. The diffuse scattering arises 

from the local configuration of a material rather than the long-range order, and hence can 

provide information about short-range order in a system. Any departure from the long range 

order in a crystal lattice decreases the amplitude of the Bragg peaks, and this intensity is 

redistributed into diffuse peaks.153 
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The cation-disordered rocksalt materials studied in this thesis are crystalline solids and so 

produce strong Bragg reflections in conventional diffraction experiments. An element of 

disorder arises within the materials due to the statistical occupancy of cations (Li, Nb and 

either Mn or Ni) on the cation site, giving, in theory, a random distribution of these elements 

on the single cation site (see Figure 1.4c and d) equal to their relative stoichiometries. Pair 

distribution function analysis is therefore extremely useful as a complementary technique 

to diffraction to study the distribution of cations within these materials. 

The amplitude of scattered radiation from an object can be described by the equation: 

 𝐹(𝑸) = 𝐴0 ∫ 𝜌(𝒓) exp(𝑖𝒓 ∙ 𝑸) 𝑑𝑉𝑟 (2.14) 

where 𝐴0 is the maximum amplitude of the radiation, 𝒓 the vector between two point 

scatterers, 𝜌(𝒓) the scattering density, i.e., the number of scatterers in the volume 𝑉𝑟, and 

𝑸 is the scattering vector with magnitude |𝑸| = 𝑄 = 4𝜋
sin (𝜃)

𝜆
⁄  (as discussed above). 

This represents the Fourier transform of the scattering density. An inverse Fourier 

transform of the scattering amplitude would therefore recover the electron density and thus 

the structure of the material. However, the measured intensity of the scattered radiation is 

proportional to 𝐹(𝑸)𝐹∗(𝑸), which contains no information on the phase of the waves, and 

therefore the inverse Fourier transform cannot be directly carried out. This is known as the 

“phase problem”. 

For a group of atoms, Equation 2.14 above becomes: 

 𝐹(𝑸) = ∑ 𝑓𝑗(𝑄) exp(𝑖𝒓𝒋 ∙ 𝑸)

𝑁

𝑗=1

 (2.15) 

Where 𝑓𝑗(𝑄) is the atomic scattering factor of the 𝑗th atom and depends on the atom and 

type of radiation involved. For constructive (Bragg) diffraction from planes of atoms in a 

periodic lattice (i.e., there are constraints on 𝑸 and 𝒓), this equation can be used to obtain 

Bragg’s law (Equation 2.10). It can also be used to describe the total scattering—where 𝑸 

and 𝒓 are not constrained—in all materials, including those which are disordered. 
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The intensity of scattered radiation 𝐼(𝑄) from 𝑁 scatterers in a material is equal to 𝑁 

multiplied by the magnitude of the scattered waves 𝐹(𝑸)𝐹∗(𝑸) from each pair of atoms in 

the material: 

𝐼(𝑄) =  𝑁 𝐹(𝑸)𝐹∗(𝑸) 

= ∑ 𝑓𝑗(𝑄)exp (𝑖𝒓𝒋 ∙ 𝑸)

𝑗

∑ 𝑓𝑘(𝑄)exp (𝑖𝒓𝒌 ∙ 𝑸)

𝑘

 

 = ∑ ∑ 𝑓𝑗(𝑄)𝑓𝑘(𝑄)exp (𝑖𝒓𝒋𝒌 ∙ 𝑸)

𝑘𝑗

 (2.16) 

Where  𝒓𝒋𝒌 = 𝒓𝒋 − 𝒓𝒌 is the vector between atoms 𝑗 and 𝑘. Assuming that the material is 

isotropic (i.e., that the vector 𝒓𝒋𝒌 can occupy any position on the surface of a sphere with 

equal probability), the equation can be simplified by taking a spherical average of the 

exponential term. The result: 

 𝐼(𝑄) = ∑ 𝑓𝑗(𝑄)𝑓𝑘(𝑄)
sin(𝑄𝑟𝑗𝑘)

𝑄𝑟𝑗𝑘

𝑁

𝑗,𝑘=1

 (2.17) 

where 𝑟𝑗𝑘 = |𝒓𝒋𝒌|, is the Debye scattering equation. Separating the diagonal (𝑗 = 𝑘) and off 

diagonal (𝑗 ≠ 𝑘) elements gives: 

 𝐼(𝑄) =  ∑ 𝑓𝑗(𝑄)2

𝑗

 + ∑ 𝑓𝑗(𝑄)𝑓𝑘(𝑄)
sin(𝑄𝑟𝑗𝑘)

𝑄𝑟𝑗𝑘
𝑗≠𝑘

 (2.18) 

The first term represents incoherent scattering from the same atom, whilst the second term 

represents coherent scattering from pairs of atoms. Incoherent scattering is uniform in all 

directions, whilst coherent scattering depends on the direction of 𝑸. To sum over all 

coherently scattered radiation, summation over the 𝑗 atoms can be replaced by an integral 

of the atomic density function, 𝜌(𝑟𝑗𝑘), the probability of an atom being at distance 𝑟𝑗𝑘 from 

the 𝑗th atom: 

 

𝐼(𝑄) =  ∑ 𝑓𝑗(𝑄)2

𝑗

 +  ∑ 𝑓𝑗(𝑄) ∫ 𝜌(𝑟𝑗𝑘)𝑓𝑘(𝑄)
sin(𝑄𝑟𝑗𝑘)

𝑄𝑟𝑗𝑘
𝑗≠𝑘

𝑑𝑉𝑗 

 

(2.19) 
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The second term can be understood as the function of scattered radiation from the 𝑗th atom 

multiplied by the functions of the scattered waves from all of its neighbours, 𝑘. 𝜌(𝑟𝑗𝑘) is 

the probability of finding an atom 𝑘 at a distance 𝑟𝑗𝑘 and the scattered wavefunction is 

𝑓𝑘(𝑄)
sin(𝑄𝑟𝑗𝑘)

𝑄𝑟𝑗𝑘
. Integrating over all space, with spatial coordinates relative to the 𝑗th atom, 

and taking 𝑓𝑘(𝑄) out of the integral (as it is independent of 𝑟𝑗𝑘) gives: 

 𝐼(𝑄) =  ∑ 𝑓𝑗(𝑄)2

𝑗

 +  ∑ 𝑓𝑗(𝑄)𝑓𝑘(𝑄) ∫ 4𝜋𝑟𝑗𝑘
2𝜌(𝑟𝑗𝑘)

sin(𝑄𝑟𝑗𝑘)

𝑟𝑗𝑘
𝑗≠𝑘

𝑑𝑟𝑗𝑘 (2.20) 

To simplify this, each atom is assumed to have a scattering factor equal to the average 

atomic scattering factor, 𝑓(𝑄) = 〈𝑓(𝑄)〉, and that the density of the system may also be 

averaged 𝜌(𝑟) = 〈𝜌(𝑟𝑗𝑘)〉: 

 𝐼(𝑄) =  ∑ 𝑓(𝑄)2

𝑗

 + ∑ 𝑓(𝑄)2 ∫ 4𝜋𝑟2𝜌(𝑟)
sin(𝑄𝑟)

𝑟
𝑗

𝑑𝑟 (2.21) 

The dummy index 𝑘 has been dropped to indicate that all atoms are treated as identical. To 

further simplify this, the integral over space in the right-hand term can be separated into a 

region around the 𝑗th atom which contributes to the scattered intensity, and a region outside 

this from which the scattering contribution will be negligible. Using 𝑟𝑐 as the cut-off 

distance beyond which the contribution is negligible—in other words, for 𝑟 > 𝑟𝑐 a 

continuum is present with density 𝜌0(𝑟): 

 

𝐼(𝑄) ≅  ∑ 𝑓(𝑄)2

𝑗

 +  ∑ 𝑓(𝑄)2 ∫ 4𝜋𝑟2[𝜌(𝑟) − 𝜌0(𝑟)]
sin(𝑄𝑟)

𝑟
d𝑟

𝑗

+ ∑ 𝑓(𝑄)2 ∫ 4𝜋𝑟2𝜌0(𝑟)
sin(𝑄𝑟)

𝑟
d𝑟

𝑗

 

(2.22) 

As discussed above, this third term can be assumed to have a negligible contribution to the 

diffracted intensity and so may reasonably be ignored. Computing the sums in the first two 

terms and using 𝑁 as the number of atoms in the system gives: 

 𝐼(𝑄) ≅  𝑁𝑓(𝑄)2  +  𝑁𝑓(𝑄)2 ∫ 4𝜋𝑟2[𝜌(𝑟) − 𝜌0(𝑟)]
sin(𝑄𝑟)

𝑟
d𝑟 (2.23) 
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Experimentally, intensity data 𝐼𝑒𝑥𝑝(𝑄) contain contributions from several components: 

 𝐼𝑒𝑥𝑝(𝑄) = 𝐼𝑐𝑜ℎ(𝑄) + 𝐼𝑖𝑛𝑐𝑜ℎ(𝑄) + 𝐼𝑀𝑆(𝑄) + 𝐼𝑏𝑘𝑔(𝑄) (2.24) 

𝐼𝑐𝑜ℎ(𝑄) and 𝐼𝑖𝑛𝑐𝑜ℎ(𝑄) are the coherently and incoherently scattered intensities, 𝐼𝑀𝑆(𝑄) the 

intensity due to multiple scattering events, and 𝐼𝑏𝑘𝑔(𝑄) the background intensity. Structural 

information is contained only in the coherent portion of scattering, and so these additional 

components must be removed before the Fourier transform can be performed. This is 

achieved by various corrections applied to the data during processing. 

Normalising the intensity data by dividing by the number of scatterers and the average 

scattering power gives the structure factor 𝑆(𝑄): 

 𝑆(𝑄) =
𝐼(𝑄)

𝑁𝑓(𝑄)2
 (2.25) 

Which essentially represents a powder pattern which has been corrected for experimental 

artefacts and normalised so that 〈𝑆(𝑄)〉 = 1, i.e., the function oscillates around 1 at high 

𝑄. 𝑆(𝑄) contains sharp peaks from Bragg intensity at low-𝑄 and broader features from 

diffuse scattering at higher 𝑄 values. 

More commonly used than 𝑆(𝑄) is the reduced structure factor, 𝐹(𝑄), defined as: 

 𝐹(𝑄) = 𝑄[𝑆(𝑄) − 1] (2.26) 

This is merely a different way of representing the same information, but is more widely 

used because it is directly related to the pair distribution function 𝐺(𝑟) via a Fourier 

transform: 

 𝐹(𝑄) = ∫ 𝐺(𝑟) sin(𝑄𝑟) 𝑑𝑟 (2.27) 

Where 𝐺(𝑟) is the reduced pair distribution function (PDF). By measuring the intensity of 

scattered radiation 𝐼(𝑄) and obtaining the reduced scattering function 𝐹(𝑄), the reduced 

PDF can therefore be obtained via an inverse Fourier transform: 
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 𝐺(𝑟) =  
2

𝜋
∫ 𝐹(𝑄) sin(𝑄𝑟) 𝑑𝑄

∞

0

 (2.28) 

Hence, measurement of the total scattering from a materials can provide information about 

the local and bulk structure.154,155 In reality it is not possible to measure the data with 𝑄 

values up to ∞, but up to a maximum value 𝑄𝑚𝑎𝑥: 

 𝐺(𝑟) =  
2

𝜋
∫ 𝐹(𝑄) sin(𝑄𝑟) 𝑑𝑄

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛

 (2.29) 

This truncation of the Fourier series results in ripples at low-𝑟 in the resultant PDF, however 

these can be accounted for when modelling the experimental data. 

𝐺(𝑟) is the most commonly used version of the PDF for X-ray data and is related to the 

atomic pair distribution function 𝑔(𝑟): by a factor of 4𝜋𝑟𝜌0: 

 𝐺(𝑟) = 4𝜋𝑟𝜌0[𝑔(𝑟) − 1] (2.30) 

Where 𝑟 is the radial distance, 𝜌0 the average number density of the material and 𝑔(𝑟) the 

probability of finding two atoms at a separation 𝑟.  

For neutron total scattering data, as is used in this thesis, the 𝐷(𝑟) function is commonly 

used when plotting and fitting PDF data:156 

 𝐷(𝑟) = 4𝜋𝑟𝜌0𝐺(𝑟) (2.31) 

Herein, all the pair distribution functions which have been analysed have been plotted in 

the form of 𝐷(𝑟), and the term PDF is used exclusively to refer to 𝐷(𝑟).  

2.3.3.1. Interpretation and analysis of total scattering 

A PDF depicts the probability of two atoms being located at a distance 𝑟 from one another: 

i.e., a weighted histogram of interatomic distances in a sample. This can be conceptualised 

as the result of choosing an atom randomly in a structure and plotting the distance from the 

atom to every other atom out to a certain distance. After repeating this process for every 

atom in the sample, each point is plotted in the histogram, with points being weighted by 
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the scattering factor of the atoms involved (Section 2.3.2). At a distance where an atom pair 

is likely, a sharp peak is observed, and conversely the function returns to the baseline where 

there is little probability of an atom pair being found. 

Diffuse scattering has historically been difficult to analyse and interpret due to the low 

intensities possible, however synchrotron radiation sources and advances in detector 

technology and the tools for modelling and analysis of diffuse scattering data means that 

the technique is now much more widely used. It is therefore no longer the realm of a few 

specialist research groups.157 

The research presented here makes use of both Bragg scattering and PDF analysis of total 

neutron scattering to more closely examine the local structure of the disordered rocksalt 

materials studied. The materials are crystalline solids and so produce strong Bragg 

reflections in conventional diffraction experiments. However, PDF analysis is extremely 

useful as a complementary technique to understand the arrangement of Li and TM ions on 

the cation site. Additionally, the variation in neutron scattering cross sections for 7Li, O, 

Mn, Ni and Nb makes neutron total scattering preferable to X-ray total scattering. As 

discussed above (Section 2.3.2), all atoms have positive X-ray scattering cross-sections, 

and so all peaks in an X-ray PDF are positive. A neutron PDF, on the other hand, can 

contain negative peaks as well as positive ones, depending on the product of the scattering 

factors of the atom pairs. This provides a greater contrast between, for example, Mn—7Li 

pair (both negative scatterers: positive peak) compared and a Nb—7Li pair (one positive, 

one negative: negative peak). 

2.3.4. Diffraction and PDF measurements in this thesis 

The phase purity and crystal structures of synthesised materials were examined using 

powder X-ray diffraction (XRD) on a Panalytical Empyrean diffractometer using CuKα 

radiation (1.540598 and 1.544426 Å). Neutron powder diffraction (NPD) experiments were 

performed using the POLARIS time-of-flight instrument at the ISIS pulsed neutron and 

muon spallation source in the Rutherford Appleton Laboratory. 7Li-enriched samples were 

synthesised (using 99% 7Li enriched Li2CO3, Sigma) due to the large neutron absorption 

cross-section of 6Li. Samples were measured inside 6 mm diameter vanadium cans. Pair 

distribution function (PDF) analysis was performed on the obtained neutron total scattering 

data using GudrunN. 158 Fourier transforms were performed with a Qmax of 40 Å-1. Structure 

solution was achieved with Rietveld refinement using TOPAS Academic v6.159,160 Crystal 
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structure visualisation and structural metric calculations were performed within VESTA 

3.5.2.161  

Where reflections in diffraction data are broadened due to short-range ordering correlations 

within samples of Li1.25Nb0.25Mn0.5O2, the Scherrer equation (as discussed above in Section 

2.3) was used to estimate an ordering correlation length from the peak width at half 

maximum, providing a measure of the strength of these interactions. This is discussed 

further in Chapter 3 (section 3.4.1). Where combined refinements are referred to, these 

were performed with laboratory X-ray, neutron Bragg and neutron PDF data. In each case, 

a single structural model was used, which was refined against all data simultaneously with 

appropriate weighting. Instrumental parameters (such as zero error, difc and difa for time 

of flight neutron data) were refined using standards (NIST Si and YAG) and then fixed. In 

each case, a Chebychev background with no more than 8 terms was used and peak shapes 

were modelled with a pseudo-Voigt lineshape. 

2.3.4.1. Operando X-ray diffraction 

Operando X-ray diffraction was performed on a Panalytical Empyrean diffractometer using 

CuKα radiation (𝜆 = 1.540598 and 1.544426 Å) with a Bragg-Brentano geometry. A 

modified Swagelok-type electrochemical cell was used with a Be window to allow 

transmission of X-rays.162,163 The cell was assembled with the cathode (Li1.25Nb0.25Mn0.5O2 

or Li1.3Nb0.43Ni0.27O2) against this window, separated only by a thin film of conductive 

carbon to ensure good electrical contact. The cells were otherwise constructed as described 

as discussed in Section 2.5.3. Structure solution was performed with Rietveld refinement 

using TOPAS Academic v6.159,160 A sample displacement parameter was refined to account 

for displacement of the cathode film from the optimised position and then fixed. No other 

instrumental parameters were varied. Reasonable initial lattice parameters were obtained 

for each sample using structureless Pawley fits.164 These were then followed by Rietveld 

refinements on data taken before cycling commenced in order to extract line broadening 

parameters (using the Scherrer equation to estimate correlation lengths, as discussed above) 

for superstructure reflections. Following this, sequential Rietveld refinements were 

performed on data for each sample taken over one charge and discharge. During these, only 

lattice parameters and broadening parameters (to estimate correlation lengths) were 

allowed to refine, and the results of the previous pattern were used as the input for the next 

refinement. Cells were cycled at a rate corresponding to a current density of 10 mAg-1. 
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Approximately 150 scans between 10-75° 2θ were taken for each material over one 

electrochemical cycle, with a scan time of 900 s. One full scan therefore corresponds to 

~ 2.5 mAhg-1 capacity, or approximately 1.25% of the reversible capacity. 

2.4. X-ray absorption spectroscopy 

In addition to scattering, absorption is an alternative event which can occur when an X-ray 

is incident on a sample. X-ray absorption spectroscopy (XAS) takes advantage of this to 

reveal information of a material’s local atomic and electronic structure. Absorption of an 

X-ray causes excitation of an electron within the atom to a higher energy state, with the 

energy gap between initial and final states corresponding to the energy of the absorbed 

photon.  

At its simplest, XAS involves subjecting a sample to a beam of X-rays and measuring the 

absorption coefficient as a function of photon energy (Figure 2.9). This can be performed 

in either transmission or fluorescence geometries. In transmission geometry, the X-ray 

beam passes through the sample, with the initial and transmitted intensities (𝐼0 and 𝐼𝑇 

respectively) measured. The absorption coefficient 𝜇(𝐸) is then extracted using the Beer-

Lambert Law: 

 𝜇(𝐸) = ln (
𝐼0

𝐼𝑇
) (2.32) 

A large 𝜇(𝐸) corresponds to a high probability of absorption, indicating an electronic 

transition at that energy. In fluorescence geometry, absorption is determined using the 

relationship: 

 𝜇(𝐸) =
𝐼𝐹

𝐼0
 (2.33) 

where 𝐼𝐹 is the fluoresced intensity. While transmission geometry is simpler and used when 

possible, fluorescence may be used when few photons interact with the element of interest 

in the material or pass through the sample.  

X-ray absorption spectra (Figure 2.9) contain the same features irrespective of the way they 

are obtained: a jump in absorption at the absorption edge, oscillations at energies above the 

absorption edge, and in some cases, a pre-edge feature at energies below the absorption 
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edge (Figure 2.9b, blue box). The pre-edge and edge regions are termed the X-ray 

absorption near edge structure (XANES: green area in Figure 2.9a), while the oscillating 

region above the edge is termed the extended X-ray absorption fine structure (EXAFS: 

purple area in Figure 2.9a). Both contain information regarding the electronic structure and 

local environment of the atom of interest. The work presented in this thesis employs 

XANES analysis, and so this is discussed below. 

2.4.1. X-ray absorption near edge structure 

The absorption edge corresponds to the photon energy at which excitation of an electron 

from an inner shell to an unoccupied outer shell can occur, generating a core-hole in the 

process. The relevant selection rule for this process is ∆𝑙 = ±1, with 𝑙 being the electronic 

orbital angular momentum quantum number. Transitions from an 𝑠 orbital are only 

formally allowed if they are to a 𝑝 orbital, and likewise transitions from a 𝑝 orbital must be 

to an 𝑠 or 𝑑 orbital to be formally allowed. Transition edges are named according to the 

principal quantum number 𝑛 of the orbital from which the electron originates. K-edge 

transitions are from 1𝑠 to 𝑛𝑝, LI-edges from 2𝑠 to 𝑛𝑝, LII- and LIII-edges from 2𝑝 to 𝑛𝑑 (to 

give 2P1

2

 and 2P3

2

 excited states respectively), and so on (Figure 2.10). 

Like the Larmor frequency for a nuclide in NMR, the absorption edge energy is a singular 

quantity for a given transition, remaining approximately constant for a given element. 

Small variations in the edge energy (analogous to NMR chemical shifts) yield information 

on the electronic structure of the absorbing atom. For example, the edge energy is sensitive 

Figure 2.9. (a) variation in normalised absorption with X-ray energy around the Mn K-edge for Mn2O3. The 

green area shows the XANES region while the purple area contains the EXAFS region. The XANES region 

is shown in more detail in (b), with the pre-edge region highlighted in blue. 
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to the atom’s oxidation state. A higher oxidation state means that the core electron being 

excited experiences a higher effective nuclear charge, Zeff—which is equal to the proton 

number of the nucleus, Z, minus the shielding constant, S. Oxidation removes electron 

density, decreasing S and increasing Zeff. More energy is therefore required to excite the 

electron, and so the edge energy increases with increasing oxidation state. Conversely, a 

lower oxidation state results in a decrease in the edge energy.165 

In some cases, intensity in the pre-edge region can arise due to formally symmetry 

forbidden electronic transitions. For example, p-d mixing can occur in transition metals in 

non-centrosymmetric environments, such as tetrahedral or distorted octahedral sites. For 

the Mn K-edge spectrum shown in Figure 2.9, mixing between empty 4𝑝 and 3𝑑 states 

takes place. Since these 3𝑑-orbitals are lower in energy than the 4𝑝-orbitals, this 𝑝–𝑑 

mixing results in a transition at a lower energy, and hence gives a feature in the pre-edge 

region. This sensitivity to the atom’s local geometry means that pre-edge features can be 

used to identify the presence of atoms in either distorted octahedral or tetrahedral 

environments, as well as other less common distorted geometries.166–169 

2.4.2. Hard and soft X-rays: soft XAS 

XANES measurements can either employ ‘hard’ or ‘soft’ X-rays—which refers to the 

energy of the radiation used—depending on the energy of the transition being probed. Soft 

Figure 2.10. Energy level diagram illustrating the nomenclature for different XAS transitions. 
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X-rays typically have energies from tens of electron volts (eV) to approximately 2 keV, 

whereas hard X-rays have energies of a few keV to tens of keV. The definition of X-ray 

‘hardness’ stems from the fact that soft and hard X-rays can penetrate shallow and thick 

material depths respectively, as the absorption cross section in the soft X-ray range is over 

two orders of magnitude greater than in the hard X-ray range.170  

In this work, hard X-rays were used to measure Mn and Nb K-edge XANES (in 

transmission geometry), while soft X-rays were used to collect Mn L-edge and O K-edge 

spectra (in fluorescence geometry). This is referred to as soft XAS, or sXAS, instead of 

XANES to distinguish it from hard X-ray methods. The much greater absorption cross 

section in the soft X-ray range means that ultra-thin samples are required in order to 

measure absorption in transmission geometry, due to the shallow penetration depth. 

Therefore in battery studies, where the substrate under study is often too thick to meet the 

transmission mode criteria, sXAS spectra are mostly collected in fluorescence mode via the 

intensity of decay products of the core holes.  

For the Mn L-edge sXAS presented in this thesis (Chapter 4:), data were collected in total 

electron yield (TEY) mode—whereby emitted electrons are detected after X-ray 

absorption. The shallow escape depth of electrons means that the TEY channel of sXAS is 

highly surface sensitive, with probe depths of ~ 10 nm. O K-edge data were collected in 

partial fluorescence yield (PFY), whereby emitted photons within the correct energy range 

are detected. PFY is more bulk sensitive than TEY, with a probe depth of ~ 100 nm, but 

still more surface sensitive than hard XAS due to the stronger absorption of soft X-rays 

discussed above.170,171 

2.4.3. Resonant inelastic X-ray scattering 

Resonant inelastic X-ray scattering, also referred to as mapped resonant inelastic X-ray 

scattering (RIXS or mRIXS), has recently emerged as a technique of choice for examining 

the redox behaviour in cathode materials. RIXS is often referred to as a photon-in-photon-

out (PIPO) technique. Whereas in conventional sXAS, photon or electron emission is 

detected and merely used to infer X-ray absorption at a particular photon energy, in RIXS 

the energy of emitted photons are measured for each excitation energy. This yields a map 

of the fluorescence energy as a function of both absorption (vertical axis) and emission 

energy (horizontal axis), which can be considered a 90°-flipped XAS spectrum with 

emission decay energy plotted for each absorption energy. 
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When a core electron is excited, three kinds of emission can occur (Figure 2.11):171 

(i) elastic emission—where the excited state decays back to the ground state with 

emission at the same energy as excitation; 

(ii) normal fluorescence (or normal X-ray emission spectroscopy, XES)—where a 

valence electron fills the core hole, emitting a photon with energy corresponding 

to the energy difference between the valence electron and the core-hole; 

(iii) energy loss fluorescence—whereby the core-hole generated is stabilised 

through some second excitation such as a lattice vibration (phonon) or spin flip. 

When the core hole is filled, these excitations remain in the system, reducing 

the energy of the emitted photon.  

RIXS data (Figure 2.12) contain the information of all three types of decay process and 

their associated excitations, and as such provides superior chemical sensitivity compared 

to conventional sXAS. At each excitation energy, the single data point measured in sXAS 

is resolved in a RIXS experiment into an energy distribution curve, giving an extra 

dimension of information. This provides additional chemical sensitivity to distinguish 

specific chemical states in battery materials, which cannot be clearly defined in sXAS. 

Because of this, RIXS has recently attracted much attention as a way of detecting the 

occurrence of O redox in Li-ion cathode materials. 

Figure 2.11. Schematic representing the possible outcomes of photon-in-photon-out soft X-ray spectroscopy. 

(a) depicts sXAS (left), normal X-ray emission (XES, middle) and energy loss fluorescence (right), which 

can be detected in a RIXS experiment. The simplified energy level diagram in (b) illustrates the different 

transitions involved in the RIXS process. Reprinted with permission from reference 171. 
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Cathode materials which are thought to undergo O redox have been shown to exhibit a 

sharp RIXS feature at approximately 531 eV excitation and 523.8 eV (Figure 2.12) upon 

charging beyond their high voltage redox plateau: a feature that is absent in the RIXS maps 

of cathode materials which do not undergo O redox.171,172 This energy loss fluorescence 

feature, now considered a key signature of O redox, is obscured in standard sXAS 

measurements, meaning RIXS is required to determine its presence. The origin of the 

electronic transition which gives rise to this feature is not currently known, but its sharpness 

is thought to indicate that it is unlikely to be a decay from occupied O states (i.e., localised 

O holes, O-) as initially thought99—as these processes cause broad features in RIXS.173 

Yang et al. argue that the sharpness of the O redox feature suggest it is from a specific 

excitation in the RIXS process.171 Despite this uncertainty in its origin, it has been hailed 

as an important fingerprint for identifying O redox in many studies on both layered and 

disordered cathode materials.100,112,113,172,174,175 

2.5. Synthesis and electrochemical cell fabrication 

2.5.1. Synthesis 

Li1.25Nb0.25Mn0.5O2 powder was prepared by a standard solid-state reaction from 

stoichiometric amounts of anhydrous Li2CO3 (99.9%, Aldrich), Mn2O3 (98%, Alfa Aesar) 

and Nb2O5 (99.5%, Aldrich). A 5% excess of Li2CO3 was typically used to account for Li 

loss at the reaction temperature. The precursors were mixed in a Retsch PM100 planetary 

ball mill (250 rpm), with a Zr jar and 5 mm diameter Zr balls, for 5 h, using 15 min intervals 

of milling separated by 15 min rest periods (for a total of 10 h). Pellets of approximately 

1 g were pressed and heated to 1000°C in an alumina crucible inside a tube furnace under 

Figure 2.12. RIXS maps for pristine Li1.2Ni0.2Mn0.6O2 as well as at various states of charge (Ch) and discharge 

(Dch). The white curly arrow shows the sharp feature attributed to O redox, which appears only at the end of 

charge (4.8 V). The black dashed circle indicates the normal fluorescence from TM—O orbitals, and the grey 

straight arrow shows the intensity from elastic emission (where emission energy is equal to excitation energy). 

Reproduced with permission from Xu et al.172 
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flowing Ar (with a flow rate of approximately 0.5 cm3 min-1) for 12 h. The cooling rate was 

varied by either allowing the sample to cool to room temperature inside the furnace or 

removing the section of the tube containing the sample at 1000°C to facilitate more rapid 

cooling whilst still under an Ar atmosphere. This effected a rapid cooling of over 

100°C min-1, while natural cooling inside the furnace gives an estimated cooling rate of 

10°C min-1 at 1000°C—of course, these rates are not constant and are significantly lower 

at lower temperatures. For the second part of Chapter 3 (Section 3.4.2), slower cooling rates 

of approximately 1°C min-1 were used. Reactions were performed inside both alumina and 

quartz tubes—quartz being more favourable for the ‘quenching’ step due to the smaller 

expansion/contraction upon heating/cooling. Ordered and disordered phases could be 

obtained inside both types of tube.  

Li1.3Nb0.43Ni0.27O2 powder was prepared by a standard solid-state reaction from 

stoichiometric amounts of anhydrous Li2CO3 (99.9%, Aldrich), Ni(OH)2 (99%, Aldrich) 

and Nb2O5 (99.5%, Aldrich). As with the Mn analogue, a 5% excess of Li2CO3 was 

typically used to account for Li loss at the reaction temperature. The precursors were mixed 

by wet mechanical ball milling in a Spex high-energy mill in ethanol (~ 1 ml per gramme 

of precursor) in a Zr jar with 12.7 mm diameter Zr balls, for 3 h, using 20 min intervals of 

milling separated by 10 min rest periods (for a total time of 4 h 30 min). The mixture was 

then dried in air at 70ºC for 12 h. Pellets of approximately 1 g and 13 mm diameter were 

pressed and heated to 950°C in an alumina crucible inside a box furnace under in air for 

24 h and allowed to cool naturally to room temperature inside the furnace. A slower cooling 

rate of 1°C min-1 was also used to examine the effect of the cooing rate on the observed 

cation order.  

For preparation of Li3NbO4, stoichiometric amounts of Li2CO3 (99.9%, Aldrich) and Nb2O5 

(99.5%, Aldrich) were mixed in a Retsch PM100 planetary ball planetary ball mill 

(400 rpm) for 2 h (20 min intervals of milling separated by 10 min rest periods, with a total 

experiment time of 3 h), with a Zr jar and 5 mm diameter Zr balls, before being pelletised 

and heated in the same manner as for Li1.3Nb0.43Ni0.27O2 outlined above. For the preparation 

of 17O-enriched materials, small amounts (~ 100 mg) of the mixed precursors were heated 

under the same conditions in a static 17O-enriched O2 (70% 17O, NUKEM Isotopes) 

environment at ~ 350 kPa inside a sealed quartz tube. Samples of all materials were kept 

inside an Ar-filled glovebox to minimize surface species contamination.176 
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2.5.2. Scanning electron microscopy 

SEM images were taken using a TESCAN MIRA3 microscope with a secondary electron 

detector. An accelerating voltage of 5.0 kV was used, with a working distance of 

approximately 7.0 mm. 

2.5.3. Electrochemical cell fabrication 

Self-supporting cathode films were manufactured by hand-grinding the active material 

(either Li1.25Nb0.25Mn0.5O2 or Li1.3Nb0.43Ni0.27O2) with Super P carbon (Timcal) for 

approximately 30 minutes in an agate pestle and mortar until well mixed, and then adding 

polytetrafluoroethene (PTFE) binder and further grinding for 5 minutes until a putty was 

formed. It was found that self-supporting PTFE films performed more reliably compared 

with polyvinylidenedluoride (PVDF) electrodes cast onto Al foil, with the PTFE electrodes 

displaying improved reproducibility and reduced capacity fade. Self-supporting films with 

no Al backing were also preferable for in situ measurements such as operando XRD, and 

hence this method of cell manufacture was employed in this work. By mass, the active 

material:cabon:binder ratio was 75:20:5. The PTFE-containing putty was rolled into a thin 

film using a glass rod. 12.7 mm diameter discs were punched out of the film, and the weight 

and thickness of each was recorded. Typical mass weightings were in the range 9-15 mg.  

Electrochemical tests were performed on half-cells vs Li metal in 2032 coin-cell 

configuration (Cambridge Energy Solutions). Coin cells were assembled in an Ar filled 

glove box with H2O and O2 levels < 0.1 ppm. Cathodes were placed on steel current 

collectors and separated from a Li-metal foil (Sigma Aldrich, 99.9%) anode—which were 

also backed with a steel current collector—by a glass fibre (15.9 mm, GF/B, Whatman) 

separator soaked with 150 µL electrolyte. The electrolyte used was 1 M LiPF6 in a 1:1 ratio 

solution of ethylene carbonate and dimethyl carbonate (EC:DMC, Sigma Aldrich).  

All cells were half-cells vs Li metal, and so all potentials are with respect to the Li+/Li 

redox couple. Cells were cycled between 1.5 V and either 4.8 V or 4.2 V, at a constant 

current with the potential measured as a function of time. The cells were cycled on either a 

Biologic MPG-2 or an Arbin battery tester in galvanostatic mode at either room temperature 

or 55°C. A current density of 10 mAg-1 was used unless otherwise specified. Assuming 

complete reversible (1.25 eq.) Li extraction, the theoretical capacity of Li1.25Nb0.25Mn0.5O2 

is 367 mAhg-1. Based on the Mn3+/Mn4+ redox couple in the system, however, the 
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theoretical capacity is only 147 mAhg-1 due to the small amount of Mn present. Similarly, 

assuming complete reversible (1.3 eq.) Li extraction of Li1.3Nb0.43Ni0.27O2, the theoretical 

capacity is 360 mAhg-1, but based on the Ni2+/Ni4+ redox couple in the system, the 

theoretical capacity is only 149 mAhg-1. For this reason, it is preferable to refer to charge 

rates in terms of capacity per unit mass (mAg-1), rather than fractions of the total capacity 

C, since this can have multiple interpretations. 

In order to perform ex-situ NMR measurements after charge/discharge, cells were 

disassembled inside an Ar filled glove box and the cathode was removed and washed with 

3 x 1 ml DMC (99.9%, Sigma Aldrich) and dried under vacuum for 30 minutes. The 

cathode material was then cut up into small flakes using a sharp blade and packed into a 

1.3 mm zirconia NMR rotor with Vespel caps for analysis. Operando XRD cells were made 

and cycled as set out in Section 2.3.4.1. 
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Chapter 3: Characterising the short-range cation 

ordering regimes present in Li1.25Nb0.25Mn0.5O2 

3.1. Abstract 

This chapter reports the occurrence of short-range cation ordering in the nominally cation-

disordered Li-excess rocksalt Li1.25Nb0.25Mn0.5O2. Using a combination of X-ray 

diffraction, neutron total scattering, magnetic susceptibility and NMR spectroscopy, the 

nature of this ordering is determined, and the correlation length is shown to be heavily 

dependent on synthesis conditions. While rapid cooling does indeed yield a cubic rocksalt 

(𝐹𝑚3̅𝑚) structure, employing slower post-synthesis cooling rates encourages cation 

ordering resulting in samples with expanded unit cells with either 𝐼41 𝑎𝑚𝑑⁄  or 𝐶2/𝑐 

symmetry, depending on the cooling rate. The preference for this ordering can be 

rationalised based on a preference for electroneutrality, as well as the accommodation of 

Mn Jahn-Teller and Nb second order Jahn Teller interactions within the lattice. 

3.2. Introduction 

As discussed in Chapter 1, improvements to the energy density of current commercial Li-

ion batteries based on conventional cathode materials such as LiCoO2 and Li[NiMnCo]O2 

(NMC) are becoming increasingly challenging to achieve.29 They also contain Co, which 

is both expensive and toxic. Hence, new families of materials with inherently greater 

capacities are required in order to break this reliance on Co.  

The family of Li-excess cation disordered rocksalts Li1+xNbyMzO2 (x + y + z = 1, M = V, 

Mn, Fe, Co, Ni) are promising new cathode materials.40 Their reversible capacities, which 

were demonstrated to be greater than those predicted based solely on TM redox, has earned 

them a great deal of attention.40 Changes in their O K-edge X-ray absorption spectra, and 

electron energy loss spectroscopy spectra have been put forward as evidence of O redox 

being responsible for this extra capacity.46,48,65,177 The true structure of these materials is 

still poorly understood, however, leaving the structural roots of their interesting redox 

chemistry obscure.  
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Local short-range ordering has significant consequences for the Li-ion transport throughout 

these Li-excess structures, as discussed in Section 1.3.2, and so may affect a material’s 

electrochemical performance.50,80 Studies of ordered Mn-containing cathode systems 

suggest that cation ordering can often be rapidly lost with cycling, due to Mn 

migration.112,178–180 However, this should not negate the importance of developing a 

complete understanding of the local structures of these systems in the pristine state, as well 

as exploring how these structures evolve as the material is (de)lithiated. 

This chapter focuses on the Mn-containing member of the family, Li1.25Nb0.25Mn0.5O2 

(LNbMO), in the pristine state, where it is demonstrated that short range ordering can be 

varied through changes in the synthetic conditions. In Section 3.4.1, an ordering model 

deduced from X-ray and neutron powder diffraction data (PXRD and NPD) is proposed 

and rationalised based on electroneutrality. In Section 3.4.2, the synthesis conditions are 

tuned to maximise the preference for ordering, revealing the presence of further correlations 

through the material, determined and rationalised using additional X-ray diffraction, 

neutron total scattering, magnetometry and NMR. 

All density functional theory (DFT) calculations presented in this Chapter were performed 

by Dr Ieuan D. Seymour. 

3.3. Experimental 

3.3.1. Synthesis 

Li1.25Nb0.25Mn0.5O2 powder was prepared as outlined in Section 2.5.1. 

3.3.2. Diffraction and PDF 

Powder X-ray diffraction and neutron total scattering data were collected, processed and 

refined as outlined in Section 2.3.4. Banks 1 and 2 of the neutron data (the lower resolution 

banks) were excluded from fitting in the combined refinements, as the lowest angle 

reflection was accounted for in bank 3 and so they contained no new peaks. Data used in 

the combined refinements but not shown in the main text are shown in Appendix A.  

3.3.2.1. ISODISTORT 

Symmetry analysis the ISODISTORT tool was used to generate cation-ordered 

superstructures consistent with the superlattices deduced from the appearance of additional 
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reflections in powder X-ray diffraction patterns. ISODISTORT is part of the ISOTROPY 

software suite developed by Stokes et al. which applies group theoretical methods to the 

analysis of phase transitions in crystalline solids.181 

ISODISTORT is an internet-based tool for exploring the structural distortion modes of 

crystalline materials induced by irreducible representations of the original space-group 

symmetry. The stand-alone ISOVIZ and ISOVIZQ applications are especially useful for 

visualising and interactively manipulating the numerous distortion modes generated in 

ISODISTORT, as well as visualising the effect of these distortions on diffraction data.181,182 

3.3.3. NMR 

7Li NMR experiments were performed as discussed in Section 2.2.4. 

3.3.4. Scanning electron microscopy 

SEM images were obtained as outlined in Section 2.5.2. 

3.3.5. Magnetic susceptibility 

Magnetic susceptibility measurements were carried out as described in Section 2.1.7. 

3.4. Results and discussion 

3.4.1. Tetragonal ordering 

3.4.1.1. Synthesis and diffraction 

Measured PXRD patterns (Figure 3.1) of Li1.25Nb0.25Mn0.5O2 (LNbMO) cooled at two 

different rates—either left to cool naturally to room temperature inside the furnace, or 

rapidly cooled under Argon by removing the sample from the furnace (see Section 2.5.1)—

contained significant differences. Samples which were cooled naturally inside the furnace 

(~ 10°C min-1) exhibited an extra set of broad reflections in addition to those expected for 

the completely disordered rocksalt structure (Figure 3.1b), whereas samples which were 

rapidly cooled (~ 100°C min-1) only had very broad features in those positions (Figure 

3.1a). These comparatively low intensity broad reflections were present in previously 

reported diffraction measurements of this material, however until now they have avoided 

much discussion, and have been omitted from structural refinements.65 It was found that 
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these extra reflections can be indexed to a body centred tetragonal supercell in which 𝑎′ =

𝑏′ =  𝑎rs;  𝑐’ =  2𝑎rs (𝑎rs is the original rocksalt lattice parameter). This unit cell accounts 

for all observed reflections, with selective peak broadening in the case that 𝑙 is odd (Figure 

3.1b). This broadening associated with the peaks arising from superstructure suggest 

ordered domains (from analysis using the Scherrer equation—see Section 2.3) of limited 

size, with a fitted correlation length of ~ 240 Å (approximately 60 𝑎rs) for the naturally 

cooled sample, and of ~ 10 Å for the rapidly cooled sample.  

The correlation length can be understood as a measure of the size of these ordered 

domains—the maximum distance from a particular cation A, up to which point the identity 

of a second cation, B, can be deduced based on the identity of A and knowledge of the 

adopted ordering supercell (discussed in more detail below). Beyond the correlation length, 

however, the cation identities are more reasonably described by the random model, with 

the probability of a cation being Li, Mn or Nb being equal to their relative stoichiometries, 

as expected in a disordered rocksalt. 

It is important to note at this stage that the samples which display these additional 

reflections—and will be referred to herein as more ordered samples—are only partially 

ordered. As discussed above, no correlation exists between cations separated by a distance 

beyond the ordering correlation length, and so they are still disordered on average. They do 

however exhibit correlation between metal occupancies on a length scale which is an order 

of magnitude greater than their more disordered analogues. 
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Figure 3.1. (a, b) PXRD data (blue), calculated patterns (red) and difference (grey) for two samples of 

Li1.25Nb0.25Mn0.5O2. (a) Rietveld refinement for the rapidly cooled sample containing broad, low-intensity 

superstructure peaks (*) refined against a disordered rocksalt 𝐹𝑚3̅𝑚 unit cell (shown in c), 𝑎 =

4.19551(7) Å with a statistical distribution of Li (blue), Nb (orange) and Mn (purple) on the metal site. Red 

spheres correspond to O. Rwp = 3.10% and 𝜒2 = 3.71. (b) Rietveld refinement for naturally cooled LNbMO 

containing high-intensity superstructure peaks (*), using a structural model with a body centred tetragonal 

unit cell (shown in d) in which 𝑎′ = 𝑏′ =  𝑎𝑟𝑠;  𝑐’ =  2𝑎𝑟𝑠 (𝑎𝑟𝑠 = 4.18651(1) Å), with space group 

𝐼41 𝑎𝑚𝑑⁄ , the space group of 𝛾-LiFeO2. Rwp = 4.12% and 𝜒2 = 3.53. 
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Symmetry analysis using the ISODISTORT software (see Section 3.3.2.1) was carried out 

to generate the various cation-ordered superstructures consistent with the observed 

superlattice.181,182 It was found that only one structure was consistent with the observed 

PXRD data, the 𝐼41/𝑎𝑚𝑑 𝛾-LiFeO2 structure. The 𝛾-LiFeO2 structure is derived from a 

rocksalt structure by ordering Li and Fe into two separate interpenetrating metal 

sublattices.79 In the resulting tetragonal structure, each oxygen is coordinated by three metal 

cations from each sublattice in a meridional fashion (Figure 3.1d). 

To examine the nature of the LNbMO short-range ordering, pair distribution function 

(PDF) analysis was performed on neutron total scattering data for a naturally cooled sample 

of LNbMO (i.e., with additional superstructure reflections) (Figure 3.2). A combined 

Rietveld159,160 refinement of neutron Bragg, PDF and laboratory XRD data was performed 

against a structural model with the proposed tetragonal 𝐼41/𝑎𝑚𝑑 space group, using the 𝛾-

LiFeO2 unit cell as a starting point. Selective broadening of reflections was included for 

the case that the l index was odd (Figure 3.1b), using the Scherrer equation to estimate the 

correlation length of the ordering—as discussed above and in Section 2.3. The Li, Nb and 

Mn occupancies of the two symmetry distinct metal sublattices in the unit cell were allowed 

to refine separately, but were constrained such that each metal sublattice was fully occupied 

and that the overall ratio of Li:Nb:Mn was 5:1:2 (Table 3.1). The isotropic thermal 

displacement parameters were allowed to refine, but constrained so as to be the same on 

the same lattice position (regardless of atom type). The a lattice parameter was allowed to 

refine, and the c parameter was set equal to 2a. The refinement robustly demonstrated that 

one sublattice is almost entirely populated with lithium [95.4(3)% Li, 4.6(5)% Mn] and the 

other with Mn, Nb and the remaining Li—i.e., a composition of 

[Li0.95Mn0.05][Li0.30Nb0.25Mn0.45]O2 (Figure 3.3).  

The descent in symmetry to a tetragonal space group also allows the oxygen atoms to 

displace in the z direction. Refinement of the atom’s z position suggests the O moves 

towards the predominantly transition metal sublattice, in keeping with what would be 

expected from simple electrostatics (Figure 3.3, Table 3.2). Given this shortening of the 

axial Mn—O bonds and the tendency for Mn3+ to undergo a Jahn-Teller (JT) distortion, it 

is likely that a JT elongation is accommodated in the xy plane. Jacquet et al. have previously 

reported the tendency of Nb5+ to undergo a second order Jahn-Teller distortion (SOJT, 

Section 1.4) within Li3NbO4-based materials, causing an off-centring of the ion off its 
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lattice position along a C4 or C3 axis of the NbO6 octahedron.91 These distortions are also 

likely to be accommodated by this cation-ordering, in addition to the Mn3+ JT distortions. 

These various octahedral distortions are likely to contribute to the poor fitting of the PDF 

data about 1.95 Å (Figure 3.2c). Intensity in this region (1.9 – 2.15 Å) corresponds to 

directly bonded M—O pairwise distances in the system, i.e. Li—O, Mn—O and Nb—O 

pairs. The shape of the PDF indicates multiple M—O bond lengths are present within the 

structure, which is to be expected with three different possible identities for M. As well as 

the JT and SOJT distortions mentioned above, variation in M—O bond length is also 

expected due to the differing ionic radii of Li+ (0.76 Å), Mn3+ (0.645 Å) and Nb5+ 

(0.64 Å).122 In a perfectly ordered binary rocksalt such as NaCl, all bonds would be 

expected to be identical in length, and in the tetragonal unit cell discussed above there are 

three different possible values for the M—O distance (Table 3.2). The true distribution of 

M—O bond lengths in a disordered rocksalt, even one which displays short-range cation 

order, is therefore likely to be larger than can be reasonably modelled using the tetragonal 

unit cell. 
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Figure 3.2. Neutron Bragg (a) and PDF (b, c) data for naturally cooled, ordered LNbMO, refined (along with 

lab PXRD data shown in Figure 3.1) against a structural model based on the unit cell of 𝛾-LiFeO2 (only the 

highest resolution bank 5 neutron Bragg data are shown). The experimental data are plotted as black crosses 

(NPD) and purple open circles (PDF). The calculated values are plotted as solid red (Bragg) and orange (PDF) 

lines, and the difference curves as grey lines. Rwp = 1.930% for the combined refinement. The refinement was 

performed using TOPAS Academic v6. The refined structural information is presented in Table 3.3, Table 

3.2 and Figure 3.3. 



75 

 

  

Space group 𝑰𝟒𝟏/𝒂𝒎𝒅 (Origin Choice 2); Z=8 

a = b = 4.185729(5) Å; c = 2a; α = β = γ = 90° 

Atom 
Wyckoff 

position 
x y z Biso Occupancy (%) 

O1 8e 0 1/4 0.1344(2) 1.42(2) 100 
7Li1 

Mn1 

Nb1 

4a 0 3/4 1/8 1.06(3) 

95.4(3) 

4.6(5) 

0.0(4) 
7Li2 

Mn2 

Nb2 

4b 0 1/4 3/8 0.93(1) 

29.6(3) 

45.4(5) 

25.0(4) 

Bond Length (Å) 

Axial O—Msub1
 2.172(2) x 2 

Axial O—Msub2 2.014(2) x 2 

Equatorial O—Msub1&2 2.09434(7) x 4 

Table 3.1. Crystallographic data of structural model of Li1.25Nb0.25Mn0.5O2, obtained from combined 

refinement of diffraction and PDF data. 

 

Table 3.2. Bond distances of refined structural model of Li1.25Nb0.25Mn0.5O2. Msub1 and Msub1 correspond to 

the table of crystallographic data above. 

Figure 3.3. Structure of ordered Li1.25Nb0.25Mn0.5O2, obtained from combined Rietveld refinement of PXRD 

and Neutron Bragg and PDF data. 
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3.4.1.2. NMR 

Magic angle spinning (MAS) NMR spectra were obtained to probe lithium local 

environments (Figure 3.4). In these rocksalt materials, each Li ion has 12 nearest neighbour 

metal ions with 90° bond angles and 6 next-nearest neighbours with 180° bond angles 

(Figure 3.5). For completely disordered Li1.25Nb0.25Mn0.5O2, each of these 1st and 2nd 

nearest TM neighbours has a 25% probability of being paramagnetic Mn3+—with each Mn 

neighbour causing a large Fermi contact shift. The magnitude and sign of the shift depends 

on the nature of the bond pathway (180° or 90°),137 resulting in a large number of different 

Li environments and a broad NMR spectrum. The diamagnetic Li+ and Nb5+ neighbours do 

not contribute to the Fermi contact shift, and so changes in chemical shift for different 

Li/Nb configurations are assumed to be small. On increasing the local order, the probability 

distribution of Li nearest neighbours changes significantly. In particular, the number of 

probable environments is reduced, and fewer resonances are observed, as seen in the 

spectrum for the naturally cooled sample, where distinct broad features can be discerned 

around 75, 290 and 420 ppm (Figure 3.4). A more definitive assignment of these spectra is 

challenging as the observed spectra will reflect not only the cation order, but also the orbital 

Figure 3.4. 7Li pjMATPASS spectra of disordered (blue) and ordered (red) samples of Li1.25Nb0.25Mn0.5O2, 

scaled by mass and number of scans. The inset shows the Hahn echo spectrum with the spinning sidebands 

(*). The MATPASS pulse sequence is used to separate the isotropic resonance from the sideband manifold 

(60 kHz MAS).228 
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order of each Mn3+ neighbour. Despite this complexity, it is clear that the clustering of 

resonances observed in the more highly correlated sample is consistent with a greater 

correlation length of local ordering.  

3.4.1.3. Discussion of tetragonal ordering 

The effect of cooling rate upon the level of order/disorder in systems such as these rocksalts 

is well known, and is related to the degree of configurational entropy possible in a material 

with three cations occupying the same crystallographic site.54,183,184 Rapid cooling from the 

synthesis temperature has been shown to preserve high temperature disordered phases, as 

at these temperatures (≥1000°C) the entropic contribution to the material’s free energy 

(−𝑇ΔS) dominates—favouring a random distribution of cations across the structure.79,185,186 

The lower the temperature, the more the enthalpy term (Δ𝐻) dominates, which favours an 

ordered regime with more favourable interactions between adjacent cations. However, 

below a threshold temperature the cations do not have enough thermal energy to rearrange 

into a more enthalpically favourable structure. Allowing the material to cool naturally 

(~ 10°C min-1) from the synthesis temperature therefore allows cation migration to occur 

for a longer period before the structure of the material is energetically ‘frozen’. Cooling 

more rapidly (~ 100°C min-1) freezes the material in its high-temperature entropic state, 

resulting in a more disordered material with a much shorter correlation length.  

The enthalpic preference for the observed 𝛾-LiFeO2 cation ordering can be understood by 

a tendency towards local electroneutrality. Pauling’s rule of electroneutrality states that the 

sum of the ‘electrovalencies’, 𝑧/𝑛 (𝑧 = charge, 𝑛 = coordination number) of the nearest 

Figure 3.5. Depiction of possible 90° (a) and 180° (b) NMR bond pathway contributions for a Li atom (centre) 

in disordered LNbMO. Each of the 12 90° neighbours and six 180° neighbours has a 25% chance of being 

Mn3+, which causes a large Fermi contact shift. Diamagnetic Li+ and Nb5+ neighbours do not contribute 

significantly to the Fermi contact shift. 
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neighbour cations should equal the charge, 𝑥, of the anion—i.e., ∑ 𝑧/𝑛 = 𝑥.79 Ideally each 

O2- (𝑥 = 2) would therefore experience an octahedral coordination by six cations whose 

charges sum to +12 (since each cation is shared between six O). In this composition the 

available metal cations have charges of +1, +3 or +5 (Li, Mn and Nb, respectively) and so 

local electroneutrality can be achieved only in two ways: OLi3Mn3 (c.f. 𝛾-LiFeO2) or 

OLi4NbMn. This latter scenario is most suited to the stoichiometry in this composition of 

LNbMO (Li:Nb:Mn 5:1:2), with excess Mn3+ accommodated via the former arrangement. 

In the 4:1:1 arrangement, any distribution of four Li ions will have a subset of three 

‘pseudo-meridional’ ions and so both the 4:1:1 and 3:3 environments are consistent with 

the observed cation order. A statistical analysis shows that in completely disordered 

LNbMO, 22% of the O atoms would be expected to experience a 12+ coordination 

environment, whilst this increases to 29% for the ordered structure discussed above. 

Given the diversity of structures possible when two or more cations occupy the Na site of 

the NaCl unit cell (see Section 1.3.2.3),79 it is highly likely that other ordering regimes are 

possible, for different stoichiometries, cation charges and synthesis conditions. For 

example, Ji et al. report short-range ordering in two other nominally disordered rocksalts 

Li1.2Mn0.4Ti0.4O2 (LMTO) and Li1.2Mn0.4Zr0.4O2 (LMZO) as taking the form of cubic α-

LiFeO2 (rather than tetragonal) units and tetrahedral cation clusters respectively, albeit with 

a much shorter correlation length (less than 10 Å).50 As Ji et al. report, this ordering (or 

lack thereof) has implications for the electrochemical performance of LNbMO as a 

potential cathode material. Lee et al. attribute facile Li diffusion in disordered Li-excess 

materials to the percolation of 0-TM channels (networks of coordination environments 

where Li can diffuse between octahedral sites via tetrahedral sites with no TM 

neighbours).38 𝛾-LiFeO2 has entirely 2-TM channels, and hence has a much higher barrier 

to Li-diffusion throughout the structure. A 45% excess of Li is required to achieve 

percolation of 0-TM channels for the fully ordered 𝛾-LiFeO2 structure, and for 25% excess 

Li (i.e., Li1.25Nb0.25Mn0.5O2) > 25% cation mixing between sublattices is necessary to 

enable the lower activation energy diffusion pathways.72 Indeed, electrochemical cycling 

data (discussed in detail in the following chapter) for LNbMO suggests the more ordered 

material may suffer from greater voltage fade and poorer capacity retention. While both 

samples initially exhibit similar reversible capacities of over 200 mAhg-1, the capacity 

retention after 15 cycles is significantly lower for the ordered material—81.0% compared 
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with 87.8%. This ordering also appears to be lost after cycling, in keeping with Kan et al.’s 

recent report on a Ta-containing analogue.83  

3.4.2. ‘Super-ordering’ 

3.4.2.1. Synthesis and diffraction 

Having determined the nature of this short-range cation order, along with the conditions 

which favour it, the extent to which the cations order within the material was probed by 

varying the synthesis conditions further. Since natural cooling of the material over 

approximately 10 hours inside the furnace (although the cooling ramp rate is not constant—

the rate is significantly higher at high T) yielded ordering with a correlation length of 

approximately 240 Å, it was investigated whether even slower cooling would result in an 

even more ordered material.  

Cooling the reaction at a rate of 1°C min-1 did indeed produce a material with stronger 

superstructure reflections (Figure 3.6), with the broadness of the reflections indexed to the 

tetragonal cell suggesting a correlation length of approximately 300 Å. By comparison, the 

correlation length of the rocksalt reflections within the slow-cooled material is 

Figure 3.6. PXRD data (blue), calculated pattern (red) and difference (grey) for a ‘Super-ordered’ sample of 

Li1.25Nb0.25Mn0.5O2, refined against a structural model based on the tetragonal 𝐼41 𝑎𝑚𝑑⁄  unit cell (shown in 

the inset) discussed for the ordering scheme discussed previously. The asterisks (*) show the locations of the 

previously observed (tetragonal) superstructure reflections, while the daggers (†) highlight a new set of low-

intensity reflections which cannot be accounted for using this structural model—indicating the onset of further 

ordering within the slow-cooled material. The three sets of tickmarks indicate the position of reflections 

originating from the LNbMO product (96%, blue) and LiMnO2 (3%, black) and Li3NbO4 (1%, green) 

impurities respectively. Rwp = 6.54% and 𝜒2 = 2.01. 
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approximated (using the FWHM of the original 𝐹𝑚3̅𝑚 reflections) to 900 Å—a significant 

reduction compared with those of disordered and partially ordered LNbMO, where no 

appreciable broadening of the rocksalt reflections is observed. This material is referred to 

herein as ‘Super-ordered’ LNbMO to distinguish it from the ordered material discussed 

above. Cooling the material even more slowly at 0.5°C min-1 did little to increase the 

correlation length of the tetragonal reflections but led to an increase in the amount of 

LiMnO2 impurity in the sample. This is presumably caused by increased Li loss at high 

temperatures, causing formation of the end-member of the series with the lower Li 

concentration (50% of cations for LiMnO2 vs 75% for Li3NbO4).
176 As can be seen in 

Figure 3.6, some LiMnO2 impurity (and a very small amount of Li3NbO4) was observed 

even at a cooling rate of 1°C min-1—it was not possible to separate these impurities from 

the desired rocksalt product, and so they are present in the material used for analysis. Figure 

3.7 shows SEM images of disordered (a, d), ordered (b, e) and super-ordered (c, f) samples 

of LNbMO. 

Interestingly however, the extent of order/disorder observed can be altered by reheating 

and cooling the sample at a different rate. Disordered LNbMO can be reheated and cooled 

more slowly to give a more ordered material, whilst ordered and super-ordered LNbMO 

can be quenched after reheating to yield a more disordered sample. This suggests that while 

increased Li loss may be a factor in determining the synthesis products, the primary driving 

forces for cation order vs. disorder within LNbMO are, respectively the enthalpic and 

entropic components discussed in Section 3.4.1.3. 

Figure 3.7. SEM images of disordered (a, d), ordered (b, e) and super-ordered (c, f) samples of 

Li1.25Nb0.25Mn0.5O2, after manual grinding of the sintered pellets in an agate pestle and mortar. 
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Close examination of the diffraction pattern in Figure 3.6 reveals new reflections at low 2θ 

which cannot be accounted for using the tetragonal 𝐼41/𝑎𝑚𝑑 unit cell, indicating an 

additional ordering of the cations across the structure, resulting in a further lowering of the 

unit cell symmetry. These additional reflections can be indexed to an orthorhombic unit 

cell in which 𝑎𝑜𝑟𝑡ℎ ≈ 2𝑎rs;  𝑏𝑜𝑟𝑡ℎ ≈ 4𝑎rs;  𝑐𝑜𝑟𝑡ℎ = 𝑎rs, i.e., a 2 x 4 x 1 expansion of the 

original rocksalt unit cell. The broadening associated with these new reflections suggests a 

correlation length of approximately 30 Å (or approximately 7 𝑎rs), using a selective 

broadening for reflections where k is odd (see Figure 3.9a). Efforts to increase the intensity 

of these reflections further with a slower cooling rate were unsuccessful. 

As with the previous ordering, symmetry analysis using ISODISTORT was performed to 

generate the possible superstructures consistent with this new superlattice.181,182 By 

examination of the possible superstructures, it was determined that the highest-symmetry 

unit cell which could account for these new reflections (as well as all the existing 

reflections) was of 𝐶𝑚𝑐𝑚 symmetry.  

These subsequent reductions in symmetry from cubic rocksalt 𝐹𝑚3̅𝑚 to tetragonal 

𝐼41/𝑎𝑚𝑑 and then further to 𝐶𝑚𝑐𝑚 each involve splitting of the original single cation site 

in the rocksalt structure (which has a statistical occupancy of the different metals) into 

multiple sites (Figure 3.8). Each doubling of the unit cell in one dimension results in a 

doubling of the number of distinct cation sites—hence the two interpenetrating cation sites 

discussed in the 𝛾-LiFeO2-type structure in Section 3.4.1. The further doubling of the unit 

cell in two dimensions therefore results in eight cation sites in the orthorhombic 𝐶𝑚𝑐𝑚 unit 

cell—however this includes two pairs of equivalent sites, meaning the actual total is six 

crystallographically-distinct sites (with two having double the multiplicity) as can be seen 

in Figure 3.8c. The superstructures observed arise from the three metal cations 

preferentially occupying different sites to different extents, rather than a statistical 

distribution across all sites as in the rocksalt case. This causes new reflections in the PXRD 

patterns due to the different X-ray scattering properties of these sites depending on the 

cations which occupy them. For the X-ray energies involved in PXRD the X-ray scattering 

power (form factors) of each element in the material is approximately proportional to its 

proton number Z.187 The appearance of these new PXRD reflections can therefore be used 

to determine which cation sites are preferentially occupied by the higher-electron-density 

transition metals (Mn and Nb; Z = 25 and 41 respectively) and those which are 

predominantly occupied by Li (Z = 3).  
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In a method analogous to that used to determine the cation occupancies in the first ordering 

regime, Rietveld analysis was performed on the diffraction data for the super-ordered 

sample, allowing the X-ray scattering density (electron density for X-ray diffraction) at 

each cation site to refine independently. This was done by replacing the Li, Nb and Mn ions 

in the structural refinement with a single ‘imaginary’ ion with an electron density equal to 

the weighted average electron density of the three cations (Mn2+ was used).  In order to 

identify the global minimum, the refinement was allowed to converge 1000 times, with 

refined parameters randomised after each convergence. Using this method, the refined 

occupancies can be interpreted to identify which sites contain Li, Nb and Mn, since the 

three metals have such different X-ray scattering powers (f1 = 3, 41 and 25 e atom-1 

respectively).  

The results of the refinement are shown in Figure 3.8d, with the refinements shown in 

Figure 3.9a. It is clear that the refined occupancy of each site falls within one of three 

distinct ranges: high (dark blue), medium (blue) and low (pale blue) electron density. From 

this it can be determined how the cations order within this new superstructure by assigning 

the high electron density site as being predominantly Nb-containing, the medium electron 

density site as predominantly Mn-containing and the remaining low electron density sites 
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as containing the majority of the Li. Figure 3.8e depicts such a unit cell, in which each 

cation site has been assigned to either Li, Nb or Mn based on the refined electron density. 

A second refinement was performed in which the cation sites were populated with Li+, 

Mn3+ and Nb5+ and the occupancies were fixed at one to confirm these findings, and this 

did little to affect the quality of the fit (Figure 3.9b, Table 3.3). While this is clearly a 

Figure 3.8. Ordering regimes observed in different samples of Li1.25Nb0.25Mn0.5O2. (a) the cubic rocksalt unit 

cell observed for rapidly cooled, disordered rocksalt-type LNbMO. (b) Tetragonal unit cell with 𝛾-LiFeO2-

type ordering as observed in ordered samples cooled naturally. (c) Orthorhombic unit cell with 𝐶𝑚𝑐𝑚 

symmetry used in the structural refinement of ‘Super-ordered’ LNbMO, which accounts for the new set of 

reflections observed. (d) shows a graphical depiction of the symmetry refinement to identify cation sites with 

high, medium and low scattering density, while in (e) these have been replaced with Nb, Mn and Li 

respectively to illustrate the preferential ordering of the cations in this new supercell. For clarity the origin 

has been shifted and bonds to atoms outside the unit cell have been removed. 
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simplified picture of the true local structure of this complex material, it can provide insight 

into the energetic factors which promote ordering—which become important when the 

material is allowed to relax from its high temperature, entropy-driven disordered structure.  

As discussed in Section 3.4.1.3, electroneutrality is a significant driver for ordering. 50% 

of the oxygen atoms in this super-ordered structure have a coordination environment with 

a total charge of 12+ (optimal for octahedrally coordinated O2-), with an equal number of 

meridional OLi3Mn3 and OLi4NbMn environments. The remainder of the O sites within 

the structure have coordination environments with surrounding charges which sum to either 

10+ or 14+ (25% of each). This is in keeping with the rationalisation of the 𝛾-LiFeO2-type 

ordering and suggests that both ordering regimes presented in this chapter are examples of 

the same phenomenon—observed to two different extents. In addition, the ordering of the 

cations allows the highly electropositive Nb5+ cations to separate themselves within the 

crystal lattice, maximising the Nb—Nb distance. Indeed, the Nb cation occupies the cation 

site with the furthest distance between sites, minimising the number of unfavourable 90° 

Nb—O—Nb contacts in the material. 
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3.4.2.2. Checkerboard-type Jahn-Teller ordering 

The refined structural data given in Table 3.3 suggest that the length of the unit cell in the 

c and a directions are proportionally larger than might be expected. As a material becomes 

more ordered, the number of cation-cation repulsions between highly charged nearest 

neighbour cations is reduced. This is usually accompanied by a contraction in the 

material—these stresses are relieved as the cations are allowed to settle into their 

Figure 3.9. PXRD data (blue), calculated patterns (red) and difference (grey) for a ‘Super-ordered’ sample of 

Li1.25Nb0.25Mn0.5O2 refined against a structural model based on the expanded unit cell with 𝐶𝑚𝑐𝑚 symmetry, 

which can account for the new set of reflections observed (†). In (a) the occupancy of an imaginary ion with 

average scattering power (Mn2+) has been refined to determine the electron density at each cation site. 

Rwp = 5.63% and 𝜒2 = 1.76 (b) shows the results of a refinement in which these sites of high, medium and 

low scattering power have been translated into Nb5+, Mn3+ and Li+ respectively, with the occupancies fixed 

at 1. Table 3.3 gives the structural details of this refinement. Rwp = 6.02% and 𝜒2 = 1.88. The insets depict 

the structural model in each case, as shown in Figure 3.8. The three sets of tickmarks indicate the position of 

reflections originating from the LNbMO product (96%, blue) and LiMnO2 (3%, black) and Li3NbO4 (1%, 

green) impurities respectively. 
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equilibrium states.186 This is observed upon the onset of the tetragonal ordering (Section 

3.4.1), the rocksalt lattice parameter (the smallest parameter in each unit cell) reducing from 

4.19551(7) Å to 4.18651(1) Å. However, the refined c parameter of the orthorhombic unit 

cell (the length of the shortest edge) is 4.1948(2) Å—almost equal to that of the disordered 

rocksalt. The value of 𝑏
4⁄ , which can be interpreted as a measure of the true rocksalt 

parameter of the super-ordered material, is 4.1756 Å; this is 0.5% smaller than c and 0.3% 

smaller than 𝑎 2⁄  (c.f. 2 x 4 x 1 expansion). 

Table 3.3. Crystallographic data of structural model of ‘Super-ordered’ Li1.25Nb0.25Mn0.5O2, obtained from 

refinement of PXRD data. Rw = 4.46%. 

Li1.25Nb0.25Mn0.5O2; Space group 𝑪𝒎𝒄𝒎; Z = 16 

a = 8.3784(4) Å; b = 16.7025(5) Å; c = 4.1948(2) Å; α = β = γ = 90° 

Atom 
Wyckoff 

position 
x y z Biso 

Occupancy 

(%) 

O1 4c 0 15/16 1/4 1.03(6) 100 

O2 4c 0 7/16 1/4 1.03(6) 100 

O3 8g 3/4 5/16 1/4 1.03(6) 100 

O4 4c 0 11/16 1/4 1.03(6) 100 

O5 4c 0 3/16 1/4 1.03(6) 100 

O6 8g 3/4 1/16 1/4 1.03(6) 100 

Mn 8g 3/4 7/16 1/4 1.20(3) 100 

Li1 4c 0 5/16 1/4 1.20(3) 100 

Nb 4c 0 13/16 1/4 1.20(3) 100 

Li2 4c 0 1/16 1/4 1 100 

Li3 4c 0 9/16 1/4 1 100 

Li4 8g 3/4 3/16 1/4 1 100 

These larger than expected lattice parameters indicate that the average bond lengths along 

a and c are greater than along b. This is due to ordering of the Mn3+ Jahn-Teller distortions, 

with JT lengthening in the a and c directions causing a unit cell expansion. The most 

favourable way JT elongations can be accommodated within the unit cell is to order in a 

checkerboard-type arrangement in the a and c direction, minimising the strain in the lattice. 

This is illustrated in Figure 3.10: (a) shows the checkerboard-type alternation of long and 

short Mn—O bonds in the a and c directions, and (b) and (c) show the extension of this 

checkerboard pattern in the a-c plane. This type of ordering of Mn3+ JT distortions is 

analogous to that observed in the low-temperature (“A-type”) form of LaMnO3.
188    

Density functional theory (DFT) calculations were performed (by Dr Ieuan D. Seymour) to 

identify the lowest energy structure possible with this arrangement of atoms. In the 

resulting optimised structure, the preference for a checkerboard-type ordering of Mn3+ JT 
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distortions can clearly be seen (Figure 3.10). This arrangement of JT elongations requires 

an additional doubling of the unit cell in the c direction (short-dashed line, Figure 3.10a 

and c) and a reduction in symmetry to 𝐶2/𝑐 in order to accommodate alternating long and 

short Mn—O bonds. There are therefore two crystallographically distinct Mn atoms in the 

resulting structure. Table 3.5 gives the Mn—O bond lengths within the 𝐶2/𝑐 unit cell, 

obtained from the refined structural model discussed below. The variation in Mn—O 

distances clearly demonstrates that the ordering of the JT lengthened bonds is in the ac 

plane. From Figure 3.10b and c, the effect of the Nb5+ second order Jahn-Teller interaction 

is also evident—Nb5+ ions (orange) are preferentially distorted off their lattice positions 

away from planes containing Mn3+ ions and towards the more charge-poor planes 

containing Li+.  

Room temperature neutron total scattering data was collected for a sample of LNbMO 

displaying these additional superstructure reflections. A combined Rietveld refinement 

using the neutron Bragg, PDF and laboratory XRD data was performed against a structural 

model with the proposed 𝐶2/𝑐 space group.159,160 An improved fit was achieved using the 

atomic positions obtained from the DFT optimized structure, compared with the undistorted 

rocksalt structure. The results of this refinement are shown in Figure 3.11, Figure 3.12 and 

Table 3.4. Allowing the positions of the O atoms to refine maintained the checkerboard-

type JT ordering, demonstrating that this proposed ordering regime is consistent with the 

experimental data. 

The 𝐶2/𝑐 unit cell can also be reconciled with the expected magnetic interactions in the 

material, although the structural and magnetic unit cells are not required to be the same. 

Figure 3.10. Illustration of the checkerboard-type ordering of Mn3+ JT elongations within super-ordered 

LNbMO.  The red bonds indicate the long Mn-O bonds.  The long-dashed line shows the orthorhombic 𝐶𝑚𝑐𝑚 

unit cell obtained from the structural refinement discussed above. However, as discussed in the main text, an 

additional doubling of the unit cell in the c direction is required to describe this additional ordering—resulting 

in a 𝐶2/𝑐 symmetry. This new unit cell is shown illustrated by the short-dashed line in (a) and (c). The 

structural model shown was obtained via Rietveld refinement of XRD and neutron Bragg and PDF data 

against the 𝐶2/𝑐 model from DFT calculations, as discussed in the main text. 



88 

From the Goodenough-Kanamori rules, an Mn—O—Mn interaction along two JT-

lengthened bonds is expected to be antiferromagnetic (AFM), whilst an interaction along 

two JT-shortened bonds is expected to be more weakly AFM (see Section 3.4.2.3).125,126 

Therefore, the magnetic unit cell of the super-ordered material would need to contain at 

least two non-equivalent Mn atoms in each direction in order to reflect the 

antiferromagnetically aligned magnetic moments [Mn(↑)—O—Mn(↓)]. 

Despite the increased range of M—O bond lengths present in the 𝐶2/𝑐 structural model, 

the fit to the PDF data at low-r (around 2 Å, see Figure 3.12c) is still relatively poor. This 

is due to under-accounting in the combined refinement for correlated motion between 

neighbouring atoms. At high-r (> ~ 6 Å in this system), uncorrelated atomic oscillations 

(thermal fluctuations) cause PDF peaks to be broadened. At low-r (< ~ 6 Å), correlated 

motion between nearby atoms means that peaks are sharper.189 It was not possible to 

sufficiently model this low-r behaviour during the combined refinement (because of the 

structural model also needing to be compatible with diffraction data), hence the calculated 

PDF in this region is broader than the observed data.   

Figure 3.11. PXRD data (blue), calculated patterns (red) and difference (grey) for a sample of super-ordered 

LNbMO, refined along with neutron Bragg and PDF data against a structural model based on a 𝐶2/𝑐 unit 

cell, with parameters and occupancies given in Table 3.4. This further expansion of the unit cell in the c 

direction allows for a checkerboard-type ordering of Jahn-Teller lengthened Mn—O bonds in the ac plane, 

as illustrated in Figure 3.10. The three sets of tickmarks indicate the position of reflections originating from 

the LNbMO product (94%, blue) and LiMnO2 (3%, black) and Li3NbO4 (3%, green) impurities respectively. 

The inset shows the resulting structure. For clarity the origin has been shifted and bonds to atoms outside the 

unit cell have been removed. Rwp = 4.08% and 𝜒2 = 4.02. 
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Table 3.4. Crystallographic data of structural model of ‘Super-ordered’ Li1.25Nb0.25Mn0.5O2 using the 𝐶2/𝑐 

structural model described above, obtained from a combined refinement of neutron Bragg, PDF and PXRD 

data. Rw = 2.64%. For simplicity, a transformation of [b, -a, c] has been performed from the standard space 

group setting (used during the refinement) to switch the b and a axes, in order to keep b as the longest axis. 

 

 

Table 3.5. Mn—O bond distances of refined structural model of super-ordered Li1.25Nb0.25Mn0.5O2. The Mn 

and O site labels correspond to the table of crystallographic data above. The direction column indicates the 

location of the O relative to Mn, for example a label of x+ means the Mn—O bond is along the positive x 

direction. The JT lengthened Mn—O bonds are highlighted in purple; from these it can be seen that the JT 

distortions order along the x and z directions: in other words, in the ac plane. 

 

Space group 𝑪𝟐/𝒄; Z = 64 

a = 8.4009(2) Å; b = 16.7401(3) Å; c = 8.3937(2) Å; α = 89.97(3)°; β = γ = 90°  

Atom 
Wyckoff 

position 
x y z Biso 

Occupancy 

(%) 

O1 8f 0.011(1) 0.0677(4) 0.615(1) 0.73(2) 100 

O2 8f 0.488(1) 0.0758(3) 0.624(1) 0.73(2) 100 

O3 8f 0.266(1) 0.6780(6) 0.639(1) 0.73(2) 100 

O4 8f 0.265(1) 0.6846(6) 0.108(1) 0.73(2) 100 

O5 8f 0.491(1) 0.7993(4) 0.639(1) 0.73(2) 100 

O6 8f 0.001(1) 0.8081(4) 0.618(1) 0.73(2) 100 

O7 8f 0.259(1) 0.9454(6) 0.610(1) 0.73(2) 100 

O8 8f 0.255(1) 0.9402(6) 0.130(1) 0.73(2) 100 

Li1 8f 0.496 0.1777 0.625 0.47(4) 100 

Li2 8f 0.003 0.9461 0.624 0.47(4) 100 

Li3 8f 0.497 0.9486 0.624 0.47(4) 100 

Li4 8f 0.265 0.8287 0.621 0.47(4) 100 

Li5 8f 0.265 0.8267 0.128 0.47(4) 100 

Mn1 8f 0.242 0.5582 0.626 3.1(2) 100 

Mn2 8f 0.244 0.5620 0.125 3.1(2) 100 

Nb1 8f 0.002 0.1906 0.625 4.5(3) 100 

Atom Ligand Bond length (Å) Direction 

Mn1 

O1 2.27(1) x+ 

O2 2.16(1) x- 

O8 1.98(1) y+ 

O3 2.02(1) y- 

O7 1.99(1) z+ 

O8 2.05(1) z- 

Mn2 

O1 2.06(1) x+ 

O2 1.97(1) x- 

O4 2.06(1) y+ 

O7 1.96(1) y- 

O8 2.14(1) z+ 

O7 2.23(1) z- 
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Figure 3.12. Neutron Bragg (a) and PDF (b, c) data for a super-ordered sample of LNbMO, refined (along 

with lab PXRD data shown in Figure 3.11) against a structural model (only the highest resolution bank 5 

neutron Bragg data are shown). The experimental data are plotted as black crosses (NPD) and purple open 

circles (PDF). The calculated values are plotted as solid red (Bragg) and orange (PDF) lines, and the 

difference curves as grey lines. The three sets of tickmarks indicate the position of reflections originating 

from the LNbMO product (94%, blue) and LiMnO2 (3%, black) and Li3NbO4 (3%, green) impurities 

respectively. The refinement was performed using TOPAS Academic v6. The refined structural information 

is presented in Table 3.4. 
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3.4.2.3. Magnetic susceptibility 

Having established the existence of ordering within LNbMO, magnetometry was used to 

ascertain how this local ordering perturbs the electronic structure. At high temperatures, 

T > 150 K, the susceptibility, χ, of all three samples (Figure 3.13) could be fit using the 

Curie Weiss law. The Curie constants C are consistent with the samples containing 

exclusively Mn3+. In all three samples, the broad peaks in the ZFC susceptibilities, 

divergence of the FC susceptibilities at 13 K and observed hysteresis in the 𝑀(𝐻) plots 

(Appendix B) are indicative of spin-glass behaviour,190 consistent with overall disorder in 

the arrangement of Mn3+. 

The Weiss temperature, θ, for the disordered sample (θ = -131 K) is almost twice as 

negative as that of both the ordered (θ = -70 K) and super-ordered (θ = -68 K). This change 

can be rationalised by considering the Goodenough-Kanamori rules and the relative 

strengths of the different possible Mn—O—Mn interactions (Table 3.6).86 The strongest 

exchange interactions possible within the material are a 90° interaction via two JT 

shortened bonds (𝐽𝑆𝑆
90

) and a 180° interaction along two JT lengthened bonds (𝐽𝐿𝐿
180

), both of 

Figure 3.13. Magnetic susceptibility data for disordered (blue), ordered (red) and super-ordered (green) 

LNbMO. Curie constants of 1.8 (disordered), 1.53 (ordered) and 1.39 (super-ordered) were obtained, giving 

magnetic moments (𝜇𝑒𝑓𝑓 = √8.00𝐶) of 3.8, 3.5 and 3.3 𝜇𝐵 respectively, which are close to the spin only 

value of 3.46 𝜇𝐵 expected for 100% Mn3+ in the material. Weiss temperatures of -131 K (disordered), -70 K 

(ordered) and -68 K (super-ordered) were obtained. 
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which are expected to be antiferromagnetic (AFM) and relatively strong. 90° and 180° 

interactions involving one JT shortened and one JT lengthened bond are expected to be 

comparatively weaker and more ferromagnetic (FM).125,126 For 90° interactions involving 

one lengthened and one shortened bond (𝐽𝑆𝐿
90), two interactions are possible depending on 

whether the JT axis of the two Mn atoms involved are parallel (𝐽𝑆𝐿
90 ∥) or perpendicular 

(𝐽𝑆𝐿
90 ⊥)—both are expected to be weak and marginally AFM, while the 180° interaction 

𝐽𝑆𝐿
180 is expected to be FM. These weaker, more FM interactions are the three kinds of Mn—

O—Mn linkages present in the super-ordered structure of LNbMO. This is similar to the 

low-temperature JT distorted LaMnO3 system, where FM coupling exists between Mn in 

the ac plane (with the same checkerboard pattern of JT ordering) while AFM coupling 

exists between successive planes along the b direction.188 

For LNbMO, the relatively large, negative value of θ observed in the more disordered 

material (θ = -131 K) suggests the strongly AFM interactions dominate the magnetic 

behaviour. However, any tendency towards the checkerboard-type ordering of JT 

distortions in the ac plane as shown in Figure 3.10 is expected to increase the number of 

FM interactions. Hence significantly less negative Weiss temperatures are observed for 

partially ordered and super-ordered LNbMO. The reduction in antiferromagnetic behaviour 

observed also fits with the proposed ordering regime, as there would be no 

antiferromagnetic interactions in a perfectly ordered material with the super-ordered 

structure. However, as the ordering correlation lengths in all three materials remain small 

relative to that of the disordered rocksalt, the magnetic susceptibility profiles of all three 

are similar in character—indicating spin-glass behaviour consistent with overall disorder. 

Table 3.6. Magnetic exchange interactions, J, for the possible Mn—O—Mn interactions in LNbMO. Values 

are obtained from unpublished work by Ieuan D. Seymour, and are based on density functional theory 

calculations performed on both the orthorhombic LiMnO2 structure and the super-ordered LNbMO cell.86,188 

Interactions along Jahn-Teller lengthened and shortened Mn—O bonds are indicated by L and S respectively.  

 

  

Exchange coupling Mn-Mn Interaction Exchange Coupling Strength (K) 

𝑱𝑺𝑺
𝟗𝟎 90° Mn (S)-O-Mn (S) -37.8 

𝑱𝑺𝑳
𝟗𝟎 ∥ 90° Mn (S)-O-Mn (L) -1.6 

𝑱𝑺𝑳
𝟗𝟎 ⊥  90° Mn (S)-O-Mn (L) -4.1 

𝑱𝑳𝑳
𝟏𝟖𝟎 180° Mn (L)-O-Mn (L) -34.3 

𝑱𝑺𝑳
𝟏𝟖𝟎 180° Mn (S)-O-Mn (L) 20.9 
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3.4.2.4. NMR 

MAS NMR spectra of LNbMO samples displaying the three different degrees of cation 

order are shown in Figure 3.14. Aside from the LiMnO2 impurity (36 ppm, +),191,192 the 

lineshape of the super-ordered spectrum (green) closely resembles that of the ordered 

material (red), with the broad feature around 290 ppm becoming more well-defined as the 

ordering in the material becomes more strongly correlated. This is also in keeping with the 

assumption that the two ordering regimes are both manifestations of the same energetic 

preference for cation-ordering. 

The extent of this newly observed ordering, as well as the 𝐶2/𝑐 unit cell deduced from the 

super-ordered diffraction data with Li, Mn and Nb resolved onto distinct sites, allows for 

assignment of the NMR spectrum. Crucially, the unit cell determined through diffraction 

predicts only five distinct Li environments present in the super-ordered structure, which 

with increasing ordering become increasingly prevalent. As discussed above (Section 

3.4.1.2) the chemical shift of each Li ion in the material is determined almost exclusively 

by the Fermi contact shift caused by Mn nearest neighbours (any changes in chemical shift 

due to the diamagnetic Li and Nb can be ignored). With each Li ion having 12 90° nearest 

neighbours and 6 180° nearest neighbours, and the magnitude and direction of the shift 

depending heavily on the direction of each Mn3+ Jahn-Teller distortion, the number of 

possible Li environments in the disordered material is too large for any meaningful 

assignment. However, with the increase in prevalence of the distinct Li environments 

determined by refinement, each with known numbers of Mn 90° and 180° neighbours (and 

a corresponding decrease in prevalence of other Li environments), an assignment of the 

features present in the super-ordered spectrum can be made. 

As discussed above, the Fermi contact shift resulting from a Mn3+—O—Li 90° or 180° 

pathway depends significantly on whether the Mn3+—O bond involved are JT lengthened 

or JT shortened. For 90° pathways this gives rise to two possibilities: 𝛿𝑆𝐿
90 and 𝛿𝑆𝑆

90, which 

are respectively the Fermi contact contributions arising from an interaction via one 

lengthened and one shortened Mn3+—O bond and via two shortened Mn3+—O bonds (a 90° 

interaction via two lengthened Mn3+—O bonds involving the same Mn is not possible).  

The 𝛿𝑆𝑆
90 shift occurs via a delocalisation mechanism (Figure 3.15a): a half-filled Mn t2g 

orbital delocalises its spin density via an O 2𝑝 orbital of the appropriate symmetry into the 

Li 2𝑠 orbital, imparting a positive shift.131,137 The 𝛿𝑆𝐿
90 pathway goes via the same 
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mechanism, however the greater distance between the Mn and O reduces the magnitude of 

the positive shift transferred. In addition, the 𝛿𝑆𝐿
90 also has a polarisation component (Figure 

3.15b): the half-filled Mn 𝑑𝑧2 orbital overlaps with an O 2𝑝 orbital of appropriate 

symmetry. This results in the polarisation of the orthogonal O 2𝑝 orbitals (via a Hund’s 

first rule type interaction, which favours ferromagnetically aligned spins on the orthogonal 

O 2𝑝 orbitals) and a transfer of negative spin density to the adjacent Li. These positive and 

negative contributions cancel each other out and result in a weakly negative shift transferral 

overall. 

Similarly, the 180° bond pathways are also split into 𝛿𝐿
180 and 𝛿𝑆

180 depending on whether 

the Mn3+—O bond involved is lengthened or shortened. For Mn3+, 𝛿𝐿
180 is expected to go 

via a delocalisation mechanism (Figure 3.15c). The eg* electron can delocalise over the 

Mn—O—Li eg*—2𝑝—2𝑠 hybrid orbital, imparting a positive shift to Li. For the 𝛿𝐿
180 

Figure 3.14. 7Li pjMATPASS spectra of disordered (blue), ordered (red) and super-ordered (green) samples 

of Li1.25Nb0.25Mn0.5O2, scaled by mass and number of scans. The resonance at 36 ppm indicated by a cross 

(+) arises due to LiMnO2 impurity in the super-ordered material. As with the NMR data shown previously 

(Figure 3.4) the pjMATPASS pulse sequence has been used to isolate the isotropic resonance. 
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pathway this interaction involves the half-filled, elongated 𝑑𝑧2 orbital so the imparted 

positive shift is large. For 𝛿𝑆
180, while this delocalisation mechanism is possible, the eg* 

orbital in question is the contracted, empty 𝑑𝑥2−𝑦2 orbital and so the shift contribution is 

much smaller. The polarisation mechanism for 𝛿𝑆
180  depicted in is Figure 3.15d also 

possible, whereby the vacant 𝑑𝑥2−𝑦2 orbital is polarised by the unpaired electrons in the 

t2g* and 𝑑𝑧2 orbital. This makes it more favourable to transfer spin density of the same sign 

from the O 2𝑝 orbital to Mn, and so induces a negative spin density transfer to the Li site. 

These two competing interactions mean the 𝛿𝑆
180 shift contribution is correspondingly very 

small. 

The shift contributions used for this work are as follows: for the 90° bond pathways a 𝛿𝑆𝐿
90 

of -24 ppm and 𝛿𝑆𝑆
90 of 190 ppm were used; for 180° pathways a 𝛿𝐿

180 of 241 ppm and 𝛿𝑆
180 

Figure 3.15. Illustration of the various Fermi contact shift contributions to the Li chemical shifts in 

Li1.25Nb0.25Mn0.5O2 samples, as discussed in detail in the main text. (a) and (c) depict 90° and 180° 

delocalisation mechanisms leading to transfer of positive spin density to Li. (b) and (d) illustrate the 90° and 

180° polarisation contributions which cause a transfer of negative spin density. Blue arrows indicate the 

individual electron spins within each orbital. Curved dashed lines indicate the virtual hopping of electrons, 

and the sign of the spin density transferred is shown by the solid black arrows on Mn and Li. In (a), the 

possibility of spin transferral via direct overlap between Mn (t2g) and Li (2𝑠) is shown by the straight dashed 

line. In (b), the green dashed ring highlights the Hund’s first rule type coupling which favours 

ferromagnetically aligned spins on both O orbitals.  



96 

of 35 ppm were used. These values are based on density function theory calculations on 

LNbMO performed by Ieuan D. Seymour (Section 2.2.2.2). Calculated shift contributions 

are scaled based on the Weiss constant (θ, Section 3.4.2.3) of the material, and so for 

regions where θ differs significantly from that of bulk disordered LNbMO, such as ordered 

regions, deviations from these expected shifts are likely. 

Using the assumption discussed above for the refined diffraction data that a cooperative JT 

elongation occurs in a checkerboard fashion in the a and c directions of the 𝐶2/𝑐 unit cell, 

estimated chemical shift values for the five Li sites in the super-ordered structure are 

determined and shown in Table 3.7. A simulated NMR spectrum based on peaks at these 

approximate values is shown in Figure 3.16.151 Two additional peaks at -42 and 412 ppm 

(~ 35% by integration), which are not predicted for the fully ordered structure, have been 

added to account for the extremities of the experimental spectrum. These regions most 

closely resemble the spectra of the disordered and partially ordered samples, and so the Li 

environments in these ranges are likely to be in more disordered Li environments.  

This model is able to reproduce the lineshape of the experimental spectrum reasonably well, 

and is in good agreement with the expected ratios of the lithium environments. The integrals 

of the peaks attributable to sites Li2 & Li3 and sites Li4 & Li5 (both pairs have the same 

numbers of Mn neighbours) are approximately double that of the Li1 peak, reflecting the 

expected numbers of Li in each. In addition, the agreement between the expected and 

observed chemical shifts gives weight to the JT elongation being ordered in the a and c 

directions in a checkerboard fashion. An elongation along b (or elongation only in the a 

direction) would alter the calculated shifts significantly, giving expected values outside the 

shift range of the observed spectrum. 
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Table 3.7. Li environments present within the 𝐶2/𝑐 structural model of super-ordered LNbMO, along with 

the number of each type of Mn nearest neighbour and the expected shift (DFT calculation) and simulated 

shift (from the spectrum in Figure 3.16) values for each. The Li sites are numbered so as to match the refined 

structural data given in Table 3.3. All Li sites in the 𝐶2/𝑐 unit cell (Li sites 1-5) have the same site multiplicity 

(8). 

  

Li site 

𝜹𝑺𝑳
𝟗𝟎 

(-28 

ppm) 

𝜹𝑺𝑺
𝟗𝟎 

(200 

ppm) 

𝜹𝑳
𝟏𝟖𝟎 

(241 

ppm) 

𝜹𝑺
𝟏𝟖𝟎 

(35 

ppm) 

Expected 

Shift 

(ppm) 

Simulated 

Shift  

(ppm) 

Relative 

Simulated 

Intensity 

1 1 1 0 0 166 175 11% 

2 5 1 0 0 70 58 
23% 

3 5 1 0 0 70 58 

4 1 1 0 2 236 280 
20% 

5 1 1 0 2 236 280 

Diamag. - - - - - 4 4% 

LiMnO2 - - - - - 36 7% 

Dis1 - - - - - -42 4% 

Dis2 - - - - - 412 31% 

Figure 3.16. Comparison between experimental (blue) and simulated (red) NMR spectrum for super-ordered 

LNbMO, showing the deconvoluted peaks which form the simulation. The deconvolution was performed 

using the DMFit software.   
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3.5. Conclusion 

In conclusion, evidence of short-range cation ordering has been reported in the nominally 

cation disordered rocksalt Li1.25Nb0.25Mn0.5O2. In the first part (Section 3.4.1), an ordering 

regime has been proposed which accounts for extra superstructure reflections observed in 

X-ray diffraction and neutron total scattering, and a structural model was refined against 

these data. The ordering is in keeping with the principle of electroneutrality and the specific 

stoichiometry of the material and is observed in similar rocksalt systems such as 𝛾-LiFeO2. 

The second section (3.4.2) discusses the onset of further ordering of the cations into a 

‘super-ordered’ structure, revealed by the presence of additional superstructure reflections. 

A structural model with 𝐶2/𝑐 symmetry has been deduced through a combination of 

symmetry analysis and analysis of the relative scattering from the different cation sites, 

allowing distinct Li, Nb and Mn sites to be identified within the supercell. The deduced 

super-ordered structure has also been verified using X-ray diffraction and neutron total 

scattering, and can be rationalised based on a preference for electroneutrality as well as the 

potential for checkerboard-type ordering of Mn3+ Jahn-Teller distortions in the ac plane. 

These findings are summarised in Table 3.8. The correlation length of this short-range 

ordering is highly dependent on the post-synthesis cooling rate, with rapid cooling leading 

to a shorter correlation length as might be expected on thermodynamic grounds. A slower 

cooling rate allows cation migration into an enthalpically more favourable structure. 

Magnetic susceptibility and NMR data are also discussed for disordered, ordered and super-

ordered samples of LNbMO. These data can also be rationalised by the differences in local 

structure deduced from diffraction data, with the differences primarily due to the changing 

nature of Mn—O—Mn (magnetic susceptibility) and Mn—O—Li (NMR) interactions 

within the material as it becomes more ordered.  

Given the diversity of structures possible when two or more cations occupy the Na site of 

the NaCl unit cell,79 other ordering regimes are highly likely for related materials with 

different stoichiometries, cation charges and synthesis conditions. Several studies have 

reported cation ordering within other cation disordered rocksalt, but with much shorter 

correlation lengths than those discussed in this chapter.48,50,81 Understanding the local 

structures of these rocksalt systems—and how they can be controlled—is critical if they 

are to compete with current commercial cathode materials. Furthermore, several studies of 

ordered Mn-containing cathode materials have suggested that superstructure ordering is 
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rapidly lost with cycling due to Mn migration,112,178–180 and so establishing how these 

structures evolve with repeated delithiation and relithiation is vital. 

 

Table 3.8. Summary of key results of the chapter for the three different types of LNbMO, based on their 

synthesis conditions. A correlation length of > 1000 Å is given where the reflections were not appreciably 

broadened. The discharge capacities refer to the electrochemical performance of the three materials, which is 

discussed in the next chapter. (*) the cooling rates for disordered and ordered LNbMO are approximate rates 

at the start of cooling—i.e., at 1000°C—as the rates were not controlled and decrease with decreasing 

temperature. 

 

  

Sample 
Cooling 

rate 
(°C min-1) 

Structure 

Correlation 
length  

𝑭𝒎�̅�𝒎 
(Å) 

Correlation 
length 

 𝑰𝟒𝟏/𝒂𝒎𝒅 
(Å) 

Correlation 
length 
𝑪𝟐/𝒄 
(Å) 

Number 
of cation 

sites 

Discharge 
capacity after 

10 cycles 
(mAh g-1) 

Disordered 100* 𝐹𝑚3̅𝑚 > 1000 < 10 - 1 195 

Ordered 10* 𝐼41/𝑎𝑚𝑑 > 1000 240 - 2 175 

Super-
ordered 

1 𝐶2/𝑐 900 300 30 8 205 
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Chapter 4: Comparing the electrochemical behaviour 

of disordered and ordered Li1.25Nb0.25Mn0.5O2 

4.1. Abstract 

Having determined the nature of short- and medium-range cation ordering in 

Li1.25Nb0.25Mn0.5O2 in the previous chapter, the effect of this ordering on the material’s 

electrochemical performance was investigated. As in the previous chapter, a combination 

of local and long-range structural probes including operando X-ray diffraction and ex situ 

NMR were employed to understand the structural transformations occurring upon 

delithiation and relithiation of ordered, disordered and super-ordered LNbMO. In addition, 

X-ray absorption spectroscopy and resonant inelastic X-ray scattering data for disordered 

and ordered LNbMO were collected to examine the redox behaviour and electronic 

structural variations of the two materials. The results reveal the structural ordering to have 

a significant effect on the material’s electrochemical performance, which may be explained 

by considering the different local environments in each case. Specifically, the differences 

between number and size of 0-TM and 1-TM tetrahedral interstices influences Li mobility 

in each material. Naturally cooled, partially ordered LNbMO appears to suffer from worse 

voltage fade and capacity retention compared to the disordered material, possibly due to 

the reduction in percolating low-energy 0-TM Li diffusion channels. Surprisingly, the 

slow-cooled, super-ordered material exhibits improved performance over even disordered 

LNbMO. It is proposed that this is a result of increased ordering of Jahn-Teller and second 

order Jahn-Teller distortions within the material, which provide channels of 1-TM 

tetrahedra with an increased size through which Li can more easily diffuse. These results 

should be qualified by noting that, as well as bulk differences affecting Li diffusion, other 

factors such as surface reconstruction effects with prolonged cycling can also be 

responsible for differences in voltage fade and capacity loss. However, the results suggest 

that the ability to tune short-range ordering within a material may be useful in optimising 

the electrochemistry, and that cation ordering can be beneficial as well as detrimental to a 

material’s performance. Despite these differences, the redox behaviour of LNbMO is found 

to be largely in keeping with previous literature reports on the disordered Li-Nb-Mn-O 

system, and appears largely independent of the differences in ordering. 
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4.2. Introduction 

Since the first reports of the Nb-containing disordered rocksalt family,40 many studies have 

sought to examine the redox behaviour of the Li3NbO4•LiMnO2 system as a viable 

alternative to Co-containing commercial cathode materials.65,90,116 Disordered rocksalts in 

general have received a great deal of attention, with much work performed on 

understanding the effect of disorder on electrochemical performance, and how short range 

order alters this performance. 

From a structural perspective, a disordered rocksalt is an attractive starting point for a 

battery material. As discussed in Section 1.3.2.1, percolating 0-TM channels through Li-

excess disordered materials allow facile Li ion conduction, and the increased prevalence of 

Li—O—Li linkages create unhybridised O 2p states which facilitate O redox as a charge 

compensation mechanism.38,72,193 Furthermore, while layered materials are often found to 

form rocksalt phases both on the surface and in the bulk due to transition metal migration, 

beginning with a disordered rocksalt is thought to mitigate some of these harmful processes 

which occur with cycling. The rigid, three-dimensional framework present in rocksalt 

materials is also thought to help prevent O2 evolution—since in the charged state they 

contain no empty Li galleries (or Van der Waals gaps) which are thought to facilitate O 

transport to the surface in layered materials.21  

Recent work has demonstrated however that disordered rocksalt materials are not free of 

these detrimental processes, with materials suffering from loss of reversible capacity on 

cycling, as well as significant voltage fade and hysteresis.116,120 This has been linked to 

utilisation of the high voltage redox plateau, attributed to O redox, which is known to 

trigger TM migration and phase transformation in layered Li- and Mn-rich 

oxides.35,106,118,119 While phase transformations have not been observed in disordered 

rocksalts, utilising this O redox plateau has been proposed to lead to transformations at the 

particles surface that hinder migration of Li and hence degrade performance. Chen et al. 

propose this to occur in Li1.3Nb0.3Mn0.4O2 via accumulation of reduced Mn species at the 

surface initiated by O loss, with a corresponding reduction of surface Li vacancies leading 

to a higher barrier to Li migration and performance degradation.116 

As discussed in Section 1.3, cation disorder has a number of effects on the electrochemistry 

of cathode materials, as does the onset of any cation ordering with a disordered material. 

One such effect is the inaccessible capacity created by stabilised tetrahedral Li at the end 
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of charge (Section 1.3.2.2): tetrahedral Li are destabilised by any neighbouring TM ions, 

but in disordered materials an abundance of 0-TM tetrahedra exist which can accommodate 

Li. At the beginning of charge, migration of Li from octahedral to these stable tetrahedral 

sites is responsible for a relative lowering of the voltage (as less energy is needed to extract 

Li) but at the end of charge, stabilised tetrahedral Li increases the extraction voltage. This 

effect is partly responsible for the increased slope observed in the voltage profile of 

disordered materials (Figure 1.6). The voltage increase at the end of charge renders some 

Li inert to extraction below the voltage limit, reducing the maximum achievable capacity. 

A reduced fraction of tetrahedral Li is expected for the more ordered materials, as fewer 

low energy 0-TM tetrahedra exist within the structure, and hence they display greater 

observed capacities.14,75,76 

Ionic mobility is normally the limiting factor in determining the rate capability of cathode 

materials, and for this reason the search for viable cathode materials has most often 

focussed on improving Li mobility. However disordered rocksalts suffer from intrinsically 

poor electronic conductivity—more so than layered transition metal oxides—partly due to 

the lack of long-range networks of overlapping d orbitals caused by both Li-excess (which 

reduces the TM concentration) and cation-disorder. Despite this, the electronic conductivity 

of disordered rocksalt materials has received relatively little study in comparison to their 

Li conductivity. LNbMO itself is expected to be a polaronic conductor, like LiFePO4, 

where poor electronic conduction means the material requires nanosizing and/or coating 

with a conductive agent to make it a viable battery material.5 It is for this reason that much 

work has gone into improving conductivity for example through ball milling to reduce 

particle size or coating particles with more conductive materials.194 However these methods 

often improve electrochemical performance at the cost of understanding the structure of the 

material: high-energy milling of materials for example will alter the structure, creating a 

more amorphous and more disordered phase which is difficult to fully characterise. 

The impact of Jahn-Teller distortions on a cathode material’s electrochemical performance 

is complex and varied. In stoichiometric Li-Mn oxides such as LiMnO2 and LiMn2O4, the 

presence of cooperative Jahn-Teller distortions is problematic for their long-term 

cyclability, causing lattice changes inducing greater amounts of stress and structural 

distortions, as well as limiting Li diffusion.6,8,85–87 This is one of the reasons commercial 

layered battery materials avoid utilising Mn3+/4+ redox, by combining Mn with other TMs 

such as Ni and Co, which provide the redox activity (while Mn remains in the +4 oxidation 
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state, t2g
3eg*

0, and is thus JT-inactive).6,88 In disordered rocksalts, it has been suggested by 

Lun et al. that, in the Li-Nb-Mn-O-F system (the partially fluorine-substituted analogue of 

LNbMO), substituting F for O is beneficial as it leads to a suppression of JT distortions. 

The authors argue that this mitigates capacity loss through the structural distortions 

observed in ordered materials.195 However, such distortions have been shown to aid 

diffusion of Na+ in Na-ion battery materials. Li et al. report that in layered NaFeO2, the 

presence of JT-distorted Fe4+O6 (high-spin t2g
3 eg*

1) octahedra at the end of charge 

facilitates Na diffusion, by allowing the structure to buckle where space along the diffusion 

pathway is limited.196 Similarly, Zheng et al. have proposed that a significant lowering of 

Na migration barriers occurs in NaMnO2, caused by JT distortions on the Mn3+ present.197  

From an electronic perspective, a JT distortion is responsible for a lowering of the energy 

of occupied TM electronic states, reducing the band gap between vacant or partially 

occupied TM states and filled O states. Depending on whether this occurs at the beginning 

or end of charge can be crucial to determining the impact on material’s electrochemical 

behaviour. Jacquet et al. demonstrate that, in Ta-containing disordered rocksalt systems 

(analogous to the Nb-containing rocksalts discussed in this thesis), the Ni-containing 

member undergoes a JT distortion upon oxidation to Ni3+ (eg*
1), resulting in a small band 

gap at the end of charge. This leads to extensive O to Ni charge transfer and thus significant 

O loss, causing the large voltage hysteresis and poor capacity retention (as discussed in 

Chapter 5) that have been observed in other Ni2+-based disordered rocksalt systems.198 For 

the Mn-containing analogue, however, the loss of JT distortion on charge (oxidation to 

Mn4+) results in a large band gap at the end of charge—meaning less O to Mn charge 

transfer, reduced O loss and hence improved long-term cyclability.90  

In this chapter, the electrochemical performance of disordered, ordered and super-ordered 

LNbMO are evaluated to examine the effect of ordering on the material’s cyclability. In 

addition to galvanostatic cycling, a range of techniques are employed, including operando 

X-ray diffraction, ex situ NMR, X-ray absorption spectroscopy and resonant inelastic X-

ray scattering, to examine the redox behaviour of the material and help understand how the 

changing local structure varies in these processes. 
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4.3. Experimental 

4.3.1. Synthesis and electrochemical cycling 

Samples of disordered, ordered and super-ordered Li1.25Nb0.25Mn0.5O2 were synthesised as 

described in Section 2.5.1, and electrochemical cells were made and cycled as outlined in 

Section 2.5.3. 

4.3.2. Operando X-ray diffraction 

Operando X-ray diffraction was carried out as described in Section 2.3.4.1. 

4.3.3. NMR 

7Li NMR experiments were performed as described in Section 2.2.4. 

4.3.4. Magnetic susceptibility 

Magnetic susceptibility measurements were carried out as described in Section 2.1.7. 

4.3.5. Scanning electron microscopy 

SEM images were obtained as outlined in Section 2.5.2. 

4.3.6. X-ray Absorption Spectroscopy 

X-ray absorption spectroscopy of Mn and Nb K-edges: 

Mn and Nb K-edge measurements were performed at beamline B18 of Diamond Light 

Source, UK. All measurements were carried out in transmission mode using a Si (111) 

double crystal monochromator. Edge calibration was achieved through the simultaneous 

measurement of Mn and Nb reference foils. Data processing follow previously described 

methods199 using the ATHENA software of the IFEFFIT package.200 

X-ray spectroscopy at the O K-edge and Mn L-edges:  

Soft X-ray absorption spectroscopy (sXAS) measurements at the Mn L-edge were collected 

in total electron yield (TEY) mode at beamline I09 at the Diamond Light Source Ltd. 

(DLS), UK. sXAS and Resonant Inelastic X-ray Scattering (RIXS) measurements at the O 

K-edge were collected at beamline 8.0.1 (iRIXS endstation) at the Advanced Light Source 

(ALS). The sXAS spectra were calibrated using the Ti L-edge and O K-edge for a TiO2 
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reference. The emission energy axis in RIXS measurements were calibrated from the elastic 

peak in the RIXS map. For sXAS and RIXS measurements, ex-situ samples were mounted 

on conductive tape in an Ar-glovebox and transferred to the beamline using a vacuum 

suitcase to avoid air exposure. 

Electrochemical cycling and sample preparation for beamline experiments was performed 

by the author. Data acquisition and processing was performed by Dr Mateusz Zuba and 

Dr Zachary Lebens-Higgins, Binghamton University. 
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4.4. Results and Discussion 

4.4.1. Electrochemistry 

The electrochemical performance of disordered, ordered, and super-ordered samples of 

LNbMO is depicted in Figure 4.1. Upper cut-off voltages of both 4.8 V (a, c, e) and 4.2 V 

(b, d, f) were used to assess the impact of utilising the high-voltage redox plateau (above 

4.2 V), commonly thought to be due to anionic (O) redox. The data obtained with a cut-off 

voltage of 4.8 V demonstrate the impact of cation order upon the performance of LNbMO. 

All three materials have comparable first-discharge capacities of over 200 mAhg-1, above 

the 146 mAhg-1 expected from purely Mn3+/4+ redox. However, increasing the degree of 

ordering within the material from disordered (a) to ordered LNbMO (c) results in a 

significantly poorer electrochemical performance, with increased voltage fade and greater 

capacity loss. Figure 4.2 shows the voltage profiles for the first (a), second and tenth (b) 

cycles of each material, with the overall capacity retention for the first 20 cycles shown in 

(c), while Figure 4.3 compares the average charge and discharge voltages (a, b) and the 

coulombic efficiency (c, d) of each material as a function of cycle number. The data suggest 

that over the full 1.5 V – 4.8 V range, the ordered material suffers from the worst voltage 

fade (Figure 4.3a) and capacity retention (Figure 4.2c) of the three. By contrast, a further 

increase in ordering to the super-ordered sample results in an improved electrochemical 

performance, with a greater initial discharge capacity and capacity retention and reduced 

voltage fade than both the ordered and the disordered material. These differences are 

discussed in Section 4.4.5. Figure 4.4 shows dQ/dV plotted against V for disordered (a), 

ordered (b) and super-ordered (c) LNbMO, from which the Mn and O oxidation regions 

(below and above ~ 4.0 V, respectively) can be observed. This is discussed in Section 

4.4.6.3. 
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Figure 4.1. Electrochemistry of disordered (a, b), ordered (c, d) and super-ordered (e, f) samples of LNbMO. 

(a), (c) and (e) were cycled with cut-off voltages of 4.8 V whilst (b), (d) and (f) were cycled with an upper 

cut-off voltage of 4.2 V. The black dashed line indicates the limit of the Mn3+/4+ redox couple. Cells were 

cycled at 10 mAg-1 at 55°C. 
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Figure 4.2. (a, b) plots comparing the voltage profile of disordered, ordered and super-ordered samples of 

LNbMO. (a) shows the first cycle, while (b) compares the 2nd (solid colour) and 10th (faded colour) cycles. 

(c) Capacity retention against cycle number. The black dashed line indicates the limit of the Mn3+/4+ redox 

couple. The cycling of the super-ordered cells was interrupted by connection issues, and so capacity data for 

two super-ordered cells have been included in (c) to give a full dataset. Cells were cycled at 10 mAg-1 at 

55°C. 
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Figure 4.3. (a, b) Plots of the average charge and discharge voltages against cycle number for disordered, 

ordered and super-ordered LNbMO for 4.8 V (a) and 4.2 V (b) cut-off voltages. (c, d) Coulombic efficiency 

(the ratio of discharge capacity to charge capacity) plotted against cycle number for disordered, ordered and 

super-ordered LNbMO for 4.8 V (c) and 4.2 V (d) cut-off voltages. Cells were cycled at 10 mAg-1 at 55°C. 
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Figure 4.4. Plots of dQ/dV versus V for disordered (a), ordered (b) and super-ordered (c) samples of LNbMO. 

All three are plotted with the same y-axis scale for comparison. Cells were cycled at 10 mAg-1 between 1.5 

and 4.8 V at 55°C. 
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4.4.2. Operando X-ray diffraction 

Figure 4.5 shows operando XRD data for disordered (a), ordered (b) and super-ordered (c) 

LNbMO, with expanded views of the most intense rocksalt reflection (~44°) and tetragonal 

reflection (~25°) shown in the righthand panels. Refined structural parameters are plotted 

for comparison in Figure 4.6. All three materials demonstrate the same trend in lattice 

parameters (Figure 4.6a): a shrinking of the unit cell on charge followed by an expansion 

on discharge. This reduction in lattice parameter on charge slows down significantly at 

around x = 0.75 (which corresponds to 150 mAhg-1), coinciding with the slope change in 

the voltage profile and the theoretical end of the Mn3+/4+ redox couple. Such behaviour is 

consistent with previous findings for disordered rocksalt systems.40,65 The expansion on 

discharge is limited by the lower capacity observed at room temperature—the slow kinetics 

reducing the amount of reversible capacity to approximately 70% of that obtained at 55°C. 

No phase changes were detected during the cycling process. 

The strongest superstructure reflection observable in the ordered and super-ordered data is 

that at approximately 25° 2𝜃, corresponding to diffraction from the (101) plane of the 

tetragonal 𝐼41/𝑎𝑚𝑑 unit cell. The peak diminishes significantly upon delithiation (Figure 

4.5c), suggesting a reduction in superstructure ordering within both ordered and super-

ordered LNbMO. At the end of discharge the peak is still present, indicating the persistence 

of some short-range ordering, albeit with a greatly reduced correlation length. The decrease 

is greatest in the super-ordered material, in which the correlation length is reduced from 

~ 200 ± 7 Å in the pristine material to ~ 75 ± 7 Å at the end of charge, however it maintains 

the strongest superstructure reflections, as the correlation length of the ordered material 

reduces to ~ 50 ± 5 Å after charge. This suggests that a scrambling of the cation order takes 

place within the ordered materials through the migration of transition metals upon Li 

extraction. The same region of disordered LNbMO shows no evolution with cycling, in 

keeping with the absence of short-range cation ordering.  
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Figure 4.5. Operando electrochemical X-ray diffraction data for disordered (a), ordered (b) and super-ordered 

(c) samples of LNbMO. The leftmost panel shows the corresponding electrochemistry for each material. The 

middle panel shows a stacked series of diffraction patterns over a single cycle to show changes over charge 

and discharge. The regions 40-42° and 50-55° which contain strong reflections due to the Be window (part 

of the cell architecture) have been removed. The magnified panels on the right highlight the regions 

containing the strongest superstructure reflection (~25°) and the strongest rocksalt reflection (~44°). Peaks 

which are stationary during cycling (marked with a red asterisk *) originate from the cell architecture. The 

red arrow marks the end of charge. Cells were cycled at 10 mAg-1 at room temperature. 
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As is the case for the evolution in lattice parameter, the reduction in cation-ordering takes 

place during the first half of the charging process—up until approximately x = 0.75. 

Beyond this, during the high-voltage redox plateau, relatively little change to the unit cell 

parameters, crystallinity or ordering correlations is observed. This indicates that the 

majority of cation disordering due to Mn migration occurs during the Mn oxidation stage 

of charge. Given the greater crystal field stabilisation energy (CFSE) afforded to 

octahedrally coordinated Mn4+ (t2g
3), Mn3+ (t2g

3eg
1) is expected to more readily migrate 

between octahedral sites due to the reduced energetic penalty (in terms of lost CFSE) when 

occupying an intermediate tetrahedral site. This is consistent with greater cation disordering 

Figure 4.6. Structural parameters for disordered (blue circles), ordered (red squares) and super-ordered (green 

diamonds) LNbMO as a function of lithium content x, refined against operando XRD data shown in Figure . 

The black dashed line indicates the end of Mn redox, and the red solid line indicates the end of charge. (a) 

shows the change in ‘rocksalt’ lattice parameter for the three materials. For ordered and super-ordered 

LNbMO, the lattice parameters were constrained so that 𝑎 = 𝑏 = 𝑎𝑟𝑠; 𝑐 = 2𝑎𝑟𝑠 for ordered LNbMO and 𝑎 =
4𝑎𝑟𝑠; 𝑏 = 𝑐 = 2𝑎𝑟𝑠 for the super-ordered material, with 𝑎𝑟𝑠 representing the ‘rocksalt’ lattice parameter for 

comparison. (b) shows the variation in correlation lengths for rocksalt-type ordering within the three 

materials, while (c) shows the change in correlation length for short-range tetragonal cation ordering in 

ordered and super-ordered LNbMO. Due to the quality of the operando data, reflections arising from the 

𝐶2/𝑐-type ordering in super-ordered LNbMO were too weak to be reasonably refined. Refined errors are 

shown by the shaded areas: where these are not visible, the errors lie within the bounds of the markers. Since 

the diffraction data were collected whilst the material was being cycled, some line broadening will occur due 

to changes during the collection of a single diffraction pattern—therefore the correlation lengths should be 

taken as approximate values. For the disordered sample, cycling was interrupted by a connection issue, 

causing the discontinuity at approximately x = 0.75 (blue dashed circles).  
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occurring at the start of charge—when Li extraction creates vacant sites for Mn3+ to hop 

into. 

Interestingly, the disordered material exhibits a relatively gradual change in its lattice 

parameter (Figure 4.6a), 𝑎𝑟𝑠, between x = 1.0 and 0.75, while the ordered and super-

ordered samples decrease more rapidly. This is likely a result of the ordering of the Jahn 

Teller distortions within the ordered and super-ordered structures: when this JT ordering is 

lost, as Mn3+ is oxidised to Mn4+ (and migrates), a more dramatic decrease in unit cell 

volume is observed. By contrast, in the more disordered material, where Mn JT distortions 

are not correlated (and so distortions are more localised and randomly oriented), a more 

gradual change in unit cell size is seen. Furthermore, the steepest decreases in 𝑎𝑟𝑠 for 

ordered and super-ordered LNbMO coincide with the points where the ordering correlation 

length (Figure 4.6c) decreases most rapidly, supporting the idea that reduction in cation-

ordering is partly responsible for the shrinking of the unit cell. 

It is clear from the evolution in peak broadening associated with the rocksalt reflections 

that all three materials also suffer from a significant loss of crystallinity on cycling (Figure 

4.6b). The rocksalt correlation length, approximated from this broadening, is rapidly 

reduced on charge to a fraction of the pristine value for each material (~ 1 3⁄ , 1 5⁄  and 1 6⁄  

for disordered, ordered and super-ordered LNbMO respectively). This is likely due to a 

fracturing of particles, caused by strain induced by unit cell volume changes during charge 

and discharge, and has been reported by Kan et al. using chemically delithiated 

samples.48,80,83 This makes it difficult to determine from diffraction alone whether cation-

ordering is truly diminished through Mn migration during (de)lithiation, or if the 

diminishing and broadening of superstructure reflections is simply due to the reduced 

crystallinity in each sample. A better probe of the local environments in the materials is 

necessary to validate these claims, such as NMR. 

4.4.3. Ex situ NMR 

In order to more closely examine the changes in local structure which occur upon 

electrochemical cycling, ex situ 7Li NMR data were collected for each sample of LNbMO. 

Cathodes made of each material were prepared and cycled to various states of charge and 

discharge, at which point the half-cells were disassembled and NMR data collected on the 

cathodes. Figure 4.7 shows the data collected for disordered, ordered and super-ordered 

LNbMO. As 7Li NMR directly probes the Li environments present within each sample, it 
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provides a better picture of the state of short-range cation order present than X-ray 

diffraction. 

Features observable in the pristine spectra of the ordered and super-ordered material, 

caused by the clustering of Li resonances in the same environments (discussed in Chapter 

3), are rapidly lost as the material is charged—by the middle of the Mn redox plateau (x ~ 1) 

the spectra have become broad and featureless, resembling that of the disordered material. 

This is in keeping with the observations of operando XRD–that short-range order is lost 

upon cycling, predominantly during the Mn3+/4+ redox region, and that this ordering is not 

recovered on discharge. Signal is lost with charge and gained on discharge as Li is 

deintercalated and subsequently re-intercalated into the structure.  

From 7Li NMR, loss of cation order appears to be more complete than diffraction would 

suggest—while spectra at the end of discharge for the three samples are almost identical, a 

broad peak is still apparent in the XRD patterns for ordered and super-ordered LNbMO at 

the same point. This is likely due to the starkly differing sensitivities of the two techniques 

with respect to Nb. In contrast to Mn, which can readily migrate between octahedral sites 

within the structure, Nb5+ is likely to be less mobile throughout cycling due to the higher 

energetic cost associated with a pentavalent ion occupying a tetrahedral site. While Nb has 

the greatest number of electrons and hence is the strongest X-ray scatterer within the 

material, the presence of diamagnetic Nb5+ has virtually no effect on the chemical shift of 

a neighbouring Li nucleus in an NMR experiment (especially compared to the large 

hyperfine shifts induced by the presence of paramagnetic Mn3+ and Mn4+), and as such Nb 

has no appreciable effect on the measured spectra. The fact that ordering appears to be 

completely lost in the more Mn-sensitive NMR, while some order is retained according to 

diffraction, suggests that some cation order amongst Nb persists after cycling. 



 

 

Figure 4.7. Ex situ NMR data for disordered (a), ordered (b) and super-ordered (c) samples of LNbMO. In each case the data are presented with the pristine uncycled material 

at the bottom and the end of first discharge at the top, and are scaled by mass and number of scans. The voltage profiles show the electrochemical cycling for each sample as a 

function of Li content, with coloured points indicating the points at which the corresponding spectra were taken. The MATPASS pulse sequence is used to separate the isotropic 

resonance from the sideband manifold (60 kHz MAS).228 For the uncycled super-ordered spectrum, the top of the peak at 36 ppm which corresponds to LiMnO2 has been cut 

off to allow for better stacking. The grey dashed lines indicate 250 and 500 ppm. 
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The evolution of the broad, featureless NMR resonance on cycling can be rationalised 

qualitatively by considering the change in the paramagnetic Mn centres, which dominate 

the chemical shifts of the Li environments. In the pristine materials, the resonance is centred 

around approximately 250 ppm. This increases to ~ 500 ppm on charge, before returning 

to ~ 250 ppm at the end of discharge. Oxidation of Mn3+ to Mn4+ on charge removes an 

electron from the 𝑑𝑧2 orbital of Mn, which results in a significant change to the Fermi 

contact shift imparted to Li through a Mn—O—Li bond pathway.131,137 The primary effect 

of this is to increase the average shift contribution of a 90° Mn—O—Li interaction from 

72 ppm (the weighted average of JT-lengthened and JT-shortened bonds) for Mn3+ to 

192 ppm for Mn4+ (which has no JT distortion due to the removal of the eg* electron). 

(These values are based on density function theory calculations on LNbMO performed by 

Ieuan D. Seymour—see Section 2.2.2.2).86 While the contribution from a 180° Mn—O—

Li interaction is reduced to -33 ppm, this is less significant due to the much higher 

probability of a 90° interaction (12 pathways per Mn) compared with a 180° interaction 

(six pathways per Mn), as well as the much smaller absolute shift contribution of a 180° 

interaction.  

The broad NMR resonance is thus shifted towards higher frequency as Mn3+ is oxidised, 

returning to lower frequency with the subsequent reduction of Mn4+ on discharge. After the 

end of the Mn redox region (i.e., beyond x = 0.75), little change to the position of the broad 

resonance is observed, suggesting little further change in the Mn oxidation state. This is 

consistent with charge-compensation for Li extraction in the higher voltage region of the 

charge profile being through anionic redox. The lack of any significant change in the 

spectra (apart from a loss of signal) during this region suggests that the effects of any O 

redox within the materials are not detectible by 7Li NMR—or, perhaps, that the Li ions 

remaining in the structure are not close (bonded) to the oxygen ions involved in the redox 

processes. On discharge, the incomplete reduction of Mn4+ is likely to cause some spectral 

broadening in all three samples: a mixture of Mn3+ and Mn4+ will result in a greater number 

of possible Li environments, while additional Li and electron mobility would cause line 

broadening through enhanced relaxation. 

4.4.4. Magnetic susceptibility 

Figure 4.8 shows effective magnetic moments 𝜇𝑒𝑓𝑓 (black circles) and Weiss temperatures 

θ (red squares) obtained from magnetic susceptibility measurements on disordered LNbMO 
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over charge and discharge. The changes in effective moment are in line with those expected 

based purely on the reversible oxidation of Mn3+ to Mn4+, with the lower 𝜇𝑒𝑓𝑓 after 

discharge indicative of incomplete Mn reduction. The lack of 𝜇𝑒𝑓𝑓 evolution beyond the 

end of Mn redox is consistent with Mn and O redox occurring sequentially on first charge, 

with no signatures attributable to O redox being apparent in the data. The slight variation 

in 𝜇𝑒𝑓𝑓 between the end of Mn redox and the end of charge—a slight increase midway 

through the O redox plateau, followed by a decrease on further delithiation—could indicate 

the occurrence of partial charge transfer from O to Mn during O redox. However, the three 

𝜇𝑒𝑓𝑓 values in this region are so close as to be within experimental error of one another, 

suggesting that any O-to-Mn charge transfer is small, if it does indeed occur. 

At the end of Mn redox, the Weiss temperature of the material is significantly reduced to 

~ -30 K, where it remains approximately constant for the rest of charge. Due to the removal 

of the eg* (𝑑𝑧2) electron upon oxidation, magnetic superexchange interactions between 

Mn4+ pairs (Mn4+—O—Mn4+) along 180° pathways in LNbMO are expected to be more 

Figure 4.8. Effective magnetic moments 𝜇𝑒𝑓𝑓 (black circles) and Weiss temperatures θ (red squares) for 

disordered LNbMO over the first charge/discharge cycle. The horizontal blue dashed lines mark the µeff 

values expected for 100% Mn3+ and 100% Mn4+ within the material. The error bars for the Weiss temperature 

values are within the bounds of the markers. 
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weakly antiferromagnetic (AFM) interactions compared to those between Mn3+, which are 

more strongly AFM (see Section 3.4.2.3). 90° interactions between Mn4+ are similar in 

nature (remaining weakly AFM) to those between Mn3+, and so overall the average Mn—

O—Mn exchange interaction becomes less AFM as Mn is oxidised to Mn4+, consistent with 

the experimentally observed changes in 𝜃. With discharge, θ initially becomes less 

negative, which is expected for a mixture of Mn3+ and Mn4+ due to the onset of Mn3+—

O—Mn4+ double exchange. Double exchange can be understood as the transfer of an 

electron from Mn3+ to O2- simultaneously with the transfer of an electron from O2- to Mn4+ 

(Figure 2.4). This process requires both Mn ions to have their unpaired 3𝑑 electrons aligned 

in the same direction, and thus the double exchange interaction is strongly ferromagnetic 

(FM).125,127 At the end of discharge, the Weiss temperature decreases to ~ -90 K, 

approaching the value for the pristine material, as most of the Mn is reduced back to Mn3+. 

The higher value of θ compared with the pristine material indicates this reduction is 

incomplete, in line with the lower µeff as well as the spectroscopic data discussed above.  
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4.4.5. Discussion of electrochemical behaviour 

4.4.5.1. The role of structure in determining electrochemical performance 

As mentioned briefly in Chapter 3, the poorer electrochemical performance observed in the 

partially ordered material (Figure 4.1c) with respect to disordered LNbMO may be partly 

understood by considering the tetrahedral interstitial sites through which Li ions must 

diffuse between adjacent octahedra.71 As discussed in Section 1.3.2.1, Lee et al. attribute 

facile Li diffusion in disordered Li-excess materials to the percolation of a network 

comprising 0-TM channels (connected networks of coordination environments where Li 

can diffuse between octahedral sites via tetrahedral interstices with no TM neighbours) 

which have very low energies associated with Li diffusion.38 It is assumed that 2-TM 

tetrahedra are inactive to Li diffusion, while the energy associated with diffusion through 

1-TM tetrahedra is strongly dependent on the height of the tetrahedron.  

Stoichiometric 𝛾-LiFeO2 has entirely 2-TM channels, and so it is unsurprising that a 

tendence towards this type of ordering, as seen in ordered LNbMO, results in poorer 

electrochemical performance for the ordered material. Urban et al. show that approximately 

45% Li-excess is required to achieve percolation of 0-TM channels in fully ordered 𝛾-

LiFeO2 (see Figure 1.8), and for a 25% excess Li sample (as for LNbMO) over 25% of 

cation mixing between sublattices is required to enable diffusion via such percolation of 

lower energy pathways.72 This condition is not met in ordered LNbMO (~ 5% cation 

mixing), and so poor Li diffusion is expected to reduce the achievable capacity observed. 

Given the poorer electrochemical performance of partially ordered LNbMO, the improved 

performance of the super-ordered material is surprising. This improvement could be due to 

either of two things: an improvement in the ionic (Li+) conductivity or improved electronic 

(e-) conductivity through the material. These are discussed in turn. 

Li mobility through the super-ordered material might be expected to be worse than in the 

disordered material based on the above discussion: as with partially ordered LNbMO, 

super-ordering results in a reduction in 0-TM channels, as a material perfectly ordered in 

this way would contain a 50:50 ratio of 1-TM:2-TM tetrahedra. However, examination of 

the tetrahedral sites in the super-ordered unit cell reveals slabs of 1-TM tetrahedra spanning 

along the a and c directions (Figure 4.9). It is likely that—as in a layered material—these 
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connected 1-TM slabs allow for a greater portion of Li to be extracted compared with the 

partially ordered case (where these slabs are not as fully developed. 

Furthermore, from the optimised 𝐶2/𝑐 structure discussed in Chapter 3 and shown in 

Figure 4.9, it can be seen that the Jahn-Teller and Second Order Jahn-Teller distortions of 

the Mn and Nb atoms respectively causes a puckering of the structure (Section 3.4.2.2). 

The checkerboard-type ordering of JT lengthened Mn—O bonds in the ac plane and the 

corresponding JT shortening of Mn—O bonds in the b direction causes a separation within 

the structure in-between the planes containing Mn, which coincides with the 1-TM 

networks mentioned above. As mentioned in Section 1.3.2.1, Lee et al. show that for 1-TM 

sites, the o-t-o migration barrier depends strongly on the average tetrahedron height, which 

they estimate to be within the range 2.35-2.41 Å for most disordered rocksalts.38 The 

distortions within super-ordered LNbMO however, cause a widening of some tetrahedra 

within the 1-TM slabs, illustrated by the dashed lines in Figure 4.9. The average height of 

Figure 4.9. Depiction of 1-TM (blue) and 2-TM (grey) tetrahedral interstitial sites present in super-ordered 

LNbMO. The unit cell shown is the DFT optimised structure discussed in Section 3.4.2.2, refined against X-

ray and neutron data. The dashed lines indicate 1-TM channels through the material which are widened by 

the ordering of Mn Jahn-Teller and Nb second order Jahn-Teller distortions, which act to increase the Mn-

Nb separation in space. Li connected to these channels of expanded tetrahedra (80% of total Li) are shown in 

turquoise, while the remaining Li (20%) is shown in blue. Mn is shown in purple, orange spheres represent 

Nb and red spheres correspond to O. The separation of Mn and Nb into separate ac planes is also apparent.  
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these tetrahedral interstices increases to 2.42 Å as a result, with each tetrahedron having a 

height in one direction of between 2.5-2.6 Å—at these heights, the energetic barrier to o-t-

o migration is expected to be approximately equal to the 0-TM case, enabling more facile 

Li migration.38 The percolation of these larger-than-expected tetrahedral sites is likely to 

further enhance Li diffusion through super-ordered LNbMO. Improvement of 

electrochemical performance through partial ordering has previously been reported by Ji et 

al., who found that spinel-like short-range cation order in partially ordered Li-Mn-O-F 

systems created a robust percolation of low-barrier Li migration channels.84 In a separate 

work, Ji et al. also show, using Li1.2Mn0.4Ti0.4O2 and Li1.2Mn0.4Zr0.4O2 examples, that short-

range order can be both favourable and unfavourable to Li migration depending on its 

nature—with the Ti material containing many more 0-TM channels compared with the Zr 

analogue, where ordering results in more 1-TM channels.50 The work presented in this 

chapter demonstrates that varying the strength of cation-ordering, as well as the type, may 

also lead to both detrimental and beneficial electrochemical performance.  

The increased prevalence of Mn—O—Mn linkages in super-ordered LNbMO is also 

expected to improve the electronic conductivity within the material. As discussed in Section 

4.2, disordered rocksalts suffer from intrinsically poor electronic conductivity—more so 

than layered transition metal oxides, partly due to the lack of long-range networks of 

connected d orbitals caused by both Li-excess and cation-disorder. The partial ordering of 

Mn atoms into the Li-Mn-O planes (Figure 4.9) observed in super-ordered LNbMO creates 

Mn—O—Mn pathways and thus facilitates enhanced Mn 3𝑑 orbital overlap. As the 

material is delithiated, Mn3+ are oxidised to Mn4+, which allows electronic conduction via 

Mn3+—O—Mn4+ double-exchange, and so increasing the prevalence of connected Mn via 

super-ordering will improve electronic conductivity.125,127 

It should be noted that factors other than Li+ diffusion may contribute to the differences in 

observed electrochemistry. Differing scales of particle surface reconstruction—which 

could also be affected by the strength and type of ordering—can lead to differing amounts 

of voltage hysteresis and capacity loss. As well as this, variations in particle size and 

morphology could also be partly responsible for the variations in electrochemistry. Figure 

4.10 shows SEM images of cathode films for disordered (a, d), ordered (b, e) and super-

ordered (c, f) LNbMO, showing no significant differences in particle size and morphology 

between the three materials. Nevertheless, further characterisation of these factors—and 
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whether they are affected by cation ordering—is required to understand their contribution 

to the phenomena observed. 

4.4.5.2. Voltage differences 

As discussed in Section 4.2, the occurrence of 0-TM tetrahedral sites in disordered LNbMO 

is responsible for the increased slope of the material’s voltage profile (Figure 4.2a) 

compared with those of the more ordered materials. While 0-TM channels decrease the 

energy needed to extract Li at the beginning of charge, the voltage increase at the end of 

charge renders some Li inert to extraction below the voltage limit, reducing the maximum 

achievable capacity of disordered LNbMO (Figure 4.2c). As discussed above, fewer low 

energy 0-TM tetrahedra exist within the ordered structures, and so a reduced fraction of 

stable tetrahedral Li in these materials mean that they display greater observed 

capacities.75,76  

Increasing cation ordering in LNbMO therefore results in a higher voltage at the start of 

charge and a less sloped first charge profile, which is also to be expected due to the smaller 

number of distinct Li environments with differing energies—in keeping with theoretical 

work by Abdellahi et al.201 On further cycling the voltage profile of the ordered and super-

ordered materials becomes more similar in shape to that of the disordered material (Figure 

4.2)—suggesting some loss of cation ordering upon delithiation. This indicates the 

occurrence of Mn migration within the structure on cycling, which is known to cause a 

scrambling of cation order in ordered cathode materials, increasing both voltage slope and 

hysteresis.106 Some degree of order must persist after multiple cycles however, to explain 

Figure 4.10. SEM images of a PTFE cathode film with Li1.25Nb0.25Mn0.5O2 as the active material. The large 

LNbMO particles are surrounded by nanoscale carbon. 
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the observed differences in performance. This is in keeping with observations from 

operando XRD and ex situ NMR: while Mn migration on charge rapidly causes a reduction 

in ordering, Nb appears less prone to migrate and so some ordering is maintained 

throughout charge. 

4.4.6. Examination of electronic structures 

4.4.6.1. X-ray absorption spectroscopy 

To evaluate the changes in electronic structure with electrochemical cycling, X-ray 

absorption spectroscopy (XAS) data were collected on pristine and cycled samples of 

disordered and ordered LNbMO. XAS correlates the changes in the absorption edge energy 

to the variation in the average oxidation state of the absorbing species. Figure 4.11 

compares normalised data for pristine samples of the two materials. The edge position of 

the Mn K-edge (1𝑠 → 4𝑝) data (a) for both are in good agreement with the literature data 

for the material and consistent with the expected Mn3+ oxidation state—as can be seen from 

comparison with the K-edge data for Mn2O3 (shown in blue).40,48,116 The spectrum of the 

more ordered material appears sharper, with a marginally higher edge value compared to 

the disordered spectrum (shifted slightly towards the edge of MnO2—shown in green). One 

interpretation for this could be a marginally higher Mn oxidation state, potentially due to a 

greater degree of Li loss during the prolonged post-synthesis cooling step. However, as no 

evidence for Mn4+ (or Mn2+) could be found in either sample, the differing edge shapes of 

the two samples is more likely to reflect the differing states of cation order. 

The 4𝑝 states of transition metals are strongly hybridised with O 2𝑝. Hence, the local 𝑝-

like density of states is highly sensitive to the distribution of charge and therefore any local 

TM—O bond distortions.166 Ignatov et al. demonstrated that the Mn K-edge of 

La0.7Ca0.3MnO3
 depends dramatically on the local O distribution, with polaronic distortions 

significantly altering the spectral lineshape. They argue that the observed ‘energy shift’ is 

better interpreted as a spectral intensity redistribution upon distortion rather than as a rigid 

energy shift.202 As discussed in the previous chapter, cation ordering in LNbMO occurs 

partly to allow a more favourable accommodation of Mn Jahn-Teller distortions, and thus 

results in a smaller range of distorted MnO6 octahedra. By contrast, the Mn JT distortions 

in disordered LNbMO cannot align in an ordered way, and so a wider range of MnO6 
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environments is likely in the pristine material—causing a broadening of the K-edge 

spectrum.  

The origin of the K-edge differences between ordered and disordered LNbMO is therefore 

likely to be a combination of these two factors—a greater distribution of JT-distorted Mn 

environments in the disordered material, possibly coupled with a marginal difference in Mn 

oxidation state. Total electron yield (TEY) Mn L-edge (2𝑝 → 3𝑑) data for the two samples 

are shown in (c). TEY sXAS probes atoms at a depth of up to ~ 5 nm, and so can be used 

as a measure of the electronic structure near the surface. The spectra for disordered and 

ordered LNbMO are almost identical, suggesting either that any differences in Mn 

electronic structure are located only in bulk Mn in the pristine material rather than on the 

surface, or that Mn L-edge XAS is insensitive to the hybridisation changes discussed above. 

If ordered and disordered LNbMO did contain Mn at different oxidation states, there would 

be little reason to expect these to be limited to bulk Mn, suggesting that the Mn oxidation 

state in the two materials is in fact the same. This is therefore supportive of the K-edge 

differences reflecting differing states of cation disorder between ordered and disordered 

LNbMO, rather than differing oxidation states. The Nb K-edge data (Figure 4.11b) for the 

Figure 4.11. XAS data for pristine samples of disordered (black) and ordered (red, dashed line) LNbMO. (a) 

and (b) show Mn and Nb K-edge data respectively. Data for Nb2O5 and NbO2 are shown in (b) for comparison. 

(c) shows total electron yield (TEY) Mn L-edge sXAS data, which probes the surface of the material (to 

~ 5 nm). 
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two samples agree well with the expected Nb5+ oxidation state, as can be seen from the near 

overlap with the edge for Nb2O5 (green). 

Figure 4.12 shows normalised ex situ XAS data collected over charge and discharge. The 

evolution of the Mn K-edge with charge (a) is consistent with oxidation of Mn3+ to Mn4+, 

with no further oxidation beyond Mn4+, as expected. Relatively little change is observed in 

the Mn K-edge data on charge between full TM redox and full O redox, consistent with the 

occurrence of Mn redox first at a lower voltage followed by O redox along the higher 

voltage plateau in the electrochemistry (Figure 4.1). From the data collected on discharge 

shown in Figure 4.12b, it is clear that the oxidation state of Mn is reduced back towards 

Mn3+, but that the redox process is not completely reversible: the edge for fully discharged 

remains at a slightly higher energy relative to the pristine data. This is also apparent in the 

data collected after five charge/discharge cycles (c). Ordered LNbMO behaves very 

similarly to the disordered material: the ex situ spectra are almost identical to those 

collected for the disordered material, suggesting the charge compensation mechanisms 

within the materials are the same. 

Both ordered and disordered LNbMO exhibit an increase in intensity in the Mn K-edge 

pre-edge region (6540-6544 eV). Transitions in this region correspond to formally dipole-

forbidden 1𝑠 → 3𝑑 transitions, which are typically weak in transition metals but become 

stronger when TMs are in distorted or non-centrosymmetric local environments due to the 

mixing of 3𝑑 and 4𝑝 states.203 This increase in pre-edge intensity therefore corresponds to 

a distortion of the MnO6 octahedral environment on delithiation—either through O redox 

or O loss.40,48 The majority of this change occurs between half and full Mn redox, 

suggesting this region may also include charge compensation from O and therefore pointing 

to some degree of overlap between the two redox couples. As with the main edge changes, 

these pre-edge changes are reversed on discharge. 

Nb K-edge data collected on charge and discharge (Figure 4.12e and f respectively) confirm 

that Nb remains in the +5 oxidation state throughout, with no redox participation. 

Reversible changes in the pre-edge and main-edge are observed, associated with local 

chemical and structural differences resulting from (de)lithiation, however these do not  

indicate Nb redox.40,204 The Nb K-edge spectra for ordered and disordered LNbMO are 

virtually identical, and so little can be inferred from these data as to the state of cation order. 
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Figure 4.13 shows ex situ Mn L-edge spectra on disordered and ordered LNbMO over the 

first cycle. The data were collected in TEY mode and so are surface sensitive. A clear 

increase in intensity in the L3-edge at around 640eV is observed as the material is charged, 

which continues to grow with discharge. Comparison with reference spectra for Mn in the 

+2, +3 and +4 oxidation states reveals a build-up of Mn2+ on the particles’ surface, which 

is in line with Chen et al.’s hypothesis for performance degradation in these materials. 

Accumulation of Mn2+ at the surface of particles, along with a concurrent reduction in Li 

Figure 4.12. Ex situ XAS data collected for disordered (solid lines) and ordered (short dashed lines) samples 

of LNbMO on charge and discharge. (a) and (b) show data for disordered LNbMO on charge and discharge 

respectively. (c) shows a comparison of the data obtained from the beginning and end of the 1st and 5th cycles. 

(d) shows data collected on ordered LNbMO, which are very similar to the disordered case—shown in green 

(discharge) for comparison. (e) and (f) show Nb K-edge data for disordered LNbMO on charge and discharge 

respectively, illustrating the presence of Nb5+ throughout cycling with no Nb redox activity. The inset in each 

plot highlights the pre-edge region. 
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vacancies near the surface, increases the diffusion barrier for Li, resulting in voltage 

hysteresis and capacity loss with repeated cycles.116 

O K-edge spectra were collected to further examine the change in electronic states with 

cycling. The data, shown in Figure 4.14, focus on pre-edge features in the region 527-

533 eV, attributed to transitions from O 1𝑠 to hybridised O 2𝑝—Mn 3𝑑 orbitals. In data 

for both disordered and ordered LNbMO, the growth of an additional feature at 

approximately 529 eV can clearly be seen upon charge, which continues to grow after the 

end of Mn redox. This has previously been cited as evidence of O redox within these 

materials, as well as in layered cathode materials.40,94,105,116,205 However, as Yang et al. 

discuss, this feature has been found almost universally for electrodes with and without O 

redox, and is to be expected due to the strengthened hybridisation of O2p-TMnd states upon 

oxidation of the transition metal.171 Therefore this feature is simply further evidence of 

Mn3+/4+ redox occurring within both samples of LNbMO. The feature at 531 eV which 

remains static throughout cycling is associated with Li3NbO4, as can be seen in the grey 

reference spectrum. While the majority of the K-edge evolution is reversed with discharge, 

some slight differences remain between the discharged and pristine material, hinting at the 

Figure 4.13. Normalised total electron yield (TEY, ~ 5 nm) Mn L-edge XAS spectra of  LNbMO at various 

states of charge. Solid line spectra correspond to disordered LNbMO, for which the majority of ex situ points 

were collected. The dashed line spectra correspond to ordered LNbMO. For comparison, spectra for MnO, 

Mn2O3 and MnO2 are shown at the bottom as references for Mn2+, Mn3+ and Mn4+ respectively. A buildup of 

Mn2+ on the surface with cycling can clearly be seen. 
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structural and electronic changes which lead to performance degradation over repeated 

cycling.  

4.4.6.2. O K-edge RIXS 

In order to verify whether LNbMO does access intrinsic O redox, O K-edge resonant 

inelastic X-ray scattering (RIXS) measurements were performed on pristine and cycled 

samples of both ordered and disordered LNbMO (Figure 4.15). As discussed in Section 

2.4.3, RIXS maps the fluorescence energy as a function of both absorption and emission 

energy, providing more information on electronic state changes than XAS alone. It can be 

considered a 90°-flipped X-ray absorption spectrum with the emission decay energy 

measured for each absorption energy. This enhanced chemical sensitivity enables specific 

chemical states to be distinguished that cannot be clearly resolved in sXAS, enabling O 

redox features and TM-O hybridisation features to be disentangled.100,171 

The broad features lying along an emission energy of ~ 525 eV originate from excitation 

into antibonding TM—O hybridised states (Mn3+/4+—O, Nb5+—O), and are the same as 

Figure 4.14. Partial fluorescence yield (PFY) O K-edge XAS spectra of LNbMO on charge and discharge. 

Solid line spectra correspond to disordered LNbMO, while dashed line spectra correspond to ordered 

LNbMO. For reference, the dotted grey line shows the spectrum of Li3NbO4, illustrating the origin of the 

static peak at 531 eV. 
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those observed in the O K-edge XAS spectra shown in Figure 4.14. The evolution of these 

features over charge and discharge (highlighted by the orange dashed line) match the 

changes in sXAS spectra, in line with the changes in Mn oxidation state. However, also 

evident in the end of charge (4.8 V) RIXS data for both samples at 531 eV excitation is a 

new emission feature at 523.5 eV (black dashed line). This feature is distinct from the broad 

emission features arising from TM-O hybridised states, and its emergence is currently 

believed to be a reliable indication of bulk O redox within cathode materials.100,171,204,206 

As with the previous spectroscopic techniques employed, little difference between the two 

materials can be seen, suggesting similar electrochemical behaviour with similar amounts 

of charge compensation through lattice O. These spectral changes are reversed on 

discharge, indicating that LNbMO does access intrinsic reversible O redox in addition to 

conventional cationic redox. 

4.4.6.3. The role of anionic redox on electrochemistry 

For all three samples, a capacity beyond that expected based purely on Mn3+/4+ redox was 

achieved when cycling to 4.8 V (Figure 4.1a, c & e). The capacity of the high-voltage 

plateau (ca. 4.5 V)—and correspondingly, the position and height of the dQ/dV plots in 

Figure 4.4—for each material can be interpreted as a measure of the extent of charge 

compensation through anionic (O) redox. The extent of O redox in LNbMO clearly 

increases with increasing SRO, with ordered and super-ordered LNbMO displaying greater 

Figure 4.15. Resonant inelsatic X-ray scattering (RIXS) maps for disordered (top) and ordered (bottom) 

samples of LNbMO. (a) and (e) show data for the pristine materials, (b) and (f) at the end of Mn redox (4 V), 

(c) and (g) at the end of charge (4.8 V) and (d) and (h) at the end of discharge (1.5 V). The orange dashed 

line in (b) and (f) highlights the changes due to Mn3+/4+ redox, whilst the black dashed line in (c) and (g) 

highlights the feature widely attributed to O redox. Both of these spectral changes are reversed on discharge. 
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high-voltage capacities and O redox plateaus beginning at lower voltages. This is to be 

expected, given the increased likelihood of 180° Li—O—Li linkages with increasing order 

(see Sections 3.4.1 and 3.4.2—due to the meridional nature of the cation ordering, an 

increase in these linkages is guaranteed), and hence the greater concentration of 

unhybridised O 2𝑝 orbitals (Section 1.5.1.1) which can be readily oxidised.193 

However, it is evident that utilising this redox couple leads to a rapid loss of reversible 

capacity within all three materials, significantly reducing the lifetime of the cell. After 20 

cycles of cycling with an upper voltage limit of 4.8 V, the discharge capacities (Figure 4.2c) 

of disordered, ordered and super-ordered LNbMO have decreased by 18, 33 and 27% 

respectively compared to their first cycle value. By contrast, with a voltage limit of 4.2 V 

(before the onset of anionic redox) none of the materials suffer from reduced capacity after 

20 charge/discharge cycles. This is in keeping with observations for both layered and 

disordered Li-excess cathode materials—that utilisation of the O redox plateau 

compromises the reversibility of the redox processes. It is thought that at the high voltages 

involved, O redox is accompanied by a degree of irreversible O loss on first charge as well 

as TM migration, which introduces voltage hysteresis, voltage fade and capacity 

loss.100,116,207 This process is clearly worse for more ordered samples of LNbMO, due to 

the greater extent to which O redox provides charge compensation. 
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4.5. Conclusions 

The effects of short-range cation ordering in LNbMO can be seen in the differing 

electrochemical performances between samples with differing correlation lengths. The 

naturally cooled, ordered material displays increased voltage fade and capacity loss 

compared to rapidly cooled, disordered LNbMO, whilst the slowly cooled, super-ordered 

sample exhibits certain improvements over the fully disordered material. It is proposed that 

these variations can be largely understood by considering the changing local structure, 

specifically the differences between number and size of 0-TM and 1-TM tetrahedral 

interstices, which significantly influence Li mobility. 𝛾-LiFeO2-type ordering increases the 

prevalence of 1-TM and 2-TM channels, resulting in poorer performance for partially 

ordered LNbMO. While further strengthening this ordering through slow-cooling the 

material reduces the occurrence of 0-TM channels further, this also allows ordering of the 

Mn Jahn-Teller and Nb second order Jahn-Teller distortions, which results in slabs of 1-

TM channels with larger tetrahedral interstices than normally expected in disordered 

materials. This, coupled with the improved electronic conductivity through the formation 

of Mn—O—Mn pathways, is proposed as the origin of improved electrochemistry in super-

ordered LNbMO. Where previous works have demonstrated that varying the nature of 

cation ordering through the use of different TMs can lead to both beneficial and detrimental 

results for the electrochemistry, this work suggests that varying the strength of the same 

type of cation-order can also dramatically alter the material’s performance. 

These results should be qualified by noting that bulk structural differences are not the only 

factor which may affect electrochemical performance. Voltage fade and capacity retention 

are not direct measures of Li diffusion, and surface effects (such as the build-up of densified 

Mn2+ phases of different thicknesses on the particles) can also lead to differing amounts of 

voltage hysteresis and capacity loss, and so these factors require further examination. 

Future work on these materials should also make use of techniques such as pulsed field 

gradient (PFG) 7Li NMR, and galvanostatic intermittent titration technique (GITT), which 

can be used to characterise the Li diffusion and how it varies with cation order, and thus 

quantify how different degrees of ordering affect Li diffusion.208–210 

Cation order appears to be rapidly lost with cycling, due to Mn migration as the material is 

delithiated. The persistence of some ordering is apparent in operando XRD data but not in 

the ex-situ NMR data. Due to the insensitivity of the latter technique towards diamagnetic 
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Nb5+, the residual order is attributable to Nb remaining static within the structure. Static Nb 

is also likely to be the reason for performance differences between the three materials 

remaining beyond the first electrochemical cycle, with some structural distortions 

associated with Nb remaining in the more ordered materials despite rapid disordering of 

Mn. These can either aid or hinder Li mobility, as seen for super-ordered and ordered 

LNbMO respectively. 

The redox behaviour of LNbMO is largely in keeping with previous literature reports on 

the disordered Li-Nb-Mn-O system and appears largely independent of the initial 

differences in ordering. On first charge, Mn and O redox occur largely sequentially, with 

some overlap apparent based on XAS data, whereas on subsequent cycles the large voltage 

hysteresis frequently observed with O redox leads to significant overlap of the two 

processes. Utilisation of the high-voltage O redox plateau, however, is associated with 

irreversible structural changes—including Mn migration and partial O loss, leading to 

accumulation of surface Mn2+. This results in a gradual loss of reversible capacity and 

voltage fade with repeated cycling, due to poorer Li migration kinetics. This deleterious 

effect is made worse with increased ordering, which creates more unhybridised O 2𝑝 states 

through more prevalent 180° Li—O—Li linkages, facilitating a greater amount of O redox. 

Understanding how these differences in local structure affect the electrochemical 

performance of cation disordered rocksalts, as well as how these changes evolve with 

cycling, is an important step in aiding the rational design of new cathode materials with 

improved characteristics.  
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Chapter 5: Investigating the local structure and 

electrochemical behaviour of Li1.3Nb0.43Ni0.27O2 

5.1. Abstract 

After characterising the cation order present in Li1.25Nb0.25Mn0.5O2, attention was turned to 

the Ni-containing member of the Li3NbO4-based disordered rocksalt family, as a possible 

model compound with which O redox could be better characterised. A similar set of 

techniques as those employed in the preceding chapters were used to probe the structure of 

Li1.3Nb0.43Ni0.27O2 (LNbNO) and study its behaviour with electrochemical cycling. Unlike 

in the Mn-containing analogue, little evidence for cation order was observed. Due to the 

stoichiometry in the Li-Nb-Ni-O system, the relative proportions of Li, Nb and Ni within 

the structure are far away from the ideal stoichiometry for electroneutral coordination of O 

(3 Li : 1 Nb : 2 Ni vs. 65% Li,  21.5% Nb, 13.5% Ni in the material), making cation ordering 

less viable. Furthermore, the absence of Jahn Teller distortion in Ni2+, as well as the greater 

similarity between Li+ and Ni2+ in terms of ionic size and charge, are also likely to 

contribute to a reduced preference for cation ordering. A large voltage hysteresis is 

observed between charge and discharge, due to significant O-to-Ni charge transfer on 

delithiation. However despite this, the material exhibits superior capacity retention (~ 95% 

after 20 cycles) compared to its Mn-containing analogue (~ 82% for disordered LNbMO 

after 20 cycles), due to the less severe structural transformations with cycling. 17O NMR 

spectra of pristine and delithiated LNbNO were examined in search of signatures of O 

redox. However, the spectra are complicated by the incomplete oxidation of Ni, resulting 

in unpaired spin density remaining on the TM ion which makes detection of any possible 

O redox signal more difficult. 

5.2. Introduction 

Li1.3Nb0.43Ni0.27O2 (LNbNO)—an intergrowth with formula xLi3NbO4•(1-x)NiO 

(x = 0.62)—was first reported as a cation-disordered rocksalt at the same time as 

Li1.25Nb0.25Mn0.5O2—an intergrowth of formula xLi3NbO4•(1-x)LiMnO2 (x = 0.67). It 

showed promise as a cathode material, demonstrating a reversible first-charge capacity 

similar to that of its Mn-containing analogue (~ 275 mAhg-1 for both).40 Furthermore, while 
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the Mn-based system (an intergrowth of Li3NbO4 and LiMn3+O2) is limited to a 1e- redox 

process for TM charge compensation (Mn3+/4+), the TM redox couple in a Ni2+ containing 

cathode material (Ni2+/3+/4+) has the possibility of utilising 2e- redox. In theory, this means 

a similar amount of TM charge compensation can be achieved using half as much transition 

metal—potentially offering significant cost savings.  

Despite its positive attributes, LNbNO has received relatively little attention compared with 

its Mn-containing analogue, LNbMO, despite both being reported at the same time.175 This 

can be attributed to a number of reasons.  The high Ni2+/4+ redox potential means that Ni2+ 

is the stable oxidation state even at the synthesis temperatures required for synthesis, and 

so unlike their Mn analogues, Ni-containing disordered rocksalts can be synthesised in air 

rather than inert atmospheres.211,212 However, this high redox potential also means LNbNO 

and other Ni-containing materials possess much higher Ni2+/3+/4+ oxidation voltages 

compared with Mn3+/4+, with less difference between the TM and O redox portions of the 

voltage profile. This higher charge voltage and significantly greater voltage hysteresis 

(discussed below) make LNbNO a less attractive cathode material, due to its reduced 

energy density. Furthermore, while Ni is significantly more abundant and thus cheaper than 

Co, it remains an order of magnitude more expensive than Mn.14  

A further downside of these high Ni redox potentials is the incomplete oxidation of Ni2+ to 

Ni4+ on delithiation. In contrast with Mn3+, the lower-lying energy levels of the Ni2+ eg* 

states overlap to a greater extent with the unhybridised O 2𝑝 states formed by Li—O—Li 

linkages. Therefore, Ni and O redox compete more on charge, leading to a less stepwise 

voltage profile and incomplete Ni2+/4+ redox. Indeed, Ni K-edge XAS measurements on Ni-

based disordered rocksalt oxides and oxyfluorides have shown average oxidation state on 

charge of approximately Ni3+, corresponding to an average of 1 e- redox per TM 

centre.44,212,213 Jacquet et al. have proposed that, once oxidised to Ni3+ (with electronic 

configuration t2g
6eg

*1), a Jahn-Teller distortion splits the eg* states, further increasing the 

energy match between Ni3+ and O 2𝑝 states (Figure 5.1). The authors suggest that this 

causes significant charge transfer from O2- to Ni3+ during the O oxidation plateau on 

delithiation (shown in c), resulting in partial reduction of Ni and facilitating increased O 

loss due to depopulation of antibonding O—O* orbitals.90 This has been proposed to lead 

to large voltage hysteresis for O reduction, and hence a greatly reduced energy density on 

discharge. 
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LNbNO, however, is an attractive material to study as a model compound for studying O 

redox from an NMR perspective, due to its electronic configuration, and hence the material 

was selected for investigation. As discussed previously (Section 2.2.3), 17O MAS NMR has 

promise as a tool for investigating O redox in Li-excess, cation disordered materials. The 

presence of paramagnetic Ni2+ in pristine LNbNO makes the acquisition of spectra with 

acceptable resolution difficult, since Ni2+ (t2g
6eg

*2) contains unpaired spin density in the eg* 

Figure 5.1. (a-c) Schematics of the density of states (DOS) for pristine Li1.3Ta0.43Ni0.27O2 (left) and 

Li1.3Ta0.3Mn0.4O2 (right), during the cationic (a→b) and anionic (b→c) redox processes. Blue, purple, magenta 

and red states indicate Ni—O*, Mn—O*, O non-bonding and O 2𝑝 states respectively. 𝑈𝑀𝑜𝑡𝑡, ∆𝐽𝑇 and 

∆10𝑑𝑞stand for, respectively, the energy difference between the up and down spin states in the eg* levels for 

Li1.3Ta0.43Ni0.27O2 (i.e., a Mott-Hubbard band gap), the energy difference between the electronic states created 

during the lifting of the degenerate eg* by a Jahn-Teller distortion in Li1Ta0.43Ni0.27O2 and Li1.3Ta0.3Mn0.4O2, 

and the energy difference between the t2g and eg* levels in Li0.9Ta0.3Mn0.4O2. In the Ni-based material, the JT 

distortion in the partially oxidised phase Li1Ta0.43Ni0.27O2 leads to a small charge transfer gap, ∆𝐶𝑇 (shown in 

b), leading to significant charge transfer from O to Ni and thus O release and Ni reduction (shown in c). In 

contrast, the ∆𝐶𝑇in the Mn-containing compound is large enough to stabilise oxidised O species, reducing O 

loss, because the JT distortion is removed on Mn oxidation. Reproduced with permission from Jacquet et al.90 
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orbitals (𝑆 = 1), which point directly at the O ligands and so confer strong Fermi contact 

shifts to any nucleus under study in the material. Oxidation of Ni on delithiation, however, 

removes this unpaired electron density in LNbNO. This makes the material less 

paramagnetic at the end of charge—providing, in theory, a simpler NMR spectrum which 

may reveal signatures of O redox, such as localised electron holes on O (O-) or peroxo-like 

species with unpaired electrons. The degree to which this can be achieved depends on the 

extent of Ni oxidation: incomplete oxidation to Ni3+ (t2g
6eg

*1; 𝑆 = 1
2⁄ ) means unpaired spin 

density remains in the system. Full oxidation of Ni to Ni4+ (t2g
6eg

*0; 𝑆 = 0) would yield a 

material with entirely diamagnetic metal species, but as discussed above, complete Ni 

oxidation is not guaranteed. 

Previous works have reported cation order within compounds on the xLi3NbO4•(1-x)NiO 

compositional line. Yabuuchi et al. reported samples with a greater concentration of Ni 

(such as x = 0.33) displaying ordering of the type Li3Ni2TaO6, whereby the pentavalent 

cation occupies a distinct site—with the Li/Ni statistically occupying the remaining cation 

sites. This maximises Nb—Nb distances and allows each O to be coordinated to only one 

Nb5+. Such ordering is unsurprising as the stoichiometry for the x = 0.33 case 

(approximately LiNb1/3Ni2/3O2) allows each O to be coordinated by three Li+, two Ni2+ and 

one Nb5+, giving electroneutral 12+ coordination octahedra.66,186,214 As Mather et al. 

demonstrate, the ordering in the Li3Ni2NbO6 system is highly sensitive to the synthesis 

conditions: the structure is completely cation-disordered on quenching from over 

1300°C.186 These structures with smaller values of x are not Li-excess materials (they have 

a nominal Li:M ratio of 1:1), and so would make poor battery materials due to a lack of 

percolating 0-TM tetrahedral channels. Increasing x to give a more Li-excess material 

moves further away from the optimal stoichiometry for cation ordering to obtain 

electroneutrality. 

Relatively little evidence of cation ordering in materials containing stoichiometrically more 

Li has been reported. Using reverse Monte Carlo modelling with neutron and X-ray 

scattering data, Kitamura et al. demonstrated in LNbNO a slight preference for Nb to 

occupy sites neighbouring Li over that expected for a completely disordered rocksalt, which 

can be understood based on an energetic tendency toward electroneutrality. In the same 

work, the authors also report the existence of significant distortions in NbO6 octahedra for 

Li1.3Nb0.3Fe0.4O2 and Li1.3Nb0.43Ni0.27O2, with off-centring of Nb.215 They attribute this to 

the higher valence of Nb as well as the smaller cationic radius, however they do not mention 
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the second order Jahn Teller effect which is likely the predominant driver of this distortion, 

as reported by Jacquet et al. for Li3NbO4 and Li3TaO4.
91 

In this chapter, the local structure of Li1.3Nb0.43Ni0.27O2 is probed for comparison with the 

Mn-containing system discussed previously. In an approach analogous to that used for 

LNbMO, a combination of X-ray diffraction, neutron total scattering and 7Li NMR are used 

to determine whether any cation ordering takes place. Following this, the material’s 

electrochemical behaviour is examined, with operando X-ray diffraction and ex situ 7Li and 

17O NMR being employed to examine structural changes occurring with (de)lithiation. 

All density functional theory (DFT) calculations presented in this Chapter were performed 

by Dr Ieuan D. Seymour.  
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5.3. Experimental 

5.3.1. Synthesis 

Li1.3Nb0.43Ni0.27O2 powder was synthesised as described in Section 2.5.1. 

5.3.2. Diffraction and PDF 

Powder X-ray diffraction and neutron total scattering data were collected, processed and 

refined as outlined in Section 2.3.4. Banks 1-3 of the neutron data (the lower resolution 

banks) were excluded from fitting in the combined refinement, as the lowest angle 

reflection was accounted for in bank 4 and so they contained no new peaks. Data used in 

the combined refinements but not shown in the main text are shown in Appendix C. 

5.3.3. Electrochemical characterisation 

Self-supporting cathode films were prepared and cycled as described in Section 2.5.3. 

5.3.4. Operando X-ray diffraction 

Operando X-ray diffraction was carried out as described in Section 2.3.4.1. 

5.3.5. NMR 

7Li and 17O NMR experiments were performed as discussed in Section 2.2.4. 

5.3.6. Scanning electron microscopy 

SEM images were obtained as outlined in Section 2.5.2. 
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5.4. Results and Discussion 

5.4.1. Synthesis and diffraction 

Figure 5.2 shows the Rietveld refinement of Li1.3Nb0.43Ni0.27O2 with XRD data, synthesised 

as described above. The powder pattern displays the characteristic peaks expected for a 

disordered rocksalt with no impurity phases. Refinement was carried out in the 2𝜃 range 5-

140º using the disordered rocksalt structure with 𝐹𝑚3̅𝑚 space group (#225). Rietveld 

refinement yielded good agreement with the experimental data (Rwp = 2.39%) using the 

structural model given in Table 5.1, and the lattice parameter a = 4.19822(2) Å is in good 

agreement with literature values of the same material (4.1988 and 4.1978 Å).215,216 The 

slightly larger value compared with the Mn analogue (4.1955 Å) is consistent with the 

larger weighted-average (by composition) cation radius of the Li/Nb/Ni system (0.72 Å) 

compared with Li/Nb/Mn system (0.70 Å).40,81,122 Figure 5.3 shows SEM images of 

LNbNO. 

The XRD data contain a low intensity broad peak at approximately 20º 2𝜃, indicated with 

an asterisk (*). Similar to the case for the Mn analogue (Section 3.4.1.1), this could be due 

to superstructure within the material from short-range cation ordering—however the 

feature is even less intense than that observed in rapidly cooled (disordered) LNbMO, 

Figure 5.2. Refined PXRD data (blue), calculated pattern (red) and difference (grey) for Li1.3Nb0.43Ni0.27O2. 

The refinement was carried out as detailed in the main text, using a structural model with 𝐹𝑚3̅𝑚 symmetry 

and a statistical occupancy of Li, Nb and Ni on the single cation site (Table 5.1). The broad peak at 

approximately 20º 2𝜃, indicated with an asterisk (*), was modelled with a synthetic peak to improve the fit. 

Rwp = 2.39% and 𝜒2 = 2.98. 



141 

which has an ordering correlation length of ~ 10 Å. Any cation ordering within LNbNO 

would therefore have a correlation length no larger than the size of a single unit cell. A 

synthetic peak was used to improve the fit. 

Table 5.1.Crystallographic data for structural model of Li1.3Nb0.43Ni0.27O2, obtained from combined 

refinement of diffraction and PDF data. 

A sample was then slowly cooled at 1°C min-1, with neutron total scattering data collected 

on the resulting sample, to explore any potential (partial) cation ordering. In the same 

manner as that carried out for the Mn-containing material (Section 3.4), a combined 

refinement of both XRD and neutron Bragg (Figure 5.4a) and PDF (Figure 5.4b and c) data 

was performed to validate the cubic rocksalt unit cell structural model. These data for the 

slowly cooled sample can also be reasonably fit using the structural model above: a cubic 

𝐹𝑚3̅𝑚 space group with a statistical distribution of metals on the cation site, with no cation 

ordering apparent (Table 5.1). The agreement of the disordered rocksalt model with the 

PDF data in the 6-40 Å range suggests that any cation ordering beyond the length of a single 

unit cell is very weak. 

The main discrepancy between the cubic rocksalt model and the acquired data can be seen 

in the low-r PDF data: the first peak at approximately 2 Å is poorly fit by the calculated 

PDF pattern. This region corresponds to M—O bond lengths in the system (half the lattice 

Space group 𝑭𝒎�̅�𝒎; Z = 4 

a = b = c = 4.19822(2) Å; α = β = γ = 90° 

Atom Wyckoff position x y z Biso Occupancy (%) 
7Li1 

Ni1 

Nb1 

4a 0 0 0 0.86(3) 

65 

13.5 

21.5 

O1 4b 0.5 0.5 0.5 0.97(4) 100 

Figure 5.3. SEM images of Li1.3Nb0.43Ni0.27O2, after manual grinding of the sintered pellets in an agate pestle 

and mortar. 



142 

parameter) and the discrepancy can be rationalised by considering the local distortions 

present. The shape of the 2 Å peak indicates multiple M—O bond lengths are present within 

the structure, which is to be expected when three different possibilities exist for M. In a 

perfectly ordered binary rocksalt such as NaCl, all bonds would be expected to be identical 

in length. Despite the lack of cation order in LNbNO, locally M—O bond lengths vary due 

to local atomic distortions or differing electrostatic interactions. As Kitamura et al. show, 

NbO6 octahedra are smaller in volume (11.34 Å3) compared to NiO6 (11.93 Å3) and LiO6 

(12.78 Å3), as well as having significantly larger bond angle variances. These differences 

in octahedral size reflect the stronger electrostatic and covalent interactions between 

O2- and Nb5+ compared to Ni2+ or Li+. Moreover, the larger bond variance can be attributed 

to the preference for Nb5+ (4𝑑0) to undergo a second order Jahn-Teller distortion and thus 

distort off its lattice position, as discussed for the Mn-containing material in Chapter 3. In 

addition, Li—O and Ni—O bonds are expected to be different in length due to the differing 

ionic sizes and charges of Li+ (0.76 Å) and Ni2+ (0.69 Å), as well as the increased covalency 

of the Ni—O bond. These differences are evident in the M—O distances observed in the 

two end members which form LNbNO. In Li3NbO4, the Nb—O bond lengths vary between 

1.858(3) Å and 2.130(4) Å, while the Li—O distances are between 2.057(6) and 2.414(7) 

Å.217 In NiO, the Ni—O bond lengths are 2.089(1) Å.218 While the experimental PDF data 

do indeed indicate the presence of multiple M—O bond lengths within this range (~ 1.85 

to ~ 2.15 Å), these variations cannot be sufficiently modelled using a cubic rocksalt unit 

cell with a statistical distribution of cations on a single lattice position and a single M—O 

distance. Hence, deviation of the observed data from the model is observed.  
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Figure 5.4. Neutron Bragg (a) and PDF (b, c) data for pristine Li1.3Nb0.43Ni0.27O2, refined (along with lab 

PXRD data) against a cubic rocksalt structural model (only the highest resolution bank 5 neutron Bragg data 

are shown). Experimental data are plotted as black crosses (NPD) and purple open circles (PDF). The 

calculated values are plotted as solid red (Bragg) and orange (PDF) lines, and the difference curves as grey 

lines. Rw = 5.75% for the combined refinement. The refinement was performed using TOPAS Academic v6. 

The refined structural information is discussed in the main text and given in Table 5.1. 
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5.4.2.  Solid state 7Li NMR 

7Li 60 kHz MAS NMR spectra were recorded of the pristine material to examine the local 

structure. Figure 5.5a shows the isotropic resonance of the Hahn-echo spectrum. The inset 

shows the full spectrum, with the spinning sidebands indicated with an asterisk. The 

sidebands are well separated from the isotropic resonance so the use of the pjMATPASS 

pulse sequence was not necessary for LNbMO.  

The appearance of the data can be rationalised using a model based on a random (statistical) 

distribution of cations throughout the structure and considering the shifts of the different 

possible Li environments. As previously discussed for the Mn-analogue, each Li ion in 

these materials has 12 nearest cation neighbours with 90º bond angles and six next-nearest 

cation neighbours with 180º bond angles (Section 3.4.1.2). For Li1.3Nb0.43Ni0.27O2, based 

on the composition, each of these neighbours has a 13.5% probability of being Ni2+ (𝑆 =

1). The 7Li NMR resonance corresponding to each environment can therefore be estimated 

by the summation of the shift contributions for each (paramagnetic) Ni2+ neighbour, since 

any (diamagnetic) Li+ or Nb5+ neighbours do not contribute significantly to the shift. For 

example, a Li ion with two 90º Ni neighbours and one 180º neighbours would have a shift 

of (2𝛿𝑁𝑖
90 + 𝛿𝑁𝑖

180)𝑝𝑝𝑚, regardless of the identity of the diamagnetic neighbours. 

As for Mn (Section 3.4.2.4), the Fermi contact shift caused by a Ni neighbour depends 

strongly on whether the interaction occurs via a 90° or 180° Ni—O—Li bond pathway. For 

the case of octahedrally coordinated Ni2+ however, no Jahn Teller distortions are present, 

simplifying the system compared to Mn3+. A 𝛿𝑁𝑖
90 pathway occurs via a polarisation 

mechanism (Figure 5.6a): a half-filled Ni eg* orbital overlaps with an O 2𝑝 orbital of 

appropriate symmetry, resulting in the polarisation of the orthogonal O 2𝑝 orbitals (via a 

Hund’s first rule type interaction, which favours ferromagnetically aligned spins on the 

orthogonal O 2𝑝 orbitals) and a weak transfer of negative spin density to the adjacent Li. 

A 𝛿𝑁𝑖
180 pathway is expected to occur via a delocalisation mechanism, as depicted in Figure 

5.6b. An eg* electron can delocalise over the Ni—O—Li eg*—2𝑝—2𝑠 hybrid orbital, 

imparting a large, positive shift to Li. For this work, a 𝛿𝑁𝑖
90 shift contribution of -15 ppm 

and a 𝛿𝑁𝑖
180 of 65 ppm were used. While the exact shift contribution for each pathway 

depends strongly on the Li—Ni distance, which is subject to local distortions, these average 

values were found to fit the experimental spectrum well. These values are based on density 

function theory calculations performed by Ieuan D. Seymour (see Section 2.2.2.2). 
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Simulated peaks were based on these values as a starting point (and using the assumptions 

discussed below), with their positions being allowed to vary to best fit the spectrum. Table 

5.2 gives a comparison of the expected peak shifts with those in the final fit. 

To calculate the spectrum that would result for a random solution of cations, the probability 

of each environment occurring is calculated using two multinomial distributions 

corresponding to 90º and 180º neighbours: 

Figure 5.5. Hahn-echo spectrum of pristine Li1.3Nb0.43Ni0.27O2 (a), along with simulated peaks (see Table 5.2) 

based on the structural model described in the main text. The inset shows the full spectrum with spinning 

sidebands, marked with asterisks. The experiment was recorded with 2560 scans on a 4.7 T magnet at 60 kHz 

MAS. The plot shown in (b) compares the simulated peak integrals with the relative probabilities of each 

environment based on a statistical distribution of metal ions.  
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 𝑃 = (
𝑛!

𝑛𝑁𝑖! × 𝑛𝑁𝑏/𝐿𝑖!
) × (𝑝𝑁𝑖

𝑛𝑁𝑖 × 𝑝𝑁𝑏/𝐿𝑖
𝑛𝑁𝑏/𝐿𝑖) (5.1) 

Where 𝑛 is the total number of atoms for a given coordination environment, 𝑛𝑁𝑖 and 𝑛𝑁𝑏/𝐿𝑖 

are the number of Ni and non-Ni ions and 𝑝𝑁𝑖 and 𝑝𝑁𝑏/𝐿𝑖 are the probability of finding Ni 

or Nb/Li in any environment. Applying this formula to every combination of 90º and 180º 

neighbours gives the probability of each Li environment possible, which in turn gives the 

relative integral corresponding to a specific environment in the NMR spectrum expected 

for a disordered material. 

For the purposes of fitting the pristine spectrum in Figure 5.5a, two further assumptions 

were made to reduce the number of peaks necessary to fit the data. Firstly, peaks 

corresponding to environments with more than three 90º or 180º Ni2+ neighbours were 

ignored due to their very low likelihood (~ 3% probability) of occurring. Secondly, it was 

assumed that if any 180º next-nearest Ni neighbours were present, their contribution to the 

NMR shift dwarfed that of any 90º neighbours. This is a reasonable assumption because 

the direct 𝜎-type bond pathway contribution for the case of 180º neighbours is a much 

stronger interaction than the indirect polarisation contribution from 90º neighbours 

(reflected in the magnitude difference between 90º and 180º interactions: -15 ppm vs 

Figure 5.6. Illustration of the various Fermi contact shift contributions to the Li chemical shifts in 

Li1.3Nb0.43Ni0.27O2, as discussed in the main text. (a) depicts the 90° polarisation mechanism leading to transfer 

of negative spin density to Li, while (b) illustrates the 180° delocalisation pathway which causes a transfer of 

positive spin density. Blue arrows indicate the individual electron spins within each orbital. Curved dashed 

lines indicate the virtual hopping of electrons, and the sign of the spin density transferred is shown by the 

solid black arrows on Mn and Li. In (a), the green dashed ring highlights the Hund’s first rule type coupling 

which favours ferromagnetically aligned spins on both O orbitals. 
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65 ppm respectively). The greater transferral of unpaired spin density to the Li nucleus via 

a 180º interaction is expected to lead to broader observed resonances through more efficient 

transverse (T2) relaxation. Hence, the inability to resolve separate resonances for different 

numbers of 90º neighbours in the presence of 180º neighbours makes physical sense.219 In 

total, therefore, seven peaks were used to fit the pristine spectrum—corresponding to one, 

two and three 90º Ni neighbours, one, two and three 180º Ni neighbours and no Ni 

neighbours at all. Each were assigned the appropriate shift value and a combined 

Lorentzian/Gaussian lineshape in a 1:1 ratio, and the peak amplitudes and widths were 

allowed to refine.  

Table 5.2. Li environments in the simulated NMR spectrum used to model experimentally obtained data for 

pristine LNbNO shown in Figure 5.5a, with comparison between shifts expected based on DFT calculations 

(Section 2.2.2.2) and those of the simulated peaks, whose shifts were allowed to vary to improve the fit. The 

relative simulated intensities for each environment are plotted against their relative probabilities assuming 

complete cation disorder in Figure 5.5b.  

 

Figure 5.5a shows the result of this fit, while Figure 5.5b shows a comparison between the 

integrals of the simulated peaks with the probabilities of their corresponding environments. 

If the structure were truly disordered and the model exact, each point would be expected to 

lie on the 𝑦 = 𝑥 diagonal (dashed line). Deviations from this line suggest either a deviation 

from true disorder or a deficiency in the model. The plot indicates reasonable agreement 

between the experimental and simulated data, suggesting the structure is truly disordered. 

The proximity of most points to the 𝑦 = 𝑥 line, with random scatter above and below the 

line rather than a systematic offset, indicates that the bond pathway contribution values 

used for 90º and 180º pathways are reasonable. 

The greatest discrepancy is in the peak corresponding to Li environments with zero Ni 

neighbours (diamagnetic Li), which is more intense than expected. Diamagnetic impurities 

such as Li2CO3 and Li3NbO4 in the sample are likely to contribute to this unexpected 

Li site 
𝜹𝑵𝒊

𝟗𝟎 

(-15 ppm) 

𝜹𝑵𝒊
𝟏𝟖𝟎 

(65 ppm) 

Expected 

Shift 

(ppm) 

Simulated 

Shift 

(ppm) 

Relative 

Simulated 

Intensity 

1 0 0 0 0 17% 

2 1 0 -15 -16 11% 

3 2 0 -30 -30 8% 

4 3 0 -45 -48 5% 

5 - 1 65 60 35% 

6 - 2 130 127 18% 

7 - 3 195 210 6% 
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intensity—despite none being detectible in diffraction or PDF data, previous reports on 

layered and disordered cathode materials have shown the presence of small amounts of 

amorphous impurity phases, due to surface exposure to moisture and air.176,220,221 As well 

as this, the discrepancy could be partly due to overlap with the Li2 (red), Li3 (grey) and 

Li5 (green) peaks, resulting in the central diamagnetic peak appearing more intense at the 

expense of the others, and skewing the integral values. Alternatively, the discrepancy could 

be due to a higher occurrence of 0-Ni environments. This could arise due to, for example, 

microscopic phase segregation within crystallites during synthesis resulting in certain 

regions of the structure being Ni-rich and other regions becoming correspondingly Ni-poor. 

This could be favoured by a strong preference within the material for electroneutrality—as 

discussed below.  

5.4.2.1. General discussion: local ordering in Li1.3Nb0.43Ni0.27O2 

Based on the enthalpic preference for electroneutrality which is partly responsible for 

cation ordering in the Mn-containing material (Chapter 3), a similar type of ordering might 

also be expected to occur in LNbNO. As discussed in Sections 3.4.1.3 and 3.4.2.1, each O 

within the structure is coordinated octahedrally by six metal cations, which in turn are each 

at the centre of an MO6 octahedron and so share their charge 𝑛+ with six O anions. An O 

environment will therefore be electroneutral if the charges of the six metal cations 

surrounding it add up to 12+. Within a system containing Li+, Ni2+ and Nb5+ ions, there are 

only two ways of achieving this: either 3 Li, 1 Nb and 2 Ni or 6 Ni.  

Despite both Mn and Ni-containing materials having similar concentrations of Li, the two 

materials have starkly differing M:Nb (M = Mn or Ni) ratios. LNbNO has much more Nb 

than Ni, whilst the Mn-analogue has twice as much Mn as Nb. This is due to the differing 

TM-containing end-members of the intergrowths in the two systems. The Mn-system is an 

intergrowth of formula xLi3NbO4•(1-x)LiMnO2, and so the presence of Li in both end-

members means that the Li concentration varies less drastically with different values of x. 

The Ni-system, however, is an intergrowth of formula xLi3NbO4•(1-x)NiO, where the Ni-

containing end-member has no Li. Increasing the amount of Ni in the structure therefore 

requires a much greater decrease in the Li concentration, and so smaller amounts of Ni can 

be incorporated for the same amount of Li. The result of this is that the Li : Nb : Ni ratio 

(65% : 21.5% : 13.5%) in LNbNO makes the occurrence of either electronically neutral 
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environment (3 Li, 1 Nb and 2 Ni or 6 Ni) unlikely in a totally disordered regime, reducing 

the viability of cation ordering.  

A strong thermodynamic preference for electroneutrality could still make these 

environments more prominent than expected by this model. Reasonable agreement between 

the experimental NMR spectrum and the random solution model (Figure 5.5) however 

suggests no such strong driving force for electroneutrality—which would be expected to 

cause much greater deviation than observed. Furthermore, ordering into microscale regions 

in this way would also be expected to cause deviations from the disordered rocksalt model 

detectable in the material’s diffraction and PDF data (Figure 5.4), as for the Mn analogue 

(Chapter 3). Kitamura et al., in their RMC study using X-ray and neutron scattering data 

of the same material, observe no evidence of such cation-ordering or phase segregation; 

they find a slight preference for Li to have Nb and Ni nearest neighbours, compared to the 

completely disordered case.215 

In addition to the different charge on Ni2+ atoms compared to Mn3+ atoms in LNbMO, 

which alters the possible ways of achieving electroneutrality and the relative concentrations 

of Li and redox active transition metal, several other factors may contribute to the lack of 

cation ordering in LNbNO. Ni2+ (ionic radius of 0.69 Å) is more similar in both size and 

charge to Li+ (0.76 Å) compared to Mn3+ (0.645 Å), making Ni and Li more 

interchangeable between sites within the structure and reducing the enthalpic preference 

for cation ordering. As well as this, the ordering observed in the Mn-containing system is 

partly caused by the Mn Jahn Teller and Nb second order Jahn Teller distortions, which 

can be more favourably accommodated in the ordered (𝐶2/𝑐) structure discussed in 

Chapter 3. The eg
2 electronic configuration of Ni2+ means it does not undergo a JT 

distortion, further distinguishing it from the Mn-containing analogue. The absence of cation 

ordering on a lengthscale greater than that of the rocksalt unit cell in LNbNO suggests that 

Nb SOJT distortions alone are not a strong enough driving force to promote ordering within 

the system. 

Despite these findings, it remains possible that the right combination of synthetic conditions 

and stoichiometry could favour cation ordering in the xLi3NbO4•(1-x)NiO system. As 

discussed above (Section 5.2), this is known for materials with a greater concentration of 

Ni (smaller x). Yabuuchi et al. report samples (such as x = 0.33) displaying cation-ordering, 

as the stoichiometry (LiNb1/3Ni2/3O2) allows each O to be coordinated by three Li+, two 

Ni2+ and one Nb5+, giving electrically neutral 12+ coordination octahedra.66,186,214   
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5.4.3. Electrochemical cycling 

The electrochemical performance of LNbNO was evaluated in half-cells against Li metal 

(ref experimental). Figure 5.7 shows the voltage profiles over the first 20 charge and 

discharge cycles for cells at 55°C (a) and 25°C (b), with the discharge capacities over the 

first 20 cycles plotted in (c). In order to probe the local structure and nature of O redox of 

the material with cycling, the electrochemistry must be optimised so as to ensure 

reproducibility between cells and reliably (de)intercalate as much Li as possible. Despite 

previous literature reports for LNbNO using polyvinylidene fluoride (PVDF) binder and a 

ratio of LNbNO:carbon:binder of 80:10:10,40 it was found during this work that PTFE 

binder and a ratio of 75:20:5 gave an improved electrochemical performance, with higher 

reversible capacity and reduced capacity fade. Hence cathodes were fabricated using PTFE 

binder and a 75:20:5 ratio for the remainder of the work described herein; SEM images of 

a cathode film fabricated in this way are shown in Figure 5.8. Cells were also cycled at 

55°C to increase Li extraction due to the poor Li kinetics in the material, as discussed 

below. Figure 5.9 compares the average charge and discharge voltages (a) and the 

coulombic efficiency (b) of the material at 55°C and RT as a function of cycle number, 

while Figure 5.10 shows dQ/dV plotted against V at 55°C (a, b) and room temperature (c, 

d), with the first cycle and subsequent cycles separated for clarity. 

Based on previous work on the Ta-containing analogue (Li1.3Ta0.43Ni0.27O2) by Jacquet et 

al., the appearance of the voltage profile of LNbNO (using the data collected at 55°C, 

Figure 5.7a, Figure 5.10a & b) can be rationalised.90 The authors propose that during the 

first charge, the initial sloping region centred around 4 V is attributable to oxidation of Ni2+ 

to Ni3+. Beyond this, further delithiation is thought to be compensated by oxidation of O2-—

causing the long voltage plateau at ~4.25 V—rather than any further formal oxidation of 

Ni. At the same time as O oxidation, charge transfer from O 2𝑝 states to Ni3+ leads to partial 

Ni reduction. As discussed in Section 5.2, Jacquet et al. suggest that this is due to the Jahn-

Teller distortion of Ni3+ (eg*
1) resulting in a further decreased energy gap between vacant 

Ni3+ states and filled O 2p states (Figure 5.1), which facilitates O-to-Ni charge transfer and 

subsequently increased O2 loss at higher voltages—as they demonstrate in 

Li1.3Ta0.43Ni0.27O2. On discharge, instead of O reduction occuring before Ni3+ reduction as 

might be expected, Ni reduction takes place first at ~ 3.8 V: the charge transfer 

mechanism—which is proposed to be only partially reversible, causes a large voltage 

hysteresis observed for the O redox component, with O reduction beginning below 2 V.  
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With repeated cycling, the high voltage charge processes (Ni2+ and O2- oxidation) gradually 

coalesce into one peak in the dQ/dV plot (Figure 5.10b), moving to higher charge voltage 

with increasing cycle number. On discharge, the ~ 3.8 V peak gradually diminishes and 

moves to lower voltage, while O redox processes below ~ 2.75 V become more prominent. 

Interestingly, the growth of the discharge peak at ~ 2.5 V does not appear to be observed 

in Wu et al.’s data for the same material.216 While this is beyond the scope of this work , 

this beahviour over long-term cycling should be the focus of further study. 

From the data in Figure 5.7, it is clear that the best cycling performance for LNbNO is 

obtained at 55°C (a), with a reversible capacity of approximately 180 mAhg-1 over the first 

20 cycles. While this is far from the theoretical maximum capacity of 360 mAhg-1 for 

complete Li extraction, it is greater than the 149 mAhg-1 possible through Ni redox alone. 

This is also an improvement on the electrochemistry reported by Yabuuchi et al., who 

reported a lower first charge capacity and a reversible capacity after six cycles of under 

Figure 5.7. Electrochemistry of LNbNO, cycled at a rate of 10 mAg-1 between 4.8 and 1.5 V. Data in (a) were 

collected at 55°C, while (b) shows room temperature (25°C) data. The black dashed lines indicate the 

theoretical limit of the Ni2+/4+ redox couple. (c) capacity retention (on discharge) at 55°C (green) and 25°C 

(blue) over the first 20 cycles. 



152 

75 mAhg-1 for ball-milled LNbNO at room temperature.40 The poor Li diffusivity in 

LNbNO is evident from cycling data at room temperature (25°C, Figure 5.7b), with a 

reversible capacity almost half of that at 55°C due to sluggish Li kinetics through the 

micron-sized particles of LNbNO (Figure 5.8). Moreover, as discussed in the previous 

chapter (Section 4.2), Li-excess disordered rocksalts also suffer from poor electronic 

conductivity. This is due to the lack of long-range networks of connected 𝑑 orbitals, 

through which electrons can more easily diffuse in layered materials. The concentration of 

Ni in LNbNO is almost 50% lower than the Mn concentration in LNbMO, and so the 

electronic conductivity of LNbNO is likely to be poor as a result. Ball milling the particle 

size of the active material down to the nanoscale would improve the rate capability of the 

material, increasing both the ionic and electronic conductivity, as was demonstrated for 

LiFePO4.
222,223. While a more uniform size distribution between the component parts of the 

cathode film would confer better electrochemical performance than currently possible, this 

was beyond the scope of this work. 

  

Figure 5.8. SEM images of a PTFE cathode film, with Li1.3Nb0.43Ni0.27O2 as the active material. The large 

particles of LNbNO are clearly much larger than the nanoscale carbon surrounding them. The sluggish Li 

mobility through such large particles limits the electrochemical performance at room temperature. For 

characterisation purposes, all cells were cycled at 55°C to improve Li diffusion and maximise Li extraction. 



153 

 

  

Figure 5.9. (a) Average charge and discharge voltages against cycle number Li1.3Nb0.43Ni0.27O2 at 55°C and 

room temperature. (b) Coulombic efficiency (the ratio of discharge capacity to charge capacity) plotted 

against cycle number for Li1.3Nb0.43Ni0.27O2 at 55°C and room temperature. Cells were cycled at 10 mAg-1 

between 1.5 and 4.8 V. 

Figure 5.10. Plots of dQ/dV versus V for Li1.3Nb0.43Ni0.27O2 cycled at 55°C (a, b) and room temperature (c, 

d). (a) and (c) show data for the first cycles, while (b) and (d) show data for subsequent cycles—with both 

sets plotted with the same y-axis scale for comparison. Cells were cycled at 10 mAg-1 between 1.5 and 4.8 V. 
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5.4.4. Operando XRD 

Figure 5.11 shows operando XRD data collected for LNbNO. For clarity, only the three 

rocksalt reflections attributable to LNbNO are shown—all other peaks could be attributed 

to components of the cell architecture (such as Be) and have been omitted. The refined 

lattice parameter (plotted in blue) of the material over the cycle demonstrates a similar trend 

as that observed for the Mn-analogue (Section 4.4.2)—a lattice contraction on delithiation 

followed by an expansion on relithiation. Also in keeping with the Mn-containing material, 

the reduction in lattice parameter takes place over the first half of charge, during Ni 

oxidation, with very little change occurring during the 4.25 V O oxidation plateau region. 

This evolution in lattice parameter is in keeping with previous literature reports of the same 

material—however, in contrast to the observations of Jacquet et al., no shoulder peaks 

indicative of a secondary rocksalt phase were detected.90 

Also clear from the operando data is the broadening of reflections upon both charge and 

discharge. The righthand plot in Figure 5.11 shows the evolution in crystallite size—

obtained through Rietveld refinement and dependent on peak broadness in the diffraction 

data. Since the data were collected whilst the material was being cycled, some line 

broadening will occur due to changes during the collection of a single diffraction pattern. 

The obtained values of crystallite size are based on experimental peak broadness, and so 

these should be taken as approximate values. The crystallite size rapidly decreases at the 

beginning of charge, with a more gradual decrease observed for the rest of the 

electrochemical cycle. As is the case for the Mn-containing material, this reduction in 

crystallinity can be attributed to particle cracking with (de)lithiation, due to the changes in 

unit cell volume. 

Interestingly, compared to LNbMO, the Ni-containing material displays relatively little 

change in lattice parameter upon charge—reaching a minimum value of ~ 4.18 Å compared 

to ~ 4.11 Å for disordered LNbMO (Section 4.4.2). This is due to several factors. Firstly, 

as discussed in the preceding chapters, Mn3+ is Jahn Teller (JT) distorted. Oxidation to 

Mn4+ removes these JT distortions from the structure, resulting in greater structural 

changes. By contrast, Ni2+ in pristine LNbNO is not JT distorted, whereas Ni3+ (eg*
1) in the 

delithiated material does undergo a JT distortion. This reduces the unit cell contraction in 

the Ni case. In addition, as discussed above (Section 5.4.2.1) the stoichiometry of the 

xLi3NbO4•(1-x)NiO intergrowth means that, compared to the Mn-containing material, 
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LNbNO contains almost twice as much Nb5+. The high-valent 𝑑0 ion within a disordered 

rocksalt plays an important role in stabilising the disordered structure against structural 

transformations upon oxidation (Section 1.3.1).14,116 Hence, a greater concentration of Nb 

helps to further minimise the material’s volume change with cycling by pinning the 

structure in its original state. This increase in Nb concentration is also achieved at the cost 

of Ni. LNbNO contains almost half the amount of redox-active 3𝑑 TM as in the Mn-case, 

and so the changes within the material upon TM oxidation are more diluted. 

The reduced lattice contraction observed in LNbNO is likely to be the reason for the smaller 

loss of crystallinity observed compared to the Mn compound (Section 4.4.2), due to less 

cracking of particles with (de)lithiation in the Ni case. This in turn leads to the improved 

capacity retention over 20 cycles (~ 95%) obtained for the Ni-containing material (Figure 

5.7), compared with all three samples of LNbMO shown in the previous Chapter (~ 82% 

for disordered LNbMO). 

Figure 5.11. Operando electrochemical X-ray diffraction data for Li1.3Nb0.43Ni0.27O2 over the first charge-

discharge cycle. The cell was cycled at 10 mAg-1 between 4.8 and 1.5 V at room temperature. The middle 

panels show the regions containing the three rocksalt reflections within the 2θ range of the experiment 

(10-70°), while the leftmost panel shows the corresponding voltage profile. All other peaks in the diffraction 

pattern could be attributed to the cell architecture; they did not evolve with cycling and have been omitted for 

clarity. The righthand plots show the change in lattice parameter (blue) and crystallite size (red) over the first 

cycle, obtained by sequential Rietveld refinement of the diffraction data as described in Section 2.3.4. Refined 

parameter errors are indicated by the shaded regions. The peak shoulders are a result of Cu 𝐾𝛼2 radiation. 
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5.4.5. Ex situ 7Li NMR 

7Li NMR for LNbNO at various states of (de)lithiation are shown in Figure 5.12. The 

evolution of the spectrum over charge and discharge can be understood qualitatively using 

the random solution model discussed above (Section 5.4.2) and the changes in Ni electron 

configuration. Oxidation of Ni2+ removes electron density from the half-filled eg* orbitals, 

which are responsible for the large magnitude of the Fermi-contact shifts imparted to 

neighbouring Li. Thus, as the material is delithiated (to x = 1.03) and Ni is oxidised to Ni3+ 

(eg
1), intensity is lost from the paramagnetic regions of the spectrum whilst the resonance 

centred around 0 ppm, corresponding to diamagnetic Li environments, increases in relative 

intensity. This increase in the diamagnetic region could be due to the formation of a cathode 

electrolyte interface (CEI) layer on the surface of cathode particles. Whilst the composition 

of this passivation layer is poorly understood, it is thought to contain Li in diamagnetic 

environments (carbonates, oxides etc.).  

With further delithiation to x = 0.76, after the theoretical end of Ni2+/4+ redox, very little 

change in the shape of the spectrum is observed: the broad shoulders corresponding to 

paramagnetic Li environments can still be seen, and are in fact more intense than at 

x = 1.03. The persistence of these shoulder peaks provides further evidence for incomplete 

Ni redox on charge: a system containing exclusively diamagnetic Ni4+ would contain no 

paramagnetic Li environments at all. This is in keeping with observations on other Ni-based 

systems, such as in work by Lee et al., who reported high capacities for a series of Li-Ni-

Ti-Mo disordered rocksalts but found no evidence from their XANES study for oxidation 

of Ni beyond approximately Ni3+.44 The increase in paramagnetic intensity with further 

delithiation from x = 1.03 to x = 0.76 is also consistent with Jacquet et al.’s observations 

based on XAS measurements on the Ta-containing analogue—that Ni is reduced upon O 

oxidation from an average oxidation state of +3 to +2.5.90 

As is the case for the Mn-containing analogue (Chapter 4) the Li NMR of this system does 

not provide any signatures that can be clearly interpreted in terms of O redox. This could 

be due to the paramagnetic nature of the O species involved, causing rapid relaxation of 

any bonded Li nuclei, or a lack of Li near the oxidised O species resulting from delithiation. 
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The spectrum changes very little between 1 eq. Li extraction and full Li extraction, 

indicative of O redox being responsible for this further capacity. However, this extra 

capacity on first charge could also be due to oxygen loss or electrolyte decomposition. The 

change in intensity of the spectrum upon charge and discharge is a result of Li—the nucleus 

of interest—being removed and then reinserted into the structure. At the end of first 

discharge, the appearance of the spectrum is somewhere between that of half Ni redox and 

full Ni redox. This is in agreement with the electrochemistry data, which suggest only ~ 2/3 

of the extracted Li can be reintercalated back into the rocksalt framework. This is likely to 

be the result of surface and structural transformations during cycling, disfavouring Li from 

returning to certain sites. 

  

Figure 5.12. Hahn echo (60 kHz MAS) spectra of LixNb0.43Ni0.27O2 at various stages of delithiation and 

relithiation, illustrated by the coloured circles on the first-charge voltage profile (left) and the values of x next 

to each spectrum. Spectra are scaled by mass of active material and number of scans. All spectra were 

recorded on a 4.7 T magnet. 
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5.4.6. 17O NMR 

17O-enriched samples of Li1.3Nb0.43Ni0.27O2 were successfully prepared by performing the 

synthesis described in Section 2.5.1 in an atmosphere of 70% 17O-enriched O2. Figure 5.13 

shows the Rietveld refinement for enriched pristine LNbNO, showing no indication of 

impurity phases. The 17O MAS NMR spectrum for the pristine material is shown in Figure 

5.14a. Due to the broad nature of the paramagnetic peak, ten individual spectra with offset 

frequencies of -5000 to 17500 ppm in 2500 ppm increments were required to excite the 

entire range of 17O nuclei. Each individual spectrum was processed individually before 

being summed together to give the full spectrum (shown in blue). The random cation 

solution model used to interpret the 7Li NMR spectrum in Section 5.4.2 can be employed 

to understand the appearance of the observed 17O spectrum. The sharp resonance at 

548 ppm can be attributed to O with no paramagnetic Ni2+ neighbours (~ 42% of O atoms 

in completely disordered LNbNO), while the broad feature between 0 and 16,000 ppm is 

caused by O in paramagnetic environments. 

For comparison, an enriched sample of Li3NbO4 was prepared and its 17O NMR spectrum 

collected—as the diamagnetic end-member of the xLi3NbO4•(1-x)NiO system. The 

spectrum of Li3NbO4 (Figure 5.14b) consists of two distinct resonances at 184 and 391 ppm 

with a ratio of 1:3. This is in line with expectations based on the 𝐼4̅3𝑚 crystal structure 

Figure 5.13. Refined PXRD data (blue), calculated pattern (red) and difference (grey) for a 17O-enriched 

sample of Li1.3Nb0.43Ni0.27O2. The refinement was carried out as discussed in Section 5.4.1. The broad feature 

between 10-30ᵒ 2𝜃 marked with an asterisk (*) is be attributable to the broad background from the Kapton 

film sample holder, which was used to minimise air exposure, but may also mask a superstructure feature (as 

discussed previously). A synthetic peak was included to improve the fit.  
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(shown in the inset) which has two distinct O environments, both octahedrally coordinated 

by Li and Nb. O1 (184 ppm, site 8c) is coordinated by three Li and three Nb cations (in a 

facial arrangement) while O2 (391 ppm, site 24g) is coordinated by five Li and only one 

Nb, and is three times more abundant in the unit cell. The 17O shift values are comparable 

to that reported for O in LiNbO3 (504 ppm),224 however LiNbO3 has a 𝑅3𝑐 structure with 

tetrahedrally coordinated O (each bonded to two Nb and two Li). The reduced shifts for 

octahedrally coordinated O observed in Li3NbO4 and LNbNO are consistent with the 

observation by Ashbrook et al. and Day et al.: that 17O chemical shifts become more 

shielded with increasing coordination number.147,225,226 

The central section of the LNbNO spectrum is shown together with the Li3NbO4 spectrum 

in Figure 5.14c for comparison. Introduction of Ni2+ into the system clearly causes severe 

line broadening due to the electron-nuclear dipolar interaction (Section 2.2.2). While the 

peak at 458 ppm corresponds to O with no Ni in its nearest coordination shell, the shift to 

higher frequency compared with the O environments in Li3NbO4 suggests the effect of 

nearby unpaired electron density on Ni2+ is still experienced, even by O nuclei in relatively 

diamagnetic environments.  
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Figure 5.14. (a) 17O MAS (60 kHz) NMR spectrum of pristine Li1.3Nb0.43Ni0.27O2. As described in the main 

text, a series of variable offset cumulative spectra (VOCS) were collected, processed individually and 

summed to obtain the full spectrum. (b) 17O MAS (40 kHz) spectrum of Li3NbO4, with the two peaks fitted 

and labelled with their shift, assigned O site and relative integrated intensity. Fit to the data is shown by the 

red dashed line. The inset shows the unit cell of Li3NbO4, with the colour of the O atoms matching the 

simulated peaks, Li in blue and Nb in orange. (c) shows a comparison of the central diamagnetic region of 

the spectra of LNbNO and Li3NbO4. Both spectra were recorded on a 11.7 T magnet. Spinning sidebands are 

marked with an asterisk (*). 
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Figure 5.15 shows a comparison of pristine LNbNO with a sample charged to 4.8 V, with 

the inset showing the central region more clearly. On delithiation, the diamagnetic O 

resonance shifts to higher frequency (458 to 597 ppm)—consistent with undercoordinated 

O becoming more deshielded, as discussed above. Upon charge, the broad resonance 

corresponding to O in paramagnetic environments remains, centred around approximately 

6500 ppm. This is in keeping with incomplete oxidation of Ni: paramagnetic Ni2+ and Ni3+ 

species remaining upon delithiation, causing large Fermi contact shifts with neighbouring 

O atoms.  

No clear signatures of oxidised O are apparent from the delithiated spectrum, and so further 

study is required to determine the true nature of O redox in the material. Recently, House 

et al. reported the appearance of a signal at ~ 3000 ppm in the 17O spectrum of Li-rich 

NMC, which they attribute to molecular O2 trapped within the bulk material. The authors 

propose that this trapped O2 can be reduced back to O2- on discharge, providing the anionic 

component of charge compensation.117 However, as Seymour et al. demonstrated through 

17O NMR of Li2MnO3, O nuclei directly connected to Mn4+ possess similar chemical shifts 

(1600 to 2500 ppm) to those observed in delithiated NMC.146 It is therefore possible that 

the signal attributed to molecular O2 is in fact a similarly coordinated oxide ion, and so 

further work is required to establish its true origin. No such signal was detectable in 

LNbNO under similar experimental conditions. This could either be because the system 

contains no Mn, or because of the incomplete Ni oxidation in LNbNO, meaning the same 

region of the spectrum is obscured by paramagnetic O environments (directly bonded to 

Ni2+ or Ni3+). 

Unfortunately, a further complication to using 17O NMR to observe indicators of O redox 

is the paramagnetic nature of these species themselves. Their unpaired electron density 

results in rapid relaxation of the O nuclei in question (see Section 2.2.2) and is likely to 

make the corresponding resonance either extremely broad or completely unobservable. 

Peroxo-like species such as O2
2-, if present in the structure, would be diamagnetic and so 

in theory more readily observable; however, their proximity to paramagnetic Ni species 

may also cause them to relax too quickly to be detected. 

5.5. Conclusions 

In contrast with the observations of short-range cation order discussed in the previous 

Chapters of this thesis for Li1.25Nb0.25Mn0.5O2, no evidence for a similar deviation from 
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disorder were detected in Li1.3Nb0.43Ni0.27O2. This can be understood by considering the 

different properties of Ni2+ compared with Mn3+—namely, the closer similarity between 

Li+ and Ni2+ in terms of both ionic size and charge, and the absence of Jahn Teller distortion 

in Ni2+, both of which reduce the preference for ordering. Furthermore, the stoichiometry 

in the Li-Nb-Ni-O system means that the relative proportions of Li, Nb and Ni within the 

structure are further away from the ideal stoichiometry for electroneutral coordination of O 

(3 Li : 2 Ni : 1 Nb), making cation ordering less viable without phase segregation. 

The observed electrochemistry and redox behaviour of LNbNO is consistent with previous 

reports for disordered rocksalt cathode materials utilising Ni redox, with incomplete 

oxidation of Ni beyond Ni3+ and O-to-Ni charge transfer leading to significant voltage 

hysteresis, as proposed by Jacquet et al..90 Despite this, while the overlap between Ni and 

O electronic states and concurrent charge transfer is known to cause some degree of O loss 

during the first charge, LNbNO exhibits much less capacity loss over the first 20 cycles 

compared with the Mn system. This is likely due to the reduced volume change of the Ni 

material with delithiation and subsequent relithiation, causing less structural damage and 

hence allowing a greater proportion of Li to be reintercalated.  

Figure 5.15. Comparison of pristine and charged Li1.3Nb0.43Ni0.27O2, scaled by mass and number of scans. 

The inset shows the diamagnetic resonances. Spinning sidebands are marked with an asterisk (*). The spectra 

were recorded on an 11.7 T magnet at 60 kHz MAS. 
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The 17O NMR spectrum of pristine LNbNO can be understood by comparison with the 

spectrum of Li3NbO4 and consideration of the effect of adding paramagnetic Ni2+. The 

evolution of the spectrum on charge is in keeping with the expected changes in Ni oxidation 

state, however unfortunately no signatures attributable to O oxidation were apparent.  
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Chapter 6: Conclusions and outlook 

The need to break free from reliance on Co in Li-ion batteries is clear. While projections 

suggest that NCA and NMC will be the primary cathode chemistries for the next decade,8 

the viability of Co-free replacements for commercial uses requires assessment to prepare 

the industry for post-Co Li-ion batteries. Lifting the restriction that Li-TM-oxide cathode 

materials need to be layered, disordered rocksalts open up a much wider compositional 

space with a large number of possible redox centres, with Mn-containing rocksalts (as well 

as Ti- and Fe-based materials) being particularly attractive in terms of both sustainability 

and cost. Not only do disordered rocksalt systems merit continued study themselves as a 

new class of materials which could pave the way for drastically cheaper Li-ion batteries, 

but characterising these materials is crucial for additional reasons. The commercial cathode 

materials of today form rocksalt-type surface species as they are cycled, leading to capacity 

loss and sluggish kinetics, and so an understanding of such phases may also help to improve 

battery performance in the short-term.227 

The goal of this work was to further the understanding of a promising new family of 

materials as possible future cathode components for Li-ion batteries. To this end, a variety 

of well-established techniques were used to probe the local, long-range and electronic 

structures of Li1.25Nb0.25Mn0.5O2 and Li1.3Nb0.43Ni0.27O2. For each material, the work 

involved two main stages: the examination of the pristine material via diffraction, PDF and 

NMR, followed by electrochemical cycling and a combination of in situ and ex situ 

characterisation techniques to probe the changing structures. 

Chapters 3 and 4 focussed on the Mn-containing material. The presence of short- and 

medium-range cation ordering was demonstrated and rationalised by considering the 

electrostatic and elastic forces at play. Cation ordering was shown to be highly dependent 

on the synthesis conditions and is proposed to have a significant effect on the 

electrochemical performance of the material. Crucially, it was demonstrated that while 

cation order can impede Li mobility and lead to poorer cyclability, this is not always the 

case. Ordering can also lower the energy barrier for Li diffusion through 1-TM channels—

as observed for super-ordered LNbMO—increasing the amount of Li which can be 

reversibly (de)intercalated. 
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It has been noted in the literature that the propensity of Mn3+ to stabilise a unique 

orthorhombic ground state structure, o-LiMnO2, could lead to specific short-range cation 

order which is favourable to Li diffusion in Mn3+-containing disordered rocksalts.14 The 

findings presented in this thesis suggest that such favourable cation ordering is indeed 

possible. Another material where short-range cation order appears to improve Li diffusion 

is the Li-Mn-O-F system studied by Ji et al., in which partial spinel-type ordering improves 

the cyclability by creating more 0-TM channels.84  

A valuable extension to this work would be a study of the Li-ion dynamics within these 

materials as a function of state of charge. 7Li NMR would be a prime technique with which 

to achieve this, with well-established methodologies such as pulsed field gradient (PFG) 

NMR208,209 and variable temperature NMR relaxometry210 with which Li motion can be 

characterised. Galvanostatic intermittent titration technique (GITT) measurements would 

also provide information on Li mobility. Quantifying the degree to which different types 

of cation ordering can help or hinder Li diffusion would enable the tuning of cation order 

within a material so as to maximise Li conductivity. 

A better understanding of TM migration is also required. Migration of TMs from octahedral 

to tetrahedral sites on cycling results in reduced Li motion, reducing a battery’s capacity. 

Such migration can be an issue in Fe3+-containing disordered rocksalts, which are another 

possible cheap alternative for future cathode materials.57 The study of TM migration is 

difficult in disordered rocksalt systems, as the random nature of TM occupancy makes it 

difficult to track the positions of cations as a material is cycled. The development of atomic-

resolution in situ transmission electron microscopy (TEM) methods would of course make 

this much more straightforward. 

Mn3+ is a strong candidate as a redox centre for commercial disordered rocksalt cathodes, 

due to its high discharge voltage, compatibility with O redox and relatively low cost and 

toxicity of Mn (compared to Co and Ni). Solving issues associated with large structural 

changes due to JT distortions is therefore a valuable future research direction, towards 

which this work will hopefully contribute.  

By contrast, using Ni2+ as the redox centre in cation-disordered materials seems to be 

problematic, and this is thought to be due to the significant overlap between Ni and 

unhybridised O bands. Full Ni redox in disordered rocksalts appears to be difficult for this 

reason, and the large voltage hysteresis and increased O loss observed in Ni-based 
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disordered rocksalt systems means its commercialisation may be limited. However, Ni-

containing disordered rocksalts still merit study as model compounds which can provide 

insights into the family of materials. 

Chapter 5 was concerned with the Ni-containing member of the same family of disordered 

rocksalts. Compared to the Mn-system, the Ni-analogue does not demonstrate a strong 

preference for cation order, due primarily to the different cation ratios present. However, 

the minimal structural changes which occur upon (de)lithiation in the Ni material bestow it 

with a much better capacity retention compared to the Mn-containing compound. A cathode 

material which combined the electronic properties of LNbMO with the structural qualities 

and reversibility observed in LNbNO would be a serious contender for future 

commercialisation.  

It has been suggested that some of the issues associated with Ni-based disordered rocksalt 

systems could be countered by fluorination—i.e., substitution of some O2- anions for F-. 

Lee et al. demonstrated that in Li1.2Ni0.33Ti0.33Mo0.16O2, partial fluorination led to reduced 

voltage hysteresis and increased capacity retention, with less O loss.102 Substituting some 

O2- for F- reduces the average anion valence and so allows a greater concentration of Ni in 

the material, hence increasing the amount of Ni-based redox. It has also been suggested 

that F- leads to a decrease in the framework covalency, destabilising Ni3+ in favour of Ni4+, 

which may help to promote more complete Ni redox.90  

The improvements possible with F substitution are limited due to the narrow substitution 

range possible (~ 10% of O atoms).14 Nevertheless, compositional modification based on 

bulk fluorination is opening up promising opportunities for the design of high-capacity 

disordered rocksalt cathode materials. It allows for an increased fraction of low-valent (and 

redox-active) TM content, whilst keeping the Li-excess level fixed, and hence enables an 

increase in TM redox capacity without sacrificing Li diffusion. This reduces the 

dependence of O redox, alleviating its associated degradation processes, and also allows 

the use of TMs which were previously deemed unfavourable due to overlap between TM 

and O states (such as Ni, Co and Fe). Fluorination is therefore a key future direction in 

disordered rocksalt battery research. 

Disordered rocksalt Li TM oxides remain a fascinating area of study for the future of high 

energy density Li-ion cathode materials, and one in which there is still much to be 
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understood. For example, several factors still limit their applicability in commercial 

batteries, and these are briefly discussed below. 

Firstly: as is the main subject of this thesis, studies have recently begun to focus on the 

complex local structure and the existence of cation ordering within these nominally 

disordered materials. While the work presented in these chapters contributes to the 

understanding around the tendency for ordering to occur, and the possible effects this can 

have on electrochemistry, a comprehensive picture of this diversity of local structures is 

still required. 

The voltage slope inherent in disordered materials is another issue, and so reducing the 

voltage slope to some degree via partial cation-order is a key opportunity. A more constant 

voltage supply means a more constant energy output: a large variation in voltage as a 

function of state of charge is difficult to accommodate when powering a device.  

As discussed in Chapter 4, disordered rocksalts suffer from intrinsically poor electronic 

conductivity—more so than layered transition metal oxides—partly due to the lack of long-

range networks of overlapping d orbitals caused by both Li-excess and cation-disorder. 

Despite this, the electronic conductivity of disordered rocksalt materials has received 

relatively little study in comparison to their Li-ion conductivity. There is a general 

assumption that poor conductivity can always be fixed with ball milling and adding more 

conductive carbon. However, such a process necessarily compromises the integrity of the 

crystal structure, making the resultant material obscure to characterise and understand, and 

difficult to reproducibly make. As well as this, adding more conductive carbon reduces the 

energy density of the resulting mixture. A better understanding of the intrinsic electronic 

conductivity in these materials with relatively dilute TM centres is therefore an important 

future direction. 

Regarding synthesis techniques of disordered rocksalts, the development of synthesis 

strategies which optimise their electrochemical performance remains a field in its infancy. 

The predominant synthesis route is classic ceramic synthesis, using temperatures of 700-

1000°C, as employed in this work. This gives micron-sized particles that are often 

subsequently milled down (as discussed above) to the sub-micrometre scale (but still 

> 100 nm) for improved performance—with an often unstudied effect on the materials 

structure and composition. Wet chemical techniques such as hydrothermal and sol-gel 
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synthesis have been shown to produce smaller particles (< 100 nm)56,61 and may provide a 

more reliable method of producing well-defined materials with improved rate capabilities. 

Finally, the reliance of Li-excess materials (including disordered rocksalts) on reversible O 

redox to attain capacities that are equal to or greater than stoichiometric materials (such as 

NMC) is problematic, as the intrinsic structural degradation and associated voltage 

hysteresis limits the utility of charge compensation on O. Fluorination may help with this 

as discussed above, but this does not negate the fact that a better understanding of anionic 

redox—and its associated structural transformations—is badly needed. O redox is still a 

hotly contested subject, and disordered rocksalts may prove ideal systems within which to 

develop understanding, due to the abundance of Li—O—Li linkages inherent within them. 

Further studies are needed that employ in situ techniques to investigate anionic redox 

processes, as the decomposition of ex situ samples at high states of charge may obscure the 

true redox mechanisms. 
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Appendix A. Additional neutron data for 

Li1.25Nb0.25Mn0.5O2 

  

Figure A.1. Bank 3 (a) and 4 (b) neutron Bragg data for the ordered sample of Li1.25Nb0.25Mn0.25O2, as fit in 

the combined refinement discussed in Section 3.4.1.1. Rw = 5.259% and 8.204% respectively. 
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Figure A.2. Bank 3 (a) and 4 (b) neutron Bragg data for the super-ordered sample of Li1.25Nb0.25Mn0.25O2, as 

fit in the combined refinement discussed in Section 3.4.2.2. Rw = 5.169% and 4.787% respectively. 
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Appendix B. 𝑀(𝐻) data for Li1.25Nb0.25Mn0.5O2 

 

Figure B.3. 𝑀(𝐻) plots for disordered, ordered and super-ordered Li1.25Nb0.25Mn0.25O2 at 2 K and 400 K for 

a magnetic field range of -70000 to +70000 Oe. The hysteresis observed at 2 k is indicative of a spin glass. 

 



188 

Appendix C. Additional neutron data for 

Li1.3Nb0.43Ni0.27O2 

 

 

Figure C.4. Bank 4 neutron Bragg data for Li1.3Nb0.43Ni0.27O2, as fit in the combined refinement discussed in 

Section 2.3.4. Rw = 5.035%. 


